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Abstract

1. Rivers around the world are undergoing shifts in thermal regime due to climate

change and human appropriation of water resources. The local impacts of ther-

mal regime change are challenging to predict because water temperature can

influence aquatic organisms and communities at multiple levels simultaneously.

For example, thermal change can influence the phenology of periphyton blooms,

primary consumer physiology and behaviour, and interspecific interactions with

predators.

2. Using tadpoles of the threatened river-breeding foothill yellow-legged frog (Rana

boylii, Ranidae), their algal foods and their invertebrate predators, we mimicked

dam-induced changes in temperature and observed the outcome of consumer–

resource interactions. In stream enclosures, we reared tadpoles across a gradient

of cold to warm conditions, quantified the ash content of diet, digestive effi-

ciency and growth rate, and assessed their vulnerability to hemipteran and odo-

nate predators.

3. Tadpoles reared in a cool stream (15.5°C daily mean) digested epilithic periphy-

ton poorly (6.6 � 0.4% assimilation efficiency). In contrast, average assimilation

efficiency of tadpoles reared at 19°C was 11.6 � 0.1%. Access to nutritious dia-

toms (i.e. dinitrogen-fixing Epithemia spp., Rhopalodiaceae) increased assimilation

efficiency to 10.1 � 0.1% and 13.8 � 0.1% in the cool and warm treatments,

respectively. Assimilation efficiency correlated positively with tadpole growth

rate (R = 0.66, p < .001).

4. The effect of temperature on mortality due to predation was mediated by low

tadpole growth rates at cool temperatures and not by the temperature of preda-

tor exposure. Non-lethal effects of predators on tadpole growth and tail injury,

however, depended on both rearing temperature and exposure temperature.

Contrary to the expectation that the cost of predator avoidance behaviours may

be greater at warmer exposure temperatures because basal metabolic rates are

higher, our results indicated that the energetic cost of foraging less was ampli-

fied at cool temperatures.

5. Our results show that when thermal conditions impair digestion in a species’

early life stages, recruitment bottlenecks are likely to arise due to the combined
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negative effects of cool temperatures on assimilation efficiency and growth, and

increased predation by invertebrates.
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1 | INTRODUCTION

The thermal environments of rivers around the world have under-

gone substantial alteration because of climate change and human

appropriation of water resources (Van Vliet, Ludwig, Zwolsman,

Weedon, & Kabat, 2011; Van Vliet et al., 2013). The local impacts of

thermal shifts in rivers are difficult to manage because the popula-

tion-level responses of aquatic organisms to temperature appear to

be highly variable (Bowler et al., 2017). Predicting the outcome of

altered thermal conditions is further complicated by the many ways

in which water temperature can affect riverine organisms and com-

munities. The acute effects include increased disease and parasite

prevalence (Adams et al., 2017; Kupferberg, Catenazzi, Lunde, Lind,

& Palen, 2009) and mass mortality events (Fey et al., 2015) when

individuals experience episodes of low or high temperatures beyond

their critical limits (Beitinger, Bennett, & McCauley, 2000; Gunn &

Snucins, 2010; Richter & Kolmes, 2005). In contrast, mortality and

fitness can change incrementally when thermal conditions alter an

organism’s basic physiological processes such as the conversion of

food into body tissue (Robinson & Childs, 2001; Windell, 1978), or

indirectly by altering the outcome of species interactions (Cao, Li, &

Jeppesen, 2014; Grigaltchik, Ward, & Seebacher, 2012; Power,

Bouma-Gregson, Higgins, & Carlson, 2015). Along with the differen-

tial responses of interacting species to temperature, thermal shifts

can decrease the strength of trophic cascades controlling the flow of

energy and nutrients in river food webs (Kishi, Murakami, Nakano, &

Maekawa, 2005; Power et al., 2015). Collectively, these mechanisms

pose a threat to freshwater biodiversity (Kaushal et al., 2010; Olden

& Naiman, 2010; Van Vliet et al., 2013).

Disentangling the complexities of resource–consumer interac-

tions when a river’s thermal regime changes in response to regula-

tion of streamflow and climate change is important for conservation

of freshwater biodiversity in general and amphibians in particular.

Tadpoles, along with their algal foods and invertebrate predators,

provide an excellent model system to parse the overall effects of

thermal change on vulnerable taxa into component parts. These

organisms can be readily maintained in flow-through enclosures and

manipulated in field experiments (Kupferberg, Lind, Thill, & Yarnell,

2011; Kupferberg, Marks, & Power, 1994). They are highly respon-

sive to thermal conditions (Bush, Theischinger, Nipperess, Turak, &

Hughes, 2013; Catenazzi & Kupferberg, 2013; Wheeler, Bettaso,

Ashton, & Welsh, 2015) and temperature can directly affect fitness,

because the larval stages of biphasic organisms like amphibians and

insects require fast growth and development for metamorphosis

(Rowe & Ludwig, 1991; Wassersug, 1975). Larvae of biphasic

organisms represent a substantial portion of imperilled freshwater

biodiversity (Balian, Segers, L�evêque, & Martens, 2008; Collen et al.,

2014) and can play important ecosystem roles as grazers and recy-

clers of nutrients (Flecker, Feifarek, & Taylor, 1999; Whiles et al.,

2006), or as predators (Corbet, 2004). Tadpoles and their inverte-

brate predators are thus broadly relevant for understanding the con-

sequences of shifts in thermal regime that can uncouple factors that

usually operate in synchrony, such as breeding phenology, the timing

of peak resource abundance and thermal suitability for early stages

of organisms with complex life cycles. Such ecological mismatches

are an underappreciated aspect of human alteration of river water

flows (Olden & Naiman, 2010; Schiemer, Keckeis, & Kamler, 2002).

We worked with invertebrate predators and tadpoles of a river-

breeding frog endemic to California, USA, the foothill yellow-legged

frog, Rana boylii (Ranidae). In California, most major river systems are

harnessed for agricultural and municipal use (Mooney & Zavaleta,

2016) and hydroelectric power generation meets up to 21% of

demand for electricity (California Energy Commission, 2016). Water

abstraction and storage have contributed to the decline of these

frogs as well as many other freshwater organisms in the state

(Howard et al., 2015; Kupferberg et al., 2012; Moyle, Katz, &

Qui~nones, 2011). An important driver of decline is the direct nega-

tive effect of dam-altered thermal conditions on development and

survival of early life stages (Catenazzi & Kupferberg, 2017; Clarkson,

Childs, & Schaefer, 2000; Wheeler et al., 2015). Thermal changes

downstream of dams also shift the composition of periphyton flora

towards taxa offering poor nutritional value to fast-growing larval

consumers (Furey, Kupferberg, & Lind, 2014; Rost & Fritsen, 2014).

For example, breeding populations of foothill yellow-legged frog are

sparse or absent where water is naturally cold or dams release cold

water from upstream reservoirs (Catenazzi & Kupferberg, 2017;

Welsh & Hodgson, 2011). We explore possible mechanisms underly-

ing this distribution pattern by exposing tadpoles and their predators

to thermal regimes representative of natural and managed rivers in

watersheds occupied by foothill yellow-legged frogs. Altered regimes

in managed rivers include continuously cooler (up to 8°C lower) daily

mean water temperature compared to neighbouring un-managed ref-

erence sites, as well as fluctuations between warm and cool condi-

tions when dam discharge alternates between surface spills and

hypolimnetic releases (Catenazzi & Kupferberg, 2017). We ask three

focal questions: (1) What are the relationships among water temper-

ature, digestive efficiency, food quality and growth of tadpoles? (2)

How does temperature influence the vulnerability of tadpoles to

predators? (3) For survivors, how does the cost of predator avoid-

ance behaviour vary with temperature?
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2 | METHODS

2.1 | Study system

At University of California’s Angelo Coast Range Reserve (Mendocino

Co. CA, USA), we utilised the spatial heterogeneity in stream environ-

ments to manipulate the thermal conditions and quality of algal food

resources available to tadpoles. During the spring and summer of

2009 and 2010, we enclosed tadpoles at three locations in the South

Fork Eel River (SF Eel hereafter) and in two of its tributary streams. A

warm tributary, Tenmile Creek (169 km2 watershed area), flows

through open grazing land in an east–west direction. A cold tributary,

Fox Creek (2.6 km2), flows through dense mixed-coniferous forest.

The SF Eel which flows in a north–south oriented confined canyon

provided a range of intermediate thermal conditions: at the conflu-

ence with Fox Creek, 150 m downstream of this confluence

(126 km2) and 2.7 km further downstream (154 km2). The algae-

based food webs in these streams are governed by Mediterranean

seasonality of rainfall and temperature. The food webs reassemble

during the transition between the scouring floods of winter and the

drought of summer (Finlay et al., 2011; Power, Parker, & Dietrich,

2008). After hatching in early spring, tadpoles graze on epilithic peri-

phyton and then later on filamentous green algae and their diatom

epiphytes, which proliferate as the water warms (Furey, Lowe, Power,

& Campbell-Craven, 2012). In the shallow near-shore habitats, where

tadpoles are most common, the dominant invertebrate predators

identified as strong interactors in trophic cascades include dragonfly

nymphs and hemipterans (Sabo, Finlay, & Post, 2009).

2.2 | Assimilation

To understand the role that thermal sensitivity of assimilation

efficiency plays in producing growth differences, we conducted a

short-term (7 days), two-factor, fully crossed experiment (3 levels of

thermal regime 9 2 food levels 9 5 replicates per treatment = 30

total replicates). In late spring 2010, we collected embryos from five

different clutches of foothill yellow-legged frogs in the SF Eel and

reared the tadpoles for approximately 8 weeks in situ. On 31 July

2010, we placed flow-through enclosures (each housing one tadpole)

in Fox Ck. (cold), at the confluence with the SF Eel (intermediate),

and in the South Fork Eel 150 m downstream of the confluence

with Fox Ck. (warm). We assigned one tadpole from each clutch to

each treatment. At the start and end of the experiment, we weighed,

measured and staged each tadpole. Median stage (Gosner, 1960) at

the start of the experiment was 34 (range = 31–37). We monitored

temperature at the three sites every two h using one iButton

deployed in each type of algal food treatment.

Water temperature in the warm treatment was 3–4°C greater

than the other two locations in terms of daily mean (�1 SE):

Fox = 15.5 � 0.05°C, Confluence = 15.7 � 0.06°C, SF Eel = 19.1 �
0.07°C. Although daily mean temperature at the confluence was only

slightly warmer than the tributary, there was an influence of greater

insolation on the baskets and the floating mats of the filamentous

green alga Cladophora glomerata (Cladophoraceae) resulting in higher

daily maximum temperatures (Fox = 16.6 � 0.1°C, Conflu-

ence = 17.5 � 0.2°C, SF Eel = 20.9 � 0.3°C).

The food treatments were (1) periphyton attached to cobbles or

(2) periphyton supplemented with floating mats of 25 g damp mass

C. glomerata with epiphytic diatoms. We provided a mix of cobbles

from the SF Eel and Fox Ck. sufficient to cover the bottom of each

enclosure. Mixing compensated for differences in the composition of

the epilithic flora between the two locations as determined by

microscopic examination and identification of the diatoms and algae

present (Table S1). We replenished enclosures with fresh rocks and

filamentous algae about halfway through the experiment to prevent

possible resource depletion. To determine organic content of algal

foods, we placed rock scrapings and filamentous algal samples onto

pre-weighed and pre-ashed 2.5 cm diameter glass microfiber filters

(GF/C), and then dried at 60°C for 48 hr. We cooled samples to

room temperature in a desiccator and weighed to 0.0001 g on a

Mettler balance. We incinerated samples in a muffle furnace held at

500°C for 1 hr. After cooling and re-weighing (ashed mass), we cal-

culated the ash-free dry mass (AFDM = dry mass � ashed mass) and

organic content (% organic = AFDM/dry mass).

The response variables were tadpole growth (i.e. change in mass),

AFDM of ingested food in the anterior small intestine and Conover’s

(1966) index of assimilation efficiency. We obtained AFDM of

ingested food as described above for algae. Efficiency is defined as

[(F0 � E0) 9 (1 � E0) – 1 9 F0] 9 100, where F0 = AFDM/dry mass

of food, E0 = AFDM/dry mass ratio for tadpole faeces. We removed

all faecal material from enclosures once daily with plastic bulb pip-

ettes, and began processing samples 48 hr after we placed tadpoles

into enclosures to allow sufficient time for passage of any food

ingested prior to the start of the experiment. We calculated effi-

ciency using the mean of the five daily samples of faeces collected

from 2 to 6 August. At the experiment’s conclusion, we euthanised

the tadpoles with MS-222, weighed, measured and froze at �18°C

for later dissection. To examine whether food type or temperature

had any effect on gut length, we also measured the length of ante-

rior and posterior small intestine. We removed the intestine from

each tadpole and measured length of anterior small intestine (from

the manicotto glandulare to the inflection point of the coiled gut),

and posterior small intestine (from inflection to the beginning of the

colon). We added those two lengths to calculate total gut length.

We assessed the interactive effects of temperature and food

type on Conover’s index of assimilation efficiency, growth and per

cent biomass of the food in the anterior small intestine with two-

way ANOVAs. We used linear regression to relate gut length to

body size and correlated tadpole growth to ash content of ingested

material, a proxy for predominance of diatoms in the diet (Malkin,

Sorichetti, Wiklund, & Hecky, 2009).

2.3 | Predation

We designed two experiments to separate the effects of exposure

temperature and rearing temperature (i.e. size-related susceptibility)

CATENAZZI AND KUPFERBERG | 3



on the outcome of interactions between tadpole prey and inverte-

brate predators. We define exposure temperature as the thermal

regime during the period of time when tadpoles were enclosed with

predators and rearing temperature as the thermal regime in the

weeks preceding the predation trials. We reared tadpoles from eggs

for 8 weeks under four different thermal regimes followed by

2 weeks in June with or without exposure to predators (Figure 1a,b).

For the next experiment in July, we used the 10-week-old tadpoles

that had not been exposed to predators for a reciprocal transplant

to the coldest and warmest thermal regimes, and similarly exposed

(or protected) the tadpoles to a predator (Figure 1c,d). Density was

10 tadpoles per enclosure from May through the June exposure to

predators, equalised at five per enclosure after the first round of

predation and then set at three tadpoles per enclosure in July. The

stepped decrease in tadpole number per enclosure mimics the natu-

ral decline in density in the open river due to dispersal and attrition

to predators (Catenazzi & Kupferberg, 2013).

We separated embryos from a clutch of eggs on 15 May 2009

and reared them in 72 flow-through enclosures, 18 replicates at each

of four thermally distinct sites. Enclosures were 40 9 60 cm plastic

baskets with 1-mm fibreglass mesh glued over the openings. Tad-

poles had ad libitum access to epilithic periphyton on cobbles lining

the bottom of the enclosures plus floating mats of C. glomerata with

diatom epiphytes (re-stocked at 40 g every 7 days). We achieved

consistent damp mass by processing the algae in a salad spinner for

50 rotations. Among the most common diatom epiphytes, Epithemia

spp. (Rhopalodiaceae), along with its dinitrogen-fixing cyanobacterial

endosymbionts, promotes rapid growth and development of tadpoles

and is a preferred food source (Kupferberg, 1997). We calculated

daily mean water temperatures from data recorded every 2 hr on

Thermochron iButtons DS1921G� (�0.5�C accuracy) placed in three

randomly selected enclosures within each site. From 18 June to 3

July 2009, we enclosed one water scorpion, Ranatra brevicollis (Nepi-

dae), in each of six replicates and excluded predators from 12 con-

trol enclosures at each site.

When tadpoles were 10 weeks old on 17 July 2009, and size

had diverged as a result of rearing temperature (Figure 1d), we

used dragonfly nymphs, Aeshna walkerii (Aeshnidae, body

length = 36.2 � 2.8 mm, n = 12), as the predator, because Ranatra

appeared to no longer prey on the largest warm-reared tadpoles.

We transferred tadpoles from the control replicates to enclosures in

the warmest and coldest streams. The differences in mean daily rear-

ing temperature over the 10 weeks prior to the start of the trial and

the mean exposure temperature during the predation trial ranged

from �4.3 to +8.0°C. After 24 hr of acclimation, half of the repli-

cates received one nymph of Aeshna. We checked enclosures at

3-day intervals and replaced predators if they died.

Our response variables were the proportion of surviving tadpoles

in each enclosure, and the enclosure mean rates of growth. At the

start and end of the predation trials, we measured tadpoles with dial

callipers and weighed them to the nearest 0.001 g using an OHaus�

portable electronic balance. We examined tadpoles with a 109 hand

F IGURE 1 Water temperature at four
stream sites where tadpoles of Rana boylii
were reared and exposed to water
scorpions (Ranatra brevicollis) in June (a)
and design of reciprocal transplant
predation experiment in July (c) when
tadpoles reared at the four sites were
exposed to dragonfly nymphs (Aeshna
walkerii) in the warmest and coldest sites.
Brackets and arrows indicate transplant
design; symbols (b, d) indicate
developmental stage and mass of tadpoles
at the beginning of the predation trial
periods (bold lines on x-axes a, c). Each
thermograph line represents the mean of
three sensors placed inside enclosures at
each site. Insect photo credit: S. Pneh
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lens to assess developmental stage (Gosner, 1960) and noted any tail

damage. We calculated growth as a proportional increase in mass

and length, the mg or mm gained per day per mg or mm at the start

of the predation exposure period. For the Ranatra trial, two-way

analysis of variance (ANOVA) tested the effects of temperature and

predation. For the Aeshna trial, three-way ANOVA tested the added

effect of rearing temperature. We also tested the effects of preda-

tion and temperature using linear mixed-effects models, with starting

tadpole size (consequence of rearing temperature), exposure temper-

ature and predator presence/absence as fixed effects, and experi-

mental basket as a random effect, using the “lme4” package in R

(R Development Core Team, 2015). We selected the best model pre-

dicting variation of survival on the basis of the lowest Akaike Infor-

mation Criterion values corrected for sample size (AICc; Burnham &

Anderson, 2002), change in AICc (DAICc) between the best candi-

date model and all other models, and the models’ AIC weights

(wAIC, higher weight indicates better model).

3 | RESULTS

3.1 | Assimilation

Temperature and food type influenced the digestive efficiency and

growth of tadpoles (Figure 2; Table 1). Assimilation of organic con-

tent and growth rates were greatest at the warmest site, and were

greater when tadpoles consumed the epiphytes from Cladophora fil-

aments compared to periphyton attached to cobbles (Table 1). The

per cent of organic content of material in the anterior small intes-

tine was lowest at the warm site, especially for tadpoles receiving

supplements of mats of Cladophora and its epiphyte flora (Fig-

ure 2c,d). Both food type and temperature influenced growth (Fig-

ure 2e,f). There was a significant interaction, however, in which the

effect of temperature depended on the type of food; tadpoles eat-

ing epiphytised Cladophora at the intermediate temperature grew

as much as the tadpoles eating the same diet at the warm site

(Table 1). Growth was positively associated with the proportion of

ash to total dry mass of ingested material in the small intestine

(R = 0.49, P = 0.006, n = 30; Figure S1). We observed no internal

anatomical differences among the six treatments in response to

diet and temperature manipulations, as illustrated by the consistent

relationship between tadpole size and gut length, which scaled at a

rate of 10.97 � 0.26 times body length (F1,28 = 71.7, p � .001,

R2 = .72; Figure S2).

F IGURE 2 Water temperature (a, b) in stream enclosures of Rana boylii tadpoles grazing epilithic periphyton on river cobbles (top row), or a
relatively higher quality diet consisting of periphyton plus floating mats of the green alga Cladophora glomerata epiphytised by diatoms (bottom
row). Organic content (c, d) per cent ash-free dry mass of food (solid bars), anterior small intestine (right leaning diagonals) and faeces (left
leaning diagonals). Conover’s index of assimilation efficiency and growth of tadpoles (e, f). Treatment means covered by a horizontal line not
significantly different in post hoc comparisons (n = 30, five replicates per treatment, mean � 1 SE, asterisk indicates outlier). Tadpole photo
credit: A. Catenazzi

TABLE 1 Fdf statistics from two-factor ANOVAs for organic
content of food (ash-free dry mass/total dry mass) in the anterior
small intestine (R2 = .46); assimilation efficiency (R2 = .91); and mass
increase in Rana boylii tadpoles (R2 = .68) when reared on low-
versus high-quality algal foods (epilithic periphyton on cobbles
versus epiphytised Cladophora glomerata) at three different
temperatures

Factor

Organic mate-
rial anterior
small intestine

Conover’s index
of assimilation
efficiency Mass D

Food 1.781,24 115.21,24*** 2.231,24

Temperature 6.022,24** 76.62,24* 20.52,24***

Food 9 temperature 0.852,24 1.192,24 3.652,24*

*p ≤ .05; **p < .01; ***p < .001.
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3.2 | Predation

In June, Ranatra significantly decreased survival of tadpoles (Fig-

ure 3a; Tables 2 and 3), and larger tadpoles had greater survival than

small tadpoles in the presence of this predator (Figure 3b). The

ANOVAs indicate significant effects of temperature, in which tad-

poles at the warmer sites had higher growth and survival, and a sig-

nificant predator by exposure temperature interaction for growth. In

the presence of Ranatra, tadpole growth was diminished at the two

intermediate temperatures relative to no predator controls, but not

at the coldest and warmest sites (Figures 3c and S3). For survival,

the interaction was not significant. In our comparison of linear

mixed-effects models, survival was best predicted by the interaction

of predator presence and starting tadpole mass; exposure tempera-

ture was not predictive (Table 3).

In July, Aeshna affected survival of the smallest and least devel-

oped tadpoles that had been reared in the coolest study stream (Fig-

ure 4a; Tables 2 and 4). There was a significant interaction between

rearing temperature and exposure temperature in the ANOVA

(Table 2). The tadpoles which had been reared in Fox Creek (30-day

running average prior to reciprocal transplant = 16.0°C) were small

and relatively undeveloped compared to tadpoles from the other

three sites (Figure 1d) and were vulnerable with 66.7% and 89.9%

of tadpoles eaten when the mean temperatures of predator

exposure were 17.2°C and 23.8°C, respectively. Post hoc compar-

isons indicate that predators only had a significant impact on

cold-reared tadpoles with respect to mortality (t = 2.1, p = .04).

However, in our comparison of linear mixed-effects models,

survival was best predicted by the interaction of predator presence

and starting tadpole length; exposure temperature was not predic-

tive (Table 4).

We observed tail damage after exposure to Aeshna, but only in

the cold treatment, where 23.1% of the tadpoles had injured or par-

tially missing tails.

With respect to growth, the effect of Aeshna depended on

whether size was measured in terms of tadpoles’ body mass (Fig-

ures 4b and S4) or length (Figures 4c and S5), and on the difference

between rearing and predator exposure temperatures. For change

F IGURE 3 Survival (a, b) and size-specific growth rates or D Mass (c) of 8-week-old Rana boylii tadpoles in the presence or absence of
water scorpions (Ranatra brevicollis) in relation to mean daily water temperature over the 2 weeks of predator exposure, and as a function of
tadpole size (n = 71 enclosures of 10 tadpoles each; error bars = 1 SE). D Mass is the incremental mass (mg) gained per day per mg of starting
mass

TABLE 2 Statistics for the effects of predators and water temperature on survival and growth of larval Rana boylii. Two-factor ANOVAs for
survival and relative growth rate of tadpoles in June when exposed to water scorpions (Ranatra brevicollis) at four thermally distinct stream
sites. Three-way ANOVAs for survival and relative growth rates in July after tadpoles exposed to dragonfly nymphs (Aeshna walkerii). Ranatra:
nsurvival = 71 enclosures, density = 10 tadpoles/enclosure, multiple R2 = .37; and ngrowth = 68 enclosures with surviving tadpoles, multiple
R2 = .84. Aeshna: nsurvival = 48 enclosures, density = 3 tadpoles/enclosure, multiple R2 = .40; and ngrowth = 45 enclosures with surviving
tadpoles, multiple R2 = .875

Factor

Ranatra Aeshna

Survival
Mass D

(mg day�1 mg�1) Survival
Mass D

(mg day�1 mg�1)
Body length D

(mm day�1 mm�1)

Predator 13.21,63*** 5.11,60* 11.41,32** 1.33 35.31,29***

Temperature 6.533,63*** 84.33,60*** 0.011,32 26.71,29*** 14.91,29***

Predator 3 temperature 2.173,63*** 3.523,60* 1.351,32 0.211,29 16.01,29***

Rearing temperature 14.73,32*** 55.33,29*** 17.03,29***

Rearing temperature 3 predator 15.53,32*** 1.623,29 1.813,29

Rearing temperature 3 exposure temperature 0.233,32 9.023,29*** 26.53,29***

Rearing temperature 3 predator 3 exposure

temperature

0.603,32 1.593,29 1.123,29

*p ≤ .05; **p < .01; ***p < .001.
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in mass, there was a significant interaction between rearing tempera-

ture and exposure temperature, such that cold-reared tadpoles trans-

ferred to warmer water (+8°C) gained 2.49 more mass than tadpoles

that stayed at the coolest site with no predators (+1.9°C). Predators

dampened the compensatory growth response of cold-reared tad-

poles transferred to warm water. Cold-reared tadpoles transferred to

warm water gained only 1.79 more mass than tadpoles that stayed

at the coolest site when predators were present. Tadpoles reared at

the three warmer sites and then transferred to cool conditions (shifts

of �1.8, �3.1 and �4.3°C) increased their body length without

increasing their mass (Figure 4). There was a significant rearing tem-

perature 9 exposure temperature interaction such that cold-reared

tadpoles had significantly greater mass and length growth compared

to tadpoles reared at the intermediate sites when exposed to war-

mer temperatures. There was also a significant predator 9 exposure

temperature interaction: Aeshna presence consistently decreased

TABLE 3 AICc scores of linear mixed-effects models predicting survival as a function of starting tadpole mass (size), Ranatra predator
presence/absence (predator) and water temperature (temperature), where k is the number of parameters, D(AICc) is the change in AICc with
respect to the best candidate model (in bold), and w(AICc) is the AICc weight

Model variables k AICc D(AICc) w(AICc)

Predator 3 size 4 337.97 0.00 0.39

Predator 3 temperature 4 350.92 12.95 0.00

Size 4 351.66 13.68 0.00

Size + predator 3 size 5 337.97 0.00 0.39

Size + predator 3 temperature 5 344.13 6.16 0.02

Predator + temperature 5 347.21 9.23 0.00

Size + predator + temperature 6 340.40 2.43 0.11

Size + predator + temperature + predator 3 size 7 341.54 3.56 0.06

Size + predator + temperature + predator 3 temperature 7 344.13 6.16 0.02

Size + predator + temperature + predator 3 size + predator 3 temperature 8 345.62 7.65 0.01

F IGURE 4 Dragonfly nymph (Aeshna walkerii) effect on survival (a) and growth in terms of mass, D Mass (b), and length, D Length (c) of
10-week-old Rana boylii tadpoles in relation to shift in thermal regime (daily mean temperature of predator exposure and rearing temperature).
D Mass and D Length are the incremental mass (mg) and length (mm) gained per day per mg and mm of starting mass and length, respectively

TABLE 4 AICc scores of linear mixed-effects models predicting survival as a function of starting tadpole length (size), Aeshna predator
presence/absence (predator) and water temperature (temperature), where k is the number of parameters, D(AICc) is the change in AICc with
respect to the best candidate model (in bold), and w(AICc) is the AICc weight

Model variables k AICc D(AICc) w(AICc)

Predator 9 size 4 77.30 0.00 0.33

Size 4 85.72 8.42 0.00

Predator 9 temperature 4 102.83 25.53 0.00

Size + predator 9 size 5 77.30 0.00 0.33

Size + predator 9 temperature 5 86.97 9.68 0.00

Predator + temperature 5 101.42 24.13 0.00

Size + predator + temperature 6 85.13 7.83 0.01

Size + predator + temperature + predator 9 size 7 79.48 2.18 0.11

Size + predator + temperature + predator 9 size + predator 9 temperature 8 80.38 3.09 0.07

Size + predator + temperature + predator 9 temperature 7 86.97 9.68 0.00
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body length growth rate at 17°C across all four groups of tadpoles,

but not at 23.8°C.

4 | DISCUSSION

Our results show that water temperature affects tadpole digestive

efficiency and growth, and thus influences vulnerability to predators.

The finding that consumption by predators was a function of rearing

temperature’s influence on body size provides a plausible mechanism

explaining the absence or low abundance of reproductive popula-

tions of foothill yellow-legged frogs downstream of dams that

release cold water within otherwise occupied watersheds (Catenazzi

& Kupferberg, 2017; Wheeler et al., 2015). In all our manipulations,

cool temperatures impaired conversion of periphyton food to body

tissue and tadpoles grew slowly to small sizes. The cold water and

poor timing of pulsed flows associated with hypolimnetic releases

from hydroelectric reservoirs have been shown to reduce survival

and population growth of the foothill yellow-legged frog, and are

likely drivers of the species’ drastic decline across its distribution

range (Catenazzi & Kupferberg, 2013; Kupferberg et al., 2012; Lind,

Welsh, & Wilson, 1996).

In the assimilation experiment, tadpole growth was positively

correlated with digestive efficiency and the positive effects of tem-

perature on increased absorption of organic material occurred pri-

marily in the anterior small intestine. The per cent organic content

of material in the anterior small intestine at c. 19°C was significantly

lower at the warm site compared to the cooler sites (Figure 4a). The

nutritional quality of the ingested food also appears to have medi-

ated the effect of temperature on digestive efficiency of the tad-

poles. The improvement in efficiency from the cool to the warm

treatment was more pronounced for tadpoles eating epilithic diatoms

and green algae (6.6 � 0.4% to 11.6 � 0.1%) than those with access

to highly nutritious floating mats of green algae epiphytised by

Epithemia (10.1 � 0.1% and 13.8 � 0.1%). Diatoms of the genus

Epithemia, which dominate the epiphyte flora in late summer at the

Eel River (Furey et al., 2012), are rich in protein and lipids relative to

other periphyton (Furey et al., 2014; Kupferberg et al., 1994). Epithe-

mia-rich diets promote rapid growth and development of a wide

variety of aquatic grazers including insects (Gresens, 1997; Power

et al., 2009), snails (Blinn, Truitt, & Pickart, 1989) and tadpoles

(Kupferberg, 1997). Our results suggest that when high-quality food

is efficiently assimilated, it partially offsets the negative effect of

cool temperature. Other freshwater herbivores fed low-quality diets

have similarly shown increased assimilation efficiency with increasing

temperature, but no change in efficiency when eating high-quality

food (Benavides, Veloso, Jim�enez, & M�endez, 2005; Calow, 1975).

There may be little marginal benefit from the increased hydrolysis

and absorption of nutrients at higher temperatures if the food is

more easily broken down or higher in nutrients to begin with.

With respect to the lethal effects of predation, the small cold-

reared tadpoles exposed to water scorpions and dragonfly nymphs

had lower survival than larger tadpoles regardless of temperature at

the time of predator exposure. This result is contrary to expectations

based on short-term behavioural and modelling studies (Anderson,

Kiesecker, Chivers, & Blaustein, 2001; Hayden et al., 2015) that sur-

vival might be low at higher temperatures because predator attack

rates and capture success increase as tadpoles become more active

in warm water. Possible explanations for greater survival of

warm-reared individuals are that larger tadpoles have faster burst

swimming speeds (Wilson & Franklin, 2000) and that warmer tem-

peratures also promote faster swimming (Goldstein, Hoff, & Hillyard,

2017).

The sublethal effects of insect predators we observed, which are

significantly diminished tadpole growth and injured tails, occurred

predominantly at lower temperatures, a result which could further

explain the gap between the lower limit of the fundamental and

realised thermal niche of foothill yellow-legged frogs (Catenazzi &

Kupferberg, 2017). Non-consumptive fear effects of predators on

the foraging behaviour and physiology of prey can shape prey popu-

lation dynamics (Preisser, Bolnick, & Benard, 2005; Zanette, Clinchy,

& Suraci, 2014) and could contribute to small population sizes where

temperatures are low, but still within the range of tolerance. While

defensive responses such as decreasing overall activity and spending

less time foraging help prey evade detection and reduce encounters

with predators, these behaviours have physiological costs (Relyea &

Werner, 1999; Skelly, 1994). Contrary to the expectation that the

cost to prey of hiding and consuming less food might be greater in a

warm environment relative to a cool one because basal metabolic

requirements are higher (Niehaus, Wilson, Seebacher, & Franklin,

2011), we found that the cost of not foraging was amplified under

cool conditions. Digestive efficiency generally declines as tempera-

ture decreases (Altig & McDearman, 1975; McConnachie & Alexan-

der, 2004; Nicieza, Reiriz, & Bra~na, 1994), so that in our experiment

what little food the tadpoles may have ingested was not readily

assimilated.

Based on a thermal monitoring study of regulated and free-flow-

ing rivers across northern California conducted concurrently with

these experiments (Catenazzi & Kupferberg, 2017), the temperature

treatments we employed are ecologically relevant for understanding

the effects of cooling from hypolimnetic dam releases or warming

from climate change. Transferring tadpoles among warm and cool

sites is relevant because flow regulation by dams increases variability

in temperature at short time scales within the biologically active

summer season (Steel & Lange, 2007). In particular, the treatments

in which tadpoles went from the colder streams to the warmest site

mimic the thermal regime of some dammed rivers in California with

hypolimnetic releases where water does not warm until very late in

the summer when flow volumes are low. To the extent that tadpoles

need to grow rapidly early in the summer to evade predators, the

warming comes so long after the egg-laying period that a substantial

portion of the cohort may have already been consumed. When ther-

mal regimes are not in synchrony with the physiological require-

ments of a species’ early life stages, recruitment bottlenecks can

thus occur (Coleman & Fausch, 2007; Humphries, Richardson,

Wilson, & Ellison, 2013; Schiemer et al., 2002). Although our
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experiments demonstrate that tadpoles can compensate for early

slow growth if temperature conditions improve, the late summer

shift from cold to warm temperatures observed downstream of some

dams could still be insufficient for tadpoles to reach metamorphosis.

Even if they did avoid predation, a lack of time before the onset of

the next rainy season’s high flows could prevent their timely migra-

tion from flood-prone mainstems to tributaries and other off-channel

waterbodies.

Thermal variation in the opposite direction from warm to cold

water may also be detrimental. Theory and experiments with aquatic

invertebrate larvae predict that fast-growing individuals may not

cope as well as slower growers when facing suboptimal tempera-

tures (Gotthard, 2001). For example, fast-growing damsel fly nymphs

have lower levels of stress proteins that improve survival and confer

cold resistance (Stoks & De Block, 2011). Furthermore, fluctuating

flows and cool water releases from dams cause shifts in attached

algal assemblages towards mucilaginous species that are difficult to

digest (Furey et al., 2014). Our experiment showed that nutritious

algal food promotes digestive efficiency and tadpole growth, thus

decreasing vulnerability to predation, but this compensatory effect

might not occur in thermally impaired rivers, where inedible or toxic

algae are more common under warm conditions (Power et al., 2015).

Although the United States is currently experiencing an era of

dam removal (O’Connor, Duda, & Grant, 2015), the need to replace

fossil fuels for producing electricity is accelerating dam construction

in biodiverse basins such as the Amazon, Congo and Mekong (Kano

et al., 2016; Van Vliet et al., 2016; Winemiller et al., 2016). Collec-

tively, these planned projects will decrease by 21% the number of

rivers on earth that remain free-flowing (Zarfl, Lumsdon, Berlekamp,

Tydecks, & Tockner, 2014). When we consider the influence of dams

in the context of extreme climatic events, like heat waves and

droughts, we expect that an ever-growing portion of biodiversity in

running waters will be exposed to altered thermal environments

(Ledger & Milner, 2015). Dams and diversions will substantially alter

water temperature through prolonged hypolimnetic releases that

markedly decrease summer water temperatures (Lugg, 1999; Todd,

Ryan, Nicol, & Bearlin, 2005), pulsed releases that accentuate diurnal

variability (Sch€ulting, Feld, & Graf, 2016; Zolezzi, Siviglia, Toffolon, &

Maiolini, 2011) and low baseflows that allow rapid heat exchange

with air and raise temperatures (Arora, Tockner, & Venohr, 2016;

Van Vliet et al., 2011).

To balance the needs of aquatic organisms and humans when

managing rivers, there is a growing understanding that the thermal

regime has an influence comparable to that of the flow regime on the

ecological integrity of riverine ecosystems (Arthington, Naiman,

McClain, & Nilsson, 2010; Olden & Naiman, 2010). Here we have

extended to amphibians findings well documented for fish that eco-

logical mismatches occur when shifts from cold to warm temperatures

increase predation on small individuals that experienced poor growth

due to low food assimilation (Marine & Cech, 2004; Sylvester, 1972).

When shifts from warm to cool conditions prevent life cycle comple-

tion, recruitment bottlenecks are likely (Coleman & Fausch, 2007;

Humphries et al., 2013; Schiemer et al., 2002). Our findings specific

to the foothill yellow-legged frog will be valuable to the adaptive

management of California’s regulated rivers now that this species is a

candidate for protection under the state’s Endangered Species Act.

Our approach of using small-scale experiments to elucidate the mech-

anisms underlying the effects of thermal change is applicable to any

region where amphibians breed in rivers and where dams might

disrupt the natural progression of temporal changes in temperature or

the community composition of small and cryptic algae that are so vital

to freshwater food webs (Vadeboncoeur & Power, 2017).

ACKNOWLEDGMENTS

This work was supported by the California Energy Commission

(#500-08-031). The authors declare no competing interests. We

thank: the University of California, M. Power and P. Steel for main-

taining the Angelo Coast Range Reserve as a protected site; P. Furey

for diatom identification; S. Pneh for taxonomic help with insects; A.

Smits, B. Steel and E. Steel for field and laboratory assistance; the

UC Berkeley Animal Care and Use Committee (Protocol #R132); and

the California Department of Fish and Wildlife (Permit #10716).

ORCID

Alessandro Catenazzi http://orcid.org/0000-0002-3650-4783

Sarah J. Kupferberg https://orcid.org/0000-0002-7273-712X

REFERENCES

Adams, A. J., Kupferberg, S. J., Wilber, M. Q., Pessier, A. P., Grefsrud, M.,

Bobzien, S., . . . Briggs, C. J. (2017). Extreme drought, host density,

sex, and bullfrogs influence fungal pathogen infection in a declining

lotic amphibian. Ecosphere, 8, e01740. https://doi.org/10.1002/ecs2.

1740

Altig, R., & McDearman, W. (1975). Percent assimilation and clearance

times of five anuran tadpoles. Herpetologica, 31, 67–69.

Anderson, M. T., Kiesecker, J. M., Chivers, D. P., & Blaustein, A. R.

(2001). The direct and indirect effects of temperature on a predator

prey relationship. Canadian Journal of Zoology, 79, 1834–1841.

Arora, R., Tockner, K., & Venohr, M. (2016). Changing river temperatures

in northern Germany: Trends and drivers of change. Hydrological Pro-

cesses, 30, 3084–3096. https://doi.org/10.1002/hyp.10849

Arthington, A. H., Naiman, R. J., McClain, M. E., & Nilsson, C. (2010). Pre-

serving the biodiversity and ecological services of rivers: New chal-

lenges and research opportunities. Freshwater Biology, 55, 1–16.

https://doi.org/10.1111/j.1365-2427.2009.02340.x

Balian, E., Segers, H., L�evêque, C., & Martens, K. (2008). The freshwater

animal diversity assessment: An overview of the results. Hydrobiolo-

gia, 595, 627–637.

Beitinger, T. L., Bennett, W. A., & McCauley, R. W. (2000). Temperature

tolerances of North American freshwater fishes exposed to dynamic

changes in temperature. Environmental Biology of Fishes, 58, 237–275.

https://doi.org/10.1023/A:1007676325825

Benavides, A. G., Veloso, A., Jim�enez, P., & M�endez, M. A. (2005). Assimi-

lation efficiency in Bufo spinulosus tadpoles (Anura: Bufonidae):

Effects of temperature, diet quality and geographic origin. Revista

Chilena de Historia Natural, 78, 295–302.

Blinn, D. W., Truitt, R. E., & Pickart, A. (1989). Feeding ecology and radu-

lar morphology of the fresh-water limpet Ferrissia fragilis. Journal of

CATENAZZI AND KUPFERBERG | 9

http://orcid.org/0000-0002-3650-4783
http://orcid.org/0000-0002-3650-4783
http://orcid.org/0000-0002-3650-4783
https://orcid.org/0000-0002-7273-712X
https://orcid.org/0000-0002-7273-712X
https://orcid.org/0000-0002-7273-712X
https://doi.org/10.1002/ecs2.1740
https://doi.org/10.1002/ecs2.1740
https://doi.org/10.1002/hyp.10849
https://doi.org/10.1111/j.1365-2427.2009.02340.x
https://doi.org/10.1023/A:1007676325825


the North American Benthological Society, 8, 237–242. https://doi.org/

10.2307/1467327

Bowler, D. E., Haase, P., Hof, C., Kr€oncke, I., Baert, L., Dekoninck, W., . . .

O’Hara, R. B. (2017). Cross-taxa generalities in the relationship

between population abundance and ambient temperatures. Proceed-

ings of the Royal Society B: Biological Sciences, 284, 20170870.

https://doi.org/10.1098/rspb.2017.0870

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multimodel

inference: A practical information-theoretic approach. New York, NY:

Springer-Verlag.

Bush, A., Theischinger, G., Nipperess, D., Turak, E., & Hughes, L. (2013).

Dragonflies: Climate canaries for river management. Diversity and

Distributions, 19, 86–97. https://doi.org/10.1111/ddi.12007

California Energy Commission (2016). California hydroelectric statistics &

data. In: Energy Almanac, Vol. March 15, 2016. State of California.

http://www.energy.ca.gov/almanac/electricity_data/electricity_genera

tion.html

Calow, P. (1975). The feeding strategies of two freshwater gastropods,

Ancylus fluviatilis M€ull. and Planorbis contortus Linn. (Pulmonata), in

terms of ingestion rates and absorption efficiencies. Oecologia, 20,

33–49. https://doi.org/10.1007/BF00364320

Cao, Y., Li, W., & Jeppesen, E. (2014). The response of two submerged

macrophytes and periphyton to elevated temperatures in the pres-

ence and absence of snails: A microcosm approach. Hydrobiologia,

738, 49–59. https://doi.org/10.1007/s10750-014-1914-5

Catenazzi, A., & Kupferberg, S. J. (2013). The importance of thermal con-

ditions to recruitment success in stream-breeding frog populations

distributed across a productivity gradient. Biological Conservation,

168, 40–48. https://doi.org/10.1016/j.biocon.2013.09.010

Catenazzi, A., & Kupferberg, S. J. (2017). Variation in thermal niche of a

declining river-breeding frog: From individual counter-gradient

responses to population distribution patterns. Freshwater Biology, 62,

1255–1265. https://doi.org/10.1111/fwb.12942

Clarkson, R. W., Childs, M. R., & Schaefer, S. A. (2000). Temperature

effects of hypolimnial-release dams on early life stages of Colorado

River basin big-river fishes. Copeia, 2000, 402–412. https://doi.org/

10.1643/0045-8511(2000)000[0402:TEOHRD]2.0.CO;2

Coleman, M. A., & Fausch, K. D. (2007). Cold summer temperature

regimes cause a recruitment bottleneck in age-0 Colorado River cut-

throat trout reared in laboratory streams. Transactions of the American

Fisheries Society, 136, 639–654. https://doi.org/10.1577/T05-288.1

Collen, B., Whitton, F., Dyer, E. E., Baillie, J. E., Cumberlidge, N., Darwall,

W. R., . . . B€ohm, M. (2014). Global patterns of freshwater species

diversity, threat and endemism. Global Ecology and Biogeography, 23,

40–51. https://doi.org/10.1111/geb.12096

Conover, D. O. (1966). Assimilation of organic matter by zooplankton.

Limnology and Oceanography, 12, 338–345. https://doi.org/10.4319/

lo.1966.11.3.0338

Corbet, P. S. (2004). Dragonflies: Behaviour and ecology of Odonata. Colch-

ester, UK: Harley Books.

Fey, S. B., Siepelski, A. M., Nussle, S., Cervantes-Yoshida, K., Hwan, J. L.,

Huber, E. R., . . . Carlson, S. M. (2015). Recent shifts in the occurrence,

cause, and magnitude of animal mass mortality events. Proceedings of

the National Academy of Sciences of the United States of America, 112,

1083–1088. https://doi.org/10.1073/pnas.1414894112

Finlay, J. C., Hood, J. M., Limm, M. P., Power, M. E., Schade, J. D., & Wel-

ter, J. R. (2011). Light-mediated thresholds in stream-water nutrient

composition in a river network. Ecology, 92, 140–150. https://doi.

org/10.1890/09-2243.1

Flecker, A., Feifarek, B., & Taylor, B. (1999). Ecosystem engineering by a

tropical tadpole: Density-dependent effects on habitat structure and

larval growth rates. Copeia, 1999, 495–500. https://doi.org/10.2307/

1447498

Furey, P. C., Kupferberg, S. J., & Lind, A. J. (2014). The perils of unpalat-

able periphyton: Didymosphenia and other mucilaginous stalked

diatoms as food for tadpoles. Diatom Research, 29, 267–280.

https://doi.org/10.1080/0269249X.2014.924436

Furey, P. C., Lowe, R. L., Power, M. E., & Campbell-Craven, A. M. (2012).

Midges, Cladophora, and epiphytes: Shifting interactions through

succession. Freshwater Science, 31, 93–107. https://doi.org/10.1899/

11-021.1

Goldstein, J. A., Hoff, K. V. S., & Hillyard, S. D. (2017). The effect of tem-

perature on development and behaviour of relict leopard frog tad-

poles. Conservation Physiology, 5, cow075.

Gosner, K. L. (1960). A simplified table for staging anuran embryos and

larvae with notes on identification. Herpetologica, 16, 183–190.

Gotthard, K. (2001). Growth strategies of ectothermic animals in temper-

ate environments. In D. Atkinson & M. Thorndyke (Eds.), Environment

and animal development: Genes, life histories and plasticity (pp. 287–

303). Oxford, UK: BIOS.

Gresens, S. (1997). Interactive effects of diet and thermal regime on

growth of the midge Pseudochironomus richardsoni Malloch. Freshwa-

ter Biology, 38, 365–373. https://doi.org/10.1046/j.1365-2427.1997.

00248.x

Grigaltchik, V. S., Ward, A. J., & Seebacher, F. (2012). Thermal acclimation

of interactions: Differential responses to temperature change alter

predator–prey relationship. Proceedings of the Royal Society B: Biological

Sciences, 279, 4058–4064. https://doi.org/10.1098/rspb.2012.1277

Gunn, J., & Snucins, E. (2010). Brook charr mortalities during extreme

temperature events in Sutton River, Hudson Bay Lowlands, Canada.

Hydrobiologia, 650, 79–84. https://doi.org/10.1007/s10750-010-

0201-3

Hayden, M. T., Reeves, M. K., Holyoak, M., Perdue, M., King, A. L., &

Tobin, S. C. (2015). Thrice as easy to catch! Copper and temperature

modulate predator-prey interactions in larval dragonflies and anurans.

Ecosphere, 6, art56. https://doi.org/10.1890/ES14-00461.1

Howard, J. K., Klausmeyer, K. R., Fesenmyer, K. A., Furnish, J., Gardali, T.,

Grantham, T., . . . Morrison, S. A. (2015). Patterns of freshwater spe-

cies richness, endemism, and vulnerability in California. PLoS One, 10,

e0130710. https://doi.org/10.1371/journal.pone.0130710

Humphries, P., Richardson, A., Wilson, G., & Ellison, T. (2013). River regu-

lation and recruitment in a protracted-spawning riverine fish. Ecologi-

cal Applications, 23, 208–225. https://doi.org/10.1890/11-2255.1

Kano, Y., Dudgeon, D., Nam, S., Samejima, H., Watanabe, K., Grudpan, C.,

. . . Praxaysonbath, B. (2016). Impacts of dams and global warming on

fish biodiversity in the Indo-Burma hotspot. PLoS One, 11, e0160151.

https://doi.org/10.1371/journal.pone.0160151

Kaushal, S. S., Likens, G. E., Jaworski, N. A., Pace, M. L., Sides, A. M., See-

kell, D., . . . Wingate, R. L. (2010). Rising stream and river tempera-

tures in the United States. Frontiers in Ecology and the Environment, 8,

461–466. https://doi.org/10.1890/090037

Kishi, D., Murakami, M., Nakano, S., & Maekawa, K. (2005). Water tem-

perature determines strength of top-down control in a stream food

web. Freshwater Biology, 50, 1315–1322. https://doi.org/10.1111/j.

1365-2427.2005.01404.x

Kupferberg, S. J. (1997). The role of larval diet in anuran metamorphosis.

American Zoologist, 37, 146–159. https://doi.org/10.1093/icb/37.2.

146

Kupferberg, S. J., Catenazzi, A., Lunde, K., Lind, A. J., & Palen, W. J.

(2009). Parasitic copepod (Lernaea cyprinacea) outbreaks in foothill

yellow-legged frogs (Rana boylii) linked to unusually warm summers

and amphibian malformations in northern California. Copeia, 2009,

529–537. https://doi.org/10.1643/CH-08-011

Kupferberg, S. J., Lind, A. J., Thill, V., & Yarnell, S. (2011). Water velocity

tolerance in tadpoles of the foothill yellow-legged frog (Rana boylii):

Swimming performance, growth, and survival. Copeia, 2011, 141–

152. https://doi.org/10.1643/CH-10-035

Kupferberg, S. J., Marks, J. C., & Power, M. E. (1994). Effects of variation

in natural algal and detrital diets on larval anuran (Hyla regilla) life-his-

tory traits. Copeia, 1994, 446–457. https://doi.org/10.2307/1446992

10 | CATENAZZI AND KUPFERBERG

https://doi.org/10.2307/1467327
https://doi.org/10.2307/1467327
https://doi.org/10.1098/rspb.2017.0870
https://doi.org/10.1111/ddi.12007
http://www.energy.ca.gov/almanac/electricity_data/electricity_generation.html
http://www.energy.ca.gov/almanac/electricity_data/electricity_generation.html
https://doi.org/10.1007/BF00364320
https://doi.org/10.1007/s10750-014-1914-5
https://doi.org/10.1016/j.biocon.2013.09.010
https://doi.org/10.1111/fwb.12942
https://doi.org/10.1643/0045-8511(2000)000[0402:TEOHRD]2.0.CO;2
https://doi.org/10.1643/0045-8511(2000)000[0402:TEOHRD]2.0.CO;2
https://doi.org/10.1577/T05-288.1
https://doi.org/10.1111/geb.12096
https://doi.org/10.4319/lo.1966.11.3.0338
https://doi.org/10.4319/lo.1966.11.3.0338
https://doi.org/10.1073/pnas.1414894112
https://doi.org/10.1890/09-2243.1
https://doi.org/10.1890/09-2243.1
https://doi.org/10.2307/1447498
https://doi.org/10.2307/1447498
https://doi.org/10.1080/0269249X.2014.924436
https://doi.org/10.1899/11-021.1
https://doi.org/10.1899/11-021.1
https://doi.org/10.1046/j.1365-2427.1997.00248.x
https://doi.org/10.1046/j.1365-2427.1997.00248.x
https://doi.org/10.1098/rspb.2012.1277
https://doi.org/10.1007/s10750-010-0201-3
https://doi.org/10.1007/s10750-010-0201-3
https://doi.org/10.1890/ES14-00461.1
https://doi.org/10.1371/journal.pone.0130710
https://doi.org/10.1890/11-2255.1
https://doi.org/10.1371/journal.pone.0160151
https://doi.org/10.1890/090037
https://doi.org/10.1111/j.1365-2427.2005.01404.x
https://doi.org/10.1111/j.1365-2427.2005.01404.x
https://doi.org/10.1093/icb/37.2.146
https://doi.org/10.1093/icb/37.2.146
https://doi.org/10.1643/CH-08-011
https://doi.org/10.1643/CH-10-035
https://doi.org/10.2307/1446992


Kupferberg, S. J., Palen, W. J., Lind, A. J., Bobzien, S., Catenazzi, A., Dren-

nan, J., & Power, M. E. (2012). Effects of flow regimes altered by

dams on survival, population declines, and range-wide losses of Cali-

fornia river-breeding frogs. Conservation Biology, 26, 513–524.

https://doi.org/10.1111/j.1523-1739.2012.01837.x

Ledger, M. E., & Milner, A. M. (2015). Extreme events in running waters.

Freshwater Biology, 60, 2455–2460. https://doi.org/10.1111/fwb.12673

Lind, A. J., Welsh, H. H. Jr, & Wilson, R. A. (1996). The effects of a dam

on breeding habitat and egg survival of the foothill yellow legged

frog (Rana boylii) in northwestern California. Herpetological Review,

27, 62–67.

Lugg, A. (1999). Eternal winter in our rivers: Addressing the issue of cold

water pollution. Nelson Bay, NSW: NSW Fisheries.

Malkin, S. Y., Sorichetti, R. J., Wiklund, J. A., & Hecky, R. E. (2009). Sea-

sonal abundance, community composition, and silica content of dia-

toms epiphytic on Cladophora glomerata. Journal of Great Lakes

Research, 35, 199–205. https://doi.org/10.1016/j.jglr.2008.12.008

Marine, K. R., & Cech, J. J. Jr (2004). Effects of high water temperature

on growth, smoltification, and predator avoidance in juvenile Sacra-

mento River Chinook salmon. North American Journal of Fisheries

Management, 24, 198–210. https://doi.org/10.1577/M02-142

McConnachie, S., & Alexander, G. (2004). The effect of temperature on

digestive and assimilation efficiency, gut passage time and appetite in

an ambush foraging lizard, Cordylus melanotus melanotus. Journal of

Comparative Physiology B, 174, 99–105. https://doi.org/10.1007/

s00360-003-0393-1

Mooney, H., & Zavaleta, E. (2016). Ecosystems of California. Berkeley, CA:

University of California Press.

Moyle, P. B., Katz, J. V., & Qui~nones, R. M. (2011). Rapid decline of Cali-

fornia’s native inland fishes: A status assessment. Biological Conserva-

tion, 144, 2414–2423. https://doi.org/10.1016/j.biocon.2011.06.002

Nicieza, A. G., Reiriz, L., & Bra~na, F. (1994). Variation in digestive perfor-

mance between geographically disjunct populations of Atlantic sal-

mon: Countergradient in passage time and digestion rate. Oecologia,

99, 243–251. https://doi.org/10.1007/BF00627736

Niehaus, A. C., Wilson, R. S., Seebacher, F., & Franklin, C. E. (2011).

Striped marsh frog (Limnodynastes peronii) tadpoles do not acclimate

metabolic performance to thermal variability. Journal of Experimental

Biology, 214, 1965–1970. https://doi.org/10.1242/jeb.054478

O’Connor, J. E., Duda, J. J., & Grant, G. E. (2015). 1000 dams down and

counting. Science, 348, 496–497. https://doi.org/10.1126/science.aaa

9204

Olden, J. D., & Naiman, R. J. (2010). Incorporating thermal regimes into

environmental flows assessments: Modifying dam operations to

restore freshwater ecosystem integrity. Freshwater Biology, 55, 86–

107. https://doi.org/10.1111/j.1365-2427.2009.02179.x

Power, M. E., Bouma-Gregson, K., Higgins, P., & Carlson, S. M. (2015).

The thirsty Eel: Summer and winter flow thresholds that tilt the Eel

River of northwestern California from salmon-supporting to

cyanobacterially degraded states. Copeia, 103, 200–211. https://doi.

org/10.1643/CE-14-086

Power, M. E., Lowe, R., Furey, P., Welter, J., Limm, M., Finlay, J., . . . Scul-

ley, J. (2009). Algal mats and insect emergence in rivers under

Mediterranean climates: Towards photogrammetric surveillance.

Freshwater Biology, 54, 2101–2115. https://doi.org/10.1111/j.1365-

2427.2008.02163.x

Power, M. E., Parker, M. S., & Dietrich, W. E. (2008). Seasonal reassembly

of a river food web: Floods, droughts, and impacts of fish. Ecological

Monographs, 78, 263–282. https://doi.org/10.1890/06-0902.1

Preisser, E. L., Bolnick, D. I., & Benard, M. F. (2005). Scared to death?

The effects of intimidation and consumption in predator–prey inter-

actions. Ecology, 86, 501–509. https://doi.org/10.1890/04-0719

R Development Core Team (2015). R: A language and environment for sta-

tistical computing. Vienna, Austria: R Foundation for Statistical Com-

puting. Retrieved from http://www.R-project.org/

Relyea, R. A., & Werner, E. E. (1999). Quantifying the relation between

predator-induced behavior and growth performance in larval anurans.

Ecology, 80, 2117–2124. https://doi.org/10.1890/0012-9658(1999)

080[2117:QTRBPI]2.0.CO;2

Richter, A., & Kolmes, S. A. (2005). Maximum temperature limits for Chi-

nook, coho, and chum salmon, and steelhead trout in the Pacific

Northwest. Reviews in Fisheries Science, 13, 23–49. https://doi.org/

10.1080/10641260590885861

Robinson, A. T., & Childs, M. R. (2001). Juvenile growth of native fishes

in the Little Colorado River and in a thermally modified portion of

the Colorado River. North American Journal of Fisheries Management,

21, 809–815. https://doi.org/10.1577/1548-8675(2001)021&lt;0809:

JGONFI&gt;2.0.CO;2

Rost, A. L., & Fritsen, C. H. (2014). Influence of a tributary stream on

benthic communities in a Didymosphenia geminata impacted stream in

the Sierra Nevada, USA. Diatom Research, 29, 249–257. https://doi.

org/10.1080/0269249X.2014.929029

Rowe, L., & Ludwig, D. (1991). Size and timing of metamorphosis in com-

plex life cycles: Time constraints and variation. Ecology, 72, 413–427.

https://doi.org/10.2307/2937184

Sabo, J. L., Finlay, J. C., & Post, D. M. (2009). Food chains in freshwaters.

Annals of the New York Academy of Sciences, 1162, 187–220.

https://doi.org/10.1111/j.1749-6632.2009.04445.x

Schiemer, F., Keckeis, H., & Kamler, E. (2002). The early life history

stages of riverine fish: Ecophysiological and environmental bottle-

necks. Comparative Biochemistry and Physiology Part A: Molecular &

Integrative Physiology, 133, 439–449. https://doi.org/10.1016/S1095-

6433(02)00246-5

Sch€ulting, L., Feld, C. K., & Graf, W. (2016). Effects of hydro-and thermo-

peaking on benthic macroinvertebrate drift. Science of The Total Envi-

ronment, 573, 1472–1480. https://doi.org/10.1016/j.scitotenv.2016.

08.022

Skelly, D. K. (1994). Activity level and the susceptibility of anuran larvae

to predation. Animal Behaviour, 47, 465–468. https://doi.org/10.

1006/anbe.1994.1063

Steel, E. A., & Lange, I. A. (2007). Using wavelet analysis to detect

changes in water temperature regimes at multiple scales: Effects of

multi-purpose dams in the Willamette River basin. River Research and

Applications, 23, 351–359. https://doi.org/10.1002/(ISSN)1535-1467

Stoks, R., & De Block, M. (2011). Rapid growth reduces cold resistance:

Evidence from latitudinal variation in growth rate, cold resistance and

stress proteins. PLoS One, 6, e16935. https://doi.org/10.1371/journa

l.pone.0016935

Sylvester, J. (1972). Effect of thermal stress on predator avoidance in

sockeye salmon. Journal of the Fisheries Board of Canada, 29, 601–

603. https://doi.org/10.1139/f72-103

Todd, C. R., Ryan, T., Nicol, S. J., & Bearlin, A. R. (2005). The impact of cold

water releases on the critical period of post-spawning survival and its

implications for Murray cod (Maccullochella peelii peelii): A case study of

the Mitta Mitta River, southeastern Australia. River Research and Appli-

cations, 21, 1035–1052. https://doi.org/10.1002/(ISSN)1535-1467

Vadeboncoeur, Y., & Power, M. E. (2017). Attached algae: The cryptic

base of inverted trophic pyramids in freshwaters. Annual Review of

Ecology and Systematics, 48, 255–279. https://doi.org/10.1146/an

nurev-ecolsys-121415-032340

Van Vliet, M. T. H., Franssen, W. H. P., Yearsley, J. R., Ludwig, F., Haddeland,

I., Lettenmaier, D. P., & Kabat, P. (2013). Global river discharge and water

temperature under climate change. Global Environmental Change, 23,

450–464. https://doi.org/10.1016/j.gloenvcha.2012.11.002

Van Vliet, M., Ludwig, F., Zwolsman, J., Weedon, G., & Kabat, P. (2011).

Global river temperatures and sensitivity to atmospheric warming

and changes in river flow. Water Resources Research, 47, W02544.

Van Vliet, M., Van Beek, L., Eisner, S., Fl€orke, M., Wada, Y., & Bierkens,

M. (2016). Multi-model assessment of global hydropower and cooling

water discharge potential under climate change. Global Environmental

CATENAZZI AND KUPFERBERG | 11

https://doi.org/10.1111/j.1523-1739.2012.01837.x
https://doi.org/10.1111/fwb.12673
https://doi.org/10.1016/j.jglr.2008.12.008
https://doi.org/10.1577/M02-142
https://doi.org/10.1007/s00360-003-0393-1
https://doi.org/10.1007/s00360-003-0393-1
https://doi.org/10.1016/j.biocon.2011.06.002
https://doi.org/10.1007/BF00627736
https://doi.org/10.1242/jeb.054478
https://doi.org/10.1126/science.aaa9204
https://doi.org/10.1126/science.aaa9204
https://doi.org/10.1111/j.1365-2427.2009.02179.x
https://doi.org/10.1643/CE-14-086
https://doi.org/10.1643/CE-14-086
https://doi.org/10.1111/j.1365-2427.2008.02163.x
https://doi.org/10.1111/j.1365-2427.2008.02163.x
https://doi.org/10.1890/06-0902.1
https://doi.org/10.1890/04-0719
http://www.R-project.org/
https://doi.org/10.1890/0012-9658(1999)080[2117:QTRBPI]2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080[2117:QTRBPI]2.0.CO;2
https://doi.org/10.1080/10641260590885861
https://doi.org/10.1080/10641260590885861
https://doi.org/10.1577/1548-8675(2001)021<0809:JGONFI>2.0.CO;2
https://doi.org/10.1577/1548-8675(2001)021<0809:JGONFI>2.0.CO;2
https://doi.org/10.1080/0269249X.2014.929029
https://doi.org/10.1080/0269249X.2014.929029
https://doi.org/10.2307/2937184
https://doi.org/10.1111/j.1749-6632.2009.04445.x
https://doi.org/10.1016/S1095-6433(02)00246-5
https://doi.org/10.1016/S1095-6433(02)00246-5
https://doi.org/10.1016/j.scitotenv.2016.08.022
https://doi.org/10.1016/j.scitotenv.2016.08.022
https://doi.org/10.1006/anbe.1994.1063
https://doi.org/10.1006/anbe.1994.1063
https://doi.org/10.1002/(ISSN)1535-1467
https://doi.org/10.1371/journal.pone.0016935
https://doi.org/10.1371/journal.pone.0016935
https://doi.org/10.1139/f72-103
https://doi.org/10.1002/(ISSN)1535-1467
https://doi.org/10.1146/annurev-ecolsys-121415-032340
https://doi.org/10.1146/annurev-ecolsys-121415-032340
https://doi.org/10.1016/j.gloenvcha.2012.11.002


Change, 40, 156–170. https://doi.org/10.1016/j.gloenvcha.2016.07.

007

Wassersug, R. J. (1975). The adaptive significance of the tadpole stage with

comments on the maintenance of complex life cycles in anurans. Ameri-

can Zoologist, 15, 405–417. https://doi.org/10.1093/icb/15.2.405

Welsh, H. H. Jr, & Hodgson, G. R. (2011). Spatial relationships in a den-

dritic network: The herpetofaunal metacommunity of the Mattole

River catchment of northwest California. Ecography, 34, 49–66.

https://doi.org/10.1111/j.1600-0587.2010.06123.x

Wheeler, C. A., Bettaso, J. B., Ashton, D. T., & Welsh, H. H. Jr (2015).

Effects of water temperature on breeding phenology, growth, and

metamorphosis of foothill yellow-legged frogs (Rana boylii): A case

study of the regulated mainstem and unregulated tributaries of Cali-

fornia’s Trinity River. River Research and Applications, 31, 1276–1286.

https://doi.org/10.1002/rra.2820

Whiles, M. R., Lips, K. R., Pringle, C. M., Kilham, S. S., Bixby, R. J., Brenes,

R., . . . Huryn, A. D. (2006). The effects of amphibian population decli-

nes on the structure and function of Neotropical stream ecosystems.

Frontiers in Ecology and the Environment, 4, 27–34. https://doi.org/10.

1890/1540-9295(2006)004[0027:TEOAPD]2.0.CO;2

Wilson, R. S., & Franklin, C. E. (2000). Effect of ontogenetic increases in

body size on burst swimming performance in tadpoles of the striped

marsh frog, Limnodynastes peronii. Physiological and Biochemical Zool-

ogy, 73, 142–152. https://doi.org/10.1086/316730

Windell, J. T. (1978). Digestion and the daily ration of fishes. In S. D.

Gerking (Ed.), Ecology of freshwater fish production (pp. 159–183).

Oxford, UK: Blackwell Scientific Publications.

Winemiller, K., McIntyre, P., Castello, L., Fluet-Chouinard, E., Giarrizzo, T.,

Nam, S., . . . Harrison, I. (2016). Balancing hydropower and

biodiversity in the Amazon, Congo, and Mekong. Science, 351, 128–

129. https://doi.org/10.1126/science.aac7082

Zanette, L. Y., Clinchy, M., & Suraci, J. P. (2014). Diagnosing predation

risk effects on demography: Can measuring physiology provide the

means? Oecologia, 176, 637–651. https://doi.org/10.1007/s00442-

014-3057-9

Zarfl, C., Lumsdon, A. E., Berlekamp, J., Tydecks, L., & Tockner, K. (2014).

A global boom in hydropower dam construction. Aquatic Sciences, 77,

161–170.

Zolezzi, G., Siviglia, A., Toffolon, M., & Maiolini, B. (2011). Thermopeaking

in alpine streams: Event characterization and time scales. Ecohydrol-

ogy, 4, 1–37.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the

supporting information tab for this article.

How to cite this article: Catenazzi A, Kupferberg SJ.

Consequences of dam-altered thermal regimes for a riverine

herbivore’s digestive efficiency, growth and vulnerability to

predation. Freshwater Biol. 2018;00:1–12. https://doi.org/

10.1111/fwb.13112

12 | CATENAZZI AND KUPFERBERG

https://doi.org/10.1016/j.gloenvcha.2016.07.007
https://doi.org/10.1016/j.gloenvcha.2016.07.007
https://doi.org/10.1093/icb/15.2.405
https://doi.org/10.1111/j.1600-0587.2010.06123.x
https://doi.org/10.1002/rra.2820
https://doi.org/10.1890/1540-9295(2006)004[0027:TEOAPD]2.0.CO;2
https://doi.org/10.1890/1540-9295(2006)004[0027:TEOAPD]2.0.CO;2
https://doi.org/10.1086/316730
https://doi.org/10.1126/science.aac7082
https://doi.org/10.1007/s00442-014-3057-9
https://doi.org/10.1007/s00442-014-3057-9
https://doi.org/10.1111/fwb.13112
https://doi.org/10.1111/fwb.13112

