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Background and Purpose  
The U.S. Bureau of Reclamation’s (Reclamation) Directed Outflow Program (DOP), along with 
collaborating agencies and non-governmental groups, are continuing efforts to evaluate the 
hypothesized benefits of outflow/outflow alteration and improve ecological understanding of the 
critically endangered Delta Smelt (Hypomesus transpacificus), a small short-lived osmerid fish endemic 
to the Sacramento-San Joaquin Delta and connecting upper estuary (Delta).  The DOP technical 
report series (Schultz et al. 2019; https://www.usbr.gov/mp/bdo/directed-outflow.html) aims to 
periodically showcase ongoing DOP-related research studies. Each chapter within this report is 
intended for eventual submittal to a peer-reviewed scientific journal, thus formatting may vary 
among chapters.  Comments at the top of the title page of each chapter will alert the reader of those 
chapters already published or submitted to a peer-reviewed journal.  The following provides 
additional background information.    

In 2008, the U.S. Fish and Wildlife Service (USFWS) issued a Biological Opinion (2008 BiOp; 
USFWS 2008) on Central Valley Project/State Water Project operations that concluded aspects of 
those operations jeopardize the continued existence of Delta Smelt and adversely modify the 
species’ critical habitat.  Action 4 (Fall X2 Action) of the 2008 BiOp required Delta outflow be 
maintained at an average X2 (average position of the 2 ppt isohaline from Golden Gate) no greater 
than 74 km for September and October following wet years and 81 km following above normal 
years (water-year type [wet, above normal, below normal, dry, critical] is based on measured 
unimpaired runoff; https://cdec.water.ca.gov/reportapp/javareports?name=WSIHIST).  In 2011, 
Reclamation produced a fall outflow adaptive management plan based on the science underlying the 
Fall X2 Action and outlining how adaptive management might proceed (Reclamation 2012).   

In spring 2016, USFWS requested augmentation of summer outflow from the Sacramento River to 
benefit the habitat and declining population of Delta Smelt, although the action never occurred.  
Slightly thereafter the Delta Smelt Resiliency Strategy (DSRS) was finalized in July 2016 (CNRA 
2016).  The DSRS articulated a suite of actions that could be implemented in the next few years to 
benefit Delta Smelt based on concepts detailed in Baxter et al. (2015).  These actions included 
augmentation of Delta outflow to push the low salinity zone (0.5-6 ppt) seaward and routing of 
water through Yolo Bypass Toe Drain to promote food production, to benefit Delta Smelt. 

In winter of 2016/2017 Reclamation formed the DOP to assist in evaluating outflow-related 
hypotheses and predictions (Table 1) using targeted paired biological and physical monitoring.  The 
over-arching hypothesis is summer and fall habitat conditions are improved for juvenile Delta Smelt 
when X2 moves seaward (USBR 2012; Brown et al. 2014), especially when X2 overlaps the Suisun 
Bay-Marsh area of the Delta.  Predictions are largely based on conceptual models within Baxter et al. 
(2015) (figures 48 and 49 in particular) and predictions in Brown et al. (2014).   

In August of 2016, Reclamation and California Department of Water Resources (DWR) jointly 
requested a Reinitiation of Consultation on the Coordinated Long-Term Operation of the Central 
Valley Project (CVP) and State Water Project (SWP).  The USFWS accepted the request shortly after 
and stated therein: “…new information is demonstrating the increasingly imperiled state of the delta 
smelt and its designated critical habitat, and that emerging science shows the importance of outflows 
to all life stages of delta smelt and to maintaining the primary constituent elements of designated 
critical habitat.”  The new Biological Opinion on operations was finalized in October of 2019 (2019 
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BiOp; USFWS 2019).  The Delta Smelt Summer-Fall Habitat Action (SFHA) and additional 
measures in Table 2-1 of the 2019 BiOp outlines multiple outflow-related actions geared toward 
benefitting Delta Smelt habitat and ultimately its population.  Such actions include the following:  

Fall X2: Modify water operations to maintain X2 at 80 km in above normal and wet water years in 
September and October.  Maintain low salinity habitat in Suisun Marsh and Grizzly Bay when water 
temperatures are suitable.  Manage the low salinity zone to overlap with turbid water and available food 
supplies.  Establish contiguous low salinity habitat from Cache Slough Complex to the Suisun Marsh. 

Suisun Marsh Salinity Control Gate: The freshening of Montezuma Slough through gate operations could 
provide additional low salinity habitat for Delta Smelt to forage, spawn and rear. 

Suisun Marsh and Roaring River Distribution System Food Subsidies Study: Add fish food to Suisun 
Marsh through coordinating managed wetland flood and drain operations in Suisun Marsh, Roaring River 
Distribution System food production, and reoperation of the Suisun Marsh Salinity Control Gates. 

North Delta Food Subsidies/Colusa Basin Drain Study: Augment flow in the Yolo Bypass in July and/or 
September by closing Knights Landing Outfall Gates and routing water from Colusa Basin into Yolo Bypass 
to promote fish food production. 

Sacramento River Deepwater Ship Channel Food Study: Repair or replace the West Sacramento lock system 
to hydraulically reconnect the ship channel with the mainstem of the Sacramento River. The ship channel has 
the potential to flush food production into the north Delta for Delta Smelt.   

While much has been learned regarding the impacts of environmental conditions on Delta Smelt 
habitat, some uncertainty remains as to how outflow-related actions, such as those listed above, may 
affect certain habitat factors and the species’ response.  We anticipate results from  
DOP-related studies will assist decision-making processes regarding the SFHA and better inform 
general management actions to benefit the wild Delta Smelt population, including augmentation of 
the population through supplementation using cultured fish. 
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Table 1. Qualitative predictions regarding the effect of X2 (location of 2 ppt salinity isohaline) in 
or near the Suisun Bay/Marsh area during summer and fall compared to other regions, and 
within this area during summer and Fall X2 Action periods. 

Dynamic Abiotic 
Habitat Components 

X2 in/near Suisun Region 
During Summer or Fall 
Compared to Other Regions 
and Within Suisun Region 
During Summer or Fall X2 
Action Periods (in 
parentheses) 

Chapters 
within the 
DOP Technical 
Report 2 with 
Related Data 

Low Salinity Habitat Area Higher (Increases) 
Habitat Complexity Higher (Increases) 

Hydrodynamic Complexity Higher (Increases) 
Water Temperature Lower (Decreases) 

Turbidity Higher (Increases) 
Contaminants* Lower (Decreases) 2 

Dynamic Biotic Habitat Components
  

Delta Smelt Prey Density and Biomass Higher (Increases) 6, 7 
Phytoplankton Density and Biomass Higher (Increases) 8 

Harmful Algal 
Constituents/Cyanotoxins 

Lower (Decreases) 
 

Impact of Non-Native Competitors Lower 
Impact of Non-Native Predators Lower 

Delta Smelt Responses
 

Occupancy/Residence Greater (Increases) 
Health Greater (Increases) 1,2 
Growth Higher (Increases) 4, 5 
Survival Higher (Increases) 

 

Prey Quality, Foraging Success Better (Increases) 6, 7 
Fecundity Higher 3 

Population Range/Distribution Broader, Less Constricted 4 
Life History Diversity Greater, More Even Spread 4 
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Abstract 
 

There is an extensive literature establishing, validating, and quantifying a wide range of 

responses of fishes to fasting. Our study complements this work by comparing fed and unfed 

treatments of hatchery-raised Delta Smelt (Hypomesus transpacificus)—an imperiled fish that is 

endemic to the San Francisco Estuary and its tributaries in California, USA—across a diverse 

suite of endpoints over a two-month time series. The experiment was conducted at 15.9 °C, and 

individuals were sampled at 12 time points as starvation became increasingly severe. We found 

that hepatosomatic index and condition factor were relatively sensitive to starvation, becoming 

significantly depressed at Day 4 and 7, respectively. Histological analysis of liver showed 

elevated cytoplasmic inclusion bodies at Day 7, followed by increased glycogen depletion, single 

cell necrosis, and hydropic vacuolar degeneration at Day 14, 21, and 28, respectively. Of four 

antioxidants measured, glutathione decreased at Day 4, superoxide dismutase increased at Day 

14, catalase increased at Day 56, and glutathione peroxidase was not affected by starvation. The 

net result was a ~2-fold increase in lipid peroxidation (malondialdehyde) in fasted fish that was 

highly inconsistent through time. RNA to DNA ratio and triglycerides in muscle were relatively 

insensitive to starvation, only consistently decreasing with fasting after mortality began 

increasing in the ‘No Feeding’ treatment, at Day 21. Together, these results suggest that Delta 

Smelt mobilize hepatic energy stores far more rapidly than lipids in muscle when subjected to 

fasting, leading to rapid atrophy of liver and the development of cytoplasmic inclusion bodies—

possibly autophagosomes—in hepatocytes.  

Keywords: atrophy, autophagy, fish, hepatosomatic index, oxidative stress, starvation 
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Introduction 
 

A major consequence of anthropogenic global change is the disruption of aquatic food webs. 

Moderate nutrient increases, for example, can stimulate primary productivity, leading to elevated 

fishery production [1]. Higher levels of nutrients may lead to excess primary productivity, 

hypoxia, and fish kills (e.g., Gulf of Mexico, Mediterranean Sea, Black Sea; [1]). Invasive 

species can be particularly disruptive to aquatic food webs, with effects ranging from prey field 

shifts to trophic cascades (e.g., [2, 3]). Given the preponderance of ectotherms, aquatic food 

webs are also highly vulnerable to climate change [4, 5][6]. As the climate warms, the oxygen 

and feeding requirements of ectotherms increases, even as dissolved oxygen decreases [6, 7]. 

These changes can also interact. For instance, high temperatures and nutrients can trigger blooms 

of the invasive cyanobacteria Microcystis spp. When Microcystis spp. cells lyse, communities 

are exposed to microcystin, a potent hepatotoxin that bioaccumulates in aquatic organisms [8-

12]. Thus, given the global alterations of aquatic food webs, understanding how aquatic 

organisms respond is key. 

Commonly used tools for identifying altered food web linkages are metrics of nutritional 

status in fish. These metrics often include Fulton’s condition factor, hepatosomatic index, RNA 

to DNA ratio in muscle, triglyceride concentration in muscle, and liver glycogen. Condition 

factor reflects nutritional status because body mass responds more quickly to food limitation than 

body length (e.g., [13]). Similarly, hepatosomatic index is responsive to food limitation because 

liver weight declines more rapidly than body weight as hepatic energy stores are rapidly 

mobilized (i.e, glycogen, lipid, and protein; [14-16]). The ratio of RNA to DNA in muscle is an 
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indicator of recent growth, and therefore fasting, because RNA concentration in cells correlates 

with protein synthesis, whereas DNA concentration remains constant (e.g., [17, 18]). 

Triglycerides, the main long-term energy substrate in fishes, are also widely used, and tend to 

reflect longer-term responses to food limitation [19, 20]. However, the speed and extent to which 

these metrics respond to changes in diet depend on the study organism, experimental conditions, 

and reproductive stage [21]. For example, while liver glycogen depletion typically declines 

rapidly in response to food limitation (e.g., [15, 22]), Nagai and Ikeda [23] reported no decrease 

in liver glycogen in carp (Cyprinus carpio) following 22 days of fasting, Sockeye Salmon 

migrate 1000 km with no decrease in liver glycogen, and hepatic lipid and glycogen were 

mobilized simultaneously during early fasting in Atlantic Cod [21, 24, 25]. Thus, species specific 

laboratory validation is helpful for interpreting biomarkers of nutritional stress.  

Given that the liver is highly sensitive to starvation, its condition is especially important 

for understanding nutritional stress in fishes. Histology studies indicate that the initial sensitivity 

of liver weight to fasting is due to a rapid atrophy of hepatocytes as energy sources are consumed 

(e.g., [16, 26, 27]), rather than because of a decline in the number of hepatocytes [28]. For 

example, Fernández-Díaz et al. [29] noted several alterations in the liver of Solea senegalensis 

larvae fed inert diet, including a decline in hepatocyte size, the loss of lipid vacuoles, and an 

increase in basophilia, possibly related to reduced protein synthesis. At later stages of fasting 

(i.e., starvation), hepatocyte loss occurs via several interrelated cell death mechanisms, including 

necrosis and apoptosis [30]. 

Another potential hepatic response to starvation is oxidative damage, which occurs when 

the production of reactive oxygen species overcomes antioxidant defense mechanisms [31]. The 

liver is the main organ for metabolic control, plays a key role in production of reactive oxygen 
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species, and is therefore vulnerable to oxidative damage [32]. Major antioxidant enzymes include 

superoxide dismutase, catalase, and glutathione peroxidase [33], while glutathione is the main 

non-enzymatic antioxidant [34]. Glutathione is the co-substrate for glutathione peroxidase and 

glutathione S-transferase and is the most abundant low molecular weight thiol synthesized by 

cells [34]. One of the major mechanisms of cellular injury due to oxidative damage is lipid 

peroxidation, typically indicated by elevated levels of the lipid peroxidation product 

malondialdehyde [35]. However, the oxidative stress response to fasting in fish livers is difficult 

to predict. On one hand, food is necessary for the acquisition and production of antioxidants, so 

fasting might be expected to increase oxidative stress [36]. On the other hand, metabolic demand 

of fishes declines rapidly with food deprivation [16, 37], which reduces the production of free 

radicals as the rate of mitochondrial respiration declines [38]. Studies to date suggest that 

glutathione and antioxidant enzymes in the livers of fishes are reduced by starvation, leading to 

oxidative stress [32, 33, 39]. 

Here, we conducted a time series experiment comparing the sensitivities of a wide range 

of biomarkers along a gradient of mild to severe starvation. We define sensitivity as the length of 

time (a proxy for severity of starvation) before a statistically significant difference was detected, 

with earlier detection considered more sensitive. We conducted the study on hatchery-raised 

Delta Smelt (Hypomesus transpacificus), a species listed as threatened and endangered at the 

federal and state levels, respectively [40]. Delta Smelt is endemic to the Sacramento and San 

Joaquin River Delta and San Francisco Estuary (SFE), an ecosystem that exhibits chronically 

low pelagic productivity [41-43]. There is a history of biomarker and stomach fullness work on 

Delta Smelt collected from the field, which provides evidence of contaminant and food limitation 

stress in the species [44, 45]. However, the nutritional biomarkers have not been empirically 
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validated in Delta Smelt, causing difficulties both in understanding the sensitivities of 

biomarkers to nutritional stress, and distinguishing between liver abnormalities caused by poor 

nutrition or contaminants, another known stressor in the SFE [46-48]. This study will therefore 

improve interpretation of health and condition data collected from wild Delta Smelt, informing 

conservation and restoration efforts. Key features of the study are that we 1) sampled up to 12 

time points (depending on the biomarker), particularly early in the experiment, and 2) quantified 

a wide range of endpoints, including condition and hepatosomatic indices, biochemical, 

immunohistochemical, and histological biomarkers of nutritional stress, as well as daily 

mortality. These study features allowed us to compare the sensitivities of the biomarkers, gain a 

more mechanistic understanding of the progression of starvation in Delta Smelt and fish more 

generally, and to associate specific liver abnormalities with poor nutrition. Finally, we compared 

the starved and fed hatchery-origin experimental Delta Smelt to wild Delta Smelt in terms of the 

nutritional metrics examined in both groups. 

 

Methods 
 

Experimental endpoints 
 

We examined six indices in the fasting experiment that we also measured on wild Delta Smelt. 

Fulton’s condition factor, hepatosomatic index, RNA to DNA ratio in muscle, and triglyceride 

concentration in muscle were measured at 12 time points (Table 1). Liver lesion score (a 

summation of liver lesions scored histologically), and liver glycogen depletion (also scored 

histologically) were assessed at 10 time points (Table 1). The liver histopathology scoring and 

lesions are described in detail in Teh et al. [49]. As a summation of the severity scores of liver 
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lesions, liver lesion score provided a general indication of liver condition (higher scores indicate 

worse condition, [44, 49]; individual lesions in Table 2). The responses of the disaggregated 

lesions are also provided (Table 2). We expected liver lesion score to increase as starvation 

progressed as specific lesions were triggered and exacerbated by starvation. For example, we 

expected single cell necrosis or apoptosis to occur as hepatocytes starved, and then macrophages 

to aggregate around the dead cells [50]. 

We included ten additional endpoints that we do not routinely measure on wild fish 

(Table 1). Mortality was recorded daily. Hepatocyte area was measured at six time points, 

hepatocyte nucleus area at ten time points, and apoptosis at four time points (Table 1). These 

endpoints were included to understand whether livers of fasting fish decline in size due to 

atrophy of hepatocytes, loss of cells via apoptosis or necrosis, or some combination of these 

processes. Glutathione and lipid peroxidation (indicated by malondialdehyde) were both 

measured in liver at 12 time points. The enzymatic antioxidants superoxide dismutase, catalase, 

and glutathione peroxidase, as well as protein concentration, were measured in liver at five time 

points. Measurement of the oxidative stress endpoints allowed us to evaluate the impact of 

starvation on antioxidants, cell/tissue damage and the potential implications for fish health [31]. 

We expected starvation to deplete the concentration of total glutathione, tipping the balance 

toward a prooxidant state, enhancing hepatic lipid peroxidation. Decisions on how many time-

points to sample and whether to pool tissue were based on maximizing use of the limited 

quantity of tissue available, feasibility (hepatocyte area, explained below) and cost, to a lesser 

extent.  

 

Food limitation experiment 
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We conducted the fasting experiment at the Fish Conservation and Culture Laboratory (FCCL), 

near Byron, CA, USA [51]. The FCCL raises Delta Smelt in bead-filtered, UV-treated, 

recirculated, and temperature-controlled water pumped from the Sacramento-San Joaquin Delta. 

A two-week acclimation period began on Sept 24, 2018 when 800 Delta Smelt (143 days post-

hatch) were moved from two holding tanks into eight experimental tanks in black ‘5-gallon’ 

buckets, at a density of 100 fish tank-1 (Fig S1). At the time of sampling, mean fork length and 

body weight was 45.7 mm (SD = 6.4) and 0.54 g (SD = 0.27), respectively. Sub-adults were used 

in the experiment to both minimize the influence of reproduction on liver condition of female 

fish (glycogen depletion, [49]), while also providing sufficient tissue for each endpoint. The fish 

were in the buckets for no more than five min during transfer to the tanks. Tanks were roughly 

cylindrical, black, and plastic (Fig S1). Tank depth was 60 cm, wetted depth was 47 cm, 

diameter was 100 cm, and the working volume was 290 L. The fish in all eight tanks were fed to 

satiation throughout the acclimation period (i.e., aiming for a food to feces ratio of 0.25 on the 

bottom of the tanks), using the same feed on which they were cultured (Bio-vita Crum #1). 

Feedings occurred five times during the day (at ~06:45, 08:00, 10:00, 12:00, and 14:00). The 

tank bottoms were cleaned with a siphon three days per week, and this effort was maintained for 

all tanks throughout the experiment. We installed 5-µm filters on the inputs to each tank to 

ensure that no food particles entered the tanks other than during feedings (‘10 inch by 2.5-inch 

sediment filters’, iSpring Water Systems, LLC, Alpharetta, Georgia; Fig S1). The handful of 

mortalities that occurred during the two-week acclimation period were replaced with fish from 

the same cohort so that the density was exactly 100 fish tank-1 at the start of the experiment. 

The experiment had two treatments called ‘Feeding’ (i.e., control) and ‘No Feeding,’ 

which were randomly assigned to the eight tanks (four tanks per treatment). We continued 
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feeding the Feeding treatment according to the regime described above. The final feeding for the 

No Feeding treatment occurred on Oct 8 at 08:00 (Day 0), and no further food was provided for 

the remainder of the eight-week experiment. Fish were sampled from ~10:30-12:30 at Day 0, 1, 

2, 4, 7, 14, 21, 28, 35, 42, 49, and 56. At all but the final time point, four fish per tank were 

removed from the tanks with an aquarium net, gently shaken to remove water, wrapped in 

aluminum foil, and flash-frozen in liquid nitrogen [52]. At the final time point, one of the No 

Feeding tanks had only two fish remaining, which were both flash-frozen (all other tanks had at 

least 4 fish remaining). In addition to the flash-frozen samples, an additional fish from each tank 

was sampled, anesthetized in an ice-water bath, and placed in 10% buffered formalin for fixation 

and subsequent histology at a subset of the time points (Day 0, 4, 7, 14, 21, 28, 35, 42, 49, and 

56).  

Individual fish were not tagged, so initial measurements of length and weight were not 

made. While these measurements would have improved the sensitivity of condition factor and 

hepatosomatic index by accounting for inter-individual variation, they would have stressed the 

fish, and Delta Smelt is an unusually sensitive species [53]. In addition, we wanted the results to 

mimic the sensitivity of our long-term study on Delta Smelt in the wild, in which repeated 

measurements on the same individual cannot be made. 

Water temperature was measured hourly throughout the experiment (HOBO Water Temp 

Pro v2, Onset). Ammonia, nitrite, and nitrate levels were measured using Hach testing kits every 

3-4 days (Loveland, CO). Dissolved oxygen, pH, and salinity were also measured every 3-4 

days, using a handheld YSI-85 m (YSI Incorporated, Yellow Springs, OH, USA). Mortalities 

were recorded and removed daily (only live sampled fish were measured for biomarkers).  
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Ethics statement 
 

This study was approved by the University of California, Davis Institutional Animal Care and 

Use Committee and followed the experimental protocol for Animal Care and Use protocol 

#19872. The predefined humane endpoint was swimming activity, with our protocol stipulating 

that the experiment would be terminated when overall differences in swimming activity between 

the treatments were observed during daily monitoring. Fish in both treatments remained active 

throughout the experiment, so this criterion was not met. Mortality was not a planned outcome, 

but mortalities were recorded as part of standard protocol at the hatchery, so the data were 

included post-hoc. Occasional fish that appeared to be under duress in either treatment were not 

euthanized because it was difficult to predict whether such small, delicate fish would recover. 

Delta Smelt exhibit high mortality rates even under optimal conditions [51]. All staff obtained 

animal care and use training from UC Davis. 

 

Laboratory fish processing 
 

The 382 flash-frozen Delta Smelt sampled during the experiment were dissected at UC Davis 

following a slightly modified version of the methods of Teh et al. [52]. Briefly, each fish was 

removed from liquid nitrogen, photographed, weighed on an analytical balance (±0.01 mg), and 

measured for fork length. Each fish was dissected as it thawed over 5-10 min. Dorsal muscle 

tissue was excised, weighed on an analytical balance (±0.1 mg), frozen in liquid nitrogen, and 

then stored at -80 °C until processing for RNA to DNA ratio and triglycerides. The livers were 

removed from each fish, weighed, pooled in a 1.5-mL tube (4 livers per tube), placed in liquid 

nitrogen, and stored at -80 °C for oxidative stress analysis (glutathione, superoxide dismutase, 
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catalase, glutathione peroxidase, and malondialdehyde). Three fish were excluded because they 

had livers that were too small to be excised.  

Fulton’s condition factor and hepatosomatic index were calculated as follows: condition 

factor = (WB / FL3) × 100 and hepatosomatic index = (WL / WB) × 100, where WB is the body 

weight (mg), FL is the fork length (mm) and WL is the liver weight in mg [54]. 

Triglyceride concentration was measured in the frozen dorsal muscle samples using an 

adipogenesis assay kit (Catalog #K610- 100, Biovision, CA, USA), as per the manufacturer’s 

instructions, and standardized to protein concentration using the method of Lowry et al. [55]. 

Samples were analyzed using a microplate reader (Tecan Infinite M200, Männedorf, 

Switzerland). Triglyceride concentration is reported in μmol of triglyceride per mg of protein.  

RNA to DNA ratio in dorsal skeletal muscle was measured using the ethidium bromide 

fluorometric technique reported by Caldarone et al. [56]. 

Activities of catalase, superoxide dismutase, and glutathione peroxidase as well as lipid 

peroxidation by the thiobarbituric acid reactive substance (TBARS) assay were assessed in pools 

of 4 livers per tank-time point combination as described in Ramírez-Duarte et al. [57] with some 

modifications. Livers were homogenized by grinding at 4 °C in 50 mM potassium phosphate 

buffer (pH 7.4) containing 1 mM EDTA, 1 mM phenylmethanesulfonyl fluoride, 1% peroxidase 

free Triton X-100 and 1 mM dithiothreitol using a liver weight:buffer volume ratio of 1:20. Raw 

homogenate was used to assess lipid peroxidation following the method described by Ohkawa et 

al. [58] with some modifications and reported as malondialdehyde in nmol/g wet tissue. 

Homogenates were centrifuged at 10,000 × g for 20 min at 4 °C and the resulting supernatant 

was stored at -80 °C until analysis. Superoxide dismutase activity was determined by measuring 

the combined effects of EDTA, manganese ions and mercaptoethanol on the rate of NADH 
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oxidation according to Paoletti et al. [59]. Briefly, a final volume of 200 μL of reaction cocktail 

containing 0.05 mM potassium phosphate buffer, 0.25 mM NADH, 3.5 mM EDTA, 1.75 mM 

MnSO4, 4 mM mercaptoethanol, and 5 μL of supernatant was prepared and absorbance at 340 

nm was measured for 20 min at 25 °C. Superoxide dismutase activity is reported as Units/mg 

protein in the supernatant, where one unit is equal to 50% inhibition of NADH oxidation of the 

blank. The catalase assay was performed as described by Fernández-Díaz et al. [29] by following 

the reduction in absorbance of hydrogen peroxide at 240 nm in 96-well plates. Catalase activity 

was reported as Units/min/mg protein. Glutathione peroxidase activity was assessed by recording 

the oxidation of NADPH at 340 nm according to the method of Flohé and Günzler [60] and 

reported as Units/min/mg protein. A microplate reader (Tecan Infinite M200, Männedorf, 

Switzerland) was used to measure changes in absorbance. Protein concentration in the 

supernatant was measured following Lowry et al. [55] using the DC protein assay kit (Bio-Rad 

Laboratories, Hercules, CA, USA) and reported as mg/mg wet tissue. Concentration of total 

glutathione was measured as described in Ramírez-Duarte et al. [57] and reported as nmol/mg 

wet tissue. 

The fish that were fixed directly in formalin were used for histological analysis (Day 0, 4, 

7, 14, 21, 28, 35, 42, 49, and 56). Four transverse sections along the length of each fish were 

made using a razor blade (~4 mm thickness). Sections were taken immediately behind the 

opercular cavity, between the opercular cavity and the dorsal fin, just anterior to the dorsal fin, 

and just posterior to the dorsal fin. The four transverse sections were processed for histology and 

stained either with eosin and hematoxylin for histopathological assessment or periodic acid-

Schiff (PAS) for glycogen depletion assessment following Teh et al. [61].  
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Using a compound microscope, the liver slides were scored for seven characteristics: 

glycogen depletion, hydropic vacuolar degeneration, single cell necrosis, macrophage aggregate, 

inflammation, cytoplasmic inclusion bodies, and lipidosis. Hydropic vacuolar degeneration is 

typified by a single large, hydropic-appearing vacuole, with smooth edges that nearly fills 

affected cells, with occasional unknown material within the vacuole [62]. The other histologic 

endpoints are described in Teh et al. [49]. Each endpoint was scored on an ordinal scale of 0-3, 

where 0 = absent/minimal, 1 = mild, 2 = moderate, and 3 = severe. Thus, the higher the score the 

more damaged or glycogen depleted the liver. The scores for each lesion (all but glycogen 

depletion) were summed to produce a composite score indicative of the overall condition of the 

liver (i.e., ‘lesion score’; [44, 49]). Liver glycogen depletion was analyzed separately because it 

is not a lesion, and it typically responds within days to one week in response to food deprivation, 

whereas we expected the other endpoints to respond more slowly [15, 22, 63]. The liver was also 

screened for parasites, bacterial infection, preneoplastic foci and neoplasms, but these alterations 

were not observed.  

To measure hepatocyte and nucleus area, photographs were taken of the liver sections on 

each histology slide. Identical settings and magnification were used for each photo (400×). The 

hepatocytes and nuclei (usually 10 of each, but as few as 6) were manually outlined using the 

program ImageJ and the area was calculated [64]. Hepatocytes and nuclei were selected for 

measurement that 1) could be clearly differentiated from one-another, and 2) had a visible 

nucleus (for hepatocyte area measurements) or nucleolus (for nuclei area measurements), 

indicating that a significant proportion of the cell or nucleus volume was sectioned (Figs 1E, F). 

To prevent bias, we began measuring hepatocytes and nuclei in the upper left-hand corner of 

each photo and proceeded back and forth, ultimately toward the lower right corner of the photo. 
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Along this ‘backward S’ pattern we measured every hepatocyte or nuclei that met both criteria 

until 10 measurements were collected for each endpoint or the end of the slide was reached. 

Hepatocyte area was not measured after Day 28 because it became too difficult to differentiate 

hepatocytes in the No Feeding treatment. Nuclei area was measured for all time points. 

Using the formalin-fixed fish, liver tissue from the No Feeding treatment at Day 0, 21, 

42, and 56 was prepared for immunohistochemical detection of apoptosis. Liver tissue from two 

fed fish was used as a control (Day 0 and 49). Tissues for immunohistochemistry were sectioned 

(3 µm) and adhered to Superfrost®Plus Microscope Slides (Fisher Scientific, Pittsburgh, PA, 

USA). Copper-exposed olfactory tissue from Delta Smelt was used as positive control and 

normal horse serum was substituted for the primary antibody as a no primary antibody control. 

After deparaffinization and rehydration, heat-induced epitope retrieval was performed in citrate 

buffer (pH 6) at 95-98 ºC for 10 min in a microwave (800W). Endogenous peroxidase activity 

was blocked using 3% H2O2 in methanol for 15 min followed by non-specific blocking with 10% 

normal horse serum for 15 min. Anti-cleaved caspase-3 polyclonal antibodies (Cat# G7481,  

Promega, Madison, WI, USA) at 1:2000 dilution were applied to the sections overnight at 4 ºC 

and subsequently incubated with HRP-conjugated secondary antibodies for 30 min at room 

temperature. Finally, antigen-antibody complexes were visualized with chromogen for 1 min. 

Sections were counterstained with Meyer’s hematoxylin for 15 sec and mounted with 

Krystalon™ mounting media (MilliporeSigma, Burlington, MA, USA) 

 

Comparison to wild fish 
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Our lab has received wild Delta Smelt collected during California Department of Fish and 

Wildlife and United States Fish and Wildlife trawls in 2011 and 2017, respectively. During the 

trawls, wild Delta Smelt were frozen in liquid nitrogen on agency boats and sent to our lab where 

we measured a range of indices (e.g., [44, 49, 52, 65]. The livers were scored histologically as 

described above. We note that while the preservation method between the experimental and wild 

fish was identical for condition, hepatosomatic and biochemical indices (i.e., flash freezing in 

liquid nitrogen), this was not the case for liver lesion score and glycogen depletion. For the wild 

fish, histology was performed on flash-frozen tissue, while histology was performed on tissue 

preserved in phosphate buffered formalin for the hatchery fish. Therefore, the results may not be 

perfectly comparable, although Teh et al. [52] reported no noteworthy differences between Delta 

Smelt liver tissue that was flash-frozen or fixed in phosphate buffered formalin. The present 

study includes data from wild Delta Smelt collected from Aug 2011 through Sep 2018. 

 

Statistical analysis 
 

A Kaplan-Meier survival analysis [66] was conducted to compare the mortality rates between the 

two treatments (Feeding [n= 400] and No Feeding [n= 400]). A log rank (Mantel-Cox) test was 

run to determine if there were differences in the survival distribution between the two treatments. 

Time to significance was determined by assessing overlap of the 95% confidence intervals of the 

survival curves for both treatments. The analysis was run in R. 

Condition factor, hepatosomatic index, RNA to DNA ratio, and triglycerides were each 

analyzed using identical factorial ANOVAs. These analyses had 32 fish per time point, 16 in 

each treatment (except for the final time point, which had 14 fish in the No Feeding treatment). 

‘Tank’ was included as a random effect to account for the repeated samples taken from the same 
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experimental unit [67]. Fixed effects included ‘day’ (as a discrete variable), ‘treatment’ (Feeding 

or No Feeding), and a ‘day’ by ‘treatment’ interaction. The interaction was included to account 

for any treatment specific changes in each endpoint as the experiment progressed from Day 0 to 

56. Significant interactions between ‘day’ and ‘treatment’ were followed by ‘test slices’ at each 

time point to test for differences between the Feeding and No Feeding treatments (i.e., planned 

linear contrasts; [67]).  

 Glutathione, superoxide dismutase, catalase, glutathione peroxidase, protein, lipid 

peroxidation, malondialdehyde, hepatocyte area, and nucleus area were analyzed with nearly 

identical ANOVAs to the ones described above. For glutathione, superoxide dismutase, catalase, 

glutathione peroxidase, protein, malondialdehyde, and lipid peroxidation, the differences were 

that sample size was smaller because the four livers from each tank-time point combination were 

physically pooled during dissections, so ‘tank’ was not included in the analysis due to the 

pooling (n = 8 for each time point, 4 samples per treatment). In addition, malondialdehyde was 

log10-transformed because its variance increased with its mean. For superoxide dismutase, 

catalase, glutathione peroxidase and protein, there were fewer time points (Day 0, 7, 14, 21, and 

56). For hepatocyte and nucleus area, the differences were that there were eight fish per time 

point in each analysis, one fish per tank-time point combination (i.e., the subset of fish that were 

preserved initially in buffered formalin, not flash-frozen). In addition, ‘fish’ was included as a 

random effect because multiple hepatocytes were measured per fish. For hepatocyte area, only 

Day 0, 4, 7, 14, 21, and 28 were included. Planned linear contrasts were applied following either 

significant interactions between ‘treatment’ and ‘day’ or a significant effect of ‘treatment.’ For 

all ANOVAs, consistency with their assumptions was confirmed with residual plots. 
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As non-parametric endpoints, glycogen depletion and liver lesion score were analyzed 

with Wilcoxon Rank Sum tests between the two treatments across all time points. All ANOVAs 

and the Wilcoxon tests were run at an alpha of 0.05 using JMP Pro 14. 

Our final analysis compared wild Delta Smelt to the hatchery-reared Delta Smelt used in 

our experiment. We calculated means and standard deviations of variables that were measured on 

both the wild and experimental fish, including condition factor, hepatosomatic index, liver lesion 

score, liver glycogen depletion, RNA to DNA ratio, and triglycerides in muscle. For the 

experimental fish, means were calculated from Day 21-56, a period for which we know 

starvation was severe because both hepatocyte necrosis and mortality began to increase in the No 

Feeding treatment 3 weeks into the experiment (Table 2, Fig 2). We excluded all fish in the wild 

fish dataset that were outside the body weight range of the experimental fish to improve 

comparability (0.085 to 1.474 g). Sample sizes for each metric are in Table 3. All relevant data 

are within the Appendix S1. 

 

Results 
 

Water quality 
 

Mean water temperature during the experiment was 15.9 °C (SD = 0.47), dissolved oxygen was 

9.9 mg L-1 (SD = 0.3), salinity was 0.3 (SD = 0.04), pH was 7.7 (SD = 0.1), total ammonia 

nitrogen was 0.0 mg L-1 (SD = 0.03), nitrate was 1.5 mg L-1 (SD = 0.65), and nitrite was 0.0 mg 

L-1 (SD = 0.01). 
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Mortality 
 

The mortality rate was similar between the two treatments until ~Day 21, when mortality began 

to increase in the No Feeding treatment (Fig 2). The survival distributions for the two treatments 

(Feeding and No Feeding) were statistically different (Χ2
1 = 21.3, P < 0.001). Based on the 

overlap of the 95% confidence intervals, the difference in survival between the treatments 

became significant at Day 32 (Fig 2). Fish in the No Feeding treatment had a median time to 

mortality of 44 days, 95% CI [39.0, 49.0], while survival in the Feeding treatment did not decline 

below 50% during the experiment. A similar percentage of censored cases was present in the 

Feeding (75.3%) and No Feeding (62.0%) treatments (censored cases are individuals for which 

survival cannot be determined, such as individuals which survived until the experiment was 

terminated, or sampled fish). The number of live fish remaining in the tanks at Day 56 ranged 

from 17-23 in the Feeding treatment and 2-8 in the No Feeding treatment.  

 

Condition and hepatosomatic indices 
 

Condition factor declined with an increase in the fasting period (ANOVA, day × treatment, F11, 

352.3 = 8.2572, P <0.0001), with the No Feeding treatment becoming significantly different from 

the Feeding treatment at Day 7 (planned linear contrast, P = 0.0023; Fig 3A). The fish in the 

Feeding treatment had a mean condition factor that was 1.16-fold higher than the No Feeding 

treatment at Day 7. The difference increased to 1.42-fold by Day 56. 

Hepatosomatic index also declined with increased fasting (ANOVA, day × treatment, F11, 

349.2 = 5.0831, P < 0.0001), with the No Feeding treatment becoming marginally significantly 
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different from the Feeding treatment at Day 2 (planned linear contrast, P = 0.0579), and 

significantly different at Day 4 (planned linear contrast, P = 0.0421). At Day 4, the Feeding 

treatment had a hepatosomatic index that was 1.34-fold higher than the No Feeding treatment. 

This difference increased to 2.31-fold by Day 56 (Fig 3B). The decline in hepatosomatic index in 

the No Feeding treatment plateaued after roughly Day 21 at ~0.75, indicating that livers were no 

longer decreasing as a proportion of body weight.  

 

Nutrition and growth indices in muscle 
 

RNA to DNA ratio declined in the No Feeding treatment as the experiment progressed 

(ANOVA, day × treatment, F11, 349.2 = 2.5505, P = 0.0041; Fig 3C). The difference between the 

treatments first became significant at Day 28 (planned linear contrast, P = 0.0029), when the 

Feeding treatment had an RNA to DNA ratio that was 1.4-fold higher than the No Feeding 

treatment. By Day 56 that difference had increased to 1.7-fold. 

 Triglyceride in muscle also declined in the No Feeding treatment as the experiment 

progressed (ANOVA, day × treatment, F11, 350 = 2.1156, P = 0.0187; Fig 3D). According to the 

planned linear contrasts, the difference between the treatments first became significant at Day 14 

(P = 0.0308), with the Feeding treatment having triglyceride concentrations that were 1.35-fold 

higher than the No Feeding treatment. However, it was not until Day 49 that the differences 

became consistently significant (i.e., linear contrasts at Day 21, 28, 35, and 42 were not 

significant; Fig 3D). 

 

Histology and immunohistochemistry 
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100% of the fish in both the Feeding and No Feeding treatments had food in their stomachs at 

Day 0 (8 of 8). Averaged over the rest of the time points, 90% and 10% of the fish in the Feeding 

and No Feeding treatments had food in their stomachs, respectively (e.g., Figs 4A, B). The 

occasional stomach contents in the No Feeding treatment appeared to be fish tissue, presumably 

eaten from mortalities before they were removed each day.  

A significant difference was detected between the two treatments at Day 14 for both 

glycogen depletion (Wilcoxon Rank Sum test, Chi Square = 4.3974, DF = 1, P = 0.0360; Fig 5A) 

and liver lesion score (Wilcoxon Rank Sum test, Chi Square = 6.1370, DF = 1, P = 0.0132; Fig 

5B). The most prevalent lesions in the No Feeding treatment were cytoplasmic inclusion body 

(CIB), single cell necrosis (SCN), and hydropic vacuolar degeneration (HVD). CIB was 

characterized by the presence of rimmed vesicles and unknown inclusion bodies in the cytoplasm 

of hepatocytes (Figs 1A, 1B). Higher incidences of CIB were observed from Day 7-21 (Table 2). 

SCN is characterized by cells having eosinophilic cytoplasm with pyknosis and karyorrhexis. 

Higher incidences of SCN began in the No Feeding treatment at Day 21 and lasted through Day 

56 (i.e., the rest of the experiment; Fig 4E). Higher incidences of HVD began at Day 28 in the 

No Feeding treatment and lasted through the end of the experiment (Day 56; Table 2, Fig 4E). 

Gross liver atrophy was increasingly common in the No Feeding treatment as the experiment 

progressed (Fig 4C).  

Hepatocyte area declined as the experiment progressed in the No Feeding treatment 

(ANOVA, day × treatment, F5, 28.9 = 4.0483, P = 0.0066), with hepatocyte area becoming 

significantly lower in the No Feeding treatment at Day 7 (planned linear contrast, P = 0.0145; 

Fig 5C). At Day 7, the hepatocytes had areas that were 1.45-fold larger in the Feeding treatment. 

By Day 28, the last time point during which hepatocytes could be differentiated reliably in the 



Chapter 1: The Health and Condition Responses of Delta Smelt to Fasting: A Time Series 
Experiment 

Directed Outflow Project Technical Report 2 | 30 

No Feeding treatment, the hepatocytes in the Feeding treatment were 2.01-fold larger than in the 

No Feeding treatment (Figs 5C, 1E, 1F).  

In addition to the decline in hepatocyte area, the hepatocyte nuclei became increasingly 

pyknotic as fasting progressed (Figs 1F, 4E, 4F). This observation is supported by the nucleus 

area measurements, which declined in the No Feeding treatment during the experiment 

(ANOVA, day × treatment, F9, 54 = 3.7586, P = 0.0010; Fig 5D). The difference between the 

treatments was marginally significant at Day 4 and 7 (P = 0.0532 and 0.0560, respectively), and 

highly significant by Day 14 (P < 0.0001; Fig 5D). Nucleus area at Day 14 was 1.72-fold higher 

in the fed treatment.  

Apoptotic cells were not detected in the liver at any of the time points examined in the 

No Feeding treatment (Day 0 [control], 21, 42, or 56; Fig S2). 

 

Oxidative stress in liver 
 

Protein in liver was significantly reduced by starvation (ANOVA, treatment, F1, 29 = 28.5707, P < 

0.0001; Fig 6A). Although a day by treatment interaction was not detected (ANOVA, F4, 29 = 

2.2552, P = 0.0875), we observed a progressive decrease in liver protein in the No Feeding 

treatment over time, with the difference becoming significant at Day 14 (planned linear contrast, 

P = 0.0068; Fig 6A). Liver protein was 1.3-fold higher in the Feeding treatment at Day 14, and 

reached 1.5-fold higher than the No Feeding treatment by Day 56 of the experiment. 

Glutathione declined as starvation progressed (ANOVA, day × treatment, F11, 72 = 2.7175, 

P < 0.0055; Fig 6B). The difference between the two treatments first became significant at Day 4 

(planned linear contrast, P = 0.0121), at which glutathione was 1.32-fold higher in the No 

Feeding treatment. At Day 56 the difference was 1.80-fold. 
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 Superoxide dismutase was significantly elevated in the No Feeding treatment (ANOVA, 

treatment, F1, 25 = 15.3918, P = 0.0005), but a significant day by treatment interaction was not 

observed (ANOVA, day × treatment, F4, 29 = 1.0910, P = 0.3794). A difference between the 

treatments was first detected at Day 14 (planned linear contrast, P = 0.0228), when superoxide 

dismutase activity was 1.51-fold higher in the No Feeding treatment (Fig 6C). This difference 

increased to 1.58-fold by Day 56. 

 Catalase activity increased as the experiment progressed in the No Feeding treatment 

(ANOVA, day × treatment, F4, 29 = 4.5641, P = 0.0056), becoming significantly different at Day 

56 (planned linear contrast, P = 0.0002; Fig 6D). 

 Glutathione peroxidase was not affected by starvation (ANOVA, treatment, F1, 25 = 

0.2614, P = 0.6136; day × treatment, F4, 25 = 0.4625, P = 0.7625; Fig 6E).  

 Malondialdehyde was affected by starvation (ANOVA, treatment, F1, 71 = 7.1018, P = 

0.0095), but the day by treatment interaction was insignificant (ANOVA, F11, 71 = 0.9367, P = 

0.5111; Fig 6F). Malondialdehyde in the No Feeding treatment was 2.1-fold higher than in the 

Feeding treatment, averaged across all time points. While malondialdehyde became significantly 

different at Day 2 between the treatments (planned linear contrast, P = 0.0255), the difference 

was highly inconsistent over time (Fig 6F).  

 

Comparison to wild Delta Smelt 
 

The wild fish were not consistently in better or worse nutritional condition compared to the 

experimental fish. In terms of hepatosomatic index, liver lesion score, and liver glycogen 

depletion, the means of the wild fish fell between the means of the fed and starved treatments 
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(Table 3), suggesting possible nutritional stress in the wild fish. Hepatosomatic index appeared 

to be especially depressed in the wild fish, with very similar scores to severely starved hatchery 

fish. In contrast, condition factor was higher in the wild fish than even the fish in the Feeding 

treatment (Table 3). RNA to DNA ratio was similar between the wild fish and fed fish, and wild 

fish had triglycerides in muscle that were considerably higher than the fed fish. In terms of liver 

lesion score, wild fish had livers that were in somewhat worse condition than the fed hatchery 

fish, but were in far better condition than the starved fish (Table 3). In summary, the wild fish 

outperformed the fish in the Feeding treatment in terms of three endpoints (condition factor, 

RNA to DNA ratio, and triglycerides), and underperformed the Feeding treatment fish in terms 

of the other three (hepatosomatic index, liver lesion score, and glycogen depletion; Table 3). 

 

Discussion 
 

In this study, we compared the sensitivities of an array of endpoints to increasingly severe 

starvation in Delta Smelt. The experiment was run at a temperature typical of fall and spring 

habitat of the species (15.9 °C), more than ten degrees below its critical thermal maximum [40, 

68, 69]. Because we ran the experiment on an ectotherm, the indices would presumably have 

responded more quickly if the experiment was run at a higher temperature, and less quickly if it 

was run at a lower temperature (e.g., [6, 22]). While there are many studies examining the 

responses of hatchery fish to fasting, two aspects of our study set it apart. First, a wide range of 

endpoints were examined, including condition, hepatosomatic, biochemical, histological, and 

immunohistochemical indices (Tables 1 and 2). Second, 12 time points were sampled over the 

two-month experiment, including multiple time points during the first week. This experimental 
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design allowed us to compare the sensitivities of a wide range of indices to fasting, and to draw 

conclusions integrated across several disparate responses. 

Hepatosomatic index was one of the most sensitive biomarkers measured in our study, 

responding significantly to fasting at Day 4 (Fig 3B). The rapid decline in hepatosomatic index 

indicates that the liver lost weight more quickly than extrahepatic tissue, leading to a decline in 

the liver’s proportion of total body weight. Hepatosomatic index is well known to decline with 

food limitation, occurring as hepatic metabolic reserves are consumed (i.e., glycogen, lipid, and 

protein), and water used to maintain osmolarity is lost [14, 15, 22, 39, 70]. Surprisingly, we did 

not observe an increase in liver glycogen depletion until Day 14, whereas liver glycogen 

typically declines within hours or days of fasting (e.g., [22, 39, 71, 72]). It is possible that the 

declining size of the hepatocytes made the density of glycogen appear constant on the slides 

during the first two weeks of the experiment, even as total liver glycogen declined (Figs 1E, 1F). 

A biochemical assessment of hepatic glycogen in starved Delta Smelt would therefore be 

necessary to confirm that liver glycogen in Delta Smelt is indeed slow to respond to starvation 

(e.g., [72]), precluded here due to limitation of available liver tissue.  

One goal of our study was to differentiate between hepatocyte death and atrophy as 

mechanisms driving the rapid decline in liver weight (i.e., 4 days, Fig 3B). While a high number 

of apoptotic cells were present in the positive control, they were not detected in the livers of the 

fish from the No Feeding treatment, even after 56 days of fasting (Fig S2). As in our experiment, 

Baumgarner et al. [28] detected a decline in hepatosomatic index but not apoptosis in the livers 

of Rainbow Trout starved for 28 days. Necrosis was detected in the No Feeding treatment, but 

not until the fish had been fasted for 21 days (Table 2). Thus, we found no evidence that the 

initial decline in hepatosomatic index was due to a decline in the number of hepatocytes. 
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However, there was strong evidence of hepatocyte atrophy, first in terms of hepatocyte area, 

followed by hepatocyte nuclei area (Figs 1F, 5C, 5D). While hepatocyte area responded more 

slowly to fasting (7 days) than hepatosomatic index (4 days), hepatosomatic index likely had 

more power because it had four times the sample size (32 vs 8 fish per time point). Our 

interpretation is therefore that the livers lost mass largely due to hepatocyte atrophy, at least until 

necrosis began, at Day 21 (Table 2). This interpretation is largely in line with previous studies 

that show declines in hepatocyte size as starvation progresses [16, 26, 27], although Peragón et 

al. [14] detected a loss of DNA in the livers of starved fish, which the authors interpreted as 

evidence of cell loss. However, the loss of DNA occurred after 70 days of fasting at 15.0 °C [14], 

well after necrosis became elevated in our experiment at a similar temperature (15.9 °C). 

Although we found that hepatosomatic index is relatively sensitive to starvation in Delta 

Smelt, it should not be used in isolation. In mature females, vitellogenin is produced in the liver, 

increasing the weight of the organ (e.g., [73]). The endpoint can also be affected by contaminants 

(e.g., [74, 75]), known stressors in the SFE (e.g., [46, 76, 77]). In addition, hepatosomatic index 

is unlikely to be as sensitive as stomach fullness, which reflects daily foraging success in Delta 

Smelt (e.g., [44, 78]). A suite of laboratory-validated biomarkers is therefore recommended.  

The liver histology results revealed a clear progression of pathologies as starvation 

increased in severity. Cytoplasmic inclusion bodies, which we suspect were autophagosomes, 

were the first abnormality detected histologically, becoming elevated in the No Feeding 

treatment at Day 7 (Table 2; [79]). Autophagy is a ubiquitous, highly conserved, protective 

mechanism that allows cells to maintain homeostasis during exposure to a variety of stressors, 

including starvation, infections, and contaminants [80-82]. During autophagy, long-lived 

proteins and organelles are packed inside vesicles within the cytoplasm. These vesicles then fuse 
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their outer membranes with lysosomes to form an autophagosome, which digests the enclosed 

material, providing nutrition [81]. Autophagy can begin 1-14 days after fasting begins, 

depending on the taxon (e.g., nematode: [83], fish [autophagy gene expression]: [84], mice: 

[85]). This timing is consistent with the appearance of cytoplasmic inclusion bodies in our 

experiment (Day 4-7). Starting at Day 21, the cytoplasmic inclusion bodies largely disappeared, 

and single cell necrosis, hydropic vacuolar degeneration, and mortality all became elevated 

above background levels (Table 2, Fig 2). We suggest that after 21 days of starvation, the role of 

autophagy as a mechanism to extend cell survival was impaired or no longer functional, leading 

to a failure of homeostatic mechanisms (i.e., ATP depletion and calcium homeostasis failure), 

necrosis, and mortality (Table 2, Fig 2). The liver protein data are also consistent with this 

interpretation, because liver protein became significantly depressed following the appearance of 

cytoplasmic inclusion bodies (Fig 6A). However, additional work is needed to confirm that the 

hepatic cytoplasmic inclusion bodies are autophagosomes (e.g., electron microscopy, [86]). 

Another goal of our study was to distinguish liver abnormalities caused by starvation 

from other causes, because Delta Smelt are exposed to a variety of stressors in the SFE ([42, 

87]). In Hammock et al. [44], we reported elevated lipidosis and inflammation in livers of 

juvenile Delta Smelt collected from Cache Slough, common responses of fish to contaminants 

(e.g., [76, 88, 89]). In the present study, liver lipidosis and inflammation were largely absent, 

even in severely starved fish. Instead, the major lesions were cytoplasmic inclusion bodies, 

followed by cell necrosis and hydropic vacuolar degeneration (Table 2). Thus, although the 

starved fish had unhealthy livers, like wild fish collected from Cache Slough, the specific lesions 

were quite distinct. Moreover, other lines of evidence support the hypothesis that the livers of 

Delta Smelt collected from Cache Slough were damaged by contaminants rather than nutritional 
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stress, including: 1) both zooplankton abundance and stomach fullness are relatively high in 

freshwater in summer [44, 45], 2) Delta Smelt collected from Cache Slough exhibited robust 

condition relative to fish collected from other regions [44], 3) contaminants have occurred in 

relatively high concentrations in the region [47], and 4) acute toxicity has been repeatedly 

detected in the region [46, 48, 77]. In addition, parasites and bacterial infections are unlikely 

causes of lesions because they are rare in the wild Delta Smelt population ([90], S. Teh personal 

observation), as well as the hatchery Delta Smelt. Thus, the present results strengthen the 

association between contaminants and liver alterations previously observed in Delta Smelt 

collected from Cache Slough [44], and will help disentangle liver damage caused by 

contaminants from nutritional stress in future studies. 

RNA to DNA ratio and triglycerides in muscle were relatively insensitive to starvation, 

responding significantly at Day 28 and 14, respectively (Figs 3C, 3D). The RNA to DNA result 

was surprising given that the endpoint generally responds rapidly to changes in feeding rate. In 

one review, Buckley et al. [18] reported that RNA to DNA ratio responds to food limitation in as 

little as 1-3 days in a variety of young fishes. More recently, Duguid et al. [91] detected a 

decrease in RNA to DNA ratio within 6 days after a reduction in feeding in juvenile Atlantic 

Salmon. While triglycerides in muscle responded more quickly than RNA to DNA ratio, the 

difference between the Feeding and No Feeding treatments was small and inconsistent during the 

remaining six weeks of the experiment (Fig 3D). Thus, neither RNA to DNA ratio or 

triglycerides in muscle consistently responded to starvation before mortality rate became 

elevated (Fig 2). This presents a problem for detecting food limitation using these metrics in the 

wild, particularly if sample size is low, because Delta Smelt may experience lethal levels of 

nutritional stress before a response in either metric is detectable. One possible solution would be 
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to quantify RNA to DNA ratio and triglycerides in liver tissue, which was highly sensitive to 

starvation in other ways (Figs 1, 4, and 5). In Zebrafish for example, Lu et al. [72] recently 

detected a decline in triglycerides in liver after 3 days of fasting, at 28 °C. 

One difficulty associated with measuring multiple endpoints on wild fish is that they can 

disagree, complicating interpretation. Hammock et al. [44] reported significantly depressed 

stomach fullness, condition factor, RNA to DNA ratio, and hepatosomatic index in Suisun Bay, a 

region that has exhibited a crash in primary and secondary productivity (e.g., [2, 92, 93]). 

However, the biomarker data were not entirely consistent with the paper’s conclusion of 

nutritional stress in the region, because triglyceride concentration in muscle, 10-day otolith 

increment, and glycogen depletion were not significantly depressed in Suisun Bay [44]. Our 

rationale was that 10-day otolith increment and triglycerides in muscle might have been 

homogenized by movement of individuals among regions before they could respond to the 

environmental conditions of the region, whereas biomarkers that respond more quickly to 

environmental conditions, like stomach fullness, may better reflect conditions where an 

individual was collected [17, 18, 44]. However, the lack of a response in glycogen depletion 

weakened this interpretation because it generally responds rapidly to food limitation (e.g., [15, 

22]). The current study therefore helps reconcile this inconsistency, demonstrating that glycogen 

depletion, at least when estimated histologically (as was the case in Hammock et al.[44]), is 

relatively slow to respond to food limitation in Delta Smelt. Thus, our experimental results 

strengthen the conclusion of summertime nutritional stress for Delta Smelt in Suisun Bay [44]. 

Of the four antioxidants measured, one decreased (glutathione), two increased 

(superoxide dismutase and catalase), and one was not affected by starvation (glutathione 

peroxidase; Fig 6). The net result was a roughly two-fold increase in levels of lipid peroxidation 
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in the No Feeding treatment that was highly inconsistent through time (Fig 6F). This contrasts 

with other fish species which show more consistent starvation-induced oxidative stress responses 

due to inadequate neutralization of reactive oxygen species [32, 33, 39, 94]. Our interpretation is 

that the increase in activities of catalase and superoxide dismutase could not compensate for 

the decreased concentration of glutathione, leading to an overall increase in lipid peroxidation in 

the starved fish. Another contributing factor to pro-oxidant effects of starvation may have been 

the loss of food-derived antioxidants such as vitamins C and E [94]. Given the evidence for both 

food limitation [41-43, 45]) and contaminants [46-48, 76, 77] in its habitat, Delta Smelt in the 

wild may be vulnerable to oxidative damage caused by contaminants, especially xenobiotic 

electrophiles detoxified by glutathione (e.g., organophosphates, such as chlorpyrifos or 

polycyclic aromatic hydrocarbons). Future work could explore the potential interaction between 

starvation and xenobiotics that are detoxified by glutathione-dependent mechanisms. 

 The comparison of nutritional condition between fed, starved, and wild Delta Smelt was 

inconclusive. On one hand, hepatosomatic index and glycogen depletion of the wild fish were 

very similar to the severely starved experimental fish, suggestive of nutritional stress in wild 

Delta Smelt (Table 3). On the other hand, condition factor, RNA to DNA ratio, and triglycerides 

were higher in wild fish than even the control fish, suggesting the opposite (Table 3). This result 

is unsurprising given that stark differences between hatchery and wild fish, especially in terms of 

diet and environmental conditions, are known to make comparisons difficult [21]. We note that 

although triglycerides in muscle were higher in the wild fish, there was far more adipose tissue 

present in the abdomen of the control hatchery fish (S. Teh, personal observation), which is 

typical of hatchery fishes [95]. Therefore, triglyceride in muscle appears to be a poor indicator of 

lipid reserves in Delta Smelt. Overall, we consider the relative sensitivities and mechanisms of 
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the responses to fasting as more applicable to the wild population than the values of the 

biomarkers themselves.  

In conclusion, despite extensive work on other fishes, species-specific validation of 

biomarkers is necessary. In Delta Smelt, hepatosomatic index was highly sensitive to starvation, 

condition factor was somewhat sensitive, and RNA to DNA ratio in muscle, triglycerides in 

muscle, and glycogen depletion in liver (estimated histologically) were relatively insensitive. 

The initial decline in hepatosomatic index was most likely due to hepatocyte atrophy, rather than 

apoptosis or necrosis. In terms of liver histology, starved fish first exhibited cytoplasmic 

inclusion bodies, followed by glycogen depletion, necrosis, and hydropic vacuolar degeneration. 

Importantly, we detected no inflammation or lipidosis associated with starvation, in contrast to 

wild fish collected from Cache Slough [44]. Starvation induced a mixed response in hepatic 

antioxidants, resulting in lipid peroxidation. Glutathione in particular was rapidly lost as 

starvation progressed, suggesting that Delta Smelt under nutritional stress may become 

vulnerable to electrophilic contaminants. While some biomarkers were more sensitive to 

starvation than others, a range of endpoints are still recommended for use in wild fish exposed to 

multiple stressors. These could include not only a variety of biomarkers on the focal species, but 

also environmental data, such as toxicity, analytical chemistry, and prey abundance. Overall, our 

results strengthened the conclusions of Hammock et al. [44] of regionally specific stressors.  
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Table 1. Sampling time points, details, and effort for each endpoint examined in the study. 

Preservation is the initial method used to preserve the fish, ‘n’ refers the number of fish per time-

point (i.e., for condition factor 16 fish were used from each treatment), and ‘Wild’ refers to 

whether the endpoint was also measured on wild fish.   

Endpoint Method Tissue Time points (days) n Pres Wild 
CF M/Grav Fish 0, 1, 2, 4, 7, 14, 21, 28, 35, 42, 49, 56 32 LN Yes 
HSI Grav Liver/fish 0, 1, 2, 4, 7, 14, 21, 28, 35, 42, 49, 56 32 LN Yes 
RNA/DNA Biochem Muscle 0, 1, 2, 4, 7, 14, 21, 28, 35, 42, 49, 56 32 LN Yes 
TAG Biochem Muscle 0, 1, 2, 4, 7, 14, 21, 28, 35, 42, 49, 56 32 LN Yes 
LS Histo Liver 0, 4, 7, 14, 21, 28, 35, 42, 49, 56 8 Form Yes 
GD Histo Liver 0, 4, 7, 14, 21, 28, 35, 42, 49, 56 8 Form Yes 
HA Histo Liver 0, 4, 7, 14, 24, 28 8 Form No 
HNA Histo Liver 0, 4, 7, 14, 21, 28, 35, 42, 49, 56 8 Form No 
Apoptosis IH Liver 0, 24, 42, 56 1 Form No 
Glutathione Biochem Liver 0, 1, 2, 4, 7, 14, 21, 28, 35, 42, 49, 56 8 LN No 
Malon Biochem Liver 0, 1, 2, 4, 7, 14, 21, 28, 35, 42, 49, 56 8 LN No 
SOD Biochem Liver 0, 7, 14, 21, 56 8 LN No 
Catalase Biochem Liver 0, 7, 14, 21, 56 8 LN No 
Glut P Biochem Liver 0, 7, 14, 21, 56 8 LN No 
Protein Biochem Liver 0, 7, 14, 21, 56 8 LN No 
Mortality Count Fish Daily NA NA No 

Abbreviations: CF: condition factor, HSI: hepatosomatic index, TAG: triglycerides, LS: lesion 

score, GD: glycogen depletion, HA: hepatocyte area, HNA: hepatocyte nucleus area, Malon: 

malondialdehyde, SOD: Superoxide dismutase, Glut P: Glutathione peroxidase IH: 

immunohistochemistry, M: morphometric, Grav: gravimetric, Histo: histological, Pres: 

Preservative, LN: liquid nitrogen, Form: formalin 
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  GD HVD SCN MA INF CIB LIP 
Day F NF F NF F NF F NF F NF F NF F NF 

0 1.3 0.5    0.25       0.25       
4 0.8 0.7    0.25 0.67         0.33    
7 1 1    0.5        0.25 0.75    

14 1 2.5      0.5   0.75      0.75    
21 0.5 2      1    0.25 0.25   0.75    
28 0.5 1   0.5      0.25   0.25 0.25     
35   2.5   0.75   0.75      0.25   0.25 0.25  
42 0.5 2.8   0.75   2.25   0.5       0.25  
49 1 2.8   1.25   0.75 0.25 0.5       0.25  
56   1.5   1   1.25   0.25   0.25         

 

Table 2. Mean liver histological results from the experiment. F is Feeding, No F is No Feeding. 

GD is glycogen depletion, HVD is hydropic vacuolar degeneration, SCN is single cell necrosis, 

MA is macrophage aggregate, INF is inflammation, CIB is cytoplasmic inclusion body, and LIP 

is lipidosis. 0 = absent/minimal, 1 = mild, 2 = moderate, and 3 = severe. Note that fields with 

mean scores of 0.0 were left blank.  
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Table 3. Comparison of wild Delta Smelt to hatchery Delta Smelt from the Feeding and No 

Feeding treatments. For the hatchery fish, means were calculated across Day 21-56 (i.e., 21 days 

is the point where starvation induced mortality was first apparent, Fig 2). CF is condition factor, 

HSI is hepatosomatic index, Liver LS is liver lesion score, and Liver GD is liver glycogen 

depletion (higher scores indicate worse condition for Liver LS and GD). 

Feeding No Feeding Wild 
Biomarker Mean SD n Mean SD n Mean SD n 
CF 0.553 0.082 96 0.418 0.074 94 0.696 0.086 967 
HSI 1.67 0.607 96 0.723 0.239 93 0.793 0.287 854 
Liver LS 0.25 0.532 24 2.29 1.83 24 0.380 0.915 526 
Liver GD 0.417 0.717 24 2.083 0.974 24 1.854 0.993 526 
RNA/DNA 1.89 0.600 96 1.35 0.45 94 1.984 0.828 665 
Triglycerides 0.175 0.043 96 0.133 0.043 94 0.294 0.191 356 
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Fig 1. Liver histopathology. Panel A: Liver of Delta Smelt from the No Feeding treatment at 

Day 4. Arrows indicate eosinophilic cytoplasmic inclusion bodies, possibly autophagosomes. 

Panel B: Liver of Delta Smelt from the No Feeding treatment at Day 7, cytoplasmic inclusion 

bodies (indicated by arrows) at higher magnification. Note possible double membranes. Panel C: 

Liver of Delta Smelt from the Feeding treatment, PAS stain. Arrows indicate glycogen granules 
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in the cytoplasm of hepatocytes that are stained magenta (compare to panel D). Panel D: Liver 

from Delta Smelt from the No Feeding treatment at Day 21, PAS stain. No magenta glycogen 

granules observed in cytoplasm of hepatocytes (compare to panel C). Panel E: Liver of Delta 

Smelt from the Feeding treatment, H&E stain; the numbered hepatocytes were used to measure 

hepatocyte area. Panel F: Liver of Delta Smelt at Day 21 from the No Feeding treatment, H&E 

stain. Note atrophied hepatocytes (compare to Panel E). For both the Feeding and No Feeding 

treatments, hepatocytes were selected for area measurement based on three criteria: 1) well 

demarcated cell membranes, 2) presence of nucleolus in the nucleus, and 3) cells were along a 

‘backward S’ path moving from the top-left corner to the bottom-right corner of each photo 

(Panels E and F). Scale bars = 20 µm (Panel A), 8 µm (Panel B), 15 µm (Panels C and D), 20 µm 

(Panels E and F). 
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Fig 2. Kaplan-Meier survival probability throughout the starvation experiment. The blue 

line shows the Feeding treatment (control) and the red (lower) line shows the same for the No 

Feeding treatment. Shaded areas are 95% confidence intervals. We note that Delta Smelt is an 

extraordinarily delicate species [51, 53], so the mortality rate in the Feeding treatment was not 

atypical.  
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Fig 3. Condition factor (panel A), hepatosomatic index (panel B), RNA to DNA ratio in 

muscle (Panel C), and triglycerides in muscle (panel D) by day. The Feeding treatment is 

shown by blue circles and the No Feeding treatment by red triangles. The stars denote the time 

points at which significant differences were detected between the two treatments. The error bars 

are ±SE. The x-axis is not to scale. 
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Fig 4. Low (Panels A-C) and high (Panels D-F) magnification starvation progression. Panel 

A: Delta Smelt transverse section from the Feeding treatment (control), Panel B: Delta Smelt 

transverse section at Day 21 from the No Feeding treatment, Panel C: Delta Smelt transverse 

section at Day 49 from the No Feeding treatment. S: stomach, L: liver, SC: stomach contents, P: 

pancreas. Note atrophy of liver, stomach and pancreas as fasting period lengthens, and empty 
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stomach in panels B and C. Panel D: Liver of Delta Smelt from the Feeding treatment. Arrows 

indicate glycogen in the cytoplasm of hepatocytes. Panel E: Liver of Delta Smelt at Day 21 from 

the No Feeding treatment, hydropic vacuolar degeneration (V) with eosinophilic fibrillary 

material, likely remnants of hepatocytes. Arrows indicate necrotic hepatocytes. Panel F: Liver of 

Delta Smelt at Day 49 in the No Feeding treatment. Note severely atrophied hepatocytes, loss of 

cell-to-cell border, basophilia, and crowded nuclei. All panels H&E stained. Scale bars = 150 µm 

(Panels A, B and C), 15 µm (Panels D, E and F). 
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Fig 5. Histological indices by day. Panel A is glycogen depletion, panel B is liver lesion score, 

panel C is hepatocyte area, and panel D is nucleus area for the Feeding treatment (blue circles) 

and the No Feeding treatment (red triangles). The stars denote the time points at which 

significant differences were detected between the two treatments. The error bars are ±SE and the 

x-axis is not to scale. 
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Fig 6. Biomarkers of oxidative stress in liver. Panel A is liver protein concentration, panel B is 

Glutathione, panel C is superoxide dismutase, panel D is catalase, panel E is glutathione 

peroxidase, and panel F is malondialdehyde. The stars denote the time points at which significant 

differences were detected between the two treatments. The x-axis is not to scale and the error 

bars are ±SE. 
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Supplemental Material 

 

Fig. S1 Tanks used in the starvation experiment. Each tank was equipped with a 5 µm filter on 

the input to ensure that no particles of food reached the No feeding tanks. Each tank also has 

black shade-cloth to minimize light. The treatments were randomly assigned to each tank (4 

tanks for each treatment). 
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Fig. S2 Panel A: Anti-Caspase 3 Immunohistochemistry of olfactory epithelium from copper-

exposed Delta Smelt used as a positive control. Multiple caspase 3 positive apoptotic cells are 

demonstrated (red-brown staining). Panels B, C, D and E: Anti-Caspase 3 immunohistochemistry 

of liver from the 0 day time-point (control, panel B) and fish starved for 21 days (panel C), 42 

days (panel D), and 56 days (panel E). Magnification 200× 
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CONTAMINANTS IN DELTA SMELT (HYPOMESUS TRANSPACIFICUS) IN RELATION TO DELTA 

OUTFLOW 
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Abstract 

As a component of the Directed Outflow Project, we evaluated the hypothesized benefits of increased 
water outflow as well as site specific effects on the survival and health of Delta Smelt (Hypomesus 
transpacificus) through water collections, analytical chemistry, and in-lab toxicity tests on cultured Delta 
Smelt. We evaluated fish health and condition factor through histopathologic biomarkers in sub-adult 
Delta Smelt across three different years: Fall 2017, Summer and Fall 2018, and Fall 2019. Managed flows 
were conducted in each year with 2017 consisting of reservoir releases down the Sacramento River, 
agricultural return water through the Yolo Bypass in 2018, and 2019 had both increased reservoir 
releases and increased flow through the Yolo Bypass. Our data show that these managed flow actions do 
have the potential to provide benefit to Delta Smelt health and condition; however, these benefits are 
not consistent. Delta Smelt exhibited significantly negative responses in the gills when exposed to water 
collected in 2017, especially in Exposures 1 and 3, spanning the Fall X2 Action. These lesions were 
particularly severe in fish exposed to Cache Slough, Toe Drain, and Montezuma Slough. Thus, the Fall X2 
Action was unlikely to provide benefits to Delta Smelt health and condition at those times. In 2018, the 
Suisun Marsh Salinity Gate Flow Action did have the potential to provide benefits to Delta Smelt, as 
many negative effects were observed prior to the start of this action. We did observe significant lesions 
in Delta Smelt during Summer Exposure 4, which coincided with the start of the North Delta Flow Action, 
and these lesions were prevalent in fish exposed to Cache Slough and the two Sacramento River sites. 
The lack of significant gill lesions observed during the fall of 2018 indicate that aside from the first flush 
pulse, the North Delta Flow Action likely provided benefits to Delta Smelt during this time. In 
comparison, the North Delta Flow Action in 2019 was unlikely to provide benefits to Delta Smelt during 
the times we tested. We observed significant negative effects to the liver of fish, especially to Delta 
Smelt exposed to Cache Slough and Toe Drain waters associated with the end of the pulse flow. 
Although agricultural tail-water was used as the source of the North Delta augmented flow pulses in 
both years, we saw a higher prevalence and variety of pesticides present in 2019 when compared to 
2018. This difference may be due to the source of the pulse flow, as 2019 was sourced from a 
combination of locations rather than the one used in 2018, the types and amounts of chemicals present, 
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or the time of year when the water was released, collected, and tested. Significant gill lesions were 
categorized mostly as severe and were frequently observed in the Decker Island site in 2019, but mainly 
absent in fish exposed to other regions of the Delta, indicating that in general, flows used to maintain 
Fall X2 in 2019 were potentially beneficial to Delta Smelt. Histologic analyses from our study and others 
continue to suggest contaminant effects on Delta Smelt in Cache Slough, the Toe Drain, and the 
Sacramento River at Isleton and Decker Island. These areas may be considered as regions of concern 
with respect to contaminant detection frequency and deleterious histopathological effects to Delta 
Smelt.  

Introduction 

The Suisun Bay and adjacent Sacramento-San Joaquin Delta (Bay-Delta), California, USA, is part of the 
largest estuary on the west coast, the San Francisco Estuary, and is a highly complex altered estuarine 
system, rife with anthropogenic changes that followed with the increase of urban and agricultural 
development. The Bay-Delta is home to the Delta Smelt (Hypomesus transpacificus), which is listed as 
threatened by the United States Fish and Wildlife Service due to its sustained low population numbers 
since 1993 (MAST 2015; Jin et al. 2018). In 2010, Delta Smelt were upgraded to endangered status in 
California. Currently, the Delta Smelt population is so imperiled that the year 2020 marks the third 
consecutive year where zero Delta Smelt were found in the California Department of Fish and Wildlife’s 
Fall Midwater Trawl Survey (CDFW 2020). The Delta Smelt is a semi-anadromous fish which can live up 
to two years, is endemic to the Bay-Delta, and has both resident and migratory life histories (Moyle et 
al. 2016, 2018).  

Delta Smelt distribution in the Bay-Delta varies according to life stage, with younger fish rearing in the 
Low Salinity Zone (LSZ; 0.5-6 PSU) and later moving upstream to freshwater areas in the Delta for 
spawning purposes (MAST 2015; Moyle et al. 2018). Freshwater flow is thought to have a considerable 
impact on Delta Smelt physical habitat (Jassby et al. 1995; Feyrer et al. 2007; Feyrer et al. 2011; Bever et 
al. 2016) and conceptual models developed by the Interagency Ecological Program suggest that 
managed flows may potentially improve Delta Smelt habitat conditions (MAST 2015). Water use in 
California is controversial and at times, contentious. Large amounts of freshwater are pumped from the 
Bay-Delta to southern California as drinking water and to irrigated agriculture within much of the 
Central Valley, with restrictions on pumping and exports based, not exclusively, on drought conditions 
and the California Endangered Species Act. The Delta Smelt is often at the heart of California’s water 
debate due to its listed status and its use as an indicator for the overall environmental health of the Bay-
Delta. To date, much of water use management has been aimed at water exports by the Central Valley 
(CVP) and State Water (SWP) Projects, and management of salinity intrusion into the Delta (MAST 2015). 
A combination of managed flows and tidal influences within the Bay-Delta results in movement of the 
LSZ location throughout the year. 

The isohaline position of the LSZ is commonly referred to as “X2” and is measured in distance (km) from 
the Golden Gate bridge, typically representing the center of the LSZ (Jassby et al. 1995; Kimmerer et al. 
2013). The size and location of the LSZ are considered key factors in Delta Smelt rearing habitat and 
have been instrumental in determining flow management. Fall Low Salinity Habitat (FLaSH) conceptual 
models indicate that habitat conditions are more favorable for Delta Smelt when the fall X2 is 
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approximately 74 km or less, and unfavorable when X2 is about 84 km or greater (Reclamation 2011, 
2012). A lower X2 value is associated with an increase in available low salinity habitat, whereas a higher 
X2 value leaves less favorable habitat available to Delta Smelt (MAST 2015). 

Water use management in the Bay-Delta consists of, among other things, mandated freshwater flows 
during various times in the year, especially during winter-spring and in the fall (Sommer et al. 2020). 
These mandates include the US Fish and Wildlife Service (USFWS) 2008 Biological Opinion Fall X2 Action 
(USFWS 2008), which requires the U.S. Bureau of Reclamation (USBR) and the California Department of 
Water Resources (CDWR) to manage exports to ensure that the monthly average location of Fall X2 
meets target locations based on wet (74 km) or above normal water years (81 km; CSD 2018). The North 
Delta Flow Action from the Delta Smelt Resiliency Strategy developed in 2016 includes augmentation of 
Delta outflow through the Yolo Bypass to increase downstream food availability, and other actions that 
require localized control of river flow dynamics (CNRA 2016), such as the purchase of an additional 
250,000 acre-feet of water for outflow augmentations in 2017 and 2018 (MAST 2015). The goals of 
these actions are to push the LSZ westward, which is thought to improve the overlap of the LSZ and the 
turbid, cooler environment of Suisun Bay, while also increasing high quality Delta Smelt habitat and food 
availability (MAST 2015; CNRA 2017).  

High quality Delta Smelt habitat requires high quality freshwater flows. Freshwater flows that are 
impaired by contaminants can be harmful to Delta Smelt, resulting in decreased growth, biomass, and 
fecundity (Hammock et al. 2015; Kurobe et al. 2016; Jin et al. 2018), which can then lead to decreases in 
survival and overall abundance. It has been well demonstrated that the Sacramento-San Joaquin Delta is 
polluted from numerous anthropogenic sources such as industrial, urban, and agricultural contaminants 
(Thompson et al. 2007; Smalling et al. 2013; Orlando et al. 2014; Jabush et al 2018; De Parsia et al 2018; 
2019). Land use within the Bay-Delta is mostly irrigated agriculture with some urban, the majority of 
which reside in the surrounding outer areas. Field, pasture, and sub-irrigated pasture crops make up the 
majority of the north Delta agriculture that is mixed with native vegetation as well as tidal marshes and 
deep open water (CDFW 2015). Urban discharges flow downstream from municipal waste water 
treatment plans, notably from Sacramento and Vacaville, as well as non-treated storm runoff. 
California’s Mediterranean climate with dry hot summers and wet winters results in transport of 
pesticides and other contaminant loads during winter and spring storm events. Irrigated agriculture in 
the area discharges tail-water in timed pulse flows in the dry summer months, whereas urban effluents 
are typically continuous throughout the year. Pesticide use and timing often influences transport 
dynamics (Orlando et al. 2013), with compounds with outdoor applications being mainly storm-driven as 
they are washed into surrounding aquatic systems, and those used indoor being more continuous 
through municipal wastewater treatment plants (Weston et al. 2019). 

Increasing outflow has long been suggested as an action to improve the habitat for Delta Smelt but the 
relationship between Delta Smelt abundance and outflow have been mixed (CSD 2018). Contaminants 
may be confounding the hypothesized relationship between outflow and abundance; therefore, we 
evaluated the effects of flow actions on the growth, health, and condition vital rates of Delta Smelt as 
part of the Directed Outflow Project. While not a mandated Action, we also evaluated the Suisun Marsh 
Salinity Gate Flow Action in 2018. Cultured Delta Smelt were used in short-term in-lab toxicity tests 
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conducted with water samples collected from various locations in the Bay-Delta, to evaluate the Fall X2 
and the North Delta Flow Action managed pulse flows through the Yolo Bypass. Delta Smelt health and 
condition was evaluated using histopathology biomarkers. Chemical analyses were included to 
determine the presence of contaminants in the collected water and to investigate their potential effects 
on Delta Smelt.  

Materials and Methods 
Sampling design and water collections 

Water collections took place every two weeks from October to December in 2017, July to November in 
2018, and through September to November 2019. We used fixed sampling sites in each of five sub-strata 
of the Enhanced Delta Smelt Monitoring Program (Figure 1) and included the following sites: 1) Toe 
Drain, 2) Cache Slough [Cache], 3) Sacramento River at Isleton [Isleton], 4) Sacramento River at Decker 
Island [Decker Island], 5) Montezuma Slough [Montezuma], and 6) Grizzly Bay. Sites were chosen to 
strategically cover areas of the Bay-Delta based on prior distribution of Delta Smelt as well as delta- and 
region-wide hydrology. At the start of the project in 2017, Lindsey Slough was collected for Exposure 1 
but replaced with the Toe Drain by Exposure 2. There were only four test exposures in the Summer 2018 
event due to a broken boat which precluded us from collecting samples during the second week of 
August (Table 1). 
 
The use of fixed sampling locations was chosen in order to make spatial and temporal comparisons over 
the course of multiple project years. Up to 80L of ambient water was collected from each site for use in 
Delta Smelt toxicity tests. Samples were collected via bilge pump as sub-surface grabs, in four 20L plastic 
(LDPE) cubitainers (I-CHEM, Fisher Scientific). Plastic cubitainers were selected as sample collection 
containers to avoid using large glass containers on the boats due to breakage and safety concerns. 
Additional sub-samples were collected in 1L glass amber bottles (I-CHEM, Fisher Scientific) and 1L plastic 
(HDPE) bottles (I-CHEM, Fisher Scientific) for water quality measurements and chemical analyses. 

Water years and outflow actions 
2017 
The 2017 water year was classified as a wet water year, which resulted in a Fall X2 Action. There was no 
North Delta Flow Action during this year. At the request of USBR, the 2017 Fall X2 Action was amended 
by USFWS for USBR to manage flows resulting in an X2 location for an above average water year (81 km) 
rather than a wet water year (74 km). The location of X2 was 74 km in September and 80 km in October, 
resulting in a two-month average of 77 km (Reclamation 2019). There were no changes to CVP upstream 
storage or releases, other than differences in South Delta exports in October (Reclamation 2019; Figure 
2). The Fall X2 Action coincided with Delta Smelt Exposures 1 and 2. Hydrographs of American and 
Sacramento River flows are provided as supplemental information (Figures S1-S3, Supplemental 
Information). 

2018 
The 2018 water year was classified as a below average water year and as such, there was no Fall X2 
Action. In August there was the Salinity Gate Flow Action, where the Suisun Marsh Salinity Control Gates 
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were used for a managed freshwater flow pulse into Suisun Marsh. This Action directed approximately 
196 x 106 m3 of low salinity water into Suisun Marsh between August 2 and September 7 (Figure 3; 
Sommer et al. 2020). This pulse flow coincided with Delta Smelt Summer Exposures 3 and 4. 
Hydrographs of American and Sacramento River flows are provided as supplemental information 
(Figures S4-S6, Supplemental Information). 

In conjunction with the Salinity Gate Flow Action, the North Delta Flow Action through the Yolo Bypass 
occurred for four weeks between August 25 and September 19. This outflow pulse was comprised of 
agricultural tail-water from Colusa Basin Drain, with peak mean flows in the Toe Drain reaching 600 
ft3/sec (Orlando et al. 2020; Figure 4), which coincided with Delta Smelt Summer Exposure 4 and Fall 
Exposure 1.  

2019 
The 2019 water year was classified as a higher than average water year, triggering a Fall X2 Action and a 
North Delta Flow Action pulse flow through the Yolo Bypass. The North Delta Flow Action pulse flow was 
comprised of agricultural return water sourced from a combination of Colusa Basin Drain, Ridge Cut, and 
Yolo Bypass slough inputs, and was timed with the rice harvest period (J. Frantzich, written 
communication) between August 25 and September 20. Peak mean flows in the Toe Drain reached 
approximately 800 ft3/sec, which coincided with Delta Smelt Fall Exposure 1 and to a degree Exposure 2 
(Figure 5). Hydrographs of American and Sacramento River flows are provided as supplemental 
information (Figures S7-S8, Supplemental Information). 

Based on the results from the 2017 Fall X2 Action amendment, USBR proposed an augmented CVP Fall 
X2 location of no more eastward than 80 km for September and October of 2019, in conjunction with 
CDWR operations of the SWP (Reclamation 2019). This amendment was not granted by the USFWS due 
to non-compliance with the California Endangered Species Act, and in response, USBR and CDWR made 
operational changes with extra water releases from Shasta, Oroville, Folsom and New Melones 
Reservoirs. There was reduced Delta inflow due to a reduction of releases from Folsom reservoir on 
September 25 and 26, 2019. Oroville releases were increased by 2,000 cfs to compensate (Figure 6). 
Folsom releases were increased on September 30 (Figure 7), and in conjunction with a 50% reduction of 
South Delta Exports (Figure 8) on September 28 and 29, the location of X2 was 74 km by the end of 
September. The Fall X2 Action for this year coincided with all Delta Smelt Exposures. 

Chemical analyses 

Chemical analyses varied slightly across project years. For 2017, water samples collected for 
organic/inorganic analyses were delivered to the Young lab at UC Davis, Department of Civil and 
Environmental Engineering, for each event during the project period. Analyses included Gas 
Chromatography Quadrupole Time-Of-Flight Mass Screening (GC-QTOF-MS) and Liquid Chromatography 
Quadrupole Time-of-Flight Mass Screening (LC-QTOF-MS) for targeted and non-target suspect analyses 
(NTA). Non-target contaminants analysis, focusing on non-polar- and polar-organic compounds and 
pyrethroids used standardized LC and GC HRMS techniques. Upon receipt, 1L water samples were 
divided into two extractions, polar and non-polar Electrospray Ionization positive and negative ion 
modes (ESI+ and ESI-) for analyses, following methods outlined in Moschet et al. (2017). Two additional 
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sub-samples (one whole water for total, one filtered for dissolved) were delivered to the California 
Animal Health and Food Safety Laboratory at UC Davis for trace metals analysis. Inorganics (metals) 
analysis samples were analyzed via Elan 9000 ICP-MS methods for: silver, arsenic, cadmium, copper, 
manganese, nickel, lead, zinc, aluminum, selenium, chromium, and mercury. For 2018, chemical 
analyses consisted of ESI-targeted analyses, together with an extract-and-hold, to follow up with non-
target analyses if significant toxicity was observed. There were no metals analyses included for this 
project year. In 2019, samples were analyzed for target Negative Chemical Ionization (NCI), ESI+, and 
metals, all of which were conducted by the Tom Young Lab at UC Davis following the aforementioned 
methods. 

Delta Smelt toxicity testing 

Sub-adult Delta Smelt were obtained from and tested at the UC Davis Fish Conservation and Culture 
Laboratory (FCCL; Byron, CA) to minimize transport and acclimation stressors to the fish. Toxicity tests 
were 96-hours in duration, using a static water system with temperature control. Experimental 
replicates consisted of 20L black plastic buckets with lids (Encore Plastics, Lowe’s). Lids were loosely 
placed on top of the replicate buckets to block out light but allowing room for constant aeration of the 
replicates. Tests in 2017 and 2019 consisted of four replicates with 8L of sample per replicate and five 
fish each, for a total of 20 fish per treatment. In 2018, experimental replicates were reduced from four 
to three, with five fish each for a total of 15 smelt per treatment, due to a lack of Delta Smelt available 
for toxicity testing during this project year. 

Ambient water from the California Aqueduct, used for routine fish culturing practices after basic water 
treatment processes including solids removal and UV disinfection, was used as the primary control. A 
secondary, “High Salinity” control was included, adjusted with Instant Ocean® to match the site with the 
highest salinity (Grizzly Bay), in order to elucidate salinity stressors on Delta Smelt, if present. Test 
replicates were kept in a temperature-controlled water bath maintained at 16 ± 2°C. Water quality 
parameters (pH: 7.45-8.02, dissolved oxygen: 11.46-15.56 mg/L, specific conductance: 200.4-279.6 
µS/cm, hardness: 60-70 mg/L as CaCO3, alkalinity: 48-60 mg/L as CaCO3) were in range for all 
experiments. Mortality and abnormal swimming behavior were visually monitored once daily by fish 
culture staff, including the removal of dead fish if observed. At the end of the 96-hours exposure, 
surviving fish were euthanized with an overdose of tricaine methane sulfonate, flash-frozen in liquid 
nitrogen and preserved according to procedures outlined in Teh et al. (2016) for histopathological 
analyses. 

Indicators of general fish condition 

Gross measurement and weights were used to determine condition factor (CF) and hepatosomatic Index 
(HSI) in fish (Goede 1989; Schmitt et al. 1999; Schmitt and Dethloff 2000). CF is a measure of 
“plumpness” and was defined as: body weight in grams x 100 / length in cm3. HSI is the liver to body 
weight ratio (100 x liver weight/body weight).   

Histopathology 
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Histopathology was performed on gill and liver tissues of Delta Smelt. Tissues were fixed in 10% neutral 
buffered formalin and were processed according to Teh at al. (1997). Briefly, tissues were embedded in 
paraffin, sectioned at 3-µm thickness and stained with hematoxylin and eosin. Liver and gill lesions were 
evaluated using the criteria as described in Teh et al. (2020). Lesions were scored semi-quantitatively 
based on a scale of 0-3, where 0 = not present, 1 = mild, 2 = moderate, and 3 = severe. To assess the 
overall health condition of liver and gill, a histopathological index was developed by averaging the sum 
of the lesion scores in each organ. The average summed lesion score represents the degree of damage 
to the liver and gill, with higher scores indicating a higher degree of damage. Statistical comparisons 
were made on average summed lesion scores of liver and gill within individual project years with a 
Kruskal-Wallis Rank Sum test, followed by pairwise comparisons using a Wilcoxon Rank Sum test with 
continuity corrections. Significance was set with an alpha level of 0.05. Summed lesion scores for the 
liver do not include glycogen depletion, as it is not considered a lesion and is more indicative of a 
nutrition metric (Hammock et al. 2015). 

Results 
Analytical chemistry 
Fall 2017 
In 2017 chemical analyses consisted of Target ESI+ and ESI-, NCI, and NTA as well as trace metals. For the 
targeted analyses, only the pesticide fipronil and its degradates were detected consistently across the 
2017 project year: fipronil, fipronil-desulfinyl, fipronil-sulfide, and fipronil-sulfone. These compounds 
were detected in 99% of the samples in all of the collection dates (fipronil-sulfone was <LOQ in Grizzly 
Bay in Exposure 1). Fipronil-desulfinyl amide was detected twice (Decker Island in Exposure 4 and 
Montezuma in Exposure 5). These detections ranged from 0.05 to 0.54 nanogram per liter (ng/L; Table 
S1, Supplemental Information). The only other two compounds detected were the pesticide chlorpyrifos 
(four times: Isleton in Exposure 3; Toe Drain, Cache, and Decker Island in Exposure 4) with 
concentrations ranging from 0.11 to 0.23 ng/L, and fungicide azoxystrobin (once: Isleton in Exposure 4) 
at 4.73 ng/L. For trace metals, total and dissolved barium was detected in all sites across all events, with 
some instances of total/dissolved manganese, as well as total iron and one instance of dissolved nickel. 

Summer and Fall 2018 
In 2018, given the lack of quantifiable detections observed in the previous project year, we reduced the 
analytical chemistry portion to just the targeted NCI analyses, as 99.5% of detected analytes from the 
previous project year were captured by this method. We opted for an “extract and hold”, where all 
samples were extracted, and then held for non-target analysis if toxicity was observed. As in the prior 
year, consistently detected analytes in 2018 included fipronil and its degradates. Fipronil-desulfinyl was 
detected in every sample in 2018, ranging from 0.1 to 0.7 ng/L. In the Summer events, 30.6 ng/L of 
bifenthrin and 0.7 ng/L of fipronil-sulfone were detected in Isleton during Summer Exposure 1. There 
were four detections of chlorpyrifos: 21.8 ng/L at Cache in Summer Exposure 1; 2.9 ng/L in the Toe Drain 
and 3.4 ng/L in Isleton in Summer Exposure 3, and 3.4 ng/L at Decker Island in Summer Exposure 4. In 
the Fall events, the parent fipronil was detected in the Toe Drain during Fall Exposure 2 at 6.5 ng/L, and 
fipronil-sulfone was detected at 1.7 ng/L (Table S2, Supplemental Information). Non-target analyses 
were not conducted because of the high survival in all fish during this project period. Metals were not 
measured for 2018 due to lab oversight. 
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Fall 2019 
In 2019, we included both NCI, target ESI+, and trace metals. Unlike previous years, there were only 
three detections of fipronil-desulfinyl (Cache, Montezuma, and Grizzly Bay at 0.20, 0.35 and 0.29 ng/L, 
respectively) and one fipronil-sulfone (Montezuma at 0.23 ng/L), all of which were the only NCI 
detections across the 2019 study period and occurred during Exposure 1. Herbicides and fungicides 
were the most prevalently detected chemical classes during this study year. The fungicide azoxystrobin 
was detected in 100% of all samples across all events, with the highest concentration of 1,601 ng/L 
detected in the Toe Drain during Exposure 1. The insecticide DEET (N,N-diethyl-m-toluamide) was 
detected all but three times across the study period, with a maximum concentration of 33 ng/L in 
Exposure 3 at Cache. A variety of metals were detected in each sample at each site throughout the study 
period (Table S3, Supplemental Information).  

Exposure 1, initiated on September 13, 2019, had the largest variety of contaminants detected, 
especially in the Toe Drain, including DEET, chlorantraniprole, azoxystrobin, methoxfenozide, 
metolachlor, and thiobencarb. Metolachlor and chlorantraniprole were also detected in Cache in 
Exposures 1 and 2. Methoxfenozide was detected in Decker Island during Exposure 2. For trace metals 
analysis, manganese and aluminum were the most frequently detected compounds and had the highest 
concentrations. Manganese was detected 34 times in 2019 in every sample in every event, with a 
highest concentration of 136 µg/L in Montezuma during Exposure 5. Aluminum was detected 30 times 
across 2019, with the highest concentrations in Exposure 4 at Grizzly Bay (1,365 µg/L) and in Exposure 1 
in the Toe Drain (995 µg/L). The remaining metals detections were considerably lower in comparison, 
with arsenic being detected 16 times, 15 µg/L the highest concentration detected in Exposure 5 at 
Grizzly Bay; copper was detected 11 times with 82 µg/L as the highest detection in Exposure 5 at Grizzly 
Bay; zinc (6 detections, with 928 µg/L detected in Exposure 4 at Isleton), and nickel, with five detections 
and a highest concentration of 8 µg/L in Exposure 4 at Grizzly Bay. Grizzly Bay in Exposure 4 had the 
highest number of metals detections, which included aluminum, manganese, nickel, copper, zinc, and 
arsenic. 

Toxicity testing and histopathology 

No acute toxicity was observed in Delta Smelt exposed to water from the six sampling locations, nor 
were there any statistically significant differences in condition factor observed in any of the exposure 
treatments in 2017, 2018, and 2019 (data not presented). Significant effects were observed in the 
biomarkers evaluated. 

Fall 2017 
Histopathologic biomarkers analyzed revealed significant changes when compared to the control, 
especially in the gills (Kruskal-Wallis X2: 34.049, df: 8, P<0.0001). Ambient sites eliciting notably higher 
average summed gill lesion scores in fish include Grizzly Bay (P<0.0001), Decker Island (P<0.0001), Cache 
(P<0.0001), and Toe Drain (P<0.0001). Significant lesions such as chloride cell hyperplasia (CCH) and 
mucus cell hyperplasia (MCH) were the most frequently observed gill lesions in fish, especially during 
Exposures 1 and 3. These lesions were observed in fish exposed to Cache (88% and 26%, respectively; 
Figure 9), Toe Drain (21% and 38%, respectively), and Montezuma (63% and 20%, respectively). Fish 
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exposed to Cache generally had more severe lesions (Figure 10) including three of six fish with severe 
mucus cell hyperplasia in Exposure 3 (MCH; Figure 10B) as well as one fish with severe gill aneurysm or 
telangiectasia in Exposure 2 (ANU; Figure 10C). One fish exposed to water from Decker Island had 
moderate gill aneurysm in Exposure 5.  

Glycogen depletion (GD) and lipidosis (LIP) were observed in most Delta Smelt livers throughout 2017. 
Moderate and severe GD were more prevalent in fish exposed to water collected from Grizzly Bay (50%) 
and the High Salinity Control (83%) in Exposure 1, indicating potential salinity effects. Moderate and 
severe LIP were more prevalent in fish exposed to water collected from Cache (38%), Grizzly Bay (75%), 
Montezuma (75%), and the High Salinity Control (50%) in Exposure 1 when compared to the primary 
control. Severe lipidosis was more prevalent in Delta Smelt exposed to water collected from Montezuma 
(50%) and Decker Island (63%) in Exposure 5, including one fish with severe lipidosis and moderate 
sinusoidal congestion (Figure 11). As the prevalence of glycogen depletion and lipidosis were observed 
in the majority of Delta Smelt in 2017, there were no statistically significant differences in average 
summed lesion score across sites (Kruskal-Wallis X2: 12.758, df: 8, P= 0.1204). 

 Summer and Fall 2018 
In the summer, Delta Smelt had a higher prevalence and severity of gill lesions when exposed to water 
collected at Cache in Summer Exposures 1, 2, and 4; Decker Island in Summer Exposure 1; Isleton in 
Summer Exposures 1, 2, and 4; and Montezuma in Summer Exposure 2 (Kruskal-Wallis X2: 28.66, df: 7; 
P=0.00017). Moderate chloride cell hyperplasia (CCH) was observed in all fish and moderate to severe 
secondary lamella dilation or edema (SLE) was present in 40% of fish exposed to Cache in Exposures 1 
(Figure 12) and 4 (80% CCH); fish exposed to Decker Island exhibited a range of significant lesions such 
as CCH (83%), epithelial cell hyperplasia (ECH; 17%), and SLE (17%) in Summer Exposure 1. Delta Smelt 
exposed to water collected from Isleton during Summer Exposures 1, 2, and 4 had a variety of significant 
gill lesions such as CCH (50%, 33%, 100%, respectively), MCH (17% Exposure 2) and ECH (33% Exposure 
2). In the liver, moderate to severe glycogen depletion was observed in many of the fish tested in the 
summer (Kruskal-Wallis X2: 9.8698, df: 7, P=0.1961). In the fall there were intermittent observations of 
moderate CCH in the gills of fish exposed to ambient waters, however these results were not significant 
(Kruskal-Wallis X2: 4.5575, df: 7, P=0.7138). We did not observe any significant liver lesions in Delta 
Smelt in the fall. (Kruskal-Wallis X2: 4.6452, df: 7, P=0.7032). 

Fall 2019 
In 2019, Delta Smelt exposed to Decker Island had the highest frequency of gill lesions, where no less 
than 25% of fish exhibited these gill lesions in any given toxicity exposure (Kruskal-Wallis X2: 26.697, df: 
7, P=0.00038). Lesions such as mucus cell hyperplasia and epithelial cell hyperplasia were prevalent 
most notably in Exposures 1, 2, 3, and 5 (Figure 13). Twenty-five percent of Delta Smelt each exposed to 
Grizzly Bay and Isleton exhibited mucus cell hyperplasia and epithelial cell hyperplasia in Exposure 2. 
Mild chloride cell hyperplasia in the gills was observed in all fish in all events across the 2019 study 
period.  

Significant lesions in the liver were observed across sites (Kruskal-Wallis X2: 18.653, df: 7, P=0.009348). 
Delta Smelt exposed to water collected from Cache (P=0.0021) and the Toe Drain (P=0.0401; Figure 14) 
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had significantly higher average summed liver lesion scores compared to the control. Fish exposed to 
Cache had a higher average summed liver lesion score compared to Grizzly Bay (P=0.0404), Montezuma 
(P=0.0235), and the High Salinity Control (P=0.0021). Moderate to severe glycogen depletion in the liver 
was observed in fish exposed to the Toe Drain (50% and 25%, respectively in Exposures 1 and 2; Figure 
14), Cache (75% and 50%, respectively in Exposures 1 and 2), Isleton (25% in each of Exposures 1 and 2), 
and Grizzly Bay (50% in Exposure 4). In Exposure 5 Delta Smelt at all sites demonstrated mild glycogen 
depletion. Moderate to severe lipidosis was observed in 25% fish exposed to the Toe Drain, Cache, and 
Decker Island, respectively, in Exposure 1.  

Discussion  

Exposure to contaminants can have negative effects on various aquatic organisms at the concentrations 
detected in the Delta (Hasenbein et al. 2014; Weston and Lydy 2014; Hammock et al. 2015). Our toxicity 
testing results indicate that individual contaminants present in Bay-Delta water during the time periods 
and areas we sampled were in concentrations unlikely to cause direct mortality or a reduction in the 
general health condition of fish. However, synergistic and/or additive interactions can cause sub-lethal 
toxic effects to tissue, and physiological processes can occur in organisms exposed to low concentrations 
of contaminants (Fong et al. 2016).  

Histopathological lesions are considered nonspecific responses to stress and are characteristic of fish 
exposed to different kinds of water contamination (Mallat 1985; Bernet et al. 1999). There are various 
environmental factors that can cause histopathological changes in fish gills and in the liver. In general, 
these changes are related to the presence of toxic chemical stressors in the environment. For example, 
increased hepatocellular lipidosis or vacuolation is more commonly associated with over-nutrition or 
toxicity (Wolf and Wolfe, 2005). Gill aneurysm and epithelial cell necrosis, which was observed in our 
study, are usually but not specifically attributed to metal contamination (Mallatt, 1985). Our 
histopathology results from the current study showed the occurrence of 1) aneurysm, epithelial cell 
necrosis, mucus and chloride cell hyperplasia, and secondary lamella fusion and edema in gill; and 2) 
glycogen depletion, hepatocellular necrosis, and lipidosis in liver.  

In 2017, fipronil and its metabolites were detected in greater than 99% of samples collected, with 
concentrations ranging between 0.05 and 0.54 ng/L. Chlorpyrifos was the second-most frequent 
contaminant detected in 2017, specifically in sites located within the north Delta, including the Toe 
Drain, Cache Slough, and both Sacramento River sites. Chlorpyrifos concentrations ranged between 0.11 
and 0.23 ng/L and detections coincided with the Fall X2 Action. Fipronil is a broad-spectrum insecticide 
used for pest control on animals and structures (Fong et al. 2016). Fipronil breaks down into the 
byproducts fipronil-sulfide, fipronil-sulfone, and fipronil-desulfinyl, which are more toxic to aquatic 
organisms than the parent compound (US EPA 1996, 1998; Weston and Lydy, 2014). Topical flea 
products such as those that have fipronil as an active ingredient, are applied to pets and enter municipal 
wastewater typically through pet bathing, either from home or commercial grooming facilities (Sutton et 
al. 2019). It is probable that was the source of the continued fipronil + metabolite detections we 
observed during 2017, likely combined with untreated wash-off of fipronil from structures (Sutton et al. 
2019). Chlorpyrifos is an organophosphorus pesticide, which has been banned from residential use since 
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the early 2000s, although is still used by professionals and in agriculture, which results in detections in 
California water bodies (Orlando et al. 2014). We detected chlorpyrifos in the Cache Slough and Yolo 
Bypass region as well as both Sacramento River sites; the surrounding agriculture near these sites is the 
likely culprit for contamination source. We also had one detection of the fungicide azoxystrobin at the 
Isleton site during Exposure 4, initiated November 24, 2017. This fungicide is used on rice and processing 
tomatoes (Orlando et al. 2020), which aligns with the time of year when it was detected, again likely 
sourced from the surrounding agriculture. 

We observed significant and severe lesions such as chloride cell hyperplasia and mucus cell hyperplasia 
in Delta Smelt exposed to Bay-Delta outflow waters in the 2017 project year. These gill lesions were 
especially prevalent in smelt exposed to water collected in Cache during Exposures 1 and 3, which were 
initiated on October 13, 2017 and November 10, 2017. Glycogen depletion and lipidosis in the liver were 
observed in most smelt exposed to ambient water collected throughout 2017; however it is likely that 
the glycogen depletion and lipidosis observed in the Grizzly Bay fish were due to salinity effects, as the 
fish in the corresponding High Salinity Control exhibited similar responses, particularly in Exposures 1, 3, 
and 5. These toxicity exposures occurred during the Fall X2 Action, the results of which may be 
representative of the Bay-Delta water quality of this Action. This year’s Action did not require any 
changes to upstream storage or water releases and the Flow Action was met through the reduction of 
South Delta exports (Reclamation 2019). Thus, water quality during this time is indicative of the summer 
flow regimes of a wet water year, as well as the agricultural practices during this time in surrounding 
areas. Overall for 2017, we observed higher severity and prevalence of significant lesions in the majority 
of Delta Smelt tested when compared to the control, particularly affecting the gills in fish exposed to 
Cache Slough, Toe Drain, Decker Island, and Montezuma. The significant differences in lesions observed 
in Delta Smelt indicate toxicity at these sites; thus, it would appear that Bay-Delta outflow water was 
less likely to provide benefits to Delta Smelt in the fall of 2017. 

Chemical detections in 2018 were similar to those observed in 2017. The byproduct fipronil-desulfinyl 
was detected in 99% of samples collected during the 2018 project year. Fipronil-desulfinyl 
concentrations ranged between 0.1 and 0.7 ng/L for both the summer and fall project periods. High 
frequency detections of fipronil metabolites indicate continuous municipal effluent discharges. We saw 
multiple detections of chlorpyrifos in the summer, with 21.8 ng/L detected in Cache in Summer 
Exposure 1, initiated on July 12, 2018. Other chlorpyrifos detections ranged from 2.9-3.4 ng/L and were 
detected in the Toe Drain in Summer Exposure 3 initiated August 8, 2018, Isleton in Summer Exposure 3, 
and in Decker Island in Summer Exposure 4, initiated September 6, 2018. These concentrations are 
higher than those observed in 2017. In addition, we detected 30.6 ng/L of bifenthrin and 0.7 ng/L 
fipronil-sulfone in Isleton during Summer Exposure 1. We detected fipronil at 6.5 ng/L and fipronil-
sulfone at 1.7 ng/L at the Toe Drain in Fall Exposure 2, initiated on October 4, 2018. 

There were two managed flow actions in 2018 which spanned between August and September. The first 
was the Suisun Marsh Salinity Control Gate Flow Action, which took place between August 2 and 
September 7, the goal of which was to improve summer habitat conditions for Delta Smelt in Suisun 
Marsh (Sommer et al. 2020). The pumping of low salinity water through the salinity gates, when sourced 
from the Sacramento River, can cause saltwater intrusion into Suisun Bay; therefore, this flow action 
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coincided with additional flows from upstream reservoirs (Sommer et al. 2020). The second managed 
action was the North Delta Managed Flow Action, which took place from August 26 to September 19, 
2018. The North Delta Flow Action was aimed to support the Delta food web in downstream areas with 
a pulse flow through the Yolo Bypass, an area known to have a high plankton richness (MAST 2015). This 
pulse flow was comprised of agricultural tail-water from Colusa Basin Drain (Orlando et al. 2020). The 
Salinity Gate Flow Action coincided with Delta Smelt Summer Exposures 3 and 4, whereas the North 
Delta Managed Flow Action coincided with Delta Smelt Summer Exposure 4 and Fall Exposures 1 and 2. 

Delta Smelt exhibited a higher prevalence and severity of gill lesions when exposed to Cache and Isleton 
in Summer Exposures 1, 2 and 4. Exposures 1 and 2 occurred prior to the start of the Suisun Marsh 
Salinity Gate Flow Action, however the end of that Flow Action did coincide with Summer Exposure 4. 
Fish exposed to Decker Island exhibited significant lesions during Summer Exposure 1 and Montezuma 
affected fish during Exposure 2. The detection of 30.6 ng/L bifenthrin in the Isleton site and the 21.8 
ng/L concentration of chlorpyrifos in the Cache site in the July 13 Summer Exposure 1 indicate pesticides 
were likely sourced from the surrounding agriculture, as both insecticides are used on alfalfa and corn, 
two crops which are present in the directly surrounding agricultural areas located near these sites 
(CDFW 2015). Delta Smelt exposed to water collected from Cache during the summer had significantly 
higher average summed gill lesion scores, indicating continued toxicity at this site, as has been 
suggested in prior research studies (Hammock et al. 2015, Teh et al. 2020). Delta Smelt exposed to 
water collected in the Fall of 2018 did not have any significant lesions in the gills, other than two fish 
exposed to Isleton during the Fall Exposure 4. Glycogen depletion was observed in the liver in the 
majority of fish used in the fall of 2018, making it difficult to see significant differences, indicating that 
Delta Smelt used in the fall exposures may have been affected by stressors other than the collected 
ambient water.  

It would appear that the Suisun Marsh Salinity Gate Flow Action was likely to provide benefits to Delta 
Smelt, as the majority of significant gill lesions that were present in fish were observed in July prior to 
the start of the Flow Action. Delta Smelt exposed to water collected from Grizzly Bay had the lowest 
summed lesion scores during the summer, and although not statistically significant, it indicates that the 
Suisun Marsh Salinity Gate Flow Action was likely beneficial to Delta Smelt, at least in terms of water 
quality of the managed flow in the Grizzly Bay area. Significant and severe lesions observed in Delta 
Smelt gills were those exposed to water collected prior to the managed flow actions and indicate early 
summer toxicity, likely due to typical agricultural practices during that time in combination with a below 
average water year. However, we did observe instances of chloride cell hyperplasia in fish exposed to 
Isleton as well as in Cache during Summer Exposure 4, which did coincide with the tail end of the Suisun 
Marsh Flow Action and the beginning of the North Delta Managed Flow Action. The general lack of 
significant gill lesions during the Fall Exposures, including those outside of the Yolo Bypass flow action 
footprint, indicate a potential benefit of Sacramento River flows in conjunction with the North Delta 
Flow Action in 2018. 

Chemical detections in 2019 differ greatly when compared to the prior two project years. Notably 
absent were the ubiquitous detections of fipronil and/or its metabolites, with only three detections in 
2019, both in Exposure 1 initiated on September 13, 2019, in Montezuma and Grizzly Bay. It is unclear 
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why there was such a distinct difference in these detections, as it is assumed that municipal wastewater 
discharges still continued uninterrupted during this time and we did see continuous pesticide transport 
loads via wastewater effluent with the frequent detections of DEET, an insecticide used topically on 
people and which is embedded in pest-resistant clothing. Instead, azoxystrobin was detected in 100% of 
the samples collected, and the insecticide DEET was detected in 95% of all samples collected in 2019. 
Exposure 1 had the highest number of chemicals detected as well as some of the highest concentrations 
when compared to the previous project years. In the Toe Drain, azoxystrobin was detected at 1,601 
ng/L, along with methoxyfenozide (166 ng/L), thiobencarb (113 ng/L), aluminum (99 µg/L), manganese 
(94 µg/L), and chlorantraniprole (33 ng/L), with metolachlor (9 ng/L) and DEET (6 ng/L). Cache had 
azoxystrobin detected at 381 ng/L, DEET at 13 ng/L, and metolachlor at 19 ng/L. Decker Island had 168 
ng/L of azoxystrobin and 8 ng/L of DEET.  

2019 was an above average water year with North Delta Flow and Fall X2 Actions. The North Delta Flow 
Action took place between August 25 to September 20, was comprised of agricultural return water 
sourced from a combination of Colusa Basin Drain, Ridge Cut, and Yolo Bypass slough inputs, and was 
timed with the rice harvest period (J. Frantzich, written communication). The Fall X2 Action took place in 
September and October, and included a combination of reduced South Delta exports and increased 
upstream reservoir releases. The North Delta Flow Action pulse coincided with Delta Smelt Exposure 1 
and 2, where we observed a variety of contaminants detected in the Toe Drain and Cache. Of the 
chemicals detected in Exposure 1, azoxystrobin, methoxyfenozide, and thiobencarb are largely used on 
rice crops (Orlando et al. 2020), which aligns with the source and type of water used for the North Delta 
Flow Action pulse flow, as well as the agricultural land use of the Yolo Bypass and surrounding areas 
(CDFW 2015; Orlando et al. 2020). The Fall X2 Action coincided with all Delta Smelt Exposures conducted 
in 2019. 

It would appear that the North Delta Flow Action negatively impacted Delta Smelt exposed to water 
collected from the Toe Drain and Cache in Exposure 1 and 2. We observed a high prevalence and 
severity of glycogen depletion and lipidosis in the liver of Delta Smelt exposed to the Toe Drain, and fish 
also exhibited moderate to severe lipidosis when exposed to Cache, the results of which were 
statistically significant. Noteworthy was the complete absence of liver lesions in the Primary and High 
Salinity Control Delta Smelt, and almost no lesions were observed in Delta Smelt exposed to 
Montezuma.  

In comparison, gill lesions such as mucus cell hyperplasia, secondary lamellar fusion, and lamellar 
aneurysms, were mostly severe and observed frequently in the Decker Island site in 2019. Mild to 
moderate mucus secretion is considered a protective response to contaminant exposure, but severe 
mucus secretion and aneurysm can impede respiration resulting in fish death due to hypoxia (Matey et 
al. 2011). Thus, the presence of these gill lesions could indicate metals, pesticide, and mixed 
contaminants exposure in this region (Hammock et al. 2015). At this time, it is unclear why the Decker 
Island site had such a negative effect on Delta Smelt gills, as chemical analyses do not reveal any 
smoking guns in terms of contaminant type or concentration aside from the presence of DEET and 
azoxystrobin in every sample in 2019, but those concentrations were in the low ng/L range. It is possible 
that there was a different kind of contaminant or stressor present in the Decker Island site during the 
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fall of 2019 that was not included in our chemical monitoring. This would indicate that in general, flows 
used to maintain Fall X2 in 2019 were potentially beneficial to Delta Smelt.  

There is little information available in the literature regarding the specific chemicals or concentrations 
detected in this study and their toxicity to fish, and there are virtually none on Delta Smelt in particular. 
Ardeshir et al. (2018) exposed the Caspian kutum fish (Rutilus frisii kutum) to three intraperitoneal doses 
of fipronil (65, 130, and 200 mg/kg) and found liver damage such as glycogen depletion, hypertrophy, 
and sinusoid dilation. Degenerative fatty vacuolization increased significantly in the highest 
concentration after 14 days and significant gill damage such as fusion, hypertrophy, and hyperplasia 
were also observed between the treatment groups and the control (Ardeshir et al. 2018). These 
concentrations and exposure routes are different than what was observed in our study, yet demonstrate 
that the concentrations of fipronil and the degradates we observed in 2017 and 2018 were unlikely to 
cause significant negative effects on Delta Smelt. Devi and Mishra (2013) exposed the teleost fish 
Channa punctatus to sub-lethal concentrations of chlorpyrifos, including 1.46 µg/L and 0.538 µg/L (1/3rd 
and 1/10th the 24h LC50, respectively) for 3- and 7-days, which caused moderate to severe changes in 
the gills and livers. Various lesions in the gills included epithelial cell hyperplasia and lamellar aneurism, 
and vacuolar degeneration was observed in the liver (Devi and Mishra 2013). Chlorpyrifos was detected 
multiple times in this study in 2017 and 2018 at concentrations well below those that Devi and Mishra 
examined. Cao et al. (2018) exposed both larval and adult zebrafish (Danio rerio) to three concentrations 
of azoxystrobin (5 µg/L, 10 µg/L and 200 µg/L) during an 8-day exposure, with fish observed on Day 4 
and on Day 8. There were no negative effects observed on the larval or adult zebrafish at 10 µg/L. These 
doses are higher than what we detected in the environment during our study periods, but may be 
indicative of the potential harm that can be caused through extended exposure or exposure during 
storm events, which may have higher contaminant loads. 

The concentrations of metals we detected during this study were generally in the microgram-per-liter 
range, whereas pesticides and herbicides detected in the Delta outflow waters we sampled were in the 
picogram- to nanogram-per liter range, which is typical for the Bay-Delta during the times of year we 
sampled (Orlando et al. 2013; DeParsia 2018; DeParsia 2019; Orlando et al. 2020). At no point during 
this study did we capture a storm event, which would have had an impact on pesticide transport 
dynamics and concentrations. Contaminants associated with indoor and structural pest control (e.g., 
fipronil and metabolites; DEET) followed continuous municipal wastewater effluent discharge patterns, 
whereas those used in agriculture (chlorpyrifos, bifenthrin) were detected discreetly throughout the 
study period, the timing of which mirrored the agricultural practices for the particular time of year and 
area collected (CDFW 2015; Sutton et al. 2019; Weston et al. 2019; Orlando et al. 2020). Detected 
concentrations matched the discharge dynamics, with continuous discharging having lower, consistent 
concentrations over time, and discreet discharges having fewer, but higher concentrations (Weston et 
al. 2019). The exception to this is the fungicide azoxystrobin, which had consistent detections across 
2019. USEPA Aquatic Life Benchmarks for some of the contaminants we detected, such as fipronil (2.2 
µg/L), fipronil-desulfinyl (0.59 µg/L), chlorpyrifos (0.57 µg/L), DEET (37,500 µg/L) and azoxystrobin (147 
µg/L) are much higher than the concentrations detected in our study (USEPA 2019). The concentrations 
of contaminants present in Delta outflow waters were unlikely to be the sole cause of the observed sub-
lethal effects in the Delta Smelt we examined. 
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It is important to consider that although the individual chemical concentrations seen in this study are far 
below those considered to cause significant acute or chronic effects, exposure to contaminant mixtures 
have shown numerous adverse effects on aquatic organisms at concentrations below the no observable 
effect concentration (NOEC) for the individual chemical in question (Carvalho et al. 2014; Cedergreen 
2014; in Fong et al. 2016). We therefore cannot rule out the possibility of potentially additive and/or 
synergistic mixture effects which could be responsible for the sub-lethal effects observed in this study. 
Moreover, these chemical concentrations may be low enough to not significantly harm Delta Smelt 
directly, but they are in a range that would negatively affect lower trophic levels, especially those 
important to the food web and Delta Smelt in particular (Hasenbein et al. 2014, Weston et al. 2019). 
Thus, the presence and concentrations of the chemicals detected in this study should not be ruled out as 
having the potential to affect Delta Smelt health and abundance in the wild. 

Conclusion 

Our data demonstrate that managed flow actions do have the potential to provide benefit to Delta 
Smelt health and condition; however, these benefits are not consistent. While the results of these 
managed flow actions on Delta Smelt habitat and food availability are outside the scope of this paper, in 
terms of water quality of these managed flows, contaminants were observed in low concentrations that 
by themselves, are unlikely to cause deleterious effects on Delta Smelt health and condition, but they 
were often ubiquitous in the waters we collected. It is important to note, however, that although these 
concentrations are below aquatic life benchmarks and may not acutely affect Delta Smelt, the chemical 
concentrations we observed are likely at levels of concern for lower food web species (Hasenbien et al. 
2014; Fong et al. 2016; Weston et al. 2019) which can have indirect negative effects on Delta Smelt 
health and abundance, and should not be overlooked. 

Delta Smelt exhibited significant negative responses in the gills when exposed to water collected in 
2017, especially in Exposures 1 and 3, spanning the Fall X2 Action. These lesions were particularly severe 
in fish exposed to Cache Slough, Toe Drain, and Montezuma Slough. Thus, the Fall X2 Action was unlikely 
to provide benefits to Delta Smelt health and condition at those times. In 2018, the Suisun Marsh 
Salinity Gate Flow Action did have the potential to provide benefits to Delta Smelt, as many negative 
effects were observed prior to the start of this action. We did observe significant lesions in Delta Smelt 
during Summer Exposure 4, which coincided with the start of the North Delta Flow Action, and these 
lesions were prevalent in fish exposed to Cache Slough and the two Sacramento River sites. The lack of 
significant gill lesions observed during the fall of 2018 indicate that aside from the first flush pulse, the 
North Delta Flow Action likely provided benefits to Delta Smelt during this time. In comparison, the 
North Delta Flow Action in 2019 was unlikely to provide benefits to Delta Smelt during the times we 
tested. We observed significant negative effects in the liver of fish during this time, especially to Delta 
Smelt exposed to Cache Slough and Toe Drain waters associated with the end of the pulse flow. This 
may be due to the type of contaminants detected in the augmented pulse water, which was mainly 
associated with rice crops (Orlando et al. 2020), and coincide with the increase in histopathological 
lesions that were observed in Delta Smelt. Although agricultural tail-water was used as the source of the 
North Delta augmented flow pulses in both years, we saw a higher prevalence and variety of pesticides 
present in 2019 when compared to 2018. This difference may be due to the source of the pulse flow, as 
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2019 was sourced from a combination of locations rather than the one used in 2018, the types and 
amounts of chemicals present, or the time of year when the water was released, collected, and tested. 
Significant gill lesions were mostly severe and observed frequently in the Decker Island site in 2019, but 
mainly absent in fish exposed to other regions of the Delta, indicating that in general, flows used to 
maintain Fall X2 in 2019 were potentially beneficial to Delta Smelt. Histologic analyses from our study 
and others (e.g., Hammock et al. 2015, Teh et al. 2020), continue to suggest contaminant effects on 
Delta Smelt in Cache Slough, the Toe Drain, and the Sacramento River at Isleton and Decker Island. 
These areas may be considered as regions of concern with respect to contaminant detection frequency 
and deleterious histopathological effects to Delta Smelt.  
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Tables and Figures 

Table 1. Summary of events and test initiation dates across the project 

Project Year  Test Exposure Flow Action Test Initiation Date 
2017 Fall 1 Fall X2  October 13, 2017 
 2 Fall X2  October 27, 2017 
 3 Fall X2  November 10, 2017 
 4 Fall X2  November 24, 2017 
 5  December 8, 2017 
2018 Summer 1  July 12, 2018 

 2  July 27, 2018 
 3 Salinity Gate  August 8, 2018 

 4 Salinity Gate, North Delta  September 6, 2018 
2018 Fall 1 North Delta September 20, 2018 
 2  October 4, 2018 
 3  October 19, 2018 
 4  October 26, 2018 
 5  November 16, 2018 
2019 1 North Delta, Fall X2 September 13, 2019 
 2 North Delta, Fall X2 September 27, 2019 
 3 Fall X2 October 11, 2019 

 4 Fall X2 October 25, 2019 
 5 Fall X2 November 8, 2019 
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Figure 1. Map of study area with delineated strata (technical assistance from Lara Mitchell (USFWS). 

 

 

Figure 2. Graph of daily mean discharge for USGS site 11313240 Grant Line near Tracy, CA. Graph depicts 
reduced South Delta exports in October 2017 related to the Fall X2 Action. Graph generated using USGS 
Surface-Water Daily Data for the Nation, https://nwis.waterdata.usgs.gov/nwis/dv?. 

https://nwis.waterdata.usgs.gov/nwis/dv
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Figure 3. Graph of daily mean discharge for USGS site 381142122015801 First Mallard Branch near 
Fairfield, CA during the 2018 Salinity Gate Flow Action. Graph generated using USGS Surface-Water Daily 
Data for the Nation, https://nwis.waterdata.usgs.gov/nwis/dv?. 

 

 

Figure 4. Graph of daily mean discharge for USGS site 11453000 Yolo Bypass near Woodland, CA during 
the 2018 North Delta Flow Action pulse flow. Graph generated using USGS Surface-Water Daily Data for 
the Nation, https://nwis.waterdata.usgs.gov/nwis/dv?. 

https://nwis.waterdata.usgs.gov/nwis/dv
https://nwis.waterdata.usgs.gov/nwis/dv
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Figure 5. Graph of daily mean discharge for USGS site 11453000 Yolo Bypass near Woodland, CA during 
the 2019 North Delta Flow Action pulse flow. Graph generated using USGS Surface-Water Daily Data for 
the Nation, https://nwis.waterdata.usgs.gov/nwis/dv?. 

 

 

Figure 6. Graph of daily mean discharge for USGS site 11406920 Thermalito Afterbay Release to Feather 
River near Oroville, CA during the 2019 Fall X2 Action. Graph depicts increased releases from Oroville 
Reservoir on September 25 and 26, 2019. Graph generated using USGS Surface-Water Daily Data for the 
Nation, https://nwis.waterdata.usgs.gov/nwis/dv?. 

https://nwis.waterdata.usgs.gov/nwis/dv
https://nwis.waterdata.usgs.gov/nwis/dv
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Figure 7. Graph of daily mean discharge for USGS site 11446500 American River near Fair Oaks, CA 
during the 2019 Fall X2 Action. Graph depicts reduced releases from Folsom Reservoir on September 25 
and 26, and increased releases on September 30, 2019. Graph generated using USGS Surface-Water 
Daily Data for the Nation, https://nwis.waterdata.usgs.gov/nwis/dv?. 

 

 

Figure 8. Graph of daily mean discharge for USGS site 11313240 Grant Line CN near Tracy, CA during the 
2019 Fall X2 Action. Graph depicts reduced exports from the South Delta on September 28 and 29, 2019. 
Graph generated using USGS Surface-Water Daily Data for the Nation, 
https://nwis.waterdata.usgs.gov/nwis/dv?. 

https://nwis.waterdata.usgs.gov/nwis/dv
https://nwis.waterdata.usgs.gov/nwis/dv
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Figure 9. A) Severe secondary lamella fusion (F) in 3 gill filaments at low magnification. B) higher 
magnification showing moderate epithelial cell necrosis (arrows) and aneurysm (ANU) in Delta Smelt 
exposed to water collected from Cache Slough in a toxicity test initiated on October 27, 2017.  

 

Figure 10. A) Typical regular thin gill lamellae structure of Delta Smelt exposed to FCCL water for 96 hr. 
B) Severe mucus cell hyperplasia in gill exposed to Cache Slough water for 96 hr. Arrows point to mucus 
discharges filling the space of primary and secondary lamellae. C) Severe gill aneurysm or telangiectasia 
(arrows) in Delta Smelt exposed to water from Cache Slough in a toxicity test initiated on November 10, 
2017. 

F 

F 
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Figure 11. Severe fatty vacuolation and moderate sinusoidal congestion in the liver of Delta Smelt 
exposed to water collected from the Sacramento River at Decker Island in a toxicity test initiated on 
December 8, 2017 (200x magnification). 

 

 

Figure 12. A) Chloride cell hyperplasia (CCH) and mucus cell proliferation (arrows) in gills. B) Secondary 
lamellae edema (arrows) and epithelial cell hyperplasia (ECH) in gills. Gills are from Delta Smelt exposed 
to water collected from Cache Slough in a toxicity test initiated on July 12, 2018 (Summer Exposure 1; 
200x magnification). 
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Figure 13. Mucus cell hyperplasia (black arrows), epithelial cell necrosis (yellow arrows), small aneurysm 
(ANU), and edema (SLE) in secondary lamella of gill in Delta Smelt exposed for 96 h to water sample 
from the Sacramento River at Decker Island (200x magnification) on November 8, 2019. 

 

 
Figure 14. A) Liver of Delta Smelt shows severe lipidosis as indicated by black arrows, exposed to water 
collected from the Toe Drain (200X magnification). B) Liver of Delta Smelt exposed for 96 h to water 
collected from Toe Drain, showing severe lipidosis (black arrows) and single cell necrosis (yellow arrows) 
at 400x magnification, initiated in a toxicity test on September 27, 2019. 
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Supplemental Information 

Table S1. Summary of contaminants detected across the 2017 study period. 

Site Exposure Analyte Result (ng/L) 
Toe Drain 1 - - 
 2 Fipronil-desulfinyl 0.1 
  Fipronil-sulfide 0.05 
  Fipronil 0.14 
  Fipronil-sulfone 0.1 
  Chlorpyrifos 0.11 
  Total Barium 24,000 
  Dissolved Barium 25,000 
 3 Fipronil-desulfinyl 0.11 
  Fipronil-sulfide 0.05 
  Fipronil 0.12 
  Fipronil-sulfone 0.11 
  Total Barium 24,000 
  Dissolved Barium 24,000 
 4 Fipronil-desulfinyl 0.12 
  Fipronil-sulfide 0.06 
  Fipronil 0.17 
  Fipronil-sulfone 0.12 
  Chlorpyrifos 0.11 
  Total Barium 27,000 
  Dissolved Barium 27,000 
 5 Fipronil-desulfinyl 0.11 
  Fipronil-sulfide 0.06 
  Fipronil 0.16 
  Fipronil-sulfone 0.16 
  Total Barium 35,000 
  Dissolved Barium 31,000 
  Total Iron 310,000 
  Total Manganese 13,000 
Lindsey Slough 1 Fipronil-desulfinyl 0.09 
  Fipronil-sulfide 0.06 
  Fipronil 0.15 
  Fipronil-sulfone 0.12 
  Total Barium 21,000 
  Dissolved Barium 23,000 
Cache Slough at Steamboat Slough 1 Fipronil-desulfinyl 0.08 
  Fipronil-sulfide 0.05 
  Fipronil 0.19 
  Fipronil-sulfone 0.15 
  Total Barium 18,000 
  Dissolved Barium 18,000 
 2 Fipronil-desulfinyl 0.1 
  Fipronil-sulfide 0.06 
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Site Exposure Analyte Result (ng/L) 
  Fipronil 0.23 
  Fipronil-sulfone 0.13 
  Chlorpyrifos 0.23 
  Total Barium 21,000 
  Dissolved Barium 23,000 
 3 Fipronil-desulfinyl 0.1 
  Fipronil-sulfide 0.06 
  Fipronil 0.23 
  Fipronil-sulfone 0.14 
  Total Barium 24,000 
  Dissolved Barium 24,000 
 4 Fipronil-desulfinyl 0.13 
  Fipronil-sulfide 0.06 
  Fipronil 0.41 
  Fipronil-sulfone 0.26 
  Chlorpyrifos 0.11 
  Total Barium 27,000 
  Dissolved Barium 28,000 
 5 Fipronil-desulfinyl 0.1 
  Fipronil-sulfide 0.07 
  Fipronil 0.25 
  Fipronil-sulfone 0.26 
  Total Barium 30,000 
  Dissolved Barium 30,000 
  Total Iron 72,000 
  Dissolved Nickel 10,000 
Sacramento River at Isleton 1 - - 
 2 Fipronil-desulfinyl 0.07 
  Fipronil-sulfide 0.05 
  Fipronil 0.23 
  Fipronil-sulfone 0.18 
  Total Barium 16,000 
  Dissolved Barium 18,000 
 3 Fipronil-desulfinyl 0.07 
  Fipronil-sulfide 0.05 
  Fipronil 0.31 
  Fipronil-sulfone 0.16 
  Chlorpyrifos 0.11 
  Total Barium 21,000 
  Dissolved Barium 21,000 
 4 Fipronil-desulfinyl 0.09 
  Fipronil-sulfide 0.06 
  Fipronil 0.49 
  Fipronil-sulfone 0.28 
  Azoxystrobin 4.73 
  Total Barium 24,000 
  Dissolved Barium 27,000 
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Site Exposure Analyte Result (ng/L) 
  Total Iron 92,000 
  Dissolved Iron 13,000 
 5 Fipronil-desulfinyl 0.07 
  Fipronil-sulfide 0.06 
  Fipronil 0.28 
  Fipronil-sulfone 0.23 
  Total Barium 28,000 
  Dissolved Barium 25,000 
  Total Iron 100,000 
Sacramento River at Decker Island 1 - - 
 2 Fipronil-desulfinyl 0.11 
  Fipronil-sulfide 0.06 
  Fipronil 0.24 
  Fipronil-sulfone 0.17 
  Total Barium 18,000 
  Dissolved Barium 20,000 
 3 Fipronil-desulfinyl 0.09 
  Fipronil-sulfide 0.05 
  Fipronil 0.23 
  Fipronil-sulfone 0.15 
  Total Barium 20,000 
  Dissolved Barium 22,000 
 4 Fipronil-desulfinyl 0.14 
  Fipronil-sulfide 0.07 
  Fipronil 0.64 
  Fipronil-sulfone 0.4 
  Fipronil-desulfinyl amide 0.1 
  Chlorpyrifos 0.12 
  Total Barium 24,000 
  Dissolved Barium 25,000 
  Total Iron 12,000 
 5 Fipronil-desulfinyl 0.09 
  Fipronil-sulfide 0.06 
  Fipronil 0.23 
  Fipronil-sulfone 0.24 
  Total Barium 27,000 
  Dissolved Barium 28,000 
  Total Iron 86,000 
Montezuma Slough 1 Fipronil-desulfinyl 0.09 
  Fipronil-sulfide 0.05 
  Fipronil 0.14 
  Fipronil-sulfone 0.11 
  Fipronil-desulfinyl amide 0.06 
  Total Barium 42,000 
  Dissolved Barium 34,000 
 2 Fipronil-desulfinyl 0.09 
  Fipronil-sulfide 0.06 
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Site Exposure Analyte Result (ng/L) 
  Fipronil 0.18 
  Fipronil-sulfone 0.13 
  Fipronil-desulfinyl amide 0.05 
  Total Barium 33,000 
  Dissolved Barium 33,000 
  Total Manganese 14,000 
  Dissolved Manganese 12,000 
 3 Fipronil-desulfinyl 0.1 
  Fipronil-sulfide 0.06 
  Fipronil 0.16 
  Fipronil-sulfone 0.17 
  Total Barium 38,000 
  Dissolved Barium 38,000 
 4 Fipronil-desulfinyl 0.12 
  Fipronil-sulfide 0.06 
  Fipronil 0.29 
  Fipronil-sulfone 0.16 
  Total Barium 40,000 
  Dissolved Barium 41,000 
  Total Iron 84,000 
  Total Manganese 58,000 
  Dissolved Manganese 40,000 
 5 Fipronil-desulfinyl 0.11 
  Fipronil-sulfide 0.06 
  Fipronil 0.32 
  Fipronil-sulfone 0.22 
  Fipronil-desulfinyl amide 0.06 
  Total Barium 40,000 
  Dissolved Barium 41,000 
Grizzly Bay 1 Fipronil-desulfinyl 0.1 
  Fipronil-sulfide 0.05 
  Fipronil 0.13 
  Total Barium 34,000 
  Dissolved Barium 34,000 
  Total Iron 82,000 
  Total Manganese 11,000 
 2 - - 
 3 Fipronil-desulfinyl 0.1 
  Fipronil-sulfide 0.05 
  Fipronil 0.15 
  Fipronil-sulfone 0.1 
  Total Barium 42,000 
  Dissolved Barium 41,000 
  Total Iron 82,000 
  Total Manganese 11,000 
 4 Fipronil-desulfinyl 0.12 
  Fipronil-sulfide 0.06 
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Site Exposure Analyte Result (ng/L) 
  Fipronil 0.2 
  Fipronil-sulfone 0.13 
  Total Barium 38,000 
  Dissolved Barium 39,000 
 5 Fipronil-desulfinyl 0.12 
  Fipronil-sulfide 0.06 
  Fipronil 0.21 
  Fipronil-sulfone 0.14 
  Fipronil-desulfinyl amide 0.06 
  Total Barium 40,000 
  Dissolved Barium 40,000 
  Total Manganese 22,000 
  Dissolved Manganese 11,000 
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Table S2. Summary of contaminants detected across the 2018 study period. 

Site Exposure Analyte Result (ng/L) 
Toe Drain 1 Fipronil-desulfinyl 0.2 
 2 Fipronil-desulfinyl 0.4 
  Fipronil-sulfone 1.7 
  Fipronil 6.5 
 3 Fipronil-desulfinyl 0.3 
 4 Fipronil-desulfinyl 0.3 
 5 Fipronil-desulfinyl 0.3 
Cache Slough 1 Fipronil-desulfinyl 0.2 
 2 Fipronil-desulfinyl 0.2 
 3 Fipronil-desulfinyl 0.3 
 4 Fipronil-desulfinyl 0.3 
 5 Fipronil-desulfinyl 0.3 
Sacramento River at Isleton 3 Fipronil-desulfinyl 0.1 
 4 Fipronil-desulfinyl 0.3 
 5 Fipronil-desulfinyl 0.2 
Sacramento River at Decker Island 1 Fipronil-desulfinyl 0.1 
 2 Fipronil-desulfinyl 0.1 
 3 Fipronil-desulfinyl 0.3 
 4 Fipronil-desulfinyl 0.3 
 5 Fipronil-desulfinyl 0.4 
Montezuma Slough 1 Fipronil-desulfinyl 0.3 
 2 Fipronil-desulfinyl 0.3 
 3 Fipronil-desulfinyl 0.4 
 4 Fipronil-desulfinyl 0.4 
 5 Fipronil-desulfinyl 0.5 
Grizzly Bay 1 Fipronil-desulfinyl 0.3 
 2 Fipronil-desulfinyl 0.4 
 3 Fipronil-desulfinyl 0.3 
 4 Fipronil-desulfinyl 0.4 
 5 Fipronil-desulfinyl 0.4 
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Table S3. Summary of contaminants detected across the 2019 study period. 

Site Exposure Analyte Result (ng/L) 
Toe Drain 1 DEET 6 
  Chlorantraniprole 33 
  Azoxystrobin 1601 
  Methoxyfenozide 166 
  Metolachlor 9 
  Thiobencarb 113 
  Aluminum 995,000 
  Manganese 94,000 
  Nickel 10,000 
  Arsenic 4,000 
 2 DEET 9 
  Chlorantraniprole 23 
  Azoxystrobin 635 
  Methoxyfenozide 65 
  Aluminum 464,000 
  Manganese 53,000 
  Nickel 6,000 
  Arsenic 4,000 
 3 DEET 12 
  Azoxystrobin 231 
  Diuron 21 
  Aluminum 518,000 
  Manganese 45,000 
  Arsenic 4,000 
 4 Azoxystrobin 110 
  Aluminum 609,000 
  Manganese 50,000 
  Nickel 5,000 
  Arsenic 3,000 
 5 DEET 6 
  Azoxystrobin 21 
  Aluminum 250,000 
  Manganese 27,000 
Cache Slough 1 DEET 13 
  Azoxystrobin 381 
  Metolachlor 19 
  Fipronil-desulfinyl 0.20 
  Manganese 12,000 
  Arsenic 3,000 
 2 DEET 7 
  Chlorantraniprole 7 
  Azoxystrobin 186 
  Methoxyfenozide 34 
  Aluminum 11,000 
  Manganese 23,000 
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Site Exposure Analyte Result (ng/L) 
  Arsenic 3,000 
 3 DEET 33 
  Azoxystrobin 234 
  Aluminum 60,000 
  Manganese 30,000 
  Arsenic 3,000 
 4 Azoxystrobin 36 
  Aluminum 22,000 
  Manganese 26,000 
 5 DEET 6 
  Azoxystrobin 7 
  Aluminum 49,000 
  Manganese 16,000 
Sacramento River at Isleton 1 DEET 7 
  Azoxystrobin 63 
  Aluminum 352,000 
  Manganese 31,000 
 2 DEET 6 
  Azoxystrobin 39 
  Aluminum 69,000 
  Manganese 6,000 
 3 DEET 10 
  Azoxystrobin 10 
  Aluminum 58,000 
  Manganese 8,000 
 4 DEET 6 
  Azoxystrobin 3 
  Aluminum 43,000 
  Manganese 10,000 
  Zinc 928,000 
 5 DEET 5 
  Azoxystrobin 5 
  Aluminum 39,000 
  Manganese 5,000 
Sacramento River at Decker Island 1 DEET 8 
  Azoxystrobin 168 
  Aluminum 27,000 
  Manganese 6,000 
 2 DEET 4 
  Azoxystrobin 74 
  Methoxyfenozide 25 
  Aluminum 29,000 
  Manganese 5,000 
 3 DEET 14 
  Azoxystrobin 53 
  Aluminum 106,000 
  Manganese 8,000 
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Site Exposure Analyte Result (ng/L) 
  Copper 6,000 
 4 DEET 9 
  Azoxystrobin 16 
  Aluminum 194,000 
  Manganese 24,000 
 5 DEET 12 
  Azoxystrobin 15 
  Aluminum 88,000 
  Manganese 6,000 
Montezuma Slough 1 DEET 20 
  Azoxystrobin 94 
  Fipronil-desulfinyl 0.35 
  Fipronil-sulfone 0.23 
  Aluminum 191,000 
  Manganese 33,000 
 2 DEET 7 
  Azoxystrobin 98 
  Methoxyfenozide 23 
  Aluminum 234,000 
  Manganese 42,000 
  Arsenic 3,000 
  Copper 15,000 
  Zinc 12,000 
 3 DEET 10 
  Azoxystrobin 62 
  Aluminum 824,000 
  Manganese 58,000 
  Arsenic 3,000 
  Copper 7,000 
 4 Azoxystrobin 6 
  Aluminum 404,000 
  Manganese 136,000 
  Nickel 6,000 
  Arsenic 5,000 
  Copper 8,000 
  Zinc 11,000 
 5 DEET 8 
  Azoxystrobin 22 
  Aluminum 404,000 
  Manganese 136,000 
  Arsenic 5,000 
  Copper 7,000 
  Zinc 11,000 
Grizzly Bay 1 DEET 14 
  Azoxystrobin 73 
  Fipronil-desulfinyl 0.29 
  Aluminum 332,000 
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Site Exposure Analyte Result (ng/L) 
  Manganese 43,000 
  Arsenic 6,000 
  Copper 9,000 
 2 DEET 11 
  Azoxystrobin 95 
  Methoxyfenozide 23 
  Aluminum 210,000 
  Manganese 25,000 
  Arsenic 11,000 
  Copper 18,000 
  Zinc 11,000 
 3 DEET 8 
  Azoxystrobin 43 
  Aluminum 727,000 
  Manganese 42,000 
 4 DEET 13 
  Azoxystrobin 60 
  Aluminum 1,365,000 
  Manganese 102,000 
  Copper 16,000 
  Zinc 11,000 
 5 DEET 5 
  Azoxystrobin 28 
  Aluminum 111,000 
  Manganese 11,000 
  Arsenic 15,000 
  Copper 82,000 
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Figure S1. Hydrograph of 2017 reservoir flows at USGS site 11446500 American River at Fair Oaks, CA. 
Graph depicts American River flows during 2017 Fall X2. Graph generated using USGS Surface-Water 
Daily Data for the Nation, https://nwis.waterdata.usgs.gov/nwis/dv?. 

 

 

Figure S2. Hydrograph of 2017 river flows at USGS site 11447650 Sacramento River at Freeport, CA. 
Graph depicts Sacramento River flows during 2017 Fall X2. Graph generated using USGS Surface-Water 
Daily Data for the Nation, https://nwis.waterdata.usgs.gov/nwis/dv?. 

 

https://nwis.waterdata.usgs.gov/nwis/dv
https://nwis.waterdata.usgs.gov/nwis/dv
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Figure S3. Hydrograph of 2017 river flows at USGS site 11455420 Sacramento River at Rio Vista, CA. 
Graph depicts Sacramento River flows during 2017 Fall X2. Graph generated using USGS Surface-Water 
Daily Data for the Nation, https://nwis.waterdata.usgs.gov/nwis/dv?. 

 

 

Figure S4. Hydrograph of 2018 river flows at USGS site 11446500 American River at Fair Oaks, CA. Graph 
depicts American River flows spanning the 2018 North Delta Flow and Fall X2 Actions. Graph generated 
using USGS Surface-Water Daily Data for the Nation, https://nwis.waterdata.usgs.gov/nwis/dv?. 

 

https://nwis.waterdata.usgs.gov/nwis/dv
https://nwis.waterdata.usgs.gov/nwis/dv
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Figure S5. Hydrograph of 2018 river flows at USGS site 11447650 Sacramento River at Freeport, CA. 
Graph depicts Sacramento River flows spanning the 2018 North Delta Flow and Fall X2 Actions. Graph 
generated using USGS Surface-Water Daily Data for the Nation, 
https://nwis.waterdata.usgs.gov/nwis/dv?. 

 

 

 

Figure S6. Hydrograph of 2018 river flows at USGS site 11455420 Sacramento River at Rio Vista, CA. 
Graph depicts Sacramento River flows spanning the 2018 North Delta Flow and Fall X2 Actions. Graph 
generated using USGS Surface-Water Daily Data for the Nation, 
https://nwis.waterdata.usgs.gov/nwis/dv?. 

 

https://nwis.waterdata.usgs.gov/nwis/dv
https://nwis.waterdata.usgs.gov/nwis/dv
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Figure S7. Hydrograph of 2019 river flows at USGS site 11447650 Sacramento River at Freeport, CA. 
Graph depicts Sacramento River flows spanning the 2019 North Delta Flow and Fall X2 Actions. Graph 
generated using USGS Surface-Water Daily Data for the Nation, 
https://nwis.waterdata.usgs.gov/nwis/dv?. 

 

 

Figure S8. Hydrograph of 2019 river flows at USGS site 11455420 Sacramento River at Rio Vista, CA. 
Graph depicts Sacramento River flows spanning the 2019 North Delta Flow and Fall X2 Actions. Graph 
generated using USGS Surface-Water Daily Data for the Nation, 
https://nwis.waterdata.usgs.gov/nwis/dv?. 

  

https://nwis.waterdata.usgs.gov/nwis/dv
https://nwis.waterdata.usgs.gov/nwis/dv
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Abstract 

Understanding reproductive biology and performance of fish is essential to formulate 

effective conservation and management programs. In this study we report reproductive strategies 

of female Delta Smelt Hypomesus transpacificus, an endangered fish species in the State of 

California, the United States, focusing on (1) better understanding their distribution pattern 

during the winter and spring spawning season at very fine scale and (2) assessing impacts of a 

recent, severe drought on their reproductive performance. Salinity seemed to better explain the 

distribution pattern of Delta Smelt at subadult and adult stages compared with water temperature 

or turbidity. Although there are some freshwater locations where mature Delta Smelt can be 

frequently found during the spawning season, Delta Smelt appeared to be widespread in the area 

where salinity was below 1.0 during the spawning season and fish at the final maturation stage 

(Stage 5: hydration) were found in the Cache Slough Complex as well as other locations such as 

sites near the confluence of the Sacramento and San Joaquin rivers. Therefore, Delta Smelt could 

theoretically spawn in any freshwater location, with more specific spawning requirements (e.g., 

substrate type and depth) still unknown. Delta Smelt, which experienced dry and drought 

conditions (the 2013 and 2014 year classes), showed smaller oocytes, and lower clutch size and 

gonadosomatic index compared with the fish caught in a wet year (2011 year class), suggesting 

reproductive performance was negatively affected by environmental conditions during the 

drought. 

 

Introduction 
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Fish species are facing extinction all over the world. Two of the major causes in the 

decline of fish populations are overfishing and habitat destruction caused by anthropogenic 

activities (Hutchings and Reynolds, 2004; Burkhead, 2012). In populations declining due to 

habitat destruction, habitat protection and restoration are tools for successful fish population 

recovery. For example, the removal of dams improved fish passages, created wetlands as more 

natural flow regimes were restored (e.g., seasonal flooding), and subsequently increased 

diversity of fish species (Iversen et al., 1993; Shuman, 1995; Bednarek, 2001). However, in most 

cases, habitat restoration and protection are challenging as they often require reconciliation with 

anthropogenic activities. 

In Northern California, USA, the fresh water entering the Sacramento and San Joaquin 

River Delta (hereafter the Delta), upstream from the San Francisco Estuary (SFE), is mainly 

supplied by rainstorms in winter, snowmelt from the Sierra Nevada mountains in early summer, 

and water withheld in reservoirs from both these sources in late summer and fall, providing 

habitat for resident fishes (Fig 1A). Fresh water from the Delta is also exported to the Central 

Valley and Southern California to irrigate millions of hectares and for use by municipalities. The 

freshwater exports from the Delta affect the availability of freshwater habitats and influence the 

location of the low salinity mixing zone in the SFE in which saltwater and freshwater create 

brackish-water habitat (Moyle et al., 1992; Feyrer et al., 2011). 

The population sizes of pelagic fish species relying on freshwater and brackish-water 

habitats in the SFE-Delta have been declining since at least 1980 (Finstad and Baxter, 2016). The 

causes of the fish population declines are still unknown because there are numerous ecological 

issues in the SFE-Delta, such as habitat destruction by levee construction, changes in physical 

water parameters due to the water exports, invasive organisms (e.g., clams), low phytoplankton 
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and zooplankton abundances, blooms of harmful algae, and contaminants released from 

urbanized areas and agricultural lands (Bennett, 2005; Feyrer et al., 2007; Thompson et al., 2007 

and 2010; Hammock et al., 2019). It is plausible to think that a combination of these ecological 

issues is contributing to the decline of fish populations. Adding to these long-term changes was a 

severe drought from 2012-2015, which peaked in severity during 2014 and 2015. Precipitation 

was far below the average and air temperature was historically high, resulting in reduced 

freshwater inflow (i.e., precipitation/snow melt entering the SFE-Delta), saltwater intrusion, and 

elevated water temperatures in Northern California (Work et al., 2017; Lehman et al., 2020).  

Reduced freshwater flow to the SFE may be one of the main factors that negatively 

affects fitness and performance of endemic fish species. Bennett (2005) discussed possible 

relationships between abundance of Delta Smelt and salinity in the Suisun Bay/Marsh (Fig 1B). 

Later, Jassby et al. (1995) and Feyrer et al. (2011) reported that the amount of freshwater inputs 

and location of the low salinity mixing zone influences the biotic resources for fishes, 

particularly the abundance and distribution of prey items such as copepods and mysids. In 

addition, Hammock et al. (2019) reported that water exports and the invasion of the clam 

Potamocorbula amurensis largely explain the current low concentrations of chlorophyll a in the 

SFE. 

Delta Smelt (Hypomesus transpacificus) is endemic to the SFE-Delta and is federally 

listed as a threatened species (US Fish and Wildlife Service, 1993). It is an annual, multi-

spawning fish species belonging to the family Osmeridae. Juvenile and sub-adult stage of fish 

can be found in summer and fall, respectively, and spawning occurs in spring (Bennett, 2005; 

Moyle et al., 2016). Delta Smelt has three major life-history phenotypes: freshwater resident, 

brackish-water resident, and semi-anadromous fish (Bush, 2017; Hobbs et al., 2019). The 
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relative abundance of each life history phenotype varied inter-annually with the migratory 

phenotype being most common in every year, but not always dominant, and the brackish-water 

resident the least common. In 2011, the majority of Delta Smelt (81%) were semi-anadromous, 

with fish rearing in the low salinity mixing zone (salinity 1 to 6), and migrating back to 

freshwater regions during spawning season (Hobbs et al., 2019). Delta Smelt are thought to 

initiate an annual spawning migration that appears to begin immediately following the ‘first 

flush’, the arrival of turbid water from land runoff mobilized by the first major winter rainstorm 

(Sommer et al., 2011; Bennett and Burau, 2015). 

There are several papers regarding migration and distribution of Delta Smelt during the 

spawning season in the SFE-Delta. For example, Sommer et al. (2011) reported spawning 

migration of Delta Smelt to upstream regions such as the Cache Slough Complex with emphasis 

on migration rates and timing of maturation (Fig 1). Similarly, seasonal distribution patterns of 

Delta Smelt by life stage was thoroughly studied by Murphy and Hamilton (2013) and the 

authors reported that relative densities of Delta Smelt in Suisun Bay and the confluence region 

diminished while high densities were found in Montezuma and Cache Slough Complex during 

the spawning season. Bennett and Burau (2015) concluded that Delta Smelt exploit tidal action 

to migrate to upstream spawning habitat in the northern Delta (e.g., Cache Slough Complex). 

Furthermore, Hammock et al. (2017) studied the causes and consequences of migration from the 

viewpoint of foraging and food availability in the SFE-Delta, reporting increased stomach 

fullness in brackish-water regions during fall, winter, and spring compared to freshwater regions. 

However there still are unknowns, such as environmental factor(s) that affect regional to finer 

scale distribution and behavior of Delta Smelt during the spawning season. One possibility is 

turbidity as described previously by other researchers (Sommer et al., 2011; Bennett and Burau, 
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2015). Delta Smelt distributions are closely associated with turbid water so that turbidity is 

thought to be a cue for the migration of Delta Smelt (Feyrer et al., 2007; Nobriga et al., 2008; 

Sommer et al., 2011). In addition, it is unclear whether there are particular spawning grounds or 

Delta Smelt spawn at any locations where water quality parameters are suitable for mature fish. 

Another unknown is whether a severe, recent drought in California from 2013-2015 

impacted reproductive performance of Delta Smelt. Damon et al. (2016) predicated that Delta 

Smelt had lower annual fecundity (i.e., total number of eggs released per female per year) due to 

the shortened spawning window during the drought, however reproductive data at higher 

resolutions are still missing. In previous study, Feyrer et al. (2011) forecasted that reduced 

freshwater flow, particularly due to drought, can decrease the abundance of Delta Smelt via 

changes in the location of the low salinity mixing zone where the majority of semi-anadromous 

Delta Smelt occur as juveniles/sub-adults. Droughts associated with climate change are predicted 

to increase in frequency, duration, and intensity (Christensen et al., 2007; Trenberth et al., 2003). 

Given the relationships among freshwater flow, fish distribution, and habitat availability and 

accessibility, it is crucial to assess the impact of recent drought on Delta Smelt at the highest 

resolution.  

In addition, elevated water temperature associated with the drought was another concern 

on the health of Delta Smelt (Damon et al., 2016; Jeffries et al., 2016; Davis et al., 2019). Fishes 

are ectotherms and many species, especially ones in temperate zone, evolved to cope with 

seasonal changes in water temperatures for their reproduction (Roy et al., 2018). Water 

temperature can affect various reproductive processes of fishes, such as gamete development and 

maturation (Pankhurst and Munday, 2011), therefore it was very likely that the elevated water 

temperature during the drought in California had effects on Delta Smelt reproduction. 
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 The main objectives of this study are to improve understanding of the reproductive 

strategy of female Delta Smelt and to assess the impact of drought on their reproduction by 

investigating fish distribution and a suite of reproductive endpoints. We focused on female fish 

because their reproductive performance is more directly associated with recruitment success than 

males in fishes (Subbey et al., 2014). We formulated our hypotheses as follows: (1) female Delta 

Smelt migrate to particular locations for spawning so that mature female fish can be frequently 

found in particular locations throughout the spawning season and (2) reproductive performance 

of individual female fish declined during the drought.  

To examine the hypotheses, we analyzed female Delta Smelt collected across the SFE-

Delta via long term monitoring surveys conducted by the California Department of Fish and 

Wildlife (CDFW), collected from winter 2011 to spring 2015. To obtain high resolution sexual 

maturity data, ovaries of Delta Smelt were staged by histological examination (Kurobe et al., 

2016). We first investigated relationships between water quality parameters (i.e., salinity, water 

temperature, and turbidity) and maturity of female Delta Smelt. We further examined the 

distribution of female Delta Smelt at each stage during the spawning season for each year. To 

assess the impact of drought on reproductive performance of female Delta Smelt, we compared 

reproductive metrics of mature fish at late vitellogenic stage: oocyte areas, clutch size, and 

gonadosomatic index, across four years representing a wide range in water year types. Together, 

the three reproductive metrics represent reproductive fitness of each individual, including egg 

quality (oocyte area), number of eggs that individual female fish produce per spawning event 

(clutch size), and the mass of ovary relative to body weight (gonadosomatic index). Finally, the 

timing of maturation between wet and dry/drought years was also compared among different 

year classes. 
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Materials and methods 

Fish sampling 

Delta Smelt were collected during a long-term survey conducted by the CDFW: Spring 

Kodiak Trawl for collecting adult fish (January through April or May) (Souza, 2002ab; Honey et 

al., 2004; Damon, 2015). In this study, only intact fish that were not dissected in the field were 

used for the analyses. The sampling stations for the Spring Kodiak Trawl are shown in Fig 1B. 

Female Delta Smelt collected from 2011 (n = 300), 2012 (n = 125), 2013 (n = 174), and 2014 

year classes (n = 74) were used for the analyses. Year-classes were defined by hatch year. For 

example, fully matured fish in spring 2012 were considered the 2011 year class. Delta Smelt are 

generally annual fish and second year fish are rarely observed (Damon et al., 2016). 

In the field, Delta Smelt were individually wrapped in aluminum foil with an 

identification number, and then flash-frozen in liquid nitrogen immediately after collection on 

sampling boats. Liquid nitrogen dewars containing fish samples were then brought back to the 

Aquatic Health Program, University of California, Davis, and Delta Smelt were stored in liquid 

nitrogen until dissection (Kurobe et al., 2016; Teh et al., 2016).  

Fish dissection and calculation of somatic condition factor and 

gonadosomatic index 

Individual Delta Smelt were removed from liquid nitrogen and fork length and body 

weight were measured while the fish were still frozen. The ovaries were excised once the fish 

were partly defrosted. The ovaries were weighed and partitioned into two portions by a scalpel; 



Chapter 3: Reproductive Strategy of Delta Smelt Hypomesus transpacificus and Impacts of 
Drought on Reproductive Performance 

Directed Outflow Project Technical Report 2 | 116 

one portion (~60%) was fixed in 10% phosphate-buffered formalin for histology and the 

remainder (~40%) was stored at −80°C for clutch size estimation. Somatic condition factor (Ks) 

and gonadosomatic index (GSI) were calculated by the formulas Ks = (Wt –Wg) / Lf
3 × 100, 

where: Wt = total weight (g); Wg = gonadal weight (g); Lf: fork length (cm) and GSI = (Wg / Wt) × 

100 (Shankar et al., 2007; Kurobe et al., 2016). 

Water quality parameters and hydrologic classification 

Physical water quality parameters including water temperature, turbidity, conductivity, 

and Secchi depth were measured from the boats (Honey et al., 2004). The identification number 

on the aluminum foil was used to associate individuals with catch location, date, and water 

quality. 

Hydrologic classifications of water years were obtained from the California Data 

Exchange Center, California Department of Water Resources 

(http://cdec.water.ca.gov/reportapp/javareports?name=WSIHIST). Based on the Sacramento 

Valley Index, 2011 was a wet year, followed by a below normal year (2012), a dry year (2013), 

and a critically dry year (2014). 

Maturity of female Delta Smelt 

Histological examination was used for staging maturity of female Delta Smelt based on 

physiological changes in ovaries (Kurobe et al., 2016). Briefly, ovaries fixed in 10% phosphate-

buffered formalin were embedded in paraffin blocks and sectioned to a thickness of 3 µm using a 

microtome. Each section was mounted on a glass microscope slide and stained with hematoxylin 

and eosin solution (Kurobe et al., 2016; Teh et al., 2016). Based on the histological 
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characterization of ovaries (i.e., majority of the most advanced oocytes in ovaries), fish were 

categorized into six major stages: immature stage (Stage 1 and 2), cortical alveolus stage (Stage 

3), vitellogenic stage (Stage 4), final maturation stage (hydration stage, Stage 5), and post-

spawner (Stage 6) (Kurobe et al., 2016). Maturity at Stage 3 and 4 were further divided into three 

sub-stages (Early, Middle, and Late) based on the abundance of cortical alveoli in Stage 3 

oocytes and egg yolk bodies in Stage 4 oocytes.  

Area of oocytes measured by histology 

The cross-sectional areas of oocytes (mm2) were obtained using histological images of 

ovaries. The average oocyte size and standard deviation were obtained based on measurements 

from a minimum of 10 oocytes randomly selected from each ovary (Kurobe et al., 2016). Delta 

Smelt is a multiple spawner and immature oocytes can be found in their ovaries even during 

spawning season (Damon et al., 2016; Kurobe et al., 2016). Therefore, only oocytes at the most 

advanced stage within each ovary were used for measuring oocyte area. To ensure that oocytes 

sectioned roughly in half were measured, only the oocytes with a visible nucleus transection 

were chosen for measurement. ImageJ software ver. 1.8.0_112 was used for the image analysis 

(Schneider et al., 2012). 

Clutch size 

A portion of the ovary was used for estimating clutch size. Oocytes were dispersed and 

counted in 1× phosphate-buffered saline using a dissecting microscope, and clutch size (C) was 

calculated using this equation: C = O × (Wintact / Wportion), where C is the clutch size, O is the 
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count of oocytes in the ovary, Wintact is the weight of the intact ovary, and Wportion is the weight of 

the portion of the ovary used for counting oocytes.  

 

Data analysis 

Relationships between maturity of female Delta Smelt and water quality 

parameters 

To investigate relationships between maturity of female Delta Smelt and water quality 

parameters (salinity, water temperature, and turbidity), boxplots were made using the water 

quality data at stations where female Delta Smelt were collected. Additional bar graphs were 

made to depict median absolute deviation of water quality parameters at each maturity stage. 

Distribution pattern of female Delta Smelt during spring spawning season 

To examine our first hypothesis (i.e., female Delta Smelt migrate to particular locations 

for spawning so that mature female fish can be frequently found in particular locations 

throughout the spawning season), we visualized spatiotemporal distribution patterns of female 

Delta Smelt in the 2011-2014 year classes at major maturity level. Fish catch data were 

visualized by bubble map charts using Microsoft® PowerPoint for Mac (ver. 16.16.17) with a 

base map downloaded from the United States Geological Survey website 

(https://www.usgs.gov/products/maps/overview). 

In addition, historical data from the CDFW Spring Kodiak Trawl Survey were obtained 

from the CDFW website to assess spatiotemporal distribution patterns of female Delta Smelt for 

periods when the fish species was more abundant (CDFW Spring Kodiak Trawl: 

http://www.dfg.ca.gov/delta/projects.asp?ProjectID=SKT). Two objectives of the CDFW Spring 

Kodiak Trawl Survey are to determine the distribution and relative abundance of adult Delta 



Chapter 3: Reproductive Strategy of Delta Smelt Hypomesus transpacificus and Impacts of 
Drought on Reproductive Performance 

 

Directed Outflow Project Technical Report 2 | 119 

Smelt in the SFE-Delta and to monitor their gonadal maturation on a monthly basis to determine 

when and where spawning is likely to occur or is occurring (Damon, 2015). In the CDFW Spring 

Kodiak Trawl Survey, maturity of female Delta Smelt were classified into six stages by gross 

examination of their ovaries: developing stages (Stage 1 and 2), near-ripe (Stage 3), ripe (Stage 

4), atretic (Stage 5), and post spawn (Stage 6) (Damon et al., 2016). 

Comparison of female Delta Smelt maturity among the 2011-2014 year classes 

during the spawning season 

Maturity of female fish were scored by histological examination as describe above 

(Section “Maturity of female Delta Smelt”). Stacked bar graphs showing the relative abundances 

of each maturity level were made using the R package ggplot2 ver. 3.2.1 (Wickham, 2016; R 

Core Team, 2020). 

Comparison of reproductive performance of female Delta Smelt between wet 

and dry/drought years 

To test our second hypothesis that reproductive performance of female Delta Smelt was 

lower during the dry and drought years, we performed one-way ANOVAs to compare area of 

oocytes, clutch size, gonadosomatic index, and somatic condition factor among 2011-2014 year 

classes (Wickham, 2016; R core team, 2020). ANOVA was chosen since the datasets are 

normally distributed (Shapiro-Wilk Test P > 0.05). Homogeneity of variance was assessed by 

Levine’s Test. When necessary, the data were log10-transformed to meet the homogeneity of 

variance assumption. A post-hoc Tukey Test was performed when statistically significant 

differences were detected by ANOVA. The analyses were performed only for fish at Stage 4 

Late since the fish at this stage have mature oocytes and are about to spawn, and therefore better 

represent reproductive performance of spawning females compared with earlier stages (Kurobe 
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et al., 2016). We did not include fish at Stage 5 because fish at this stage are rare (comprise <1% 

of adult female Delta Smelt in this study), and may have been actively spawning at capture, 

affecting clutch size and GSI. 

We also analyzed dynamic changes of water temperature that a majority of Delta Smelt in 

the 2011-2014 year classes were likely experiencing in the wild (January 1st, 2011 through 

March 31st 2015). The water temperature data collected at time of capture, along with other 

water quality parameters were downloaded from the CDFW FTP server 

(ftp://ftp.wildlife.ca.gov/). Water quality data from three different surveys, 20mm Survey 

(March-July), Fall Midwater Trawl Survey (September-December), and Spring Kodiak Trawl 

Survey (January-April) were first pooled together (Honey et al., 2004), and then a subset of the 

data was prepared based on two criteria: regions and salinity range. Only the water temperature 

data in the four regions, (1) Suisun Marsh/Bay and Montezuma Slough, (2) Confluence of the 

Sacramento and San Joaquin rivers, (3) Sacramento River, and (4) Cache Slough Complex, were 

used for the analysis. Data from other regions such as San Joaquin River were not included, nor 

was data from high salinity stations (salinity >6.0). 

 

Results 

Water quality parameters and maturity of female Delta Smelt 

The pooled data from the 2011-2014 year classes showed unique relationships between 

maturity of female Delta Smelt and water quality parameters. The median salinity values 

decreased as female Delta Smelt matured (Fig 2A). At the early cortical alveolus stages (Stage 3 

Early and Middle, grouped), approximately 78% of fish were found at a wide range of salinities 

(salinity < 6.0). In contrast, Delta Smelt at Stage 3 Late and later stages were collected at lower 
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salinities as their maturity level advanced. Approximately 77% of fully matured fish (Stage 4 

Late and 5) and post-spawners (Stage 6) were found in fresh water (salinity <0.5). The median 

values of water temperature and turbidity increased as fish reproductively matured, with the 

exception of the Stage 2 fish which occurred in relatively warmer water (Fig 2B&C). Fish at 

Stage 5 showed the highest median turbidity of 33 NTU (25 and 75 percentiles are 23 and 39 

NTU, respectively). 

The comparison of variabilities in salinity and turbidity across reproductive stages 

revealed a contrast; in salinity, the variabilities gradually decreased as Delta Smelt maturity level 

advanced while such clear trend was not observed in water temperature or turbidity (Fig 2E&F). 

We chose salinity for further investigation at a finer scale because salinity better explained the 

distribution pattern of mature Delta Smelt than water temperature or turbidity in our initial 

analysis (Fig 2). 

 

Geographical distribution of female Delta Smelt during the 

spawning season 

The data from the 2011 – 2014 year classes suggested that a majority of mature female 

Delta Smelt were found in freshwater habitat at salinities below 1.0 after spawning migration and 

there were some locations where mature fish were frequently found during the spawning season 

such as Cache Slough Complex and Suisun Marsh/Montezuma Slough, however there was 

plasticity in the distribution of Delta Smelt, as fish appeared to be widespread in the area where 

salinity was below 1.0 during the spawning season. In January 2014, sub-adult female Delta 

Smelt in the 2013 year class exhibited a wide geographical distribution ranging from a 

freshwater area (the Cache Slough Complex) to a brackish-water area (Suisun 
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Marsh/Montezuma Slough) where salinity was approximately 6.0 (Fig 3I). This pattern changed 

in March 2014 when most females were Stage 4; the majority of fish were found in the Cache 

Slough Complex and Suisun Marsh/Montezuma Slough and a few collected in the Sacramento 

River where the salinity was below 1.0 (Fig 3K). By the following month, fish were collected 

mostly in the Cache Slough Complex, with only a few fish found in other freshwater areas (Fig 

3L). A similar progression of distribution was observed in the 2011 year class (Fig 3D), as well 

as historically, particularly in 2001 through 2003 year classes (S3 Fig). However, the historical 

data showed a much wider distribution in April and/or May throughout the SFE-Delta at 

salinities below 1.0. The data for the 2014 year class can be found in S2 Fig. 

 

Comparison of female Delta Smelt maturity among the 2011-2014 

year classes during the spawning season 

A prominent difference is apparent between 2011 and other year-classes; female Delta 

Smelt in the 2013 and 2014 year classes matured earlier than in 2011 (Fig 4). In the 2013 and 

2014 year classes, Delta Smelt at Stage 4 (Early, Middle, and Late) were dominant in February, 

accounting for over 90% of the females. In contrast, only 62% of the fish collected in February, 

2011 were Stage 4. 

We found over 15% of fish at Stage 3 Late in March and April in the 2012 year class (Fig 

4B). Those fish were very likely to be post-spawners although there were no signs of spawning 

such as presence of post-ovulatory follicles in the histological sections. Stage 3 is characterized 

by the presence of cortical alveoli, which can be found in early winter. In addition, the mean fork 

length of the Stage 3 Late fish collected in March and April (77.0 mm) was significantly longer 

than the same stage of fish collected in January (67.7 mm) (t[24] = 4.79, P < 0.001) and was 
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similar to the one at Stage 6 fish (post spawners, mean fork length: 76.1 mm) collected in March 

and April in the 2012 year class (t[23] = 0.42, P = 0.68). 

 

Comparison of oocyte areas, clutch size, gonadosomatic index, and 

somatic condition factor among 2011-2014 year classes 

The comparison of oocyte areas revealed that the 2012 and 2013 year classes had 

significantly smaller oocytes than the 2011 year class at Stage 4 Late (Fig 5B; ANOVA, F[3, 112] 

= 10.4, P < 0.001). Clutch size was lower in 2013 and 2014 year classes than 2011 year class, 

however the difference between 2011 and 2014 year classes was not significant (Fig 5C, 

ANOVA, F[3, 144] = 7.3, P < 0.0005). A similar trend was observed in gonadosomatic index; the 

2013 and 2014 year classes had significantly lower values of gonadosomatic index than the 2011 

and 2012 year classes (Fig 5D, ANOVA, F[3, 144] = 7.2, P < 0.001). In contrast, significant 

differences were not observed among the 2011 through 2014 year classes in somatic condition 

factor (Fig 5A, ANOVA, F[3, 144] = 1.5, P > 0.05). 

 

Discussion 

Understanding the reproductive biology of imperiled fishes is one of the key elements in 

effective conservation and restoration of fish populations. Several previous studies reported 

migration, seasonal distribution patterns, and timing of spawning of Delta Smelt (Moyle et al., 

1992; Bennett, 2005; Sommer et al., 2011; Bennett and Burau, 2015; Hobbs et al., 2019). 

However, field-based data for environmental factors that affect distribution of Delta Smelt 

during the spawning season at regional to finer scale levels is still limited. In addition, the exact 
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spawning ground of Delta Smelt is still unknown; it is unclear whether Delta Smelt spawn at any 

locations where water quality parameters are suitable for them or there are particular regions for 

their spawning. Furthermore, little is known about how drought condition affects the 

reproductive performance of Delta Smelt. 

Migration of Delta Smelt to brackish-water regions at early life stages is believed to 

improve foraging success. Hammock et al. (2017) reported that Delta Smelt collected from the 

brackish-water area in fall through spring showed higher stomach fullness than those from the 

freshwater areas during the same period, while the opposite was true in summer. Data from other 

smelts also support the hypothesis that smelts migrate to brackish-water or saltwater 

environments for foraging and growth. For example, migratory populations of European Smelt 

(Osmerus eperlanus) were larger than those from non-migratory freshwater residential 

populations (Maitland and Lyle, 1996). Similarly, anadromous or migratory Wakasagi (H. 

nipponensis) were larger than freshwater populations (Katayama et al., 2001). These findings can 

explain the migration of Delta Smelt to brackish regions, however, it is still unclear why smelts 

migrate back to freshwater regions to spawn. Given that mature Delta Smelt (Stage 4 Late and 5) 

were predominantly found in freshwater regions, it is plausible to think that spawning in turbid 

freshwater environments is somehow beneficial. Hammock et al. (2017) discussed the possibility 

that Delta Smelt spawn in freshwater regions to provide hatchlings and young fish better access 

to high summertime densities of mesozooplankton species. In other anadromous fishes, 

spawning in freshwater environments is thought to reduce predation risks (Brönmark et al., 

2013). Arctic Charr and Brown Trout showed five to eight times higher daily mortality rates at 

sea than freshwater environment (Jensen et al., 2019). Another possibility is that spawning in 

freshwater regions reduces salinity stress, which can affect fertilization, yolk sac sorption, early 
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embryogenesis, and larval growth (Bœuf and Payan, 2001, Fuda et al., 2007). For example, 

elevated salinity decreased growth rate of Chinook Salmon and Rainbow Trout at larval and 

juvenile stages (Enayatmehr and Jamili, 2013). In addition, turbid water in the freshwater 

environment due to winter rainstorms may be important for survival of early life stages of Delta 

Smelt. Hasenbein et al. (2016) reported that larval Delta Smelt showed better survival and higher 

feeding rates in moderate turbidities (25-80 Nephelometric Turbidity Units). To culture Delta 

Smelt, turbidity is increased in larval- and late larval-stage by addition of phytoplankton because 

Delta Smelt at these life stages fail to feed in clear water (Lindberg et al., 2013, Tigan et al., 

2020). Turbidity may help reduce predation risk as well. For example, Humpback Chub (Gila 

cypha) cultured in turbid water significantly reduced predation by Rainbow Trout and Brown 

Trout when cultured in turbid water as low as 25 Formazin Nephelometric Units (Ward et al., 

2016). 

The environmental driver(s) that trigger the onset of migration of Delta Smelt are still 

unknown, however it’s very likely that changes in physical and/or physicochemical parameters 

due to winter rainstorm events are associated (Sommer et al., 2011; Bennett and Burau, 2015). 

Given the data from our study showing that (1) median salinity values gradually decreased as 

fish matured, (2) matured female Delta Smelt at Stage 4 Late, 5 and 6 (post spawners) were 

predominantly found in areas where salinity was less than 0.5 with very low variability, and (3) 

such clear trends were not observed in water temperature or turbidity, salinity could better 

explain distribution of Delta Smelt (Fig 2). This suggests that Delta Smelt may use freshwater 

influxes or its correlates, possibly associated with winter rainstorms, as a cue for their spawning 

migration. Fresh water is not the immediate cue for the migration of the closely related species, 

Wakasagi, because spawning migration was observed even in an entirely freshwater 
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environment, from a lake to adjacent inflowing rivers (Okazaki et al., 2011). In Wakasagi, eggs 

were also found in sites at approximately 10 m depth, nearby underwater springs (Kiryu et al., 

1978). Nevertheless, turbidity seems to be still critically important for survival of early life 

stages of Delta Smelt, especially for foraging success as described above. 

Otolith geochemistry has shown that semi-anadromous Delta Smelt migrate to freshwater 

regions for spawning (e.g., Cache Slough Complex; Hobbs et al., 2019), however, spawning 

habitats and their distribution pattern after spawning migration, are still largely unknown. The 

data obtained in this study partly fill the knowledge gap. The distribution pattern observed in the 

2013 and other year classes such as 2001-2003 cohorts suggests that spawning habitat is likely to 

occur where salinity is below 1.0 (Fig 3, S3 Figs). In April 2012 and March 2013, fully matured 

fish at Stage 5 as well as Stage 4 Late and 6 (post spawners) were found along the Sacramento 

River and sites near the confluence of the Sacramento and San Joaquin River (Fig 3). Stage 5 is 

characterized as the final maturation stage and hydration takes place in oocytes (Kurobe et al., 

2016). Given that only a very small percentage of fish at Stage 5 were found in the four years of 

the study, retention time of the oocytes at Stage 5 is likely to be very short. The short retention 

time of hydration stage seems to be common in fishes. For example, in Anchovy and Sea Trout, 

the final maturation (hydration) and spawning can be completed within 24 hours (Hunter and 

Macewicz, 1985; Brown-Peterson et al., 1988). Although the exact retention time of Delta Smelt 

and other species in the family Osmeridae at Stage 5 is still unknown, Delta Smelt at the stage 

can be an indicator of spawning areas assuming the retention time is very short like other fish 

species. Given that the predicted upstream migration rates of Delta Smelt are 1.8-6.3 km per day 

(Sommer et al., 2011), it is unlikely that the Delta Smelt at Stage 5 found at the site near the 

confluence of the Sacrament and San Joaquin rivers in April 2012 swam over 38 km of the 
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distance and reached particular upstream freshwater locations such as Cache Slough Complex 

within the short retention time (Fig 3G). 

The reproductive performance of fully matured Delta Smelt was relatively poor in the 

2013 and 2014 year classes (which experienced dry and drought conditions) compared with the 

2011 year class (which experienced a wet year) as indicated by smaller oocytes, lower clutch 

size, and lower gonadosomatic index (Fig 5). The cause of the poor reproductive performance in 

the 2013 and 2014 year classes is still unclear, however it could be influenced by poor food 

availability during the sub-adult stage. The low salinity mixing zone (salinity between 1.0-6.0) 

was located at the confluence of the rivers in October 2013 and 2014 (Fig 6C and D). In contrast, 

the low salinity mixing zone included the Suisun Marsh and Montezuma Slough in October 

2011, the region that is relatively rich in tidal wetlands (Fig 6A; Hammock et al., 2019). Given 

that (1) the majority of Delta Smelt including both migratory and non-migratory populations 

(i.e., freshwater and brackish water residents) are distributed in regions where salinity is below 6 

(Fig 2A; Hobbs et al., 2019) and (2) wetlands are associated with improved foraging success of 

Delta Smelt (Hammock et al., 2015 and 2019; Teh et al., 2020), Delta Smelt in 2011 year class 

might have been getting benefits from increased access to tidal marsh lands, both in the Suisun 

Marsh/Montezuma Slough and at the confluence of the rivers in fall 2011, while fish in the 2013 

and 2014 year classes had access to only the wetlands at the at the confluence of the rivers 

(Bennett, 2005; Feyrer et al., 2007 and 2011).  

Another possibility is that elevated water temperature during the dry and drought years 

lowered available surplus energy used for reproduction. Ectotherms dedicate more energy to 

respiration at warmer temperatures so that an increase in temperature results in higher metabolic 

rates, and subsequently an increase in the energy requirements (Ficke et al., 2007). This can 
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exacerbate nutritional stress in food limited aquatic ecosystems such as the SFE-Delta 

(Hammock et al., 2017). The mean water temperatures in the 2014 drought year was 

approximately 2.6ºC higher than 2011 throughout the year with maximum water temperature 

23.1ºC recorded in July 2014 (S4 Fig). Previous studies reported that Delta Smelt exhibited sub-

lethal physiological effects (increase in metabolic rates measured by changes in oxygen 

consumption) at 20ºC (Jeffries et al., 2016). Komoroske et al (2014) reported that critical thermal 

maximum, which is defined as the upper temperature at which fish lose the ability to escape 

conditions that will ultimately lead to death, of adult Delta Smelt was 27-28 ºC with continuous 

feeding. However, it is unknown how Delta Smelt would respond to sub-lethal but potentially 

stressful temperatures under food-limited conditions. Currently there are only a few publications 

reporting impacts of elevated water temperature and food limitation on fish reproduction. 

Donelson et al. (2010) reported that coral reef Damselfish (Acanthochromis polyacanthus) failed 

to reproduce when cultured at higher water temperatures with lower quantity food. In addition, 

the same authors reported that eggs produced were smaller at warmer water temperatures 

compared to those at the optimum temperatures. It is very likely that responses to the multiple 

stressors (i.e., warmer water temperature and food limitation) can vary among different fish 

species, therefore further analyses are warranted to better understand the impacts of elevated 

water temperature on metabolic demand and subsequently on growth and reproduction of Delta 

Smelt under food limited conditions. Whatever the cause of the poor reproductive indices during 

the drought, Delta Smelt reached historical lows as the drought peaked in 2015-16 (Teh et al., 

2020; Malinich et al., 2020). 

It is noteworthy that no difference was detected in somatic condition factor among the 

2011-2014 year classes while significant differences were observed in the reproductive endpoints 
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(Fig 5). This can be explained by energy allocation over reproduction and somatic growth, more 

specifically, Delta Smelt may use energy preferentially for their somatic growth and survival, 

and then use ‘surplus energy’ for gonadal development. Strategies of energy allocation for 

reproduction can vary depending on fish species, however it can be largely classified into two 

types: ‘capital breeders’ and ‘income breeders’. Capital breeders show cessation or reduction in 

feeding activity during spawning season and use stored energy for reproduction while income 

breeders continue feeding throughout the spawning season and use energy from food intake for 

their survival and reproduction (Silva et al. 2019). Sockeye Salmon (Oncorhynchus nerka) is a 

typical capital breeder and, ceases feeding during spawning season and uses reserved energy for 

reproduction. In contrast, income breeders prioritize their survival over spawning (Su et al., 

2020). Income breeders are often observed in multiple spawners such as Medaka (Oryzias 

latipes) and Rare Minnow (Gobiocypris rarus). When mature Rare Minnow are starved, late 

maturing oocytes start to degrade and are absorbed by fish body (Su et al., 2020). Therefore food 

availability at adult stage is critically important for income breeders for their reproduction. 

Although Delta Smelt is a multiple spawner as indicated by the presence of immature oocytes in 

the gonad of fully mature females by histology, Delta Smelt could be a capital breeder since (1) 

reduction in feeding activity was observed prior to and during the spawning season in the wild 

and at a fish culture facility (Hung et al., 2014; Hammock et al., 2017) and (2) atrophic oocytes 

are rarely found in late maturing oocytes in wild fish by histology (Personal observation). 

Further investigation is needed since the reduction in feeding activity during the spawning 

season may be because of other causes such as food availability in the wild or abiotic factors 

such as lower water temperatures. However, if Delta Smelt is a capital breeder, accessibility to 
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abundant prey items during pre-spawning season at subadult stage (fall and early winter) would 

be critically important to increase ‘surplus energy’ which can be used for gonadal development. 

Warmer water temperature during the drought might have affected timing of maturation. 

Delta Smelt in the 2013 and 2014 year classes matured earlier compared with the 2011 year 

class, with a prominent difference in February (Fig 4). A possible explanation of the earlier 

maturation during the drought is the warmer water temperature in January, when the fish in the 

2013 and 2014 year classes experienced approximately 1.0ºC higher water temperature than the 

2011 year class (S4 Fig). As Damon et al. (2016) reported previously, elevated water 

temperature expedited the spawning season (shifting it earlier). The early maturation may 

provide a longer spawning window which could result in higher spawning frequency assuming 

that energy is not limiting, however it is unlikely under the current food-limited conditions 

during the summer and fall (Slater and Baxter, 2014; Hammock et al., 2017). 

 

Conclusions 

In this study we report on (1) the distribution pattern of female Delta Smelt during the 

winter and spring spawning season and (2) the impacts of severe drought on their reproductive 

performance. Salinity seemed to better explain the distribution pattern of Delta Smelt at subadult 

and adult stages compared with water temperature or turbidity. Although there are some 

freshwater locations where mature Delta Smelt can be frequently found during the spawning 

season (e.g., Cache Slough Complex and Suisun Marsh/Montezuma Slough), Delta Smelt 

appeared to be widespread in the area where salinity is below 1.0 during the spawning season. 

Therefore, Delta Smelt could theoretically spawn in any freshwater location, with more specific 

spawning requirements (e.g., substrate type and depth) still unknown. Delta Smelt, which 
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experienced dry and drought conditions (2013 and 2014 year classes), had smaller oocytes and 

lower clutch size and gonadosomatic index than the fish caught in a wet year (2011 year class), 

suggesting reproductive performance was negatively affected by environmental conditions 

during the drought. 
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S1 Fig. Turbidity at each reproductive stage of female Delta Smelt collected in the Fish Health 

Study, 2011 – 2014 year classes including extreme values observed (>150 NTU). Maturity of 

female fish was scored based on the gonadal histological features (Kurobe et al., 2016). The 

numbers above the top hinges indicate sample size for each reproductive stage. 

S2 Fig. Maturity and distribution pattern of female Delta Smelt for the 2014 year class. 

S3 Fig. Maturity and distribution pattern of female Delta Smelt for 2001-2010 year classes. The 

data were obtained from the California Department of Fish and Wildlife website 

(https://www.wildlife.ca.gov/Conservation/Delta/Spring-Kodiak-Trawl). The blue and red lines 

indicate salinity boundary for 1.0 and 6.0 ppt, respectively. 

S4 Fig. Comparison of water temperatures that Delta Smelt (2011-2014 year classes) likely 

experienced in the wild, from spring for larvae (April-June), summer for juveniles (June-

September), fall for subadults (September-December), and winter for adults (January-April). The 

water temperature data were obtained from the California Department of Fish and Wildlife FTP 

server (ftp://ftp.wildlife.ca.gov/; 20mm Survey, Fall Midwater Trawl Survey, and Spring Kodiak 

Trawl Survey). The August data are not available. Mean water temperatures of the four regions 

(Suisun Marsh and Montezuma Slough, Confluence of the Sacramento and San Joaquin rivers, 

Sacramento River, and Cache Slough Complex) are depicted for each month. Stations with 

salinity higher than 6 are not included. The error bars indicate standard deviation. 
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Fig 1. Map of Northern California, USA (Panel A) and the sampling stations for long term monitoring survey 

conducted by the California Department of Fish and Wildlife (Panel B). The sampling stations for the Spring Kodiak 

Trawl are depicted by red points in Panel B. The base map for Panel A was downloaded from the U.S. Geological 

Survey (https://viewer.nationalmap.gov/advanced-viewer/viewer/index.html?extent=-

13809717.9302%2C4505236.7823%2C-13369746.3954%2C4697552.3454%2C102100). Panel B was created using 

the R package ‘ggmap’  using basemaps downloaded from Google LLC (Kahle and Wickham 2013). 
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Fig 2. Summary of salinity (A), water temperature (B), and turbidity values (C) at each reproductive stage of female 

Delta Smelt, 2011 – 2014 year classes, and corresponding median absolute deviations (MAD) (D-F). Maturity of 

female fish was scored based on the gonadal histological features, Stage 1&2: immature stages, Stage 3: cortical 

alveolus stage, Stage 4: vitellogenic stage, Stage 5: final maturation stage (hydration), and Stage 6: post spawners 

(Kurobe et al. 2016). In the boxplots (Panels A-C), the numbers above the top hinges indicate sample size for each 

reproductive stage. For the ease of data presentation, fish with extreme turbidity values (>150 NTU) are not included 

in Panel C. The original figure including those fish with extreme turbidity values can be found in S1 Fig. 
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A) Jan 2012                                                           B) Feb 2012                          

     

C) Mar 2012                                                           D) Apr 2012 

     

E) January 2013                                                 F) February 2013 

     

G) March 2013                                                 H) April 2013 
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I) January 2014                                                   J) February 2014 

     

K) March 2014                                                    L) April 2014 

     

 

Fig 3. Maturity and distribution pattern of female Delta Smelt, 2011 (January-April 2012, Panels A-D), 2012 

(January-April 2013, Panels E-H), and 2013 year classes (January-April 2014, Panels I-L). Fish at Stage 5 
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(hydration stage) are indicated by arrow heads. The blue and red brackets indicate salinity boundary for 1.0 and 6.0 

ppt, respectively. The field sampling was not performed in the Grizzly/Suisun Bay in March 2012 (Panel C). 
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A) 2011 year class                                                B) 2012 year class 

   

C) 2013 year class                                               D) 2014 year class 

   

Fig 4. Monthly changes of female Delta Smelt maturity levels for 2011-2014 year classes (Panels A-D). Months 

with extremely low catches (n < 5) are not depicted in the figure (i.e., March and April in the 2014 year class; Panel 

D). 
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A)                                                               B) 

  

C)                                                                D) 

    

Fig 5. Comparison of somatic condition factor (A) and reproductive endpoints: area of oocytes (B), clutch size (C), 

and gonadosomatic index (D), among 2011–2014 year classes. Delta Smelt collected in a wet (2011 year class), 

normal (2012 year class), dry (2013 year class), and critically dry year (2014 year class), were used for the 

comparison. Only the fish at Stage 4 Late (late vitellogenic stage) were used for the comparison. Different letters 

indicate statistically significant differences between year classes. Error bars are ±SE. 
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A) 2011                                                        B) 2012 

    

 

C) 2013                                                          D) 2014 

    

 

Fig 6. Comparison of area and location of the mixing zone (salinity 1.0-6.0 ppt) among 2011–2014 (A-D), October. 

The area with red, light blue, and dark blue color represent salinity >6.0, 1.0-6.0, and <1.0, respectively. The Suisun 

Marsh/Montezuma Slough area is indicated by green. The basemap was downloaded from Google LLC. Salinity 

data were obtained from the California Department of Fish and Wildlife FTP server 

(ftp://ftp.dfg.ca.gov/TownetFallMidwaterTrawl/). 

 

ftp://ftp.dfg.ca.gov/TownetFallMidwaterTrawl/
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ABSTRACT 

In estuaries, fluctuating environmental conditions exact strenuous physiological demands 
on the fishes that call these oft-impacted habitats their home, including California’s critically 
endangered Delta Smelt (Hypomesus transpacificus). Using an archive of otoliths spanning 
2011-2019, we examined how growth rates of wild subadult Delta Smelt vary ontogenetically, 
regionally, and in relation to variation in the physical environment during late-summer and fall in 
the upper San Francisco Estuary. Recent growth rates were quantified using otolith increment 
analysis and modeled as functions of both intrinsic (age) and extrinsic (temperature, salinity, 
clarity, and region) factors using a suite of generalized additive models. Age explained 60% of 
the variation in log10-transformed growth rates, which peaked at 50-80 days post-hatch. Overall, 
age-adjusted growth rates declined at temperatures > 20 ºC, increased with practical salinity 
values of 0-4, and exhibited interactive patterns with water clarity. Growth rates appeared 
highest in the West and Central Delta, and lowest in the North Delta, also corresponding with 
patterns in environmental conditions. Here, we provide new evidence for how vital rates of wild 
Delta Smelt vary spatially and in relation to abiotic environmental variation. Such otolith-based 
growth reconstructions often provide the first direct look at how the vital rates of wild fish 
respond to environmental variation in situ, and how future changes are likely to affect the 
dynamics of wild populations. 
 
Keywords: biological intercept, Delta Smelt, Generalized Additive Model, marginal increment, 
salinity, San Francisco, temperature, turbidity, water quality 
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INTRODUCTION     
Intersections among structural and dynamic features in estuaries largely determine their 

suitability for the growth, survival, and production of estuarine fishes (Beck et al. 2001, Peterson 
2003, Niklitschek & Secor 2009, Nagelkerken et al. 2015). Dynamic estuarine gradients in water 
quality (e.g., temperature, salinity, and clarity) vary in response to natural variation in climatic 
and oceanographic drivers that affect local patterns in precipitation, air temperature, wind, and 
upwelling. Anthropogenic changes to the climate and local hydrology of estuaries, however, can 
alter these gradients, thus impacting habitat suitability for estuarine species (Gillanders et al. 
2011, Brown et al. 2013, 2016, James et al. 2013, Robins et al. 2016, Muhling et al. 2017). For 
example, temperature increases metabolic rates and subsequent growth rates (Jain & Farrell 
2003, Green & Fisher 2004) until thermal limits are reached, after which, growth rate is 
suppressed (Houde 1989, Pörtner & Farrell 2008, Thresher et al. 2011, Wenger et al. 2016, 
Neubauer & Andersen 2019, Dahlke et al. 2020). Similarly, changes in salinity can influence 
metabolic demands, contingent upon the osmoregulatory physiology of a given species 
(Lankford & Targett 1994, Baltz et al. 1998, Labonne et al. 2009, Komoroske et al. 2016), and 
turbidity can enhance growth and survival by reducing predation risk and enhancing foraging 
success of larval fishes (Blaber & Blaber 1980, Cyrus & Blaber 1987, 1992, Rypel et al. 2007, 
Gregory 2011, Tigan et al. 2020). Suitable habitat, therefore, can become limiting when 
anthropogenic modifications uncouple key structural (e.g., habitat) and dynamic (e.g. water 
quality) features of estuaries that affect the growth, survival, and recruitment of fishes.  

The Delta Smelt (Hypomesus transpacificus) is a pelagic osmerid fish that is endemic to 
the tidal fresh and low-salinity waters of the “upper” San Francisco Estuary (SFE), including 
open-water, slough, and wetland habitats of Suisun Bay and the Sacramento-San Joaquin Delta 
(Delta) (Moyle et al. 1992, 2016, Hobbs et al. 2019)(Fig. 1). Due to precipitous population 
declines since the 1980s (Mac Nally et al. 2010, Thomson et al. 2010, Hobbs et al. 2017), Delta 
Smelt are currently listed as threatened, endangered, and critically endangered according federal, 
state, and international conservation assessments, respectively (U.S. Fish and Wildlife Service 
1993, CDFG 2010, NatureServe 2014). Multiple factors have likely contributed to this decline, 
including hydrologic alteration, habitat degradation, non-native competitor and predator species, 
agricultural and municipal pollution, climate change and direct mortality due to water exports 
(Knowles & Cayan 2002, Bennett 2005, Feyrer et al. 2007, Cloern & Jassby 2012, Fong et al. 
2016, Moyle et al. 2016, 2018, Smith et al. 2020). Conservation efforts have occasionally 
impacted freshwater deliveries to California’s multi-billion-dollar agriculture industry and 29 
million southern residents, thus putting this endangered species in the political crossfire between 
advocates of species conservation versus those focused on water conveyance and agriculture 
(Feyrer et al. 2011, Moyle et al. 2018, Reis et al. 2019, Scoville 2019). In order to effectively 
manage the system for water conveyance while also protecting sensitive species such as Delta 
Smelt, an understanding of how species respond to natural and anthropogenic variation in 
environmental conditions is needed. 

The responses of species to environmental variation (e.g., temperature, salinity, and 
clarity) are often assessed empirically using distribution models based on field survey data (e.g., 
occupancy modeling) or mechanistically using controlled laboratory studies. Based on field 
surveys, Delta Smelt are typically captured at temperatures < 25 ºC, practical salinities < 15, and 
clarity (Secchi depth) < 0.25 m (Bennett 2005, Feyrer et al. 2007, Nobriga et al. 2008, 
Komoroske et al. 2014). Similarly, acute critical thermal maxima of cultured Delta Smelt in 
laboratory experiments range from 24-30 ºC, depending on acclimation temperature and 
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ontogenetic stage (Komoroske et al. 2014), and sublethal physiological stress responses are can 
be elicited at temperatures as low as 23 ºC (Komoroske et al. 2015, 2016). For younger life 
stages, foraging activity and success in cultured Delta Smelt are generally maximized at low-
light levels and higher turbidities of 18-80 NTU (Lindberg et al. 2013 20, Tigan et al. 2020). 
Foraging by older life stages, however, may be less sensitive to turbidity and even reduced at 
very high (e.g., > 80 NTU) turbidity values (Hasenbein et al. 2013, Hammock et al. 2019).  

Though field-occupancy and laboratory studies of cultured fish are valuable and 
informative, it remains important to address likely limitations of these studies for understanding 
the responses of wild Delta Smelt to variation in the abiotic environment, in situ. In surveys, fish 
often occur in lower-quality habitats, especially if they cannot detect or move freely across 
suitability gradients or behaviors are modified due to physiological stress. Thus, empirical 
habitat suitability models based on occurrence may be insensitive to sublethal physiological 
effects of stressors on fish condition and population dynamics. Similarly, acute mechanistic 
thresholds established by short-term laboratory experiments using cultured fish may not account 
for the importance of chronic exposures to sublethal levels of stress, or complex interactions in 
situ, and thus may also mischaracterize the responses of wild populations to environmental 
patterns (Speers-Roesch & Norin 2016, Morgan et al. 2019). To address these limitations, studies 
examining the biological responses of wild specimens to variation in ambient environmental 
conditions are needed.  

Growth is a key vital rate in the early life stages of fishes that integrates the physiological 
responses of fishes to environmental variation. For example, rapid growth corresponds with 
increased survival due to enhanced predator avoidance and prey capture and, given the high 
mortality rates experienced by early life-stages of fishes, small differences in growth and 
survival rates can lead to large variation in recruitment and year-class strength (Hjort 1914, 
Anderson 1988, Houde 1989, Cushing 1990). In annual fishes, such as Delta Smelt, growth rate 
in the first year also determines the size, fecundity, and reproductive condition of the spawning 
population, thus having strong effects on subsequent population dynamics (Rose et al. 2013b a). 
Growth rate, therefore, can be used as a biologically meaningful metric for assessing habitat 
suitability for wild specimens in their natural habitats. By understanding how environmental 
conditions influence the growth rates of wild fishes, we better understand how human activities 
are likely to impact their population dynamics.  

A powerful tool for assessing the growth rates of wild fishes is otolith microstructural 
analysis (Pannella 1971). Otoliths (“ear stones”) are bone-like structures found in the inner ear of 
fishes that are used for hearing and balance. They are formed by the accretion of calcium 
carbonate and proteins around a primordium, creating daily light and dark bands (increments) 
that can be used to estimate the age and reconstruct prior growth for early life stages of fishes. 
Since otolith accretion is often correlated with somatic growth (Campana & Jones 1992), the 
widths of daily increments can be used to reconstruct the growth history of individual fish. Such 
otolith-based approaches have been previously validated and applied to Delta Smelt to describe 
their life history and the timing of migrations (Hobbs et al. 2007, 2019) 

To enhance our understanding of how wild Delta Smelt respond to natural and 
anthropogenic variation in their physical environment, we examined otolith-based growth rates 
among regions and as functions of water quality (salinity, temperature, and clarity) in the upper 
SFE. We then contrasted patterns in the vital rates of the wild population with existing 
hypotheses based on occupancy and laboratory studies which indicate upper water temperature 
thresholds of 24-25 ºC due to thermal stress (Feyrer et al. 2007, Komoroske et al. 2015), optimal 



Chapter 4: Otolith-Based Approaches Indicate Strong Effects of Environmental Variation 
on the Growth of a Critically Endangered Estuarine Fish 

 

Directed Outflow Project Technical Report 2 | 155 

growth conditions at practical salinities of 1-4 where osmoregulatory stress is limited and 
foraging is enhanced (Komoroske et al. 2016, Hammock et al. 2017), and varying effects of 
water clarity (Hasenbein et al. 2013, Tigan et al. 2020). By contrasting the responses of wild 
individuals with predictions based on previous models, we aimed to verify or modify our current 
understanding of habitat suitability, population dynamics, and the most promising options for 
conserving this critically endangered species. 
 
MATERIALS AND METHODS 

 
Study Site 

 
The SFE is the largest coastal estuary on the California coast, characterized by an “upper 

estuary” which receives the majority of freshwater inputs from the Sacramento River and San 
Joaquin River watersheds that each flow into the North and South Delta, respectively (Fig. 1). 
The two rivers meet at their confluence in the Central Delta and are tidally mixed downstream 
into the more brackish waters of the West Delta, and eventually out into the saltier bays of the 
lower estuary. The estuary is a “radically transformed” ecosystem serving 7.5 million local 
residents, a large commercial shipping industry, several coastal fisheries, and the final 
destination of 50 municipal sewage treatment plants (Cloern & Jassby 2012). Over 95% of its 
tidal marsh habitats have been degraded and its hydrograph has been highly altered. Over 100% 
of the mean annual rainfall can be captured behind major dams that exist on most tributaries, and 
over 30% of the freshwater flowing into the estuary is diverted annually by state and federal 
pumping facilities to support agricultural and municipal needs in the southern part of the state, 
thus impacting the many species that live within or migrate through the upper estuary. To 
monitor the ecological effects of these anthropogenic alterations, several long-term state and 
federal monitoring programs have been established, each yielding detailed records of fish 
abundances, environmental conditions, and historical archives of specimens that can be analyzed 
by researchers to better inform management and policy decisions (Supplement 1). 

Environmental conditions in the SFE are highly dynamic. In general, the estuary exhibits 
a salinity gradient from freshwater upstream habitats in the North and South Delta to low-salinity 
(e.g., practical salinities of 1-10) brackish habitats in the West Delta, with variable conditions in 
between in the Central Delta. Interannual variation in precipitation and freshwater runoff, 
however, is high, varying form 7.6 km3

 (1977) to 65 km3
 (1983). Therefore, freshwater inflow 

and spatial salinity gradients vary seasonally, marked primarily by wet winters and dry summers 
(Cloern & Jassby 2012). Similarly, water temperatures and clarity vary spatially and seasonally, 
with temperatures varying by more than 20 ºC and water clarity varying from cm to several 
meters in Secchi Depth. Native species, such as Delta Smelt, have evolved to cope with these 
dynamic physical attributes; however, anthropogenic alterations to the hydrograph and local 
climate are increasingly compressing the quality and quantity of habitats available to native 
species (Cloern et al. 2011). For example, as the estuary continues to warm, thermal stress is 
likely to increasingly impact the population dynamics of sensitive species (Brown et al. 2016). 
Reductions in freshwater outflow due to diversions, combined with sea level rise due to climate 
change, are likely to push salinity gradients further inland, reducing the amount of low-salinity 
habitat, and further exacerbating warming trends (Nobriga et al. 2008, Feyrer et al. 2011, Brown 
et al. 2016). Continuing increases in water clarity due to sediment capture by dams and 
expanding aquatic vegetation, as well as changes in weather patterns, are also likely to impact 
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turbidity-seeking species such as Delta Smelt (Hestir et al. 2016, Bever et al. 2018). Improved 
understandings of relationships between species and environmental conditions can yield better 
predictions about the likely impacts of future environmental change, as well as the responses of 
species to specific water management and conservation actions. 
 
Sample Collection and Processing 

 
We used a long-term archive of wild Delta Smelt otoliths to explore variation in growth 

rate in relation to the region and environmental conditions at capture. Wild Delta Smelt of 51.2 ± 
6.8 mm (mean ± s.d.) fork length were collected throughout their range during August-
November of 2011-2019 (Fig. 1, Table 1) by several long-term monitoring programs and special 
studies conducted by the California Department of Fish and Wildlife (CDFW) and US Fish and 
Wildlife Service (Supplement 1, Table S1). This time period and life stage were selected because 
they represent a critical period in the life cycle of this fish, when environmental variation is 
likely to influence vital rates such as individual growth, fecundity, and subsequent population 
growth (Rose et al. 2013b), and when management actions (e.g., flow augmentation) have been 
focused to improve environmental conditions to help restore the Delta Smelt population. During 
surveys, each fish was generally given a unique serial number upon capture, its fork-length 
measured to the nearest 1 mm, and its body preserved in either 95% ethanol or liquid nitrogen. If 
a field fork-length could not be identified, it was estimated using standard conversion equations 
for ethanol or liquid nitrogen-preserved specimens (Supplement 1). 

Water quality parameters, including temperature (°C), practical salinity (calculated from 
specific conductance in µS/m), and Secchi depth (m) were measured during each collection 
event using standard practices. Temperature and specific conductance were measured by each 
survey using boat-deployed sondes (e.g., YSI Pro30 by YSI Inc. or a CTD by Sea-Bird 
Scientific), and salinity was calculated from specific conductance using standard equations for 
low (0-2) and high (2-42) practical salinity values (Lewis & Perkin 1981, Hill et al. 1986). Water 
transparency (clarity, in cm) was measured using a standard 20 cm Secchi disk. Measurements at 
capture were assumed to represent an approximation of the recent local environmental conditions 
experienced by each fish. Due to the rarity of this critically endangered fish and the fact that 
samples were archived across multiple independent surveys, archived specimens were often 
distributed unevenly in space and time, thus limiting our ability to account for fine-scale 
variation among years, months, and regions (Table 1, Supplement 2). However, specimens were 
collected across broad regions and gradients in environmental conditions, providing an 
opportunity to examine how vital rates, such as growth, vary regionally and in relation to the 
physical environment (Table 1). 

 
Otolith Preparation 

 
Otolith preparation and analysis followed standard protocols previously described for 

Delta Smelt (Hobbs et al. 2007, 2019). Sagittal otoliths (Fig. 2a) were dissected from fish and 
stored dry in tissue culture trays or in 95% ethanol in 1 ml polypropylene tubes. Before 
mounting, dry otoliths were soaked in 95% ethanol for up to 24 hours, and adherent tissue was 
removed from all otoliths. Otoliths were then air dried and mounted onto glass slides with 
Crystal Bond® thermoplastic resin in the sagittal plane. Each otolith was sanded to the core on 
both sides with 1,200 grit wet-dry sandpaper and polished with 0.3-µm alumina on a polishing 



(1) 

G = log10 (~ Lf Yi) (2) 
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wheel (MTI Corp). Otoliths were imaged at 200x magnification using a 10-Megapixel AM 
Scope digital microscope camera attached to an Olympus CH30 compound microscope. Multiple 
images of each otolith were merged into a single composite image using Adobe Photoshop (ver. 
21.1.1) and an aging transect was drawn from the core to the dorsal edge at approximately 90° to 
the rostral-postrostral axis of the otolith (Fig. 2a-b). 

Analysis of Otolith Microstructures 

Daily increments were annotated along the dorsal lobe ( core to edge) of each composite 
otolith image using lmage-J 4.0 (United States National Institutes of Health; 
https://imagej .nih.gov/ij/) (Fig. 2b). The total number of increments represented each specimen 
age (in days) and increment widths, converted from pixels to microns using a stage micrometer, 
represented the daily otolith growth rate (in µm/day). Prior to analysis, image quality at the 
dorsal edge of each otolith (Fig. 2c) was scored from 1 to 3, with 1 being highest quality, and 
images with the lowest-quality edges (3) were excluded from analysis. Multiple increment 
profiles were generated for each otolith by two or more independent analysts, and the inter
operator precision was evaluated for each sample using the average coefficient of variation 
(ACV) (Welch et al. 1993, Herbst & Marsden 2011 ). If consensus (ACV < 10%) was not 
achieved for all age readings, the estimate furthest from the mean was discarded and ACV was 
recalculated until consensus was achieved among a minimum of 2 reads, or the sample was 
excluded from analysis. ACV was evaluated similarly for edge distance of the last 14 days of 
growth. Following all QAQC procedures, the final dataset included otoliths from a total of 459 
Delta Smelt (Table 1, Supplement 1 ). 

Growth Rate 

Recent growth rate was quantified for each specimen using the widths of the last 14 daily 
increments accreted prior to capture. The 14-day interval was chosen as a compromise to 
maximize both the precision of growth estimates and their temporal proximity to environmental 
measurements (Fig. S2) (Baltz et al. 1998). Daily otolith growth rates (µmid) were converted into 
somatic growth rates (mm/d) using the Biological Intercept Model (BIM, eqn. 1) 

where La is the back-calculated length of the fish at age a, Oa is the otolith size at age a, Le and 
Oc are the size of the fish and otolith at capture, respectively, and Li and Oi are the size of the 
fish and otolith at the biological intercept, respectively (Campana 1990, Campana & Jones 1992, 
Hobbs et al. 2007). This method assumes consistent proportionality in the otolith-somatic size 
relationship over the size range of fish examined, which has been confirmed for Delta Smelt in 
contemporary validation studies (Xieu et al. in prep). Recent growth rate (G) of a given fish was 
calculated as the log10-transformed mean somatic growth rate: 

where y; is the somatic growth rate (mm/d) for day i and n is the number of days included in the 
growth interval (n = 14). The log10 transformation was used to meet model assumptions. 
Adjusted growth rates (Ga) were estimated using the residuals of the intrinsic model (see 
Statistical Analyses). 
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Statistical Analyses 

 
We used generalized additive models (GAMs) to quantify how Delta Smelt growth rates 

varied in relation to intrinsic and extrinsic factors. GAMs were preferred over linear models 
because they are more flexible for describing complex non-linear relationships between response 
and predictor variables (Wood 2017). Intrinsic factors included prior growth and daily age, 
which accounted for inherent individual and ontogenetic variation in growth rates. Extrinsic 
factors included region, year, temperature, salinity, and clarity; together, representing many of 
the spatial, temporal, and environmental factors over which growth rates are likely to vary. 
Water quality attributes were transformed to limit leverage and improve model performance, and 
correlations among each transformed metric were examined to assess collinearity among 
predictors. Density plots of water quality attributes were used to identify and exclude outlying 
values that were too sparse to yield confident predictions.  

All GAMs were constructed using a Gaussian distribution, identity link function, thin-
plate regression spline, and restricted maximum likelihood (REML) to estimate smooth 
parameters in the mgcv package (Wood 2017) in R version 3.6.3. Model complexity was limited 
to a basis dimension of k = 4 for main effects or k  = 3 for interactions to limit over-smoothing 
and maintain generalizability (Grimaldo et al. 2017). Interactive effects of environmental 
conditions on growth rates were modeled using tensor product smooths (ti in mgcv). Growth 
responses were examined by plotting partial residual smooths for each of the variables in the 
model (2-D plots) and their interactions (3-D plots), and model assumptions were assessed using 
the gam.check and concurvity functions in mgcv.  

 
Intrinsic Models 

Growth rates were first modeled as individual and combined functions of two intrinsic 
factors, age-at-capture (hereon “age”) and prior (larval) growth rate (0-30 dph), that often 
explain significant variation in the growth rates of young fishes (Hinrichsen et al. 2010, 
Schismenou et al. 2014, 2016). For example, intrinsic models account for the inherent 
dependence structure of otolith increments with age (ontogenetic effect) and previous growth 
rates (e.g., individual variation or increment autocorrelation) (Morrongiello & Thresher 2015, 
Barrow et al. 2018). Adjusted growth rate (Ga) for each fish was calculated as the residual 
variation in growth after accounting for the selected intrinsic model (Shima & Swearer 2019).  
 
Extrinsic Growth Models 

Several extrinsic models were constructed to examine how growth rates (Ga) of Delta 
Smelt vary as functions of the individual and interactive effects of ambient physical 
environmental conditions (i.e., water temperature, salinity, and clarity), aggregated regions (West 
Delta-WD, Central Delta-CD, North Delta-ND, and South Delta-SD, see Table 1) and among 
years (2011-2019). First, a series of hierarchical “environment-only” models were constructed, 
which included temperature, salinity, and clarity as fixed additive and interactive smooth factors, 
with parameters selected using a maximum likelihood (method = ‘ml’) estimator. Models were 
compared using the dredge function from the MuMIn package in R (Bartoń 2019), with model 
criteria (estimated degrees of freedom-EDF, coefficient of determination-R2, and corrected 
Akaike Information Criterion-AICc) used to select the preferred model that was logical, 
parsimonious, and provided a relatively good fit to the data (Pedersen et al. 2019). These 
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environment-only models were constructed under the simplifying assumption that any variation 
observed in growth rate was related to variation in the observed physical environmental 
conditions, independent of other spatiotemporal variation (e.g., years and regions) or 
environmental conditions (e.g., prey abundance, toxins, etc.) that could influence growth.  

Other unmeasured environmental conditions (e.g., prey abundance, etc.), however, may 
have also varied in time and space and influenced the observed growth patterns. To assess 
potential spatial variation in growth rates, we constructed a generalized additive mixed effects 
model (GAMM), the “global-regional model,” which included strata that were aggregated into 
regions as parametric fixed effects, year as a random smooth effect (bs = “re”), as well as the 
main effects of temperature, salinity, and clarity, each modeled as a fixed smooth effect. By 
including region as a fixed effect and year as a random effect in this, we aimed to test for 
evidence of significant spatial variation in growth while controlling for the main fixed effects of 
environmental conditions and random interannual variation (Pedersen et al. 2019). Since regions 
exhibited evidence of different growth responses given global environmental smooths, but also 
varied greatly in the ranges of each environmental metric (especially salinity, see Results), as 
well as variation in the respective years with available Delta Smelt specimens, growth rate was 
also modeled separately for each region as a function of the environmental variables and random 
effect of year, the “region-specific models,” thus allowing us to assess region-specific responses 
in Ga to environmental conditions, without assuming global smooth functions or equivalent 
ranges for each environmental metric (as in previous models).  

 
RESULTS 

 
Intrinsic Growth Model 

 
Intrinsic models varied in complexity with 1-7 estimated degrees of freedom (Fig. 3A), 

explaining 20-60% of the variation in growth. Age alone (χ2 = 442.3, df = 3.03, p < 0.001) 
explained greater than 60% (R2 = 0.61) of the variation in log-transformed Delta Smelt growth 
rates (G). Prior growth (R2 = 0.18) and its additive (R2 = 0.63) and interactive (R2 = 0.64) effects 
with age contributed little to the fit of intrinsic growth models (Fig. 3B), indicating that marginal 
growth rates were largely independent of early growth history. Though additive and interactive 
intrinsic models explained 2-3% more variance than age alone, the complexity (EDF) of these 
models was considerably higher, resulting in similar AIC values (Fig. 3C); therefore, the age 
intrinsic model was selected as the most parsimonious model for describing intrinsic drivers of 
Delta Smelt growth rates (Fig. 3D-F).  
 
 
Environmental Attributes 

 
Archived wild Delta Smelt specimens used in this study were collected across broad 

ranges of environmental conditions that varied in both space and time (Fig. 4). Water 
temperatures ranged from 12.5-23.9, practical salinity ranged from 0.06-6.38, and clarity ranged 
from 0.16-0.67 m Secchi depth. Since distributions of temperature and salinity were left- and 
right- skewed, respectively, each was transformed (temperature-cubic, salinity-log) to improve 
model performance and reduce leverage of clustered values. Transformed water quality metrics 
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associated with Delta Smelt collections were largely uncorrelated, thus allowing us to examine 
the individual and combined effects of each metric (Fig. 4d-f, Table 2).  
 
Extrinsic Growth Models: ‘Environment-Only’ Model 

 
Extrinsic abiotic habitat attributes (temperature, salinity, clarity) in the environment-only 

models explained up to 20% of the variance in adjusted growth rates (Fig. 5, Fig. S2 in 
Supplement 3). Though models including the three-way interaction resulted in a lower AICc and 
higher R2, the limited sample size and dispersion across all three dimensions, and high (> 0.9) 
concurvity for many terms suggested this model was likely over-fit. Therefore, we selected the 
tsc interactive model with each of the two-way interactions (tsc*, Model 18), which was similar 
in all evaluation criteria to Models 12 and 15, yet allowed for visualization of interactive effects 
on growth for each pair of predictor variables (Fig. 5, Table 3). The tsc* model explained 16% of 
the variance in Ga and was significantly different from the null model (χ2 = 281.8, df = 14.13, p < 
0.001, Table 3). Overall, Ga declined with increasing temperatures above approximately 20 ºC, 
(p < 0.001, Fig. 5D), increased with practical salinity values of 0.1-6 (p = 0.007, Fig. 5E), and 
exhibited a non-significant decreasing trend with water clarity (p = 0.217, Fig. 5F, Table 3). A 
significant temperature-clarity interaction (p = 0.005, Table 3) indicated that growth rates were 
highest in turbid-cool, clear-cool, and even turbid-warm conditions, but lowest in clear-warm 
environments (Fig. 5G). Other interactions were not significant (p > 0.05). 
 
 Extrinsic Growth Models: ‘Global-Regional’ Model 
 

Qualitative exploration of spatial and temporal variation in growth indicated that, overall, 
growth appeared to vary more within years and regions than among years and regions, though 
some trends were worth noting (Table 1, Fig. S1 in Supplement 2). Annual patterns in growth 
indicated a potential decline in growth rates during warm drought conditions from 2013-2016, 
and recovery following several wet years in 2017-2019. In 2012, growth was generally higher in 
the western portion of the Delta Smelt range (i.e., Lower Sacramento River and Suisun 
Bay/Marsh) than in the North Delta. In Suisun Bay/Marsh and the Lower Sacramento River, 
growth was higher in 2012 vs. 2017. There were a few fish collected from the Upper Sacramento 
River in 2015 (during the warmest drought period), many of which exhibited low growth rates. 
Conversely, a few fish were collected in the Far Western region in 2011, many of which 
exhibited high growth rates.  

The “global-regional” model (Fig. 6, Table 4), which accounted for environmental, 
interannual, and spatial effects, accounted for 30.0% of the variance in Ga (χ2 = 168.0, df = 15.4, 
p < 0.001, Table 4) and indicated a significant positive effect of salinity on Delta Smelt growth 
(p = 0.049, Fig. 6C), whereas the effects of temperature, salinity, and region did not contribute 
significantly to the model (p > 0.05). In contrast, removing the random year term from the model 
resulted in model that explained 12% of the variance in Ga (χ2 = 59.5, df = 7.2, p < 0.001, Table 
4) and included significant region and temperature effects (Fig. 6E,F). For this model, Delta 
Smelt captured in the West Delta and Central Delta exhibited higher growth rates than those 
captured in the North Delta (p = 0.001, Fig. 6A) and reduced growth at higher temperatures. The 
contrasting results of these two models (with and without the random year term) indicated a 
significant negative effect of temperature that partially co-varied among years, as well as a 
positive effect of salinity that largely co-varied among regions (Fig. S1 in Supplement 2). 
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Extrinsic Growth Models: ‘Region-specific’ Models 

 
As demonstrated previously, Ga of Delta Smelt varied among regions when also 

incorporating global environmental smooths and random year effects across the full dataset (Fig. 
6, Table 4). The subset of years and ranges of environmental conditions corresponding with the 
sample set, however, also varied among regions (Table 1, Fig. S1 in Supplement 2). For 
example, Delta Smelt were not captured in all regions in all years (Table 1), thus the number of 
years with specimens for each region were 8, 9, and 5 for ND, CD, and WD, respectively. 
Furthermore, the ranges of each environmental metric from which Delta Smelt were captured 
also varied among regions; most notably practical salinity, where Delta Smelt from the ND were 
mostly captured in waters at values < 0.5 and the CD at values < 4, whereas fish from the WD 
were captured in the full range of salinities in the dataset, from values of 0.1-6.4 (Fig. S1G in 
Supplement 2). Temperatures were generally warmer for fishes captured in the ND and clarity 
was generally higher in the CD; however, the ranges of these metrics exhibited more overlap 
among regions than salinity (Fig, S1F,H in Supplement 2).  

Due to the potential effects of this region-specific variation, we fit separate region-
specific GAMs that examined Ga as a function of the additive smooth effects of the physical 
environmental attributes (temperature, salinity, and clarity), and the random effect of year (2011-
2019), thus allowing us to assess region-specific and year-independent responses of Ga to 
environmental variation without assuming global smooth functions or similar ranges for each 
environmental attribute across regions. Models for all three regions were significantly different 
from the null (p < 0.001) and accounted for 20-45% of the variance in growth (Ga) (Table 5). In 
the Central Delta, Ga declined significantly at temperatures above 20 ºC (Fig. 7D) and increased 
linearly with increasing salinity values from 0.1-6 (Fig. 7E), while exhibiting no significant 
effects of clarity (Fig 7C). In contrast to the Central Delta, the North and West Delta exhibited 
only significant interannual variation in growth, with no significant effects of the environmental 
metrics (Fig. 7A-C).  
 
DISCUSSION    

 
Growth is a key vital rate of fishes. It can, therefore, serve as an integrated proxy for the 

effects of environmental variation on both individual fitness and subsequent population 
dynamics (Hjort 1914, Houde 1989, 2008, Rose et al. 2013a). In Delta Smelt, poor growth likely 
leads to higher mortality rates, delayed maturity, reduced size at maturity, fewer batches of eggs, 
and reduced total fecundity and population growth (Bennett 2005, Rose et al. 2013b a, Damon et 
al. 2016). Here, we utilized a long-term archive of wild Delta Smelt otoliths to assess how 
growth rates of this critically endangered fish vary ontogenetically and in relation to in situ 
environmental conditions experienced at capture. Results from the environment-only model 
indicated that temperature, salinity, and clarity each can explain a significant fraction of the age-
independent variation in growth rates. Growth rate declined rapidly as temperatures exceeded 20 
ºC, increased linearly with practical salinity values of 0.1-4, and exhibited a complex 
temperature-dependent response to clarity (at Secchi depths of 0.2-0.7 m). Results of a spatially 
explicit global model indicated that growth rates were highest in the West Delta and lowest in the 
North Delta, while region-specific models indicated distinct patterns among regions in growth-
environment relationships.  
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These results suggest that the vital rates of wild Delta Smelt may be suppressed at even 
lower temperatures than previously described (Feyrer et al. 2007, Nobriga et al. 2008, 
Komoroske et al. 2014, 2015, Brown et al. 2016, Jeffries et al. 2016), and that increasing water 
clarity (Hestir et al. 2016, Bever et al. 2018) is likely to further exacerbate the negative effects of 
current and future warming on the wild population. All individuals were captured at suitable, 
non-stressful salinities (Hasenbein et al. 2013, Komoroske et al. 2016), thus the general increase 
in growth rates in downstream, low-salinity brackish habitats support a biological-trophic 
mechanism, such as enhanced foraging success (Hammock et al. 2015, 2017, 2019), for 
downstream migration. Such otolith-based growth reconstructions can provide a first direct look 
at how the vital rates of wild populations of fishes respond to environmental variation, and how 
future changes, natural or anthropogenic, are likely to affect population dynamics. 
 
Intrinsic Effects   

 
 We first assessed and controlled for a dominant intrinsic ontogenetic pattern in growth 

rate, which is a critical initial step in assessing variation in daily growth rates of young fishes 
(Weisberg et al. 2010, Morrongiello et al. 2015, Barrow et al. 2018, Shima & Swearer 2019). 
Using a 2-step modelling approach (Morrongiello & Thresher 2015, Shima & Swearer 2019), we 
were able to partition the variance between intrinsic ontogenetic and extrinsic abiotic 
environmental and regional factors to assess relationships between environmental conditions and 
age-independent growth rates of wild Delta Smelt. Approximately 60% of the variation in 
growth rates was explained by age, alone, with growth rates ranging from 0.1-0.6 mm/d, 
decreasing rapidly with daily age from 50 to 200 dph. Inclusion of prior growth rates did not 
improve the intrinsic growth models, suggesting that the age-specific pattern in growth was 
largely independent of an individual’s prior growth history. Though age-specific growth rates are 
often correlated with an individual’s prior growth history (e.g., for inherently fast and slow 
growing fish), variation in daily growth can exhibit little correlation with prior growth if 
separated by longer time intervals (Hinrichsen et al. 2010, Schismenou et al. 2014, 2016), likely 
explaining why the 14-d recent growth interval did not exhibit autocorrelation with prior larval 
growth. 

 
Extrinsic Effects: Temperature   

 
Otolith-based reconstructions of growth rates for wild Delta Smelt indicated that growth 

declined rapidly as temperatures increased to over 20 °C (Fig. 5D), especially in the Lower 
Sacramento River (Fig. 7D). In ectothermic fishes, growth rate is typically strongly and 
positively correlated with water temperature due to the kinetic effects of temperature on 
metabolism. Both growth and metabolism increase with temperature until a maximum growth 
rate is reached, after which, growth rate is suppressed due to thermal stress or metabolic 
imbalance between energy expense and consumption (Brett & Groves 1979, Pörtner & Peck 
2010, Schismenou et al. 2016).  

We did not observe a positive response in growth as temperature increased from 13-20 
°C. Instead, growth rate remained relatively high and stable up until approximately 20 °C, after 
which, growth declined rapidly with increasing temperature. These results suggest that wild adult 
Delta Smelt may grow best in cooler waters and exhibit suppressed growth at temperatures above 
20 °C, either due to physiological limits or other interacting environmental conditions. This 
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observed decline in growth may indicate that wild Delta Smelt are chronically stressed 
throughout much of the upper SFE during the warmest summer-fall conditions, especially in the 
Lower Sacramento River. For example, rapid warming of the upper SFE during the 2014-2015 
drought likely reduced growth rates, survival, and shortened the maturation window of Delta 
Smelt, possibly explaining the low abundances observed during these warmer years.  

Delta Smelt have been captured in trawl surveys at temperatures as high as 27 °C in the 
summer, however most subadult fish are observed at temperatures below 22-24 °C (Bennett 
2005, Komoroske et al. 2014). Such catch data, combined with environmental covariates, have 
been used to describe habitat suitability for Delta Smelt, suggesting that temperatures below 24-
25 °C are generally suitable (Feyrer et al. 2007). Nobriga et al. (2008), however, indicated that 
temperature during summer was “the poorest predictor of Delta Smelt distribution” in the wild, 
though this was due in part to the limited, high temperature ranges (mostly  > º20 C) observed in 
July and a likely non-linear decline in predicted capture probabilities at approximately 25 °C that 
was not captured well by the model. Though informative, such habitat suitability models based 
on occupancy may not reflect the population-level effects of exposure to specific environmental 
conditions (Neubauer & Andersen 2019). For example, the presence of fish in waters with 
temperatures above 25 °C does not indicate that conditions are favorable, as it is possible that 
such fish were trapped in unsuitable conditions that negatively impacted their growth, survival, 
and future reproductive output. Physiological impairment could decrease swimming activity or 
net avoidance, thus making fish easier to capture in more stressful conditions. Thus, high catches 
in suboptimal conditions could obscure important patterns in physiological condition. To 
complement inferences from occupancy models, additional studies are needed to describe the 
physiological limits most likely to influence population dynamics. 

Laboratory studies using cultured fish have examined a variety of behavioral and 
metabolic responses to acute lethal and sublethal levels of thermal stress. Such experiments have 
demonstrated a critical thermal maximum (CTmax) of 25-30 °C for cultured Delta Smelt 
(Swanson et al. 2000, Komoroske et al. 2014). In contrast, sublethal responses in behavior and 
gene expression have been consistently observed at temperatures of 23-25 °C (Komoroske et al. 
2015, Jeffries et al. 2016, 2018). The results of these laboratory studies corroborated prior field 
occupancy models, each suggesting that physiological limits constrain optimal Delta Smelt 
habitat to < 25°C in the wild (Feyrer et al. 2007, Nobriga et al. 2008), with adults being more 
sensitive than juvenile life stages (Komoroske et al. 2014). As observed in field studies (Bennett 
2005), nearly all Delta Smelt included in our study were observed at < 22°C , which is slightly 
cooler than the sublethal thresholds (23-25 ºC) identified in laboratory experiments using 
cultured fish.  

Though growth rates began to decline at just 20 ºC in the environment-only model (Fig. 
5D), fish captured in waters > 22°C exhibited the greatest reductions in growth, and the thermal 
inflection in the Central Delta region-specific model suggested a slightly higher threshold (e.g., 
21 ºC, Fig. 7D). Though few laboratory studies have examined physiological thermal thresholds 
below 20 ºC, an increase in disease (ich) susceptibility in a laboratory setting was observed at 18 
ºC relative to fish reared at 16 ºC (Frank et al. 2017), and growth rates of cultured fish were 
highest at 20 ºC, with lower growth rates at both lower (16 ºC) and higher (23 ºC) temperatures. 
These results suggest that a lower thermal threshold for growth may be linked to mechanisms 
other than commonly measured physiological traits.  In sum, our results using otolith-based 
growth rates of wild fish corroborate previous laboratory and field occupancy studies, each 
indicating that Delta Smelt commonly experience stressful thermal conditions in situ that are 
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likely to impact fitness and population dynamics. Our results also suggest that growth rates of 
wild Delta Smelt may be suppressed at temperatures below commonly used thresholds 
established using field occupancy models and physiology experiments with cultured specimens. 
 
Extrinsic Effects: Salinity   

 
Delta Smelt are euryhaline, and thus can tolerate short-term exposures to the full range of 

salinities from 0-32 ppt, and exhibit little evidence of physiological stress at practical salinity 
values < 15 (Swanson et al. 2000, Nobriga et al. 2008, Hasenbein et al. 2013, Komoroske et al. 
2016, Hammock et al. 2017). At practical salinities > 15, however, Delta Smelt exhibit 
significant molecular and physiological impairment, suggesting that prolonged exposure at 
higher salinities would be energetically detrimental, likely leading to reduced growth rates and 
other measures of fitness (Hasenbein et al. 2013, Komoroske et al. 2016). This likely limits the 
range of Delta Smelt to lower salinities of the upper estuary. In the wild, however, relatively few 
wild fish are ever observed at practical salinities > 6, suggesting that Delta Smelt avoid even 
lower salinities than those predicted by laboratory studies examining physiological responses to 
salinity (Kimmerer 2002, Bennett 2005, Komoroske et al. 2016). 

In our study, all specimens were captured at practical salinities of 0.1-6.5 (Fig. S1 in 
Supplement 2). This range lies well-within the “suitable” range for Delta Smelt described above. 
Growth rates in the environment-only model exhibited a positive, significant relationship with 
salinity (Fig. 5D). This result corroborated prior studies indicating that foraging success in 
downstream low-salinity brackish habitats is higher than in upstream freshwater habitats 
(Hammock et al. 2017). Together, these results indicate that enhanced foraging by Delta Smelt in 
low-salinity brackish habitats also confers a measurable and significant increase in individual 
growth rates. This joint variation in feeding and growth may therefore be a mechanism selecting 
for the downstream migration of many juvenile-subadult Delta Smelt from fresh to low-salinity 
brackish habitats (Hammock et al. 2017, Hobbs et al. 2019). Similarly, by including region as a 
parametric fixed term in the global-regional model, results indicated that growth was highest in 
the West and Central Delta and lowest in the North Delta (Fig. 6A), also suggesting that growth 
rates of Delta Smelt are maximized further downstream, where higher foraging success is 
correlated with low-salinity brackish habitats (Hammock et al. 2017, 2019). Since salinity varied 
strongly with region (Fig. S1 in Supplement 2), however, a significant salinity effect was not 
detected in the global-regional model.  

In contrast to the positive salinity-growth relationship in the environment-only model, 
region-specific models indicated different salinity effects (Fig. 7, Table 5). In the North Delta, 
growth rates were generally low and practical salinity values only varied from 0.1-0.5, thus no 
region-specific effects of salinity were observed (Fig. 7a). In addition to higher foraging success 
downstream, there is also evidence that higher exposure to contaminants in upstream habitats 
may also result in poorer fitness (Hammock et al. 2015). In the Central Delta, where most fish 
were sampled, growth rate exhibited similar patterns as the environment-only model, increasing 
with practical salinity values of 0.1 to 4 (Fig. 7b). In the West Delta, however, where salinity was 
highest and most variable, growth rates did not vary significantly with environmental conditions 
(Fig. 7c), possibly due to the lower sample size and the presence of most fish in downstream 
habitats only in high-flow years (year effects). It is also possible that finer-scale interactions with 
other habitat features (e.g., tidal marshes) that influence foraging and growth (Hammock et al. 
2019) could complicate such analyses. Future observational and experimental studies examining 
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differences in growth rates among habitat types within the West Delta are needed to shed further 
light on such habitat-environment interactions. 
 
Extrinsic Effects: Clarity  

 
Turbid conditions can enhance growth and survival of fishes by reducing predation risk 

and enhancing foraging success (Moore & Moore 1976, Rypel et al. 2007). In the wild, Delta 
Smelt occurrence is positively correlated with higher turbidity (Feyrer et al. 2007, 2011, Nobriga 
et al. 2008), and in laboratory studies of larval Delta Smelt, foraging activity and success are 
maximized in low-light or highly turbid (e.g., 18-80 NTU) conditions (Lindberg et al. 2013, 
Komoroske et al. 2016, Tigan et al. 2020). Turbidity per se may have less of an effect on 
foraging by adult Delta Smelt, and at very high turbidities (e.g., 125-250 NTU), foraging success 
may be reduced for adult Delta Smelt (Hasenbein et al. 2013). The non-significant main effect of 
water clarity in the environment-only, global-regional, and region-specific model appears to 
support this previous result. 

Growth rates of wild Delta Smelt, however, appeared to respond to a significant 
interactive effect of water clarity and temperature, with individuals exhibiting stable growth rates 
when captured in more turbid conditions (e.g., Secchi depths < 0.2 m), even when water 
temperatures were high (Fig. 5F,G). In contrast, wild Delta Smelt exhibited the strongest decline 
in growth rate with temperature in clearer waters with higher Secchi depths. This significant 
temperature-clarity interaction suggests that enhanced foraging or reduced energetic costs (e.g., 
due to reduced predation risk or higher prey availability) in turbid conditions may help facilitate 
growth compensation during periods of thermal stress, as has been shown for other temperate 
fishes (Lusardi et al. 2019). If so, this may explain, in part, the ability of some freshwater 
resident Delta Smelt to survive otherwise thermally stressful conditions during warm summer 
conditions (Mahardja et al. 2019, Hobbs et al. 2019).  

 
Statistical Considerations 

 
Catches of this critically endangered species are rare and patchy in the wild, thus, 

samples were often unbalanced in time, space, and in relation to environmental variation. For 
this reason, we constructed multiple models to examine specific patterns in the data given 
varying assumptions. Since Delta Smelt are not known to school, individuals were assumed to 
have been dispersed within regions with similar environmental conditions for the last 14 days 
prior to capture and were thus treated as independent to maximize the information provided by 
each fish. It is possible, however, that individual fish experienced different recent environmental 
histories, thus limiting the relevance of the measured environmental data to each individual; or to 
the contrary, that tow-specific variation may have resulted in a lack of independence among 
individuals for reasons other than similarity in environmental histories. Next, samples were 
distributed unevenly among years, subregions, regions, and environmental conditions. For 
example, most specimens were from just three subregions including the Lower Sacramento 
River, Suisun Bay and Marsh, and the Cache Slough and Liberty Island complex. Therefore, 
smaller strata were aggregated up into regions, possibly obscuring finer-scale subregional 
patterns (e.g., Suisun Marsh versus Suisun Bay). Furthermore, most Delta Smelt captured 
furthest downstream in the West Delta region were primarily collected following the wettest 
years (e.g., 2011-2012, 2017) with highest freshwater outflows that dispersed fish and low-
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salinity habitats further downstream. Similarly, salinity was spatially structured, with specimens 
from the North Delta having only experienced freshwater conditions, whereas specimens from 
Lower Sacramento River experienced both fresh and low salinity values, and specimens from the 
West Delta experienced an even broader range of salinity values.  

Our modeling approach included (a) an environmental-only model, (b) a global-regional 
mixed effects model, and (c) separate region-specific mixed effects models, allowing us to 
examine how inferences regarding growth responses to environmental and spatiotemporal 
variation might change given different modeling assumptions. Though hierarchical factor-
smooth models can be informative for these types of questions (Pedersen et al. 2019), we chose 
this modeling approach as the most conservative way to account for the nuances described 
above. Environment-only models assumed that environmental drivers, alone, explained the 
variation observed in growth rates, while ignoring temporal and spatial structure in the data. In 
contrast, the global-regional model assumed all environmental smooths were identical among 
regions, and that only the intercepts were affected by region and the global random effect of 
year. Region-specific models accounted for interannual variation and had the fewest 
assumptions, but also the smallest samples sizes and lowest power to estimate environmental and 
interannual effects. The use of multiple models allowed us to examine how growth varies in 
relation to the environmental attributes when accounting for different structures in the data, thus 
providing additional confidence in consistent patterns that emerge, and shining caution on results 
that appear less stable. We believe, therefore, that the conclusions reported herein are 
conservative, yet we also emphasize the importance of expanding upon this study, where 
feasible, to enhance statistical power and to better partition fine-scale spatiotemporal and 
environmental patterns in Delta Smelt growth rates. 

 
Management Implications 

 
Conservation efforts for Delta Smelt have largely focused on managing freshwater flows 

to maintain suitable low-salinity habitats further downstream during summer-fall. During this 
period, juvenile and subadult Delta Smelt often occur in low-salinity habitats (e.g., salinities of 
0.1-4 ppt) of the upper San Francisco Estuary (Moyle et al. 1992), and it is during this period that 
variation in vital rates, such as growth, are likely to have strong effects on future reproductive 
output and subsequent population growth rates (Rose et al. 2013b). Prior studies suggest that 
higher freshwater flows into the estuary during summer-fall could significantly improve the 
quantity and quality of low-salinity habitats for Delta Smelt by improving the abiotic 
environment (Feyrer et al. 2007, 2011) and increasing food availability (Miller et al. 2012). For 
example, the highest-quality summer-fall habitats for Delta Smelt are believed to occur near the 
2-ppt isohaline (“X2”), with both the quantity and quality of low-salinity habitats further 
enhanced when X2 is geographically located westward (e.g., < river kilometer 81) toward Suisun 
Bay-Marsh (Moyle et al. 1992, Jassby et al. 1995, Kimmerer 2002, Dege & Brown 2004). Field 
studies linking the vital rates of wild Delta Smelt to dynamic and static habitat features are 
needed to explore these hypotheses and the mechanisms likely to confer the theorized benefits of 
specific freshwater flow management actions. 

The patterns in otolith-based growth rates of Delta Smelt described herein shed additional 
light on the responses of this species to environmental and geographic habitat attributes, thus 
improving inferences regarding likely responses to different management actions. Environment-
only models indicated that Delta Smelt grow faster in low-salinity brackish versus freshwater 
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habitats, corroborating previous observations of enhanced foraging by individuals captured 
further downstream (Hammock et al. 2017). Global-regional models indicated that geographic 
patterns matched the above predictions, with Delta Smelt growing slowest in upstream 
freshwater habitats of the North Delta, and fastest in the saltier downstream habitats of the 
Central and West Delta. Though growth rates increased with practical salinity in the Central 
Delta, this pattern was not evident in the West Delta region-specific model, possibly due to its 
lower sample size. In aggregate, these results confirm that improved feeding and growth in 
downstream low-salinity habitats are likely key mechanisms selecting for a migratory life history 
in Delta Smelt (Hammock et al. 2017, Hobbs et al. 2019). Our results suggest that water 
management actions designed to enhance downstream dispersal and the extent and quality of 
low-salinity habitats in the summer-fall are likely to benefit Delta Smelt. 

 We did not, however, identify clear evidence for a unique effect of salinity on growth 
rates between the Central Delta and West Delta; therefore, our results do not provide clear 
evidence for or against a geographic location for X2 (e.g., relative to river km 81) that 
maximizes Delta Smelt growth. Nevertheless, our results further indicate that reductions in 
freshwater outflow due to droughts and diversions, especially combined with rising sea levels, 
increasing transparency, and continued warming due to climate change, are likely to exacerbate 
eastward intrusion of more saline waters, which is likely to further compress and degrade the 
remaining limited habitats of  Delta Smelt (Feyrer et al. 2011, Hasenbein et al. 2013, Brown et 
al. 2016, Komoroske et al. 2016). Specifically, our results suggest that such changes in the upper 
SFE are likely to negatively impact growth rates of Delta Smelt, which will likely correspond 
with reduced fitness and net reproductive output (Hjort 1914, Houde 1989, Cushing 1990, 
Leggett & Deblois 1994, Rose et al. 2013b). Our results, therefore, suggest that flow 
management actions that are designed to increase the extent of suitable low-salinity habitats 
(Kimmerer et al. 2009) and enhance downstream transport to higher-quality habitats are likely to 
benefit wild Delta Smelt. Several hypotheses regarding the benefits of such flow actions focus on 
associated increases in the intersection of dynamic low-salinity conditions with fixed geographic 
habitat features such as wetlands and marshes that occur further downstream (e.g. Suisun 
Marsh). Future otolith-based studies that examine the growth rates of fishes captured across these 
different fixed geographic features, while also controlling for intrinsic growth effects and 
dynamic environmental attributes such as salinity, could shed further light on the potential 
benefits of brackish wetland habitats and associated flow management actions for this species. 

We are still discovering new facets of the basic biology of Delta Smelt that have yet to be 
accounted for in life-cycle and population models, conservation efforts, and the captive breeding 
program (Hobbs et al. 2019). The presence of multiple life-history phenotypes including 
freshwater residents (FWR) suggests that year-round residence of Delta Smelt in freshwater 
habitats is likely an important mechanism for population resilience and stability (Nobriga et al. 
2008, Hobbs et al. 2019). However, our findings support previous studies suggesting that 
freshwater habitats are becoming increasingly unsuitable in summer-fall due to multiple factors, 
including thermal stress (Nobriga et al. 2008, Moyle et al. 2016, Hobbs et al. 2019). The likely 
loss of this life-history phenotype in the South Delta and its continuing decline in the North Delta 
are likely critical blows to population resilience that pushes Delta Smelt ever-closer toward 
extinction. This is especially true if growth is suppressed at temperatures above 20 ºC, and 
further still if this effect is exacerbated in clearer waters, as indicated in this study. FWR Delta 
Smelt may, however, compensate for reduced growth rates by avoiding the energetic costs and 
mortality risk associated with migrating upstream to freshwater spawning grounds. Furthermore, 
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since FWR Delta Smelt live adjacent to optimal spawning habitats and mature earlier (Hobbs et 
al. 2019), they may also compensate for reduced growth and size-at-spawning by producing a 
greater number of broods per spawning season (Damon et al. 2016). Comparative studies of the 
reproductive biology of different life history phenotypes would shed further light on their 
relative fitness and per capita contributions to Delta Smelt population dynamics. 

 
CONCLUSIONS 

Temperatures throughout the upper San Francisco Estuary are now commonly > 20 ºC 
during summer-fall in most years (Nobriga et al. 2008, Brown et al. 2016), possibly explaining 
the persistent decline of Delta Smelt despite several recent years of favorably high freshwater 
outflow. Whether this lower thermal threshold is due to greater thermal sensitivity of wild versus 
cultured Delta Smelt, other ambient habitat features that co-vary with temperature, or interactive 
effects of thermal stress with other stressors, remains to be explored. Though salinity and clarity 
exhibited more complex relationships with growth, our results corroborate others indicating that 
future increases in water clarity (Hestir et al. 2016, Bever et al. 2018) and landward intrusion of 
higher-salinity waters (Brown et al. 2016, Moyle et al. 2016, Komoroske et al. 2016), are likely 
to exacerbate the negative effects of future warming on Delta Smelt vital rates and population 
dynamics. Thus, future changes to the upper SFE environment are likely to increasingly limit the 
extent and quality of suitable habitats for Delta Smelt, while management actions have the 
potential to either mitigate or further exacerbate these imminent effects. Bold and creative 
actions for thermal mitigation, including flow actions that distribute low-salinity habitat, food, 
and fish to optimal, cooler downstream regions, as well as novel approaches for maintaining the 
thermal suitability of upstream freshwater habitats year-round, are likely needed if Delta Smelt 
are to remain in their Delta for much longer. 
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Table 1. Total Delta Smelt (N = 459) included in the study by year, region, and subregion 
(EDSM 2017 “Strata”). Regions and subregions are ordered from upstream (top) to downstream 
(bottom): ND-North Delta, SD-South Delta, CD-Central Delta, WD-West Delta (Fig. 1). 

 

Region 
 

Subregion Subreg_Code 20
11

 
20

12
 

20
13

 
20
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20
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20

16
 

20
17

 
20

18
 

20
19

 

Total 
ND  Cache Sl. and Liberty Is. CSLI 15 6 1 21 2 0 0 32 1 78 
ND  Sac. Deep Water Ship. Channel SDWSC 0 0 0 0 0 0 2 27 1 30 
CD  Lower Sacramento R. LSR 5 62 43 72 22 3 36 17 2 262 
CD  Lower San Joaquin R. LSJR 0 0 2 0 0 0 1 0 0 3 
WD  Suisun Bay and Marsh SBM 34 4 0 0 0 0 33 6 4 81 
WD  Carquinez Strait & San Pablo Bay CSSPB 5 0 0 0 0 0 0 0 0 5 

   Total 59 72 46 93 24 3 72 82 8 459 
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Table 2. Results of correlation analyses among pairs of the abiotic environmental attributes 
measured with each sample, including their respective transformations: temperature (cubic), 
salinity (log10), and Secchi depth (none). The Pearson’s correlation coefficient (r), t-statistic (t), 
degrees of freedom (df), and p-value (p) are provided for each correlation. All pairwise 
correlations were relatively weak (|r| = 0.04-0.07), and none were significant. 

 

Correlation r t df p   
Temperature-Salinity -0.03 -0.43 159 0.665   
Temperature-Secchi -0.07 -0.85 159 0.394   
Secchi-Salinity -0.05 -0.58 159 0.560   
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Table 3. Statistical results of the selected “environment-only” model (Model 18, tsc*) examining 
variation in age-independent growth rates (Ga) of wild Delta Smelt as the additive and 
interactive function of the physical environmental attributes measured at capture (t-temperature, 
s-salinity, c-clarity) (χ2 = 79.6, df = 15.6, R2 = 0.159, p < 0.001). Estimated degrees of freedom 
(EDF), referenced degrees of freedom (RDF), F-ratio (F), and p-values (P) are provided for each 
term in the model. Significant p-values (P < 0.05) for each coefficient and smooth term are in 
bold. Additional models are described and compared in Fig. S2 in Supplement 3. 

 

Factor EDF RDF F P R2 P2 
Temperature 1.86 2.24 10.46 <0.001 

0.159 <0.001 

Salinity 2.60 2.86 5.35 <0.001 
Clarity 2.29 2.63 1.79 0.217 
Temperature*Clarity 1.92 1.99 5.68 0.005 
Temperature*Salinity 1.00 1.00 0.04 0.844 
Clarity*Salinity 2.60 3.21 1.29 0.312 
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Table 4. Statistical results of the “global-regional” GAM examining variation in Ga as a function 
of the fixed parametric effect of region, additive smooth effects of temperature, salinity, and 
clarity; both with and without the random effect of year (Model).  The estimated coefficients 
(coefficient), standard error of the estimate (SE), t-statistic (t), and p-value (P1) are provided for 
each parametric term. Estimated degrees of freedom (EDF), referenced degrees of freedom 
(RDF), F-ratio (F), and p-values (P1) are provided for each smooth term in in the model. The 
overall R2 and p-value (P2) of each model are also provided. Significant p-values (P < 0.05) are 
shown in bold. 

 

Model Parametric Terms Coefficient SE t P1 R2 P2 
 + Year Intercept (WD) -0.031 0.026 -1.170 0.243 

0.30 < 0.001 

 CD 0.029 0.021 1.359 0.175 
 ND -0.006 0.023 -0.251 0.802 
 Smooth Terms EDF RDF F P1 
 Temperature 1.000 1.000 2.331 0.128 
 Salinity 2.226 2.593 3.896 0.028 
 Secchi 1.001 1.001 2.590 0.108 
 Year 7.014 8.000 14.273 <0.001 
        
 Model Parametric Terms Coefficient SE t P1 R2 P2 
 - Year  Intercept (WD) 0.024 0.015 1.623 0.105 

0.12 <0.001 

 CD -0.017 0.018 -0.943 0.346 

 ND -0.061 0.021 -2.947 0.003 

 Smooth Terms EDF RDF F P1 

 Temperature 1.002 1.004 17.382 <0.001 

 Salinity 2.576 2.863 2.026 0.084 

 Secchi 1.000 1.000 0.845 0.358 
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Table 5. Statistical results of separate “region-specific” GAMs examining variation in growth 
(Ga) as a function of the additive effects of physical environmental attributes (temperature, 
salinity, and clarity) and the random year effect. Significant p-values (p < 0.05) are in bold. are: 
ND – North Delta, CD – Central Delta, WD – West Delta. The estimated degrees of freedom 
(EDF), referenced degrees of freedom (RDF), F-ratio (F), and p-values (P1) are provided each 
term in each region-specific model, as well as the coefficient of determination (R2) and p-value 
(P2) for the overall model compared to the null model (Ga ~ 1) using a likelihood ratio test. 
Regions are as in Fig. 1 and Table 1. 

 

Region Factor EDF RDF F P1  R2 P2 

ND 

Temperature 1.465 1.784 0.461 0.644 

0.450 < 0.001 
Salinity 1.000 1.000 0.081 0.777 
Secchi 1.000 1.000 2.471 0.119 
Year 5.376 7.000 6.400 <0.001 

CD 

Temperature 2.565 2.851 3.880 0.011 

0.302 < 0.001 
Salinity 1.308 1.527 4.124 0.037 
Secchi 1.000 1.000 1.747 0.187 
Year 5.854 8.000 7.343 <0.001 

WD 

Temperature 1.043 1.082 1.608 0.191 

0.197 < 0.001 
Salinity 1.000 1.000 0.037 0.848 
Secchi 1.000 1.000 0.013 0.909 
Year 2.594 4.000 3.220 0.002 
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Figure 1. Map of the “upper” San Francisco Estuary. Polygons indicate subregions: CSSPB-
Carquinez Strait and San Pablo Bay, SBM – Suisun Bay and Marsh, LSR—Lower Sacramento 
River, LSJR—Lower San Joaquin River, CSLI—Cache Slough and Liberty Island, SDWSC—
Sacramento Deep Water Shipping Channel, USR—Upper Sacramento River, SD—South Delta. 
Strata of similar shades represent broader regions: West Delta (WD), Central Delta (CD), North 
Delta (ND), and South Delta (SD) (Table 1). All specimens included in this study were collected 
in the WD, CD, and ND regions of the SFE (orange circles). Subregions adapted from the EDSM 
2017 Survey “strata” (Supplement 1). Delta Smelt artwork by Adi Khen. 
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Figure 2. Otolith of a 215 day-post-hatch Delta Smelt. (a) Whole otolith showing dorsal age 
trajectory (inset). (b) Polished dorsal age trajectory (inset from a) showing daily rings and last ~ 
60 days prior to capture (inset). (c) Zoomed-in edge of the polished age trajectory (inset from b) 
showing the last ~60 daily increments prior to collection. 
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Figure 3: Intrinsic generalized additive models (GAMs) examining the response of log-
transformed recent growth rates (G) to age and prior growth rate. Intrinsic models included age 
(“a”), prior growth (“g”), and their additive (“ag”) and interactive (“axg”) effects. Models were 
evaluated by examining complexity (estimated degrees of freedom, EDF), fit (coefficient of 
determination, R2), and quality (corrected Akaike information criterion, AICc) (A-C, 
respectively). The intrinsic relationship between growth rate and age (preferred model, “a”) is 
shown (D), along with assessments of normality and homogeneous variance of this model (E-F, 
respectively). The centered residuals of the intrinsic model (F) represented the age-independent 
(“age-adjusted”) growth rate (Ga). 
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Figure 4:  Distribution of environmental conditions from which Delta Smelt were collected. Axis 
scales reflect the respective transformations for temperature (cubic), salinity (log10), and Secchi 
depth (none). Kernel density plots of temperature, salinity, and Secchi depth (a-c, respectively) 
and biplots of each pairwise combination of these metrics (d-f) are shown. Vertical and 
horizontal lines represent median values. Points reflect individual tows and point size reflects the 
number of fish associated with a given tow. 
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Figure 5: Results of the “environment-only” GAM examining variation in age-independent 
growth rates (Ga) of wild Delta Smelt as additive and interactive functions of the physical 
environmental attributes measured at capture (“environment-only models”). Model selection 
criteria, including (A) the estimated degrees of freedom (EDF), (B) coefficient of determination 
(R2), and (C) corrected Akaike Information Criterion (AICc) are shown for the univariate and 
fully interactive two-way and three-way subsets of models, along with the selected 2-way model 
without the 3-way interaction (tsc*)(t-temperature, s-salinity, c-clarity). Partial residual smooth 
plots of the main effects of temperature (D), salinity (E), and clarity (F) are shown along with the 
two-way interactive effects modeled as surfaces using tensor product smooths (G-I) for the 
selected tsc* model. Solid smooth lines indicate significant effects (p < 0.05), shading and errors 
bars reflects 95% confidence intervals. Light grey polygons (D-F) and surfaces (G-I) reflect the 
95% Bayesian credible intervals. Note that x-axes in D-I are scaled according to respective 
transformations (Fig. 4). Additional models are described and compared in Fig. S2 in 
Supplement 3.   
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Figure 6: Results of the “global-regional” GAMs examining variation in Ga as a function of the 
fixed parametric effect of region (A), additive smooth effects of temperature (B), salinity (C), 
and clarity (D), while including a random year effect. Results of the same model when excluding 
the random year term are also provided (E-H, respectively). Regional effects (A,E) are 
represented by the parametric coefficients ± s.e., with letters indicating significant differences 
among regions (p < 0.05). Significant smooth effects are indicated by solid lines (p < 0.05), with 
shading indicating the 95% Bayesian credible intervals. Regions are as in Table 1. By including 
the random effect of year (A-D), variance associated with temperature was assigned to the year 
effect, and variance associated with regional differences was assigned to the year and salinity 
effects.  
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Figure 7. Results of separate “region-specific” GAMs examining variation in growth (Ga) as a 
function of the additive smooth effects of physical environmental attributes (temperature, 
salinity, and clarity) and the random year effect. Partial residual smooths demonstrating the 
effect of each environmental metric on the growth response are shown for the North Delta (A-C), 
Central Delta (D-F), and West Delta (G-I) regions of the upper SFE. Solid and dashed lines 
indicate significant and non-significant smooth trends (α = 0.05), respectively, and shading 
reflects the 95% Bayesian credible intervals. Sample sizes are provided in Table 1.   
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SUPPLEMENTARY INFORMATION 
 

Supplement 1. Field Collections of Delta Smelt and Methods Across Surveys 
 
Archived Delta Smelt specimens were provided by several surveys conducted by the 

California Department of Fish and Wildlife (CDFW) and the U.S. Fish and Wildlife Service 
(USFWS). Surveys were conducted across a variety of spatial and temporal scales (Tables S1, 
S2) using several gear types. Surveys were designed with different purposes, but due to the 
conservation status of Delta Smelt, Delta Smelt were often preserved and archived for future 
analyses. 

 
San Francisco Bay Study (SFBS) 

The San Francisco Bay Study is conducted by the CDFW and surveys once a month 
throughout the year. The survey samples 52 sites from the southeastern bay up through the Delta. 
Each survey takes 7 days to complete. The survey uses a midwater trawl and bottom otter trawl. 
The midwater trawl has a 3.7 m2 mouth and mesh size decreases from 20.3 cm at the mouth to 
1.3 cm at the code end. The SFBS also uses a four-seam otter trawl with a 4.9-m headrope, a 2.5-
cm stretch mesh body and a 13-mm stretch mesh cod end.  Tows are conducted for 12 minutes 
(midwater trawl) and 5 minutes (otter trawl) (Honey et al. 2004). 

 
Fall midwater trawl (FMWT) 

The Fall Midwater Trawl survey is conducted by the CDFW during the months of 
September through December, once monthly. Each survey takes 8 days to complete. They 
sample 116 sites from San Pablo Bay up through the Lower Sacramento River and the Lower 
San Joaquin River. It uses the same midwater trawl net and trawling method as in the SFBS 
(Honey et al. 2004). 

 
Summer Townet Survey (TNS): 

The Summer Townet survey is conducted by the CDFW and samples every other week 
from June through August. The survey takes 5 days to complete and samples 32 locations from 
San Pablo Bay through the Lower Sacramento River and Lower San Joaquin River. The survey 
uses a 4.3m long net attached to a skid mounted frame with a 1.5m2 mouth. Mesh size is20mm 
woven mesh for the 2.1 meters of the body of the net and 4mm for the 2.1m cod end. At each 
location, three 10-minute oblique tows are conducted, unless no fish are caught, in which case 
only two tows are completed (Honey et al. 2004). 

 
Enhanced Delta Smelt Monitoring (EDSM) 

The Enhanced Delta Smelt Survey is conducted by the USFWS between the months of 
July and November using a Kodiak Trawl towed for up to 10 minutes between 2 boats. EDSM 
surveys sample 24-37 random sites per week using a GRTS spatial sampling procedure (Stevens 
and Olsen 2004), with at least 2 tows conducted in each stratum. The Kodiak net has a 1.83m x 
7.62m mouth Mesh ranges from 5.1cm at mouth to 0.3cm at cod end, which consists of a live 
box with baffles and flow holes to reduce mortality. Up to three crews sample concurrently at 2 
or more sites per day with 2-8 tows per site (10 minutes max tow length). Towing ceases if at 
least 1 DS is caught in the first 2 tows. 
Gear Evaluation Survey (GES) 
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The gear evaluation survey used a variety of nets and protocols of several other surveys 
in 2012-2013 to assess relative capture efficiencies for conversion of abundance estimates among 
gear types including the TNS, FMWT, SFBS, and EDSM Kodiak gears described above.  

 
Covered Cod End survey (CCE) 

Samples were conducted at two FMWT sites in the Sacramento Delta. They used the 
FMWT net and methodology with an additional fine mesh cover over the cod end to capture 
smaller fish. Surveys were conducted with paired surface tows and oblique tows with the goal of 
calculating the FMWT contact selectivity curves (Mitchell et al. 2017).  

 
 
 
 
Table S1: Sample size of Delta Smelt included in this study by year and capture survey 

Survey  2011 2012 2013 2014 2015 2016 2017 2018 2019 Total 
CCE  0 0 0 83 0 0 0 0 0 83 

EDSM  0 0 0 0 0 0 60 82 8 150 
FMWT  29 14 0 3 4 3 0 0 0 53 

GES  0 46 42 0 0 0 0 0 0 88 
SFBS  2 0 0 0 19 0 0 0 0 21 
TNS  28 12 4 7 1 0 12 0 0 64 
Total  59 72 46 93 24 3 72 82 8 459 

 
 
 
 
 
 

Table S2: Sample size of Delta Smelt included in this study by subregion (EDSM 2017 Strata) 
and survey.  

EDSM Stratum CCE EDSM FMWT GES SFBS TNS Total 
Carquinez Straight and San Pablo Bay 0 0 3 0 0 2 5 

Suisun Bay/Marsh 0 31 14 0 2 34 81 
Lower San Joaquin 0 1 0 0 0 2 3 
Lower Sacramento 63 55 26 88 19 11 262 

Cache Slough/Liberty Island 20 33 10 0 0 15 78 
Sac Deep Water Shipping Channel 0 30 0 0 0 0 30 

Total 83 150 53 88 21 64 459 
        

Table S3: Sample size of Delta Smelt included in this study by year and month 
Year Aug Sep Oct Nov Total 
2011 30 12 7 10 59 
2012 12 28 28 4 72 
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2013 4 33 0 9 46 
2014 55 34 4 0 93 
2015 10 13 1 0 24 
2016 0 0 0 3 3 
2017 31 17 21 3 72 
2018 21 40 14 7 82 
2019 3 2 3 0 8 
Total 166 179 78 36 459 

 
Fork Length Measurements 

 
Of the 459 fish included in this study, 93% could be linked with fork lengths measured in 

the field. For those missing field measurements, lengths were measured post-preservation and 
converted into field lengths using standard conversion equations. For the 21 ethanol-preserved 
fish, field fork lengths were calculated as FLField = 1.0225 * FLEtOH + 0.3368 (N = 175, R2 = 
0.994), based on shrinkage observed for a similar species (Longfin Smelt). The 13 fish preserved 
in liquid nitrogen were converted to field fork lengths using a previously published conversion 
for Delta Smelt: FLField = 0.972 * FLLN + 2.558 (Teh et al. 2016). 
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Supplement 2. Variation in growth and water quality among years and regions 

   
Figure S1. Temporal (A-D) and spatial (E-H) variation in age-adjusted growth rates (Ga , in 
log(mm/d)) of subadult Delta Smelt, along with variation in water quality including temperature, 
salinity, and Secchi depth (top-bottom, respectively) at capture. Colors indicate region (left 
legend, A-D) for temporal plots or year (right legend, E-H) or regional plots. Age-adjusted 
growth rates (Ga) are the residuals of the intrinsic model for Delta Smelt captured in August-
November. Strata are as in Table 1 and Fig. 1. 
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Supplement 3. Environment-only Model Comparisons 
 
We used generalized additive models (GAMs) to examine Ga as smooth functions of 

three physical water quality metrics: temperature (t) in ºC, practical salinity (s), and clarity (c) in 
m Secchi Depth (Table S4). Model structures were specified using the gam() function of the 
mgcv package in R, and the dredge function of the MuMIn package was used to conduct model 
comparisons and selection. Dredge evaluates the fully interactive model and then contrasts 
results among all simpler nested model structures, providing the coefficient of determination 
(R2), estimated degrees of freedom (EDF), and corrected Akaike information criterion (AICc), 
which are commonly used to inform model selection (Fig. S2). The fully interactive model 
included a total of 7 terms including three main effects, the three 2-way tensor product smooths, 
and one 3-way tensor product smooth; however, all models including a 3-way interaction 
exhibited high concurvity (> 0.9) for many terms, and were thus excluded from further 
consideration. As is common, several models appeared similarly valid for describing the effects 
of abiotic environmental attributes on Ga. Here, Model 18 (tsc*), including each main effect and 
the three two-way interactions, was selected as the preferred model as it exhibited the lowest 
AICc, highest R2, and allowed for visualization and comparison of each of the 2-way interaction 
surfaces.  
 
  



Chapter 4: Otolith-Based Approaches Indicate Strong Effects of Environmental Variation 
on the Growth of a Critically Endangered Estuarine Fish 

 

Directed Outflow Project Technical Report 2 | 193 

Table S4: Generalized additive environment-only models constructed using the dredge function 
in the MuMIn R package. Factors include temperature (t), salinity (s), and clarity (c). Main and 
interactive effects were fit using ti() in the mgcv gam() package. The preferred model (Model 18) 
is identified with an asterisk (*). 
Model Name Model Structure 
Model 1 Ga ~ 1 
Model 2 Ga ~ ti(t) 
Model 3 Ga ~ ti(s) 
Model 4 Ga ~ ti(c) 
Model 5 Ga ~ ti(t) + ti(s) 
Model 6 Ga ~ ti(t) + ti(c) 
Model 7 Ga ~ ti(s) + ti(c) 
Model 8 Ga ~ ti(t) + ti(s) + ti(c) 
Model 9 Ga ~ ti(t) + ti(c) + ti(t,c) 
Model 10 Ga ~ ti(t) + ti(s) + ti(s,c) 
Model 11 Ga ~ ti(s) + ti(c) + ti(t,s) 
Model 12 Ga ~ ti(t) + ti(s) + ti(c) + ti(t,c) 
Model 13 Ga ~ ti(t) + ti(s) + ti(c) + ti(s,c) 
Model 14 Ga ~ ti(t) + ti(s) + ti(c) + ti(t,s) 
Model 15 Ga ~ ti(t) + ti(s) + ti(c) + ti(t,c) + ti(s,c) 
Model 16 Ga ~ ti(t) + ti(s) + ti(c) + ti(t,s) + ti(s,c) 
Model 17 Ga ~ ti(t) + ti(s) + ti(c) + ti(t,s) + ti(t,c) 
Model 18* Ga ~ ti(t) + ti(s) + ti(c) + ti(t,s) + ti(t,c) + ti(s,c) 
Model 19 Ga ~ ti(t) + ti(s) + ti(c) + ti(t,s,c) 
Model 20 Ga ~ ti(t) + ti(s) + ti(c) + ti(t,s) + ti(t,s,c) 
Model 21 Ga ~ ti(t) + ti(s) + ti(c) + ti(t,c) + ti(t,s,c) 
Model 22 Ga ~ ti(t) + ti(s) + ti(c) + ti(s,c) + ti(t,s,c) 
Model 23 Ga ~ ti(t) + ti(s) + ti(c) + ti(t,s) + ti(t,c) + ti(t,s,c) 
Model 24 Ga ~ ti(t) + ti(s) + ti(c) + ti(t,s) + ti(s,c) + ti(t,s,c) 
Model 25 Ga ~ ti(t) + ti(s) + ti(c) + ti(t,c) + ti(s,c) + ti(t,s,c) 
Model 26 Ga ~ ti(t) + ti(s) + ti(c) + ti(t,s) + ti(t,c) + ti(s,c) + ti(t,s,c) 
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Figure S2: Estimated degrees of freedom (A), coefficient of determination (B), and corrected 
Akaike information criterion (C) for generalized additive models examining adjusted growth 
rates as additive and interactive effects of environmental conditions (temperature, salinity, and 
clarity) (Fig. Table S4). Models are ordered by the number of terms, generally increasing 
complexity from left to right. Vertical dashed lines delineate models including main effects only 
(left), two-way interactions (middle), and 3-way interactions (right). 
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Supplement 4. Model Evaluation 
 
The assumptions of each model were evaluated using by examining normal Q-Q plots of 

residuals, plots of residuals versus estimated values, and histograms of the residuals for each 
model (left to right, respectively). (A) Models included the interactive tsc* (Model 18) 
environmental model (A), the model including additive effects of environment, region, and year 
(random) (B) and the three separate models examining responses to environmental conditions 
and year (random) for the North Delta, Central Delta, and West Delta (C-D, respectively). All 
models appeared to satisfy the assumptions of the approach. 
 

 
Figure S3: Evaluation of the assumptions associated with each generalized additive model: (A) 
the selected “environment-only” model with all main effects and two-way interactions (Model 
18, tsc*), (B) the “global-regional” model with fixed parametric effects of region, the fixed 
smooths of temperature, salinity, and clarity, and the random effect of year, (C-E) the three 
“region-specific” models examining the fixed smooth effects of temperature, salinity, and clarity, 
and the random effect of year, for each region of the upper SFE, separately (ND, CF, and WD, 
respectively).  
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ABSTRACT 
 
 The application of otolith analyses to reconstruct the age, growth, and migration of fishes 
first requires taxon-specific validation of established aging protocols. The Delta Smelt 
(Hypomesus transpacificus) is an endangered fish endemic to the upper San Francisco Estuary 
(SFE). As a key indicator of the health of the SFE, understanding its vital rates and population 
dynamics can inform important management decisions. Otolith-based tools are being applied to a 
wide range of Delta Smelt life stages for which methods, assumptions, and inferences remain 
unvalidated, thus limiting confidence in otolith-derived metrics that are intended to inform 
important management decisions. Using known-age cultured individuals, we examined otolith 
formation, otolith-somatic proportionality, aging accuracy and precision, left-right symmetry, 
and the effects of image magnification for larval, juvenile, and adult Delta Smelt. In general, 
otolith size varied linearly with fish size (from 10-60 mm), explaining 99% of the variation in 
fish length, despite a unique slope for yolk-sac larvae < 10 mm. Aging precision among 
independent analysts was 98% and aging accuracy relative to known fish ages was 96%, with 
age estimates exhibiting negligible differences among left and right otoliths. Though error in 
days increased with age, percent error decreased from 0-30 dph, with precision remaining 
relatively high (≥ 95%) thereafter. Increased magnification (400x) further improved aging 
accuracy for the oldest, slowest-growing individuals. Results confirm that the otolith-based 
techniques described herein provide reliable age and size reconstructions for larval, juvenile, and 
subadult Delta Smelt. Such experimental assessments across multiple developmental stages are 
critical for assessing confidence in otolith-derived metrics used to inform our understanding of 
the dynamics of wild fish populations. 
 
Keywords: otolith, fish, estuarine, freshwater, growth, validation, Delta Smelt, San Francisco   
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INTRODUCTION  
 

Otoliths (ear stones) are paired calcium carbonate structures found in the inner ears of 
bony fishes (Pannella, 1971; Campana & Neilson, 1985). They accrete continuously throughout 
the life of a fish, are metabolically inert, and can preserve a permanent record of its age, hatch 
date, growth rate, and past environmental conditions (Campana, 1999; Starrs, Ebner & Fulton, 
2016). Otoliths, therefore, can be used to reconstruct the life history and vital rates of fishes, thus 
improving our understanding of a species’ population dynamics (Campana & Thorrold, 2001) 
and even movement patterns (Campana, 1999; Starrs, Ebner & Fulton, 2016). This is particularly 
important for developing effective management plans for imperiled species such as California’s 
Delta Smelt (Hypomesus transpacificus), an estuarine osmerid fish that is endemic to the San 
Francisco Estuary. Delta Smelt exhibit an annual life cycle and a complex life-history (Moyle et 
al., 1992; Hobbs et al., 2019). Though historically abundant, the population has steeply declined 
since the 1980s, likely due to multiple factors including pollution, invasive species, habitat loss, 
hydrologic alterations (e.g., dams, channelization, and water exports), as well as changing 
environmental and climatic conditions (Feyrer, Nobriga & Sommer, 2007; Sommer et al., 2007; 
Moyle et al., 2016; Hobbs et al., 2017; Moyle, Hobbs & Durand, 2018). As a result, Delta Smelt 
are listed as threatened, endangered, and critically endangered under the federal Endangered 
Species Act (ESA), the California Endangered Species Act (CESA), and the International Union 
for Conservation of Nature (IUCN) Red List, respectively (U.S. Fish and Wildlife Service, 1993; 
CDFG, 2010; NatureServe, 2014).  

The conservation status of Delta Smelt has resulted in numerous efforts to study and 
conserve the species, including setting limits on freshwater exports that directly and indirectly 
impact the Delta Smelt population through entrainment and habitat modification (Grimaldo et al., 
2009; Sommer et al., 2011; Miller et al., 2012; Moyle, Hobbs & Durand, 2018; Hammock et al., 
2019; Smith, Newman & Mitchell, 2020). Restrictions on water exports have placed Delta Smelt 
in the crossfire between conserving species and providing a stable water supply to California’s 
25 million southern residents and multi-billion dollar agriculture industry (Moyle, Hobbs & 
Durand, 2018). As a result, studies addressing the habitat needs and responses of Delta Smelt to 
natural and anthropogenic perturbations have become a priority focus for managers and 
researchers in the region (Hobbs et al., 2017). Key elements of this include quantifying the age 
structure, hatch dates, movement patterns, and growth rates of Delta Smelt, all of which can be 
obtained via otolith analysis.  

To assess confidence in otolith-based reconstructions, validation of microstructure 
periodicity (accuracy), verification of the repeatability (precision), and consistency in otolith-
somatic size relationships are necessary (Campana, 2001; Campana & Thorrold, 2001). This is 
critical for assessing the confidence of any study using otolith-based age and growth analyses. 
Daily ring deposition has been validated for many fish species including larval Delta Smelt 
(Miller & Storck, 1982; Campana, 2001; Roberts et al., 2004; Hobbs et al., 2007; Sakaris, 
Buckmeier & Smith, 2014). However, otolith-based approaches are now being applied to older 
life stages using updated protocols, none of which have been rigorously validated (Hobbs et al., 
2019). With Delta Smelt on the brink of extinction, it is necessary to address increasingly 
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complex questions for a wider variety of life stages, thus requiring further assessment of the 
accuracy and precision of otolith-derived metrics.  

Here, we expand upon previous work by experimentally evaluating multiple aspects of  
otolith-based techniques using age estimates by multiple independent analysts of a sample of 
cultured known-age larval, juvenile, and adult Delta Smelt (ages 0 to 271 dph). Specifically, we 
examined otolith-somatic proportionality, left-right symmetry, initial increment formation, 
accuracy, precision, and bias of age estimates, and the effects of image magnification for older, 
slower growing individuals. Results of this study are necessary for assessing confidence in past 
and future otolith-based age, growth, and geochemical studies that provide important metrics  
that inform population models and key policy and management decisions.  

 
MATERIALS & METHODS 
 

Known-age Delta Smelt were cultured in 2017-2018 at the UC Davis Fish Conservation 
and Culture Laboratory (FCCL) using standard methods approved by the UC Davis Institutional 
Animal Care and Use Committee Protocol No. 19747 (Lindberg et al., 2013). In short, eggs were 
fertilized and hatched, and larvae were reared in fresh water at 16 °C. Larval Delta Smelt were 
fed rotifers and Artemia sp. nauplii, ad libitum, with juvenile fish fed Artemia sp. Nauplii and 
Bio-Oregon Mash (pellet food) starting at 80 dph and weaned to only Bio-Oregon MASH at 120 
dph. Fish were collected at 0, 5, 10, 30, 61, and 90 dph (n=20 per age class), euthanized in 500 
mg/L MS-222, and preserved in 95% ethanol in 2018-2019. Sub-adult Delta Smelt were 
collected at 180, 215, 243, and 271 dph (n = 20 per age class), euthanized in 500 mg/L MS-222, 
and frozen at -20 °C in 2018. When feasible, a minimum of 10 fish were sampled from each age 
class for otolith analyses, thus allowing for otolith techniques to be evaluated across multiple life 
stages (Table 1).  

Fish Length Measurements 

Adults (≥ 180 dph) were imaged with a mounted Canon Powershot digital camera (Canon 
Solutions America Inc., Melville, New York, USA) and larvae (≤ 90 dph) were imaged at 20x 
magnification with an AmScope MU1000 10MP camera (AmScope, Irvine, California, USA) on 
a Leica StereoZoom7 dissecting microscope (Leica Camera Inc., Allendale, New Jersey, USA). 
All images included millimeter markers to facilitate image calibration and measurements. Digital 
measurements of standard length (SL), fork length (FL), and total length (TL) (Fig. 1A) were 
collected for each fish using ImageJ (version 1.8.0) (Abramoff, Magelhaes & Ram, 2006). 
Digital and hand measurements of standard length yield nearly identical measurements (mean 
difference = 0.57 mm or 1.08%) (Fig. S1 in Supplement 1, thus digital and hand measurements 
could be used interchangeably as needed. To correct for preservation effects (Fowler & Smith, 
1983; Fey, 1999), fresh “corrected” standard lengths (SLc) were calculated using empirical linear 
models developed in the laboratory for specimens that were preserved in 95% ethanol (SLe, slope 
= 1.018, intercept = 0.952, R² = 0.977, n=35) or were frozen at -20 ºC (SLz, slope = 1.018, 
intercept = 1.524, R² = 0.980, n=36) (Fig. S2 in Supplement 2). 
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Otolith Preparation 

Sagittal otoliths from larval, juvenile, and adult Delta Smelt (Fig. 1A) were dissected and 
mounted using standard methods, adapted for the size of each age class. Otoliths from larvae 
were dissected using 30-gauge hypodermic needles and mounted on top of a drop of Loctite 
Super Glue and imaged with a drop of glycerin at 1000x magnification. Adults and juveniles 
were dissected using size 10 scalpel blades and super fine tip forceps. Prior to sanding and 
polishing, whole, intact otoliths of fish ≥ 180 dph were imaged at 40x magnification, while those 
of fish between 30-90 dph were imaged at 200x magnification. All whole otolith images were 
taken with an Amscope MU1000 10-Megapixel camera on an Olympus CH30 compound 
microscope. The rostrum-postrostrum and dorsal-ventral measurements were digitally measured 
using ImageJ (version 1.8.0). After imaging, otoliths were mounted in the sagittal plane to glass 
microscope slides using Crystal Bond thermoplastic glue and stored in plastic microscope slide 
boxes.  

Mounted otoliths were wet sanded with 600, 800, and 1200 grit Buehler MicroCut silicon 
carbide paper and polished with 0.3-µm Buehler MicroPolish alumina on a Buehler Microcloth 
(Buehler, Lake Bluff, Illinois, USA) on the sulcus side, then flipped and sanded to expose the 
core and daily increments. All polished otoliths were imaged at 200x, with additional images 
captured at 400x magnification for 271 dph fish (Table 1). All images were taken using an 
Amscope MU1000 10MP camera on an Olympus CH30 compound microscope and stitched 
together using the photo merge function in Adobe Photoshop 2020 (v. 21.1.1). Left otoliths were 
initially sanded; however, if the left otolith was broken, lost, or of poor quality, the right otolith 
was prepared in its place. For the comparison of otolith symmetry, a subset of fish had both the 
left and right otoliths prepared: 90 dph (n=5) and 180 dph (n=5) age groups (Table 1). In total, 
108 Delta Smelt (120 otoliths) were examined achieving approximately 10 samples in each age 
classes (Table 1) covering 0-271 dph and 5.93 to 56.75 mm in standard length.  

Otolith Age and Growth Analyses 

The quality of each otolith image was ranked on a scale of 0 to 3 (low to high, respectively) 
based on the clarity of the core and edge increments, with only quality 2 and 3 otoliths used in 
analyses. All otoliths were analyzed with ImageJ by three independent analysts without prior 
knowledge of each fish’s age. Images were calibrated from pixels to µm using a stage 
micrometer. Increments were counted from the core to the dorsal edge, which provided the most 
consistent and clear age trajectory on the otolith (Hobbs et al., 2007) (Fig. 1B). A distinct hatch 
mark, indicating the moment larvae emerge from eggs into the ambient environment, was 
observable in each otolith as a thick, dark band approximately 8 µm from the core. This was used 
to identify the first daily increment from which the growth profile was constructed for each 
otolith (Fig. 1B).  

Accuracy  

Accuracy was quantified to assess how well otolith-based age estimates reflect the known 
ages of cultured Delta Smelt. Error in accuracy (𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓) of a given age estimate for a given fish, 
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reflecting both accuracy and bias (in days), was calculated as the raw deviation from the known 
age of the fish: 

where a1 i is the ith age estimate and aj is the known age of the jth fish. Percent error in 

accuracy (PEAft) of a given age estimate, an age-normalized estimate of the absolute error, was 
calculated as 100 times the ratio of the absolute error and the known age of the jth fish. 

Precision 

Precision was quantified to assess the reproducibility of repeated age estimates among the 
three independent analysts (Campana, 2001). Error in precision (EPrJ of a given age estimate for 

a given fish was calculated as the raw deviation (in days) from the mean age estimate of the fish: 

where a1 is the mean age estimate for thejth fish. Percent error in precision (PEPrJ for a given 

fish, an age-normalized estimate of the absolute inter-operator error, was calculated as 100 times 
the ratio of the absolute precision error and mean age estimate of a given fish: 

Statistical Analyses 

First, to describe the general somatic growth curve for cultured Delta Smelt, size-at-age 
was modeled using a Gompertz growth function with the known ages (t- time in days-post
hatch) of cultured fish and their standard lengths (SLc) where µ is absolute growth rate at 
inflection, A is the upper asymptote, and ..:l is the lag time (Eqn. 6). Fish size was then contrasted 
with otolith size using linear regression to assess otolith-size to fish-size (OS-FS) 
proportionality. 

Next, to examine the additive and interactive contributions of analyst identity, otolith 
side, and fish age on the accuracy (PEA) of otolith-based age estimates, a subset oflarval (90 
dph, n = 5) and sub-adult (180 dph, n = 5) Delta Smelt were selected to have both the left and 
right otoliths analyzed. Both otoliths from each fish were aged by each of the three analysts, and 
a linear model was constructed to examine the additive and interactive effects of analyst identity 
(I), otolith side (0), and age class (A) on the accuracy (PEA) of ages estimates: 
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Equation 7:  PEA ~ I + O + A + I*O + I*A + O*A + I*O*A 
 

To examine the interactive effects of microscope magnification and analyst identity on 
the accuracy (PEA) of otolith-based age estimates for the oldest, slowest growing individuals 
(with the smallest rings), one otolith for each of the age-271 dph Delta Smelt (N=9) was imaged 
at both 200x and 400x magnification, with both images being aged by each of the three analysts, 
and a linear model was constructed to examine the additive and interactive effects of analyst 
identity (I) and image magnification (M) on the accuracy (PEA) of ages estimates: 

 
Equation 8: PEA ~ M + I + M*I 
 

All ordination and modeling were conducted in the R software environment version 3.6.3 
(R Core Team, 2019). The Gompertz model was fit using the “nls” function, which determines 
the nonlinear (weighted) least-squares estimates of the parameters of a nonlinear model. Models 
were run and compared using maximum likelihood estimation while assuming a Gaussian 
distribution. Model assumptions were examined using Q-Q and residual plots. Likelihood ratio 
tests were used to assess the significance of each model relative to the null model (intercept only) 
with α = 0.05. 

 
RESULTS 

Somatic and Otolith Growth 

The Gompertz growth model provided a reasonable fit to size-at-age of cultured Delta 
Smelt (A = 1.769, µ = 0.0089, λ= -79.4, R2 = 0.993), using log10(SL) to fit model assumptions 
(Fig. 2A,  Fig. S2 in Supplement 2). Overall, otolith size varied strongly and linearly with fish 
size (slope = 0.070 ± 0.001, intercept = 6.84, R2 = 0.988), indicating that otolith growth is 
generally proportional to fish growth across most size classes examined (Fig. 2B). Inspection of 
the smallest larval size classes, however, indicated an inflection at approximately 10 mm SL 
(otolith radius = 18.96 µm), with newly-hatched yolk-sac larvae < 10 mm (~ 10 dph) exhibiting a 
steeper slope of 2.85 ± 0.03, and all older individuals exhibiting a constant slope of 0.068 ± 
0.001, similar to the global slope (Supplement 3). Delta Smelt otoliths exhibited single primordia 
with core sizes (otolith radius at hatch) of 8.5 ± 1.5 µm (mean ± s.d.) (Fig. 2C), corresponding 
with a size-at-hatch of 5.93 ± 0.5 mm (mean ± s.d.) standard length. Otolith growth profiles 
exhibited ontogenetic variation in accretion rates, with slower rates of 1-2 µm/d for fish < 30 
dph, increasing to over 8 µm/d in 50-100 dph fish, followed again by a gradual decrease back to 
2 µm/d as fish matured toward 270 dph (Fig. 2D).  

Accuracy and Precision 

Error in accuracy decreased from 0 to -10 days as age increased from 5 to 271 dph, 
indicating negative bias in older specimens (Fig. 3A). Absolute percent error in accuracy 
declined from 20% to 2% in fishes of age 5-90 dph, increasing to 3-4% in older 245-271 dph fish 
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(Fig. 3B). Due to the sensitivity of percent error to small deviations in fish < 10 dph, mean error 
and percent error in accuracy and precision were only contrasted for fish ≥ 10 dph. Mean EA and 
PEA across all age classes (10-271 dph) and the three analysts were -3.6 days and 3.9%, 
respectively, and values for each were similar among analysts (Fig. 4a-b). Mean percent error in 
precision across all age classes and analysts was 2.2% (Fig. 4c), and also was similar among 
analysts. These errors correspond with relatively high accuracy (96.1%) and precision (97.8%), 
thus confirming the proper identification of the hatch mark and first increment, daily periodicity 
of increment formation, and both accurate and repeatable age estimation by multiple independent 
analysts. 

Effects of Otolith Symmetry, Image Magnification, and Life Stage on Aging Accuracy Among 
Analysts 

The 90-dph and 180-dph fish for which both otoliths were analyzed exhibited mean error (PEA) 
of 1-2%, which did not vary as additive or interactive functions of life stage, otolith side, or 
analyst (Table 2, Fig. 5). For the oldest fishes examined (271 dph), however, error was often 
biased 7-10 days lower than the known age (Fig. 4A), suggesting that the smaller increments in 
these slower-growing specimens were often inconspicuous and overlooked. Re-imaging of older 
specimens at higher magnification (400x versus 200x) yielded significant improvement in age 
estimates for older fish, reducing mean bias to 0.25% (Table 3, Fig. 5). 
 
DISCUSSION  

Experimental Validation of Otolith-based Metrics 

Validation studies are essential for assessing confidence in otolith-derived metrics 
(Campana, 1990, 2001). Our results build upon prior work to refine and expand our 
understanding of the accuracy and precision of otolith-based tools for a critically endangered 
estuarine fish. Using cultured, known-age specimens and multiple independent analysts, we 
demonstrated daily periodicity of increment formation and high accuracy and precision of age 
estimates. Left-right otolith symmetry indicated that either otolith can be utilized, and increased 
magnification improved aging precision, indicating that otolith approaches can be applied to 
older fish with slower accretion rates. In aggregate, our results indicate that the application of 
otolith-based techniques to archived collections of Delta Smelt can yield repeatable, accurate, 
and valuable estimates of the hatch dates, age structure, growth rates, and timing of movements 
(when paired with otolith chemistry) across life stages (Hobbs et al., 2007, 2019). Such 
experimental approaches using multiple independent analysts and known-age specimens across 
key developmental stages can greatly improve confidence in otolith-derived metrics that are 
valuable for informing resource management and species conservation.   

Interpretation of Otolith Microstructures  

For many fish species, the first otolith increment is visible following a dark, thick “hatch 
check” which is assumed to form when larvae emerge from eggs into the ambient environment 
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(Campana & Neilson, 1985; Ohama, 1990). However, verification of the timing of such features 
is necessary to facilitate accurate age reconstructions for each species. For example, features 
identified as hatch checks may correspond with other processes, such as the end of the yolk-sac 
stage or first-feeding (Moksness, 1992; Sepulveda, 1994; Hirose & Kawaguchi, 2001), and 
embryonic rings can form prior to hatch and with unknown periodicity (Stevenson & Campana, 
1992). In Delta Smelt otoliths, a distinct hatch check was consistently observed at approximately 
8-9 µm from the center of the otolith primordium. We also observed embryonic rings of 
unknown periodicity that are generally excluded from increment analyses (Stevenson & 
Campana, 1992). Following the hatch check, increments were accreted daily as evidenced by 
strong agreement between increment counts and known ages of each fish. Though the first 
observations of Delta Smelt otoliths suggested that increments first formed at 5 dph (Hobbs et 
al., 2007), we believe this was likely due to the lower quality of images used (e.g., 1 versus 10 
megapixels) that obscured the first and smallest larval increments. Thus, Delta Smelt exhibit 
clear microstructures including a single primordium, a prominent hatch check, and daily 
increments that, together, facilitate accurate reconstructions of hatch dates and size-at-age. 

Otolith-Somatic Proportionality 

A simple linear model indicated that > 99% of the variation in fish size (SL) could be 
explained by otolith size across the full range of age classes examined (0-271 dph). This result 
indicated that, for Delta Smelt, otolith-somatic proportionality is largely constant—a key 
assumption of standard models used to estimate size and growth rates from otolith radii and 
accretion rates, respectively (Campana, 1990). Closer inspection of otolith-somatic 
proportionality immediately after hatch (e.g., fish < 10 mm or 10 dph), however, indicated that 
pro-larvae exhibited rapid somatic growth despite low rates of otolith accretion; a phenomenon 
also observed in early otolith work on Delta Smelt larvae (Hobbs et al., 2007). During this 
period, larval elongation (growth) was proportional to otolith growth, but with a much higher 
slope relative to that of fish > 10 mm (Supplement 3). During this early larval period, fish are 
largely reliant on endogenous sources of nutrition (e.g., yolk and oil globule) (Mager et al., 
2004). At approximately 10 dph, when endogenous reserves are exhausted and larvae become 
dependent on exogenous feeding (Mager et al., 2004) the somatic-otolith relationship decreased 
abruptly and remained constant thereafter for all age classes (i.e., 10-271 dph). This short-lived 
discontinuity in slopes had little influence on the overall somatic-otolith relationship (m = 0.068 
vs 0.070) for estimating the growth of older life stages, but would be important for otolith-based 
growth and size estimates for the youngest larvae. Thus otoliths of Delta Smelt exhibited 
constant proportionality for all exogenously feeding life stages (10-271 dph), verifying their use 
in back-calculating individual growth histories (Campana, 2001; Hobbs et al., 2007). 

Accuracy and Precision of Otolith-based Age Estimates 

Validation experiments can be exceptionally challenging for sensitive, critically 
endangered species such as Delta Smelt. Here, we leveraged on-going efforts by the UC Davis 
Fish Conservation and Culture Laboratory to maintain a captive population of Delta Smelt for 
both conservation and research purposes, which provided unique opportunity to build an archive 
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of otoliths from known-age individuals across multiple age classes.  that could be used to assess 
the accuracy and repeatability otolith-based size and age reconstructions. Using known-age 
cultured fish and multiple independent analysts, we demonstrated relatively high (> 95%) 
accuracy and precision of otolith-based age estimates for Delta Smelt.  

Obtaining high accuracy and precision in otolith age estimates requires finely calibrated 
otolith preparation and imaging protocols, and subsequent training of analysts, to facilitate clear 
and accurate interpretations of daily increments. As for many fishes (Stevenson & Campana, 
1992), with careful preparation, daily increments can be observed in otoliths of Delta Smelt as 
fine rings (microstructures) that exhibit a consistent and readily-interpretable appearance. Poor 
preparation, however, can result in multi-day check marks or smaller sub-daily rings that 
generate systematic bias in age and growth reconstructions. For example, under-sanding can 
result in thick samples that emphasize larger multi-day checks that obscure the true daily 
increments, while over-sanding can result in extra thin samples that emphasize sub-daily otolith 
features or image artifacts that occur at a higher frequency than the true daily increments. For 
these reasons, archives of known-age specimens are needed, proper quality assurance and control 
(QAQC) procedures should be employed, and only high-quality preparations and highly trained 
analysts should be used in otolith-based studies of wild populations, where precision is assessed 
but accuracy is often assumed (Campana, 1990; Hobbs et al., 2019).  

Otolith Symmetry  

Paired otoliths in fishes may exhibit varying degrees of asymmetry (Lychakov et al., 
2006, 2008; Díaz-Gil et al., 2015). Symmetrical otoliths can be valuable for studying rare 
species, where each specimen is highly valuable. For example, to control for potential effects of 
asymmetry (Mahé et al., 2019), otolith protocols often use only left or right otoliths, replacing 
entire specimens if the selected otolith is lost, damaged, or otherwise unusable for growth 
analysis. For valuable specimens of endangered species; however, each specimen is difficult to 
replace, thus the use of either otolith (e.g., if the preferred otolith is lost or damaged) is often 
valuable, when shown to be appropriate (Hobbs et al., 2007, 2019). If left and right otoliths 
exhibit systematic asymmetrical accretion patterns, however, this can greatly affect otolith-based 
inferences when otolith side cannot be standardized. Here, we showed that age estimates from 
paired left and right Delta Smelt otoliths were similar, with no evidence for differences in 
accuracy or precision. These results suggest that reliable age and growth estimates can be 
constructed from either left or right otoliths of Delta Smelt. 

Image Magnification 

During QAQC of image quality, older Delta Smelt specimens (e.g., 271 dph) often 
exhibited increment compaction toward the otolith edge, indicative of the ontogenetic reduction 
of growth rate in older fish. These rings were occasionally flagged as “low quality” by analysts 
due to their poor appearance when imaged at 200x magnification. Though these samples 
exhibited acceptable percent precision and accuracy (~ 95%), the increase in the raw daily error 
rate and consistent negative aging bias for these older individuals indicated that the finest daily 
rings were often missed by each analyst for these slow-growing specimens. By re-imaging the 
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otoliths from the oldest 271 dph fish at twice the magnification (400x) and re-analyzing the 
microstructures, the accuracy of age estimates increased significantly and exhibited no 
measurable bias. Though higher-resolution imaging requires additional time and computing 
power for capturing, storing, and processing larger datafiles, our results indicate that this 
additional effort significantly improved otolith-based age and growth estimates for subadult 
Delta Smelt.   

Cultured Versus Wild Fish  

The use of cultured fish was valuable for providing known-age specimens to verify the 
interpretation of otolith microstructures; however, increment patterns in wild populations could 
be more complex than those in controlled laboratory environments (Campana, 2001). For 
example, environmental variability may influence otolith shape, increment appearance, or the 
timing of the first increment (Campana & Casselman, 1993; Otterlei, 2002; Vignon & Morat, 
2010). Standard back-calculation tools such as the Biological Intercept Model, however, 
explicitly account for individual variation in otolith shape by adjusting growth estimates for 
individual somatic-otolith relationships (Campana, 1990), and prior work has indicated that such 
variation is likely negligible for reconstructing size-at-age in Delta Smelt ≤ 90 mm (Hobbs et al., 
2007). Nevertheless, future studies should examine if and how otolith-based size and growth 
estimates might vary between wild and cultured specimens, and in relation to environmental 
variability.   
 
CONCLUSIONS  
 

Assessments of the accuracy and repeatability of schlerochronological reconstructions are 
key to their application in science and management. For fishes, otolith-derived metrics such as 
hatch dates, growth rates, and migration patterns provide valuable data for evaluating factors that 
are likely to impact the recovery of endangered species. For Delta Smelt, we experimentally 
demonstrated that otoliths provide accurate and precise estimates of individual size, age, growth, 
and phenology—each of which are likely to be impacted by changes in water management, local 
environmental conditions, and the regional climate. Furthermore, we demonstrated this across 
multiple life stages, left and right otoliths, and image resolutions. Such experimental approaches 
greatly improve the interpretation of otolith-derived metrics for fisheries ecology and 
conservation, facilitating valuable reconstructions of hatch dates, growth rates, and movement 
patterns of wild fish populations.  
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List of Tables 
 
Table 1: Samples used in the present study. Sample size (N) is shown by age class, along with 

the mean standard length for the subsample from each age class. The number of 
specimens for which paired left and right otoliths (L/R) were used to examine symmetry 
and paired images at 200x and 400x magnification (200x/400x) to examine magnification 
are also provided.  

Table 2. Effects of observer, otolith side, and life stage on aging accuracy. Results of a linear 
model examining the effects of observer (obs), otolith side (left vs. right), and fish life 
stage (90 vs 180 dph) on the accuracy of age estimates (PEA). Factors include: obs—
analyst, oto—otolith side, known—known age. No significant effects were detected (P > 
0.05).  

Table 3. Effects of observer and image magnification on aging accuracy. Statistical results of the 
linear model examining the additive and interactive effects of observer (obs) and image 
magnification (mag: 200x vs 400x) on accuracy of age estimates (percent error) for 
slower growing 271 dph Delta Smelt (with small rings). Significant P-values are in bold. 
DF-degrees of freedom, SS-sum-of-squares, MS-mean squares.  
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List of Figures 
 
Figure 1. Morphological features of Delta Smelt and their otoliths. (A) Larval (left) and adult 

(right) Delta Smelt and associated length measurements: standard length (SL), total 
length (TL), fork length (FL, adult only). (B) Ontogenetic development and morphology 
of sagittal otoliths from individuals of ages 30 to 271 days-post-hatch (dph). Dorsal-
ventral (DV) and rostral-postrostral (RP) dimensions, and the dorsal aging trajectory 
(black/white line) are shown for the 180 dph otolith. (C) A polished sagittal section of the 
dorsal lobe of a Delta Smelt otolith exhibiting 180 daily rings from the core (hatch) to the 
outer edge (death). Tick marks in (C) represent 30-day intervals along the aging 
trajectory. Delta Smelt artwork by Adi Khen. 

Figure 2. Somatic and otolith size and growth in Delta Smelt. (A) Log10 standard length versus 
age and fitted Gompertz growth curve, (B) otolith size (radius) versus corrected fish 
standard length, (C) density plot of otolith core sizes, and (D) otolith growth trajectories 
with known ages (vertical dashed lines) examined in the present study.  

Figure 3. Aging accuracy across life stages. Mean ± SD error (A) and percent error (B) in the 
accuracy of age estimates for Delta Smelt are plotted in relation to the known age of each 
age group.  

Figure 4. Aging accuracy and precision among analysts. Error in days (left) and absolute percent 
error (right) in relation to known ages (accuracy, A-B) and mean age estimates among 
analysts (precision, C-D) for each Delta Smelt analyzed by each of the 3 analysts (x-
axis). Points represent the mean error value foreach analyst and segments represent 1 s.d. 
The global mean for all analysts is shown by the gray dashed line. Only specimens ≥ 10 
dph were included in the analysis.  

Figure 5. Effects of otolith side and image magnification on aging accuracy. Comparison of the 
accuracy (raw %, to reflect normalized bias) of age estimates from (a) left versus right 
otoliths for 90 and 180 dph Delta Smelt and (b) between images of otoliths taken at 
different magnifications for older (271-dph), slower-growing individuals.  
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Table 1. 
 

Age (dph) N (fish) SLc (mm) L/R 200x/400x 
0 10 5.9   
5 10 6.9   
10 13 8.4   
30 10 12.5   
61 10 20.8   
90 11 26.0 5  
180 14 50.3 5  
215 10 53.2   
243 11 52.5   
271 9 57.9 

 
9 
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Table 2. 
 
Factor df SumSq MeanSq F P 
obs 2 4.39 2.1965 0.3039 0.7393 
oto 1 0.01 0.0051 0.0007 0.9788 
known 1 0.13 0.1286 0.0178 0.8944 
obs:oto 2 20.87 10.4372 1.4441 0.2460 
obs:known 2 12.17 6.0854 0.8420 0.4371 
oto:known 1 1.16 1.1574 0.1601 0.6908 
obs:oto:known 2 6.51 3.2562 0.4505 0.6400 
Residuals 48 
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Table 3. 
 

Factor DF SS MS F P 
obs 2 213.645 106.823 20.5102 <0.001 
mag 1 192.175 192.175 36.8980 <0.001 
obs:mag 2 8.592 4.296 0.8248 0.4438 
Residuals 54 281.246 5.208   
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 

 

 

  



Chapter 5: Otolith-Based Approaches Indicate Strong Effects of Environmental Variation on the 
Growth of a Critically Endangered Estuarine Fish 

Directed Outflow Project Technical Report 2 | 222 
 

Supplement 1 

 
Figure S1. Standard (SL) and total (TL) length conversion equations for larval and adult Delta 
Smelt measured fresh by hand or digitally using image analysis (a-b) and either preserved in 
ethanol (c-d) or frozen at -20 ºC (e-f). Dashed lines represent 1:1; red lines represent the 
respective linear models. 
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Supplement 2 

 
Figure S2. A Gompertz size-at-age curve was fit to fish size (standard length, SLc) and known 
age using raw (a-c), square-root transformed (d-f), and log10-transformed (g-i) sizes. Model 
assumptions were evaluated using plots of residual versus fitted values (middle) and Q-Q plots of 
residuals (bottom). The log10 transformation was chosen as the best fit given the improved 
variance structure of the residuals. 
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Supplement 3 

 
Figure S3. Examination of stage-specific somatic-otolith size relationships for (A) all size classes 
and (B) zoomed to fish < 25 mm. Three models were fit including a global model (all size 
classes as in Fig. 1b, black), a model for pro-larval fish ≤10 mm (blue), and a model for all fish > 
10mm (red). Slopes (m) of each model are provided in (b) (see table S3 for model details). 

 

Table S3. Results of stage-specific linear models examining somatic-otolith size relationships. 
Table headings include: Model = fish size class, Coefficient  = slope or intercept for each linear 
model, Estimate = coefficient value, Error = standard error, t = t-value, P1= p-value for each 
coefficient, n = sample size, F = F-statistic, P2 = p-value and R2 = coefficient of determination 
for the model. SL = standard length. 

Model Coefficient Estimate Error t P1 n F P2 R2 

All Sizes 
Intercept 7.830 0.316 24.770 < 0.001 108 8694.2 < 0.001 0.989 

Slope 0.070 0.001 93.240 < 0.001 

> 10 mm SL 
Intercept 8.997 0.576 15.620 < 0.001 76 3508.1 < 0.001 0.979 

Slope 0.068 0.001 59.230 < 0.001 

≤ 10 mm SL Intercept 4.053 0.544 7.449 < 0.001 32 61.1 < 0.001 0.671 Slope 0.285 0.036 7.817 < 0.001 
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Abstract 
 Freshwater outflow in the San Francisco Estuary has been supplemented in the fall of 
recent wet years to try to bolster the population of endangered Delta Smelt Hypomesus 
transpacificus. This augmentation was intended in part to increase spatial subsidies of the 
copepod Pseudodiaptomus forbesi from its freshwater population center into the low-salinity 
habitat of much of the Delta Smelt population. This study combined hydrodynamic and particle-
tracking modeling with Bayesian analysis in a box-model approach to estimate the transport of 
copepods to the low-salinity box and its response to flow augmentation. Net gains of P. forbesi 
into the low-salinity box, mostly from landward boxes of higher copepod abundance, were 
higher than those into other boxes because mortality rates of early life stages were highest in the 
low-salinity box. Proportional net gain was insensitive to flow augmentation across four 
scenarios. This study supports previous analyses showing that increasing outflow can increase 
food subsidies to the low-salinity zone resulting in higher abundance there; however, flow levels 
required for a substantial net gain are too high to be feasible through flow releases from 
reservoirs or manipulation of export flows in the Delta.   
 
Keywords:  spatial subsidies, box model, zooplankton, Pseudodiaptomus forbesi, low-salinity zone, 
Delta Smelt 
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Introduction 
Spatial subsidies of nutrients and prey populations are common in marine and estuarine 
ecosystems where rates of exchange can be high. Subsidies are manifested in a variety of cases 
including outwelling of dissolved organic carbon from marshes to open water (Odum 1980), 
nutrient subsidies from terrestrial organisms entering lakes (Carpenter et al. 2005), and subsidies 
of pelagic nutrients to oceanic islands (Polis et al. 1997) and kelp forests (Zuercher and 
Galloway 2019). Subsidies can also be found in marine-derived nutrients transported in the 
bodies of migrating spawning salmon to freshwater tributaries (Gende et al. 2002), in larval 
recruitment (Cowen et al. 2006; Morgan et al. 2017), and in subsidies of zooplankton to 
nearshore communities (Morgan et al. 2017). Subsidies must cross a boundary between 
biologically distinct habitats and they usually increase primary and secondary productivity, 
indirectly and directly (Polis et al. 1997). This has important implications for an open population, 
in which rates of birth, growth, and mortality are complicated by immigration and emigration. In 
the upper San Francisco Estuary biomass of phytoplankton and calanoid copepods in the low-
salinity zone (LSZ, salinity 0.5-6, Practical Salinity Scale) are subsidized from freshwater 
habitats in the Sacramento San Joaquin Delta (Delta; Fig. 1). Productivity in the LSZ is low, a 
result of top-down grazing effects from the introduced overbite clam Potamocorbula amurensis 
(Alpine and Cloern 1992; Carlton et al. 1990; Kimmerer and Lougee 2015; Thompson 2005). 
Without subsidies, net producitivity of zooplankton would be negative (Kimmerer et al. 2019). 
The decline of primary productivity in the LSZ has been implicated as one of the major factors 
contributing to decline in pelagic fish community in the upper estuary (Sommer et al. 2007).  

 
Copepods such as Pseudodiaptomus forbesi are an important food source for small 

estuarine fishes, comprising ~85% of the prey biomass of the endangered Delta Smelt 
Hypomesus transpacificus (Slater and Baxter 2014). The majority of juvenile Delta Smelt rear in 
the LSZ (Brown et al. 2014; Bush 2017), and declines in Delta Smelt have been attributed to 
poor feeding conditions there, particularly during summer and fall (Hammock et al. 2015; Mac 
Nally et al. 2010; Slater and Baxter 2014). Copepods other than P. forbesi can be important in 
Delta Smelt diets (Slater and Baxter 2014), notably the small cyclopoid copepod Limnoithona 
tetraspina and the predatory copepod A. sinensis. However, both of these species are most 
abundant at salinities of 0.5–15 (Slaughter et al. 2016) so their abundance in the LSZ is unlikely 
to be increased by increasing outflow. No other copepod is abundant in the LSZ during summer-
fall, and P. forbesi is the only one that arrives there from a denser population in fresh water. 

Abundance of P. forbesi in the LSZ is low because of high mortality in early life stages 
due to low food supply and consumption by clams and predatory copepods (Kimmerer et al. 
2019). P. forbesi have occupied the upper San Francisco Estuary and lower Delta continuously 
since they were first reported in 1987 (Orsi 1991). Since 1989, they have been the most abundant 
calanoid copepod in the upper estuary during late spring to early autumn, although their 
distribution shifted landward in 1994 following the introduction of a predatory brackish-water 
copepod (Kayfetz and Kimmerer 2017). They may retain an estuarine distribution through tidal 
vertical migration to overcome net seaward transport in waters saline enough to stratify 
(Kimmerer et al. 2014).  

Most Delta Smelt undergo a diffuse migration into fresh (or less brackish) water in 
advance of spawning, and some fraction of juveniles remain in fresh water during summer–fall 
(Sommer et al. 2011). Bush (2017) found three life-history phenotypes through otolith analysis 
on 1109 adult Delta Smelt collected during seven years from 2006 to 2015.  These comprised a 
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freshwater resident (23% of samples, mean for all years), a brackish resident (7%), and a 
phenotype that migrated to waters of salinity > 0.5 around 3 months after hatching (Bush 2017).  
That is, about three quarters of the population was in the LSZ from about June until the end of 
the year. Data from fish surveys confirm that Delta Smelt occupy low-salinity waters during the 
fall (Feyrer et al. 2007; Kimmerer et al. 2009; Kimmerer et al. 2013; Nobriga et al. 2008; 
Sommer et al. 2011).  

Regulatory permits for the State Water Project (SWP) and Central Valley Project (CVP) 
now include flow actions to improve low-salinity habitat and food availability for Delta Smelt 
during the summer and fall (CDFW 2020; USFWS 2019). In September–October of recent wet 
years, net Delta outflow, hereafter outflow, has been augmented through manipulations of 
reservoir flow releases and export flows. These augmentations are intended to improve the low-
salinity habitat of Delta Smelt, partly through an anticipated increase in copepod abundance due 
to an increased subsidy at higher flows. 

The objective of this study was to estimate the magnitude of the subsidy in P. forbesi that 
resulted from the flow augmentation. We evaluated subsidies of P. forbesi into the low-salinity 
zone during 2017, an extremely wet year. Our study used the approach of Kimmerer et al. 
(2019), in which the upper estuary was divided into a series of boxes with internal boundaries 
determined by salinity to reflect the organization of habitat for pelagic organisms. Three-
dimensional hydrodynamic and particle-tracking models were used to estimate tidal and net 
movement of water between pairs of boxes. We collected zooplankton samples in the spatial 
boxes to provide data for estimating mortality within the boxes and, combined with the data on 
water movement, the magnitudes of subsidies between pairs of boxes. We modeled 
hydrodynamic conditions corresponding to positions of the low-salinity zone (indexed by X2, 
Jassby et al. 1995, MacWilliams et al. 2015) at three target positions for flow augmentation (U.S. 
Bureau of Reclamation 2012) at 74 km, 81 km, and a low-flow baseline scenario of 85 km. A 
hypothetical X2 of 67 km was also included as an extreme value to investigate the effect on net 
gain of flow augmentation over a wider range. 

This study builds on Kimmerer et al. (2019) in two ways. First, the focus of Kimmerer et 
al. (2019) was mortality and its potential causes. A key finding was the very high mortality of 
early life stages of P. forbesi in the low-salinity zone.  Here we are more concerned with 
estimating the magnitudes and effects of the subsidies in overcoming mortality to enhance 
abundance, and thereby evaluating the effectiveness of the flow actions for this purpose. Second, 
because the earlier paper revealed the importance of movement to estimates of mortality, we 
sampled for copepods using a design intended to best characterize spatial patterns of abundance 
and therefore the magnitude of that movement. 

Methods 
We sampled for zooplankton in five boxes in the Delta during four surveys in the fall of 

2017: Oct. 11 to 16, Oct. 23 to 26, Nov. 6 to 10, and Nov. 20 to 22 (Fig. 1). In each box ten sites 
were sampled following a generalized random stratified tessellated sampling (GRTS) design 
(Stevens and Olsen 2004). Five sites were located in shallow water (< 3 m) and five in deeper 
water (> 3 m). At each site a vertical tow was taken with a 50-cm diameter, 50-micron mesh net 
pulled from the bottom or at most from a depth of 10 m to the surface. Volume of water filtered 
was determined from distanced towed. We corrected for net efficiency using a value of 70% 
previously determined following Kimmerer and Slaughter (2016). Upon retrieval, the net was 
washed down and the sample concentrated into labeled jars with formaldehyde to make the final 
concentration ~4%. Water-quality variables (temperature, turbidity, salinity, dissolved oxygen, 
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and chlorophyll-a fluorescence) at each site were measured using a handheld sonde (EXO 2 YSI, 
Xylem, Inc). Chlorophyll samples were taken by filtering whole water samples through 25-mm 
Whatman grade GF/F glass fiber filters (nominal pore size 0.7-µm) under gentle vacuum 
pressure (<10 mm Hg). Depending on the observed chlorophyll concentration from the YSI 
sonde, between 10 and 200 ml of water was filtered.  

In the laboratory, quantitative subsamples of the zooplankton samples were taken using 
an adjustable pipette, and in each subsample the life stages of P. forbesi were identified and 
counted as in Kimmerer et al. (2019): adults were sexed and counted; copepodites were staged 
and counted; and nauplii and the individual number of eggs in both loose and attached egg sacs 
were counted. To provide high enough counts of each stage for mortality estimates, we took 
additional subsamples to obtain at least 30 of each life stage. Abundance (m-3) was determined 
by dividing the count of each life stage by the product of the subsample fraction for that life 
stage and the volume filtered in the original sample. 

Our box model approach closely followed methods in Kimmerer et al. (2019; Fig. 2). The 
three seaward boxes represented: (i) very low-salinity zone (VLSZ, salinity 0.2–0.5); (ii) low-
salinity zone (LSZ, 0.5–5.0); and (iii) high salinity (SAL, >5.0). These zones, and hence the box 
boundaries, varied in location with X2. The two most landward boxes were the Sacramento 
River box (SAC) and the San Joaquin River box (SJ). Both had seaward boundaries within the 
legal Delta and adjoined the VLSZ box at its landward margin (salinity 0.2; Fig. 1). 

Hydrodynamics were simulated using the three-dimensional RMA UnTRIM San 
Francisco Estuary Model (Andrews et al. 2017; Gross et al. 2010; Kimmerer et al. 2019). 
UnTRIM solves the discretized Reynolds-averaged shallow water equations on an unstructured 
grid (Casulli and Walters 2000). It allows for wetting and drying of computation cells, and sub-
grid scale representation of bathymetry (Casulli and Stelling 2011). Vertical turbulent mixing in 
the model is parameterized using a k-ε closure, which solves one equation for turbulent kinetic 
energy (k) and another for turbulent dissipation (ε) using published parameter values (Warner et 
al. 2005). The model domain extends from the coastal ocean through the San Francisco Estuary 
including the Delta. The model was applied to simulate hydrodynamics from October 18, 2016 to 
December 1, 2017 using idealized tides with M2 tidal period modified to 12 hours so that tides 
repeat daily and therefore do not vary on a spring-neap cycle. Winds also repeated a daily 
pattern, representative of average summer and fall wind conditions. This approach allows 
transport to be estimated for a single day of representative tidal and wind conditions (Kimmerer 
et al. 2019). Predicted salinity distributions and X2 varied throughout the simulation with varied 
tributary inflows to the model.  

Using calculated velocities and eddy diffusivities from the UnTRIM model at a half-hour 
interval, the Flexible Integration and Staggered-grid Hydrodynamics Particle Tracking Model 
(FISH-PTM) was used to simulate individual particle trajectories in the study area through time 
(Ketefian et al. 2016). These particles represented P. forbesi under two alternative swimming 
behaviors: tidal migration for copepodites and adults and passive behavior for nauplii. Tidal 
migration had an upward swimming speed of 0.25 mm s-1 during flood tide and a downward 
swimming speed of 0.75 mm s-1 during ebb tide, which resulted in the closest match between 
simulated particles and vertical distributions of copepods observed in the estuary (Kimmerer et 
al. 2014). Nauplii (< 0.2 mm long) were assumed to be too small to swim at speeds required to 
overcome vertical turbulence and were therefore treated as passive (neutrally buoyant) particles. 
The modeled tidal migration behavior is effective at retaining copepods in regions of salinity 
stratification but less so in freshwater regions. 
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The FISH-PTM model was initialized by seeding each box with a spatially uniform 
density of particles of one particle per 5000 m3, resulting in approximately 400,000 particles for 
each of the eight combinations of simulated behavior and X2. The FISH-PTM then simulated 
forward over 24 hours, or exactly two semi-diurnal tidal cycles for the idealized tidal pattern. 
Particles were transported between boxes by tidal and net currents. At the end of the run, the 
number of particles present in a destination box from each source box was divided by the 
original number of particles from the source boxes. This fraction represented the proportional 
exchange from a source box to a destination box. The calculation was repeated for all source and 
destination boxes to populate a “Gross Exchange Matrix” (Kremer et al. 2010). Losses of 
particles at water diversion locations (sinks) were also estimated. At these points [e.g., water 
export facilities (Fig.1)] particles were permanently removed from the simulation.  

The two swimming behaviors were applied for each of the four X2 scenarios, resulting in 
eight Gross Exchange Matrices. Omitting X2 and life-stage subscripts for simplicity, we 
calculated the proportional loss entries for one cell of this exchange matrix as   

𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑃𝑃𝑏𝑏𝑏𝑏,𝑡𝑡=1
𝑃𝑃𝑏𝑏𝑏𝑏,𝑡𝑡=0

       (1) 

where Ebjk is the proportion of particles with swimming behavior b that originated from source 
box j and moved to destination box k. Pbj,t=0 is the number of particles seeded in box j during 
initiation at time zero, and Pbk,t=1 is the number of particles in box (or sink) k that originated in 
box j after one day’s simulation.  

The methods used to compute subsidies and net gains assume the population is at steady 
state on each sampling survey. Under this assumption the abundance of P. forbesi in each box is 
not changing over time. Thus, the proportional subsidy and net gain described below is relative 
to the assumed equilibrium density in each box. The proportional subsidy in each box depends 
on exchange rates but also on differences in copepod densities and the relative box volumes 
between the source and destination boxes. Following the notation in Eqn. 1, the gains were, 

𝑔𝑔𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑛𝑛𝑏𝑏𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑉𝑉𝑏𝑏
𝑛𝑛𝑏𝑏𝑉𝑉𝑏𝑏

      (2) 

where gbkj is the proportional gain in numbers in box j due to transport from box k. Ebkj is from 
Eqn. 1, nj and nk give the mean abundance (m-3) (density) boxes j and k respectively, and Vj and 
Vk give the volumes (m3) of boxes j and k respectively. Calculations used both the mean of 
copepod densities across all survey periods from a box, and from survey-specific means. 
Subscripts for sampling survey are not shown in the equations for clarity of presentation. Note 
that the exchange proportions and box volumes in Eqn. 2 vary with the X2 scenario, but the 
mean abundances in each box are assumed not to vary. There is strong support for this 
assumption (see Figure 4 of Kimmerer et al. 2019).  

The proportional net spatial gain into box j is the sum of subsidies (Eqn. 2) from all other 
boxes combined, less the sum of proportional losses (Eqn. 1) from box j to the other boxes:  

𝐺𝐺𝑏𝑏𝑏𝑏 = ∑ 𝑔𝑔𝑏𝑏𝑏𝑏𝑏𝑏 − 𝑏𝑏≠𝑏𝑏 ∑ 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏 𝑏𝑏≠𝑏𝑏      (3) 
We calculated apparent mortality from counts of each life stage and the stage durations 

using the vertical-life-table method of Kimmerer et al. (2019). Apparent mortality is the value 
calculated from demographics of the population determined from the samples, ignoring the 
effects of transport. The two key assumptions in the approach are that the apparent mortality rate 
is constant within a life stage and that the population is at steady state. Given this latter 
assumption, the stage distribution is stable and therefore the decline in abundance across stages 
is not influenced by temporal variation in the number of P. forbesi entering each stage. For 
reasons discussed in Kimmerer and Lougee (2015) we used a Bayesian hierarchical approach to 
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estimate apparent mortality for copepodites (based on abundance by stage and estimated stage 
durations) and adults (based on the results for copepodites and abundance of copepodites and 
adults). Apparent mortality could not be calculated for nauplii, because counts of nauplii were 
lower than expected from the counts of other life stages.  

The actual mortality rate, which we term the in-situ mortality rate, Mbi,was calculated as 
the sum of  apparent mortality mi and the proportion net gain Gi based on: 

  𝑀𝑀𝑏𝑏𝑏𝑏 = 𝑚𝑚𝑏𝑏 + 𝐺𝐺𝑏𝑏      (4) 
where ‘i’ is an index for each unique site-survey sample. Gi values were computed by linear 
interpolation using the box-specific values from eqn. 3 with X2 values that spanned the X2 value 
at station ‘i’ at the time of sampling. 
 Uncertainty in estimates of proportional subsidies, proportional net gain, an in-situ 
mortality were computed by boostrapping. The subsidy and net gain calculations are based on 
mean P. forbesi densities for each box on a given sampling survey (Eqn 2.). However, these 
means are uncertain owing to variation in density estimates among sites within each box on each 
survey. We computed the mean and the standard error of the mean for each box and survey and 
used these values in the rnorm() function in R (R Core Team 2019) to return random samples of 
the mean densities. These values were used in eqn. 2 to compute uncertainty in proportional 
subsidy and therefore net gain. Uncertainty in in-situ mortality estimates depends on both the 
uncertainty in apparent mortality determined from the Bayesian model, and uncertainty in net 
gain. We combined these uncertainties by using random samples from the posterior distribution 
of mi, and the distribution of Gi values from boostrapping, in Eqn. 4. 

Results 
 The particle-tracking model predicted very little transport from seaward boxes (LSZ, 
VLSZ) into San Joaquin and Sacramento boxes (Fig. 3). Exchange from the very-low-salinity 
box to the low-salinity box, was substantial and increased with outflow (i.e. lower X2).  There 
was a small exchange of particles from the low-salinity box to the high-salinity box, which 
increased modestly with X2. 

Observed densities of P. forbesi were highest in the landward boxes (Sacramento, San 
Joaquin) and decreased to seaward (Fig. 4). Within surveys and boxes, densities of copepodites 
were higher than adults as expected. Densities of nauplii were sometimes lower than those of 
copepodites which likely reflects a sampling bias because the development times for each of 
those life stages are about the same. There was generally very high variability in densities among 
sites within boxes and surveys, as seen by relatively high values of coefficient of variation in 
log-transformed densities. Variation in nauplius densities was generally much greater than for 
copepodites or adults. 

 Subsidy calculations depend on box volume (Eqn. 2) which varied among boxes but also 
among X2 levels within boxes (Table 1). Volumes of San Joaquin and Sacramento boxes at the 
highest X2 level were 30 and 40% lower than at the lowest X2 level due to an eastward 
contraction of the boxes as X2 increased. In contrast, the volume of the high-salinity box was 
86% higher at the highest X2 level than at the lowest. The volumes of very low-salinity box and 
low-salinity box varied less, and in different directions, across X2 levels.  
 Proportional subsidies of P. forbesi varied by life stage, box, and X2 level. We focused 
on the low-salinity zone given its importance for Delta Smelt (Fig. 5). Proportional subsidies for 
nauplii were highly uncertain due to extensive variation in densities among sites within the LSZ 
and VLSZ boxes (see CV’s in Fig. 4). Proportional subsidies for copepodites and adults were 
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better defined and often large. Subsidies declined with increasing X2 because of reduced 
exchange from the VLSZ to the LSZ (Fig. 3).  
 The largest proportional net gain in the low-salinity box was greatest for nauplii and  
smallest for adults (Fig. 6). In the LSZ the median net gain declined with increasing X2 for 
copepodites and adults, although there was considerable uncertainty in X2-specific estimates and 
substantial overlap in net gain distributions among X2 levels. Proportional net gains in the low-
salinity zone varied among survey periods due to differences in copepod densities (Fig. 6). As 
for the survey-averaged results, median net gain decreased with increasing X2 but there was 
considerable overlap in distributions among X2 scenarios. 

Apparent mortality estimates for P. forbesi nauplii were not reliable because counts were 
lower than required to support the rate of production estimated for the first copepodite stage.  
Therefore we show mortality rates only for copepodites and adults. In-situ mortality rates for 
copepodites in the VLSZ and LSZ boxes were often considerably greater than they were in the 
SAC and SJ (Fig. 7). This pattern was less evident for adults, although higher values in the 
VLSZ or LSZ were apparent on surveys when the net gain in these boxes was higher (e.g. Nov 
20-22). 

Discussion 
We combined predictions of movement from a particle tracking model with empirical 

observations from four carefully designed surveys to assess the role of freshwater outflow in 
subsidizing the food supply available to Delta Smelt in the Low-Salinity Zone. This study was 
designed to evaluate the efficacy of flow augmentation in fall (USFWS 2008) for supporting 
Delta Smelt through supplementing their food supply, although the results apply more broadly to 
any flow effects on transport of copepods. We have shown that abundance for all life stages of P. 
forbesi is low throughout the fall period relative to freshwater habitats and that exchange 
between boxes does not appear to respond to flow augmentation (i.e. lower X2; Fig. 3). X2 
values ranging from 74-85 km can realistically be achieved by flow augmentation, and the 
considerable overlap in distributions among X2 scenarios (Fig. 5) imply that within operational 
ranges there is little difference in subsidy. Higher subsidies to the low-salinity box with greater 
outflow are partially offset by greater losses (Fig. 6). Higher net gain in the low-salinity box also 
resulted in greater in situ mortality compared to other boxes (Fig. 7). Copepod exchange in a 
landward direction tended to be less than exchange seaward, suggesting increasing subsidy by 
advection in wet years (Fig. 3). Net gain of copepods seaward tended to increase with increasing 
X2 in high outflow conditions observed in this study (Fig. 6) and in high outflows associated 
with 2011 by Kimmerer et al. (2019).  

Using the same zooplankton box model for different years and data from sampling 
programs with three different designs, Kimmerer et al. (2019) also found that subsidies to the 
Low-Salinity Zone was relatively insensitive to X2. We found that mortality rates of P. forbesi 
copepodites in the low-salinity box were higher than in other boxes, with nauplii showing the 
most variation. These findings are consistent with the conclusion that predation by invasive 
clams and copepods (e.g., Acartiella sinensis) depletes zooplankton densities in the LSZ 
(Kayfetz and Kimmerer 2017; Kimmerer et al. 1994; Kimmerer et al. 2019; Slaughter et al. 
2016), increasing the importance of subsidies from landward sources to the LSZ. 

Our expectation was that the subsidy from zooplankton-rich freshwater sources to the 
LSZ would be greater for lower X2 values (more outflow) and thus there would be a negative 
relationship between X2 and proportional net gain. Our modeling results suggest that subsidies 
of P. forbesi do not differ between the 74 and 81 X2 scenarios. While net gain did decrease 
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between an X2 of 85 km and 81 km in the very low-salinity box, the general trend was flat 
except at a hypothetical X2 of 67 km that was chosen as an extreme value to investigate the 
effect on net gain of flow augmentation over a wider range. Such a target seems unrealistic 
because moving X2 from 74 to 67 km for two months would require about 20% of the capacity 
of Shasta Reservoir, based on a steady-flow analysis of MacWilliams et al. (2015). 

Our analysis is based on some inputs that are highly reliable and on some that should be 
considered with a degree of uncertainty. Volumes of modeled boxes are known accurately and 
exchange of particles between boxes can be estimated reliably by the well calibrated and 
validated hydrodynamic model and particle-tracking model used in this analysis (Gross et al. 
2019; Ketefian et al. 2016). The particles were passive to represent the small nauplii, and moved 
up on the flood and down on the ebb to represent copepodites and adults. This behavior results in 
a good match with the vertical distributions of the copepods (Kimmerer et al. 2002) and causes 
retention in the deeper, more saline parts of the estuary. For this reason the migratory behavior 
had an increasing effect on copepod movements going from fresh water to the high-salinity zone. 

The estimates of proportional net gain are largely driven by differences in zooplankton 
densities among boxes, which were well defined by the robust sampling effort in 2017. However, 
the coarse spatial representation of the estuary by five rather large boxes, although consistent 
with the spatial scales at which copepod abundance can be differentiated, results in an 
approximate representation of transport, introducing some uncertainty to the estimates of spatial 
subsidy.  

This study builds on that of Kimmerer et al. (2019) to reinforce the finding that spatial 
transport processes are an essential element of the population dynamics of P. forbesi, and 
probably other pelagic species besides zooplankton. These processes are now seen to be 
important at a range of spatial scales, from the entire habitat of the species, as here, to the scale 
of individual wetlands and their connections to open water (Kimmerer et al. 2018). Transport 
processes are heavily dependent on the interaction of tidal flows with spatio-temporal variation 
in abundance and distribution, presenting a challenge for analysis. Given the availabity of robust 
transport modeling described above, and growing knowledge and understanding of the 
population ecology of this species, a logical next step would be to derive a more mechanistic 
model of copepod production and subsidy. This would combine transport modeling with better 
understanding of vertical movements of copepods, reinforced by data on abundance by life stage 
and vital rates to develop spatial mass-balance models.  
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Tables 
 
Table 1. The calculated volume of each box (millions of m3) at the four modeled X2 scenarios. 
Boxes are lower San Joaquin River (SJ), lower Sacramento River (SAC), very low-salinity zone 
(VLSZ), low-salinity zone (LSZ), and high salinity (SAL). 
 

 Box 
X2 (km) SJ SAC VLSZ LSZ SAL 

      
67 658 528 91 391 183 
74 601 408 91 424 208 
81 499 372 68 333 335 
85 463 318 109 312 340 
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Figures 
 
 

Figure 1. Map of the northern San Francisco Estuary for X2 scenarios at 67, 74, 81, and 85 km 
with boundaries (red is seaward, black is landward) of the low-salinity box. Black triangles 
represent sampling stations, red dots indicate the water export facilities of the State Water 
Project and federal Central Valley Project, and red border line is the boundary of the legal Delta. 
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Figure 2. Flow diagram of calculations: Shaded shapes represent calculations made for this 
paper, whereas copepod development time is unshaded because it involves parameter estimates 
from Kimmerer et al. (2019); hexagons are three-dimensional simulation models; rectangles are 
results of calculations based on data and 3-D model output. 
 

 



Chapter 6: The Effect of Outflow on Subsidy of a Key Calanoid Copepod Prey Item for Delta Smelt 
in the San Francisco Estuary 

Directed Outflow Project Technical Report 2 | 240 
 

 

Figure 3. Predicted proportion of particles exchanged from source to destination boxes under 
four X2 conditions based on tidal behavior. The sum of exchanges from each source box to all 
destination boxes equals one except in cases where there are losses due to water export and 
particle sinks. Boxes are lower San Joaquin River (SJ), lower Sacramento River (SAC), very 
low-salinity zone (VLSZ), low-salinity zone (LSZ), and high salinity (SAL). 
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Figure 4. Box plots showing the variability in P. forbesi densities across boxes by life stage 
(columns), sampling survey (rows). The center line in each box plot shows the median and the 
box shows the interquartile range or IQR.  Error bars show Q1-1.5*IQR and Q3+1.5IQR, and 
points show outliers beyond the error bars. Values at the top of each panel show the number of 
zooplankton samples used to calculate each distribution (top row) and the coefficients of 
variation (CV) of log-transformed densities (bottom row). 
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Figure 5. Proportional subsidies of P. forbesi (Eqn. 2) to the low-salinity zone (LSZ) by X2 
scenario based on passive behavior for nauplii, and the tidal migration behavior for copepodites 
and adults. Results are shown by life stage (columns) and sampling survey (rows). Boxplots are 
presented as in Fig. 3 with outliers omitted to show X2 patterns more clearly. 
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Figure 6. Proportional net gain (Eqn. 3) of P. forbesi in the low-salinity zone box (LSZ) by X2 
level for each life stage (columns) and sampling survey (rows). Results are shown by life stage 
(columns) and sampling survey (rows). See caption for Fig. 3 for a description of boxplots. 
Outliers were omitted to show X2 patterns more clearly. 
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Figure 7.  Station-specific estimates of in-situ mortality for P. forbesi as a function of salinity by 
survey (rows) and life stage (columns). The color of points denotes the box the sample was taken 
in. Points and error bars show the medians and 80% credible intervals, respectively.  
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ABSTRACT 
 
In estuaries with high variation in freshwater inflow, food resources for fish can vary 
considerably from year to year. Conservation efforts to improve habitat quality for endangered 
fishes in the tidal San Francisco Estuary have focused on increasing freshwater outflow to 
expand foraging habitat during the fall season when Delta Smelt body condition for the pre-
spawning period has the greatest influence on fecundity. We collected zooplankton abundance 
and biomass as measures of habitat quality during fall of a high outflow year (2017) and a 
subsequent low outflow year (2018). Abundance was greater in the high outflow year, but 
biomass was similar between years. Non-metric multi-dimensional scaling revealed that during 
the high outflow year, zooplankton communities were more homogeneous across the estuary 
while in the low outflow year they segregated into distinct low and high salinity groups. Salinity 
was the primary factor underlying differences between the two years. Deep channel habitat in the 
low outflow year had higher abundance and biomass than near surface habitat in channels and 
shoals. Abundance and biomass of macrozooplankton communities (mysids and amphipods) 
were unaffected by changes in outflow. This paper highlights how managed freshwater outflow 
during fall can affect distribution and abundance of zooplankton across the estuary in ways that 
influence habitat dynamics of endangered planktivorous fishes. Salinity appears to influence the 
structure and composition of the lower trophic community in response to managed outflow in 
ways that provide insight to impacts from future sea level rise. 
 
INTRODUCTION 
 
Estuaries are especially vulnerable to climate change because they are cumulatively affected by 
climatic factors that independently affect marine and freshwater systems (Gillanders et al. 2011).  
This influence of climate change may be exacerbated in regions where freshwater is in scarce 
supply. Interactions at the interface of fresh and marine waters serve to structure estuarine 
planktonic prey communities, which influence the quality of habitat for estuarine fishes (Jassby 
2008; Kimmerer 2002). Tidal estuaries can be highly productive and dynamic environments that 
provide critical habitat for many ecologically and economically important species (Barbier et al. 
2011; Kimmerer 2004). In tidal estuaries with managed freshwater flows, understanding these 
processes is critical to developing water management strategies directed at protecting estuarine 
fishes (Peterson 2003).  

mailto:Jason.Hassrick@icf.com
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The San Francisco Estuary (the estuary) is situated in a Mediterranean climate, in which 
habitat availability for the lower trophic prey community is dynamic and driven by an interaction 
of freshwater advection and tidal dispersion of nutrients and organic matter (Kimmerer et al. 
2019). Outflow from the Sacramento-San Joaquin Delta (the delta) is the primary source of 
freshwater to the estuary and some 40 million residents of California. Net outflow is controlled 
by a combination of inputs from upstream dam releases and exports from two pumping stations 
in the south delta, from which water is conveyed to water users in other parts of the state through 
one of the world’s most complex and highly managed water conveyance systems.  

Changes to estuarine hydrology from managed outflow can influence habitat 
functionality for estuarine fishes by altering the position and stability of prey phytoplankton and 
zooplankton assemblages (Cloern 2007; Jassby et al. 1995; Kimmerer 2002; Kimmerer et al. 
1998). Understanding how the distribution of the lower trophic community responds to managed 
freshwater outflow conditions can clarify the effectiveness of management actions aimed at 
recovering native estuarine fish populations. The state and federally protected endangered Delta 
Smelt (Hypomesus transpacificus) is subject to targeted efforts to improve habitat quality, 
including increasing prey availability (Feyrer et al. 2003; Grimaldo et al. 2009; Slater and Baxter 
2014). 

As the Delta Smelt abundance index from state and federal monitoring surveys declined 
to critical levels in recent years, the species has been thrust into the forefront of water resource 
management concerns (USFWS 2019b). Increased food availability in the fall season is thought 
to positively affect the survival of pre-spawning Delta Smelt and the degree of this association 
appears to strengthen in high outflow years (MAST 2015).  

We surveyed distribution, abundance, and biomass of zooplankton assemblages that 
comprise the Delta Smelt prey field as a proxy for Delta Smelt habitat quality because their 
scarcity makes it increasingly difficult to directly determine distribution changes of the 
population in response to environmental conditions (Hobbs et al. 2017). We compared fall 
conditions between a relatively high outflow year in 2017 and drier conditions in the following 
low outflow year. We focused on the north estuary where outflow dictates the position of low-
salinity habitat (0.5-6 ppt) that juvenile and sub-adult Delta Smelt generally occupy at relatively 
higher densities (Merz et al. 2011). 

During the fall period of “wet” water years, the position of X2, defined as the distance 
(km) from the Golden Gate Bridge to the tidally averaged 2 ppt salinity isohaline (Jassby et al. 
1995), is managed to range between 74 to 81 km so that low-salinity water overlaps with Suisun 
Bay and Suisun Marsh. Within this area, shallow-water shoal habitats, where advection and 
dispersion are reduced, are known to be important nursery habitat for the successful recruitment 
of larval estuarine fishes (Grimaldo et al. 2020). In estuarine channel habitats, behavioral 
mechanisms like diurnal vertical migration can help zooplankton maintain position and make use 
of dispersive processes associated with tidal exchange and advection from net-positive 
freshwater inflow to obtain food (Kimmerer et al. 2002).  In this paper we address four questions 
to understand how the Delta Smelt prey field changes in response to managed outflow: [1] How 
does freshwater outflow affect physical habitat between years and among regions? [2] What prey 
taxa were influenced by these differences? [3] Is there a difference in prey community 
abundance and biomass distribution across regions of the estuary that Delta Smelt occupy? and 
[4] Did the outflow action during the high outflow year enhance the Delta Smelt prey field across 
low-salinity habitats? 
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MATERIALS AND METHODS 
 
The San Francisco Estuary is the largest estuary on the west coast of North America. Its 
watershed extends from the Sierra Nevada range to the Golden Gate Bridge, an area that covers 
60,000 square miles and nearly 40% of California. Within the estuary, Suisun Bay and Suisun 
Marsh, situated just west of the confluence of the delta, combine to form the largest tidal marsh 
on the west coast. To effectively sample an area this large, we used a generalized random 
tessellation stratified design (Starcevich et al. 2016; Stevens Jr and Olsen 2004) to randomly 
select sample stations in the upper estuary (Fig. 1), also known as the North Delta Arc (Moyle et 
al. 2016). Sampling occurred within and around low-salinity habitat (salinity 0.5-6, Practical 
Salinity Scale) during the fall period across the North Delta Arc. We focused on five regions that 
include the Cache Slough Complex, the Sacramento Shipping Channel, the Lower Sacramento 
River, Suisun Bay and Suisun Marsh (Fig. 1). Three stations in each region were sampled once a 
week, in tandem with the United States Fish and Wildlife Service (USFWS) Enhanced Delta 
Smelt Monitoring program. In 2017, sampling occurred on a biweekly basis and in 2018 
sampling occurred weekly. We sampled from Sep 24-Nov 29 in 2017 and Sep 5-Nov 30 in 2018.  
  
Habitat Sampling 

Habitat sampling methods are listed in Schultz et al. (2019). At each sampling station, 
individual tows were conducted in three habitat types (surface channel, deep channel, and shoal) 
when depth conditions were met. Tows were conducted at fixed depths to vertically segregate 
channel habitats. In channels deeper than 3 m, nets were towed just under the surface, followed 
by a deep tow along the same transect that sampled the bottom half of the water column.  The 
open-mouth configuration of our nets did not exclude zooplankton during deployment and 
retrieval to and from the target depth. For deep channel tows, the bridle of the net was weighted 
with a lead weight of approximately 5 kg. Measures of the warp length and wire angle from the 
stern tow bar were used to target desired fishing depths,  

          𝐷𝐷= 𝑠𝑠𝑠𝑠𝑠𝑠 (𝑟𝑟𝑟𝑟𝑟𝑟[𝐴𝐴]) ∗ 𝐿𝐿              
where depth (D) is determined by the product of the sin of the wire angle (A) and the warp 
length (L) of the tow line. In addition, pressure loggers (HOBO, Bourne, Massachusetts USA) 
were attached to the net frame to verify and record the sampling depth of each tow. Paired shoal 
samples were taken when shallow areas less than 2 m deep existed within 0.8 km of the station.  

Macro- and meso-zooplankton were sampled using a 50-cm diameter macrozooplankton 
net frame attached to a smaller 20-cm diameter mesozooplankton net frame and were constructed 
with 500-µm mesh and 150-µm mesh nets, respectively. Each net was equipped with a 
flowmeter (General Oceanics, Miami, Florida USA) to determine the volume of water filtered 
through each net. Five-minute tows were conducted for each habitat and the nets were 
systematically washed towards the cod end. The contents were preserved with 10% 
formaldehyde and transferred to the lab for processing.  

Spot measurements of temperature, turbidity (NTU), salinity (psu), dissolved oxygen 
(DO; mg/L), and Chlorophyll-a (mg/L) were taken at each habitat prior to the tow using a EXO2 
multiparameter sonde (Yellow Springs Inc., Yellow Springs, Ohio USA)). Water samples were 
filtered by vacuum pressure <10 mm Hg through 0.2 µm, 47-mm diameter polycarbonate filters 
at each site for surface channel and shoal habitats. The water samples were later analyzed using 
colorimetric assays for ammonium (NH4

+, mg/L), nitrate (NO3
-, mg/L), phosphorous (PO4

3-, 
mg/L) (Verdouw et al. 1978, Doane and Horwath 2003, Murphy and Riley 1962). Dissolved 
organic carbon (DOC, mg/L) was analyzed by high temperature catalytic oxidation (Bird et al. 



  
Chapter 7: How an Estuarine Prey Field Changes with Managed Freshwater Outflow 

 

Directed Outflow Project Technical Report 2 |  249 
 

2003). The daily position of X2 was obtained from California Department of Water Resources 
(DWR) Dayflow program (CDWR 2020).  

Zooplankton samples were identified using methods described in the Interagency 
Ecological Program’s Environmental Monitoring Program (Kayfetz et al. 2020), however, 10 
aliquot counts were used instead of 20 aliquot counts due to high densities. All organisms were 
identified to the lowest taxonomic level possible and zooplankton were further separated by life 
stage, all of which are hereafter referred to as taxa. Prey taxa noted in this study were confirmed 
in gut contents of Delta Smelt collected between 0.5 ppt and 6 ppt from September to November 
for 2011-2017 by Slater et al. (2019) 
 
Data Analysis 

Analyses were conducted for two measures of the zooplankton community; abundance by 
volume (count/m3) and biomass by volume (µg/m3), herein referred to as abundance and 
biomass, respectively. Biomass was calculated by multiplying species specific grams of carbon 
by the abundance value as outlined in Kayfetz et al (2020) using values from Kimmerer et al. 
(2011). Covariate analyses of water quality variables, outflow year, taxa, abundance, biomass, 
and Shannon’s diversity index (H′, which accounts for evenness of taxa distributions, vegan 
package, version 2.5-6; Oksanen et al. 2019), were evaluated using a non-parametric Kruskal-
Wallis test (H stat) in R version 3.5.3 (R Core Team 2019) followed by a Dunn’s pairwise 
comparison (Ogle et al. 2021). Tests were conducted with Bonferroni corrections for multiple 
comparisons for all covariates. 

The degree of dissimilarity between macro- and meso-zooplankton in the high and low 
outflow years for abundance and biomass were analyzed with similarity percentage (SIMPER, 
vegan package, version 2.5-6; Oksanen et al. 2019) in R version 3.5.3 (R Core Team 2019), with 
permutations following (Clarke 1993; Oksanen et al. 2013). SIMPER identifies a taxa’s 
contribution to dissimilarity between groupings. We identified the top five taxa with the highest 
contribution to groupings and tested for significant relationships between their abundance and 
biomass with temperature, turbidity, salinity, dissolved oxygen, dissolved organic carbon, nitrate, 
phosphate, Chlorophyll-a, and ammonium using a negative binomial General Additive Model. 
We used a negative binomial error distribution because our data were slightly over-dispersed 
with restricted maximum likelihood estimation (REML; GAM, ‘mgcv package version 1.8-31) 
(Wood 2017). 

We performed six separate non-parametric multidimensional scaling (NMDS) ordinations 
using Bray-Curtis dissimilarity matrices to reduce the dimensionality of a complex dataset and 
characterize key differences in lower trophic community abundance and biomass across the 
estuary and within Suisun Bay. NMDS was first run on all prey samples in the estuary and then 
using only data collected within Suisun Bay. Rare taxa were retained in the analysis because 
removal of rare species has been shown to alter interpretation of multivariate analysis results 
significantly; additionally, rare species can be greater indicators of ecosystem stress compared to 
common species (Poos and Jackson 2012). Prior to calculating the Bray-Curtis dissimilarity 
matrix used in NMDS, prey samples were square root transformed, followed by a Wisconsin 
double standardization to equalize emphasis of dominant sites and taxa on the ordination space 
(Bray and Curtis 1957). The NMDS dissimilarity matrix was performed using ‘metaMDS’ from 
the Vegan package following the methods of Oksanen et al. (2019). A two-dimensional solution 
was selected as the final solution for all six ordinations as it reduced the solution stress to < 0.20 
(Kruskal 1964).  
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Relationships between zooplankton abundance or biomass and environmental covariates 
were examined by fitting vectors to the ordination space from the NMDS analysis, using the 
function `envfit` from the vegan package (Oksanen et al. 2019). Vectors indicate the direction 
with the most significant positive change and were assessed for significance with a permutation 
test that generates a p-value for the percent of randomly permuted fitted vector lengths that 
exceed raw fitted vector lengths. The relationship between the environmental covariates, habitat-
year and region-year groups with zooplankton abundance or biomass were then visualized by 
overlapping environmental covariate vectors with convex hulls formed by connecting the 
vertices of the habitat-year and region-year groups within the two ordination spaces.  

 
RESULTS 
 
Over the course of the study, 194 paired macro- and meso-zooplankton samples were collected 
in 2017 and 321 pairs were collected in 2018 across five regions and three habitat types. Of 
these, 193 were from deep in channels, 102 were from shoals, and 220 were from the channel 
surface (Table 1). The spatial extent of these samples extends from the terminus of the 
Sacramento Deepwater Ship Channel in the top of the North Delta Arc seaward to Carquinez 
strait on the western edge of Suisun Bay (Fig. 1). Average fall X2 was 76.0 km (+/- 0.12 km) and 
83.8 km (+/- 0.12 km) in 2017 and 2018, respectively (CDWR 2020). Temperatures were similar 
across both years and regions, except when Cache Slough was significantly cooler than Suisun 
Marsh in the 2017 high outflow year (Fig. 2; Table 2). Turbidity was higher in the Sacramento 
Shipping Channel, Suisun Bay and Suisun Marsh under high outflow but did not change in 
Cache Slough or the Lower Sacramento. Salinity within a given region was significantly lower in 
the high outflow year only for the three most seaward regions (Table 2). Dissolved oxygen 
remained unchanged between the two years for all regions except Suisun Bay, where it was 
significantly higher in the high outflow year. Chlorophyll-a varied by regions in response to 
outflow conditions with higher values in the high outflow year for the Sacramento Shipping 
Channel and lower values for Suisun Bay. All other regions were unchanged across the two 
outflow years. Within each region, concentrations of nitrate, ammonium and phosphate, and 
DOC were similar between the two years.  

Five taxa accounted for 52% of the variation in abundance between outflow years (Fig. 
3). These included Limnoithona tetraspina copepodites, Pseudodiaptomus forbesi copepodites, 
nauplii, and adults, and Acartiella sinensis copepodites. Five taxa accounted for 62% of the 
variation in biomass between outflow years, including P. forbesi adults and copepodites, A. 
sinensis adults and copepodites, and Tortanus spp. copepodites.  

Abundance and biomass tracked each other closely for a given taxa in response to water 
quality measures (Fig. 4). P. forbesi copepods were more common in freshwater and less 
common between 4 and 7 psu (Fig. 4). Acartiella sinensis and Limnoithona tetraspina were more 
common in salinities above 5 and Tortanus spp. was more common in higher salinity water. All 
taxa were more common at dissolved oxygen levels between 6 and 9 mg/L and at temperatures 
between 13 and 16°C. P. forbesi adults and copepodites also showed an additional increase in 
abundance at temperatures up to 22.5°C. P. forbesi abundance and biomass were correlated with 
phosphate, where maximum values were centered between concentrations of 0.18 and 0.20 mg/L 
that corresponded with minimum values for A. sinensis, which had maximum values at 0.4 to 0.5 
mg/L. Similarly, P. forbesi was mostly found in water with low nitrate concentrations, while the 
other taxa appeared to be more abundant at nitrate concentrations centered around 0.3 mg/L. 
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Total abundance, total biomass and Shannon’s diversity index varied differently by 
region between the high outflow and low outflow years (Table 2). Overall, the high outflow year 
had significantly greater abundance for each region (Fig. 5). In the high outflow year, total 
abundance was similar across all five regions whereas in the low outflow year, total abundance 
in the Sacramento Shipping Channel was significantly greater than the three more seaward 
regions. We did not observe a change in biomass for a particular region from one year to the 
next. All regions were similar in biomass for a given year except in 2017 where the Sacramento 
Shipping Channel had significantly greater biomass than Suisun Bay. Shannon’s diversity was 
similar within a region across the years. In the high outflow year, Shannon diversity index was 
greater at Sacramento Shipping Channel relative to the Lower Sacramento River in both years. 
Shannon’s diversity in the lower Sacramento for the low outflow year was significantly lower 
than all other regions.  

Non-metric multidimensional scaling revealed differences in regional taxa 
abundance/biomass along a salinity gradient, with relatively weak differences along temperature, 
nitrate, and dissolved oxygen vectors (Fig. 6). None of the other water quality parameters, 
including phosphate, dissolved organic carbon, ammonium, Chlorophyll-a, turbidity, and X2 
contributed significantly to differences in community composition. In the high outflow year, taxa 
composition overlapped for the three landward regions of Cache Slough, Sacramento Shipping 
Channel, and Lower Sacramento, whereas Suisun Marsh did not overlap with these regions and 
was separated along the salinity axis. In the low outflow year, Suisun Bay and Suisun Marsh 
were separated along the salinity axis from the other regions.  
 P. forbesi was the most abundant mesozooplankton taxon in the freshwater regions of 
Cache Slough, Sacramento Shipping Channel, and Lower Sacramento River in both years of the 
study (Fig. 7, Table 2). Densities of adult P. forbesi copepods in Suisun Bay and Suisun Marsh 
during fall of the high outflow year were not unlike densities observed in other regions except for 
the Sacramento Shipping Channel, which was substantially higher. In the low outflow year, there 
were significantly lower densities of all life stages of P. forbesi in Suisun Bay and Suisun Marsh 
relative to all other regions. Conversely, adult and copepodites of the congener, P. marinus, were 
observed in the seaward regions in the low outflow year after having not been present in any of 
the study regions in the high outflow year. Abundance of all life stages of A. sinensis were 
significantly greater in Suisun Bay and Suisun Marsh than in more freshwater regions during 
both years of the study (Fig. 7). All life stages of Eurytemora affinis were uniformly abundant 
across regions in the high outflow year, becoming more variable between regions in the low 
outflow year. Landward regions in that year generally had lower densities of this species relative 
to Suisun Bay and were significantly less abundant relative to Suisun Marsh. In the high outflow 
year, adult Sinocalanous doerrii were significantly more abundant in Sacramento Shipping 
Channel than in Cache Slough, Lower Sacramento River and Suisun Bay (Fig. 7). Their 
copepodite and nauplii were significantly less abundant in Lower Sacramento River and Suisun 
Bay than in Cache Slough and Sacramento Shipping Channel. Abundances of all life stages of S. 
doerrii in the low outflow year were significantly greater in Sacramento Shipping Channel than 
all other regions. This species was not observed in Suisun Marsh in either year. The extent of 
Tortanus spp. in the high outflow year was limited to Suisun Bay and Suisun Marsh with 
abundance significantly greater there in the low outflow year when copepodites were also 
present in Lower Sacramento River.  

Adults and copepodites of L. tetraspina were significantly more abundant in Suisun Bay 
and Suisun Marsh than in other regions during fall of the high outflow year. The same regional 
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gradient in abundance existed in fall of the low outflow year, however, both life stages of L. 
tetraspina were significantly less abundant in seaward regions relative to the prior high outflow 
year. The congener, Limnoithona sinensis, was significantly less abundant in the high outflow 
year in Suisun Bay and Suisun Marsh relative to all other regions. In the low outflow year, L. 
sinensis abundance in Cache Slough, Sacramento Shipping Channel, and Lower Sacramento 
River was significantly lower than the prior year and densities in Suisun Bay and Suisun Marsh 
remained low.  

Macrozooplankton abundances were low in most regions throughout our study. In the 
high outflow year, Hyperacanthomysis longirostris was more abundant in Sacramento Shipping 
Channel and in the seaward regions, significantly less abundant in Lower Sacramento River, and 
not present in our samples for Cache Slough. This species was observed at similar densities in 
both years and were present in very low abundances at Cache Slough. Greater densities of 
Neomysis kadiakensis were detected in Suisun Bay than for Lower Sacramento River. This 
species expanded to all regions in the low outflow year. Amphipods that were present in all 
regions during both years included Americorophium spinicorne, Gammarus daiberi, and 
Hyalella spp.  

Cladocerans and rotifers generally decreased in abundance from landward regions to 
seaward regions in both years. In contrast, barnacle nauplii had significantly greater densities in 
Suisun Bay and Suisun Marsh. Ostracod abundance was significantly lower in Suisun Bay than 
Cache Slough. Variation in biomass of individual taxa across regions and between years varied 
similarly with abundance (Fig. 8, Table 2). 
 In the low outflow year of 2018, variation in the total abundance and biomass of 
zooplankton between habitats was greatest in Sacramento Shipping Channel, Lower Sacramento 
River, and Suisun Bay (Fig. 9).  Total biomass in the deep portion of the channels in the low 
outflow year was significantly greater than the channel surface, though this was not true in the 
high outflow year. Surface habitats of channels in Suisun Bay had significantly lower biomass 
than at depth during low outflow, however, the decrease was less pronounced for shoal habitats. 
Shannon diversity indices were lowest in the Lower Sacramento River in both years, particularly 
in deep channel habitat during low outflow conditions. Suisun Bay, however, had slightly greater 
diversity at depth than at the surface of channels and shoals during the low outflow year. Shoal 
habitat was only examined for Suisun Bay because shoal habitats were less frequently found and 
sampled in other regions (Table 1).  

No substantial differences were observed between the macrozooplankton communities in 
Suisun Bay across years with high and low outflow or across habitats between years (Fig. 10). 
Deep channel habitats during the high outflow year had a more constrained community 
composition relative to assemblages in channel surface and shoal habitats. There was, however, a 
strong influence on the community abundance along a salinity gradient (r2 = 0.43) and weak 
associations with temperature, nitrate, X2, ammonium, and phosphate. Macrozooplankton 
community biomass had similar relationships as abundance to the water quality variables. 
 The composition of the mesozooplankton assemblage in Suisun Bay changed between the 
two outflow years to a greater extent than macrozooplankton (Fig. 10). Salinity had the greatest 
influence in the structuring of these two assemblages, followed by X2 and dissolved oxygen. 
Salinity and X2 were autocorrelated to an extent (r2 = 0.67) but the lack of overlap between the 
gradient vectors within the NMDS suggested that both variables be included (Fig. 10). There 
were small differences in zooplankton community composition between habitat types as well for 
each year. In the high outfow year, mesozooplankton assemblages in the channel surface and 
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deep habitats were similar to shoal habitat but diverged mostly along the DO gradient and only 
slightly along the y-component of the salinity gradient. Conversely, all three habitat types in 
Suisun Bay were similar in the low outflow year. Mesozooplankton in the deep channel habitats 
during the high outflow year were less similar in composition to assemblages in channel surface 
and shoal habitats relative to the low outflow year. Salinity, X2, and DO were the underlying 
factors that separated the composition of the zooplankton community in all habitats across the 
two outflow years.  
 
DISCUSSION  
 

The San Francisco Estuary remains one of the largest tidal marshes on the west coast of 
North America and still exhibits habitat complexity that is lacking in most other areas of the 
estuary. Many native fishes that historically characterized this marsh complex have undergone 
severe declines (Matern et al. 2002; Meng et al. 1994). For example, the prey field for Delta 
Smelt has changed dramatically over time. In the 1980s, introduced copepods like P. forbesi 
began to replace E. affinis, also introduced, as the dominant copepod in the estuary (Moyle et al. 
1992). Since then, the non-native overbite clam, Potamocorbula amurensis, contributed to the 
decimation of mysids (Kimmerer and Orsi 1996). Introductions of other invasive copepods such 
as A. sinensis and L. tetraspina have further altered the prey field through new food web 
dynamics (Orsi and Ohtsuka 1999; Slaughter et al. 2016). Here, we have shown the extent to 
which outflow actions can differentially affect mesozooplankton and macrozooplankton as the 
salinity gradient shifts across habitats.  

Outflow actions taken in fall of 2017 altered the physical environment by depressing 
average X2 and mobilizing the salinity gradient further seaward (Fig. 2), which was expected as 
the outflow action was targeted to increase low-salinity habitat for pre-spawning Delta Smelt in 
Suisun Bay (Brown et al. 2014; USFWS 2019a). The seaward expansion of the low-salinity zone 
into the Suisun Bay and Suisun Marsh complex was accompanied by increased turbidity and low 
chlorophyll-a, however, larger and more nutritious diatoms constituted a greater proportion of 
the phytoplankton community (Kalmbach et al. 2021). These shifts in the salinity gradient were 
associated with the variable distributions of several important zooplankton taxa that compose the 
prey field available to Delta Smelt. 

Enhanced freshwater outflow redistributes the mesozooplankton assemblage throughout 
the upper estuary primarily by advection along the surface of channels, but it does not appear to 
have a similar effect on macrozooplankton. The prey base for planktivorous fish in the low-
salinity habitat of the upper estuary defined by the position of X2 is relatively poor, due in part to 
non-native clams that outcompete zooplankton for phytoplankton and also prey on zooplankton 
nauplii (Kimmerer and Orsi 1996; Kimmerer et al. 1994; Kimmerer and Lougee 2015; Kimmerer 
and Thompson 2014). Since the introductions of P. amurensis in 1986 and A. sinensis in 1993, 
the population center of P. forbesi shifted further up the salinity gradient away from the low-
salinity zone (Kimmerer et al. 1998; Slaughter et al. 2016). In the present study, the shift in 
distribution of this taxa to low-salinity habitat in Suisun Bay during high outflow (Fig. 7) is best 
explained by Kimmerer et al. (2019) who determined that when flows are high, movement of P. 
forbesi from areas of high abundance can subsidize areas of low abundance. Moreover, the 
broader width of Suisun Bay increases the area and volume of low-salinity habitat under outflow 
conditions as in 2017. These favorable environmental conditions overlap with low current speeds 
and allow organisms to retain position in the estuary and overcome net seaward transport.  
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 The relatively small, non-native cyclopoid copepod, L. tetraspina, which is a common 
prey item of Delta Smelt in the low-salinity zone during fall (Slater and Baxter 2014; Slater et al. 
2019), was more abundant during the high outflow year in Suisun Bay and Suisun Marsh (Fig. 
7). Despite its abundance, direct consumption of L. tetraspina yields poor nutritional value 
because it feeds on ciliates, a nutritionally impoverished food source, and it carries a bioenergetic 
cost because similar energetic effort is required to capture a prey item of low or high quality 
(Bouley and Kimmerer 2006; Winder and Jassby 2011). Predation of L. tetraspina by the large 
calanoid copepod A. sinensis is an important trophic link for adult Delta Smelt (Gould and 
Kimmerer 2010; Slaughter et al. 2016). Augmented outflow had no effect on the abundance or 
biomass of A. sinensis in the seaward regions of our study (Fig. 7), which may be attributed to its 
tolerance of salinities between 0 and 20 with maximum densities observed in salinities ranging 
between 2.5 and 8.6 (Orsi and Ohtsuka 1999). Lower outflow in 2018 and higher salinities in the 
Lower Sacramento Region meant the preferred habitat for adult A. sinensis extended landward 
and could have limited Psuedodiaptomus nauplii numbers in that region (Fig. 7 and 8). Similarly, 
Tortanus spp. can range from mesohaline salinities between 1.2 to 13 (Orsi and Ohtsuka 1999) 
and was more commonly encountered in the low outflow year. While this taxon is a large 
contributor to biomass in the lower trophic community in Suisun Bay and Suisun Marsh, it is not 
a common prey item for Delta Smelt in low-salinity habitat during fall (Slater et al. 2019). 
Instead, a higher proportion of cyclopoid and harpacticoid copepods as well as cladocerans, to 
some extent, tend to appear in diets of Delta Smelt (Slater and Baxter 2014; Slater et al. 2019).  

Among macrozooplankton, mysids represent most of the biomass in the diets of Delta 
Smelt in the low-salinity habitat during fall (Slater et al. 2019). The low abundance and biomass 
of mysids reported here are consistent with observations recorded since their decline began in the 
1980s, which subsequently led to a significant decrease in consumption of mysids by Delta 
Smelt (Feyrer et al. 2003). Mysids have been important supplemental prey items in the past 
(Feyrer et al. 2003; Moyle et al. 1992). The slightly decreasing trend we saw in abundance and 
biomass of the amphipod Americorophium stimpsoni from high to low outflow conditions may 
be a response to salinity (Hymanson et al. 1994). A lack of a response during the fall period of 
2017 and 2018 by mysids, cladocerans, and rotifers to changes in outflow within regions 
suggests that this component of the prey field is controlled by factors that are either not sensitive 
to changes in flow or respond at a time lag beyond our ability to detect with temporal extent of 
this study. The high variability in macrozooplankton indicates that greater sampling over more 
years is required to achieve sufficient power to resolve the effects of flow. Future work on the 
distribution and abundance of mysids throughout the estuary would provide insight to what other 
factors that may be limiting the low numbers observed. 

Mechanisms behind a seasonal flow response of estuarine organisms in the upper estuary 
has been a subject of much investigation. Castillo (2019) showed fall outflow resulting in an X2 
of 74 km during fall can improve the potential carrying capacity in low-salinity habitat for Delta 
Smelt and their supporting lower trophic prey communities, though this does not necessarily 
equate with increased Delta Smelt catch (Schultz et al. 2019). Greater abundances of 
zooplankton observed during the period when the low-salinity zone overlapped Suisun Bay and 
Suisun Marsh in the high outflow year is consistent with previous findings by Kimmerer et al. 
(2018b) that greater abundances of zooplankton are found during a wet year compared to a dry 
year.  Indeed, densities of lower trophic communities in Suisun Bay and Suisun Marsh were 
greater in 2017 relative to 2018 (Fig. 5), which support the importance of connectivity between 
landward and seaward regions with respect to improved productivity that sustain higher trophic 
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levels (Cloern 2007; Lopez et al. 2006), including Delta Smelt (Moyle et al. 2016). However, 
variability between regions suggests that other factors, such as clam predation and grazing, may 
be more limiting for recovering the lower food web than outflow. 

The magnitude of flow in the low-salinity habitat of the Delta determines over-wintering 
success and subsequent prevalence of the invasive overbite clam, P. amurensis (Kimmerer and 
Thompson 2014). Prior to our study, benthic monitoring efforts by the Interagency Ecological 
Program Environmental Monitoring Program found them in high abundance during the entire 
low outflow year of 2018 but did not detect them from the confluence of the Sacramento and San 
Joaquin rivers seaward prior to the fall of 2017 (Arena and Wells 2018; Watkins and Wells 
2019). Relatively low success in over-wintering by adult clams in wet years like 2017 may 
reduce fall grazing pressure on primary producers to some extent and predation pressure on 
microzooplankton by limiting clam populations to the recruits that recolonize the low-salinity 
habitat. Community structure and function in Suisun Bay and Suisun Marsh during fall of 2017 
likely benefited from the interaction of landward subsidies and reduced competition among 
lower trophic levels due to clam populations of smaller size-classes in fall. Conversely, 
overwintering of adults in the dry conditions of 2018 may have contributed to greater impacts 
from larger-sized clam populations on seaward zooplankton assemblages in addition to the 
reduction in subsidies from landward regions. Ongoing monitoring of P. amurensis has revealed 
that successful recruitment is restricted to the fall season in non-drought years (Crauder et al. 
2016). Targeted sampling of plankton resources and P. amurensis during recolonization in the 
low-salinity zone would improve our understanding of how variability in flow may affect lower 
trophic levels in the low-salinity zone. 

Delta Smelt are known to aggregate at the shoal-channel interface to facilitate their 
position in the estuary by moving laterally with the tides (Bennett and Burau 2015). 
Channelization of the delta, formerly a dendritic system, has reduced the complexity of the 
estuarine landscape (Brown et al. 2016). Shoal habitat in the freshwater regions of our study was 
scarce relative to Suisun Bay (Table 1) thereby limiting habitat comparisons to this region. 

Within Suisun Bay, similarities in abundance and biomass metrics of the lower food web 
across habitats in the high outflow year (Fig. 9) suggest that habitat assemblages reflect the 
overall structure of the community in that region. Bever et al. (2016) demonstrated that depth-
averaged salinities in the Suisun Bay and Suisun Marsh complex fell below 6 psu for a greater 
percentage of time during fall of a wet year (2011) relative to a dry year (2010). Minimal 
variation in the prey field as well as the salinity field across Suisun Bay habitats in 2017 may be 
a result of greater mixing. In 2018, differences in biomass may have resulted from advection of 
high primary production in shoals into deep channel habitats where currents are weaker (Lopez 
et al. 2006). While average salinities across all habitats were elevated in 2018, the sustained 
higher biomass in the deep channels may have resulted from potentially greater stratification, 
which may develop in Suisun Bay channels during low flow conditions, as well as increased 
variability in turbidity. The lower turbidity in shoals and the channel surface during the dry year 
may increase the visibility of zooplankton to predators such that zooplankton are less likely to 
migrate vertically to habitats with greater clarity (Williamson et al. 2011). It should be noted that 
the loss of phytoplankton by clam grazing is fastest in shallow habitats (Kimmerer and 
Thompson 2014) and this limitation on production and flux of energy between habitats across 
varying outflow conditions remains to be investigated. 

 
Management Implications and Future Directions 
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Under low outflow conditions, Suisun Bay and Suisun Marsh have relatively low 
abundance and biomass in the lower food web. Flow augmentation to Suisun Bay and Suisun 
Marsh in a high outflow year was effective at increasing these metrics for some known prey 
items of Delta Smelt, however, this did not coincide with greater catches of the endangered 
planktivorous fish (Schultz et al. 2019). Increased zooplankton during high flow years is 
attributed to subsidies from upstream, however, predation by non-native clams may be 
diminishing the effect of the subsidy (Hassrick et al. 2020; Kimmerer et al. 2018b)  

The invasive clam population has a large effect on not only zooplankton communities but 
also phytoplankton, ultimately leading to alterations at multiple levels of the food web as 
evidenced by decreased Chlorophyll-a levels, the decline of mysid populations, and changes in 
seasonality and range of calanoid copepod species (Jassby et al. 2002; Kimmerer et al. 1994; 
Orsi and Mecum 1996). Salinity can affect abundance and distribution of P. amurensis by 
affecting recruitment success (Baumsteiger et al. 2017; Crauder et al 2016), but it may take 
multiple years to see a significant ecosystem-wide effect due to source/sink dynamics and 
climate change, which may result in long drought periods. 

Restoration of tidal marshes could benefit Delta Smelt by supplementing their 
zooplankton diet with larval fish prey. Tidal marshes serve as nurseries for many fish species that 
may in turn become sources of nutrition for Delta Smelt (Hammock et al. 2019). Data paired 
with current profiles from Suisun Marsh across wet and dry years can provide greater resolution 
about lower trophic community dynamics as they pertain to changes in advection with varying 
outflow. 

Certain regions had high abundance and biomass throughout both wet and dry years such 
as Cache Slough and the Sacramento Shipping Channel. Studies have shown these regions can 
be very productive and suggest certain habitats such as terminal channels could be highly 
productive (Feyrer et al. 2017; Kimmerer et al. 2018a). Some Delta Smelt reside in these areas 
year-round but the abiotic and biotic factors that drive high productivity and zooplankton 
abundance require further study.  

Future investigations that focus on the effectiveness of habitat restoration, particularly on 
how it affects availability of nursery shoal habitat and clam abundance, may provide insight to 
other factors that are limiting Delta Smelt recovery. Flow is often used as a master variable to 
manage fish populations. While managed flows can affect the prey field, further actions to 
complement these efforts in the recovery of Delta Smelt include restoring habitat complexity and 
productivity as well as mitigating the effects of non-native clams.  
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TABLES 
 
Table 1. Number of samples taken for each habitat in each region during 2017 and 2018. 
  Cache 

Slough 
Sacramento 

Shipping 
Channel 

Lower 
Sacramento 

Suisun 
Bay 

Suisun 
Marsh 

20
17

 Channel Surface 11 19 10 34 6 
Channel Deep 5 18 12 31 7 
Shoal 2 0 5 30 4 

20
18

 Channel Surface 25 27 32 36 20 
Channel Deep 15 26 30 33 16 
Shoal 4 1 8 25 23 
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Table 2. Kruskal-Wallis Rank Sum test results for water quality variables, total abundance, total 
biomass, and Shannon’s diversity indices for all five regions in the northern San Francisco 
Estuary during the two years of varying hydrology (shaded). Results for zooplankton community 
metrics are shown for Suisun Bay (not shaded) as a whole (italicized) and its separate habitats 
(bold).  

Predictor 
Variables Response Variable 

Chi-Squared 
Statistic 

Degrees of 
Freedom p-value Figure # 

Region Temperature 15.1 9 0.09 

Figure 2  

Region Turbidity 157.4 9 <0.05 
Region Salinity 371.1 9 <0.05 
Region Dissolved Oxygen 158.9 9 <0.05 
Region Chlorophyll-a 181.8 9 <0.05 
Region Nitrate 54.2 9 <0.05 
Region Ammonium 38.7 9 <0.05 
Region Phosphate 64.1 9 <0.05 
Region Dissolved Organic Carbon 96.4 9 <0.05 
Region Total Abundance 186.8 9  <0.05 

Figure 5 Region Total Biomass 63.2 9 <0.05 
Region Shannon’s Diversity 64.6 9 <0.05 
Year Total Abundance 94.0 1 <0.05 

Figure 9 

Year Total Biomass 0.02 1 0.88 
Year Shannon’s Diversity 0.05 1 0.82 
Habitat Total Abundance 100.4 5 <0.05 
Habitat Total Biomass 30.9 5 <0.05 
Habitat Shannon’s Diversity 6.6 5 0.25 
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Table 3. Kruskal-Wallis Rank Sum test results for taxa abundances (Figure 7) and biomasses 
(Figure 8) across five regions in the San Francisco Estuary over two years of varying hydrology. 
Taxa that did not have biomass calculated are indicated with the gray shading. 

 Abundance Biomass 

Taxa 

Chi-
squared 
statistic 

Degrees 
of 

Freedom p-value 

Chi-
squared 
statistic 

Degrees 
of 

Freedom p-value 
Acartia spp. (a) 136.68 9 <0.05 136.68 9 <0.05 
Acartia spp. (c) 160.39 9 <0.05 160.39 9 <0.05 
Acartiella sinensis (a) 294.32 9 <0.05 294.32 9 <0.05 
Acartiella sinensis (c) 352.35 9 <0.05 352.35 9 <0.05 
Diaptomidae (a) 61.09 9 <0.05 61.09 9 <0.05 
Diaptomidae (c) 82.58 9 <0.05 82.58 9 <0.05 
Eurytemora affinis (a) 60.84 9 <0.05 60.84 9 <0.05 
Eurytemora affinis (c) 94.36 9 <0.05 94.36 9 <0.05 
Eurytemora spp. (n) 195.31 9 <0.05 195.31 9 <0.05 
Osphranticum labronectum (a) 15.08 9 0.09 

   

Osphranticum labronectum (c) 4.83 9 0.85 
   

Pseudodiaptomus forbesi (a) 205.30 9 <0.05 205.30 9 <0.05 
Pseudodiaptomus forbesi (c) 272.50 9 <0.05 272.50 9 <0.05 
Pseudodiaptomus marinus (a) 101.93 9 <0.05 101.93 9 <0.05 
Pseudodiaptomus marinus (c) 85.97 9 <0.05 85.97 9 <0.05 
Pseudodiaptomus spp. (a) 99.12 9 <0.05 99.12 9 <0.05 
Pseudodiaptomus spp. (c) 170.99 9 <0.05 170.99 9 <0.05 
Pseudodiaptomus spp. (n) 263.44 9 <0.05 263.44 9 <0.05 
Sinocalanus doerrii (a) 313.28 9 <0.05 313.28 9 <0.05 
Sinocalanus doerrii (c) 312.56 9 <0.05 312.56 9 <0.05 
Sinocalanus doerrii (n) 239.05 9 <0.05 239.05 9 <0.05 
Tortanus dextrilobatus (a) 254.73 9 <0.05 254.73 9 <0.05 
Tortanus dextrilobatus (c) 304.49 9 <0.05 304.49 9 <0.05 
Calanoid (a) 21.53 9 <0.05 21.53 9 <0.05 
Calanoid (c) 17.42 9 <0.05 17.42 9 <0.05 
Acanthocyclops vernalis (a) 32.29 9 <0.05 32.29 9 <0.05 
Acanthocyclops vernalis (c) 34.43 9 <0.05 34.43 9 <0.05 
Acanthocyclops spp. (a) 12.57 9 0.18 12.57 9 0.18 
Limnoithona sinensis (a) 254.49 9 <0.05 254.49 9 <0.05 
Limnoithona sinensis (c) 180.25 9 <0.05 180.25 9 <0.05 
Limnoithona spp. (a) 4.42 9 0.88 4.42 9 0.88 
Limnoithona spp. (c) 8.86 9 0.45 8.86 9 0.45 
Limnoithona tetraspina (a) 181.87 9 <0.05 181.87 9 <0.05 
Limnoithona tetraspina (c) 319.91 9 <0.05 319.91 9 <0.05 
Oithona davisae (a) 260.51 9 <0.05 260.51 9 <0.05 
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Oithona davisae (c) 94.59 9 <0.05 94.59 9 <0.05 
Oithona similis (a) 4.56 9 0.87 4.56 9 0.87 
Oithona spp. (a) 8.86 9 0.45 8.86 9 0.45 
Oithona spp. (c) 8.86 9 0.45 8.86 9 0.45 
Cyclopoid (a) 103.92 9 <0.05 103.92 9 <0.05 
Cyclopoid (c) 111.67 9 <0.05 111.67 9 <0.05 
Harpacticoid 153.69 9 <0.05 153.69 9 <0.05 
Copepod (n) 207.11 9 <0.05 207.11 9 <0.05 
Acanthomysis aspera 8.97 9 0.44 8.97 9 0.44 
Alienacanthomysis macropsis 40.16 9 <0.05 40.40 9 <0.05 
Hyperacanthomysis longirostris 82.80 9 <0.05 97.10 9 <0.05 
Neomysis kadiakensis 63.00 9 <0.05 63.81 9 <0.05 
Neomysis mercedes 3.46 9 0.94 3.46 9 0.94 
Mysid 13.69 9 0.13 6.36 9 0.7 
Americorophium spinicorne 67.11 9 <0.05 71.61 9 <0.05 
Americorophium spp. 8.86 9 0.45 8.86 9 0.45 
Americorophium stimpsoni 23.34 9 <0.05 25.00 9 <0.05 
Ampelisca abdita 16.09 9 0.07 16.06 9 0.07 
Amphipod 60.95 9 <0.05 

   

Ampithoe spp. 4.48 9 0.88 4.48 9 0.88 
Ampithoe valida 47.74 9 <0.05 43.88 9 <0.05 
Corophiidae 7.22 9 0.61 4.28 9 0.89 
Corophium alienense 49.94 9 <0.05 49.94 9 <0.05 
Crangonyx spp. 47.38 9 <0.05 49.66 9 <0.05 
Gammarus daiberi 89.26 9 <0.05 72.02 9 <0.05 
Grandidierella japonica 28.86 9 <0.05 29.13 9 <0.05 
Hyalella spp. 155.14 9 <0.05 153.70 9 <0.05 
Monocorophium acherusicum 8.16 9 0.52 8.24 9 0.51 
Pleustidae 23.37 9 <0.05 

   

Alona spp. 199.42 9 <0.05 199.42 9 <0.05 
Bosmina longirostris 303.48 9 <0.05 303.48 9 <0.05 
Camptocercus spp. 158.18 9 <0.05 158.18 9 <0.05 
Chydorus spp. 178.78 9 <0.05 178.78 9 <0.05 
Daphnia spp. 78.01 9 <0.05 78.01 9 <0.05 
Daphniidae 266.99 9 <0.05 266.99 9 <0.05 
Ilyocryptus spp. 10.62 9 0.3 10.62 9 0.3 
Leptodora spp. 9.76 9 0.37 12.92 9 0.17 
Macrothrix spp. 67.66 9 <0.05 67.66 9 <0.05 
Sididae 239.61 9 <0.05 239.61 9 <0.05 
Cladocera 90.03 9 <0.05 90.03 9 <0.05 
Asplanchna spp. 92.53 9 <0.05    
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Brachionus spp. 54.15 9 <0.05    
Keratella spp. 62.02 9 <0.05    
Trichocerca spp. 142.48 9 <0.05    
Rotifer 93.39 9 <0.05    
Barnacle (n) 358.34 9 <0.05    
Crab zoea 7.52 9 0.58    
Cumacean 40.43 9 <0.05    
Exopalaemon spp. 27.30 9 <0.05    
Isopoda 119.02 9 <0.05    
Ostracoda 66.89 9 <0.05    
Shrimp larvae 53.09 9 <0.05    
Tanaidacea 15.49 9 0.08    

 
 
Table 4. Generalized Additive Model (GAM) model output for relationships between individual 
zooplankton taxa abundances and biomasses with water quality variables in the San Francisco 
estuary across two years with varying hydrology. Effective degrees of freedom (EDF) of 0.00 
indicates no relationship, 1.00 a linear relationship, 2+ indicates increasing complexity in the 
relationship. RDF- Relative Degrees of Freedom. Life stages are indicated for adult (a), 
copepodid (c), and nauplii (n). Below the taxa name are the percentages of deviance explained 
with the model performed with abundance (first) and the model performed with biomass 
(second). Numbers in italics indicate significant relationships (p-value <0.05) 

  Abundance Biomass 

Taxa (life stage)  Smoothed Covariates EDF 
RD

F Chi. sq 
p-

value EDF 
RD

F Chi. sq 
p-

value 

Acartiella sinensis (a) 
(63.7, 60.3) 

Ammonium <0.01 9 2.23-3 0.39 0.61 9 1.05 0.17 

Chlorophyll-a 0.65 9 2.01 0.07 0.03 9 0.02 0.45 

Dissolved Organic Carbon 1.30 9 19.67 <0.05 1.27 9 18.50 <0.05 

Dissolved Oxygen 3.29 9 19.98 <0.05 4.47 9 32.03 <0.05 

Nitrates 3.59 9 22.41 <0.05 3.41 9 19.49 <0.05 

Phosphate 2.18 9 27.26 <0.05 2.15 9 28.41 <0.05 

Salinity 4.57 9 79.13 <0.05 4.23 9 74.26 <0.05 

Temperature 0.41 9 0.40 0.31 0.29 9 0.24 0.37 

Turbidity 1.77 9 18.84 <0.05 1.67 9 17.50 <0.05 

Acartiella sinensis (c) 
(78.4, 77.9)  

Ammonium <0.01 9 2.81-5 0.86 <0.01 9 7.31-6 0.81 

Chlorophyll-a <0.01 9 5.04-5 0.69 <0.01 9 1.43-5 0.57 

Dissolved Organic Carbon 1.21 9 16.15 <0.05 1.26 9 17.74 <0.05 

Dissolved Oxygen 1.49 9 3.75 <0.05 1.34 9 2.98 0.07 

Nitrates 2.29 9 11.29 <0.05 2.27 9 11.10 <0.05 

Phosphate 1.56 9 30.79 <0.05 1.58 9 32.24 <0.05 

Salinity 4.63 9 231.17 <0.05 4.66 9 234.96 <0.05 

Temperature 1.76 9 25.11 <0.05 1.48 9 24.50 <0.05 
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Turbidity 1.05 9 4.43 <0.05 1.02 9 4.01 <0.05 

Limnoithona 
tetraspina (a) (59.9, 
67.2)  

Ammonium <0.01 9 1.99-6 1.00 <0.01 9 1.66-5 0.78 

Chlorophyll-a 0.72 9 1.55 0.11 0.39 9 0.58 0.20 

Dissolved Organic Carbon 0.81 8 3.08 <0.05 0.90 7 7.31 <0.05 

Dissolved Oxygen 1.93 9 3.83 0.08 <0.01 9 5.45-5 0.67 

Nitrates 3.48 9 21.69 <0.05 3.32 9 15.19 <0.05 

Phosphate <0.01 9 1.06-6 1.00 <0.01 9 6.43-6 0.85 

Salinity 2.11 9 14.28 <0.05 2.68 9 19.71 <0.05 

Temperature 3.90 9 38.18 <0.05 3.83 9 42.57 <0.05 

Turbidity 1.85 9 26.81 <0.05 1.78 9 20.69 <0.05 

Pseudodiaptomus 
forbesi (a) 
(44.0, 41.6) 

Ammonium 0.44 9 0.83 0.16 0.31 9 0.51 0.18 

Chlorophyll-a <0.01 9 1.50-4 0.56 <0.01 9 2.79-4 0.49 

Dissolved Organic Carbon 0.44 7 0.69 0.21 0.39 6 0.50 0.25 

Dissolved Oxygen 2.30 9 19.84 <0.05 2.29 9 20.03 <0.05 

Nitrates <0.01 9 1.18-5 1.00 <0.01 9 1.97-5 0.90 

Phosphate 0.74 9 2.43 0.07 0.78 9 3.28 <0.05 

Salinity 3.26 9 213.62 <0.05 3.22 9 209.30 <0.05 

Temperature 1.01 9 2.00 0.10 0.76 9 1.24 0.16 

Turbidity 1.28 9 8.99 <0.05 1.27 9 8.90 <0.05 

Pseudodiaptomus 
forbesi (c) 
(55.4, 54.7) 

Ammonium 1.19 9 3.77 <0.05 1.16 9 3.59 <0.05 

Chlorophyll-a 0.83 9 2.03 0.08 0.78 9 1.79 0.09 

Dissolved Organic Carbon <0.01 9 1.46-4 0.44 <0.01 9 5.95-4 0.41 

Dissolved Oxygen 1.38 9 4.53 <0.05 1.37 9 4.52 <0.05 

Nitrates 1.95 9 13.82 <0.05 1.94 9 14.04 <0.05 

Phosphate 0.56 9 0.97 0.17 0.57 9 1.02 0.16 

Salinity 3.86 9 208.14 <0.05 3.80 9 205.63 <0.05 

Temperature 3.36 9 21.87 <0.05 3.30 9 21.12 <0.05 

Turbidity 2.09 9 11.57 <0.05 2.10 9 11.76 <0.05 

Pseudodiaptomus 
spp. (n) 
(78.1, 80.9) 

Ammonium 1.55 9 10.29 <0.05 0.74 9 2.59 0.05 

Chlorophyll-a 2.66 9 48.26 <0.05 1.99 9 29.17 <0.05 

Dissolved Organic Carbon 0.91 9 9.14 <0.05 0.93 9 8.30 <0.05 

Dissolved Oxygen 1.70 9 6.66 <0.05 0.89 9 1.85 0.10 

Nitrates 0.94 9 15.24 <0.05 0.94 9 15.34 <0.05 

Phosphate 4.48 9 41.98 <0.05 4.27 9 39.22 <0.05 

Salinity 4.51 9 220.07 <0.05 4.49 9 202.56 <0.05 

Temperature 5.89 9 89.08 <0.05 5.66 9 51.94 <0.05 

Turbidity <0.01 9 9.50-6 1.00 <0.01 9 1.29-4 0.57 

Tortanus dextrilobatus 
(c) 

Ammonium <0.01 9 5.16-4 0.37 0.10 9 0.08 0.36 

Chlorophyll-a <0.01 9 2.32-5 0.63 <0.01 9 4.27-6 0.88 
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(83.0, 82.7) Dissolved Organic Carbon <0.01 9 6.97-4 0.41 <0.01 9 2.35-5 0.62 

Dissolved Oxygen 0.59 9 1.18 0.14 0.56 8 0.96 0.18 

Nitrates 1.53 9 4.04 <0.05 1.67 9 4.61 <0.05 

Phosphate 0.63 9 1.09 0.18 0.70 9 1.33 0.16 

Salinity 4.03 9 137.45 <0.05 4.45 9 160.64 <0.05 

Temperature 2.78 9 23.06 <0.05 2.71 9 21.48 <0.05 

Turbidity <0.01 9 7.13-5 0.33 <0.01 9 2.38-5 0.46 

 
FIGURES 
 

  

Figure 1. Sampling locations for each region in the San Francisco Estuary.  
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Figure 2. Differences in water quality within five regions of the estuary for both years of variable 
outflow. All values are on the log+1 scale to aid in visualization. Lowercase letters indicate no 
significant differences were observed between regions that share letters as determined by Dunn’s 
multiple comparison post-hoc test (p-value > 0.05, see Table 2). Group membership is 
comparable across years not between water quality metrics. Abbreviations: CS- Cache Slough, 
SSC - Sacramento Shipping Channel, LS - Lower Sacramento River, SB - Suisun Bay, SM - 
Suisun Marsh. 
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Figure 3. Average contribution to dissimilarity between 2017 and 2018 lower trophic community 
abundance (left) and biomass (right). A cut-off of 90% cumulative dissimilarity is shown. Taxa 
with higher abundance/ biomass in 2017 are white, higher abundance/biomass in 2018 are black. 
Asterisks preceding the names of taxa indicate known Delta Smelt fall prey items. Life stages are 
indicated for adult (a), copepodite (c), and nauplii (n). 
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Figure 4. Predicted relationships between lower trophic taxa abundance (top) and biomass 
(bottom) with water quality metrics. Plots fitted using cubic regression splines and 95% 
confidence intervals for partial responses generated from general additive models. Taxa are only 
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shown if the water quality variable was a significant predictor in the model (p-value < 0.05, 
Table 4.). Life stages are described by letters in the parenthesis following taxa name a- adult, c- 
copepodite, n- nauplii.   
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Figure 5. Box plots for total abundance (individuals per m3), log-transformed total biomass (µg 
C per m3), and Shannon's diversity (H’) for five regions within the estuary in years with varying 
hydrology. Lowercase shared letters indicate no significant differences were observed between 
regions as determined by Dunn’s multiple comparison post-hoc test (p-value > 0.05, see Table 
2). Group membership is comparable across years not between metrics. Abbreviations: CS - 
Cache Slough, SSC - Sacramento Shipping Channel, LSR - Lower Sacramento River, SB - 
Suisun Bay, SM - Suisun Marsh. 
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2). Group membership is comparable across years not between metrics. Abbreviations: CS - 
Cache Slough, SSC - Sacramento Shipping Channel, LSR - Lower Sacramento River, SB - 
Suisun Bay, SM - Suisun Marsh. 
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Figure 6. NMDS ordinations depicting differences in 80 lower trophic taxa abundance across five regions in 2017 (left) and 2018 (right) in the San 
Francisco Estuary in years with varying hydrology (stress= 0.180). Taxa names are in gray and asterisks preceding names indicate known prey items 
for Delta Smelt in the fall. Abbreviated taxa names are defined as follows, where life stages are indicated by adult (a), copepodid (c), and nauplii (n):  
ASA- Acartiella sinensis (a), ASC- A. sinensis (c), BAN- Barnacle (n), BOL- Bosmina longirostris, CON-Copepod (n), CYC- Cyclopoid (c), ESN- 
Eurytemora spp. (n), LSA- Limnoithona sinensis (a), LTA- Limnoithona tetraspina (a), LTC- L. tetraspina (c),  PFA- Pseudodiaptomus forbesi (a), 
PFC- P. forbesi (c), SDA- Sinocalanus doerrii (a) 
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Figure 7. Mean densities of lower trophic taxa observed during fall of 2017 and 2018 across all regions sampled in the San Francisco Estuary. 
Asterisks preceding the names of taxa indicate known prey items for Delta Smelt in the fall. Lowercase letters indicate no significant differences 
were observed between regions that share letters as determined by Dunn’s multiple comparison post-hoc test (p-value > 0.05, see Table 3). Group 
membership is comparable across years not between rows. Life stages are life stages are indicated by adult (a), copepodite (c), and nauplii (n). 
Abbreviations: CS - Cache Slough, SSC - Sacramento Shipping Channel, LSR - Lower Sacramento River, SB - Suisun Bay, SM - Suisun Marsh. 
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Figure 8. Mean biomass of lower trophic taxa observed during fall of 2017 and 2018 across all regions sampled in the San Francisco Estuary. 
Asterisks preceding the names of taxa indicate known prey items for Delta Smelt in the fall. Lowercase letters indicate no significant differences 
were observed between regions that share letters as determined by Dunn’s multiple comparison post-hoc test (p-value > 0.05, see Table 3). Group 
membership is comparable across years but not between rows. Life stages are indicated by adult (a), copepodite (c), and nauplii (n). Abbreviations: 
CS - Cache Slough, SSC - Sacramento Shipping Channel, LSR - Lower Sacramento River, SB - Suisun Bay, SM - Suisun Marsh
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Figure 9. Box plots for total abundance (individuals per m3), log-transformed total biomass (µg 
C per m3), and Shannon's diversity (H’) for habitat in each region across years with varying 
hydrology. Note that observations for shoal habitats are shown only for Suisun Bay due to 
comparable sample sizes for that region in both years (see Table 1). Horizontal bars shared by 
habitats indicate significant differences were observed. ‘*’ (p < 0.05), ‘**’ (p < 0.01), ‘***’ (p < 
0.001). Abbreviations: CS - Cache Slough, SSC - Sacramento Shipping Channel, LSR - Lower 
Sacramento River, SB - Suisun Bay, SM - Suisun Marsh 
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Figure 10. NMDS ordinations depicting differences in 20 mysid/amphipod taxa abundance (left) and 56 zooplankton taxa abundance (right) in Suisun 
Bay from 2017 to 2018 (top) and in three habitats (bottom) in the estuary in years with varying low-salinity habitat (stress= 0.175). Taxa names are in 
gray and asterisks preceding names indicate known prey items for Delta Smelt in the fall. Abbreviated taxa names are defined as follows, where life 
stages are indicated by adult (a), copepodite (c), and nauplii (n):  Mysid/amphipod taxa AMS - Americorophium spinicorne, AMT - Americorophium 
stimpsoni, AME - Americorophium spp., AMA - Ampelisca abdita, AMP - Amphipods, AMO - Ampithoe spp., AMV - Ampithoe valida, COA - 
Corophium alienense, GAD - Gammarus daiberi, GRJ - Grandidierella. japonica, HYA - Hyalella spp., ALM - Alienacanthomysis macropsis, HYL 
- Hyperacanthomysis longirostris, MYS - Mysids, NEK- Neomysis kadiakensis. Zooplankton taxa: ACC - Acartia spp. (c), ASA - Acartiella sinensis 
(a), ASC - A. sinensis (c), BAN - Barnacle (n), CON -Copepod (n), CYC - Cyclopoid (c), LSC - Limnoithona sinensis (c), ODA - Oithona davisae 
(a), PFA - Pseudodiaptomus forbesi (a), PFC - P. forbesi (c), PSN - Pseudodiaptomus spp. (n) 
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Abstract 

Phytoplankton are a primary component of the aquatic food web in the San Francisco Bay Estuary 

and the Sacramento-San Joaquin River Delta. Various changes to the ecosystem such as the introduction 

of invasive clams, nutrient enrichment, and changes in flow regimes have caused shifts in the 

phytoplankton communities, leading to harmful algal blooms, reduced primary productivity, and 

declines in fish populations.  As part of efforts to improve habitat for the endangered Delta Smelt, 

managed flow regimes have targeted moving the low salinity field seaward during wet years, which may 

affect phytoplankton abundances and assemblages in several ways. We sampled nutrients, 

phytoplankton and Microcystis spp. in the upper estuary and delta during the fall period of 2017 (a wet 

water year) and 2018 (a below normal water year) to assess changes to the phytoplankton assemblage 

structure and biomass during fall outflow actions. Biomass was lower in the high flow year of 2017 and 

increased in downstream regions during 2018. Ammonium and nitrate concentrations were higher in 

2018 though this varied between different regions, while phosphate concentrations did not significantly 

vary. Diatoms comprised most of the phytoplankton assemblage during 2017 (except for the 

Sacramento Shipping Channel) but were only abundant in more landward regions in 2018. 

Cyanobacteria and cryptophytes were common in 2018. Microcystis spp. was more common in the 

lower flow year of 2018 with higher presence as sampling moved downstream.  
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Introduction 

In the upper San Francisco Estuary and Sacramento-San Joaquin River Delta, hereafter referred to 

as the Delta, photosynthesis by phytoplankton is the major source of autochthonous primary production 

(Jassby et al. 2003). Over the past three decades, fish populations in the Delta have declined 

simultaneously with decreasing phytoplankton and zooplankton biomass, referred to as Pelagic 

Organism Decline (POD; Sommer et al., 2007; Thomson et al., 2010).  

Prior to the onset of POD, phytoplankton biomass often exceeded 10 µg L-1 chlorophyll-a (a proxy 

for phytoplankton biomass), with phytoplankton blooms in excess of 20 µg L-1 commonly occurring in 

the spring and summer bloom period (Ball and Arthur 1979; Merz et al. 2016). Following the 

colonization by the non-native overbite clam, Potamocorbula amurensis, in 1986 (Carlton et al. 1990), 

phytoplankton biomass declined to current chlorophyll-a concentrations of <5 µg L-1 with blooms 

occurring occasionally (Brown et al. 2016). 

Historically, diatoms dominated Delta phytoplankton communities in the fall, with the occasional 

dominance by green algae or small flagellates (Ball and Arthur 1979). Since the onset of POD, 

phytoplankton assemblages have shifted to include greater contributions by cyanobacteria, 

chlorophytes, and flagellates (Jassby 2008). These community shifts have been linked to a range of 

ecosystem perturbations including: dynamics in nitrogen speciation, intense grazing by P. amurensis, 

and modified river flows (Glibert et al. 2014; Lehman 1996).  

One such shift involves the recent appearance of summer blooms of Microcystis aeruginosa 

(Lehman et al. 2005; Lehman et al. 2017), which has the potential for major impacts on fish species 

within the Delta (Acuña et al. 2012). Microcystis spp. are colonial cyanobacteria that can produce 

harmful algal blooms (HABs) due to the release of toxins (microcystins) produced by some strains 

(Namikoshi et al. 1992), the light-limiting impacts of blooms on other phytoplankton through formation 

of surface scums, and their resistance to grazing by zooplankton (Ger et al. 2018; Ibelings et al. 1991). In 
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the Delta, Microcystis spp. blooms were first observed in 1999, although the genus was observed in 

phytoplankton assemblages as early as 1975 (Lehman et al. 2005). Recently, summer blooms of M. 

aeruginosa are commonplace in the Delta where high surface water temperatures > 25°C promote the 

Microcystis spp. growth (Mioni et al. 2011). 

As the largest estuary on the west coast of the United States, the Delta is stressed by anthropogenic 

impacts on the entire ecosystem. Given the semi-arid, Mediterranean climate of California, most 

agricultural and municipal fresh water is sourced from the Delta (Luoma et al. 2015) via the State Water 

Project and the Central Valley Project, along with smaller water projects throughout the Delta. Dynamics 

of this system are further impacted by nutrient loading from agricultural runoff and wastewater 

treatment (Sobota et al. 2009) as well as the colonization by many non-native plant, invertebrate, and 

fish species (Cohen and Carlton 1998). Flow rates in the Delta are managed for water resource needs, 

flood prevention, hydroelectric power generation, and protection of native fish species (Miller et al. 

2012). Such manipulations to estuarine hydrology in the Delta can alter the distribution and function of 

phytoplankton communities in the system (Cloern 2007; Jassby 2008). 

Several ongoing or planned management actions involving flow in the Delta are intended to benefit 

native aquatic species (NMFS 2009; NMFS 2019; USFWS 2008; USFWS 2019) including the endangered 

fish, Delta Smelt (Hypomesus transpacificus). Managed flow projects are designed to increase favorable 

Delta Smelt habitat where factors including, but not limited to, low-salinity water, food resources, 

turbidity, and geomorphologic complexity overlap (Baxter et al. 2015).  For example, the flow-related 

Fall X2 action is intended to improve Delta Smelt fall habitat by managing X2, which is the distance of 

the 2 ppt bottom water isohaline (measured in kilometers) upstream of the Golden Gate Bridge (Jassby 

et al. 1995). In above-normal water years, the September and October X2 is maintained to no more than 

81 km, and in wet years the fall X2 action is enacted to move the X2 seaward to no more than 74 km. An 

X2 near 74 km results in the areal augmentation of low-salinity habitat due to superimposition with the 
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broad shoals of Suisun Bay (Brown et al. 2014; Kimmerer 2002). Such conditions existed in the wet year 

of 2011, which coincided with greater catches of Delta Smelt in Suisun Bay during the Fall Midwater 

Trawl annual monitoring survey (Bever et al. 2016). 

Increased flow during a Fall X2 action could impact both the biomass and composition of the 

phytoplankton assemblage through several parameters.  The reduction in salinity may shift communities 

from marine taxa to more freshwater taxa (Muylaert et al. 2009) whereas reductions in temperature 

due to cool water releases from upstream reservoirs may promote an increase in diatom growth and 

overall phytoplankton biomass in the Delta (Lehman 2004) while reducing the potential for Microcystis 

spp. bloom formation.  Residence times in the Delta vary with flow thereby altering the distribution of 

nutrients through variable rates of loss to uptake by primary producers and other microbial pathways 

(Dahm et al. 2016). Additionally, the degree of dilution of nutrients from agricultural and waste 

treatment point sources (Novick et al. 2015) may differentially affect constituents of the microalgal 

assemblage (Glibert et al. 2011) as well as rates of primary production (Liu et al. 2018). Finally, nitrogen 

speciation may influence phytoplankton assemblages whereby nitrate as the dominant species generally 

promotes growth of diatoms (Glibert et al. 2014) while cyanobacteria and cryptophytes are more able to 

utilize ammonium when present as the dominant species (Glibert et al. 2016). Furthermore, the 

nitrogen source can limit phytoplankton biomass, even when nutrients are abundant, as ammonium 

concentrations above 4 µmol l-1 inhibit uptake of available nitrate and prevent phytoplankton blooms in 

the Delta (Dugdale et al. 2007). 

These alterations to phytoplankton community composition may affect nutritional quality and 

trophic transfer efficiency (Cloern and Dufford 2005). The food quality of phytoplankton taxa varies: 

diatoms and cryptophytes are rich in polyunsaturated fatty acids (PUFA), which improve survival and 

growth rates in zooplankton and fish (Brett and Müller-Navarra, 1997). In contrast, many taxa are 

known for potentially harmful effects on the wider food web due to toxicity, eutrophic oxygen 
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depletion, and shading of competitor phytoplankton (Ibelings and Havens 2008). Due to the rarity of 

blooms in the modern Delta, risks of eutrophication and shading is low, but many taxa with the potential 

to produce toxins exist in the region.  

Our paper addresses how the Fall X2 action and the hydrological conditions in an extremely wet 

water year affect the phytoplankton community and biomass in the Delta relative to conditions in a dry 

year. We examine the correlations between phytoplankton assemblages and water quality conditions 

and nutrient distributions.  Our study had 3 objectives: 

1. Identify and evaluate variations in phytoplankton assemblage structure and biomass 

throughout the northern Delta and Suisun Bay. 

2. Assess the direct causes of community variation through water quality parameters and 

nutrient concentration. 

3. Assess the potential for the Fall X2 Action to impact harmful algal blooms, especially blooms 

of the toxic cyanobacteria Microcystis spp. 
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Methods 

Study Area and General Sampling Design Location and Sampling Period  

Our study area consisted of 5 regions within the Delta (Figure 1). Sampling occurred September 24th 

through November 29th in 2017 and between September 5th to November 30th in 2018.  All 5 regions 

were sampled within a one-week period, with 2017 sampling occurring on alternating weeks and 2018 

sampling occurring weekly.  We sampled 2 sites per week within each region in 2017 and 3 per week in 

each region in 2018. Sites were selected via a generalized random-tessellation stratified sampling 

method (Starcevich et al. 2016; Stevens Jr and Olsen 2004). Within each site phytoplankton, chlorophyll-

a, and nutrient samples were collected at up to two habitats (channel and shoal) within 0.5-km of each 

site. Channels were defined as areas where the depth was greater than ~ 3m and shoals were areas that 

were less than ~ 3m. Some sites only had one habitat within the vicinity of the site.   

Sampling Methods 

Water quality parameters at the at 1-m depth were measured via a handheld multiparameter YSI 

EXO2 (Yellow Springs Inc, Yellow Springs, OH). Upon arrival at the site, measurements were taken for 

water temperature (± 0.01°C), salinity (calculated from conductivity and temperature; ± 0.1 ppt), 

turbidity (± 0.3 NTU), and dissolved oxygen (± 0.01 mg L-1). 

Whole water samples were collected from one meter below the surface using nylon tubing into a 2-

L vacuum flask. Prior to collection of the sample, the vessel was stopped, and water was pumped into 

the flask 3 times and discarded to rinse the equipment. After rinsing, one liter of sample water was 

collected into the vacuum flask.  

Sample water for nutrient analysis was filtered via gentle vacuum pressure (<10 mm Hg) through 

0.2-µm pore size, 47-mm diameter polycarbonate filters into clean 120-ml High Density Polyethylene 

bottles. Nutrient samples were kept refrigerated until later analysis for nitrate (NO3
-), ammonium (NH4

+), 

phosphate (PO4
3-) and dissolved organic carbon (DOC) within 2 weeks of collection.  
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Chlorophyll samples were filtered onto 25-mm Whatman grade GF/F glass fiber filters (nominal 

pore size 0.7-µm) via gentle vacuum pressure (<10 mm Hg). Depending on turbidity and chlorophyll 

conditions measured in the field, between 10 and 200 ml of water was filtered and stored in the dark on 

ice until returning to the laboratory.  

Forty-five milliliters of whole water was transferred to a 50-mL Falcon tube for phytoplankton 

identification. Samples were stained and preserved with 1 to 4-mL of Lugol’s solution and kept in the 

dark. 

Lab Analysis Methods 

Chlorophyll samples were frozen upon returning to the laboratory and analyzed using a Turner 

Trilogy fluorometer (Turner Designs, San Jose, CA) with an acidified chlorophyll module (Arar and Collins 

1992). Chlorophyll was extracted using 90% acetone and the fluorescence read with the fluorometer, 

then acidified to decompose the chlorophyll into phaeophytin to calculate total chlorophyll-a, as a proxy 

for phytoplankton biomass.  

Phytoplankton samples were kept in the dark until analysis via light microscopy following the 

methods by (Lund et al. 1958). Subsamples were settled for at least 24-h using Utermoehl settling 

chambers. Phytoplankton were identified to genera or to the best possible taxonomic level (Bellinger 

and Sigee 2015; Tomas 1997; Wehr et al. 2015). The slide was analyzed over horizontal transects, 

identifying and counting each cell, as well as trichomes/colonies in the case of cyanobacteria, in each 

transect until a target of 400 total cells counted or 100 cells of a single genus was met. The entire 

subsample was counted if neither target was met. 

Final phytoplankton counts were recorded in units of cells per milliliter. Phytoplankton were 

characterized by taxonomy and by potential as harmful algal bloom (HAB) organisms using the 

IOC/UNESCO taxonomic reference list of harmful micro algae (Moestrup 2009), which includes only taxa 

associated with toxic blooms, and not algae with have nontoxic harmful blooms (Hallegraeff 2003).  
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To account for the often-poor representation of Microcystis spp due to their colonial morphology, 

we also incorporated visual observations of surface water. In 2017, water was sampled from the surface 

with a 5-gallon bucket, and crews noted presence or absence of Microcystis spp. In 2018, surface water 

was collected from the surface during 3-minute tows using a 12.7-cm diameter plankton net with 50-µm 

mesh, and concentration of Microcystis spp. was estimated using a qualitative scale, with 1 being no 

Microcystis spp. observed and 5 as a continuous sheet of the cyanobacteria at the surface.  

Statistical Analysis 

Contrasts in nutrient concentrations between years and regions were investigated using Analysis of 

Variance (ANOVA) without interaction effects in R statistical computing environment (R version 4.0.2, R 

Core Team 2020), which was used in all analyses describe below. We used Bonferroni corrected 

estimated marginal means (EMM, ‘emmeans’ package version 1.5.3, Lenth et al. 2020) to compare 

differences in nutrient concentrations among regions. 

Phytoplankton biomass was contrasted with predictor variables using a generalized linear model 

(GLM) with an identity-linked Gamma distribution. The full model included the following predictor 

variables: region, habitat, year, X2, environmental parameters (temperature, salinity, turbidity, and 

dissolved oxygen) and nutrient concentrations (nitrate, ammonium, and phosphate). After backwards 

stepwise regression, the most parsimonious model was selected via Akaike Information Criteria (AIC). 

Diversity of phytoplankton assemblages was characterized for each region and year using 

Shannon’s index for diversity, which incorporates species richness as well as evenness. Diversity was 

evaluated against region, year, X2, chlorophyll-a, environmental variables, and nutrient concentrations 

with a GLM using a Gaussian distribution. After backwards selection, the best model was selected with 

AIC. The presence or absence of Microcystis spp. was contrasted with region and year using a GLM with 

a binomial distribution. 
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Non-Metric Multidimensional Scaling (NMDS) from the R package “Vegan” (Oksanen et al. 2020) 

was used to compare the phytoplankton assemblages between sites after standardization of the of the 

taxa counts via Wisconsin double standardization. Environmental data was fit to the first and second 

ordination axes via linear model, and the effects of year, location, and habitat on the structure of the 

assemblage.  

Results 

In 2017 samples were collected every other week from September 5th to November 30th, for a total 

of 125 Samples. In 2018 we collected samples weekly from September 24th to November 29th, For a total 

of 176 samples. Samples were collected from 254 sites, with 208 collected from the channel surface and 

93 collected from shoal habitats.  

Water Flow  

Water exports were reduced to implement the Fall X2 Action criteria in 2017 and flows in the 

Sacramento and San Joaquin river were higher, resulting in a higher Net Delta Outflow Index (NDOI) and 

eastward X2 compared to the 2018 season (Figure 2). 2017 was a wet year (CDWR 2020), so the Fall X2 

action was initiated and X2 averaged 76-km from September through November. Outflow in 2017 was 

correspondingly high, with a mean NDOI of 10,400 CFS. In contrast, 2018 was characterized as a below 

normal water year and had no Fall X2 action, a mean X2 of 84 km, and a mean NDOI of 6,600 CFS during 

the study period. 

Nutrient and Water Quality Data 

Salinity ranged from 0.04 to 17.5 ppt, and water temperatures ranged from 10.9 to 23.9 °C. The 

observed turbidity range was from below the detection limit to 71.2 NTU, and dissolved oxygen 

concentrations were between 5.00 and 9.67 mg L-1 (Table 1). Turbidity was lower in 2018 than 2017 

throughout the study region, and salinity was higher in 2018, especially in the downstream regions.  

Temperatures were similar between both years and throughout all the regions. 
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There were higher ammonium and nitrate concentrations in 2018 than 2017, with no significant 

differences (p < 0.05, Table 2) in phosphate between the two years, and the yearly differences vary 

between regions (Figure 3). Cache Slough and the Sacramento River Shipping Channel had lower nitrate 

concentrations than the downstream regions, particularly during the 2017 season. The Sacramento River 

Shipping Channel also had lower ammonium levels than the Lower Sacramento River, Suisun Marsh, and 

Suisun Bay, and Cache Slough had lower ammonium than the Lower Sacramento River. The Shipping 

Channel had higher phosphate concentrations than the Lower Sacramento River and Suisun Bay (Figure 

3).  

Generally nutrient concentrations were lower than or similar to other estuaries in the United States 

(Barrera et al. 2001). The combined nitrogen concentrations were overwhelmingly within the “good” 

range for coastal water quality (< 1 mg/L). Phosphate samples had higher concentrations: 53% of 

samples had good phosphate concentrations (<0.07 mg/L), 28% had fair phosphate concentrations (0.7 

– 0.1 mg/L), and 13% had poor phosphate concentrations (> 0.1 mg/L, EPA 2012). 

Nutrient ratios were near the 16:1 nitrogen to phosphate Redfield ratio in the downstream regions 

but was well below the Redfield ratio within Cache Slough in 2017, and during both years in the 

Sacramento River Shipping Channel.  The ratios of nitrate to ammonium concentrations were roughly 

equal throughout the study region, with the largest range of ratios in the Sacramento River Shipping 

Channel. (Figure 4). 

Biomass 

Median chlorophyll concentration by region and year ranged from 1.9 µg/L in Cache Slough 2017 to 

6.8 µg/L in Suisun Marsh,2018 (Figure 5). Chlorophyll-a was generally higher in 2018 than 2017, 

particularly in the Suisun Bay and Marsh regions. In 2018, these two downstream regions had the 

highest chlorophyll-a concentrations while Cache Slough had the lowest. In both years, Cache Slough 
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had lower biomass than most other regions, and the Sacramento River Shipping channel had the highest 

biomass in 2017.  

The most parsimonious biomass model included ammonium concentration, salinity, X2, year, 

region, and habitat as predictors for chlorophyll concentration, and only habitat was non-significant 

(p<0.05) (Figure 6, Table 2). Suisun Bay was the only non-significant region, while Cache Slough 

predicted lower than average biomass. Year, region, and salinity had significant positive correlations 

while X2 and ammonium had negative correlations. Year and regions had some of the largest significant 

estimated effect sizes while X2, salinity and ammonium had some of the smallest effect sizes (Figure 7).  

Harmful Algal Blooms 

Microsystis was more common in 2018 than 2017, and presence was least likely in the two upper 

regions, Cache Slough, and the Sacramento River Shipping Channel (Figure 8).  In 2018, Microcystis spp. 

was observed at most sites in the Lower Sacramento River, Suisun Bay and Suisun Marsh.   

A total of 14 potential HAB genera were observed (Table 3), although all were in low concentrations 

and a minority of the overall assemblage. Most HAB genera were cyanobacteria (7 genera), followed by 

dinoflagellates (5 genera), and diatoms (2 genera). 

Diversity 

Most phytoplankton were identified within 5 taxonomic groups – diatoms (Bacillariophyceae), 

cyanobacteria (Cyanophyceae), dinoflagellates (Dinophyceae), green algae (Chlorophyceae and 

Charophyceae), and cryptophytes (Cryptophyceae). Other groups observed included ciliates, 

Haptophytes, Ochrophytes, and Euglenozoa. In 2017, diatoms comprised the majority of the assemblage 

in all strata except the Sacramento River Shipping Channel, in which cyanobacteria was the largest 

component by cell count. In 2018, diatoms were abundant in the Sacramento River Shipping Channel 

and Suisun Marsh. Cryptophytes comprised the largest group in Suisun Bay, and cyanobacteria were the 

largest component in Cache Slough and the Lower Sacramento River.  
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Cyanobacteria and cryptophytes were common in 2018, while dinoflagellates and green algae were 

rare in both years (Figure 9). Despite the high abundance of cyanobacteria in Cache Slough during the 

2018 season, mean chlorophyll concentration was lowest in that region (Figure 7). Both cyanobacteria 

and cryptophytes have smaller cell sizes than the diatoms present in the system. 

There were 63 phytoplankton genera observed at more than 5 sites (Table 3). Diversity was 

generally higher in 2017 than 2018 and was higher in the Lower Sacramento River than all other regions 

(Figure 10). 

The two study years had distinct community structures. Diatoms were more common in 2017, 

while cryptophytes and cyanobacteria were larger components in 2018 (Figure 11). The phytoplankton 

communities shifted with region, roughly along the salinity gradient (Figure 12), with freshwater taxa, 

including the cyanobacteria Oscillatoria and the diatom Cocconeis occurring in Cache Slough and the 

Sacramento Shipping Channel. Moving downstream to Suisun Bay and Marsh, salt tolerant and marine 

taxa such as the diatom Coscinodiscus and dinoflagellates like Gonyaulax became more common. The 

community of the Lower Sacramento River region comprised both freshwater and euryhaline taxa. 

Channel and shoal samples have wide overlap in the species distribution; the community structures in 

the two habitats are similar (Figure 13).  
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 Discussion 

While overall phytoplankton biomass in Suisun Bay and Suisun Marsh was lower during the fall X2 

action of 2017, the community composition had a larger proportion composed largely of diatoms, which 

are considered to be an important primary producer due to their large cell diameter and high carbon 

content (Chow-Fraser and Wong 1985; Lehman 2004). Potential drivers of the contribution of diatoms to 

phytoplankton community composition include growth inhibition of diatoms due to elevated 

concentrations of ammonium (Wilkerson and Dugdale 2016). Higher ammonium: nitrate ratios in 2018 

may have inhibited diatom growth (Wilkerson and Dugdale 2016) as well as rates of advective transport 

within the estuary (Cloern et al. 1983). 

Dissolved Nutrients 

Along with agricultural runoff, effluent from the Sacramento Regional Wastewater Treatment Plant 

(SRWTP) supplies nitrogen to the Sacramento River (Kendall et al. 2015). The elevated concentrations of 

ammonium and nitrate in regions seaward of the confluence of Cache Slough and the Sacramento 

Shipping Channel (Figure 3) further support the importance of introduced nitrogen from landward 

sources in the Sacramento River. High flows during the in 2017 X2 action may have quickly advected 

excess nitrogen to seaward regions.  

The low variation in the ratios of nitrate to ammonium centered around 1 throughout the study 

(Figure 4) suggests that ammonium is present at high enough concentrations to potentially inhibit 

phytoplankton growth and primary productivity, as well as cause shifts in the phytoplankton 

assemblages. The high ammonium concentrations observed in the Delta may have contributed to the 

low phytoplankton biomass and shift in assemblage, especially in the downstream sample strata.  

In contrast, phosphate decreased slightly from Cache Slough and the Sacramento River Shipping 

Channel to downstream areas, indicative of potential nutrient drawdown. Phytoplankton may have 

drawn down phosphate concentrations moving downstream (Ball and Arthur 1979), although not to 
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levels that limit phytoplankton growth.  Phosphate and nitrogen concentrations were generally 

moderate, and unlikely to limit phytoplankton growth or to drive eutrophication of the estuary. The 

nutrient concentrations are unlikely to promote eutrophication, especially with the low standing stock 

of phytoplankton generally observed in the Delta since the onset of POD.  

The near-Redfield nitrogen:phosphorus ratios suggest that nutrient concentration did not limit 

phytoplankton biomass through most of the study.  The exception was the Sacramento River Shipping 

channel, where N:P ratio was well below the 16:1 ratio in both years (Turner et al. 2003), and in 2017 

phosphate concentrations exceeded nitrogen concentrations, which suggests that phytoplankton 

productivity may occasionally be limited by depleted nitrogen in the Sacramento River Shipping Channel 

(Ptacnik et al. 2010). 

Phytoplankton Biomass 

In 2017, phytoplankton biomass was lower than 2018 throughout the study regions, except for the 

high biomass in the Sacramento River Shipping Channel. Despite high nutrient concentrations and low 

turbidity, the remaining regions all had low chlorophyll-a concentrations. The low phytoplankton 

biomass in Suisun Bay and Marsh during the 2017 season suggests the primary producer stock was not 

improved by the action in this target region.  The high chlorophyll-a concentrations in the downstream 

regions during the 2018 season and the positive correlation between salinity and biomass may be due to 

increased residence time resulting from low flow rates. 

In Cache Slough, high residence times permit build-up of phytoplankton biomass; however, our 

study sites did not include the productive flooded islands and we rarely sampled locations farther 

upstream where Downing et al. (2016) observed the highest chlorophyll concentrations. During both 

years, Cache Slough had the lowest biomass, possibly due to the short residence times of water in the 

sampled channels. Consumption by zooplankton or the competition with invasive floating and 

submerged aquatic vegetation (Montgomery et al. 2015) may also contribute to low phytoplankton 
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biomass. As part of the North Delta Flow Action in 2018, the California Department of Water Resources 

released agricultural runoff into upper Cache Slough to increase phytoplankton productivity and 

downstream transport, with little observed benefit to biomass (Bureau of Reclamation 2019).  

Since the invasion of P. amurensis in 1986, mean phytoplankton biomass in the northern estuary 

during summer and fall in the northern estuary has been reduced due to intense grazing pressure 

(Alpine and Cloern 1992). Low salinity throughout the 2017 water year may have depressed larval 

Potamocorbula development, and high flows may have moved recruitment downstream (Baumsteiger 

et al. 2017; Parchaso and Thompson 2002), allowing greater phytoplankton biomass in 2018. During fall 

X2 action years, however, clam concentrations in Suisun Bay and Grizzly Bay were similar during the two 

study periods (Arena and Wells 2018; Watkins and Wells 2019).    

The decline in biomass when ammonium concentrations exceeded 10 µmol L-1 further highlights 

the importance of ammonium inhibition of nitrate uptake in the northern estuary (Dugdale et al. 2007). 

Although ammonium may have inhibited biomass at these high concentrations, only 10% of sites had 

such high concentrations.  During both years, ammonium concentrations increased downstream of 

Cache Slough and the Shipping Channel, due to wastewater effluent from SRWTP into the Sacramento 

River upstream of its confluence with Cache Slough and the Shipping channel. With improved 

wastewater treatment at the SRWTP, ammonium discharge from the largest point source in the 

northern Delta will decline, which may help to mitigate ammonium inhibition of nitrate uptake (Hobbs 

et al. 2017). In the high flow year of 2017, ammonium peaked in the Lower Sacramento River region and 

declined further downstream, presumably due to nitrification and perhaps uptake by phytoplankton. 

The Sacramento Ship Channel was a unique region with respect to biomass, with the highest 

chlorophyll-a in 2017 and similarly high biomass in 2018. This region also had the lowest N:P ratio during 

both years. The low dissolved nitrogen concentrations suggest that Nitrogen does limit biomass in the 
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Ship Channel. High residence time in the channel allows higher primary productivity and biomass growth 

and supports a robust zooplankton population (Feyrer et al. 2017). 

The spatial biomass patterns observed require further examination; if the low downstream 

chlorophyll concentration observed in 2017 is characteristic of Fall X2 action years with high-

precipitation, low phytoplankton biomass may depress the primary consumers and thus the Delta Smelt 

food source. The independent impact of a wet water year and the X2 action cannot be distinguished 

from these data, which will necessitate continued sampling during action and non-action years, as well 

as analysis of historical data from long-term monitoring programs.  

The between-year biomass pattern was most apparent downstream, in Suisun Bay and Suisun 

Marsh, where 2018 chlorophyll-a concentrations were double that of 2017. Nutrient concentrations 

were similar between the two years in these regions, although salinity was lower in 2017 due to the Fall 

X2 action. Turbidity and outflow were lower in 2018, which may have promoted phytoplankton biomass 

through both reduced shading and increased residence times of a diverse assemblage within Suisun Bay 

and Marsh.  

Phytoplankton Diversity 

Phytoplankton diversity varied with region and X2, with the highest diversity in the Lower 

Sacramento River and the Western Delta. The Lower Sacramento River has variable salinity regimes and 

had high incidence of both freshwater and euryhaline taxa. Suisun Bay and Suisun Marsh had the 

highest proportion of the more salt-tolerant diatoms. As X2 moved downstream, Shannon diversity 

increased, potentially indicative of more mixing between marine and riverine influenced water, 

especially in the Lower Sacramento and Suisun Bay/Marsh. Although the trend was not significant, the 

apparent inverse trend with chlorophyll-a is expected; as blooms form from single dominant taxa, 

species richness and evenness decreases.  
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There was very little difference between assemblages in the Channel and Shoal habitats; any 

influence of habitat on the phytoplankton community is minor compared to the larger temporal and 

geographic trends, due to well mixed waters within the sample sites. Likewise, biomass did not vary 

between shoal and channel habitats, therefore paired sampling of phytoplankton from nearby habitats 

may be unnecessary.  

The phytoplankton assemblage shifted downstream with region, which was similar to successional 

patterns previously reported for the northern estuary (Cloern and Dufford 2005). This shift was from 

freshwater taxa to salt tolerant taxa, although several taxa including Navicula, Cyclotella, and 

Phormidium were common throughout the study region. Assemblages in Cache Slough and the Shipping 

Channel were composed of a wide range of taxa, with diatoms, cyanobacteria and euglenophytes being 

common in these regions. Farther downstream, cryptophytes became more common and occasionally 

dominated this assemblage. Cyanobacteria were rarer in the higher salinity reaches.   

Sample year had a strong impact on the phytoplankton assemblage. The wet year of 2017 was 

characterized by an abundance of diatoms, while cyanobacteria, dinoflagellates, and cryptophytes were 

more abundant in 2018. This assemblage shift corresponded with shifts in increased ammonium and 

biomass, and upstream X2 shift in 2018.  

The higher flow rates in 2017 likely selected for diatoms through estuarine circulation in Suisun Bay 

and Marsh (Cloern, 1983). While less dense taxa are transported seaward during high flow, denser 

diatoms sink and are transported back upstream via the landward flowing bottom current, which can 

trap diatom assemblages within Suisun Bay. Despite this potential effect of circulation on the 

assemblage structure, the overall biomass was low in Suisun Bay and Marsh. In 2018, the phytoplankton 

communities in Suisun Marsh and Suisun Bay had high biomass and were composed of diatoms and 

cryptophytes, both of which are rich in PUFAs (Brett and Müller-Navarra 1997). The high salinity during 

the non-action year may have driven the growth of these large high-quality food sources but the higher 
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algal biomass and lower zooplankton concentrations in 2018 may indicate lower quality food sources. 

The large diatoms observed in Suisun Bay and Marsh are well-suited as prey items for herbivorous 

zooplankton in Suisun Bay and Marsh. A recent single-taxa bloom of the diatom Aulacoseira granulata in 

2017 did not stimulate production of the copepod Pseudodiaptomus forbesi (Jungbluth et al. 2020), 

whereas a more diverse phytoplankton assemblage may support a wide range of secondary consumers 

despite much lower biomass.  

Although biomass was lower during the Fall X2 action year, higher phytoplankton biomass 

negatively correlated with a seaward daily X2 (Figure 7), possibly due to the transport from upstream 

assemblages. The daily X2 did not correlate with the phytoplankton diversity (Table 2), as shifts in the 

assemblage would lag behind changing flow regimes. 

In pelagic food webs, high diversity in the primary consumers promotes high functional diversity in 

higher trophic levels (D’Alelio et al. 2016). The high phytoplankton diversity within the Lower 

Sacramento River, coupled with the environmental variability in the region may support a diverse 

zooplankton assemblage and enhance the overall food web for Delta Smelt in the region and in 

downstream reaches. 

Harmful Algal Blooms 

No harmful algal blooms were observed over the course of the study, however Microcystis spp. 

flakes were common in both years. The Microcystis spp. colonies were broken up and occurred at 

relatively low abundance compared with observations upstream in the San Joaquin River (Lehman et al. 

2020). Microcystis spp. was much more prevalent during the dry year (2018), especially in the Lower 

Sacramento River. Since Microcystis spp. thrives in warm, low-velocity freshwater in the Delta (Mioni et 

al. 2011) the Fall X2 action selected against the conditions that promote Microcystis spp. blooms. Most 

Microcystis spp. blooms in the Delta originate in the San Joaquin River (Lehman et al. 2017), so 
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evaluating the growth and transport of those blooms in the Southern Delta under both high flow rates 

and low export rates will help to assess the impacts of X2 actions on HAB events.  

Although the Microcystis observed in Suisun Bay and Marsh was not in bloom conditions, the 

colonies can continue to produce toxins up to a salinity of 4 ppt (Black et al. 2011). The toxic impact of 

the observed Microcystis spp. cannot be determined without measurement of microcystins. The 

degraded cyanobacterial colonies may augment the phytoplankton biomass and provide a food source 

to zooplankton, some of which can consume decomposed Microcystis (Hanazato and Yasuno 1987). 

There were many other potentially toxic taxa observed over the study, including cyanobacteria, 

diatoms, and dinoflagellates. These taxa were occasionally common but were not observed to bloom, 

and therefore were unlikely to produce harmful concentrations of toxins. Similarly, the lack of bloom 

formation and the relatively high dissolved oxygen concentrations demonstrate a low risk of 

eutrophication from phytoplankton blooms. 

Management Implications 

In 2018, the X2 action was not implemented and the phytoplankton communities in the relatively 

high-salinity Suisun Bay and Marsh regions had higher biomass but less diversity than in 2017. Despite 

generally higher biomass in 2018, less nutritious taxa comprised a larger proportion of the assemblage in 

Suisun Bay and Suisun Marsh and zooplankton abundance was lower (Hassrick et al. 2021). 

While the nutritious quality of food in Suisun Bay and Marsh was improved during the Fall X2 action 

year of 2017, the direct cause driving reduced biomass is unclear. In 2017, there was greater 

zooplankton abundance, which may have drawn down phytoplankton biomass (Hassrick et al., 2021). 

The P. amurensis population was similar in Fall 2017 to Fall 2018 in Suisun Bay and Marsh (Arena and 

Wells 2018; Watkins and Wells 2019), so were unlikely to have a driven the lower phytoplankton 

biomass in the action year. Finally, seaward transport due to higher flow rates may have inhibited 

phytoplankton biomass during the action. In 2018, less nutritious cyanobacteria made up a larger 
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proportion of the phytoplankton assemblage throughout the study region, but high-quality diatoms and 

cryptophytes remained abundant in Suisun Bay and Marsh. Analysis of zooplankton and benthic gut 

contents and measurement of primary productivity can clarify the causes of the biomass differences and 

the effects of community structure.  

The Delta has been a high nutrient-low chlorophyll system since the onset of the pelagic organism 

decline. Although the phytoplankton biomass in Suisun Bay and Marsh was low during the action year, 

the improved Delta Smelt prey field observed during concurrent studies suggest that the impact on the 

overall food web is minimal. The higher flow rates inhibit formation of toxic Microcystis blooms, and the 

improved habitat availability provides a larger area over which Delta Smelt can utilize the available food. 

The causes of the low chlorophyll-a concentrations observed during the X2 Action warrant further study 

to establish the direct effects of increased flow on the Delta phytoplankton community.  
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Tables 

Table 1. Mean and standard deviation of water quality parameters over each study season and region. 

Year Strata Salinity Temperature Turbidity DO 

2017 

Cache Slough 0.083 (0.030) 17.6 (2.94) 4.206 (7.798) 8.333 (1.102) 

Sacramento River 
Shipping Channel 0.25 (0.133) 18.1 (2.74) 13.41 (13.35) 8.596 (0.4808) 

Lower Sacramento 
River 0.073 (0.029) 16.4 (2.98) 1.388 (1.193) 8.822 (0.4016) 

Suisun Bay 4.65 (3.6) 17.9 (2.47) 14.52 (10.11) 8.649 (0.3755) 

Suisun Marsh 5.34 (2.54) 20.1 (2.67) 26.96 (19.75) 7.868 (0.5413) 

2018 

Cache Slough 1.47 (3.73) 17.2 (2.46) 1.72 (1.008) 8.498 (0.6436) 

Sacramento River 
Shipping Channel 0.272 (0.162) 16.8 (3.37) 6.96 (7.815) 8.794 (0.4877) 

Lower Sacramento 
River 1.19 (1.35) 17.1 (2.38) 3.214 (3.149) 8.545 (0.4244) 

Suisun Bay 11.6 (3.78) 16.5 (2.39) 2.373 (3.179) 8.302 (0.3112) 

Suisun Marsh 9.45 (3.09) 16.4 (2.57) 7.391 (7.788) 7.953 (0.8804) 
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Table 2. Model summary for biomass and diversity linear models. 

Response 
Variable Predictor Estimate 

95% Confidence 
Interval P Value 

Biomass 

Sacramento River Shipping Channel 2.06 1.296 — 2.824 <0.001 
Lower Sacramento River 1.14 0.469 — 1.811 0.001 
Suisun Bay 0.9 0.157 — 1.643 0.019 
Suisun Marsh 2.41 1.28 — 3.54 <0.001 
Year 2.87 1.82 — 3.92 <0.001 
Habitat -0.437 -0.946 — 0.072 0.094 
Salinity 0.118 0.036 — 0.1999 0.005 
NH4 -0.079 -0.106 — -0.053 <0.001 
X2 -0.165 -0.291 — -0.039 0.011 

Shannon 
Diversity 

Sacramento River Shipping Channel 0.0552 -0.198 — 0.308 0.669 
Lower Sacramento River 0.635 0.379 — 0.891 <0.001 
Suisun Bay 0.226 -0.013 — 0.465 0.066 
Suisun Marsh -0.038 -0.339 — 0.263 0.804 
Chlorophyll-a -0.028 -0.058 — 0.002 0.073 
X2 -0.033 -0.049 — -0.017 <0.001 
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Table 3. Phytoplankon taxa observed in 2017 and 2018. Includes taxa that were observed at 5 or more sites. 

Taxa Group Mean taxa 
abundance 

Standard 
Deviation 

Number of 
observances 

Potentially 
toxic algae 

Cryptomonas Cryptophyte 1,451.90 12328.9 74 No 
Rhodomonas Cryptophyte 4,747.40 19914 94 No 
Anabaena Cyanobacteria 148.6 789.6 20 Yes 
Aphanizomenon Cyanobacteria 5,876.00 68266.1 35 Yes 
Geitlerinema Cyanobacteria 626 4666.3 22 Yes 
Leptolyngbya Cyanobacteria 681.2 4092.8 17 No 
Oscillatoria Cyanobacteria 7,919.70 80451.3 42 Yes 
Phormidium Cyanobacteria 4,915.20 28390.5 71 Yes 
Planktothrix Cyanobacteria 321 3259 7 Yes 
Pseudanabaena Cyanobacteria 99.7 824.6 8 No 
Achnanthes Diatom 10.1 79.1 7 No 
Adlafia Diatom 9.4 56.9 19 No 
Amphora Diatom 22 97.3 31 Yes 
Asterionella Diatom 12.7 135.7 5 No 
Aulacoseira Diatom 844.7 3874.8 105 No 
Chaetoceros Diatom 1,515.30 5505.4 135 No 
Cocconeis Diatom 1,395.40 4507.9 183 No 
Coscinodiscus Diatom 199.4 428.1 142 No 
Craticula Diatom 1 7.6 5 No 
Cyclotella Diatom 282.3 640.5 158 No 
Cymbella Diatom 5.1 40.1 10 No 
Diatoma Diatom 26 94.5 44 No 
Diploneis Diatom 5.6 31.6 13 No 
Encyonema Diatom 1.9 13.6 9 No 
Entomoneis Diatom 88.5 250.4 78 No 
Epithemia Diatom 8.2 38.8 20 No 
Eunotia Diatom 197.9 1482.6 16 No 
Fragilaria Diatom 332.9 698.9 168 No 
Fragilariopsis Diatom 9.4 89.6 13 No 
Gomphoneis Diatom 27.1 106.1 45 No 
Gomphonema Diatom 3.5 21.6 10 No 
Gyrosigma Diatom 957.5 2284 197 No 
Leptocylindrus Diatom 1,367.90 11490.4 66 No 
Melosira Diatom 1,763.30 6408.2 113 No 
Navicula Diatom 639.6 1893.4 183 No 
Nitzschia Diatom 2,227.40 20950.5 171 Yes 
Paralia Diatom 1,322.80 17656 19 No 
Pinnularia Diatom 5.4 36.4 11 No 
Pleurosigma Diatom 25.3 92.5 38 No 
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Rhoicosphenia Diatom 2.1 19.4 5 No 
Rhopalodia Diatom 3.3 18.4 11 No 
Skeletonema Diatom 71.2 316.8 23 No 
Surirella Diatom 7.9 39.4 21 No 
Synedra Diatom 4.3 29.1 11 No 
Thalassionema Diatom 9.8 112.7 7 No 
Thalassiosira Diatom 471.6 5594.9 77 No 
Tryblionella Diatom 72.9 1066.5 21 No 
Ceratium Dinoflagellate 1.4 15.6 3 No 
Dinoflagellate_unid Dinoflagellate 1.5 17 4 Unknown 
Gonyaulax Dinoflagellate 2 18.8 5 Yes 
Gymnodinium Dinoflagellate 1 8.9 4 Yes 
Gyrodinium Dinoflagellate 3.2 19 9 Yes 
Peridinium Dinoflagellate 7.6 41.4 19 Yes 
Prorocentrum Dinoflagellate 63.3 290.8 53 Yes 
Closterium Green algae 1.4 11.7 5 No 
Monoraphidium Green algae 28.4 105.9 43 No 
Pyramimonas Green algae 1.9 15.5 5 No 
Scenedesmus Green algae 15.2 74.1 14 No 
Chrysococcus Other 91.3 914.3 9 No 
Dinobryon Other 6.6 67.8 7 No 
Euglena Other 139.6 692.5 97 No 
Monomorphina Other 1.5 12.7 5 No 
Strombidium Other 892.6 12569 75 No 
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Figures 

 

Figure 1. Map of regions and locations sampled in the Delta during fall of 2017 and 2018.  
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Figure 2. Outflow and X2 in the fall of 2017 and 2018. Measurements from DWR dayflow data. 
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Figure 3. Nutrient concentrations between seasons and study regions in the Delta. Shared letters denote no significant 
difference observed between regions and years. Outliers are omitted from this plot. 
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Figure 4. Ratios of dissolved nutrients between years and regions of the Delta, with Dissolved Inorganic Nitrogen to 
Phosphate (top) and Nitrate to Ammonium (bottom). The dashed line represents the 16:1 Redfield ratio of 16 nitrogen : 1 
phosphate. 
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Figure 5. Chlorophyll concentrations between years and regions of the Delta. Shared letters denote no significant 
difference observed between regions independent of year or years. 
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Figure 6. Explanatory used variables to model chlorophyll concentration, with estimated effects size and 95% confidence 
intervals. Parameters marked with an asterisk are significant. Negative correlations are in blue, positive in red. 
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Figure 7. The predicted effects of selected parameters on phytoplankton biomass as determined by generalized linear 
modeling. For each plot, all other predictors are set to the mean. Error bars and confidence bands (shaded) indicate the 95% 
confidence intervals. * indicates significant (P<0.05) 
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Figure 8. Proportion of sites with colonial Microcystis observed in each region and year. Regions with shared letters are not 
significantly distinct from each other. 
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Figure 9. Mean abundance of each phytoplankton group by year and region as (A) proportion of the total phytoplankton 
abundance and (B) scaled to mean chlorophyll-a to highlight the respective contribution of each group to the phytoplankton 
biomass. 
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Figure 10. Shannon’s index of diversity for phytoplankton samples by region and year. Shared letters denote no significant 
difference observed between regions. 
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Figure 11. NMDS ordination of phytoplankton assemblages versus selected environmental variables and year. Labels 
represent the most ubiquitous genera present at the most sample sites; all other genera are represented by the colored points. 
Shaded ellipses indicate the 95% confidence interval of each year. 
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Figure 12. NMDS ordination of phytoplankton assemblages versus environmental variables and region. . Labels represent 
the most ubiquitous genera present at the most sample sites; all other genera are represented by the colored points. Shaded 
ellipses indicate the 95% confidence interval of each year. 
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Figure 13. NMDS ordination of phytoplankton assemblages versus selected environmental variables and habitat. Individual 
sites are represented by dots and the taxa names represent the ten most abundant phytoplankton genera and the ten most 
ubiquitous genera present at the most sample sites. Shaded ellipses indicate the 95% confidence interval of each habitat. 
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