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Abstract

Temperature effects on predator–prey interactions are fundamental to better understand the effects of global warm-

ing. Previous studies never considered local adaptation of both predators and prey at different latitudes, and ignored

the novel population combinations of the same predator–prey species system that may arise because of northward

dispersal. We set up a common garden warming experiment to study predator–prey interactions between Ischnura

elegans damselfly predators and Daphnia magna zooplankton prey from three source latitudes spanning >1500 km.

Damselfly foraging rates showed thermal plasticity and strong latitudinal differences consistent with adaptation to

local time constraints. Relative survival was higher at 24 °C than at 20 °C in southern Daphnia and higher at 20 °C
than at 24 °C, in northern Daphnia indicating local thermal adaptation of the Daphnia prey. Yet, this thermal advan-

tage disappeared when they were confronted with the damselfly predators of the same latitude, reflecting also a sig-

nal of local thermal adaptation in the damselfly predators. Our results further suggest the invasion success of

northward moving predators as well as prey to be latitude-specific. We advocate the novel common garden experi-

mental approach using predators and prey obtained from natural temperature gradients spanning the predicted tem-

perature increase in the northern populations as a powerful approach to gain mechanistic insights into how

community modules will be affected by global warming. It can be used as a space-for-time substitution to inform

how predator–prey interaction may gradually evolve to long-term warming.
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Introduction

One of the biggest challenges in ecology is to under-

stand and predict the impact of global warming on

species (Hughes, 2000; Gilman et al., 2010; Zarnetske

et al., 2012). This has led many studies to document

effects of temperature increases on individual species

(Root et al., 2003; Parmesan, 2006). Yet, species are

embedded in communities and to arrive at more realis-

tic predictions of species’ responses and eventually

community responses to global warming we need to

take effects on species interactions into account (Araujo

& Luoto, 2007; Berg et al., 2010; Gilman et al., 2010;

Urban et al., 2012b; Wernberg et al., 2012). Interactions

between trophic levels such as predator–prey interac-

tions are thought to be particularly important in this

context (Zarnetske et al., 2012). Freshwaters are espe-

cially vulnerable to global warming (Woodward et al.,

2010), and strongly shaped by predator–prey interac-

tions (Wellborn et al., 1996). Temperature effects on

predator–prey interactions may therefore increase our

mechanistic understanding of how global warming

may change aquatic food webs (Kratina et al., 2012), yet

are surprisingly understudied in aquatic ecosystems

(Abrahams et al., 2007).

The majority of studies of warming effects on preda-

tor–prey interactions considered closed systems where

no dispersal occurs (Gilman et al., 2010). These revealed

that warming may differentially affect organisms at dif-

ferent trophic levels and therefore affect the outcome of

predator–prey interactions (Traill et al., 2010). Most of

these studies were, however, confined to a single lati-

tude making it difficult to generalize across the species

range. The few studies on latitudinal patterns in preda-

tor–prey interactions under common garden conditions

showed predation rates to differ when conspecific pre-

dators from different latitudes feed on prey from a sin-

gle latitude (Sanford et al., 2003; Stoks et al., 2012), and

the vulnerability to predation to differ across latitudes

for conspecific prey confronted with predators from a

single latitude (Laurila et al., 2008). Although such

studies are very valuable in demonstrating that preda-

tor–prey interactions can show latitudinal patterns,

they ignore potential effects of local adaptation of both

predator and prey populations (Barton, 2011). A next
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step toward realism will be to set up experiments

where the outcome of predator–prey interactions

between combinations of both local predators and local

prey is studied at different latitudes and at different

temperatures.

We know much less of how species interactions

change in response to global warming in open systems

where organisms can track the changing climate by

dispersal (Gilman et al., 2010). Northward movements

have been observed in many species (Parmesan et al.,

1999; Hickling et al., 2006; Hassall & Thompson, 2010),

leading to novel predator–prey interactions. The few

studies that looked at this considered new sets of inter-

acting predator and prey species (reviewed in Gilman

et al., 2010; Urban et al., 2012a; but see Barton, 2011 for

a study on nonconsumptive predator effects). Yet,

intraspecific range movements are likely also wide-

spread (Urban et al., 2012a) and generate novel interac-

tions in the sense that new combinations of predator

and prey populations of the same species pair will

interact.

Here, we study the thermal dependence of preda-

tor–prey interactions between an aquatic invertebrate

predator and its zooplankton prey using predator

and prey populations from three latitudes spanning

>1500 km in Europe. To start exploring the conse-

quences of global warming in open systems where

dispersal can occur, we tested predators from each

latitude at two temperatures with a mixture of prey

from all three latitudes and quantified predator

foraging rates and the relative vulnerabilities of prey.

Such common garden experiments where predators

from different latitudes are confronted with prey

from different latitudes may also serve as an indirect

space-for-time substitution (sensu Fukami & Wardle,

2005). As such they may inform how predator–prey
interactions may gradually evolve when both preda-

tors and prey are subjected to long-term differences

in temperature, thereby avoiding the extrapolation

problem when strictly using short-term ‘shock’ exper-

iments at one latitude to test future warming scenar-

ios (Dunne et al., 2004; Fukami & Wardle, 2005;

Barton, 2011). As a model system, we looked at the

interactions between Ischnura elegans damselfly larvae

and Daphnia magna water fleas, a well-studied preda-

tor–prey combination (e.g., Thompson, 1978). Damsel-

fly larvae are important intermediate predators in

aquatic food webs (Johnson, 1991), and sensitive to

climate change (Hassall & Thompson, 2008). Daphnia

occupies a central position in aquatic food webs

generating a large grazing pressure on the primary

producers, and themselves being preferred food for

both invertebrate and vertebrate predators (Miner

et al., 2012).

Materials and methods

To test for the effects of temperature and source latitude of

damselfly predators and Daphnia prey on the outcome of the

predator–prey interactions we ran a series of predation trials

with laboratory-reared predators and prey from three lati-

tudes (southern, central, and northern Europe). Experimental

temperatures were set at 20 and 24 °C, reflecting the mean

water temperatures in shallow water bodies during summer

in southern Scandinavia and southern France, respectively

(see Data S1). The 4 °C temperature difference corresponds

with the predicted temperature increase by 2100 under IPCC

scenario A1FI (IPCC, 2007). This set up therefore is suitable

for a space-for-time substitution. Throughout the rearing and

predation trials animals were always kept at the same temper-

ature. In the predation trials, only predators and prey reared

at the same temperature were tested together as this is the

most relevant combination in nature, also under global warm-

ing. Note that because Daphnia were reared for several genera-

tions in the laboratory and Ischnura damselflies from the egg

stage (see below) any latitudinal patterns that we observe

likely reflect genetic patterns of local adaptation. Although

maternal effects may still play a role in shaping the foraging

patterns for the damselfly larvae, previous study on the same

species showed maternal effects to be nonsignificant for the

associated life history trait growth rate and latitudinal differ-

entiation in growth rates to be caused by selection (Shama

et al., 2011).

Damselfly predators

As predator we used larvae of the damselfly Ischnura elegans, a

very abundant damselfly in ponds occurring from mid-Spain

to mid-Sweden (Gosden et al., 2011). The larvae used for this

experiment were a random subset of larvae from a large rear-

ing experiment. During the summer of 2010, mated females

were collected in the field at two shallow water bodies with

fish at each of three latitudes: (1) southern latitude (southern

France: Arandon 45°42′N, 5°25′E and Courtenay 45°43′N, 5°22′
E), (2) central latitude (Belgium: Genk 50°57′N, 5°27′E and

Leuven 50°51′N, 4°41′E), and (3) northern latitude (southern

Sweden: Kalmar D€amme 56°40′N, 16°17′E and L�angviken

56°39′N, 16°20′E). Females were allowed to oviposit in situ in

wet filter paper. Per population, 10 egg clutches were trans-

ported to the laboratory in Belgium. Per egg clutch, the eggs

were divided among water baths at 20 °C and at 24 °C. To
minimize carry-over effects of the maternal environment,

damselfly larvae were reared from the egg at one of the two

test temperatures. Throughout the rest of the experiment, ani-

mals were kept at the assigned rearing temperature and a con-

stant photoperiod (16:8 light:dark).

When eggs hatched, 150 larvae per combination of popula-

tion and temperature (total of 900 larvae per temperature)

were placed individually in 180 mL cups filled with aged tap

water. Cups were placed in one of the three water baths per

temperature. Larvae were fed ad libitum with Artemia nauplii.

When larvae started molting into the final larval stage, cups

were checked every second day for molted larvae and larvae
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were used in the predation experiment (see below) when they

were 5–6 days in the final instar. To homogenize hunger

levels, all larvae were starved for 24 h prior to the predation

trials.

Daphnia prey

As prey we used the water flea Daphnia magna, a common

zooplankter in ponds from southern Spain to mid-Scandinavia

(De Gelas & De Meester, 2005), across its range, co-occurs with

I. elegans predators. We tested two D. magna populations from

two shallow water bodies with fish at each of three latitudes:

(1) southern latitude (southern France: La Camargue ‘Emp-

runt des Cerisi�eres Nord’ 43°29′N, 4°40′E and ‘Cerisi�eres des

Fa€ısses’ 43°29′N, 4°41′E), (2) central latitude (Belgium: Leuven

50°51′N, 4°43′E and Oud-Heverlee 50°50′N, 4°39′E), and

(3) northern latitude (Denmark: Brædstrup 55°58′N, 9°35′E
and southern Sweden: Vomb 55°40′N, 13°32′E). We did not

test Ischnura predators and Daphnia prey from the same pond

as we were interested in local adaptation at the latitudinal

level rather than at the pond level, yet at each of these ponds

both species co-occurred. Dormant eggs were collected from

the sediment. Eggs were hatched in a temperature room at

20 °C and a constant photoperiod (16:8 light:dark) and clones

were kept as clonal lineages for several generations. Six clones

per population were reared in 210 mL glass vials with aged

tap water, fed daily 1–2 9 105 cells Scenedesmus obliquus mL�1.

To establish experimental populations, for each clone, four

sets of five juveniles were transferred to separate 500 mL glass

vials. Two vials per clone were placed in a temperature room

at 20 °C, the other two vials per clone were placed in a tem-

perature room at 24 °C. To minimize maternal effects, clones

were kept for two generations at these temperatures before

their offspring (second to seventh clutch) was used in the pre-

dation experiment. Predation trials were ran with subadult

Daphnia. To test Daphnia at a similar physiological age, 3- to

4-day-old animals were used at 24 °C, and 4- to 5-day-old

animals at 20 °C (based on Rinke & Vijverberg, 2005).

Predation experiment

We set up a full factorial 2 (temperature) 9 3 (damselfly

source latitude) 9 2 (damselfly populations per source lati-

tude) experiment, where in each trial we exposed Daphnia

prey from all three latitudes. This is a particularly strong

design to directly compare the relative vulnerability of the

Daphnia from different latitudes as they are all confronted

with the same set of predator individuals in each predation

trial. Depending on the simultaneous availability of damselfly

larvae and Daphnia of the right age, each of the 12 treatment

combination was replicated 7–11 times, resulting in a total of

114 predation trials. Each clone was used one or two times per

temperature. When a clone was used twice per temperature,

this was always with different individuals, and always in a

unique combination with clones from the other two latitudes.

Each damselfly larva was used in only one predation trial.

Predation trials were run in green 11 L buckets filled with

6 L aged tap water that was preheated to one of the two

rearing temperatures. Buckets were lighted from above with

fluorescent bulbs. The circular shape of the ground surface

prevented any clustering of Daphnia in the corners. To avoid

any potential effects of room conditions (e.g. light intensity)

all buckets of the predation trials of both temperatures were

positioned in a random order at the same shelf in a tempera-

ture room at 24 °C. Water temperature in the buckets (also

those of the 20 °C treatment) remained constant throughout

the short predation trials.

At the start of a predation trial, we added 20 Daphnia

individuals of a single clone from each of the three latitudes

to a bucket (total of 60 Daphnia). Daphnia were allowed to

acclimate for 60 min. Next, two damselfly larvae of the same

population were gently released at the bottom of the bucket.

This reflects natural densities of both Ischnura damselfly

larvae (McPeek, 1998) and Daphnia prey (Young, 1979).

Predation trials always started at noon and ran between 2

and 4 h (mean duration = 2.5 h, SE = 0.04 h, adjusted based

on visual inspection of the buckets to avoid too low and too

high numbers eaten). The mean number of Daphnia killed

per trial was 24.0 (SE = 0.6, range: 10–39). Depending on the

availability of predator and prey individuals of the right

developmental stage several trials were run simultaneously.

At the end of each trial, surviving Daphnia were collected,

counted, and immediately frozen at �80 °C for later allo-

zyme analyses to determine the proportion of survived

Daphnia from each latitude (see Data S2). Nearly all (98.8%)

Daphnia that were killed were consumed. To correct for

potential mass differences among the damselfly predators of

different populations, wet masses were taken to the nearest

0.01 mg just before the predation trials. For each clone by

temperature combination at least three individual Daphnia

were measured using a stereomicroscope to correct for

potential size differences among clones. Background infor-

mation on the age and mass of the damselflies and the size

of the Daphnia used in the predation trials are presented in

Data S3 and Data S4, respectively. Due to accidental thawing

of some samples, we could only genotype the samples of 85

of the 114 predation trials. For final sample sizes per treat-

ment combination see Fig. 2.

For each trial, we calculated two fully independent

response variables: (1) damselfly foraging rate was expressed

as the numbers of Daphnia eaten per hour, and (2) relative

survival of Daphnia prey was calculated per trial as the num-

ber of Daphnia surviving per source latitude divided by the

total number of surviving Daphnia.

Statistical analyses

Analyses were run in PROC MIXED in SAS 9.2. In all analyses,

damselfly population nested in latitude and each of the three

Daphnia populations nested in latitude were included as

random factors, but these were never significant indicating

consistent response patterns between populations within a

given latitude. First, we tested for effects of temperature and

damselfly source latitude on damselfly foraging rates in an

analysis of covariance (ANCOVA) with the mean Daphnia size

and the number of surviving Daphnia per trial as covariates.
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Second, we tested for effects of temperature and damselfly

latitude on the relative survival of Daphnia prey in a repeated-

measures ANCOVA (RM-ANCOVA) with the proportions of Daphnia

survived from the southern and northern latitudes as repeats

of the same predation trial (bucket) and with the mean Daph-

nia size per predation trial as a covariate. Initially, we also

included the body mass of the damselfly predators and the

number of surviving Daphnia per trial as covariates, but these

were not significant (both P > 0.16). Note, that we did not

include the proportion of Daphnia from all three latitudes as

repeats as these necessarily sum to 1. Proportions were arcsin

(sqrt)-transformed. More specific hypotheses were tested

using contrast analyses.

To test a priori expectations on local thermal adaptation

(both of prey and predator) we set a first series of contrasts.

Specifically, to test for local thermal adaptation in the southern

Daphnia we tested whether their relative survival was higher at

24 °C (the temperature reflecting their latitude) than at 20 °C
(the temperature reflecting the northern latitude). As local ther-

mal adaptation of the damselfly predators may offset this ther-

mal adaptation pattern in the prey, we tested this contrast

separately for non-local (central and northern) predators and

local (southern) predators. Similarly, as we expected that north-

ern Daphnia would have a higher relative survival at 20 °C
compared to 24 °C except with northern damselfly larvae, we

set two analogous contrasts: a first contrast testing the tempera-

ture effect for the combined set of southern and central damsel-

fly larvae and a second contrast testing the temperature effect

only for northern damselfly larvae. Note that because neither of

the experimental temperatures reflect the mean summer

temperature at the central latitude, no specific contrasts with

regard to local thermal adaptation were set for the central

Daphnia.

A second series of contrasts explored the outcome of novel

predator–prey interactions due to northward movements of

prey and/or predators. Given that we combined Daphnia

from all three latitudes in each predation trial the most

straightforward scenario to test is the one where Daphnia

from lower latitudes move northward under global warming

and meet northern Daphnia and damselfly predators. The

associated contrast (1) compared the relative survival of cen-

tral and southern Daphnia vs. northern Daphnia in the pres-

ence of northern predators at 24 °C. A related contrast (2)

compared the relative survival of southern vs. central Daph-

nia in the presence of central damselfly predators at 24 °C.
Finally, we tentatively tested for the scenario where northern

Daphnia meet northward moving southern and central dam-

selflies under global warming. The associated contrast (3)

compared the relative survival of northern Daphnia under

two conditions: 20 °C in the presence of northern damselfly

predators vs. 24 °C in the presence of northward moving

southern and central damselflies. Note that for the interpre-

tation of the latter two contrasts we assume that the relative

survival pattern of Daphnia from a given latitude does not

depend on the presence of northern Daphnia (contrast 2) and

southern and central Daphnia (contrast 3).

Results

Damselfly foraging rates

Overall, damselfly foraging rates expressed per individ-

ual predator were higher at 24 °C compared to 20 °C
(ANCOVA, temperature: F1,106 = 10.35, P < 0.0001; covari-

ates: Daphnia size: F1,106 = 6.91, P = 0.0099, number of

surviving Daphnia: F1,106 = 357.82, P < 0.0001). This

temperature effect was similar across latitudes (temper-

ature 9 damselfly latitude: F2,106 = 0.25, P = 0.78)

(Fig. 1a). Foraging rates differed between damselfly

source latitudes, being highest in larvae from the south-

ern latitude (latitude: F2, 106 = 18.44, P < 0.0001). These

effects remained when expressing damselfly foraging

rates per mg body mass (temperature: F1,106 = 50.96,

(a) (b)

Fig. 1 Effects of temperature and damselfly source latitude on damselfly predation rates on Daphnia. Predation rates are expressed as

the number of Daphnia killed per hour and per individual predator (a) and per hour and per mg damselfly mass (b). Means are given

�1 SE. Numbers above bars represent sample sizes.
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P < 0.0001, latitude: F2,106 = 36.41, P < 0.0001, tempera-

ture 9 damselfly latitude: F2,106 = 1.18, P = 0.31, covari-

ates: Daphnia size: F1,106 = 3.02, P = 0.085, number of

surviving Daphnia: F1,106 = 223.77, P < 0.0001) (Fig. 1b).

Relative survival of Daphnia prey

Temperature affected the proportions of Daphnia

survived from the southern and northern latitudes

differently (RM-ANCOVA, temperature 9 Daphnia latitude:

F1,78 = 4.96, P = 0.029, covariate: Daphnia size: F1,78
= 4.66, P = 0.034) (Fig. 2). Separate ANCOVAs per Daphnia

latitude showed opposite temperature effects on Daph-

nia survival from the southern and the northern lati-

tudes (South: F1,78 = 3.11, P = 0.082, North: F1,78 = 5.07,

P = 0.027), whereas temperature had no effect on Daph-

nia survival from the central latitude (Central:

F1,78 = 0.11, P = 0.74). The specific a priori contrast

analyses showed in more detail that the proportion of

Daphnia survived from the southern latitude was higher

at 24 °C compared to 20 °C with damselfly larvae from

the central and northern latitudes (F1,78 = 4.87,

P = 0.030), but not with damselfly larvae from the

southern latitude (F1,78 = 0.014, P = 0.91). On the

contrary, the proportion of Daphnia survived from the

northern latitude was higher at 20 °C compared to

24 °C with damselfly larvae from the southern and cen-

tral latitudes (F1,78 = 4.32, P = 0.041), but not signifi-

cantly so with damselfly larvae from the northern

latitude (F1,78 = 0.95, P = 0.33).

Contrast analyses assuming northward movements

of Daphnia prey, but not of damselfly predators at 24 °C
showed that there were no differences in the relative

survival of northern Daphnia vs. southern and central

Daphnia when preyed upon by northern damselfly

larvae (contrast, F1,78 = 0.90, P = 0.35, Fig. 2a). Yet, the

proportion of Daphnia surviving from the southern lati-

tude was higher than that from the central latitude

(contrast, F1,78 = 4.06, P = 0.047) when preyed upon by

central damselfly larvae at 24 °C (Fig. 2b). Compared

to the situation at 20 °C in the presence of northern

damselfly predators, the proportion of northern Daph-

nia surviving decreased at 24 °C in the presence of

southern and central damselfly predators (contrast,

F1,78 = 5.24, P = 0.025) (Fig. 2).

Discussion

Local adaptation and thermal plasticity

Ischnura damselfly predators from different latitudes

differed in foraging rates consistent with a pattern of

local latitudinal adaptation to time constraints. Specifi-

cally, foraging rates were highest in larvae from the

southern populations (see also Stoks et al., 2012). This

latitudinal difference can be explained by the higher

number of generations in the southern populations

(two to three per year) compared to the northern popu-

lations (one generation per 2 years) (Corbet et al., 2006).

This generates a shorter growth period per generation,

hence a higher time pressure on the southern popula-

tions to grow and develop fast. Indeed, growth rates

being fastest and development times shortest in south-

ern larvae have been shown before (Fig. S1, Shama

et al., 2011; Stoks et al., 2012).

(a)

(b)

(c)

Fig. 2 Effects of temperature and damselfly source latitude on

the relative survival of Daphnia to predation. Relative prey

survival is expressed as the proportion of Daphnia surviving per

source latitude. Means are given �1 SE. Data were arcsin(sqrt)

transformed. Numbers above bars represent sample sizes.
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The observation that northern damselflies had higher

foraging rates (this study) and higher growth rates

(Shama et al., 2011; Stoks & De Block, 2011; Stoks et al.,

2012) at 24 °C than at 20 °C adds to the insight at the

interspecies level that thermal optima are often higher

than environmental temperatures (Deutsch et al., 2008).

This may be linked to the hotter-is-better hypothesis

(Kingsolver, 2009), which states that performance will

be lower at low temperatures due to thermodynamic

constraints. It may therefore pay to evolve higher forag-

ing and growth rates at higher temperatures than the

ones normally encountered: even short exposures to

higher temperatures will allow significant gains.

The survival of Daphnia prey from a given latitude

relative to Daphnia from other latitudes depended upon

the interplay of temperature and the latitude of the

predator consistent with a scenario of local thermal

adaptation. Relative survival in predator–prey interac-

tions was for southern Daphnia higher at 24 °C than at

20 °C and for northern Daphnia higher at 20 °C than at

24 °C, indicating local thermal adaptation of the Daph-

nia prey. Yet, this thermal advantage disappeared when

they were confronted with the damselfly predators of

the same latitude, reflecting also a signal of local ther-

mal adaptation in the damselfly predators. So far, no

other studies looked at combined patterns of local ther-

mal adaptation of predators and prey shaping predator

–prey interactions along latitudinal gradients. In preda-

tor–prey systems where both predator and prey are

ectothermic such combined adaptation patterns are

likely common, and may shape the effects of global

warming (see below).

Possible effects of global warming assuming no dispersal

Two important, related insights with regard to global

warming in closed systems without dispersal arise.

First, our data suggest that the predicted temperature

increase of 4 °C may strongly increase predation rates

at high latitudes and hence be favorable for northern

Ischnura damselfly larvae. The current intraspecific

study thereby complements the interspecies pattern in

insects that species at high latitudes are currently living

at environmental temperatures cooler than their opti-

mal temperatures, such that climate warming may

enhance their fitness (Deutsch et al., 2008). Second, the

observation that damselfly foraging rates increase at

24 °C in northern populations directly implies that

predation pressures on local D. magna will increase.

Given that outdoor mesocosm studies indicate that

I. elegans larvae are capable of causing local extinctions

of D. magna populations in the absence of fish

(Verreydt et al., in prep.), all else staying equal, this

may translate into increased extinction probabilities of

Daphnia populations in fishless ponds. As Ischnura lar-

vae differentially prey on different zooplankton species,

this also has the potential to alter zooplankton commu-

nity composition (Hunt & Swift, 2010). Note that in

Thompson’s (1978) study of this predator–prey species

pair the temperature effect was much stronger at tem-

peratures below 20 °C in penultimate instars, indicat-

ing that the expected impact of a 4 °C temperature

increase on damselfly foraging rates and the associated

predation pressure on D. magna may be even larger

than based on our results.

Possible effects of global warming in open systems with
dispersal

The observed signals of local adaptation in both preda-

tors and prey may inform about effects of global warm-

ing in open systems that would not have been revealed

using heating experiments with predators and prey

from a single latitude. First, comparisons of foraging

rates (and growth rates, Stoks et al., 2012) at 24 °C
predicts latitude-specific invasion success of northward

moving damselflies. The higher foraging rates of south-

ern compared to central damselflies may translate in

central populations being outcompeted by southern

invaders, although this may not be the case when

central populations invade the northern latitude given

the similar foraging rates of central and northern dam-

selflies. Note, however, that factors such as the lower

cold resistance of the southern damselflies (Stoks & De

Block, 2011) may currently limit their northward move-

ments.

Second, comparisons of relative survival at 24 °C ten-

tatively suggest that, all else being equal, latitude-spe-

cific invasion success of northward moving Daphnia.

Central and southern Daphnia when invading northern

ponds have the same relative survival as local northern

Daphnia toward northern damselfly larvae. Yet, south-

ern Daphnia invading central ponds had a higher rela-

tive survival in the presence of central damselfly larvae

compared to the local central Daphnia, which may pro-

mote their invasion success in central ponds. Third, our

data tentatively suggest that the change in relative sur-

vival of northern Daphnia under global warming may

depend upon whether or not southern and central

damselfly predators invade northern ponds. Indeed,

compared to the situation mimicking current conditions

(20 °C and northern damselfly predators, but see note

below), the relative survival of northern Daphnia under

global warming did not significantly decrease in the

presence of northern damselfly predators, but

significantly decreased when confronted with southern

and central damselflies. Importantly, these predictions

make two assumptions. (1) When comparing the

© 2012 Blackwell Publishing Ltd, Global Change Biology, 19, 689–696
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relative survival of Daphnia from a certain set of two

latitudes we assume this comparison does not depend

upon the presence of Daphnia from the third latitude (in

our predation trials we always combined Daphnia from

the three latitudes). (2) We assume that there are no

rapid evolutionary responses of local Daphnia popula-

tions upon warming. Yet, such rapid evolutionary

responses have been reported in earlier studies (Van

Doorslaer et al., 2009a,b). In more general terms, we

may formulate that the strategy of, for instance, the

southern Daphnia to cope with predation by central

damselfly populations under a scenario of global

warming is superior to that of the current central Daph-

nia populations. The prediction thus is that the strategy

of the central Daphnia populations may be replaced by

that of the southern Daphnia populations, either

through invasion of these genotypes or through genetic

tracking fueled by genetic variation in the central popu-

lations (see De Meester et al., 2011; Urban et al., 2012a).

Perspectives

There is accumulating evidence that warming can mod-

ify existing predator–prey interactions both directly

(Gilman et al., 2010; Traill et al., 2010) and indirectly,

for example through generating mismatches in the

phenology of predator and prey (Winder & Schindler,

2004; Yang & Rudolf, 2010), which may scale up into

changes in the strength of trophic cascades (Barton

et al., 2009; Kratina et al., 2012). In addition, it is well

documented that warming drives range shifts and

therefore creates interactions between new combina-

tions of predator and prey species (Gilman et al., 2010).

Studies so far, however, largely ignored the latitudinal

component of predator–prey interactions (but see San-

ford et al., 2003; Laurila et al., 2008; Stoks et al., 2012),

and none considered the potential joint local adaptation

of predators and prey nor the novel predator–prey
interactions between the same predator–prey species

pair due to northward movements within species’

ranges. Our results highlighted the importance of

studying warming effects on predator–prey interactions

using both predator and prey populations from differ-

ent latitudes as temperature effects on relative survival

differed across latitudes due to the interplay of local

thermal adaptation in both prey and predators. Given

that temperature has been shown to affect predator–
prey interactions in many species pairs (e.g. through its

impact on the functional response; Englund et al., 2011)

and local thermal adaptation in predator–prey interac-

tions has been recently documented in another preda-

tor–prey system (between spider and grasshoppers;

Barton, 2011), our findings likely apply to other preda-

tor–prey systems.

Understanding how global warming affects entire

communities is a daunting task and the use of commu-

nity modules, such as the damselfly-zooplankton pair

that encapsulates a commonly encountered predator–
prey interaction, is an important step toward such

challenge (Gilman et al., 2010). The common garden

experimental approach using predators and prey

obtained from a natural temperature gradient spanning

ca. 4 °C and where northern populations are tested at

the current and predicted 4 °C temperature increase is

a powerful approach to gain mechanistic insights into

how community modules will be affected by global

warming and can be used as a space-for-time substitu-

tion to inform how predator–prey interactions may

gradually evolve to long-term warming. As such, this

approach complements the field-based approach that

integrates experimental and natural gradients to study

responses of entire communities and ecosystems (Dun-

ne et al., 2004; Barton, 2011). Although it shares the

same limitations of the field-based approach, such as

the assumption that animals can adjust to global warm-

ing fast enough (Fukami & Wardle, 2005), it generates

insights that would not have been revealed from tradi-

tional common garden heating experiments at a single

latitude. This novel approach may be a valuable addi-

tion to the research toolbox including field-based and

modeling approaches to arrive at more realistic predic-

tions of global warming effects on the earth’s biota

(Dunne et al., 2004; Rustad, 2008; Harte & Kueppers,

2012).
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