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Urbanization causes both changes in community composition and evo-

lutionary responses, but most studies focus on these responses in isolation.

We performed an integrated analysis assessing the relative contribution of

intra- and interspecific trait turnover to the observed change in zooplankton

community body size in 83 cladoceran communities along urbanization

gradients quantified at seven spatial scales (50–3200 m radii). We also per-

formed a quantitative genetic analysis on 12 Daphnia magna populations

along the same urbanization gradient. Body size in zooplankton commun-

ities generally declined with increasing urbanization, but the opposite was

observed for communities dominated by large species. The contribution of

intraspecific trait variation to community body size turnover with urbaniz-

ation strongly varied with the spatial scale considered, and was highest

for communities dominated by large cladoceran species and at intermediate

spatial scales. Genotypic size at maturity was smaller for urban than for

rural D. magna populations and for animals cultured at 248C compared

with 208C. While local genetic adaptation likely contributed to the persist-

ence of D. magna in the urban heat islands, buffering for the phenotypic

shift to larger body sizes with increasing urbanization, community body

size turnover was mainly driven by non-genetic intraspecific trait change.

This article is part of the themed issue ‘Human influences on evolution,

and the ecological and societal consequences’.
1. Introduction
In the past decade, a growing number of empirical studies have provided evidence

that micro-evolutionary change can occur at the same temporal scale as ecological

change and, therefore, can influence ecological dynamics [1]. The importance of

eco-evolutionary feedbacks in biological responses to changing environments

caused by, for example, interactions with antagonists (e.g. [2]), or by human

disturbance, such as agriculture [3] and climate change (e.g. [4]) led to the devel-

opment of eco-evolutionary partitioning metrics. These metrics quantify the

relative contribution of evolutionary and ecological processes to trait change

and have revealed that effect sizes of evolutionary change can be equal to or

even higher than those of ecological change [2,5,6]. Most eco-evolutionary studies,

however, focus on population level dynamics (e.g. [7,8]) and only a few studies

quantify the influence of evolutionary change on community structure [6,9,10]

beyond specific predator–prey or host–parasite interactions (e.g. [2]). In addition,

most community-level studies focus on intraspecific phenotypic variation [11,12]

rather than also quantifying the genotypic component to trait change.

Urbanization has been shown to elicit both ecological and evolutionary

responses in different organism groups, impacting biodiversity patterns and
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ecosystem functioning [13,14]. At the community level,

a significant decrease in mammal, reptile, amphibian, invert-

ebrate and plant species richness has been observed in highly

urbanized areas [14]. At the level of individual populations,

a broad range of adaptive behavioural, morphological and phys-

iological responses of urban populations have been reported

(reviewed in [15]). For example, the plant species Crepis sancta
shows a reduced settling success of dispersing seed types and

a significant increase in non-dispersing seed types in urban

areas associated with increased habitat fragmentation [16,17].

Tüzün et al. [18] recently reported altered behavioural responses

to a pesticide in replicated urban populations of the damselfly

Coenagrion puella, suggesting local adaptation to higher pesticide

concentrations in urban environments. There is a strong need to

integrate evolutionary and ecological responses to urbanization

[19]. This integration should not only include an assessment of

the importance of intraspecific trait variation (ITV; i.e. within

species trait variation among environments that is a result of

either phenotypic plasticity, ontogenetic shifts or genetic adap-

tation) relative to species trait turnover (SPT; i.e. trait change

caused by the change in relative abundances of species; it thus

reflects trait change caused by interspecific trait variation)

along the urbanization gradient, but should also clarify how

much of ITV is the result of genetic responses compared with

environmental modulation through phenotypic plasticity or

ontogenetic change. In addition, there is a need to account for

scale effects of urbanization.

Because human-dominated landscapes generate intense

and novel selection pressures on very short spatial and tem-

poral scales, urban areas provide a powerful system to

monitor evolutionary trait change and the reciprocal interplay

with ecological dynamics across taxa [19–22]. Cities differ from

rural areas in hydrology, atmospheric chemistry, microclimate,

nutrient concentrations, land use and vegetation cover [23–25].

Urban areas are characterized by higher eutrophication, soil

and water contamination by organic pollutants and heavy

metals, noise and light pollution, and usually have a low over-

all habitat quality and connectivity [26,27]. One of the striking

environmental changes linked to urbanization is the significant

increase in ambient surface temperature compared with rural

surroundings (‘urban heat island effect’, UHI; [28,29]). These

have also been studied in detail in the northern provinces of

Belgium (Flanders) during the past decade [30]. The average

difference in summer mean surface temperature between

cities and rural areas in Flanders ranged between þ1.48C and

þ4.58C (with extreme observations up to 88C differences in

summer day temperature) and was positively correlated with

the level of impervious surfaces.

As a result of the increased average and extreme tempera-

tures, we expect that urban dwellers will show a reduced body

size in many organism groups to better optimize physiological

oxygen transport and respiration processes (‘temperature–size

rule’; [31]). Body size is a key trait in freshwater zooplankton,

as it is a strong determinant of SPT along environmental

gradients (e.g. fish predation pressure; [32,33]) as well as of per-

formance in competition and top-down control of algae [34,35].

The presence of large zooplankton species, such as the water

flea Daphnia magna, can prevent shifts from the clear-water to

the turbid stable state in ponds and shallow lakes [36]. Oxygen

limitation can, however, be severe in aquatic systems (e.g. [37]).

It is currently not known to what extent urban zooplankton

populations show a reduced body size compared with rural

populations, to what extent patterns in body size variation run
parallel for intra- and interspecific trait turnover, and to what

degree changes in body size along urbanization gradients also

have a genetic component.

We here performed a partitioning analysis to better under-

stand the underlying processes leading to variation in body

size in zooplankton communities along strong urbanization gra-

dients using the variation partitioning method developed by

Lepš et al. [38] and adapted by Kichenin et al. [39] and Lajoie &

Vellend [12]. This method enables us to assess the relative impor-

tance of ITV versus SPT to community body size turnover along

the urbanization gradient. Moreover, we adapted this method to

integrate both genetic and non-genetic ITV, which constitutes a

novel approach towards disentangling genotypic trait variation

(GTV) from other ITV components and SPT. To do so, we com-

bined zooplankton community field data and common garden

experimental data on one focal species, D. magna. Our overall

aim was to disentangle the underlying mechanisms shaping

community trait–environment tracking along urbanization gra-

dients. Environmental filtering is expected to lead to community

body size turnover along the urbanization gradient, and we here

want to assess to what extent this is caused by intra- versus inter-

specific trait variation. Our specific hypotheses are (i) that ITV

contributes significantly to the observed community trait turn-

over, (ii) that the patterns in intra- and interspecific body size

variation covary along the urbanization gradient, and (iii) that

evolutionary processes (i.e. genetic change) contribute signifi-

cantly to intraspecific and overall community trait turnover in

this system. Given the importance of body size for top-down

control of algae, community body size turnover with increasing

urbanization resulting in an increased dominance of small zoo-

plankton species or an evolutionary reduction in body size in

dominant species could negatively affect community grazing

efficiency and thereby water quality of urban ponds.

2. Material and methods
A detailed description of Material and Methods can be found in

electronic supplementary material, A.

(a) Data acquisition
(i) Habitat selection
A total of 84 permant shallow ponds were sampled in Flanders

(Belgium; latitude 518000 0000 N, longitude 48 3000000 E, period May–

July 2013; sampling locations are given in electronic supplementary

material, figure SA1) involving gradients in urbanization along the

cities of Antwerpen, Brussel, Gent and Leuven. Urbanization,

assessed as percentage built-up area in 200 � 200 m and 3� 3 km

plots (%BA, i.e. surface area taken by buildings, houses and industrial

infrastructure, excluding roads and parking lots) is considered high

from 10% BA upwards. Ponds represented approximately equal

number of estimated low (rural), intermediate and high urbanized

ponds at both spatial scales. %BAwas later quantified more precisely

at seven separate radii around each pond (50, 100, 200, 400, 800,

1600 and 3200 m), allowing possible scale-dependent effects (e.g. a

local ‘park cooling’ effect versus the more regional ‘urban heat

island effect’) to be disentangled. After sampling, loggers were

installed in two urban and two rural ponds, to monitor water

temperature on a daily basis throughout the year (2013–2014).

(ii) Zooplankton community composition and intraspecific trait
variation for body size

From each pond, a 20–40 l zooplankton sample (filtered over

64 mm) was taken using a tube sampler. At least 300 individuals

were identified in each sample [40,41] of which body size was
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measured on 15 individuals of each species present in the sample.

Densities were expressed as individuals per litre. For the focal

species D. magna, an additional set of 15 adults was measured to

calculate the average adult body size. A list of species present

across all ponds and their mean body size are given in electronic

supplementary material, table SA1; the number of species in each

pond is given in electronic supplementary material, table SA2.

(iii) Genetic variation and phenotypic plasticity in body size in
Daphnia magna

We exposed 12 D. magna populations inhabiting ponds along the

urbanization gradient (%BA at a radius of 3200 m) to 208C and

248C in a common garden experiment to mimic the temperature gra-

dient along the urbanization gradient (with 208C reflecting the

average July maximum day temperature in rural ponds observed

over a two-week period; see electronic supplementary material,

table SA3, figure SA2). A total of 432 lines (12 populations � 6

lineages � 2 temperatures� 3 replicates) were grown in the

laboratory under standardized laboratory conditions (water baths

at 20+0.68C, 14 L : 10 D photoperiod, dechlorinated tap water, fed

1 � 105 cells ml21 of the green algae Acutodesmus obliquus (strain

number: CCAP 276/3A, formerly known as Scenedesmus obliquus)
daily, and 80% medium refreshment every other day) to obviate

interference from the source habitat conditions through (grand)

maternal effects. Twelve neonates (less than 24 h old, second to

fourth clutch) were transferred to 500 ml jars placed in temperature

controlled water baths (20+0.68C or 24+0.48C), with the

same photoperiod, feeding and medium refreshment regimes as

described above. Size at maturity was scored at the stage of first

adult instar (four individuals per cohort). We checked genotypic

uniqueness of all lineages by screening variation at 27 microsatellite

markers [42]. Lineages identical at all loci were considered to belong

to the same clone and their data were pooled. Pond location, urban-

ization level and the number of clones used in our experiment are

given in electronic supplementary material, table SA4.

(b) Statistical analysis
(i) Data
Exploratory analyses indicated different patterns of the cladoceran

community body size change depending on whether the com-

munities were dominated by small- or large-bodied taxa (see §3).

We divided the data into two subsets. The large-species dominated

community subset (n ¼ 34, large species having an average body

size . 1 mm, see e.g. [32]; species included: D. magna, D. obtusa,

D. pulex and the chydorid Eurycercus lamellatus), involving commu-

nities having more than 5% of large species in terms of abundances

(a 5% cut-off value is inspired by the fact that their body size is large,

so that in terms of biomass their contribution is more substantial),

and the small-species dominated community subset (n ¼ 50; all

other ponds). All analyses on communities presented below were

done on all three datasets (i.e. the full dataset and the two subsets).

For the analyses involving genetic variation in D. magna, only the

large-species subset was used as community dataset. Data analyses

were conducted with the R software v. 3.2.3 for Windows [43]. Out-

liers and influential data points were detected using the Cook’s

distance, the outlier test function (‘car’ package, [43]), and visual

screening by plotting the model residuals versus leverage and plot-

ting all the data points. The justification for outlier removal as well as

the results of analyses without outlier removal are described in the

electronic supplementary material, B.

(ii) Quantifying the relative importance of intraspecific trait
variation and interspecific trait turnover on the change in
cladoceran community body size

We calculated the local community body size for a community j
first as the abundance-weighted average of the local body sizes of
all species present in the local community (i.e. �zj
L ¼

P
i qijzij with

qij the relative abundance and zij the local average body size

value of species i of community j ). Second, we calculated it as

the abundance-weighted average using the metacommunity-

wide average body size of all species (i.e. the average body size

of a species across all communities where it is present;
�zj

MW ¼
P

i qij�zi with qij the relative abundance of a species i of

community j and �zi the metacommunity-wide average body

size value of species i across the communities where it is present).

We partitioned the variation explained by ITV and SPT to the

total trait variation along the urbanization gradients using the

method described by Lajoie & Vellend [12] (figure 1). We built

three regression models. In the SPT þ ITV model, the abun-

dance-weighted average community body sizes using the local

species body size distributions for each community was

regressed against percentage built-up area, reflecting the effect

of both ITV of each species and species turnover along the gradi-

ent. In the SPT model, the abundance-weighted average

community body sizes using the metacommunity-wide species

body sizes were regressed against percentage built-up area,

accounting for the changes in the relative abundances of species

and species replacements along the gradient. Determining the

effect of ITV on community trait turnover along the gradient

was then done by subtracting the SPT model from the SPT þ
ITV model, i.e. �zj

L � �zj
MW ¼

P
i qijðzij � �ziÞ. We evaluated all

models at all seven spatial scales and for the three different

sets of communities (i.e. the full dataset and the two subsets).

Based on the Akaike information criterion (AIC), we log-

transformed percentage built-up area for all models. To better

meet the assumption of normality for the regression analyses,

the abundance-weighted average community body sizes were

also log-transformed. One extreme outlier was detected in the

ITV model and removed from the full dataset (n ¼ 83; see electronic

supplementary material, figure SA3). For the subset of com-

munities dominated by large species two outliers were removed

(n ¼ 32, see electronic supplementary material, figure SA3), and

for the subset of communities dominated by small species one out-

lier was removed (n ¼ 49; see electronic supplementary material,

figure SA3). Bootstrap analyses were performed to assess variation

in our estimates of the contribution of ITV and SPT (figure 2; solid

line). The variance in community weighted means of body size

attributable to SPT and to ITV was assessed as the ratio of the

regression sum of squares of the SPT model (SSRSPT) or the ITV

model (SSRITV) over the total sum of squares of the model including

both SPT and ITV (SSTSPTþITV). This quantifies the contribution of

SPT and ITV, respectively, to the total explained variance in com-

munity average body size along the urbanization gradient. The

proportional variation explained by ITV was determined using

the formula: SSRITV/(SSRITVþ SSRSPT) [12].
(iii) Genetic variation and phenotypic plasticity in body size in
Daphnia magna

We tested for the effect of urbanization and temperature exposure

on genotypic values (this term is clarified in electronic supple-

mentary material, Box SA1) of D. magna size at maturity

with clone (nested in population) and population included as

random effects in our linear mixed-effect model (using the

‘lme4’ and ‘car’ packages in R to compute approximate F-test

statistics and p-values for fixed effects; [43,44]). Built-up area was

log-transformed. We applied the restricted maximum-likelihood

estimation method (REML), and corrected the degrees of free-

dom for fixed effects using the Kenward–Roger approximation.

Tests of normality were performed and assumptions were

met (electronic supplementary material, A, Material and

Methods). Significance of random effects was tested by model

comparison (Wald’s x2 and p-values computed using the ‘car’

package; [43,45]).
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(iv) The relative contribution of genotypic trait variation, non-
genetic intraspecific trait variation and interspecific trait
turnover to the change in cladoceran community body size

To disentangle the relative contribution of genotypic trait

variation (GTV) and non-genetic trait variation (i.e. phenotypic
plasticity or ontogenetic shifts; ITVPLASTICITY/OTHER) to the

change in average community body size along the urbanization

gradients, we modified the method of Lajoie & Vellend [12]

and included the genotypic trait values for 12 D. magna popu-

lations at 208C and 248C. Of the 10 communities containing

D. magna in the community dataset, seven communities were
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shared between both datasets. For the other three D. magna com-

munities, genotypic trait values were estimated using the

regression function from the common garden experiment (elec-

tronic supplementary material, A). We determined the

contributions of genotypic and non-genetic trait variation along

the urbanization gradient, by rewriting the phenotypic trait

value zi for a species i as the sum of its genotypic trait value

(GTV; zG
i ), its plasticity response to temperature (ITVPLAST-T;

zT
i � zG

i ) and its plasticity response to other environmental con-

ditions present in the field or ontogenetic changes (ITVOTHER;

zi � zT
i ), i.e.

zi ¼ zG
i þ ðzT

i � zG
i Þ þ ðzi � zT

i Þ, ð2:1Þ

with zG
i the genotypic trait value calculated as the average of the

trait values in the 208C and 248C treatments, and zT
i the estimated

effect of plasticity in response to temperature (T ), based on an

expected relationship between percentage of built-up area and

temperature (detailed in electronic supplementary material, A).

Substituting equation (2.1) into the ITV model of Lajoie &
Vellend [12] results for each community j consisting of sj

species in

Xsj

i¼1

qijðzij � �ziÞ ¼
Xsj

i¼1

qijðzG
ij � �zG

i Þ þ
Xsj

i¼1

qijð½zT
ij � zG

ij � � ½�zT
i � �zG

i �Þ

þ
Xsj

i¼1

qijð½zij � zT
ij � � ½�zi � �zT

i �Þ: ð2:2Þ

To calculate the abundance-weighted average community

body size for these 10 communities, we used the genotypic

trait values of D. magna, combined with the metacommunity-

wide body sizes for all other species present in the local

communities. As a result, the effects of ITV and GTV only reflect

variation in the focal species D. magna. To determine the contri-

bution of GTV, temperature-related phenotypic plasticity and

phenotypic variation due to other environmental conditions or

demographic population structure along the urbanization gradi-

ent, a regression analysis was performed on each of the three

terms in the right-hand side of equation (2.2). To determine the
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3. Results
(a) Intraspecific trait variation versus interspecific trait

turnover
For the set of 83 communities (one outlier community

removed, figure SA3 shows plots with outliers included), we

found a significant negative relation between the abundance-

weighted average community body size and percentage

built-up area, but only when we quantified built-up area at

small spatial scales (50 m, b1 ¼ 20.077, p , 0.001, figure 1a;

100 m, b1 ¼ 20.059, p ¼ 0.006; other spatial scales p . 0.05;

electronic supplementary material, table SA5 and figure

SA4). We observed a decrease in the contribution of variation

explained by SPT to the total variation in community body

size along the urbanization gradient with increasing spatial

scale at which urbanization was determined (figure 2a, elec-

tronic supplementary material, table SA5). We observed a

slight increase in the contribution of variation explained by

ITV at larger spatial scales, with highest contributions at the

200–800 m scales (figure 2b, electronic supplementary

material, table SA5). The relative importance of ITV versus

SPT increased with spatial scale, but the impact of ITV was

not significant (figure 2c, electronic supplementary material,

table SA5).

For the set of communities dominated by small species, a

similar significant negative relation between abundance-

weighted average community body size and percentage built-

up area was found at smaller spatial scales (50 m, b1¼ 20.068,

p , 0.001, figure 1c; 100 m, b1 ¼ 20.057, p , 0.001; 200 m,

b1¼ 20.051, p ¼ 0.007; other spatial scales p . 0.05; electronic

supplementary material, table SA5 and figure SA4). SPT

accounted for 23.34% to 11.76% of the total variation in average

community body size along the urbanization gradient at small

spatial scales, but declined rapidly to 0.21% at the largest spatial

scale (figure 2d; electronic supplementary material, table SA5).

There is a tendency for ITV to explain a larger portion of the

observed average community body size turnover along the

urbanization gradient at smaller spatial scales (but marginally

non-significant, even at the 50 m scale; 1.73%, p¼ 0.052;

figure 2e; electronic supplementary material, table SA5). The

relative importance of ITV to the combined contribution to

variation explained by ITV and SPT accounted for 6.91% at this

scale and increased with increasing spatial scale.

For the set of communities dominated by large species, we

observed a very different pattern, with an increase in average

community body size with percentage built-up area, which

was only significant when built-up area is assessed at the

larger spatial scales (400 m, b1 ¼ 0.057, p ¼ 0.046; 800 m,

b1 ¼ 0.066, p ¼ 0.034; 1600 m, b1 ¼ 0.085, p ¼ 0.020; 3200 m,

b1 ¼ 0.110, p ¼ 0.024, figure 1f; scales below 400 m p . 0.05;

electronic supplementary material, table SA5 and figure

SA4). For this subset of communities, ITV explained a signifi-

cant portion (8.48–11.63%) of the turnover in observed

average community body size along the urbanization gradient

at larger spatial scales (400–1600 m; figure 2h; electronic
supplementary material, table SA5). At all spatial scales

except 3200 m, ITV explained more variation along the

urbanization gradient than SPT.

(b) Evolution and phenotypic plasticity of body size in
Daphnia magna

Genotypic trait values for size at maturity of D. magna popu-

lations decreased with increasing levels of urbanization

(b1 ¼ 20.123+0.027 s.e., F1/8 ¼ 14.730, p ¼ 0.004; figure 3).

A significant temperature effect was found, with individuals

cultured at 248C having an average smaller size at maturity

(F1/273 ¼ 6.432, p ¼ 0.012) than individuals cultured at 208C.

In addition, there was a significant interaction effect be-

tween temperature and built-up area (b1¼ 0.054+0.019 s.e.,

F1/273 ¼ 8.221, p ¼ 0.004; figure 3). Some of the more urban

populations showed a similar to even larger size at maturity

at 248C compared with 208C, while rural populations showed

a clear reduction in size at maturityat 248C (figure 3). Moreover,

the difference in size at maturity between 208C and 248C was

larger in rural than in urban populations. Model comparison

showed a significant effect of clone (x2
1 ¼ 14:444, p , 0.001)

and population (x2
1 ¼ 4:376, p ¼ 0.036), which were included

as random factors in the model. Clonal temperature reaction

norms for each population along the urbanization

gradient are shown in electronic supplementary material,

figure SA5).

(c) The relative contribution of genotypic trait variation,
non-genetic intraspecific trait variation and
interspecific trait turnover

For communities in which D. magna was present, a tendency

towards an increased average community body size was

detected with increasing levels of urbanization (figure 4a,

3200 m scale), similar to the pattern found for the total set

of communities dominated by large species. Owing to the

low number of communities, however, the full model was

not significant (SPT þ ITV, p ¼ 0.423, electronic supple-

mentary material, table SA6; for results without outlier
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Figure 4. (a) Relationship between average community body size variation and
percentage built-up area (%BA þ 1, 3200 m, plotted on a log-scale) of eight D.
magna communities (two outliers were removed, PL25-red and TP-Blap1-riv similar
to the general analysis of all large-species dominated communities). Community
average body size is calculated using the local trait values of D. magna (filled tri-
angles; note: for all other species we used community-wide average body size
values) or the community-wide average D. magna body size (unfilled triangles).
(b) Relationships between intraspecific trait variation (ITV, unfilled circles, grey
solid line, p , 0.1), genetic trait variation (GTV, filled circles), plasticity response
to temperature (ITVPLAST-T, unfilled squares), and plasticity response to other cues
(ITVOTHER, filled squares, black dotted line, p , 0.05) with percentage built-up area
(%BA þ 1, 3200 m, plotted on a log-scale). p-Values are given in electronic sup-
plementary material, table SA6. (c) Visualization of the relative importance of SPT
(dark grey), GTV (black), ITVPLAST-T (not visible due to its small value) and ITVOTHER

(light grey) to the total amount of variation in community body size along the
urbanization gradient explained by all components of ITV and SPT.
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removal, see electronic supplementary material, table SB5

and figure SB8). ITV of D. magna explained 32.43% of the

total observed trait turnover along the urbanization gradient

(marginally non-significant, p ¼ 0.056, electronic supplemen-

tary material, table SA6). ITV was clearly the larger

contributor, explaining 95.78% of the total variation explained

by both ITV and SPT together. Including genotypic trait values

at 208C and 248C in the analysis enabled us to disentangle three

types of ITV along the urbanization gradient: GTV, non-genetic

phenotypic trait variation due to increased temperatures

(ITVPLAST-T) and non-genetic phenotypic trait variation due

to increased temperatures (ITVOTHER; figure 4b). Only the

latter component showed a significant contribution to the

observed increase in average community body size (electronic

supplementary material, table SA6, p ¼ 0.047). ITVOTHER

explained 92.89% of the total explained variation by all trait

components, while GTV and SPT contributed 4.55% and

2.56%, respectively. Regression analysis on the difference in

D. magna body size measurements on all individuals (i.e.

including juveniles) versus adults only plotted against degree

of urbanization, suggests that the large impact of ITVOTHER

might be due to a change in relative abundance of juveniles
along the urbanization gradient (b1 ¼ 20.048, p ¼ 0.032;

electronic supplementary material, figure SA6).
4. Discussion
We observed an overall decrease in average community body

size of cladoceran communities in response to urbanization.

The overall pattern as well as the relative contribution of

intra- and interspecific trait variation to this pattern

depended, however, strongly on the spatial scale at which

urbanization was quantified and whether or not the commun-

ities were dominated by large species. For one of these large

species, D. magna, a common garden experiment revealed a

significant genetic decline in size at maturity with increasing

levels of urbanization around the ponds. In addition, the ani-

mals matured at a smaller size when reared at 248C compared

with 208C. Disentangling the effects of all intraspecific trait

components (i.e. GTV, plasticity in response to temperature,

plasticity related to other environmental variables and ontogen-

etic shifts) revealed that the community trait change along the

urbanization gradient was mainly driven by intraspecific trait

shifts not related to genotype or temperature.

In our dataset of 83 ponds, the average cladoceran

community body size declined with increasing urbanization,

which is in line with our expectations given that urban areas

represent heat islands [28,30] and that higher temperatures

favour smaller body sizes [46,47]. Our pilot temperature log-

ging study of ponds along the urbanization gradient offers

the first additional evidence of aquatic ecoystems being

impacted by the urban heat island effect as the average

summer (July–August) maximum water temperature of 2014

differed by 4.038C between two of the most urban and two

of the most rural ponds along the gradient (electronic sup-

plementary material, figure SA2). The decrease in

community body size was only significant for built-up area

assessed in the immediate surroundings of the pond (50–

200 m radius). This most likely reflects built-up area in the

immediate vicinity of the pond being the best predictor of

extreme temperatures, while parks and large gardens in the

cities experience somewhat cooler temperatures [48–50]. We,

however, found that cladoceran communities characterized

by a relatively high relative abundance (more than 5%) of

large-bodied species displayed a different pattern. Average

community body size of these communities increased with

increasing built-up area at larger spatial scales (400 m and

more). This pattern is opposite to the pattern found for the

total set of communities and for the communities dominated

by small-bodied species. We can only speculate on why we

find an opposite pattern for communities dominated by

large-bodied species. One possible explanation might be that

urban ponds on the one hand tend to be rich in nutrients [26]

while, on the other hand, by being relatively isolated they

can be characterized by a reduced presence of zooplankti-

vorous fish or increased relative importance of small,

gape-limited invertebrate predators. These factors would

favour large-bodied zooplankton [51,52]. The fact that this pat-

tern is only observed when urbanization is quantified at larger

spatial scales (400 m radius or more) reflects regional effects,

and is in line with the predator hypothesis. Dispersal barriers

can prevent specific predators being present; this would

result in urbanization effects acting at a larger scale indepen-

dently of the presence of built-up area in the immediate
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vicinity of the study habitats. Ponds in city parks or other urban

green infrastructure are indeed still relatively isolated from

each other, compared with rural ponds.

We used the variation partitioning method described by

Lajoie & Vellend [12] to assess the relative importance

of intra- versus interspecific trait variation to the observed

community body size turnover along the urbanization

gradient. For the total set of communities as well as for the

communities dominated by small-bodied species, we found

significant contributions of variation explained by SPT and

ITV when urbanization was assessed at small spatial scales,

with SPT being the more important contributor to explained

variation. For the communities dominated by small-bodied

species, the relative contribution of ITV to the total body

size turnover along the urbanization gradient increased at

larger spatial scales (400 m and more), but at these scales

the regression models were non-significant. For communities

dominated by large-bodied species, the contributions of SPT

and ITV to body size turnover along the urbanization gradi-

ent were of the same order of magnitude at larger spatial

scales (ITV accounted for 51% of the total amount of

explained variation at 1600 m and 33% at 3200 m). The contri-

bution of ITV, however, became even larger at intermediate

(71% at 400 m and 65% at 800 m; ITV models significant)

and smaller spatial scales (even up to 98% at 100 m).

For the large-bodied water flea D. magna, we quantified

genetic variation in size at maturity in a common garden

experiment. As predicted, we found that body size declined

with increasing levels of urbanization. This result is in line

with other studies that provided evidence for reductions in

body size with increasing urbanization in carabid species

[53] and a few other terrestrial organisms, such as house spar-

rows and tropical frogs (Passer domesticus [54]; Dendropsophus
ebraccatus [55]). The opposite pattern of increased body size

with higher levels of urbanization has, however, been

reported for the orb weaving spider Nephila plumipes [56].

Whereas these former studies focused on patterns of pheno-

typic trait variation, our study is the first to show a genetic

based reduction in body size along rural–urban gradients

in aquatic ecosystems. We also observed a significant pheno-

typic plasticity response to temperature, with D. magna
individuals maturing at a smaller size when reared at 248C
compared with 208C. This observation is in line with expec-

tations based on the urban heat island effect and oxygen

constraints [31]. Especially in aquatic organisms, a reduction

in body size with increasing temperatures can be necessary,

as oxygen is limited in supply in aquatic systems and its solu-

bility in water decreases while organismal metabolic rates

increase with increasing temperature [37]. The temperature

loggers in the two urban and two rural ponds yielded an

average temperature difference during the summer months

(July–August) of approximately 4.038C (see electronic sup-

plementary material, figure SA2). Assuming an urban heat

island effect of approximately 48C, the combined effect of

genetic based change and phenotypic plasticity would

result in a total reduction in size at maturity of almost 10%

(from 2.87 mm to 2.60 mm) in urban compared with rural

populations. Finally, we also observed a genotype by

environment interaction between population (different popu-

lations along the urbanization gradient) and phenotypic

plasticity in response to rearing temperature. This likely

reflects a pattern of local adaptation through the evolution

of phenotypic plasticity. More specifically, while the urban
populations show a clear pattern of reduced mean size at

maturity compared with rural populations, their phenotypic

plasticity in size at maturity in response to increased temp-

erature is much less strong. Our study adds to the evidence

of pronounced genetic differentiation and local adaptation

of natural Daphnia populations over short time periods

and at microgeographic scales in relation to natural and

human-induced environmental changes [57,58]. We also pro-

vide evidence of specific urbanization-driven evolutionary

change, as has been reported for a few other species [18,59].

Modifying the variation partitioning method used in

Lajoie & Vellend [12] enabled us to integrate all three levels of

trait variation (individual plasticity, genotype-dependent trait

values and species-specific trait values) that shape

eco-evolutionary dynamics along environmental gradients

[11]. Assessing the contribution of GTV, phenotypic plasticity

in response to a given environmental condition (here tempera-

ture; ITVPLAST-T) and a rest component of ITV (reflecting

phenotypic plasticity to unmeasured environmental conditions

or ontogenetic variation linked to individual growth and devel-

opment; ITVOTHER) to the observed community body size

turnover, led to three important conclusions. First, most vari-

ation in average community body size along the studied

urbanization gradient was due to ITV rather then SPT. Second,

among the components of ITV, the largest contributor was the

component linked to phenotypic plasticity induced by other

environmental variables than temperature and those reflecting

ontogenetic growth. The latter explanation is more likely as

our measurements of body size in the field samples involved

randomly sampled individuals and thus were not limited to

adults. There is a large difference in body size between neonate

(approx. 0.6–0.7 mm) and adult (up to 5 mm) D. magna [60], so

that differences in longevity, age distribution and the relative

abundance of adults and juveniles can have an important

impact on average community body size. Third, we found an

opposite pattern of increasing body size with urbanization in

field collected D. magna compared with the decreasing geno-

typic values of body size with increasing levels of urbanization

in the same species. This provides evidence for phenotypic

and genotypic countergradient variation for body size [61]

along an urbanization gradient in this species, and would lead

to an idiosyncratic pattern of the observed ITV along the urban-

ization gradient [62]. We note that the phenotypic trait shift

observed in the field likely reflects an ontogenetic shift and is

not due to phenotypic plasticity in response to temperature, as

this latter response positively covaried with the genetic differ-

ences. We speculate that the countergradient genetic shift to

smaller size at maturity in urbanized areas is important for sur-

vival of the D. magna populations in urban ponds. This genetic

response may allow survival at higher temperatures in an

environment that simultaneously leads to larger individuals

by enabling longer lifespans (e.g. due to reduced predation) in

this species that is characterized by indeterminate growth.

While genetic changes only contributed less than 5% to the

total change in community body size along the urbanization gra-

dient, evolution still accounted for double the percentage of

variation explained by SPT. Our analysis also reveals a case of

hidden evolution, i.e. evolution obscured by ecological change

as measured in the field. This reflects the complex interplay

between environmental, ecological, phenotypic and genotypic

processes, often leading to cryptic eco-evo dynamics [63].

Zooplankton are key grazers of phytoplankton in ponds

and lakes [64]. Small-bodied zooplankton are less efficient
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grazers than large-bodied species, especially large-bodied

Daphnia species [32,34,51]. Recent experimental work with Bel-

gian zooplankton species confirmed that assemblies of large

cladoceran species can have an up to sevenfold higher

impact on phytoplankton biomass than assemblies of small cla-

doceran species of the same biomass [35]. The here observed

reduction in average body size with increasing urbanization

at the level of the community, as well as in terms of genotypic

values at the population level and phenotypic plasticity at the

level of individual genotypes, may therefore lead to reduced

top-down control of phytoplankton, increasing the probability

of a shift to the turbid, phytoplankton dominated state [36,65].

Moreover, in combination with the urban heat island effect and

an increased number of extreme temperature events, the

reduced capacity to control blooms of toxic cyanobacteria

such as Microcystis [66] could generate health risks.

(a) Knowledge gaps and future directions
Overall, our results show that ITV can be an important driver

of total community body size turnover along strong environ-

mental gradients, in this case urbanization. Depending on

the spatial scale at which urbanization was quantified, 50%

or more of community turnover in cladoceran body size

could be explained by ITV. We also showed that the large-

bodied cladoceran D. magna genetically adapts to the degree

of urbanization and remains smaller at maturity in ponds in

urbanized areas. In real landscapes, this effect on body size is

expected to be even more pronounced given that the animals

also show phenotypic plasticity for smaller size at maturity

with increasing temperatures. Yet, our analysis of the size dis-

tribution of D. magna individuals in samples taken from the

field shows an increase in body size with increasing urbaniz-

ation, which might reflect changes in age distribution along

the urbanization gradient. In our integrated analysis, it was

this phenotypic increase in body size of D. magna with increas-

ing urbanization that was the major determinant of the

urbanization-driven change in average community body size.

Genotypic trait change contributed relatively little to the

overall change in average community body size along the

rural–urban gradient. Yet the observed genetic trait shift

towards smaller sizes at maturity with increasing urbanization

is likely important to the success of D. magna in urban ponds, as

the countergradient evolution enables this species to deal with

the higher temperatures in settings that support a phenotypic

shift to larger individuals. Our integrated analysis revealed

striking patterns of body size turnover along urbanization gra-

dients in response to the urban heat island effect, mediated by

evolutionary and non-evolutionary ITV as well as by changes

in the relative abundances of species. Moreover, we detected

a number of surprises and complexities such as the differences

in responses between communities dominated by small versus

large species, the cryptic eco-evolutionary dynamics, and the

fact that ITV likely associated with ontogenetic shifts in one

species has a stronger impact on community trait turnover

than shifts in species composition. These complexities need
to be considered in future studies and can strongly impact

predictions of trait shifts in the face of environmental change.

Our extended partitioning approach allows combining field

data with detailed quantitative genetic analyses obtained from

common garden experiments. It can be applied to any trait and

provides a highly valuable tool to study eco-evolutionary

dynamics along environmental gradients in time and space.

In this study, we integrated genotypic and phenotypic data of

one species, but ideally, GTV of all important member species

of the community should be included to better grasp the inter-

play between evolutionary and non-evolutionary drivers of ITV

and their relative importance to SPT in explaining community

responses to environmental gradients.

Our analyses are limited to one sampling campaign.

We acknowledge that including multiple data points through

time would likely provide more power to detect the underlying

drivers of the observed trait change along the urbaniza-

tion gradient and correct for seasonal variation. This could

help in generating more specific predictions on the causes and

consequences of community trait shifts associated with urbaniz-

ation. Our results indicate that the eco-evolutionary dynamics

may have important consequences for ecosystem functions

and ecosystem services provided by urban ponds. Quantifying

these ecological and socio-economic consequences of ITV in

urban ponds was beyond the scope of the present study, but

should be tackled in future work.
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44. Bates D, Mächler M, Bolker B, Walker S. 2014
Fitting linear mixed-effects models using lme4.
arXiv preprint arXiv:1406.5823. (doi:10.18637/jss.
v067.i01)

45. Fox J, Weisberg S. 2010 An R companion to applied
regression. Beverley Hills, CA: Sage.

46. Angilletta MJ, Steury TD, Sears MW. 2004
Temperature, growth rate, and body size in
ectotherms: fitting pieces of a life-history puzzle.

http://dx.doi.org/10.1111/j.1461-0248.2012.01763.x
http://dx.doi.org/10.1111/j.1461-0248.2012.01763.x
http://dx.doi.org/10.1016/B978-0-12-420002-9.00006-8
http://dx.doi.org/10.1111/j.1365-2486.2009.01980.x
http://dx.doi.org/10.1111/j.1461-0248.2005.00812.x
http://dx.doi.org/10.1111/j.1461-0248.2005.00812.x
http://dx.doi.org/10.1111/ele.12480
http://dx.doi.org/10.1073/pnas.0406440101
http://dx.doi.org/10.1073/pnas.0406440101
http://dx.doi.org/10.1038/nature02430
http://dx.doi.org/10.1038/nature02430
http://dx.doi.org/10.1073/pnas.0908023107
http://dx.doi.org/10.1073/pnas.0908023107
http://dx.doi.org/10.1016/j.cub.2015.11.070
http://dx.doi.org/10.1016/j.tree.2011.11.014
http://dx.doi.org/10.1016/j.tree.2011.11.014
http://dx.doi.org/10.1890/15-0156.1
http://dx.doi.org/10.1890/15-0156.1
http://dx.doi.org/10.1016/j.tree.2005.11.019
http://dx.doi.org/10.1007/s11252-007-0045-4
http://dx.doi.org/10.1007/s11252-007-0045-4
http://dx.doi.org/10.1007/s13280-014-0547-2
http://dx.doi.org/10.1007/s13280-014-0547-2
http://dx.doi.org/10.1073/pnas.0708446105
http://dx.doi.org/10.1073/pnas.0708446105
http://dx.doi.org/10.1098/rstb.2016.0038
http://dx.doi.org/10.1016/j.aquatox.2015.04.002
http://dx.doi.org/10.1016/j.aquatox.2015.04.002
http://dx.doi.org/10.1016/j.tree.2014.11.007
http://dx.doi.org/10.1098/rstb.2016.0037
http://dx.doi.org/10.1098/rstb.2016.0037
http://dx.doi.org/10.1098/rstb.2016.0028
http://dx.doi.org/10.1098/rstb.2016.0046
http://dx.doi.org/10.1641/0006-3568(2003)053[1169:ihieoa]2.0.co;2
http://dx.doi.org/10.1641/0006-3568(2003)053[1169:ihieoa]2.0.co;2
http://dx.doi.org/10.1016/j.envpol.2011.02.022
http://dx.doi.org/10.1016/j.tree.2005.12.006
http://dx.doi.org/10.1016/j.tree.2005.12.006
http://dx.doi.org/10.1126/science.1150195
http://dx.doi.org/10.1126/science.1150195
http://dx.doi.org/10.1016/0004-6981(73)90140-6
http://dx.doi.org/10.1016/0004-6981(73)90140-6
http://dx.doi.org/10.1002/joc.859
http://www.milieurapport.be/Upload/main/0_Klimaatrapport/2015-05_MIRA_UHI_eindrapport_TW2.pdf
http://www.milieurapport.be/Upload/main/0_Klimaatrapport/2015-05_MIRA_UHI_eindrapport_TW2.pdf
http://www.milieurapport.be/Upload/main/0_Klimaatrapport/2015-05_MIRA_UHI_eindrapport_TW2.pdf
http://dx.doi.org/10.1016/S0065-2504(08)60212-3
http://dx.doi.org/10.1126/science.150.3692.28
http://dx.doi.org/10.1890/0012-9658(2000)081[0826:AFTOIR]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2000)081[0826:AFTOIR]2.0.CO;2
http://dx.doi.org/10.1098/rspb.2016.0487
http://dx.doi.org/10.1016/0169-5347(93)90254-M
http://dx.doi.org/10.1016/0169-5347(93)90254-M
http://dx.doi.org/10.1111/ele.12413
http://dx.doi.org/10.1111/j.1600-0587.2010.06904.x
http://dx.doi.org/10.1111/j.1600-0587.2010.06904.x
http://dx.doi.org/10.1111/1365-2435.12116
http://dx.doi.org/10.1111/1365-2435.12116
http://dx.doi.org/10.1111/j.1755-0998.2010.02970.x
http://dx.doi.org/10.1111/j.1755-0998.2010.02970.x
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.18637/jss.v067.i01


rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

372:20160030

11
Integr. Compar. Biol. 44, 498 – 509. (doi:10.1093/
icb/44.6.498)

47. Kozłowski J, Czarnołeski M, Danko M. 2004 Can
optimal resource allocation models explain why
ectotherms grow larger in cold? Integr. Compar.
Biol. 44, 480 – 493. (doi:10.1093/icb/44.6.480)

48. Yu C, Hien WN. 2006 Thermal benefits of city parks.
Energy Build. 38, 105 – 120. (doi:10.1016/j.enbuild.
2005.04.003)

49. Ren Z, He X, Zheng H, Zhang D, Yu X, Shen G, Guo R.
2013 Estimation of the relationship between urban
park characteristics and park cool island intensity by
remote sensing data and field measurement. Forests
4, 868 – 886. (doi:10.3390/f4040868)

50. Alavipanah S, Wegmann M, Qureshi S, Weng Q, Koellner
T. 2015 The role of vegetation in mitigating urban land
surface temperatures: a case study of Munich, Germany
during the warm season. Sustainability 7, 4689 – 4706.
(doi:10.3390/su7044689)

51. Dodson SI. 1974 Zooplankton competition and
predation: an experimental test of the size-
efficiency hypothesis. Ecology 55, 605 – 613.
(doi:10.2307/1935150)

52. Rabus M, Waterkeyn A, Van Pottelbergh N,
Brendonck L, Laforsch C. 2011 Interclonal variation,
effectiveness and long-term implications of Triops-
induced morphological defences in Daphnia magna
Strauss. J. Plankt. Res. 34, 152 – 160. (doi:10.1093/
plankt/fbr092)

53. Weller B, Ganzhorn JU. 2004 Carabid beetle
community composition, body size, and fluctuating
asymmetry along an urban-rural gradient. Basic
Appl. Ecol. 5, 193 – 201. (doi:10.1078/1439-1791-
00220)
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