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Abstract

1. Changes in seasonality associated with climate warming (e.g. temperature,

growing season duration) are likely to alter invertebrate prey biomass and

availability in aquatic ecosystems through direct and indirect influences on

physiology and phenology, particularly in arctic lakes. However, despite warmer

thermal regimes, photoperiod will remain unchanged such that potential shifts

resulting from longer and warmer growing seasons could be limited by avail-

ability of sunlight, especially at lower trophic levels. Thus, a better understand-

ing of warming effects on invertebrate prey throughout the growing season

(e.g. early, peak, late) is important to understand arctic lake food-web dynamics

in a changing climate.

2. Here, we use a multifaceted approach to evaluate prey availability to predators

in lakes of arctic Alaska. In a laboratory mesocosm experiment, we measured

different metrics of abundance for snails (Lymnaea elodes) and zooplankton

(Daphnia middendorffiana) across three time periods (early, mid- and late grow-

ing season) and across three temperature and photoperiod treatments (control,

increased temperature and increased temperature × photoperiod). Additionally,

we used generalised additive models and generalised additive mixed-effects

models to relate long-term empirical observations of zooplankton biomass

(1983–2015) to observed temperature regimes in an arctic lake. We then simu-

lated zooplankton biomass for the warmest temperature observations across

the growing season to inform likely zooplankton biomass regimes under future

change.

3. We observed variable responses by snails and zooplankton across experiments

and treatments. Early in the growing season, snail development was accelerated

at multiple life stages (e.g. egg and juvenile). In mid-season, in accordance with

warmer temperatures, we observed significantly increased Daphnia abundances.

However, in the late season, Daphnia appeared to be limited by photoperiod.

Confirming our experimental results, our models of zooplankton biomass showed

an increase of nearly 20% in warmer years. Further, these model estimates could

be conservative as the consumptive demand of fishes may increase in warmer

years as well.
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4. Overall, our results highlight the importance of interactive effects of temperature

and seasonality. Based primarily on temperature, we can readily predict the

response of fish metabolism in warmer temperatures. However, in this context,

we generally require a better understanding of climate-driven responses of

important invertebrate prey resources. Our results suggest invertebrate prey bio-

mass and availability are likely to respond positively with climate change based

on temperature and seasonality, as well as proportionally to the metabolic

requirements of fish predators. While further research is necessary to under-

stand how other food-web components will respond climate change, our findings

suggest that the fish community at the top of arctic lake food webs will have

adequate prey base in a warming climate.
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1 | INTRODUCTION

Freshwater ecosystems, which can act as sentinels of climate

change, are often studied to determine how physical (e.g. hydrologic

regime), chemical (e.g. nutrient availability) and biological processes

(e.g. primary production) interact and are affected by a warmer cli-

mate (Rosenzweig et al., 2008; Williamson, Saros, Vincent, & Smol,

2009). At high latitudes, where warming is occurring faster than in

any other region on the globe and freshwaters cover as much as

48% of the land surface, aquatic ecosystems face increased risks

(Reist et al., 2006; Riordan, Verbyla, & Mcguire, 2006). Arctic lakes

are generally less productive and diverse than temperate waterbod-

ies (Kling, O'Brien, Miller, & Hershey, 1992; Luecke et al., 2014), and

the timing and magnitude of seasonal processes will be altered as

the climate continues to warm (Prowse, Alfredsen, Beltaos, Bonsal,

Bowden, et al., 2011; Smol & Douglas, 2007). These factors, coupled

with changes in periods of ice cover in the Arctic (e.g. shorter or

longer growing seasons), suggest arctic lakes may be particularly sen-

sitive to climate change (Kling, 2009; Moss, 2012). Accordingly,

understanding future changes to arctic lakes is increasingly important

for conserving the ecosystem services these lakes provide (e.g. habi-

tat, water storage, fish production; Pedersen & Hugo, 2005; Adrian

et al., 2009).

Air temperatures of Alaska's North Slope have been rising since

the 1950s, but these changes have not occurred in all seasons and

should be further considered across long‐term periods of observation

(e.g. Kaufman et al., 2009; Sheng Hu et al., 2003). A recent analysis

of arctic climate in Alaska showed no significant long‐term trend in

summer or winter monthly average air temperatures, but identified

potentially important trends in the spring months (colder over time)

and in the fall months (warmer over time; Hobbie et al., 2017).

Future projections of climate warming indicate reductions in ice

duration and thickness (Prowse, Alfredsen, Beltaos, Bonsal, Duguay,

et al., 2011) that could modify seasonal lake temperature regimes

(Cahill, Gunn, & Futter, 2005) and overall photosynthetic production

(Melles et al., 2007). Annual rates of production are limited by light

availability due to a relatively short ice‐free season (Karlsson, Jon-

sson, & Jansson, 2005) such that total production in arctic lakes is

considerably lower than in similarly oligotrophic lakes from lower lat-

itudes (i.e. ultraoligotrophic). In spite of the importance of photope-

riod, ample palaeolimnological evidence suggests lake warming and

longer growing seasons have increased pelagic production in high

latitude lakes where warming has occurred (Micheluttia, Wolfe, Vine-

brooke, Rivard, & Briner, 2005).

Arctic fishes will be directly affected by higher temperatures

and shifts in food availability driven by changes at lower trophic

levels (Woodward, Perkins, & Brown, 2010). As temperatures

increase towards metabolic optima, fishes may experience increased

consumption, growth and survival (Budy & Luecke, 2014; Elliott &

Elliott, 2010; Jeppesen et al., 2010). However, this overall increase

in fish vital metrics would require lower trophic levels to respond

at a similar rate (i.e. they will require more food; see Winder &

Schindler, 2004). Alternatively, fish metabolism and, ultimately, sur-

vival may respond negatively to deeper and more stable stratifica-

tion due to lower hypolimnetic oxygen concentrations (Jacobsen,

Stefan, & Pereira, 2010; Jankowski, Livingstone, Buhrer, Forster, &

Niederhauser, 2006). Even fairly small increases in pelagic produc-

tivity increase rates of microbial respiration in the hypolimnion and

decrease oxygen concentrations (Daniels, Kling, & Giblin, 2015). If

fish are forced to remain in the warmer epilimnion due to oxygen

stress, or if temperatures rise significantly without concordant

increases in food availability, fish respiration rates could exceed

energetic inputs from food consumption and ultimately result in

lower vital rates. As such, even minor changes in the timing and

duration of ice‐free days and the associated thermal regime could

manifest in substantial differences in annual fish growth (Kris-

tensen, Jørgensen, Larsen, Forchhammer, & Christoffersen, 2006)

and other vital rates that strongly covary with growth and body

size (e.g. survival, fecundity, timing of spawning; Wedekind & Kung,

2010).
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The timing and seasonality of warming can also determine the

magnitude and direction of effects on important invertebrate prey

for fishes (Feuchtmayr et al., 2010; Wagner & Benndorf, 2007). Chi-

ronomids and snails are dominant components of the zoobenthos

and diets of many arctic fishes (e.g. Goyke & Hershey, 1992), while

zooplankton are also an important pelagic food source in many arctic

lakes (e.g. Luecke et al., 2014; O'Brien et al., 1997). In littoral areas

of lakes, snail densities have been shown to increase up to fivefold

with increased nutrients (Hershey, 1990, 1992), and zooplankton

biomass and production are driven by phytoplankton production and

temperature (O'Brien et al., 1992). For example, cladocerans produce

more eggs in fertilised lakes during warm but not cool summers

(Luecke, unpublished data). Under warming conditions, biomass and

abundance of these important benthic prey and pelagic prey could

increase in accordance with increased temperature and/or primary

productivity (Straile & Geller, 1998). Alternatively, increased stratifi-

cation could result in epilimnetic food limitation due to nutrient

depletion from decreased mixing (George, 2000). Accordingly,

increased predation pressure from fish, owing to increased metabo-

lism in warmer conditions, could offset increased snail and zooplank-

ton abundance (McDonald, Hershey, & Miller, 1996; Vadadi‐Fulop,
Sipkay, Meszaros, & Hufnagel, 2012).

Examining long‐term measurements of environmental change

can be useful to identify and quantify invertebrate prey dynamics

within food webs (e.g. Hampton, Gray, Izmest'eva, Moore, & Ozer-

sky, 2014), while experimental measurements can distinguish

responses to more rapid changes owing to alterations in phenology

and life history expression (e.g. Geerts et al., 2015). As temperature

and photoperiod are important determinants of production rates

and timing of emergence, species‐specific plasticity of phenology

can determine the success of many invertebrate prey species (Gil-

bert & Schroder, 2004; Gyllström & Hansson, 2004). However,

while climate change will increase lake temperatures and growing

seasons, photoperiod, often an important cue for life stage shifts,

will remain fixed (Gilg et al., 2012). Thus, in the late season, pho-

toperiod induced diapause of zooplankton species could influence

timing despite changing temperature regimes (e.g. Chinnery & Wil-

liams, 2003; Marcus, 1982).

In this study, we investigated potential changes to invertebrate

prey biomass and availability in lakes of arctic Alaska as a result of a

warming climate. We used laboratory mesocosm experiments to

quantify changes of abundance and biomass for zooplankton and

snails and used long‐term observations to predict zooplankton bio-

mass across a range of temperatures. For our laboratory experi-

ments, we hypothesised (a) invertebrate prey abundance would

increase across the growing season with warmer temperatures; and

(b) invertebrate prey would continue increased production in the late

season when subjected to increased, yet unnatural, photoperiod. For

our long‐term modelling, we hypothesised (c) zooplankton biomass

would increase in warm years relative to cold or average years. Our

multifaceted approach distinguishes between changes in timing of

warming and phenology with regard to important invertebrate prey

resources. Overall, our results illustrate how food webs in arctic

lakes may respond to future warming, and whether prey will be

available for fishes to satisfy their metabolic demands.

2 | METHODS

2.1 | Study site

Our research was conducted in lakes near Toolik Field Station

(68°37.796′N, 149°35.834′W), home of the Arctic Long Term Eco-

logical Research project (http://arc-lter.ecosystems.mbl.edu/), in the

northern foothills of the Brooks Mountain Range, Alaska. Lakes in

this region were formed by glaciers over three periods c. 12–25, 60–
100 and 250–300 ka in age (Hamilton, 2003). Generally, the lakes

are shallow (maximum depths of 3–30 m) and ultraoligotrophic

(chlorophyll‐α concentrations <5 μg/L; Kling et al., 1992) and nearby

lakes are often particularly similar in regard to chemical and biologi-

cal properties. Fish community composition is broadly determined by

landscape factors (e.g. lake depth, surface water connectivity), but

overall, fish species richness is low (Hershey et al., 1999, 2006).

2.2 | Predicting seasonal invertebrate biomass from
laboratory mesocosm experiments

We conducted controlled mesocosm experiments during the 2015

growing season at Toolik Field Station, Alaska, to investigate poten-

tial impacts of climate warming on seasonal phenology of inverte-

brate species known to be important fish prey (e.g. Merrick,

Hershey, & McDonald, 1991). In a heated incubation facility, we

used insulated, recirculating water baths (350 L maximum volume)

equipped with 1/3 HP chillers and temperature regulators, along with

1,000‐W grow lights and light timers, to simulate future environmen-

tal conditions in the Arctic. Within three separate water bath cham-

bers, we installed an open top, clear, polycarbonate container (c.

200 L) partitioned into six equal‐size replicates (n = 12 or 18 total

replicates per experiment; c. 58 × 29 × 19 cm). We filled the water

baths with epilimnetic water from Toolik Lake screened through

80‐μm mesh. To allow water flow and exchange, but keep organisms

in their respective replicate, evenly spaced 12.7‐mm holes were

drilled in the container walls and each partition (n = 8–12/replicate
wall), and the holes were covered with 80‐μm mesh. We draped

black mesh over the top of the water bath to dampen the grow light

and mimic natural light conditions; PAR was c. 105 μE·m−2·s−1 at the

water surface and 40 μE·m−2·s−1 at the bottom of the container.

These values are representative of summer measurements in sur-

rounding lakes between depths of 2.0 and 5.0 m (Gettel, 2006), and

we did not observe notable temperature or evaporative effects as a

result of the dampening mesh.

We conducted three separate experiments throughout the grow-

ing season, and each experiment lasted 31 days: early season (June

22–July 22), mid‐season (July 23–August 22) and late season (August

24–September 23). At the beginning of each experiment, we col-

lected zooplankton Daphnia middendorffiana (hereafter, Daphnia) and

snails Lymnae elodes (hereafter, snails) from nearby lakes to populate
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each replicate. To efficiently initiate each experiment, we collected

Daphnia from Lake E6 (68°38.611′N, 149°26.425′W) and snails from

Lake E1 (68°37.5774′N, 149°33.3114′W) and Toolik Lake. These

lakes have abundant populations of Daphnia (E6) and snails (E1),

whereas although present, in Toolik Lake, densities of Daphnia mid-

denfdorffiana and L. elodes are low due to increased levels of fish

predation in Toolik Lake, relative to Lakes E6 and E1 (making collec-

tion for experiments difficult). Nonetheless, the species used in our

experiment are also present and naturally occurring in Toolik Lake

and most lakes in this area (O'Brien, Buchanan, & Haney, 1979; Yur-

ista & O'Brien, 2001). Additionally, Lakes E6 and E1 are in close

proximity to Toolik Field Station (<6 and <1 km, respectively) and

have similar temperature regimes and chlorophyll a concentration to

Toolik Lake. For example, in July 2015, the mean epilimnetic temper-

ature of Toolik Lake was 12.8°C, while Lake E6 was 13.0°C, and

mean chlorophyll a concentration in Toolik Lake was 2.9 μg/L, while

Lake E6 was 3.6 μg/L (Arctic LTER, unpublished data). Accordingly,

we populated each replicate to natural densities representative of

surrounding lakes; we added 20 Daphnia (c. 0.6 ind/L; O'Brien et al.,

1997; Arctic LTER, unpublished data) and 4–6 snails, weighed and

marked individually (c. 0.5 g/m2; Hershey, 1990), per replicate. For

substrate, we added 2–3 clean rocks from Toolik Lake (dried and fro-

zen over winter) to cover the bottom and added 1.0 mg of scraped

benthic algae to each replicate as an initial food source. Using a

Hydrolab DS5 multiprobe sensor, we periodically monitored physical

and chemical parameters (e.g. chl‐a, dissolved oxygen) during each

experiment. At the end of each experiment, the baths were drained

to a level sufficient to remove rocks and collect all Daphnia in a

modified aquarium net with 80‐μm mesh. During the draining of the

mesocosms, we noted many Daphnia eggs were released and we

subsequently collected these free eggs in the remaining water. In

the laboratory, we enumerated the total number of individuals in

each replicate, including any clonal or resting eggs, and measured

individual total length from a subset of Daphnia in each replicate

(n = 25). We collected all initial snails, weighed them individually and

noted any mortalities. Additionally, we collected and enumerated

any juvenile snails or snail eggs sacs. Thus, our primary response

variables for Daphnia were counts of individuals and eggs, which we

added together to represent a measure of overall Daphnia abun-

dance. For snails, our primary response variables were adult survival,

change in adult individual biomass (% change in g), as well as counts

for juvenile snails and eggs, which we summed to represent overall

snail abundance.

Throughout the course of each experiment, we used a control

treatment, in which natural temperature and light conditions were

mimicked, and one or two experimental treatments (increased tem-

perature and increased temperature × photoperiod). We were lim-

ited by total available water baths and therefore could not run a full

factorial design. As such, and because photoperiod alone will not

change in a warming climate, we did not run a photoperiod treat-

ment, but rather examined the interactive effect of increased tem-

perature and photoperiod. By including a treatment with increased

photoperiod, we were able to assess between physiological cues of

temperature and light in the absence of predation and under con-

stant food availability. For the early season experiment, we used two

water baths, a control and an experimental (increased temperature)

treatment. As the sun does not set at high latitudes during this time

period, we held light constant throughout the experiment (24‐hr
photoperiod). Water temperatures in each bath started at 11°C. We

warmed the control c. 0.25°C/day until reaching a typical epilimnetic

average temperature of 14°C, and we warmed the increased temper-

ature treatment c. 0.50°C/day until reaching 18°C. These rates of

warming follow a typical seasonal trajectory observed for Toolik

Lake (e.g. days of warming to maximum temperature), and both tem-

peratures were held constant for the duration of the experiment

once the maximum temperature for each treatment was achieved.

For the mid‐season experiment, we used all three water baths, which

started at 14°C (control) or 18°C (increased temperature and

increased temperature × photoperiod). For the control and increased

temperature treatments, photoperiod decreased 10 or 15 min per

day such that the photoperiod at the end of the experiment was

18.5 hr, while the increased temperature × photoperiod treatment

remained at 24 hr throughout the duration of the experiment. Pho-

toperiod was decreased based on natural observations for a given

day of year during the experiment and rounded to the closest 5‐min

interval (10 or 15 min) as limited by the precision of our light timers.

Starting on August 7, we allowed the water baths to cool by c.

0.25°C/day such that the control was 10°C at the end of the experi-

ment, while the experimental treatments were 14°C. For the late

season experiment, the control started at 10°C and ended at 4°C,

while the experimental treatments started at 14°C and ended at

8°C. Again, we held photoperiod constant at 24 hr for the increased

temperature × photoperiod treatment, while the control and

increased temperature treatments decreased 10–15 min per day

from 18 hr at the beginning of the experiment to 12 hr at the end

of the experiment.

We used a one‐way ANOVA to compare the control, increased tem-

perature and increased temperature × photoperiod treatments (mid‐
and late season) followed by pairwise comparisons using t tests with

Bonferroni adjustment of p values to compare between treatments. For

the early season experiment, we used Student's t test. We used R statis-

tical package (version 3.3.2; R Core Team, 2016) for all analyses.

2.3 | Predicting seasonal zooplankton biomass from
long‐term data

2.3.1 | Data

To predict zooplankton biomass from long‐term observations, we used

data from Toolik Lake, Alaska, compiled for ice‐free periods (approxi-

mately June through September) from 1983 to 2015. These data are

typically collected weekly during the summer months as part of the

Arctic Long‐Term Ecological Research programme (ARC LTER; detailed

methods can be found at http://arc-lter.ecosystems.mbl.edu/). The

number of observations in each year varied with length of ice‐free per-

iod, and some years in the period of record were incomplete (1–16
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observation/year; total n = 234; mean n = 7.8 observation/year).

Observation dates ranged from June 12 to September 26. We did not

have data for years 1999, 2000 and 2007.

Zooplankton were collected via two duplicate vertical tows of a

Wisconsin‐style net at a station located in the deepest area of the

lake. Tow depth during the period of record ranged from 4.0 to

20.0 m, and we excluded all observations of tow depth <12.0 m

(n = 29 observations). Zooplankton counts by species were obtained

from the ARC LTER database, and we calculated species‐specific bio-

mass estimates (mg/L) from length–weight relationships (McCauley,

1984; Yurista, 1999). Duplicate samples from the same observation

date were averaged. Vertical temperature profiles (°C) were often

measured in concert with zooplankton sampling events; as we were

interested in temperature‐related trends, we excluded the biomass

estimates when depth‐specific temperature data were not available

(n = 27 observations). To address common seasonal trends in zoo-

plankton biomass, we limited our biomass estimates to the sum of the

four most prevalent species of zooplankton during the period of

record (Cyclops scutifer 47% total biomass, Diaptomus pribilofensis 31%

total biomass, Daphnia longiremis 8% total biomass, Heterocope septen-

trionalis 6% total biomass). We applied a natural log‐transformation to

total biomass data to normalise the distribution, and we removed

three estimates determined to be outliers (>5 times the overall mean;

final n = 175 observations; mean n = 5.8 observation/year).

2.3.2 | Generalised additive modelling

We used generalised additive mixed models (GAMMs; Hastie & Tib-

shirani, 1990; Wood, 2006; Zuur, Ieno, Walker, Saveliev, & Smith,

2009) to capture the nonlinear dynamics of zooplankton biomass

across the growing season. Due to the observed unimodal pattern of

these data, we a priori decided to model zooplankton biomass across

day of year (DOY) using a cubic regression spline smoothing func-

tion. Lake temperatures also exhibit a nonlinear pattern throughout

the ice‐free period, and our primary interest was to predict how zoo-

plankton biomass might change in a warmer climate. Therefore, we

included temperature as a covariate to fit seasonal trends across the

growing season and to predict zooplankton biomass across the

growing season under various temperature scenarios.

Zooplankton biomass was modelled across DOY and temperature

using a generalised additive mixed‐effects model taking into account

the hierarchical structure of repeated samples within a year. We fit-

ted a generalised additive mixed‐effects model to predict zooplank-

ton biomass considering day of year (fit as a smoother) with the

random effect of year (categorical) (Equation (1)):

Log Biomassik ¼ αþ β1 þ sðDay of YeariÞ
þ Temperaturej þ ak þ ɛik ;

ak ∼ Nð0; σ2aÞ;
ɛik ∼ Nð0; σ2e Þ;

(1)

where Log Biomassik is the predicted zooplankton biomass for an

observation on day i, during year k, in which s(Day of Yeari) is a

cubic regression spline smoothing function, Temperaturej is the pre-

dicted lake temperature at depth j from Equation (2), ak is a categori-

cal random effect among years, and εik is the residual. The random

effects ak and residuals εik are normally distributed with a mean of 0

and variance σ2. These analyses were performed using the gam()

function in the “mgcv” package version 1.8‐9 (Wood, 2011) of R

version 3.3.2 (R Development Core Team, 2016).

To characterise the effect of variable annual temperatures and

predict zooplankton biomass in a warmer climate, we used the range

of observed lake temperatures during the period of record as poten-

tial scenario end members. For the overall observed ice‐free period,

we binned observations by 5‐day windows (n = 21) and selected the

warmest and coldest temperature within each bin, and repeated the

process for depths 1, 3, 5, 8 m. We then fit generalised additive

models for each depth to develop continuous estimates of tempera-

ture at depth across the growing season (Equation (2)):

Temperaturej ¼ αþ sðDay of YeariÞ þ ɛ ðjÞ; (2)

ɛj ∼ Nð0; σ2Þ;

where Temperaturej is the depth‐specific temperature for observa-

tion j in which s(Day or Yeari) is a cubic regression spline smoothing

function, α is the intercept, and εj is the normally distributed residual

error with a mean of 0 and variance σ2. From these models, we

predicted depth‐specific daily temperatures from DOY 163–269
(June 12 to September 26).

We selected the best model incorporating depth‐specific temper-

atures using a backwards stepwise procedure using BIC. We com-

bined the zooplankton model (Equation (1)) with our thermal

extremes (Equation (2)) to simulate seasonal zooplankton biomass

under the coldest and warmest observed thermal conditions. GAMM

scenario predictions with nonoverlapping ±2 SE estimates are con-

sidered significantly different.

3 | RESULTS

3.1 | Predicting seasonal invertebrate biomass from
laboratory mesocosm experiments

3.1.1 | Zooplankton

We observed distinct seasonal patterns across and within the three

experiments in overall Daphnia abundance (counts of [i.e. the sum]

of all Daphnia individuals and eggs) and when considering individuals

and eggs separately (Figure 1). However, we did not observe differ-

ences in Daphnia individual size across experiments and treatments.

For example, in the early season experiment, mean length (mm ± 2

SE) in the control was 1.71 ± 0.10 and 1.67 ± 0.09 (t = 0.59, df =

220, p = 0.55). During the early season experiment, in contrast to

our hypotheses, total Daphnia abundance was significantly greater in

the control relative to the increased temperature treatment

(t = 2.96, df = 5.4, p = 0.03). Replicate Daphnia individual counts in
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the control ranged from 208 to 410 individuals (mean = 346.8) and

Daphnia egg counts ranged from 1 to 107 eggs (mean = 26.8), while

in the increased temperature treatment counts ranged from 248 to

294 individuals (mean = 265.5) and 0–12 eggs, respectively (mean =

4.3). During the mid‐season experiment, which also included the

increased temperature × photoperiod treatment, our Daphnia egg

and individual counts varied significantly across treatments (F = 5.72,

df = 2, p = 0.01); however, in the increased temperature and

increased temperature × photoperiod treatments, we observed sig-

nificantly greater Daphnia abundance relative to the control, which

supported our first hypothesis (mean = 376 and 342 vs. 191;

p = 0.01 and 0.05). In the late season, relative to the first two exper-

iments, we observed decreased overall Daphnia abundance across all

treatments, and overall abundance in the increased tempera-

ture × photoperiod treatment was slightly increased relative to the

control (mean = 83.5 vs. 47.7; p = 0.12). However, in accordance

with our second hypothesis, the counts for individual Daphnia were

significantly greater in the increased temperature × photoperiod

treatment relative to the control (mean = 69.7 vs. 27.2; p = 0.04).

Counts for individual Daphnia were variable in the increased temper-

ature treatment (n = 17–106 individuals), but included the two most

numerous replicates (n = 102, 106 individuals).

3.1.2 | Snails

Nearly all snail production occurred during the early season experi-

ment (>99%; Figure 2). While overall abundance of juvenile snails

and eggs did not differ between the control and increased tempera-

ture treatment (t = −0.85, df = 6.9, p = 0.42), development of snail

offspring occurred significantly quicker in the increased temperature

treatment. At the end of the early season trail, in accordance with

our first hypothesis, we observed more juvenile snails in the

increased temperature treatment (mean = 50.7 vs. 19; p < 0.01).

Adult snail biomass and survival were variable within and across

treatments and experiments (Figure 3). In the early season

F IGURE 1 Abundance of adult Daphnia (top), Daphnia eggs
(middle) and total Daphnia (adults + eggs; bottom) as measured in
three treatments across three mesocosm experiments (Early = June
22—July 22, Mid = July 23–August 22, Late = August 24–September
23) conducted at Toolik Field Station, Alaska, in 2015. Open circles
are observations outside of the range of the whiskers
(±1.5 × interquartile range). Note: There was not an increased
temperature × photoperiod treatment for the early season
experiment because sunlight is unlimited

F IGURE 2 Juvenile snails hatched (top), eggs produced (middle)
and total new snail abundance (juveniles + eggs; bottom) as
measured in three treatments (control = white, increased
temperature = light grey, increased temperature × photoperiod = N/
A) across three mesocosm experiments (Early = June 22–July 22,
Mid = July 23–August 22, Late = August 24–September 23)
conducted at Toolik Field Station, Alaska, in 2015. Open circles are
observations outside of the range of the whiskers
(±1.5 × interquartile range). Note: There was not an increased
temperature × photoperiod treatment for the early season
experiment, and no snails were produced during the late season
experiment
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experiment, “change in biomass (%)” was significantly greater in the

control relative to the increased temperature treatment (mean %

change = +2.45 vs. −14.93; t = 4.58, df = 16.5, p < 0.001), while

survival was relatively low for both treatments (40% for control and

increased temperature treatment). In the mid‐season experiment,

change in biomass was significantly different across treatments

(f = 12.09, df = 2, p < 0.001). In the increased temperature × pho-

toperiod treatment, change in biomass was significantly greater rela-

tive the control (mean % change = +7.47 vs. +0.30; p = 0.04), but

snails in the increased temperature treatment lost significantly more

biomass relative to the control (mean % change = −12.30 vs. +0.30;

p = 0.005). Adult snail survival was relatively high for all treatments

following the mid‐season experiment (control = 92%, increased tem-

perature = 79%, increased temperature × photoperiod = 79%). Adult

snail biomass exhibited a similar pattern for the late season experi-

ment (f = 5.05, df = 2, p = 0.009). In the increased tempera-

ture × photoperiod treatment, biomass was elevated relative to the

control (mean % change = +9.37 vs. +2.08; p = 0.07) while overall

biomass decreased in the increased temperature treatment relative

to the control (mean % change = −1.94 vs. +2.08; p = 0.22). Adult

snail survival also remained high for all treatments following the late

season experiment (control = 96%, increased temperature = 96%,

increased temperature × photoperiod = 92%).

3.2 | Predicting seasonal zooplankton biomass from
long‐term data

Using a backwards stepwise model selection process, our best model

to predict zooplankton biomass included a temperature effect for

depth‐specific temperatures at 3 m (R2 adjusted = 24.9, n = 173;

Table 1). This top model produced an intercept of 12.94 ± 0.29,

significant smoother of DOY (edf = 3.46, p < 0.001). While the

temperature coefficient (0.03 ± 0.02) was not statistically significant

(t = 1.31, p = 0.19), the model predicted change in zooplankton

biomass across temperature may be biologically significant. Indeed,

statistical significance can be attributed to a lack of pattern or high

uncertainty. To this end, we simulated zooplankton biomass (plus

uncertainty) across day of year under high‐ and low‐temperature

regimes (including uncertainty) to evaluate whether the observed

range of temperature regimes may have ecological consequences in

arctic lakes (Figure 4).

Using generalised additive models (GAMs) as described in Equa-

tion (1), our predicted temperatures at 3 m explained 96.7% of the

deviance in observations for a cold year (R2 adjusted = 94.9%,

n = 21) and 93.6% of the deviance for a warm year (R2 adjusted =

91.8%, n = 21; Figure 4). Across our modelled period (DOY 163–
269), the mean temperature at 3 m (°C ± 2 SE) was 9.62 ± 0.41 for

an average year, 7.33 ± 0.38 for a cold year and 11.70 ± 0.62 for a

warm year. At maximum temperature differences, a warm year was

2.85°C warmer than an average year and a cold year was 4.36°C

colder than an average year.

When applying these predicted temperatures to GAMM models

as described in Equation (2), we predicted standing stock of available

zooplankton biomass for an average, cold and warm year (Figure 4).

Across our modelled period, mean available daily zooplankton bio-

mass (mg/L ± 2SE) for a given day was 17.27 ± 1.16 in an average

year, 15.99 ± 1.18 for a cold year and 18.60 ± 1.18 for a warm year.

Thus, across a cold year, daily available zooplankton biomass could

be as much as 19.6% less than an average year, while across a warm

year, daily available zooplankton biomass could be as much as 18.5%

greater than an average year, which supports our third hypothesis.

At maximum temperatures for each scenario, daily available zoo-

plankton biomass (mg/L ± 2 SE) in an average year is predicted as

F IGURE 3 Change in adult snail biomass (% change, g) as
measured in three treatments (control = white, increased
temperature = light grey, increased
temperature × photoperiod = dark grey) across three mesocosm
experiments (Early = June 22–July 22, Mid = July 23–August 22,
Late = August 24–September 23) conducted at Toolik Field Station,
Alaska, in 2015. Adult snail survival is represented by black stars.
Open circles are observations outside of the range of the whiskers
(±1.5 × interquartile range). Note: There was not an increased
temperature × photoperiod treatment for the early season
experiment

TABLE 1 General additive mixed model backward selection
results

Model BIC ΔBIC LL

Temp3 376.32 0 −172.73

Temp1 377.07 0.75 −173.11

Temp1 + Temp3 384.98 8.66 −174.52

Temp1 + Temp3 + Temp5 392.32 16 −175.66

Temp1 + Temp3 + Temp5 + Temp8 (full) 401.72 25.4 −177.83

Notes. All candidate models included a smoother of day of year (DOY)

and the random effect of year. The number following “Temp” is the

depth (m) of the temperature. Shown with Bayesian information criterion

(BIC) value with ΔBIC is the difference in BIC values from the most

supported model, and LL is the log likelihood.
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26.26 ± 1.10, 23.90 ± 1.13 for a cold year and 28.74 ± 1.13 for a

warm year.

4 | DISCUSSION

In a future, warmer climate, changes to invertebrate prey availability

and biomass, coupled with changes in seasonality (e.g. ice‐on/ice‐off
dates) will create responses that cascade through lake food webs

(Straile, 2002). We used laboratory mesocosm experiments coupled

with long‐term observations of zooplankton biomass to predict the

response of invertebrate prey to a warmer climate. In our experi-

ments, we generally confirmed our hypotheses of increased

invertebrate biomass and availability; however, these increases were

inconsistent across experiments and treatments. Changes in snail

biomass and numbers, as well as zooplankton biomass, varied across

treatments of increased temperature and increased tempera-

ture × photoperiod. In our models, we predicted ecologically impor-

tant differences in total zooplankton biomass based on lake

temperature.

We found increased temperature had a positive effect on snail

development in the early season, indicating that earlier ice‐off of arc-
tic lakes would result in an increase in the snail populations earlier in

the growing season, which could continue through the growing sea-

son. Benthic prey items are often important for fishes in colder peri-

ods prior to summer, when pelagic (e.g. zooplankton) and terrestrial

items are less numerous (Amundsen & Knudsen, 2009). In temperate

lakes, earlier spring break‐up of lake ice has already been observed

(Magnuson et al., 2000) and could be expected in the Arctic in

response to a warmer climate. On the other hand, increased insula-

tion of lake ice by increased snow cover under warmer winter condi-

tions could negate earlier ice‐off (Meehl et al., 2007). In either

scenario, the cumulative effects of lake warming across continuous

years should be further studied for this species in particular as it

may require more than 1 year to complete its life cycle. Nonetheless,

our findings suggest the timing of ice‐off and early season warming

could directly affect the life history and abundance of snails in arctic

lakes at the population level, but warming could affect individual bio-

mass of adults.

In all experiments, adult snails lost weight in increased tempera-

ture treatments, and biomass was significantly decreased relative to

the control. In the early season, this could arise from alternative

energy allocation due to reproduction and a loss of biomass from

oviposition of eggs (e.g. earlier development in warmer tempera-

tures; Leicht, Jokela, & Seppala, 2013). In the mid‐ and late season,

as well as the early season, decreased snail biomass in increased

temperature treatments could also be an artefact of increased meta-

bolism and food limitation (Britton & McMahon, 2004). While we

did not specifically measure food availability (e.g. periphyton) in our

experiment, adult snail biomass in increased temperature × photope-

riod treatments increased, suggesting in the absence of light limita-

tion, food may not have been limiting. However, as light (e.g. length

of day) will not change, snails could be adversely affected by warmer

temperatures if food is limiting (i.e. our adult snail biomass observa-

tions in control vs. increased temperature treatment), which could be

determined by run‐off and nutrient availability during thaw events

Hobbie & Chapin, 1996).

Aside from light limitation, primary production is likely to

increase in a warmer climate if nutrients increase (e.g. Trochine,

Guerrieri, Liboriussen, Lauridsen, & Jeppesen, 2014 but see Daniels

et al., 2015). However, the timing of altered nutrient availability, and

thus primary productivity, could vary seasonally and affect dynamics

of the pelagic food web. When earlier ice‐off results in earlier spring

algal blooms, zooplankton, especially Daphnia, shift towards earlier

emergence and increased abundance (e.g. Caceres & Schwalbach,

2001; Preston & Rusak, 2010). Further, earlier warming that results

F IGURE 4 Top: Generalised additive model predictions of lake
temperature at a depth of 3 m in Toolik Lake, Alaska, for a warm
year (red; R2 = 0.91) and cold year (blue; R2 = 0.94) as a function of
day of year (p < 0.001) based on minimum and maximum observed
temperatures within 5‐day windows (n = 21) across the period of
record (Date = 12 June–26 Sept; DOY = 163–269). Dashed lines are
± 2 SE. Grey points are all temperature observations from 1987 to
2015 (n = 175). Bottom: Generalised mixed‐effects additive model
predictions (R2 = 0.25, edf = 3.64) of standing stock zooplankton
biomass in Toolik Lake, Alaska, for a warm year (red) and cold year
(blue) as a function of day of year (p < 0.001) and lake temperature
(p = 0.19) at 3 m with random effect of sample year. Dashed lines
are ±2 SE. Grey points are all observed measures of zooplankton
biomass from 1987 to 2015 (n = 175)
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in strengthened summer stratification may decrease nutrient flux

into surface waters from deeper water accumulations, which could

limit phytoplankton and zooplankton during typically peak periods

(e.g. mid‐summer; Winder & Sommer, 2012). Accordingly, when turn-

over occurs later in the season, nutrients, and thus phytoplankton,

could be available later in the season for zooplankton (Noges et al.,

2010). Many studies have focused on earlier ice‐off and spring

blooms of both phytoplankton and zooplankton (e.g. Adrian, Wil-

helm, & Gerten, 2006; Preston & Rusak, 2010); however, ice‐on and

late season production is less understood (but see Dokulil & Herzig,

2009).

In more temperate, eutrophic systems, Daphnia respond readily

with warmer early season temperatures (Adrian et al., 2006; Schalau,

Rinke, Straile, & Peeters, 2008). In our experiment, Daphnia exhibited

decreased abundance in the early season under warmer tempera-

tures. As our experimental set‐up did not include an increase in early

season primary production, Daphnia may not have responded as

expected, as food quantity and quality is a dominant driver of zoo-

plankton dynamics (Van Geest, Spierenburg, Van Donk, & Hessen,

2007). As with any mesocosm experiment, we cannot rule out

potential influences of the mesocosm environment (e.g. laboratory

setting, lake water) on our outcomes (Carpenter, 1996). Our control

represents the conditions in Toolik Lake as best replicated in the lab-

oratory, but cannot replicate conditions found in nature. For exam-

ple, other experimental studies have observed zooplankton increases

with temperature are usually in accordance with nutrient loading, a

factor not manipulated here (Feuchtmayr et al., 2010). Nonetheless,

the lack of difference in chl‐a among treatments and control, and

the similarity to Toolik Lake water gives us some confidence in our

experimental results, in terms of treatments relative to control.

In our mid‐season experiment, we observed increased Daphnia

abundance relative to the control with increased temperatures (in-

creased temperature and increased temperature × photoperiod treat-

ments), which is supported by long‐term data as well (Figure 4).

Chlorophyll a measurements were similar to the early season, but

observed numeric responses of Daphnia could illustrate grazer con-

trol of phytoplankton. Due to relatively short development periods,

Daphnia can respond rapidly and increased abundance can occur in

just a few days (Goss & Bunting, 1983), while we might not expect

similar responses in multistage species (Adrian et al., 2006; Sorf et

al., 2015). Further, an energetics study of D. middendorffiana from

the Toolik Lake region suggested optimal performance at 14°C,

which was the maximum temperature of our increased temperature

and increased temperature × photoperiod treatments (Yurista, 1999).

Should temperatures increase beyond 14°C under a future climate,

this particular species could be limited physiologically if they do not

rapidly adapt (but see Geerts et al., 2015; Przytulska, Bartosiewicz,

Rautio, Dufresne, & Vincent, 2015).

At Toolik Lake, a 5°C increase in air temperature is predicted to

result in 2°C increase in epilimnetic lake temperature and a seven‐
week increase in the ice‐free growing season (Hobbie et al., 1999).

For our experiment in the late season, overall Daphnia abundance in

all treatments decreased relative to early and mid‐season

experiments; however, increased temperature and light appear to

increase biomass in the late season (increased temperature × pho-

toperiod; Figure 1). Although zooplankton responds to early season

temperature, food availability and light (e.g. Adrian et al., 2006; Win-

der & Sommer, 2012), we require a better understanding of how late

season dynamics could affect zooplankton abundance and/or senes-

cence. Recent late season sampling of Toolik and other surrounding

lakes suggest primary production persists longer into autumn than

previously thought (Budy, LTER unpublished data), which could be

fuelled by nutrient fluxes from lake turnover (e.g. Noges et al.,

2010). Our experimental results suggest light and/or temperature

may prolong zooplankton availability. However, the increased Daph-

nia abundance we observed in the treatments relative to the control

could signify increased male production in preparation for sexual

resting egg production, which may be influenced by a temperature,

light or the interaction of temperature and light (Korpelainen, 1986).

Further, species‐specific adaptations to warmer autumn periods

could result in increased overall biomass or further annual develop-

ment (e.g. copepods; Gerten & Adrian, 2002), potentially leading

towards increased zooplankton biomass into winter and the next

season (e.g. Dokulil & Herzig, 2009).

From our statistical models of historic observations, we observed

a typical unimodal peak of zooplankton biomass in summer for Too-

lik Lake, similar to other high latitude lakes (e.g. De Senerpont Domis

et al., 2013; Figure 4). The warm year we modelled from observa-

tions over the last 30 years resulted in a 2.9°C increase in lake tem-

perature relative to an average year at a depth of 3 m (Figure 4).

This increase in temperature is predicted to increase zooplankton

biomass by up to nearly 20% in a warm year relative to an average

year, and 25% relative to a cold year. However, because Toolik Lake

contains fish, a paradox exists using observed data of standing stock

zooplankton biomass integrated throughout the water column as

large‐bodied zooplankton are often absent from systems with fishes

(Yurista & O'Brien, 2001). In other words, because fish eat zooplank-

ton, changes to total production of zooplankton in a warmer year

are likely masked by increases in consumption by fish to meet their

metabolic demands.

In warmer years across the period of record, increased fish con-

sumption due to increased lake temperatures and metabolic demand

may not quantitatively represent zooplankton abundance (e.g. pro-

duction). Using simple egg ratio production models (Edmondson,

1968; Paloheimo, 1974) and our modelled temperatures, we could

expect abundance of some species to increase further. In warmer

years relative to a colder years, Daphnia abundance could increase

up to 29.2% and up to 40.5% for Cyclops scutifer. Our laboratory

experiments, at similar temperature increase (c. 4°C), indicate the

Daphnia could increase by nearly 50%. Thus, our model predictions

of zooplankton biomass increases in warm years may be conserva-

tive based on actual increased fish consumption of increased zoo-

plankton production. In previous work, we used similar “cold” and

“warm” year observations, with scenarios of 5°C increased water

temperatures to model the increase in consumption of fish based on

bioenergetics (Budy & Luecke, 2014). Bioenergetic estimates of fish
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consumptive demand increased 23%–34% relative to a cold year and

10%–13% relative to a warm year. Our predictions of potential zoo-

plankton biomass increases fall within this realm, especially if these

estimates are conservative. However, further mechanistic study of

species‐specific responses would improve our understanding of

abundance versus selectivity for invertebrate prey biomass as fish

food.

Overall, we show abundance and thus availability of arctic lake

invertebrates will likely respond positively to a warmer climate based

primarily on temperature and seasonality. As invertebrates are extre-

mely important prey for fish in arctic lakes, especially given the pres-

ence of relatively few prey fish, our findings suggest that top‐down

effects, such as increased consumptive demand of fish in warmer

arctic lakes, could be buffered by increased production at intermedi-

ate trophic levels. Accordingly, changes in lake temperature are not

likely to occur without changes in nutrient inputs (De Senerpont

Domis et al., 2013; Wrona et al., 2006), and thus, bottom‐up effects

could provide further food‐web resilience to a changing arctic

climate (Budy, Giblin, Kling, White, & Luecke, in prep). Additionally,

in fishless lakes, increased invertebrate prey is likely to be more

available for other invertebrate planktivores (e.g. Chaoborus), but the

response of invertebrate predators, regardless of food availability,

remains understudied. However, species‐specific responses will likely

vary, and given some disconnect between mesocosm experiments

and natural systems, future work with in situ and whole ecosystem

manipulation will lend further credence to our study (DeBoeck et al.,

2015). Beyond our work here, important questions remain regarding

the availability and accessibility to aquatic habitats under climate

change, which could have unknown effects across trophic levels. If

surface waters become disconnected between lakes (e.g. seasonal

drying of streams), or if temperature/oxygen squeezes become more

common or severe in lakes, shifting climate and hydrological regimes

are likely to disrupt food‐web interactions by limiting food resources

and/or predator access to these resources (Hobbie & Kling, 2014).

As lakes in arctic Alaska provide valuable subsistence fish resources

for local communities (e.g. Pedersen & Hugo, 2005) and harbour

highly adapted natives species (e.g. Gilg et al., 2012), continuing to

understand potential changes brought about by a warming climate is

important for the species that inhabit them, as well as the ecosystem

services they provide.
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