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While temperature is well known to affect many life history traits of ectother-
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mic organisms, any attempt to scale up these individual-level processes to
population-level consequences must assume a relationship between tempera-

ture and the strength of per capita density dependence. Yet, theory has made
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contrasting predictions about this relationship, and we still need clear experi-
mental tests to determine which relationship is realized in natural systems,
especially in heterotrophs. Here, we experimentally isolated and quantified
Handling Editor: Samuel B. Fey . . .
the thermal response of density dependence from the population dynamics
of the herbivore Daphnia pulex. We show that the strength of negative den-
sity dependence increased linearly with temperature, doubling every 7°C,
while the intrinsic growth rate of increase showed a humped shape relation-
ship. This difference caused a humped-shaped relationship of carrying capac-
ity with temperature, with a dramatic 50% decline at the highest
temperature. The results provide a sorely needed test of theory and highlight
the importance of accounting for thermal responses of indirect effects that
only emerge at the population level when forecasting the effects of global
warming. While warming temperatures may benefit the individual (via
increased growth and reproduction), our results reveal that warming still can
be a detriment to the population by strengthening density-dependent
processes.
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INTRODUCTION

Temperature is perhaps the most important environmental
factor that influences the performance of ectotherms.
It influences virtually all life-history traits of individ-
uals, including resource foraging rates and behavior,
metabolic rates, mortality, reproduction, and locomo-
tion (Atkinson, 1994; Dell et al.,, 2011; Huey, 1982;
Huey & Kingsolver, 1989). Yet, despite important

empirical and theoretical advances, there are still key
gaps in our understanding that make it difficult to scale
up thermal responses of individuals to predict the
dynamics of natural populations. One of these knowl-
edge gaps is the temperature dependence of intraspecific
competition (Gilbert et al, 2014; Uszko et al., 2017).
Knowing how density dependence responds to tempera-
ture is not only key to predicting whether populations
will increase or decrease with warming (ie., carrying
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capacity) but it also determines the potential for popu-
lation fluctuations, the risk of stochastic extinction
(Amarasekare, 2015), and the stability of
consumer-resource systems (O’Connor et al., 2011; Rall
et al., 2010; Uszko et al., 2017; Vasseur & McCann, 2005).
Indeed, any attempt to scale up temperature effects on
individual-level processes to population-level consequences
must assume a relationship between temperature and den-
sity dependence (Amarasekare, 2015; Bernhardt et al., 2018;
Gilbert et al., 2014; Savage et al., 2004). Yet, surprisingly lit-
tle is known about how this relationship looks in nature.
Theory has made a number of contrasting predictions
on how density dependence should scale with temperature
(Amarasekare & Coutinho, 2014; Bieg & Vasseur, 2024;
Lemoine, 2019; O’Connor et al., 2011; Savage et al., 2004;
Uszko et al., 2017; Vasseur & McCann, 2005) (Figure 1).
For instance, one hypothesis based on ecological theory
predicts that competition should be strongest at the optimal
temperature for reproduction since this coincides with the
greatest resource demand (Amarasekare & Coutinho, 2014;
Begon et al., 1986). Assuming that reproduction scales
unimodal with temperature (Amarasekare & Savage, 2012;
Simon & Amarasekare, 2024), this also suggests a

unimodal thermal response for intraspecific competition.
In contrast, metabolic-scaling theory predicts that the
strength of competition should increase monotonically
with increasing temperature (Savage et al., 2004). As meta-
bolic rates increase with temperature, resource demands
and acquisition also increase, which should strengthen
competition when resources are limited (Amarasekare &
Coutinho, 2014; Bernhardt et al., 2018; Savage et al., 2004).
However, this prediction assumes that only energy
limits populations, and accounting for other factors,
such as nutrient limitation, can result in a range of lin-
ear and nonlinear relationships, including a unimodal
relationship (Bieg & Vasseur, 2024; Lemoine, 2019;
Vinton & Vasseur, 2022). Importantly, which relation-
ship is realized in nature determines how populations
respond to warming (Amarasekare & Coutinho, 2014).
Thus, knowing how density dependence scales with
temperature in natural populations is imperative to pre-
dict how warming will affect natural populations.
Unfortunately, empirical evidence for the relation-
ship between density dependence and temperature is
still equivocal, largely because explicit experimental tests
are missing (Bieg & Vasseur, 2024). Earlier studies have
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FIGURE 1 In theory, density dependence can be independent of temperature or show a positive, negative, or unimodal relationship.

Determining the exact shape of this relationship requires separating changes in population density into the concurrent

temperature-dependent effects on density dependence versus the intrinsic rate of increase, which jointly determine equilibrium density.
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suggested that declines in equilibrium density of popu-
lations with increasing temperatures in some systems
appear consistent with the monotonic decrease in carrying
capacity predicted by metabolic-scaling theory (Bernhardt
et al, 2018; Savage et al., 2004). However, a similar
decline can also be predicted without this assumption
(Vasseur & McCann, 2005). In addition, other studies
have found contrasting relationships, including unimodal,
positive, and no relationships (Jarvis et al, 2016;
Lemoine, 2019; Mallard et al., 2020). More importantly,
we cannot infer the thermal response of density depen-
dence from the equilibrium population size because the
latter depends on both the maximum intrinsic rate of
increase and intraspecific competition (Figure 1). This
highlights the challenge of disentangling the thermal
relationship of density dependence from other processes
in natural populations. Indeed, we are aware of only one
study that specifically estimated carrying capacity and
growth rate separately (Jarvis et al., 2016). Furthermore,
these few existing experimental studies on carrying capac-
ity (Bernhardt et al., 2018; Jarvis et al., 2016; Sunday
et al., 2024) were all performed with unicellular algae,
which differ fundamentally in their biology from multi-
cellular heterotrophic organisms, like animals. For
instance, the heterotrophic metabolism is typically more
sensitive to changing temperature than autotrophic meta-
bolism and production (Lopez-Urrutia et al., 2006).
Thus, we still sorely need direct experimental tests that
identify how density dependence changes with temp-
erature, especially in animals (Bieg & Vasseur, 2024;
Mallard et al., 2020).

To fill this conceptual gap, we take an experimental
approach designed to isolate and quantify the thermal
response of density dependence in an aquatic herbivore
and how this relationship influences the effect of warming
on equilibrium population densities. Specifically, we
manipulated the ambient temperature and starting density
of Daphnia pulex in a full factorial design and quantified
the resulting population dynamic over multiple genera-
tions. By fitting these time series data to a population
model, we were able to separate and compare the thermal
response of per capita intraspecific competition and the
intrinsic rate of increase and calculate the predicted equi-
librium density (carrying capacity).

MATERIALS AND METHODS
Study system
For this study, we focus on one of the most common

freshwater zooplankton species, D. pulex. This cosmopoli-
tan ectothermic herbivore is an important species in

many lotic habitats (Sarnelle, 2005). The D. pulex used
in this experiment were part of a lab colony that origi-
nated from field collections in Huntsville, Texas, in 2019.
The colony was maintained at room temperature (21°C)
and a 10:14-h light:dark cycle and fed with dried spirulina
algae. We only observed asexual (clonal) reproduction dur-
ing the experiment. Demographic rates (e.g., survival, fecun-
dity, developmental rates) are highly temperature-and
nutrient-dependent (Ashforth & Yan, 2008; Goss &
Bunting, 1983).

Experimental design and setup

To quantify temperature effects on population dynamics, we
used a complete 4 X 4 factorial design that crossed four tem-
peratures (4, 12, 19, and 27°C) with four starting densities
(10, 30, 60, and 100 individuals/500-mL container) of large
D. pulex (530-700 pm in length) (Figure 2). The highest tem-
perature was based on the warmest temperature that this
species could tolerate for 3 weeks in our pilot study. This
gradient thus spans most of the ecologically relevant temper-
ature range. Using different starting densities allowed us to
isolate temperature effects on different demographic rates.

Each replicate population was reared in 500 mL
plastic containers with DI water that was reconditioned
(with R/O RightTM) and buffered to a pH of 7.0 + 0.10.
Each population received a suspension containing 0.003 g
of Spirulina algae powder (© Nutrex) in deionized water
every 3 days. We intentionally used dead algae cells to
ensure that food levels were constant against temperature
treatment. Food levels were based on pilot studies and
selected to ensure that resources could easily support the
highest starting densities at optimal temperatures without
causing water fouling at low initial densities. Each con-
tainer was closed except for small air holes in the lid. We
manipulated temperature by placing containers in water
baths in a climate-controlled environmental chamber set
at the lowest tested temperature, 4°C. The warmer water
baths were regulated by two aquarium heaters (set to one
of the four respective temperatures) and water circulators
and fitted with a thermometer for monitoring. Each water
bath was insulated at the bottom and sides and covered
with a fitted tarp covering and checked daily to monitor
temperature. Observed average temperatures closely
matched our target temperatures except for the lowest
temperature, which was ~3°C above the target (7.8
+ 0.55°C, 12.3 +£1.08°C, 19.6 + 1.84°C, 26.3 +2.20°C
[mean + SD]). We replicated the two lowest density treat-
ments five times and all others four times, resulting in a
total of 72 independent populations.

The experiment ran for 24 days, and the population
was censused every other day for 6 days (three census
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FIGURE 2 Experimental setup for quantifying population dynamics along the thermal gradient. Water baths were set at one of four

different target temperatures. Values indicate the observed average temperature in each bath (7.8-26.3°C). Each bath contained multiple

independent populations of the focal species Daphnia pulex, which were started at four different starting densities (10, 30, 60, or 100 adult
individuals/500 mL). Note the Daphnia symbol in the top panel represents 10 individuals for clarity. Daphnia illustration credit: T. Michael

Keesey, PhyloPic.org.

days), then moved to every 3 days (two census days), and
finally every 6 days (two census days) until the experi-
ment was complete, resulting in seven census days after
the start. Census days were focused more heavily on the
first week of the experiment to gather accurate infor-
mation about early/intrinsic growth rates, then became
more infrequent later in the series. One population
(30 starting individuals at 7.8°C) crashed by the second
sampling day and was thus excluded from all analyses.

Analysis

Our experiment was designed to separate the effect of tem-
perature on the intrinsic rate of increase versus density
dependence. Assuming a logistic growth model, the per
capita population growth rate is given by dN/Ndt = ry — aN,
with r, being the maximum intrinsic per capita growth rate,
o being the per capita density-dependent coefficient, and
population density N at time .

To quantify both coefficients, we first calculated per
capita population growth as:

ln (N(s+1)>
At = 7]\&

T

k]

where N and N, are population size of two consecutive
samples and t is the number of days between

both samples. This growth model is also a convenient
approach to account when time between measurements
is irregular (Fryxell et al., 2014). We then quantified
both coefficients by fitting this linear model to our popu-
lation data using a linear mixed effect model with per
capita growth rate (A;) as response variable and abun-
dance (Nj), temperature, and their interaction as fixed
effects, and experimental unit ID and water bath ID as
random effects. Including nonlinear terms (i.e., second-
or third-order polynomial) did not significantly improve
the model fit, indicating that the simple linear model
was sufficient to describe observed density dependence.
This is consistent with the compensatory density regula-
tion found in previous studies in this species (Nilsson
et al., 2010; Toscano et al., 2021).

A significant main effect of temperature would indi-
cate that the intrinsic rate of increase varies with temper-
ature, a significant main effect of population density
would indicate that the per capita growth rate changes
with population density (intraspecific competition), and
a significant interaction between temperature and den-
sity would indicate that this density dependence is a
temperature-specific function. We extracted the mean
and SE for the maximum intrinsic rate of increase, ry
(intercepts), and the per capita competition coefficients, o
(slopes), which assumes that the maximum intrinsic rate
of increase occurs when populations are close to
0 (i.e., Ny=0). We can then calculate the estimated
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carrying capacities (K) for each temperature as ry/a. Note
that we could not calculate K for the lowest temperature
since both r, and o were not significantly different from
0 (see Results). We excluded data from the first three cen-
sus periods to avoid biases from lagged effects of past
conditions (per experiment). Including all time steps does
not qualitatively change the results but significantly
reduced model fit. We performed all analyses in R
Statistical Software (R Core team 2021), using the “lmer”
function in the lme package (Bates et al. 2015) to fit the
linear model and the “anova” function in the lmerTest
package (Kuznetsova et al. 2017) to test for significance
using type II test with Satterthwaite’s method. All data
and code are freely available online (Rudolf, 2024).

RESULTS

Population dynamics were contingent on both tempe-
rature and starting density. At the lowest temperature,
populations barely increased except at the highest density
(Figure 3). In contrast, populations increased rapidly
by up to ~20 times at higher temperatures. In addition,
high-density treatments showed a clear peak followed
by a decline at higher temperatures (Figure 3). Only
populations at the lowest temperature treatment (7.8°C)
either barely increased or even declined, indicating that
this temperature approached their lower thermal limit
(Figure 3).

Overall, the per capita population growth rate was
significantly influenced by population density (Fj 4561 =
78.8, p < 0.001), temperature (Fsi143 = 7.13, p = 0.002),
and the interaction between density and temperature
(Fs41428 = 13.17, p < 0.001). Model estimates indicate
that the maximum intrinsic population growth rate (r)
increased with moderate warming (from 4 to 19°C) but
did not significantly change fruther at the highest tem-
perature (28°C) (Figure 4). In contrast, the strength of
density-dependent competition increased continuously
and peaked at the highest temperature (Figure 4). In fact,
the strength of density dependence doubled for every 7°C
between 12 and 27°C. Since density dependence
increased with temperature while the intrinsic rate of
increase plateaued, the estimated carrying capacity (K)
showed a hump-shaped relationship across temperature,
with a peak at 19°C (K = 199.5), which was ~2x higher
than the carrying capacity at the most extreme tempera-
ture (27°C, K = 95.8) (Figure 4).

These estimated coefficients are consistent with the
observed population dynamics (Figure 3). At the lowest
temperature, populations changed little over time. At
12°C, populations grew slowly and only started to show a
hump-shaped relationship at the highest starting density

once they exceeded values above the predicted average
carrying capacity (K= 193). In contrast, populations at
19 and 27°C all showed a clear hump-shaped relationship
across all density treatments once they exceeded their
respective predicted carrying capacity. In addition, final
densities were lower at the highest temperature than at
the second highest temperature for each initial density
treatment, which is consistent with the predicted decline
in carrying capacity at the highest temperature.

DISCUSSION

To predict the effect of temperature changes on the
dynamics of populations, ecologists need to understand
the thermal responses of not just individual traits but also
the indirect effects that emerge only at the population
scale. Here, we provide rare explicit experimental evi-
dence that the strength of negative density dependence
monotonically increases with temperature. In contrast,
the intrinsic rate of increase peaked at intermediate
temperatures, which leads to a unimodal relationship of
equilibrium density (carrying capacity) and temperature.

The thermal reaction norm of
density-dependent competition

Theory has made contrasting predictions and assump-
tions on how density dependence should scale with
temperature. Broadly speaking, they can be grouped into
three scenarios: It can increase monotonically, follow
a unimodal relationship, or show no relationship with
temperature (Bieg & Vasseur, 2024; Lemoine, 2019)
(Figure 1). We found that density dependence increased
monotonically with temperature, supporting the first sce-
nario (scenario B in Figure 1). While we cannot rule out
that it could still decline at temperatures beyond those
studied here, our populations of this species cannot typi-
cally persist at temperatures a few degrees above our
highest temperature. Thus, we expect this positive rela-
tionship for most ecologically relevant temperatures.
Despite the importance of density dependence for
population dynamics, surprisingly, few empirical studies
have estimated how it scales with temperature (Bieg &
Vasseur, 2024). We are only aware of a few studies that
specifically quantified the relationship between density
dependence (intraspecific competition) and temperature.
One study in unicellular algae found no clear relation-
ship (Jarvis et al, 2016), while the other study in
collembola found that temperature did not alter the
strength of competition on individual growth rates in
body size, while the effect of competition on asymptotic
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FIGURE 3 Time series showing that population dynamics of the herbivore Daphnia pulex varied with temperature. Columns indicate

focal temperature treatments, and rows show populations with different starting densities (no. individuals/500 mL). Points indicate

individual surveys for a given replicate, thin lines connect observations of the same population, and thick lines indicate smoothed treatment

averages (based on raw data).

size peaked at low temperatures (Mallard et al., 2020).
Unfortunately, it is unclear how these effects at the indi-
vidual level translate to the thermal response of density
dependence at the population level. While they did
find a unimodal relationship of population size across
temperature, this pattern could have been the result
of other processes (e.g., effects on fecundity). Finally,

in a study on two mosquito larvae species, density depen-
dence appears to increase with temperature (Evans
et al., 2021). While this is consistent with our results,
the trend in mosquitoes was much weaker than in our
study, restricted to the lowest temperature, and never
confirmed to be statistically significant. Thus, to the best
of our knowledge, our results offer the first clear
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Note that we could not quantify carrying capacity for the lowest temperature because r and o were not different from 0.

experimental demonstration that the strength of nega-
tive density dependence processes in population regula-
tion significantly increases with temperature.

Density dependence is an emergent phenomenon that is
driven by a number of interacting indirect effects. While our
experiment was not designed to isolate the specific mecha-
nisms underlying the observed patterns, the monotonic rela-
tionship between density dependence and temperature is
consistent with predictions by theory (Bieg & Vasseur, 2024;
Lemoine, 2019; Savage et al., 2004). Metabolic rates, ener-
getic demands, and feeding rates all increase with tempera-
ture in Daphnia (Burns, 1969; Twardochleb et al., 2020).
When resources are limited and do not change with temper-
ature (as in our experiment), theory predicts that the
increase in resource demand means that fewer resources are
available per individual at high temperatures. This, in turn,
should increase the strength of intraspecific competition
with temperature (Bieg & Vasseur, 2024; Savage et al., 2004).
This prediction is consistent with the patterns in our experi-
ment. At high temperatures, most populations with moder-
ate to high starting densities declined after an initial peak
and settled at densities close to those predicted by our model
estimates. Such dynamics indicate that populations over-
shot their carrying capacity until negative density depen-
dence forced populations back to sustainable densities.
Importantly, both the observed peak density and estimated

equilibrium densities that declined with increasing temper-
atures further support that density dependence increased
with temperature. Given that these patterns are largely
consistent with predictions by general theoretical models,
similar patterns are also likely in other systems. An impor-
tant next step would be to test how differences in feeding
modes or metabolic scaling of traits would modify this rela-
tionship across different ecosystems.

Temperature effects on population density
and dynamics

The density of populations depends on the interaction
of the intrinsic rate of increase and per capita density
dependence. Thus, how density scales with temperature
should depend on how both the intrinsic rate of incr-
ease and density dependence scale with temperature
(Amarasekare & Coutinho, 2014). We found that the
intrinsic rate of increase peaked at the second-highest
temperature while density dependence continued to inc-
rease beyond this peak. The differences in thermal reac-
tion norms across both responses have several
implications. This means that the equilibrium density
should follow a unimodal relationship, and this rela-
tionship should peak before the optimal temperature for
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growth (Amarasekare & Coutinho, 2014; Bieg &
Vasseur, 2024), which is consistent with the patterns
observed in our experiment. Previous experimental stud-
ies have reported a various relationships between equilib-
rium densities and temperature, ranging from negative to
constant relationships (Bernhardt et al., 2018; Jarvis
et al., 2016). Since most of these studies focus on equilib-
rium density, it is unclear how the observed patterns are
shaped by the intrinsic rate of increase versus
density-dependent processes. Here, we were able to show
that the unimodal relationship was driven by the interaction
of both factors. The positive effect of temperature on
populations at low to moderate temperatures was largely
driven by an increase in the intrinsic rate of increase
(i.e., density-independent per capita growth rate), while the
dramatic decline in carrying capacity at high temperatures
was largely driven by the increase in density dependence.

These results also suggest that populations experien-
cing temperatures near or exceeding their thermal critical
limit are more prone to extinction. Theory suggests that
when the intrinsic growth rate and carrying capacity
(i.e., increase in density dependence) both decrease with
temperature, as observed in our system, populations are
likely to go extinct at mean temperatures well below their
critical persistence value when temperatures naturally
vary over time (Vasseur, 2020). In a community context,
the thermal response of density dependence is also likely
to have cascading effects on higher trophic levels. For
instance, theory predicts that when warming strengthens
density dependence in the prey, warming should decr-
ease the potential for predator-prey oscillations and
reduce the energy and nutrients available at higher tro-
phic levels (Amarasekare, 2015). The results also suggest
that we need to be careful when quantifying temperature
effects on predation since the increase in density depen-
dence with temperature could be falsely attributed to an
increase in predation. While this issue could easily be
addressed by comparing densities of prey with versus
without predation at the respective temperature, this may
not be possible for field observation where such controls
are often lacking. Together, these results highlight that
we cannot simply predict population densities, persis-
tence, or interspecific interactions based on demographic
rates of individuals without accounting for processes that
emerge at the population level.

How the observed density dependence translates to a
natural system will depend on the mechanisms driving
density dependence. If it is independent of the resource
(e.g., via interference competition), or if the resource is
not affected by temperature (i.e., detritivores or competi-
tion for abiotic limiting resource, like space), then the
pattern will likely follow a similar pattern as in our sys-
tem. However, if density dependence is driven by

exploitative competition for a resource that also changes
with temperature, then this could modify how density
dependence scales with temperature. For instance, if the
resource increases with temperature (e.g., bacteria for
mosquito), this could dampen the increase in
density-dependent competition, while a decrease would
exacerbate competition. An interesting next step
would be to test if and how density-dependent thermal
responses vary across these different mechanisms.

CONCLUSION

One of the biggest challenges of the 21st century is to pre-
dict how populations respond to global warming. While
much progress has been made in understanding the
individual-level consequences of warming, theory has
largely outpaced empirical work at the population level.
Our work highlights that warming can also affect pro-
cesses at higher organizational levels, like density depen-
dence. Importantly, these thermal reaction norms can
be different from individual-level effects: While warming
temperatures may benefit the individual, they still can be
a detriment to the population. Given the importance of
these processes for forecasting the effects of warming, an
important next step will be to test how general such pat-
terns are across environments, taxonomic groups, and
ecosystems.
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