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Introduction
Competition between organisms for limited food resources can 
force individuals to be excluded or displaced from otherwise 
suitable habitat (Mills et al., 2004; Ward et al., 2006; Seiler and 

Keeley, 2009; Mac Nally et al., 2010; Britton et al., 2011). 
Alternatively, habitat that might otherwise support multiple 
species that share similar trophic niches may become limited in 
capacity during periods of low food availability (Mac Nally 
et al., 2010). This effect has been shown for both intra- and 
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interspecific competition among fishes, and the intensity of 
competition effects can vary based on life stage and season 
(Osenberg et al., 1992; Mills et al., 2004; Ward et al., 2006; 
Blanchet et al., 2007). The stronger competitive species can 
monopolize limited food resources, causing the less dominant 
species to become displaced or excluded from the habitat 
(McDowall, 2003). When an introduced species occupies the 
more dominant role, native fish can suffer more during low-
food conditions than high-food conditions, as the resources can 
drive species interactions and shape community composition 
(Gunckel et al., 2002). The introduction of non-native species 
has altered species assemblages and food web compositions in 
the aquatic environment and challenged the conservation of 
imperilled species (Marchetti et al., 2001). The dynamics of 
competition for food between native and non-native species 
when food is limited is an important consideration when trying 
to understand species interactions in the wild.

On the individual level, competition for limited resources 
presents physiological challenges that can affect energy alloca-
tion to key biological processes, such as growth and develop-
ment (Kassahn et  al., 2009). Competition can trigger the 
activation of a fish’s generalized stress response to aid the indi-
vidual in acquiring the energy necessary for ‘fight or flight’ 
through the mobilization of glucose (Barton, 2002; Kassahn 
et  al., 2009). Repeated or chronic stress can place a high 
energy demand on an individual (Barton, 2002; Cook et al., 
2012), and therefore, when food is limited, an organism may 
not have sufficient energy reserves to maintain homeostasis 
(DiBattista et al., 2006). For juvenile fish, food availability 
and chronic exposure to competition can have a significant 
impact on growth during a crucial period of development and 
can ultimately prolong the timing of sexual maturation 
(Wendelaar Bonga, 1997; Barton, 2002; McGhee and Travis, 
2011). For annual and short-lived species, the delayed growth, 
even over short periods of time, can result in lower fecundity 
and impaired mate selection (Kassahn et al., 2009; McGhee 
and Travis, 2011) and can therefore have repercussions at the 
population level.

One such annual species that occurs in highly variable habi-
tats is the tidewater goby, Eucyclogobius newberryi, an endan-
gered fish species endemic to California coastal lagoons and 
estuaries. Given that the species has a short lifespan in the wild 
and that estuarine habitat can be dynamic and variable, quick 
growth and high reproductive output are important to the local 
abundance of the species and are factors in maintaining the 
resilience of a population (Lafferty et al., 1999a,b;  US Fish and 
Wildlife Service, 2005). After a brief pelagic larval stage, the 
E. newberryi juvenile stage may only last a few weeks, when the 
fish is 9.8–24.8 mm standard length (SL), and ends when sexual 
maturity is achieved (potentially starting at 25 mm SL for males 
and 27 mm SL for females; Swift et al., 1989; Swenson, 1999; 
Spies and Steele, 2016). Fecundity is positively associated with 
size in E. newberryi, and for a species that typically lives only a 
year in the wild, a delay or impairment in growth during the 
juvenile stage that results in smaller females or delayed sexual 
maturation could compromise the quantity of young produced 

and the number of times that reproduction can occur (Swift 
et al., 1989; Swenson, 1993, 1999; McGourty et al., 2008). 
Understanding the physiological effects of competition for food 
on E. newberryi is important when considering an effort to re-
establish a population in an area the species historically occu-
pied, such as the San Francisco Bay Estuary. The alteration of 
coastal estuaries and the introduction of non-native species 
have contributed to the extirpation of E. newberryi in portions 
of the species’ historic range (US Fish and Wildlife Service, 
2005). Recovery efforts to restore and improve habitat for the 
species have been conducted; however, no studies have been 
performed to establish whether biotic interactions between 
E. newberryi and introduced non-native fishes might compro-
mise recovery efforts owing to competition for food.

Several factors can influence the success of reintroduction of 
an endangered species, including habitat condition, proximity 
to other populations, life-history requirements and other spe-
cies currently found in the habitat (US Fish and Wildlife 
Service, 2005; Anderson et al., 2014). While predatory species 
can threaten successful reintroduction, more subtle effects, 
such as competition for limited food resources between juve-
nile species, could also factor into the success of a targeted 
reintroduction. Previous research investigating the social inter-
action of E. newberryi in ample food conditions found no 
impact of species assemblage on survival, growth or stress hor-
mone concentrations (i.e. cortisol); however, behavioural 
observations during feeding provided evidence for competition 
if rations of food were reduced (Chase and Todgham, 2016). 
The present experiment was designed to examine the role of 
interspecific competition for food on the physiological condi-
tion of E. newberryi. By manipulating the feeding ration at two 
levels (75 and 50% ration), survival, growth and primary and 
secondary physiological indicators of stress (i.e. whole-body 
cortisol, glucose and lactate) of E. newberryi were examined in 
response to competition with the non-native rainwater  killifish, 
Lucania parva, and the native threespine stickleback, 
Gasterosteus aculeatus. Eucyclogobius newberryi and 
G.   aculeatus co-occur in the wild; however, L. parva and 
E. newberryi do not. Lucania parva has become established in 
habitat historically occupied by E. newberryi in the San 
Francisco Bay Estuary, and L. parva represents a novel species 
interaction for E. newberryi (US Fish and Wildlife Service, 
2005). By studying these species paired with E. newberryi in 
two feeding regimens, in this experiment we sought to investi-
gate the potential role of competition with a non-native species 
on E. newberryi, with the objective of better informing evalu-
ation measures for reintroduction of this endangered species.

Materials and methods
Field collection and animal holding
Juvenile E. newberryi were collected using seine nets on 9 July 
2013 and 15 August 2013 from Salmon Creek Lagoon, in 
Sonoma County, CA, USA (38°21′11.42″N, 123° 3′57.02″W). 
Water temperature, salinity and dissolved oxygen at Salmon 
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Creek Lagoon during collection were 19.3°C, 0.2 ppt and 
7.99 mg O2 l−1, respectively, on 9 July and 18.7°C, 0.3 ppt and 
8.03 mg O2 l−1, respectively, on 15 August. Juvenile G. aculea-
tus and L. parva were collected using seine nets on 15 July 
2013 and 19 August 2013 from lower Coyote Creek water-
shed in Marin County, CA, USA (37°52’34.09″N, 
122°31’35.11″W). Water temperature, salinity and dissolved 
oxygen within lower Coyote Creek during collection were 
18.9°C, 29.3 ppt and 1.79 mg O2 l−1, respectively, on 15 July 
and 16.9°C, 29.7 ppt and 2.69 mg O2 l−1, respectively, on 19 
August. Juvenile fish of similar size to E. newberryi were size 
selected in the field and transported using aerated coolers to 
the Romberg Tiburon Center for Environmental Studies, San 
Francisco State University in Tiburon, CA, USA. Fish were col-
lected over two different periods to accommodate the two dif-
ferent feeding trials (i.e. July for the 50% ration and August for 
the 75% ration; details below). All fish were grouped sepa-
rately by species and were held in indoor, recirculating aquaria 
under natural photoperiod until experimentation. Juvenile 
E. newberryi fish used in the experiments ranged in size from 
18.0 to 25.0 mm SL, with a mean size of 21.6 ± 1.5 mm SL.

Salinity in all aquaria was gradually adjusted through 
partial water changes at a rate of 2 ppt day−1 from the salin-
ity measured at the site of collection for each group of fishes 
to a salinity of 25 ppt. A salinity of 25 ppt was selected to 
simulate mean summer salinity conditions within San 
Francisco Bay Estuary habitat historically occupied by 
E. newberryi. Using US Geological Survey Corte Madera 
Creek water-quality station (gauge 11460090), mean salinity 
for 1 June–31 October over a 3 year period was calculated 
to determine the experiment salinity level. The mean salinity 
level of 25 ppt falls within the range of occupied habitat and 
physiological tolerance for E. newberryi (Chamberlain, 
2006), G. aculeatus (Moyle, 2002) and L. parva (Fuller 
et al., 2007). Eucyclogobius newberryi were held in aquaria 
at 5 ppt for 3–4 days before beginning incremental salinity 
increases over 10–11 days (from 5 to 25 ppt), whereas salin-
ity adjustments in aquaria of G. aculeatus and L. parva took 
2–3 days (from 29 to 25 ppt). Incremental salinity increases 
were achieved through partial water changes. Once a salinity 
of 25 ppt was reached in all aquaria, E. newberryi were held 
in these conditions for 1–3 days, whereas G. aculeatus and 
L. parva were held in these conditions for 9 days, before the 
start of the feeding trials. Aquaria temperatures were main-
tained at 19 ± 3°C and dissolved oxygen levels at 
7.9 ± 0.9 mg O2 l−1 for the duration of the laboratory accli-
mation period.

Authorization for fish collection and study design approval 
was granted under US Fish and Wildlife Service Recovery 
Permit number TE237061-1, California Department of Fish 
and Wildlife Scientific Collectors Permit number SC-8472 and 
a State of California Department of Parks and Recreation 
Collection Permit. Experimental procedures, handling and 
care were reviewed and approved by the San Francisco State 
Institutional Animal Care and Use Committee (IACUC 
Protocol #A12-04).

Experimental design
Juvenile E. newberryi growth, survival and physiological indi-
cators of stress (i.e. whole-body cortisol, glucose and lactate 
concentrations) were investigated in controlled laboratory 
conditions. Aquaria were divided in half with a watertight 
black acrylic divider sealed with silicone to create two 19 l 
experimental cells. Each cell measured 25.4 cm (length) × 
27.9 cm (width) × 30.5 cm (height). All cells were set up as 
blinds, with one additional side covered in black plastic sheet-
ing with completely separate water sources, so that fish in one 
cell could not see or sense fish in any other cell (Schofield, 
2004). A standardized volume of clean sand and green ribbon, 
simulating submerged aquatic vegetation, was uniformly dis-
tributed through each cell. The experimental cells were 
designed to provide equal ratios of cover (ribbon) and open 
water. Artificial vegetation has been used successfully to mimic 
natural habitat structure for fishes in laboratory conditions 
(Keller and Brown, 2008).

Abiotic conditions for the experiment reflected habitat dur-
ing summer months in lower Corte Madera Creek, within his-
torically occupied habitat of San Francisco Bay Estuary. All 
aquaria were held in a temperature-controlled circulating sea-
water table maintained at 21.5 ± 1.3°C in each cell over the 
duration of each experiment. Replicate cells were within a 
maximal daily range of 0.5°C of each other. Salinity levels 
within all aquaria were held at 25.5 ± 0.6 ppt. Air stones kept 
dissolved oxygen levels of 7.45 ± 0.7 mg O2 l−1. Internal cell 
circulation and water quality were maintained for each cell 
separately with aquarium filters (Whisper PF10; Tetra, 
Blacksberg, VA, USA) fitted with fine mesh screens to reduce 
water velocities in each cell. Temperature and oxygen levels of 
each cell were measured every other day (YSI model 85 meter; 
YSI Incorporated, Yellow Springs, OH, USA), and water 
ammonia, nitrate, nitrite and pH of each cell were measured 
twice a week (Saltwater Master Test Kit; API, Chalfont, PA, 
USA). Water changes of 5–15% of cell volume were conducted 
daily to maintain water quality.

To test the effects of food availability on competition 
between E. newberryi and L. parva and between E. newberryi 
and G. aculeatus, two 28 day experiments were conducted in 
series, in which two different feeding rations were provided (for 
details, see next subsection). Each experiment had three fish 
assemblages for E. newberryi to account for both intraspecific 
competition between individuals of E. newberryi and interspe-
cific competition between individuals of different species (two 
fish species per assemblage). A total of 12 fish were held in each 
cell under one of three assemblages. Each assemblage had 
six  replicate cells. Cell assemblages included the following: 
(i) six E. newberryi vs. six E. newberryi; (ii) six L. parva vs. six 
E. newberryi; and (iii) six G. aculeatus vs. six E. newberryi.

Feeding regimen
A 3 day feeding trial pilot study was conducted with six 
G. aculeatus, six L. parva and three E. newberryi to deter-
mine the appropriate ration to result in competition for food 
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between fishes in the experimental trials. While variation was 
observed between species and day, mean daily satiation was 
found to be ∼10 Daphnia pulex per fish (data not shown). 
For the competition trials, feeding levels were set at 50% (five 
D. pulex per fish; 60 D. pulex per cell with 12 fish) and 75% 
rations (7.5 D. pulex per fish; 90 D. pulex per cell rounded up 
as necessary to reach a whole number). Additionally, once a 
week, 1.5 ml per cell of frozen brine shrimp (Artemia spp.; 
San Francisco Bay Brand, Inc., Newark, CA, USA) was added 
with the live D. pulex fed to each cell. The food source was 
selected based on the ability to culture and provide a primar-
ily live invertebrate prey base for the experiment and pub-
lished accounts of each species’ diet (Crawford and Balon, 
1994; Swenson and McCray, 1996; Spilseth and Simenstad, 
2011). In nature, E. newberryi consume a broad range of 
invertebrate prey that changes based on availability but 
includes primarily crustacean, dipteran larvae, invertebrate 
eggs and gastropods (Swift et  al., 1989; Swenson, 1999). 
Previous laboratory studies by our group and others have 
used D. pulex to feed E. newberryi (Swenson, 1999; Chase 
and Todgham, 2016).

Fish were fed live D. pulex cultivated on Phyto-Feast® 
(Reed Mariculture Inc., Campbell, CA, USA). Daphnia pulex 
were hand counted and separated into two labelled 15 ml 
conical vials per cell. Feedings occurred once daily, such that 
the contents of one conical tube were poured randomly 
around the top of a cell, allowing the D. pulex to swim 
throughout each cell. Approximately 10 min later, after all 
food had been consumed, the second conical tube with the 
remaining food was poured into the cell. The staggered feed-
ing approach reduced the volume of food released at a given 
time during each daily feeding to encourage greater competi-
tion for food (Milinski and Parker, 1991).

Growth measurements
Fish length and weight were measured every 14 days, with 
measurements on day 1 (when moved to experimental cells), 
day 15 (experimental midpoint) and day 29 (end of experi-
ment). All fish were netted and temporarily held in an aerated 
container. Fish were then individually removed for measure-
ment and returned to a separate aerated container to ensure 
that individuals were counted only once. Weight measure-
ments were taken according to Anderson and Neumann 
(1996), where live fish were lightly blotted dry and placed in 
tared 25 ppt seawater-filled weigh boats and weighed to the 
nearest 0.001 g (Mettler Toledo XS105 dual range microscale; 
Mettler-Toledo, LLC, Columbus, OH, USA). Standard length 
measurements were made to the nearest 0.5 mm using dial 
callipers. As fish were not marked, specific individuals could 
not be tracked through the experiment.

On day 29, all fish in a cell were captured within a 5 min 
period and euthanized with a lethal concentration of tricaine 
methanesulfonate (>250 mg l−1; Finquel® MS-222; Argent 
Chemical Laboratories, Redmond, WA, USA). Fish were mea-
sured for length and weight and then flash frozen in liquid 

nitrogen or on dry ice. Specimens were then stored at −80°C 
until biochemical analyses.

Length and weight data were used to calculate the relative 
condition factor for E. newberryi. The mean relative condition 
factor was compared between treatments (Anderson and 
Neumann, 1996; Froese, 2006). Length and weight data from 
118 E. newberryi measured at Salmon Creek Lagoon, reported 
by Chase and Todgham (2016), were used to determine 
a = 0.01647 and b = 2.66 values to inform an individual’s 
relative condition factor (Kn) using the following equation:

 Kn
W
aLb=  

where W is weight (in grams), L is standard length (in centi-
metres), b is the slope of the regression line, and a is the inter-
cept value.

Biochemical analyses of generalized stress 
response
Whole-body homogenization

Homogenization of the entire fish body was performed on 43 
E. newberryi from the 75% ration (nday 0 = 6, nday 29 = 37) and 
53 E. newberryi from the 50% ration (nday 0 = 7, nday 29 = 46). 
Homogenization procedures followed the protocol used by 
Hasenbein et al. (2013) and included the following steps for 
each individual sample. Prior to homogenization, samples 
were weighed while frozen and then quartered over ice. Each 
sample was then homogenized in 1 ml ice-cold 1× phosphate-
buffered saline (PBS buffer: 4.3 mM sodium phosphate, 
136.8 mM sodium chloride, 2.7 mM potassium chloride and 
1.47 mM potassium phosphate, pH  7.4). Homogenizer 
blades were washed with 1 ml PBS buffer, which was then 
combined and vortexed with the sample. The sample was 
then split in half, with half dedicated to immediate cortisol 
analyses and half for glucose and lactate analysis. The 
homogenate required for glucose and lactate analysis was 
centrifuged for 30 min at 14 500g at 4°C. Supernatant was 
then extracted to a new centrifuge tube and stored at −80°C 
until analysis.

Cortisol extraction and analysis

Cortisol extraction was performed using methodology 
adopted for zebrafish, Danio rerio (Alsop and Vijayan, 2008; 
Cachat et  al., 2010), optimized for juvenile delta smelt, 
Hypomesus transpacificus (Hasenbein et al., 2013), and used 
previously to quantify whole-body cortisol in E. newberryi, 
L. parva and G. aculeatus (Chase and Todgham, 2016). Tissue 
homogenate was spiked with 2.0 ml diethyl ether, vortexed 
and centrifuged for 15 min at 3200g at 4°C. Supernatant was 
extracted without touching the pellet and transferred to a new 
glass test tube. Preliminary analysis determined that more 
than 90% of total body cortisol was extracted with a single 
wash of the tissue homogenate. For the experiment, this 
 process was repeated two more times for maximal extraction 
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of cortisol from the tissue homogenate with diethyl ether 
(Cachat et al., 2010; Hasenbein et al., 2013), and the superna-
tants from the three washes were combined. The pellet was 
then discarded, and the extracted supernatant in the glass test 
tube was left overnight in a fume hood to ensure that the 
diethyl ether fully evaporated following Cachat et al. (2010). 
The following day, samples were resuspended in 1 ml PBS buf-
fer, vortexed for 30 s and stored at 4°C overnight. Cortisol 
was then measured using an enzyme-linked immunosorbent 
assay, following the manufacturer’s instructions (Neogen 
Corporation, Lansing, MI, USA). Cortisol was run in dupli-
cate, and mean blank absorbance values were subtracted from 
each sample. Cortisol concentrations were calculated with a 
four-parameter sigmoid standard curve. Calculated cortisol 
concentrations were then corrected for dilution and standard-
ized by sample weight (50% of fish weight used for cortisol) 
and are presented as nanograms of cortisol per gram of fish 
wet weight (Supplemental material, Table S1).

Glucose and lactate analyses

Frozen tissue homogenate samples were thawed on ice and 
analysed for glucose and lactate using a Bioanalyzer YSI 2700 
(YSI Incorporated, Yellow Springs, OH, USA). Glucose and 
lactate concentrations were then corrected for dilution and 
standardized by sample weight (50% of fish weight used for 
glucose and lactate analyses).

Statistical analysis
Response variables for E. newberryi included survival, length, 
weight, Kn, cortisol, glucose and lactate concentrations. 
Statistical analyses were conducted in R (version 2.15.0; 
R Development Core Team 2012). Data were first tested for nor-
mality and heteroscedasticity visually by plotting Q-Q, density 
and residual plots of the linear model to ensure that parametric 
analysis assumptions were met. Survival (number of alive fish 
per day compared with the initial 36 fish of that species in a 
treatment assemblage) for each ration was assessed using a 
Kaplan–Meier curve with 95% confidence intervals and a χ2 
analysis, with the null hypothesis that survival rates should 
remain constant across fish assemblages. Two-way ANOVA 
(type II) was used to assess the effects of fish assemblage on 
growth (weight, length and Kn) separately within each food 
ration while accounting for unbalanced fish numbers attribut-
able to mortality. Time (day 1, 15 and 29) and fish assemblage 
were treated as fixed, discrete effects, with tank replicate as a 
random effect. Significant F values were followed up with 
Tukey’s post hoc test on least-squared means to detect group 
differences (lsmeans v2.20-2; http://CRAN.R-project.org/
package=lsmeans). Weight data was logarithmically transformed 
in the 75% ration to meet the assumption of normally distrib-
uted residuals. Repeated measures could not be used with this 
data set because individual fish were not individually marked 
and therefore not tracked through the experiment duration.

A two-way ANOVA was used to examine the effects of fish 
assemblage and feeding ration on physiological indicators of 

stress (cortisol, glucose and lactate). As the feeding trials 
were run sequentially, initial median values of each stress 
indicator from fish sampled on day 0 (before experimental 
treatment allocation) were subtracted from each fish sam-
pled at the end of the experiment (day 29) for each feeding 
trial to account for any differences in starting condition, pro-
viding net concentrations of cortisol, glucose and lactate. 
Absolute concentrations of cortisol, glucose and lactate for 
all groups are provided in the Supplemental material, Table 
S1. Experimental tank was included as a random effect to 
account for potential non-independence of fish from the 
same replicated unit. As all biochemical indicators exhibited 
heterogeneity in one or both fixed effects, variance was 
incorporated into the mixed model using the varIdent option 
in the nlme package. Significant F values were followed up 
with Tukey’s post hoc test on least-squared means to detect 
group differences. To assess relationships between the 
response variables and feeding ration, correlation analysis 
(Pearson’s r) was used to measure the strength, direction and 
significance between Kn, cortisol, glucose and lactate in 
day 29 fish within each ration. The threshold for significance 
was set at P < 0.05. All data are reported as the mean ± SEM 
unless stated otherwise.

Results
Survival
When fed the 75% ration, E. newberryi experienced signifi-
cantly reduced survival in the presence of G. aculeatus com-
pared with E. newberryi in the presence of either L. parva or 
conspecifics (Fig.  1; Pearson’s χ2 test, χ2 = 9.18, d.f. = 2, 
P = 0.01). Only 13.9% of E. newberryi survived to day 29 
when held with G. aculeatus. Survival to day 29 was highest 
for E. newberryi in the presence of conspecifics, at 61.7%, 
followed by those held with L. parva, at 50.0%.

Survival of E. newberryi when fed the 50% ration had a 
similar trend to the 75% ration; however, mortality began 
later in the experiment and survival was not quite significantly 
different between the three fish assemblages at day  29 
(Pearson’s χ2 test, χ2 = 5.89, d.f. = 2, P = 0.053). Eucyclogobius 
newberryi had the lowest survival at day 29 in the presence of 
G. aculeatus, at 22.2%, compared with 63.3% with conspe-
cifics and 55.5% with L. parva (Figs 1 and 2).

Growth
When fed the 75% ration, the weight of E. newberryi signifi-
cantly changed over time (Fig. 3A; F2,246 = 16.93, P = 0.0002), 
but fish assemblage did not affect how weight changed over 
time (F4,246=3.10, P = 0.54). Fish weight decreased signifi-
cantly between day  1 and day  15 (0.102 ± 0.003 vs. 
0.088 ± 0.004 g), after which it increased to an intermediate 
value at day 29 (0.095 ± 0.005 g). There was no significant 
change in fish length over time (Fig.  3B; F2,246 = 5.20, 
P = 0.074) and no effect of fish assemblage on length over 
time (F4,246 = 0.62, P = 0.96). Time significantly affected Kn 
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(Fig. 3C; F2,246 = 83.26, P < 0.0001), but fish assemblage did 
not affect how Kn changed over time (F4,246 = 5.81, P = 0.21). 
The condition factor was significantly greater on day  1 
(0.79 ± 0.01) compared with day  15 (0.67 ± 0.02) and 
day 29 (0.70 ± 0.02), accounting for increasing residual vari-
ance over time (L = 20.28, d.f. = 2, P < 0.0001). Although the 
overall effect of fish assemblage on Kn was not significant, by 
the end of the experiment E. newberryi held with conspecifics 
were on average more similar to initial Kn (−4%) compared 
with the other fish assemblages (with L. parva −15%; with 
G. aculeatus −16%).

When fed a 50% ration, the weight of E. newberryi 
changed significantly over the course of the experiment 
(Fig. 4A; F2,327 = 72.23, P = <0.0001), but there was no effect 
of fish assemblage on how weight changed over time 
(F4,327 = 2.45, P = 0.65). Fish weight was highest on day 1 
(0.110 ± 0.003 g) and significantly less on days 15 
(0.089 ± 0.002 g) and 29 (0.081 ± 0.003 g), incorporating 
decreasing residual variance over time (L = 9.39, d.f. = 2, 
P < 0.009). Fish length did not change significantly over time 

(Fig. 4B; F2,327 = 3.93, P = 0.14), and there was no effect of 
fish assemblage on fish length over time (F4,327 = 3.93, 
P = 0.14). The condition factor changed significantly over 
time (Fig. 4C; F2,327 = 334.06, P = <0.0001) irrespective of fish 
assemblage (F4,327 = 7.72, P = 0.10). The condition factor was 
greatest on day 1 (0.80 ± 0.01) and continued to decline sig-
nificantly over time (day 15 = 0.68 ± 0.01; day 29 = 0.58 ± 
0.01). Although we did not detect overall significant effects of 
fish assemblage on Kn, average Kn decreased the least from 
day 1 to day 29 when E. newberryi were with conspecifics 
(−23%) in comparison to being with L. parva (−27%) or 
G. aculeatus (−34%).

Whole-body cortisol concentrations
The feeding ration had a significant effect on net cortisol con-
centrations (F1,20 = 144.46, P < 0.0001), whereas there was no 
significant effect of fish assemblage (F2,20= 3.00, P = 0.07) or 
an interaction between feeding ration and fish assemblage 
(F2,20 = 0.48, P = 0.63; Fig. 5A). Fish from all assemblages fed 
a 50% ration exhibited greater net cortisol concentrations 
[135 ± 12 ng cortisol (g fish)−1] compared with fish fed a 75% 
ration [11 ± 6 ng cortisol (g fish)−1]. Feeding ration and fish 
assemblage had a significant effect on the variability of net 
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Figure 2: Survival percentage of E. newberryi (red squares) and 
G. aculeatus (black diamonds) when held together and fed a 75 or 50% 
ration from day 1 to day 29. Kaplan–Meier curves were plotted with 
95% confidence intervals for n = 36 fish per species per ration level.

Figure 1: Percentage survival of Eucyclogobius newberryi in the 75 and 
50% ration trials in the presence of other E. newberryi (red squares), 
Lucania parva (green circles) or Gasterosteus aculeatus (blue triangles) 
from day 1 to day 29. Kaplan–Meier curves were plotted with 95% 
confidence intervals for n = 30–60 fish per fish assemblage. Differences 
in letters represent statistically significant differences (P < 0.05) 
between fish assemblages.
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cortisol (L = 48.98, d.f. = 5, P < 0.0001), with all fish assem-
blages exhibiting a greater range of cortisol values in the 50% 
ration trial, and E. newberryi held with conspecifics exhibiting 
the greatest overall variation when fed a 50% ration and the 
least overall variation when fed a 75% ration.

Whole-body glucose concentrations
Feeding ration interacted with fish assemblage to have a sig-
nificant effect on net glucose values of E. newberryi 
(F2,20 = 3.92, P = 0.037), with a significant effect of both feed-
ing ration (F1,20 = 646.29, P < 0.0001) and fish assemblage 
(F2,20 = 20.19, P < 0.0001; Fig. 5B). When fed a 50% ration, 
all net glucose concentrations were below initial starting val-
ues, with E. newberryi kept with conspecifics and with 
L. parva exhibiting significantly different net glucose values 
than when kept with G. aculeatus. When fed a 75% ration, all 
values were significantly different from fish in the 50% ration 
trial, with the net glucose concentrations of E. newberryi with 
conspecifics being significantly greater than when kept with 
L. parva, and E. newberryi kept with G. aculeatus overlapping 

the other two fish assemblages. The best final model included 
variance by the interaction of feeding ration and fish assem-
blage (L = 17.39, d.f. = 5, P = 0.004), as E. newberryi kept 
with L. parva and G. aculeatus exhibited less variation in the 
50% ration compared with the E. newberryi kept with con-
specifics at the 50% ration and all fish assemblages at the 
75% ration.

Whole-body lactate concentrations
The feeding ration had a significant effect on net lactate con-
centrations (F1,20 = 181.92, P < 0.0001) as well as fish assem-
blage (F2,20 = 9.38, P = 0.001), but there was no significant 
interaction (F2,20 = 1.58, P = 0.23; Fig.  5C). Fish from all 
assemblages fed the 50% ration exhibited lower net lactate 
concentrations (−7.2 ± 0.4 g l−1) compared with fish fed the 
75% ration (0.0 ± 0.5 g l−1). Eucyclogobius newberryi held 
with conspecifics had slightly greater lactate values irrespective 
of feeding ration (−1.8 ± 0.6 g l−1) compared with E.  newberryi 
kept with L. parva (−3.6 ± 0.4 g l−1) or G. aculeatus 
(−5.3 ± 0.6 g l−1). However, net lactate concentrations were 
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Figure 3: Wet weight (A), standard length (B) and relative condition 
factor (C) of E. newberryi in the 75% ration trial in the presence of other 
E. newberryi (red squares), L. parva (green circles) or G. aculeatus 
(blue triangles) on days 1, 15 and 29. Differences in letters represent 
significant difference (P < 0.05) between days. Data represent 
means ± SEM for n = 7–60 fish (variation in sample size attributable 
to levels of increased mortality during the feeding trial).

Figure 4: Wet weight (A), standard length (B) and relative condition 
factor (C) of E. newberryi in the 50% ration trial in the presence of 
other E. newberryi (red squares), L. parva (green circles) or G. aculeatus 
(blue triangles) on days 1, 15 and 29. Differences in letters represent 
significant difference (P < 0.05) between Days. Data represent 
means ± SEM for n = 20–59 fish (variation in sample size attributable 
to levels of increased mortality during the feeding trial).
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also more variable in E. newberryi held with conspecifics 
compared with the other two fish assemblages (L = 8.46, 
d.f. = 2, P = 0.015) across both feeding rations.

Correlation analysis of response variables
In both feeding rations, there were significant correlations 
between response variables (Fig. 6). The condition factor in 
both feeding rations was positively correlated with glucose 
(75%, r2 = 0.72, P < 0.0001; 50%, r2 = 0.67, P < 0.0001) and 
lactate (75%, r2 = 0.39, P = 0.016; 50%, r2 = 0.55, 
P < 0.0001), whereas glucose and cortisol were negatively 
correlated under both feeding rations (75%, r2 = −0.61, 
P < 0.0001; 50%, r2 = −0.44, P = 0.003). When E. newberryi 
were held under the 75% ration, there was also a significantly 
negative correlation between Kn and cortisol (r2 = −0.51, 
P = 0.001) not present in the 50% ration. Under the 50% 
ration only, glucose and lactate were also positively correlated 
(r2 = 0.58, P < 0.0001).

Discussion
Periods of limited food availability can increase competitive 
interactions between species, potentially resulting in the dis-
placement or removal of an inferior competitor. This dynamic 
can play an important role in the timing and location of rein-
troduction efforts, as resident species found in the habitat will 
interact with the reintroduced species. If reintroduction results 
in competition among fishes, physiological mechanisms used 
by an individual to respond to the biotic interactions and 
maintain homeostasis can be energetically expensive. If the 
biotic interactions result in chronic stress, the potential for 
allocation of energy away from growth and reproduction 
(Sokolova et al., 2012) in response to competition could limit 
the success of a reintroduction. In the present study, we 
explored the competitive interactions between juvenile 
E. newberryi with a native (G. aculeatus) and a non-native 
 species (L. parva) at two different ration levels in laboratory 
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Figure 5: Net cortisol (A), glucose (B) and lactate concentrations (C) of E. newberryi measured on day 29 compared with day 0 (after acclimation, 
before experimentation) in the presence of conspecifics (vs. E. newberryi; red), L. parva (vs. L. parva; green) or G. aculeatus (vs. G. aculeatus; blue). 
Left panel reports 75% ration (vs. E. newberryi n = 18; vs. L. parva n = 14; vs. G. aculeatus n = 5). Right panel reports 50% ration (vs. E. newberryi 
n = 18; vs. L. parva n = 20; vs. G. aculeatus n = 8). For each boxplot, the horizontal line represent the median, the box represents the interquartile 
range, and the whiskers extend 1.5 times the interquartile range. Points beyond the whiskers are outliers. Differences in lowercase letters 
represent statistically significant differences (P < 0.05) across feeding rations. Asterisks represent concentrations of lactate in E. newberryi that 
are significantly different (P < 0.05) between the fish assemblages within a feeding ration.
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 conditions. Competition was assessed through survival, 
growth and physiological indicators of stress (i.e. cortisol, glu-
cose and lactate) of juvenile E. newberryi in a food-limited 
environment, with the objective of gaining a better under-
standing of species assemblage dynamics for the endangered 
E. newberryi. Overall, our results suggest in controlled labora-
tory conditions that the availability of food resources affects 
E. newberryi growth and survival during the juvenile phase, with 
the greatest effects resulting from competition with G. aculeatus. 
Furthermore, when fed a 50% ration, E. newberryi experienced 
chronic stress.

Survival and growth
Gasterosteus aculeatus were able to outcompete E. newberryi 
for food, resulting in reductions in growth (Fig.  4) and 
increased mortality (Fig. 1) for E. newberryi. Limited food 
resources are known to impair growth and survival because 
energy metabolism plays a crucial role in the ability of an 
organism to sustain basal maintenance functions (Chellappa 
et al., 1995; Froese, 2006; Hansen and Closs, 2009; Segers 
and Taborsky, 2012). As food levels are diminished, the energy 
required for basal maintenance, stress response mechanisms 
and development becomes inadequate, and organisms shift 
energy use to essential maintenance and survival functions 
(Sokolova et  al., 2012). As a result, energy allocation for 
growth, storage and reproduction ceases until more favour-
able conditions are encountered (Johnsson et al., 2005). In the 
conditions of this experiment, food levels remained constant 
and insufficient, which probably prevented E. newberryi from 
maintaining energy stores as the experiment progressed and 
resulted in a decreased investment in growth and no weight 
gain (75% ration) or a decrease in weight (50% ration).

Competition for food, and not the abiotic conditions of the 
experiment, are likely to have resulted in the reduced survival 
levels observed. The salinity and temperature ranges selected 
for this experiment were designed to simulate summer 

 conditions within the San Francisco Bay Estuary where 
E. newberryi were previously found and where L. parva and 
G. aculeatus currently live. In the presence of ample food, five 
E. newberryi were kept in the same salinity and temperature 
conditions during the experiment and had 100% survival 
(data not shown). Competition between species has been 
shown to impact survival of juvenile fish when a better com-
petitor is able to prevent or limit the access of a lesser com-
petitor to a shared food supply (Ward et al., 2006; Wuellner 
et al., 2011). Our findings support a competitive interaction 
between fishes, because G. aculeatus survival also started to 
diminish as E. newberryi mortality increased, and the total 
amount of food entering a cell decreased in proportion to fish 
density (Fig. 2). This effect might have been amplified with the 
experimental set-up, because competition intensity can 
increase when resources and habitat are restricted to small 
patches (Ward et al., 2006; Pess et al., 2011), such as you 
might expect in isolated aquaria. For E. newberryi held with 
L. parva and conspecifics, competitive interactions between 
individuals appeared to be weaker, and as a result, survival in 
these two fish assemblages were higher and not different from 
one another. Taken together, the results of the present study 
suggest that E. newberryi were not dominant competitors and 
were unable to monopolize prey resources when competing 
with G. aculeatus; however, they were not outcompeted by the 
non-native L. parva for prey.

When comparing trials with different rations, survival at 
the end of each experiment was similar; however, mortality 
occurred much earlier when fish were fed a 75% ration. 
Differences in the onset of mortality between feeding trials 
suggests that greater levels of competition may have occurred 
when more prey was available. Similar results have been 
found with other species, where a higher ration level that was 
still below satiation generated greater competitive interactions 
and reduced survival for a less dominant species (McGhee and 
Travis, 2011; Kakareko et al., 2013). When fed a 75% ration, 
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Figure 6: Correlation of response variables [condition factor (Kn), glucose, lactate and cortisol] in day 29 fish fed a 75% (A) and 50% ration (B). 
The circles in the upper diagonal are proportional to the strength of the correlation (positive values are in blue; negative values are in red), and 
the numbers in the lower diagonal represent the correlation value (Pearson’s r) when the significance is P < 0.05.
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fish in the present experiment were observed to be engaging 
more actively in scramble competition as an attempt to obtain 
food first (Ward et al., 2006). The observed monopolization of 
prey items by G. aculeatus appeared to drive mortality levels 
much earlier for E. newberryi. For E. newberryi, the greater 
expenditure of energy required for chasing prey during scram-
ble competition, with minimal energy replenishment because 
of unsuccessful prey capture, could have resulted in a greater 
exhaustion of essential energy required to maintain basal 
maintenance and survival functions (Johnsson et al., 2005). In 
contrast, when fed a 50% ration, less scramble competition 
was observed because E. newberryi were observed to spend 
less time and effort actively chasing prey. Low food availabil-
ity and food deprivation conditions can result in energy- 
conserving responses in many species of fish (Sogard and Olla, 
1996; Paul and Paul, 1998; De Pedro et al., 2003; Gingerich 
et  al., 2009). Reduced activity during periods of minimal 
resources can extend survival for several days, providing valu-
able time for an organism until more favourable environmen-
tal conditions are encountered (Sogard and Olla, 1996; 
Barton, 2002; Sokolova et al., 2012). Eucyclogobius newber-
ryi appeared able to conserve enough energy during the first 
14 days of the experiment on the 50% ration to maintain high 
levels of survival; however, as food availability did not 
improve, energy reserves probably began to deplete, and mor-
tality started to occur in the second half of the experiment. 
Future research is warranted to investigate the impacts of dif-
ferent levels of interspecific competition between E. newberryi 
and G. aculeatus on energy reserves, such as glycogen, lipid 
and protein stores, to gain a better understanding of the dif-
ferences in mortality observed between the 50 and 75% feed 
ration trials.

Generalized stress response to competition 
for food
Food limitation resulted in chronic stress of E. newberryi as 
evidenced by elevated cortisol concentrations, a primary indi-
cator of the generalized stress response (Barton, 2002). 
Previous work conducted with E. newberryi, in which positive 
growth was observed in ample food conditions, found basal 
mean cortisol concentrations of 13–19 ng cortisol (g fish)−1 
(Chase and Todgham, 2016). The mean cortisol concentra-
tions in the present experiment were approximately double 
for the 75% ration [23–42 ng cortisol (g fish)−1], and almost 
10 times higher for the 50% ration [133–140 ng cortisol (g 
fish)−1], suggesting a more severe stress response (Fig.  5). 
A similar magnitude of cortisol increase has been found in 
response to stressors in G. aculeatus and rainbow trout, 
Oncorhynchus mykiss (Pottinger, 2002; Ellis et al., 2004; Bell 
et al., 2007). As part of the physiological response to competi-
tion and limited food, glucocorticoid hormones are released, 
including cortisol, which serves to increase plasma glucose 
concentrations through gluconeogenesis to fuel increased 
energy demand (Renaud and Moon, 1980; Leach and Taylor, 
1982; Vijayan et al., 1991, 1993). With the sustained release 
of cortisol and the lack of replenishment of energy reserves, 

the body can undergo changes in performance, including 
impaired growth, swimming performance and immune func-
tion and modified behaviours, including feeding and aggres-
sion (Barton, 2002). As cortisol concentrations of E. newberryi 
did not vary between fish assemblages, food limitation was 
likely to be the dominant stressor rather than species com-
petitive interactions. Food limitation also resulted in reduced 
growth of E. newberryi, regardless of the fish assemblage, pro-
viding evidence that the energy obtained in food-limited con-
ditions was not being allocated to growth, and instead, might 
have been allocated to dealing with the stress of reduced food. 
As food availability decreased from a 75 to 50% ration, cor-
tisol concentrations were increased and growth was impaired 
to a greater degree (Figs 3–5).

When fed a 75% ration, E. newberryi exhibited a small 
increase in cortisol that corresponded to a secondary stress 
response of increased plasma glucose and with minimal 
changes to lactate concentrations. Plasma glucose concentra-
tions provide an energy substrate needed for the ‘fight or 
flight’ response (Barton, 2002). As cortisol concentrations 
were only moderately elevated and plasma glucose concentra-
tions remained high at the end of the experiment, the ability 
to mobilize glucose during the 28 day 75% ration trial was 
probably not compromised. In the experiment, glucose and 
lactate concentrations were positively associated with E. new-
berryi in better condition, and there was a negative correla-
tion between cortisol and fish condition (Kn; Fig. 6). Increased 
cortisol concentrations have been shown to decrease growth 
rates in feeding fish, resulting from increased protein turnover 
rates to provide the energy necessary to cope with stress 
(Barton et al., 1987). The decrease in weight observed during 
the first 14 days of the 75% ration trial may have been the 
result of lipids and muscle being catabolized to meet the 
increased energy demand, although energy stores were not 
measured throughout the experiment. Those fish able to main-
tain higher glucose and lactate concentrations and low corti-
sol concentrations were better able to defend their relative 
condition during decreased food availability.

When fed a 50% ration, cortisol concentrations were ele-
vated but secondary indicators of stress were suppressed, with 
a significant negative correlation between cortisol and glucose 
concentrations (Fig. 6). Decreased glucose with elevated cor-
tisol has been well documented in fishes (e.g. Foster and 
Moon, 1986; Vijayan et al., 1991). One explanation is that 
elevated cortisol concentrations were no longer able to 
increase glucose for energy metabolism through gluconeogen-
esis at the end of the experiment owing to the limited energy 
stores from food deprivation, such as amino acids or lipids 
(Suarez and Mommsen, 1987; Vijayan et al., 1997). Lactate is 
also known to be an important substrate for increasing glu-
cose concentrations (Renaud and Moon, 1980; Suarez and 
Mommsen, 1987) and may explain the decreased lactate con-
centrations, with high cortisol concentrations in the 50% 
ration trial. However, decreased glucose concentrations, in 
addition to decreased lactate concentrations, suggest that glu-
cose was either being used for glycolysis or quickly converted 
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to another metabolite. Increased cortisol concentrations have 
been shown to increase the repletion of liver glycogen from 
glucose (Mommsen et al., 1999), which could therefore be 
another explanation for the observed negative correlation 
between cortisol and glucose (Fig. 6). Lastly, E. newberryi had 
elevated cortisol across all fish assemblages; however, there 
were fish assemblage-specific differences in glucose and lactate 
concentrations. In fact, fish assemblage also had a significant 
effect on net glucose and net lactate in E. newberryi fed a 75% 
ration. Differences in secondary indicators of stress between 
fish assemblages provide evidence that there were likely to be 
subtle differences in the stress associated with being held with 
conspecifics vs. other species; particularly, when E. newberryi 
was held with G. aculeatus. These subtle effects of fish assem-
blage on intermediary metabolism may partly explain differ-
ences in mortality of E. newberryi held with different fishes, 
although the mechanistic link requires further study. As previ-
ously discussed, metabolic suppression has been found to be a 
coping mechanism for some species of fish when facing food 
deprivation (Sogard and Olla, 1996; Barton, 2002; Sokolova 
et al., 2012) and would be worth exploring further in future 
studies of E. newberryi.

While differences in food ration resulted in clear differences 
in whole-body cortisol concentrations, it is possible that some 
elevation in cortisol measured in this study was a result of 
acclimation to higher salinity levels. Eucyclogobius newberryi 
can tolerate variable osmotic conditions and has been found in 
salinities ranging from 0 to 41 ppt (Swift et al., 1989; Swenson, 
1999). Given that goby are most often found in closed estua-
rine systems (such as Salmon Creek, the collection location), 
the summer months would generally be lower salinity, while 
the lagoon is closed (Spies and Steele, 2016). It is possible that 
acclimation to higher salinity levels used for the experiment 
(5 ppt in Salmon Creek vs. 25 ppt in the experiment, more 
reflective of San Francisco Bay during the summer) resulted in 
elevated cortisol to make the necessary osmoregulatory adjust-
ments needed to survive in seawater (McCormick, 1995) and, 
possibly, affected growth and survival. In the present experi-
ment, cortisol concentrations were not assessed in E. newber-
ryi acclimated to 25 ppt in food-replete conditions; therefore, 
we were unable to determine whether any of the increase in 
cortisol concentrations was independent of competition for 
food and was a result of salinity acclimation.

Implications for E. newberryi reintroduction 
efforts
The results of the present study provide novel evidence that 
food limitation and interspecific competition are important 
parameters to consider in E. newberryi reintroduction efforts. 
Under reduced ration levels in the laboratory, competition with 
the native G. aculeatus represented a significant risk to E. new-
berryi growth and survival, whereas competition with the non-
native L. parva was minimal. Although care must be taken 
when translating results from laboratory experiments directly 
to wild populations, these types of laboratory studies can be 

informative and used to interpret, understand, or anticipate the 
response found in wild fish species assemblages. For wild pop-
ulations, food can become limited after stochastic events (e.g. 
lagoon breaching and large precipitation events), across sea-
sons and as an indirect result of climate change (Swenson and 
McCray, 1996; Spilseth and Simenstad, 2011). In controlled 
experimental conditions, we found that the native G. aculeatus 
was a dominant competitor for limited food resources and suf-
fered significant mortality only after E. newberryi numbers 
had diminished. Gasterosteus aculeatus can be highly aggres-
sive during feeding events, particularly when resources are lim-
ited, and have been shown to exhibit pre-emptive exploitive 
competition with other native species that inhabit estuarine 
areas by reducing prey availability (Utne Palm and Hart, 2000; 
Spilseth and Simenstad, 2011). Gasterosteus aculeatus is a 
shoaling species and appears to be capable of outcompeting 
E. newberryi for invertebrate prey (Utne Palm and Hart, 2000; 
Moyle, 2002). Therefore, it is possible that G. aculeatus would 
be capable of monopolizing low-food conditions in nature, 
potentially interacting in a negative manner with E. newberryi 
during reintroduction efforts. The dynamic interactions 
between G. aculeatus and E. newberryi were some of the most 
noteworthy results of this study. Future investigations in field 
conditions where both species coexist but have the opportu-
nity to feed on a more diverse prey base and different feeding 
niches is warranted to characterize better the degree to which 
direct competition from G. aculeatus may interfere with rein-
troduction efforts of E. newberryi. Furthermore, additional 
research could investigate whether asymmetrical shifts in spe-
cies abundance between these two species in nature are a result 
of competition.

Survival of the non-native L. parva was not impacted by 
limited food availability in our laboratory conditions. 
Although the sustained reduction in the availability of food 
had detrimental effects on survival and growth of E. newberryi, 
L. parva experienced no mortality under either feeding regimen 
for the duration of the experiments. Our results suggest that 
L. parva may require less food to persist than E. newberryi, 
which has implications for wild populations. Furthermore, 
L. parva are capable of tolerating a variable range of salinity, 
temperature and dissolved oxygen levels and are well adapted 
for estuarine habitats (Dunson et al., 1993; Crawford and 
Balon, 1996; Fuller et al., 2007). When factoring in the high 
reproductive output and short amount of time required to 
reach sexual maturation, it becomes evident that the threat 
L. parva could pose to E. newberryi could be from displace-
ment rather than direct competition (Crawford and Balon, 
1994; Moyle, 2002). Further research is also warranted to 
investigate the potential for L. parva to impact re-establishment 
of E. newberryi by mechanisms other than competition and 
how these species interact in more natural conditions.

Supplementary material
Supplementary material is available at Conservation Physiology 
online.

11

Conservation Physiology • Volume 4 2016 Research article

 by guest on A
pril 24, 2016

http://conphys.oxfordjournals.org/
D

ow
nloaded from

 

http://conphys.oxfordjournals.org/lookup/suppl/doi:10.1093/conphys/cow013/-/DC1
http://conphys.oxfordjournals.org/lookup/suppl/doi:10.1093/conphys/cow013/-/DC1
http://conphys.oxfordjournals.org/


Acknowledgements
We are grateful to Brittany Davis, Sara Boles, Laura Steger, 
Rob Schell, Dr Nathan Miller and Dr Christine Verhille for 
their help with collecting fishes in the field and laboratory 
assistance during the experiments. We would also like to 
thank the wonderful staff at the Romberg Tiburon Center 
for Environmental Studies for their help with aquarium 
maintenance. We thank Darren Fong and Dr Camm Swift 
for their input on study design and Drs Nann Fangue and 
Andy Zink for helpful discussions on the project and 
 manuscript.

Funding
This work was supported by funds from San Francisco State 
University and the University of California Agricultural 
Experiment Station (grant numbers CA-D-ASC-2252-H and 
CA-D-ASC-2253-RR) to A.E.T.

References
Alsop D, Vijayan MM (2008) Development of the corticosteroid stress axis 

and receptor expression in zebrafish. Am J Physiol Regul Integr Comp 
Physiol 294: R711–R719.

Anderson JH, Pess GR, Carmichael RW, Ford MJ, Cooney TD, Baldwin CM, 
McClure MM (2014) Planning Pacific salmon and steelhead reintro-
ductions aimed at long-term viability and recovery. N Am J Fish 
Manage 34: 72–93.

Anderson RO, Neumann RM (1996) Length, weight, and associated struc-
tural indices. In Murphy BR, Willis DW, eds, Fisheries Techniques, Ed 2. 
Bethesda, MD, pp 447–482.

Barton BA (2002) Stress in fishes: a diversity of responses with particular 
reference to changes in circulating corticosteroids. Integr Comp Biol 
42: 517–525.

Barton BA, Schreck CB, Barton LD (1987) Effects of cortisol administra-
tion and daily acute stress on growth, physiological conditions 
and  stress responses in juvenile rainbow trout. Dis Aquat Org 2: 
173–185.

Bell AM, Backström T, Huntingford FA, Pottinger TG, Winberg S (2007) 
Variable neuroendocrine responses to ecologically-relevant chal-
lenges in sticklebacks. Physiol Behav 91: 15–25.

Blanchet S, Loot G, Grenouillet G, Brosse S (2007) Competitive interac-
tions between native and exotic salmonids: a combined field and 
laboratory demonstration. Ecol Freshw Fish 16: 133–143.

Britton JR, Cucherousset J, Grey J, Gozlan RE (2011) Determining the 
strength of exploitative competition from an introduced fish: roles of 
density, biomass and body size. Ecol Freshw Fish 20: 74–79.

Cachat J, Stewart A, Grossman L, Gaikwad S, Kadri F, Chung KM, Wu N, 
Wong K, Roy S, Suciu C et al. (2010) Measuring behavioral and endo-
crine responses to novelty stress in adult zebrafish. Nat Protoc 5: 
1786–1799.

Chamberlain CD (2006) Environmental variables of northern California 
lagoons and estuaries and the distribution of tidewater goby 
(Eucyclogobius newberryi). US Fish and Wildlife Service, Arcata Fish 
and Wildlife Office, Arcata Fisheries Technical Report Number TR 
2006-04.

Chase DA, Todgham AE (2016) Effects of species assemblage on the 
growth and survival of three species of juvenile California estuarine 
fishes. Trans Am Fish Soc 145: 94–107.

Chellappa S, Huntingford FA, Strang RHC, Thomson RY (1995) Condition 
factor and hepatosomatic index as estimates of energy status in male 
three-spined stickleback. J Fish Biol 47: 775–787.

Cook KV, O’Conner CM, McConnachie SH, Gilmour KM, Cooke SJ (2012) 
Condition dependent intra-individual repeatability of stress-induced 
cortisol in a freshwater fish. Comp Biochem Physiol A Mol Integr Physiol 
161: 337–343.

Crawford SS, Balon EK (1994) Alternative life histories of the genus 
Lucania: 1. Early ontogeny of L. parva, the rainwater killifish. Environ 
Biol Fishes 40: 349–389.

Crawford SS, Balon EK (1996) Development of morphological variation in 
fishes of the genus Lucania. Acta Univ Carol Biol 40: 17–43.

De Pedro N, Delgado MJ, Gancedo B, Alonso-Bedate M (2003) Changes 
in glucose, glycogen, thyroid activity and hypothalamic catechol-
amines in tench by starvation and refeeding. J Comp Physiol B 173: 
475–481.

DiBattista JD, Levesque HM, Moon TW, Gilmour KM (2006) Growth 
depression in socially subordinate rainbow trout Oncorhynchus 
mykiss: more than a fasting effect. Physiol Biochem Zool 79: 675–687.

Dunson WA, Fricano P, Sadinski WJ (1993) Variation in tolerance to abiotic 
stresses among sympatric salt marsh fish. Wetlands 13: 16–24.

Ellis T, James JD, Stewart C, Scott AP (2004) A non-invasive stress assay 
based upon measurement of free cortisol released into the water by 
rainbow trout. J Fish Biol 65: 1233–1252.

Foster GD, Moon TW (1986) Cortisol and liver metabolism of immature 
American eels, Anguilla rostrata (LaSueur). Fish Physiol Biochem 1: 
113–124.

Froese R (2006) Cube law, condition factor and weight–length relation-
ships: history, meta-analysis and recommendations. J Appl Ichthyol 
22: 241–253.

Fuller RC, McGhee KE, Schrader M (2007) Speciation in killifish and the 
role of salt tolerance. J Evol Biol 20: 1962–1975.

Gingerich AJ, Philipp DP, Suski CD (2009) Effects of nutritional status on 
metabolic rate, exercise and recovery in a freshwater fish. J Comp 
Physiol B 180: 371–384.

Gunckel SL, Hemmingsen AR, Li JL (2002) Effect of bull trout and brook 
trout interactions on foraging habitat, feeding behavior, and growth. 
Trans Am Fish Soc 131: 1119–1130.

Hansen EA, Closs GP (2009) Long-term growth and movement in rela-
tion to food supply and social status in a stream fish. Behav Ecol 20: 
616–623.

12

 Conservation Physiology • Volume 4 2016Research article

 by guest on A
pril 24, 2016

http://conphys.oxfordjournals.org/
D

ow
nloaded from

 

http://conphys.oxfordjournals.org/


Hasenbein M, Komoroske LM, Connon RE, Geist J, Fangue FA (2013) 
Turbidity and salinity affect feeding performance and physiological 
stress in the endangered delta smelt. Integr Comp Biol 53: 620–634.

Johnsson JI, Winberg S, Sloman KA (2005) Social interactions. In Sloman 
KA, Wilson RW, Balshine S, eds, Fish Physiology, Vol. 24, Behaviour and 
Physiology of Fish. Academic Press, San Diego, California, pp 151–196.

Kakareko T, Kobak J, Grabowska J, Jermacz L, Przybylski M, Poznańska M, 
Pietraszewski D, Copp GH (2013) Competitive interactions for food 
resources between invasive racer goby Babka gymnotrachelus and 
native European bullhead Cottus gobio. Biol Invasions 15: 2519–2530.

Kassahn KS, Crozier RH, Pörtner HO, Caley MJ (2009) Animal performance 
and stress: responses and tolerance limits at different levels of bio-
logical organisation. Biol Rev 84: 277–292.

Keller K, Brown C (2008) Behavioral interactions between the introduced 
plague minnow Gambusia holbrooki and the vulnerable Australian 
ornate rainbowfish Rhadinocentrus ornatus, under experimental con-
ditions. J Fish Biol 73: 1714–1729.

Lafferty KD, Swift CC, Ambrose RF (1999a) Post flood persistence and 
recolonization of endangered tidewater goby populations. N Am J 
Fish Manage 19: 618–622.

Lafferty KD, Swift CC, Ambrose RF (1999b) Extirpation and recolonization 
in a metapopulation of an endangerd fish, the Tidewater Goby. 
Conserv Biol 13: 1447–1453.

Leach GJ, Taylor MH (1982) The effects of cortisol treatment on carbohy-
drate and protein metabolism in Fundulus heteroclitus. Gen Comp 
Endocrinol 48: 76–83.

McCormick SD (1995) Hormonal control of gill Na+,K+-ATPase and chlo-
ride cell function. In Wood CM, Shuttleworth TJ, eds, Cellular and 
Molecular Approaches to Fish Ionic Regulation. Academic Press, New 
York, pp 285–315.

McDowall RM (2003) Impacts of introduced salmonids on native 
Galaxiids in New Zealand upland streams: a new look at an old prob-
lem. Trans Am Fish Soc 132: 229–238.

McGhee KE, Travis J (2011) Early food and social environment affect cer-
tain behaviours but not female choice or male dominance in bluefin 
killifish. Anim Behav 82: 139–147.

McGourty K, Kinziger A, Goldsmith G (2008) Spawning time, fecundity, 
habitat utilization, and parasites of a northern California population 
of tidewater goby, Eucyclogobius newberryi. Cal Fish Game 94: 18–32.

Mac Nally R, Thomson JR, Kimmerer WJ, Feyrer F, Newman KB, Sih A, 
Bennett WA, Brown L, Fleishman E, Culberson SD et al. (2010) Analysis 
of pelagic species decline in the upper San Francisco Estuary using 
multivariate autoregressive modeling (MAR). Ecol Appl 20: 1417–1430.

Marchetti MP, Light T, Feliciano J, Armstrong T, Hogan Z, Viers J, Moyle PB 
(2001) Homogenization of California’s fish fauna through abiotic change. 
In Biotic Homogenization. Plenum Publishers, New York, pp 259–278.

Milinski M, Parker GA (1991) Competition for resources. In Krebs JR, 
Davies B, eds, Behavioural Ecology; an Evolutionary Approach, Ed 3. 
Blackwells, Oxford, pp 137–168.

Mills MD, Rader RB, Belk MC (2004) Complex interactions between native 
and invasive fish: the simultaneous effects of multiple negative inter-
actions. Oecologia 141: 713–721.

Mommsen TP, Vijayan MM, Moon TW (1999) Cortisol in teleosts: dynam-
ics, mechanisms of action, and metabolic regulation. Rev Fish Biol Fish 
9: 211–268.

Moyle PB (2002) Inland Fishes of California Revised and Expanded. 
University of California Press, Berkeley, pp 1–517.

Osenberg CW, Mittelbach GG, Wainwright PC (1992) Two-stage life histo-
ries in fish: the interaction between juvenile competition and adult 
performance. Ecology 73: 255–267.

Paul AJ, Paul JM (1998) Comparisons of whole body energy content of cap-
tive fasting age zero Alaskan Pacific herring (Clupea pallasi valenciennes) 
and cohorts over-wintering in nature. J Exp Mar Biol Ecol 226: 75–86.

Pess GR, Kiffney PM, Liermann MC, Bennett TR, Anderson JH, Quinn TP 
(2011) The influences of body size, habitat quality, and competi-
tion on the movement and survival of juvenile coho salmon during 
the early stages of stream recolonization. Trans Am Fish Soc 140: 
883–897.

Pottinger T (2002) The three-spined stickleback as an environmental sen-
tinel: effects of stressors on whole-body physiological indices. J Fish 
Biol 61: 207–229.

R Development Core Team (2012) R: A Language and Environment for 
Statistical Computing. Version 3.0.2. R Foundation for Statistical 
Computing, Vienna, Austria.

Renaud JM, Moon TW (1980) Characterization of gluconeogensis in 
hepatocytes isolated from the American eel, Anguilla rostrata 
LaSueur. J Comp Physiol 135: 115–125.

Schofield PJ (2004) Influence of salinity, competition and food supply on 
the growth of Gobiosoma robustum and Microgobius gulosus from 
Florida Bay, USA. J Fish Biol 64: 820–832.

Segers FHID, Taborsky B (2012) Competition level determines compensa-
tory growth abilities. Behav Ecol 23: 665–671.

Seiler SM, Keeley ER (2009) Competition between native and introduced 
salmonid fishes: cutthroat trout have lower growth rate in the presence 
of cutthroat–rainbow trout hybrids. Can J Fish Aquat Sci 66: 133–141.

Sogard SM, Olla BL (1996) Food deprivation affects vertical distribution 
and activity of a marine fish in a thermal gradient: potential energy-
conserving mechanisms. Mar Ecol Prog Ser 133: 43–55.

Sokolova IM, Frederich M, Bagwe R, Lannig G, Sukhotin AA (2012) Energy 
homeostasis as an integrative tool for assessing limits of environmen-
tal stress tolerance in aquatic invertebrates. Mar Environ Res 79: 1–15.

Spies BT, Steele MA (2016) Effects of temperature and latitude on larval 
traits of two estuarine fishes in different estuary types. Mar Ecol Prog 
Ser 544: 243–255.

Spilseth SA, Simenstad CA (2011) Seasonal, diel, and landscape effects 
on resource partitioning between juvenile Chinook salmon 
(Oncorhynchus tshawytscha) and threespine stickleback (Gasterosteus 
aculeatus) in the Columbia River Estuary. Estuar Coast 34: 159–171.

13

Conservation Physiology • Volume 4 2016 Research article

 by guest on A
pril 24, 2016

http://conphys.oxfordjournals.org/
D

ow
nloaded from

 

http://conphys.oxfordjournals.org/


Suarez RK, Mommsen TP (1987) Gluconeogenesis in teleost fishes. Can J 
Zool 65: 1869–1882.

Swenson RO (1993) The ecology and reproductive biology of the tidewa-
ter goby (Eucyclogobius newberryi). Proc West Assoc Fish Wildl Agencies 
73: 341–352.

Swenson RO (1999) The ecology, behavior, and conservation of the tide-
water goby, Eucyclogobius newberryi. Environ Biol Fish 55: 99–114.

Swenson RO, McCray AT (1996) Feeding ecology of the tidewater goby. 
Trans Am Fish Soc 125: 956–970.

Swift CC, Nelson JL, Maslow C, Stein T (1989) Biology and distribution of 
the tidewater goby, Eucyclogobius newberryi (Pisces: Gobiidae) of 
California. Contrib Sci 404: 1–19.

US Fish and Wildlife Service (2005) Recovery Plan for the Tidewater Goby 
(Eucyclogobius newberryi). US Fish and Wildlife Service, Portland, OR, 
vi+199 pp.

Utne Palm AC, Hart PJB (2000) The effects of familiarity on competitive 
interactions between threespined sticklebacks. Oikos 91: 225–232.

Vijayan MM, Ballantyne JS, Leatherland JF (1991) Cortisol-induced 
changes in some aspects of the intermediary metabolism of 
Salvelinus fontinalis. Gen Comp Endrocrinol 82: 476–486.

Vijayan MM, Maule AG, Schreck CB, Moon TW (1993) Hormonal control of 
hepatic glycogen metabolism in food-deprived, continuously swim-
ming Coho salmon (Oncorhynchus kitsutch). Can J Fish Aquat Sci 50: 
1676–1682.

Vijayan MM, Pereira C, Grau EG, Iwama GK (1997) Metabolic responses of 
confinement stress in tilapia: the role of cortisol. Comp Biochem 
Physiol C 116: 89–95.

Ward AJ, Webster MM, Hart PJ (2006) Intraspecific food competition in 
fishes. Fish Fisheries 7: 231–261.

Wendelaar Bonga SE (1997) The stress response in fish. Physiol Rev 77: 
591–625.

Wuellner MR, Graeb BDS, Willis DW, Galster BJ, Selch TM, Chipps SR 
(2011) Competitive interactions between walleye (Sander vitreus) 
and smallmouth bass (Micropterus dolomieu) under various con-
trolled conditions. J Freshw Ecol 26: 299–314.

14

 Conservation Physiology • Volume 4 2016Research article

 by guest on A
pril 24, 2016

http://conphys.oxfordjournals.org/
D

ow
nloaded from

 

http://conphys.oxfordjournals.org/



