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Abstract
Predicting how organisms respond to climate change requires that we understand the temperature dependence of fitness in 
relevant ecological contexts (e.g., with or without predation risk). Predation risk often induces changes to life history traits 
that are themselves temperature dependent. We explore how perceived predation risk and temperature interact to determine 
fitness (indicated by the intrinsic rate of increase, r) through changes to its underlying components (net reproductive rate, 
generation time, and survival) in Daphnia magna. We exposed Daphnia to predation cues from dragonfly naiads early, 
late, or throughout their ontogeny. Predation risk increased r differentially across temperatures and depending on the tim-
ing of exposure to predation cues. The timing of predation risk likewise altered the temperature-dependent response of T 
and R0. Daphnia at hotter temperatures responded to predation risk by increasing r through a combination of increased R0 
and decreased T that together countered an increase in mortality rate. However, only D. magna that experienced predation 
cues early in ontogeny showed elevated r at colder temperatures. These results highlight the fact that phenotypically plastic 
responses of life history traits to predation risk can be strongly temperature dependent.

Keywords Climate change · Fecundity · Life history · Mortality · Reproduction · Survivorship

Introduction

Global climate change is leaving an indelible mark on the 
ecology of organisms worldwide (Walther et  al. 2002; 
Parmesan 2006; Poloczanska et al. 2013). Organisms can 
respond to climate change through rapid evolutionary and/
or developmental changes in morphology, behavior, and life 
history (Reale et al. 2003; Knies et al. 2006, 2009; Charman-
tier et al. 2008; Angilletta et al. 2010; Anderson et al. 2012; 
Charmantier and Gienapp 2014; Tseng and O’Connor 2015; 

Seebacher et al. 2015; Padfield et al. 2016; Schaum et al. 
2017). Furthermore, changing thermal regimes associated 
with climate change influence virtually all aspects of natural 
systems, because biological processes are dominated by the 
effects of temperature (Ernest et al. 2003; Brown et al. 2004; 
Kerkhoff et al. 2005; Kingsolver 2009; DeLong et al. 2017). 
While the temperature dependence of fitness is of interest 
for projecting the effects of climate change (Deutsch et al. 
2008; Vasseur et al. 2014; Sinclair et al. 2016), the traits 
that determine fitness occur within the context of natural 
food webs and are simultaneously altered and constrained 
by temperature and other factors (e.g., predation, allocation 
trade-offs) (Luhring et al. 2018).

Predation and predation risk strongly influence prey evo-
lution, development, morphology, behavior, and life history 
(Reznick and Endler 1982; Lima and Dill 1990; Stibor 1992; 
Van Buskirk and Schmidt 2000; Benard 2004; Lind and 
Cresswell 2005; Grigaltchik et al. 2012, 2016; Seebacher 
and Grigaltchik 2015; Tseng and O’Connor 2015; Luhring 
et al. 2016). Furthermore, predators shape prey demography 
and dynamics through both the lethal effects of predation 
and the effects of predation risk on prey behavior and phe-
notypes (Pangle et al. 2007; Creel and Christianson 2008; 
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Zanette et al. 2011). Prey can respond to changes in their 
perceived likelihood of mortality (e.g., environmental con-
ditions, predation risk) by altering the timing of and effort 
put into reproduction (Roitberg et al. 1993; Beckerman et al. 
2007, 2010). Although there are myriad studies of how life-
histories change with temperature or predation risk (Riessen 
1999; Atkinson et al. 2001; Benard 2004; Angilletta 2009; 
Walsh et al. 2014), only a few recent studies investigate their 
combined effects across a temperature gradient (Katzen-
berger et al. 2014; Culler et al. 2014; Seebacher and Gri-
galtchik 2015; Grigaltchik et al. 2016; Luhring and DeLong 
2016; Luhring et al. 2018).

Changes in fitness with temperature can provide prom-
ising insight into the long term effects of climate change 
(Lynch and Gabriel 1987; Gilchrist 1995; Angilletta 2009; 
Sinclair et al. 2016). For example, the temperature depend-
ence of fitness has been used to predict the effects of differ-
ent potential future climates (Deutsch et al. 2008; Vasseur 
et al. 2014; Sinclair et al. 2016). This approach uses thermal 
performance curves (TPCs) (a reaction norm) to measure the 
nonlinear effect of temperature on fitness (Angilletta 2009; 
Kingsolver 2009). However, an implicit assumption of this 
work is that the TPC for a given species is a robust indicator 
of the thermal dependence of fitness in all ecological set-
tings (Angilletta 2009; Sinclair et al. 2016). This assump-
tion of TPC immutability is contradicted by clear changes 
in TPCs due to evolution (Padfield et al. 2016; Schaum 
et al. 2017), latitude (DeLong et al. 2018), previous ther-
mal exposure (Schulte et al. 2011; Seebacher et al. 2015; 
Luhring and DeLong 2017; Kremer et al. 2018), nutrient 

limitation (Thomas et al. 2017), and responses to predation 
risk (Luhring and DeLong 2016).

Here, we focus on how predation risk alters TPCs to 
elucidate how responses to ecological context vary with 
temperature. To understand the temperature dependence of 
responses to predation risk, we must be able to first account 
for the underlying nonlinear response of life history traits to 
temperature. There are three general ways in which preda-
tion (or any ecological factor) can change trait TPCs (see 
Schulte et al. 2011). (1) a vertical shift whereby the trait is 
increased or decreased equally across all temperatures, indi-
cating that predation has a temperature-independent effect 
on the entire curve (Fig. 1a); (2) a horizontal shift whereby 
the underlying temperature dependence of the trait is shifted 
hotter or colder, but the shape of the TPC is not altered, 
indicating that predation causes acclimation of the trait to a 
new temperature (Fig. 1b); or (3) a change in the shape of the 
TPC whereby there is an unequal effect of predation risk on 
the trait across temperatures, indicating that predation has a 
temperature-dependent effect (Fig. 1c).

R0 and r differ in their underlying temperature depend-
ence (Huey and Berrigan 2001) and their suitability as a 
measure of fitness given ecological and demographic con-
texts (Roff 1992). The widely used intrinsic rate of popu-
lation increase (r) integrates the effects of key life history 
traits (age at reproduction, fecundity, survival) with respect 
to time (Roff 1992). As such, it is a useful measure for inte-
grating the combined effects of predation risk and tempera-
ture which alters not only reproductive effort but also the 
timing of reproductive events (Stibor 1992; Beckerman et al. 
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Fig. 1  Changes to a thermal performance curve (TPC) caused by 
response of a trait (e.g., r) to change in ecological context (e.g., pre-
dation). Trait r TPCs without predation risk (solid black line and 
filled circles) can shift vertically (a) if predation causes a consistent 
increase across all temperatures, b shift the TPC horizontally, or c 
change the actual shape of the TPC if the effects of predation on r 
are dependent on temperature (i.e., predation does not have a consist-

ent effect across temperature). The bottom row highlights perceived 
temperature-dependent patterns that arise from measuring the nonlin-
ear TPC at two discrete points (e.g., temperature 1 vs. 2, 1 vs. 3, or 2 
vs. 3). Within each example (a–c), three different outcomes are seen 
in the perceived temperature dependence of the two curves and their 
interactions that are wholly dependent on the temperatures selected 
for comparison
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2007). We measured how predation risk affected r, net repro-
ductive rate (R0), generation time (T), and survival (S) of a 
clonal population of Daphnia magna across a range of tem-
peratures. Daphnia is an ecologically important freshwater 
consumer with life histories that show plastic responses to 
temperature and predation risk (Riessen 1999; Giebelhausen 
and Lampert 2001; Luhring et al. 2018). We also tested the 
temperature dependence of trait responses to predation 
risk experienced before and after maturation (first clutch), 
because phenotypically plastic responses change across 
ontogeny (Hoverman and Relyea 2007) and predation risk 
in natural environments varies across time and space (Tolon 
et al. 2009).

We raised D. magna at seven temperatures ranging from 
11 to 33 °C under four different predation risk treatments 
that varied in the timing of exposure to predation risk during 
ontogeny: (1) control (no risk cues), (2) early exposure (risk 
cues from day 1 to 7), (3) late exposure (risk cues from day 
7 to 21), and (4) constant exposure (risk cues from day 1 to 
21). Late and early predation exposure treatments allowed us 
to investigate the temperature dependence of phenotypically 
plastic responses to predation risk that were experienced 
prior to or immediately after their first clutch. Daphnids 
respond to predation risk from non-gape-limited predators 
by decreasing time to reproduction (increased likelihood 
of reproducing prior to being consumed) and or increasing 
the number of offspring they produce per clutch (increased 
likelihood that at least one offspring will survive to repro-
duction) (Stibor and Luning 1994; Reede 1995; Sakwińska 
1998; Riessen 1999; Luhring et al. 2018). Predator-induced 
phenotypically plastic changes in r are the outcome of 
changes in life history traits that have varying responsive-
ness to predation risk (Boersma et al. 1998), and are both 
temperature dependent and connected through temperature-
dependent trade-offs (Luhring et al. 2018). Thus, we pre-
dict that while D. magna will respond to predation risk by 
increasing r, their ability to elevate r will vary across tem-
perature (e.g., Fig. 1c). Furthermore, we expect this response 
will be the consequence of temperature-dependent effects of 
predation risk on the underlying traits T, R0, and S.

Methods and materials

Study organism and husbandry

Prior to the experiment, D. magna clonal stocks (originally 
isolated from Kaimes Farm, Leitholm, Scottish Borders, 
2°20′43″W, 55°42′15″N) were maintained at 17 °C on a 16:8 
light:dark cycle and fed Chlamydomonas reinhardtii (CPCC 
243) at 0.1 mg C/mL. To standardize maternal effects, indi-
vidual D. magna were maintained under the above condi-
tions for three generations after which third brood neonates 

were collected within 24 h of birth and assigned at random to 
experimental treatments. During the experiment, D. magna 
were maintained in 30 mL glass vials containing 25 mL of 
COMBO (absent of nitrates and phosphates to control for 
bacterial contamination), a standardized media for Daphnia 
husbandry (Kilham et al. 1998).

Predator cue production

A mixed species community of odonates (mostly libellulids) 
were collected from a nearby freshwater pond on the Spring 
Creek Audubon Center in southeastern Nebraska (Novich 
et al. 2014; Luhring and DeLong 2016). Prior to the experi-
ment, a mixed age-size stock of D. magna (N = 340) were 
placed in 2.04 L of COMBO media with odonates (N = 17, 
~ 10–15 mm total length) for 24 h. Odonates consumed 
nearly all D. magna provided to them while presumably 
producing a variety of olfactory cues consistent with preda-
tion events (e.g., kairomones, alarm cues). After the 24 h 
period, the cue-laden COMBO (hereafter “cue”) was fil-
tered through 63 μm sieves to removed particulate matter 
(e.g., feces, molts). All cue produced during the 24 h period 
(~ 4–5 replicate containers) was then combined into a single 
batch and gently mixed prior to being frozen in 50–200 mL 
aliquots to prevent cue degradation (Hickman et al. 2004; 
Crawford et al. 2012; Luhring et al. 2016). Three such 24 h 
batches of cue were produced prior to the experiment. When 
cue was needed for the experiment, equal amounts of cue 
from each of the three batches was thawed in lukewarm 
water baths prior to being combined in a master mix for 
distribution among the vials. By replacing the predation cue 
during every water change (see below), Daphnia in preda-
tion risk treatments experienced fresh pulses of cue three 
times a week.

Husbandry and measurements during experiment

Water changes (new COMBO and predation cues) were 
conducted every Monday, Wednesday and Friday over the 
course of the experiment (day 1 = Monday). Each experi-
mental vial was filled with 25 mL of COMBO (either with 
or without cue) combined with algae to reach 0.1 mg C/mL. 
To get algal concentration estimates prior to adding to vials, 
we created a dilution series, took fluorometer measurements 
and calculated the dry weight of the algae across the dilu-
tion series. We used 50% of the dry mass as a C estimate to 
then regress fluorometry readings with C content and then 
used those readings to calculate how much of that day’s 
algal culture was needed to bring the 25 mL of COMBO 
to 0.1 mg C/mL. Within each vial, algae were added into 
5 mL of COMBO prior to adding 20 mL of COMBO with or 
without alarm cue (depending on treatment). All vials were 
acid washed and oven dried between transfers to prevent 
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transfer of predator cues among treatments. The experiment 
was conducted in 24 h dark to prevent algae from growing, 
thereby limiting differences in algal C across the treatments.

Experimental design

To assess the temperature dependence of phenotypically 
plastic responses to predation risk with respect to the timing 
of exposure during ontogeny, the experiment took place over 
two discrete intervals: (1) a “natal” period (days 1–7) and (2) 
a “TPC” period (days 7–21). During the natal period, all D. 
magna were maintained in 24 h dark at 17 °C across seven 
environmental chambers (Percival Intellus Ultra Control 
System). The natal period at 17 °C allowed us to incorpo-
rate the effects of temperature across a wider range of tem-
peratures as individuals raised at high or low temperatures 
from their birth would have either failed to reach maturity 
during the experiment (colder temperatures) or failed to sur-
vive to reproduce (hotter temperatures). Furthermore, the 
extended acclimation during the natal period allowed us to 
isolate the effects of predation risk on r, R0, T, and P. After 
water changes on day 7, the TPC period began and the seven 
environmental chambers were set to 11, 17, 23, 27, 29, 31, 
or 33 °C (chambers were randomly assigned temperatures). 
Treatments varied in the timing of exposure to predation 
cues: (1) Control—no predation cue during natal or TPC 
periods, (2) Early—exposure to predation cue during natal 
period only, (3) Late—exposure to predation cues during 
TPC period only, and (4) Constant—exposure to predation 
cues during both the natal and TPC periods. Each treatment 
was replicated ten times within each environmental chamber 
with each replicate being a single Daphnia magna housed 
in a 30 mL glass vial.

Daphnia magna were observed daily until broods were 
close to being born (day 8), after which they were checked 
twice daily for births and deaths on non-water change days 
(30 checks over 21 days). Clutch sizes were collected on 
water change days to minimize and standardize handling 
of adults. Offspring appearing in vials in successive days 
were combined into a single clutch and given the earliest 
observed birth date.

Data analysis

We calculated life history traits from measurements of sur-
vival and fecundity through time. Each day (x), we recorded 
whether each D. magna was alive and the number of off-
spring it produced since the last time point. We then esti-
mated age-specific survivorship (lx) (fraction of the initial 
number of individuals still alive at each time step) and age-
specific fecundity (mx) (average number of offspring born 
to a mother at each time step). Values of lx and mx were esti-
mated independently within each treatment-by-temperature 

combination. Net reproductive rate (R0), generation time (T), 
and intrinsic rate of increase (r) were calculated from lx and 
mx across the entire time period as follows (Stearns 1992):

Since this procedure would only produce single estimates 
of lx, mx, R0, T, and r, we used bootstrapping to generate con-
fidence intervals for these parameters. Specifically, at each 
time step (x) for each treatment-by-temperature combination, 
we resampled the individuals with replacement 1000 times 
(creating 1000 bootstrapped “populations” the same size as 
the starting population). We then computed lx, mx, R0, T, 
and r for this resampled population to generate confidence 
intervals.

In addition to measuring group-wise average age-specific 
survivorship (lx) as described above, we also analyzed indi-
vidual survivorship (S) during the TPC period using Cox 
proportional hazard models (Cox 1972) (N = 249). For Cox 
proportional hazard models, only individuals that were alive 
at the start of the TPC period were used in the analyses.

We analyzed the effects of temperature and predation 
cue on bootstrapped estimates of R0, T, and r with Gener-
alized Additive Models (GAMs) (Wood 2006) to account 
for the nonlinear effects of temperature (Kingsolver 2009; 
Amarasekare and Savage 2012; DeLong et  al. 2017). 
We created GAMs with the ‘gam’ function with cubic 
regression splines (‘mgcv’ package) (Wood 2006, 2015; 
R Core Team 2018). Each GAM was created with a tem-
perature term with a smoother and a treatment term that 
included a temperature smoother. The smoother term in 
the temperature term accounts for the nonlinear effects of 
temperature across treatments (i.e., the experiment-wide 
TPC) whereas the temperature smoother within the treat-
ment effect accounts for treatment-specific temperature 
dependence (i.e., deviations in shape from the experi-
ment-wide TPC). This approach allowed us to analyze all 
treatments together while accounting for the possibility 
that they each have different TPCs. Temperature smooth 
terms were initially set to three knots and treatment-
specific temperature smoothers were set to three knots. 
We checked GAMs with the ‘gam.check’ function and by 
plotting residuals prior to analysis through ‘anova.gam’ 
and ‘summary.gam’ (‘mgcv’ package). Only the GAM 
for r required an increase in the number of knots in the 
temperature term (k = 5). The increased number of knots 
needed for the r TPC temperature smooth term appeared 

(1)R0 =
∑

l
x
m

x
,

(2)T =
∑

(
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x
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.
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to be caused by a highly accelerated increase and decrease 
in r between 23 and 33 °C. All other GAM smoothers 
were sufficient at three knots (representing the simplest 
possible GAM).

We estimated effects of predation treatment and tem-
perature on survivorship (S) with Cox proportional haz-
ard models using the ‘coxph’ function in the R package 
“survival” (Therneau and Lumley 2017). Our initial 
model testing for the effects of temperature, treatment 
and their interaction on survivorship indicated a sig-
nificant interaction between temperature and treatment 
(Temperature:Treatment χ2 = 17.7, d.f. = 3, P =0.0005). 
This appeared to be driven by uniformly low mortality in 
the 11, 17, 23, and 27 °C groups. Analysis of this subset 
of temperatures showed that there were neither tempera-
ture (χ2 = 1.65, d.f. = 1, P =0.20) nor treatment (χ2 = 6.78, 
d.f. = 3, P  = 0.08) effects on survivorship curves. Each 
of the remaining three temperatures (29, 31, and 33 °C) 
was analyzed separately with ‘coxph’ with treatment as a 
predictor of survivorship. We then analyzed each single-
temperature Cox proportional hazard model with a post 
hoc Tukey test with the ‘glht’ function in the R package 
“multcomp” (Hothorn et al. 2017).

Results

Net reproductive rate

Net reproductive rate (R0) showed a strong unimodal 
response to temperature with a peak at intermediate tem-
peratures (~ 17–27 °C) (Fig. 2). Constant exposure to pre-
dation risk cues across ontogeny elevated R0 consistently 
across temperature, resulting in a phenotypically plastic and 
temperature-independent increase in R0 (Table S1) (Fig. 2). 
However, when predation risk was present only in the early 
or late parts of ontogeny, phenotypically plastic responses 
of R0 were temperature dependent (non-constant effect of 
predation risk on R0 across temperature) (Table S1) (Fig. 2). 
These temperature-dependent responses manifested as cold-
elevated R0 in early cue and hot-elevated R0 in the late cue 
treatments. At 11 °C, R0 was nearly three times higher in 
treatments that were exposed to predation risk cues in the 
natal period (days 1–7) (early cue; 12.6, 8.6–17.5; boot-
strap estimate, 95% CI) (constant cue; 11.4, 8.9–13.9) than 
treatments that did not (control; 3.9, 1.0–7.7) (late cue; 4.0, 
1.4–6.9). Conversely, R0 was higher at warmer temperatures 
in treatments where D. magna were exposed to cue later in 
ontogeny (late, constant cue) (Fig. 2). Although constant 
cue elevated R0 in both the colder and warmer portions of 

Fig. 2  Temperature dependence of net reproductive rate, R0, by pre-
dation exposure treatment. Each point depicts the mean of 1000 boot-
strapped populations drawn from 10 replicate D. magna resampled 
with replacement. Curves are predicted model fits from a GAM that 
incorporates both nonlinear temperature effects and treatment-specific 
temperature curves (GAM constructed from the entire dataset). Pre-

dation cues were presented prior to the assay temperature (Early), 
during the assay temperature (Late), or during both prior to and dur-
ing the assay temperature (Constant). The fit from the No Cue (con-
trol) treatment is provided as a reference (dashed line) on the three 
treatments receiving predation cues
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the curves in a manner consistent with the early and late 
cue treatments, respectively, it also induced consistently 
increased R0 at intermediate temperatures (17–29  °C) 
(Fig. 2).

Generation time

Generation time (T) generally decreased with temperature 
(Fig. 3). Exposure to predation cues during the natal period 
resulted in shorter overall generation times for the early 
and constant treatments (Table S1; Fig. 3). The control and 
early treatments had marginally significant treatment-spe-
cific temperature smooth terms (P < 0.1), which appeared 
to be related to their relatively more monotonic decrease 
across temperature (compared to a potentially more uni-
modal response in late and constant cue treatments). All 
treatments exposed to predation risk had shorter average 
generation times at 11 °C (Early: 18.5, 16.3–20.8; Late: 
17.9, 16.2–20.0; Constant: 16.8, 15.7–18.0 days; bootstrap 
estimate, 95% CI) than the control (21.7, 18.4–24.4).

Intrinsic rate of increase

The three treatments exposed to predation risk generally 
had higher overall population growth rates (r) (Table S1). 
The shape of the relationship between temperature and r 
changed depending on when D. magna were exposure to 

predation risk, indicating a temperature-dependent pheno-
typically plastic response to predation risk in r. The tem-
perature smooth term most closely follows the early and 
constant cue (non-significant treatment-specific temperature 
smooth terms), whereas smooth terms of control and late 
cue treatments had different shapes from the early and con-
stant treatment (Table S1) (e.g., Figs. 1c and 4). The strong 
peak of the late cue at hotter temperatures relative to colder 
temperatures most likely led to its smooth term significance.

As seen with R0, only D. magna exposed to predation risk 
cue during early ontogeny had higher r at colder tempera-
tures (Fig. 4). Predation risk at any point in their ontogeny 
resulted in higher r at warmer temperatures (27–31 °C), 
whereas predation risk during the TPC period (late and 
constant treatments) elevated r at the hottest temperature 
(33 °C). The slightly bi-modal TPCs produced by r GAM 
fits appears to be an artifact caused using all the treatments 
to fit the data when r peaks at cooler temperatures (Topt) in 
the control treatment compared to the three predation treat-
ments (Fig. 4). Because of the fitting artifact for r curves, we 
report the highest observed estimates of r (rmax) from boot-
strap estimates and associated temperature (Topt). Control D. 
magna showed a lower rmax (0.170, 0.153–0.185) at a colder 
temperature (23 °C) than early (rmax = 0.192, 0.134–0.245), 
late (rmax = 0.203, 0.152–0.246), and constant predation risk 
(rmax = 0.195, 0.105–0.268) treatments (Topt = 29, 31, and 
31 °C, respectively). In other words, predation risk at any 

Fig. 3  Temperature dependence of generation time, T, by preda-
tion exposure treatment. Each point depicts the mean of 1000 boot-
strapped populations drawn from 10 replicate D. magna resampled 
with replacement. Curves are predicted model fits from a GAM that 
incorporates both nonlinear temperature effects and treatment-specific 

temperature curves. Predation cues were presented prior to the assay 
temperature (Early), during the assay temperature (Late), or dur-
ing both prior to and during the assay temperature (Constant). The 
fit from the No Cue (control) treatment is provided as a reference 
(dashed line) on the three treatments receiving predation cues
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point in ontogeny shifted Topt 6–8 °C warmer and elevated 
rmax by 13–19% relative to the no cue control treatment.

Survival

Predation treatment and temperature had interactive effects 
on survivorship (S). At cooler temperatures (11–27 °C), S 
was uniformly high (Fig. 5). At 29 °C, all control individuals 
survived (excluded from analyses) and mortality accelerated 
(relative to cooler temperatures) in predation risk treatments. 
At 29 °C, individuals in the early exposure treatment died 
sooner than those in the late (z = − 2.7, P = 0.02) or constant 
predation risk (z = − 3.3, P = 0.003) treatments (Fig. 5). As 
the temperature reached 31 °C, treatments experiencing 
predation cues during the natal period showed more rapid 
mortality curves than the control (early vs. control; z = 3.4, 
P = 0.004) (constant vs. control; z = 4.0, P < 0.001) (Fig. 5). 
Individuals exposed to predation cues only during the TPC 
period (late treatment) showed an intermediate response 
with a higher rate of survival than the constant exposure 
treatment (z = 2.8, P = 0.03) (Fig. 5), but this was statistically 
indistinguishable from the remaining treatments. At the hot-
test temperature (33 °C), all individuals died by 10.2 days 
after the onset of the TPC period. Although mortality was 
rapid across all treatments at 33 °C, it was accelerated even 
more in D. magna that experienced predation cues during 

the natal period (relative to the control) in the early (z = 2.7, 
P = 0.04) and constant treatments (z = 2.6, P = 0.05) (Fig. 5).

Discussion

Predation risk differentially changed net reproductive rate 
(R0), generation time (T) and survival (S) across tempera-
ture and ontogeny. Thus, changes in r TPCs emerged from 
unique and often non-constant changes in life history trait 
TPCs. For this study, non-constant changes in TPCs indi-
cate that there are temperature-dependent constraints to 
phenotypically plastic trait change. Classic life history 
theory predicts that increasing size-independent mortality 
risk will favor decreased time to maturation (decreasing 
T) and increased investment in reproduction (elevating R0) 
at the cost of growth or survival (S) (Williams 1966; Roff 
1992; Stearns 1992; Ghalambor and Martin 2000). Indeed, 
we see these patterns in our experiment whereby predation 
risk decreased T, increased R0, increased r and was associ-
ated with decreased survival at hotter temperatures (Figs. 2, 
3, 4, 5). However, the magnitude of phenotypically plastic 
trait change for any given trait and the potential costs of 
that change in terms of survival (S) were strongly tied to 
temperature and timing of exposure to predation cues dur-
ing ontogeny.

Fig. 4  Temperature dependence of the intrinsic rate of increase, r, by 
predation exposure treatment. Each point depicts the mean of 1000 
bootstrapped populations drawn from 10 replicate D. magna resam-
pled with replacement. Curves are predicted model fits from a GAM 
that incorporates both nonlinear temperature effects and treatment-
specific temperature curves (GAM constructed from the entire data-

set). Predation cues were presented prior to the assay temperature 
(Early), during the assay temperature (Late), or during both prior to 
and during the assay temperature (Constant). The fit from the No Cue 
(control) treatment is provided as a reference (dashed line) on the 
three treatments receiving predation cues
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The magnitude of phenotypically plastic trait responses to 
predation risk showed strong trait-specific effects of temper-
ature and ontogeny. Phenotypically plastic traits vary in their 
ability to respond across ontogeny (Pigliucci 1998; Hover-
man and Relyea 2007), and are sensitive to simultaneous 
changes in multiple environmental gradients (Relyea 2004). 
In addition to having different underlying thermal depend-
ences (e.g., T decreases with temperature, R0 is unimodal), 
R0 and T responded differentially with respect to temperature 
and timing of predation risk. Responses of R0 to temperature 
and timing of exposure across ontogeny were consistent with 
plastic trait induction being hindered at colder temperatures 
and accelerated at warmer temperatures (later exposure 
raised R0 at hotter but not colder temperatures). Likewise, 
reversal of trait induction was hindered at colder tempera-
tures (early exposure to predator cues in ontogeny was evi-
dent only at colder temperatures). Together, this suggests 
phenotypically plastic trait changes may be more readily 
induced and reversed at warmer temperatures. Whereas R0 
showed temperature-dependent responses to predation risk 
that varied across ontogeny, changes in T were potentially 
temperature independent and only detected in D. magna 
exposed to predation cues prior to their first clutch. While 
both R0 and T responded to temperature and predation risk, 
the developmental window for changes in R0 appears to be 
less constrained than that of T.

Organisms may also adjust reproductive strategies in 
response to perceived mortality risk from predation (Mag-
nhagen 1990) and environmental cues (Roitberg et al. 1993). 
Predation risk alone increased background mortality rates 
at higher temperatures, potentially because of a tradeoff 
between survival and reproductive output or an increased 
survivorship cost in plastic trait changes. Although organ-
isms readily adjust their life histories and behaviors in 
response to changes in mortality risk from predation (Lima 
and Dill 1990; Riessen 1999), increases in temperature also 
elevate mortality rates (Savage et al. 2004; Amarasekare and 
Savage 2012). Overall mortality increased with temperature, 
but D. magna exposed to predation risk showed increased 
mortality at temperatures 2 °C colder than controls (29 vs. 
31 °C) and died younger than controls across the upper 4 °C 
of their TPCs (Fig. 5). However, even though predation risk 
accelerated mortality at hotter temperatures, it also increased 
r. This is because accelerated mortality rates were outpaced 
by increases in R0 and/or decreases in T. Although increased 
reproductive investment often comes at the cost of survivor-
ship (Stearns 1992), the potential survival cost of increas-
ing reproductive efforts (lowering T, increasing R0) may be 
minimal compared to the rapidly increasing probability of 
mortality at hotter temperatures.

Ectotherm fitness (r) TPCs change with ecological 
context (e.g., acclimation, latitude, predation, nutrients) 
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Fig. 5  Survivorship (S) curves (Cox proportional hazard models) for 
D. magna at increasing temperatures (left to right) exposed to pre-
dation risk at different times during their ontogeny (treatments) (for 
each curve N ~ 10). Survivorship curves are constrained to individual 
survival from the onset of the TPC period on day 14 when tempera-
ture treatments were started. Thus, “Days After Temperature” is the 

time of exposure to their temperature treatment. Control Daphnia did 
not experience predation cues. The remainder experienced predation 
cues during the Natal (Early) or TPC (Late) periods, or throughout 
the experiment (Constant). At 33  °C, early and constant treatment 
curves are identical
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(Deutsch et al. 2008; Grigaltchik et al. 2012; Seebacher and 
Grigaltchik 2015; Luhring and DeLong 2016, 2017; Thomas 
et al. 2017; DeLong et al. 2018). However, changes in r 
TPCs are ultimately linked to changes in individual traits 
that have their own reaction norms for temperature and 
ecological contexts. Thus, a life history approach to under-
standing how and why r TPCs change is needed to derive 
robust predictions of how, and how much, lab-derived r 
TPCs reflect organisms embedded within food webs. For 
example, warming and size-independent predation risk lead 
to early maturation at smaller sizes and increase r (Sibly 
and Atkinson 1994; Riessen 1999; Atkinson et al. 2001) and 
predation risk generally increased r across temperatures in 
D. magna. However, as we show, the response of r and its 
underlying traits to predation risk changed with temperature 
and exposure timing. This unequal response to predation 
risk across temperature points to a potential temperature-
dependent constraint on life history strategies (e.g., repro-
ductive allocation, offspring size versus number) (Luhring 
et al. 2018). In this study, size-independent predation risk 
increased r consistently at warmer temperatures while its 
effects at colder temperatures were dependent on whether 
D. magna had experienced predation cues early in ontogeny 
(Fig. 4). Overall, however, effects of size-independent pre-
dation risk cues on r were largely positive and synergistic 
with the effects of warming. Ecological pressures that lead 
to delayed maturation (Crowl and Covich 1990; Luhring 
and Holdo 2015), on the other hand, might be expected to 
become increasingly in conflict with temperature-dependent 
processes at warmer temperatures. For example, species 
under negatively size-dependent predation risk tend to delay 
reproduction and reach adulthood at larger sizes (Crowl and 
Covich 1990; Riessen 1999) which would result in responses 
to temperature and predation risk producing opposing pres-
sures. Likewise, decreased body size at warmer tempera-
tures would potentially increase vulnerability of ectotherms 
whose ability to withstand environmental disturbances 
(e.g., drought) is positively correlated with body size (e.g., 
Luhring and Holdo 2015). These examples highlight the 
importance of understanding how traits respond to changes 
in temperature across ecological contexts and the potential 
limits of phenotypic plasticity.

Changes in r TPCs caused by predation risk in this experi-
ment reflected the complex contributions of life history traits 
simultaneously responding to temperature and changes in 
ecological context. The step of linking r TPCs to the actual 
fitness of organisms in functioning ecosystems faces numer-
ous challenges such as understanding the extent of their plas-
ticity (Sinclair et al. 2016). For r, the underlying life history 
trait responses to ecological contexts of various taxa are well 
studied (Roff 1992; Stearns 1992; Riessen 1999). Likewise, 
it is appreciated that phenotypic plasticity should be incor-
porated into predictions of ectotherm responses to climate 

change (Riddell et al. 2018). However, our results clearly 
indicate that phenotypically plastic changes in r TPCs are 
driven by interacting life history traits with unique responses 
to temperature, ontogeny, and ecological context. Further-
more, the temperature dependence of phenotypic plasticity 
suggests the capacity of organisms to respond to ecologi-
cal contexts is constrained by their thermal environment. 
Thus, not only does temperature directly alter fitness through 
changes in life history, but also through the rapidity and 
magnitude of trait responses to the environment.
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