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Summary

1. The role of spatial processes in ecotoxicology is largely ignored. Yet, together with species-

specific sensitivities to the pollutant, spatial processes may determine community recovery and the

resulting community composition after a pollution event.

2. We investigated the isolation-specific potential for internal recovery by reproduction and exter-

nal recovery by dispersal after a pesticide pulse in experimental aquatic insect communities along an

isolation gradient.

3. External recovery was important in the univoltine species and in a multivoltine species that went

locally extinct but only when a source population was nearby. Internal recovery occurred in all

multivoltine species and was unexpectedly stronger inmore isolated communities, probably because

of release from a dispersal-limited key predator.

4. As a result, community recovery and resulting changes in composition strongly depended on

isolation and species differences in the potential for external recovery through dispersal and internal

recovery through reproduction.

5. Synthesis and applications.Our results indicate that while the immediate impact of a toxicant on

natural communities is shaped by species sensitivities, their recovery is primarily dependent on the

degree of isolation. Risk assessment and the protection of communities under toxicant threat may

improve greatly from considering the spatial context: isolated communities and communities with

poor dispersers should receive extra protection to safeguard their member species. Ideally, land use

planning should strive to remediate isolation of natural communities under threat in agricultural

landscapes. Where this is not possible, spatial regulation of pesticide application may considerably

improve protection of extant diversity.
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Introduction

An important recent paradigm shift in ecology is the renewed

appreciation of the importance of dispersal in shaping the

composition and structure of individual communities in a

regional set of connected communities, so-called metacom-

munities (Holyoak, Leibold & Holt 2005). Although theory

has made important progress towards predicting community

composition and structure, there is a need to examine the

ecology of multiple species in the same landscape to charac-

terize metacommunity processes in nature (Clements & Rohr

2009; Driscoll & Lindenmayer 2009). The particular impor-

tance of regional processes for communities that undergo a

disturbance has been indicated theoretically (Chase et al.

2005). Although colonization dynamics are increasingly val-

ued in disciplines specifically dealing with disturbances, their

validation in experimental studies lags behind (but see Chase

2010). One obvious discipline studying disturbances is eco-

toxicology where current risk assessment strategies largely

ignore how impact on communities may strongly depend on

dispersal and the spatial context (Relyea & Hoverman 2006).

Dispersal and the spatial context may be of particular rele-

vance to ecotoxicology for several reasons. Immigration may

be an important external recovery mechanism in addition to

internal recovery by reproduction. If populations are wiped

out by a contaminant disturbance, dispersal is the sole mecha-

nism for local recovery (Simberloff & Wilson 1969; Lahr

et al. 2000). As contamination often goes hand in hand with

other anthropogenic threats such as habitat destruction and
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fragmentation that may affect regional dispersal dynamics, it

may be of paramount importance to consider the spatial con-

text (the degree of isolation) when analysing or predicting the

effect of contaminants (Angeler & Alvarez-Cobelas 2005).

In this study, we investigate how aquatic insect communi-

ties which are often exposed to agricultural contaminants

worldwide (Schwarzenbach et al. 2006) respond to pesticide

stress along an isolation gradient. Dispersal along the isola-

tion gradient was not artificially manipulated but occurred

fully naturally in a typical, agricultural landscape in Flan-

ders, Belgium. We followed the response of experimental

insect communities after they were exposed to a pesticide

pulse. Our interest was mainly in the isolation-specific poten-

tial for external recovery (colonization), the potential for

internal recovery (reproduction associated with voltinism)

(Kreutzweiser et al. 2004; Downing et al. 2008) and their

combined impact on species differences in realized recovery.

We tested the following a priori hypotheses: (i) the pesticide

pulse will impose mortality potentially leading to local

extinctions of some species; this pesticide-induced mortality

effect should not depend upon isolation. (ii) The external

recovery through immigration after the pesticide pulse will

be less strong and will take longer to occur with increasing

isolation (i.e. distance from a source pond). (iii) The internal

recovery through local reproduction after the pesticide pulse

will not depend on the degree of isolation. (iv) We expect

community recovery to be stronger and faster at shorter

distances from the source pond and (v) species differences in

external recovery through immigration and internal recovery

through reproduction to cause a different community com-

position along the isolation gradient.

Materials and methods

To test if isolation would change the effect of pesticide exposure on a

community of aquatic macroinvertebrates, we set up a mesocosm

experiment with a full factorial design of 3 treatments · 3 distances

from a source habitat. The experiment was performed near the pond

of Tersaert (Leefdaal, Belgium). This 1200 m2 pond is surrounded by

agricultural fields, meadows and small patches of woodland. It is rela-

tively distant from other aquatic habitats, except for two much smal-

ler pools at 500 and 750 m to the southeast (150 and 10 m2). In all

other directions, the nearest aquatic habitats are more than 3 km

distant. We placed 220 L mesocosms at three distances from the

Tersaert pond: 70 m (distance 1), 300 m (distance 2) and 1000 m (dis-

tance 3). As the Tersaert pond was the most probable source for

dispersing macroinvertebrates in this area, this distance gradient rep-

resents an isolation gradient. To avoid interference with the two small

pools southeast of the Tersaert pond, we placed our mesocosms in a

north-west direction, which is also the prevailing wind direction.

Given that logistic constraints in the agricultural area precluded the

placement of large clusters of mesocosms at each distance, we chose

to use two spatial blocks at each distance corresponding with the

directions west-north-west (direction 1) and north-north-west (direc-

tion 2) (Fig. 1). All mesocosms were placed in open terrain and there-

fore equally visible to dispersingmacroinvertebrates.

We placed a set of six uncovered mesocosms at all three distances

in both directions (Fig. 1), giving a total of 36 mesocosms. Four

randomly chosen mesocosms at each location were inoculated with

an experimental macroinvertebrate community and two of the

mesocosms received a pesticide pulse (endosulfan). Next to these

four mesocosms, two control mesocosms at each location were not

inoculated with macroinvertebrates and received no further treat-

ment. As the presence of a local community may alter effective colo-

nization, the empty mesocosms were included to reveal patterns of

colonization over space and time that may be lost in the experimen-

Fig. 1.Map showing the location of the study area. Numbers (1, 2 & 3) represent the three levels of spatial isolation from the natural source

community for recolonization (Tersaert pond) in the two geographical directions. At each site, there were six uncovered mesocosms: two with an

initial macroinvertebrate community and no endosulfan, two with an initial macroinvertebrate community and endosulfan, and two without

initial macroinvertebrate community and no endosulfan.
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tal mesocosms. In the control mesocosms, at every sampling date,

besides the focal corixid species all potential predators (other water

bugs and beetles) were removed, identified and counted. In addition

to these six uncovered mesocosms at all six locations, four covered

mesocosms where dispersal was prohibited (covered by 1 mm mesh

netting) were placed at a randomly chosen location (distance 300 m

of direction 2, Fig. 1). These four mesocosms also received the

experimental macroinvertebrate community, and two of them

were assigned to the pesticide treatment. Patterns in the number

of animals in these covered mesocosms provide information on

the population dynamics in the absence of immigration and

emigration.

The pesticide we used was endosulfan, a globally present chlori-

nated cyclodiene insecticide that quickly dissipates from the water

phase. After 2 days, <12% of the initial concentration of 50 lg L)1

of endosulfan (technical grade) was present in the water phase. The

application of such pesticides corresponds to a short-term distur-

bance where the habitat relatively quickly returns to pre-disturbance

conditions, allowing for quick recovery following recolonization

pending the dispersal capacity of the species. Details of the pesticide,

its application, analysis and dissipation are shown in Appendix S1,

Supporting Information.

The water in the mesocosms was left to age for 6 weeks, then the

experiment was started by adding the experimental communities and

applying the pesticide pulse one hour after inoculation of the experi-

mental communities. As the Tersaert pond probably serves as the

major source of recolonization, we tried to make our experimental

communities similar to that of the pond, yet, simplified to a subset of

its most abundant taxa: the mayfly Cloeon dipterum (Linnaeus, 1761)

and four water bugs Corixa punctata (Illiger, 1807), Plea minutissima

Leach, 1817, Sigara lateralis (Leach, 1817) and S. striata (Linnaeus,

1758). For more details on the preparation of the individual meso-

cosms and on how experimental communities were constructed, see

Appendix S2 in Supporting Information. Importantly, C. punctata

and P. minutissima are univoltine, while the two Sigara species and

the mayfly are multivoltine (two or more generations per year). As

pesticide mortality in C. punctata was absent at distance 1, isolation-

dependent recovery was difficult to study in this species and it is

not further considered here (results of C. punctata were placed in

Appendix S3 Supporting Information).

To monitor population dynamics of the inoculated macroinverte-

brates (i.e. adult corixids and mayfly larvae) in the mesocosms, we

sampled them with hand nets (0Æ5 mm mesh) at days 2, 7, 21, 35,

49 and 63. By the end of the experiment, temperatures had dropped

and days were shorter so both dispersal and reproduction of water

bugs had strongly declined and any further internal and external

recovery returned to nearly zero until next spring. All macroinverte-

brates sampled with this method were identified, counted and

released in their mesocosm. As the exoskeleton of water bugs per-

sists long after death, we were also able to collect and count all

dead individuals of the inoculated water bug species. To avoid miss-

ing dead animals because of potential degradation of the exoskel-

etons during the 2-week sampling interval, we collected

exoskeletons from dead animals twice a week (together with the

removal of the Notonecta, see below). This enabled us to disentan-

gle losses because of dispersal (emigration) and mortality. We

stopped each sampling occasion when five successive sweeps did

not produce any macroinvertebrates. This sampling method was

exhaustive, as indicated by the fact that after hand-net collecting all

animals at day 63, we emptied the mesocosms over a 0Æ5 mm

mesh net and found no remaining macroinvertebrates. Estimates

of the number of nymphs of the focal species can be found in

Appendix S4 Supporting Information. Corixid nymphs can be easily

recognized by the absence of wings and therefore cannot disperse.

Notonecta backswimmers regularly colonized our experiment. To

avoidNotonecta predation, we removed them twice a week. Statistical

analyses indicated that they had no significant effect on the abun-

dance of adult water boatmen species (see Appendix S5 Supporting

Information).

At each sampling occasion, we measured the following physio-

chemical parameters: dissolved oxygen, pH, conductivity, minimal

and maximal temperature and chlorophyll a. Values for these param-

eters changed over time but were largely independent of the pesticide

treatment, isolation and direction (see Appendix S6 Supporting

Information).

STATIST ICS

Counting both living and dead water bugs at every sampling day

allowed us to analyse three interrelated parameters: the number of liv-

ing individuals, the number of dead individuals (mortality) and the

immigration ⁄ emigration balance (I ⁄E balance). The latter variable

was calculated for each sampling day i as [Nliving(i) + Ndead(i)] –

Nliving(i–1). All three variables were quantified from day 2 onwards.

Note that for C. dipterum, we could not detect dead animals and

therefore only quantified and analysed the numbers found alive. The

two multivoltine water bug species, S. lateralis and S. striata, repro-

duced locally during the experiment. New adults of both species

appeared after day 35. Therefore, we performed separate analyses

from day 2 to 35 (number of adults determined by mortality and the

I ⁄E balance) and day 35 to 63 (number of adults also determined by

local reproduction). For the latter period, the I ⁄E balance was not

further considered as ‘‘I’’ was largely determined by reproduction

and could not be discriminated from immigration. Note that by being

able to exactly count dead animals and by not calculating the I ⁄E
balance when births occurred, our estimate of I ⁄E only reflects immi-

gration and emigration and is not confounded by these two other

population processes, mortality and births.

To analyse the effects of the pesticide, distance and time on abun-

dance, mortality and the I ⁄E balance, we applied repeated-mea-

sures anovas with time (sampling day; starting with day 2) as the

repeated factor. We also included direction as a spatial blocking

factor. The effects of the pesticide and isolation only slightly dif-

fered between directions, and as we were not interested in any direc-

tional effects nor had any a priori expectations with regard to this

blocking factor, we will not report its effects. Survival data were

log-transformed so that anova assumptions were met. When the

assumption of sphericity was violated, we used Greenhouse &

Geisser corrected statistics for degrees of freedom and P-values. All

rmanovas were run in statistica 9.1.

The combined effect of the pesticide treatment and isolation on

community recovery was studied with a principal response curves

(PRC) analysis (van den Brink & Ter Braak 1999) on z-scores of the

log(x+1) transformed numbers alive of the macroinvertebrate

species. PRC focuses on community differences among treatment

combinations as Redundancy Analysis (RDA) does, but with the

advantage of adjusting treatment responses over time for potential

changes over time in the control communities. All five macroinverte-

brate species were included in the analysis, but since C. dipterum

larvae were not sampled at every occasion, we included only five

sampling days: 0, 2, 7, 35 and 63 days after the pesticide application.

Pesticide effects for each sampling day were tested using a Monte

Carlo permutation test (999 permutations). Following Caquet et al.

(2007), we defined community recovery as the moment when the
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Monte Carlo permutation test failed to detect a difference between

pesticide-treated and non-treated mesocosms for two consecutive

sampling days. Because principal response curves (PRC) analysis

does not allow an overall repeated-measure analysis across time

points, we had to test the pesticide effect separately at each time point

as proposed by van den Brink & Ter Braak (1999). To assess the

potential inflation of the type I error rate, we calculated the adjusted

alpha level using the False Discovery Rate procedure (Benjamini &

Hochberg 1995). PRC analyses were run in Canoco for Windows 4.5

(ter Braak& Šmilauer 2002).

Results

Macroinvertebrate densities in the Tersaert pond and coloniza-

tion of the empty controlmesocosms can be found inAppendi-

ces S7 and S8 in Supporting Information, respectively.

MAIN EXPERIMENT: PLEA MINUTISSIMA

At day 2, the pesticide decreased the number of living

P. minutissima in the open and covered mesocosms (Pesti-

cide, Table 1, Fig. 2). This pesticide effect was retained dur-

ing the entire experiment at all distances (open mesocosms:

Time · pesticide, P = 0Æ142, Time · distance · pesticide,

P = 0Æ479; covered mesocosms: Time · pesticide, P =

0Æ613), indicating that colonization acted independent of

the previous pesticide application. Yet, colonization dynam-

ics strongly differed among distances (Time · distance,

Table 1, Fig. 2). At distance 1, P. minutissima numbers

increased steadily starting from day 7. At day 7, P. minu-

tissima in the pesticide-treated mesocosms had reached ini-

tial densities. At distances 2 and 3, and in the covered

mesocosms, P. minutissima numbers decreased after day 7

and eventually resulted in numbers that were on average

about 75% (no pesticide) and 35% (with pesticide) of the

initial numbers.

Plea minutissima mortality occurred during the first 7 days

in the pesticide treatment (c. 4–5 dead animals ⁄mesocosm) but

not in the control (Time · pesticide, Table 2, Fig. 2). This

mortality differed slightly (less than one individual) among

directions and distances (Direction · distance · pesticide,

Table 2, results not shown). In the covered mesocosms, mor-

tality in the pesticide treatment was similar, but because of the

lower sample size, this analysis did not reach statistical signifi-

cance (F1,10 = 10Æ0;P = 0Æ087, power =0Æ42).
The immigration ⁄ emigration balance (I ⁄E balance) differed

strongly among the three distances with transient higher values

at distance 1, while values remained low at distances 2 and 3

throughout the experiment (Distance · time, Table 3). Strong

net immigration occurred at distance 1 between days 7 and 35.

Virtually no net dispersal occurred at distances 2 and 3.

MAIN EXPERIMENT: SIGARA LATERALIS

At the start of the experiment, the pesticide decreased the num-

ber of S. lateralis in open and covered mesocosms by 80% on

average (Pesticide, Table 1, Fig. 3). This effect was slightly

different among distances and directions (days 2 to 35, Direc-

tion · distance · pesticide, Table 1). Afterwards, the abun-

dance of S. lateralis decreased more in the pesticide-free open

mesocosms (days 2 to 35: Time · pesticide, P < 0Æ001) which
caused the pesticide effect to disappear at day 35 in the open

mesocosms (day 35: Pesticide, P = 0Æ545), but not in the cov-

ered mesocosms (days 2 to 35: Time · pesticide, P = 0Æ169;
day 35: Pesticide, P < 0Æ001). At day 35, S. lateralis numbers

Table 1. Result of repeated-measures anovas with time (sampling day) as repeat, testing for the effects of pesticide treatment and distance on the

numbers alive of three water bug species in the openmesocosms. Direction was added as a spatial blocking factor

Factor

Plea minutissima Sigara lateralis* S. striata* S. lateralis† S. striata†

d.f. F P d.f. F P d.f. F P d.f. F P d.f. F P

Distance (1) 2 51Æ2 <0Æ001 2 10Æ5 0Æ002 2 0Æ49 0Æ622 2 9Æ36 0Æ004 2 0Æ80 0Æ474
Pesticide (2) 1 45Æ3 <0Æ001 1 150 <0Æ001 1 33Æ3 <0Æ001 1 6Æ20 0Æ028 1 0Æ50 0Æ494
Time (3) 5 1Æ22 0Æ311 3 16Æ0 <0Æ001 1Æ46 24Æ2 <0Æ001 1Æ26 143 <0Æ001 2 7Æ62 0Æ003
1 · 2 2 1Æ62 0Æ239 2 2Æ68 0Æ109 2 0Æ28 0Æ758 2 1Æ80 0Æ206 2 0Æ55 0Æ588
1 · 3 10 20Æ7 <0Æ001 6 1Æ30 0Æ281 2Æ92 2Æ27 0Æ059 2Æ52 2Æ90 0Æ076 4 1Æ25 0Æ316
2 · 3 5 1Æ73 0Æ142 3 14Æ9 <0Æ001 1Æ46 2Æ36 0Æ088 1Æ26 2Æ67 0Æ117 2 31Æ8 0Æ060
1 · 2 · 3 10 0Æ97 0Æ479 6 1Æ22 0Æ319 2Æ92 0Æ33 0Æ917 2Æ52 0Æ45 0Æ685 4 0Æ57 0Æ684
Direction (4) 1 18Æ1 0Æ001 1 7Æ80 0Æ016 1 6Æ42 0Æ026 1 0Æ06 0Æ818 1 1Æ86 0Æ198
1 · 4 2 1Æ95 0Æ185 2 0Æ96 0Æ401 2 0Æ57 0Æ582 2 0Æ00 0Æ998 2 3Æ36 0Æ069
2 · 4 1 0Æ70 0Æ420 1 0Æ01 0Æ906 1 1Æ87 0Æ197 1 0Æ34 0Æ572 1 0Æ33 0Æ574
3 · 4 5 5Æ56 <0Æ001 3 4Æ43 0Æ009 1Æ46 0Æ52 0Æ670 1Æ26 2Æ95 0Æ100 2 0Æ47 0Æ630
1 · 2 · 4 2 0Æ24 0Æ791 2 6Æ60 0Æ012 2 0Æ06 0Æ944 2 3Æ62 0Æ059 2 0Æ38 0Æ695
1 · 3 · 4 10 2Æ55 0Æ012 6 1Æ89 0Æ110 2Æ92 0Æ53 0Æ782 2Æ52 1Æ44 0Æ269 4 2Æ65 0Æ058
2 · 3 · 4 5 2Æ185 0Æ068 3 0Æ24 0Æ868 1Æ46 0Æ58 0Æ628 1Æ26 0Æ97 0Æ361 2 0Æ24 0Æ792
1 · 2 · 3 · 4 10 1Æ18 0Æ323 6 2Æ66 0Æ031 2Æ92 0Æ963 0Æ706 2Æ52 1Æ76 0Æ201 4 0Æ72 0Æ588
Error 60 36 17Æ5 15Æ2 24

*Results of repeated-measures anova with time £35 days.

†Results of repeated-measures anova with time ‡35 days (see Materials and methods).

Bold values are significant at the 0.05 level.
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Table 2. Result of repeated-measures anovas with time (sampling day) as repeat, testing for the effects of pesticide treatment and distance on the

mortality of three water bug species in the openmesocosms. Direction was added as a spatial blocking factor

Factor

Plea minutissima Sigara lateralis* S. striata* S. lateralis† S. striata†

d.f. F P d.f. F P d.f. F P d.f. F P d.f. F P

Distance (1) 2 3Æ17 0Æ079 2 1Æ42 0Æ281 2 4Æ00 0Æ047 2 2Æ80 0Æ100 2 1Æ68 0Æ226
Pesticide (2) 1 80Æ1 <0Æ001 1 1274 <0Æ001 1 105 <0Æ001 1 15Æ9 0Æ002 1 3Æ72 0Æ078
Time (3) 1Æ44 44Æ2 <0Æ001 3 802 <0Æ001 3 75Æ6 <0Æ001 1Æ65 7Æ68 0Æ002 1Æ73 4Æ27 0Æ026
1 · 2 2 1Æ60 0Æ243 2 15Æ5 <0Æ001 2 3Æ48 0Æ064 2 3Æ60 0Æ059 2 1Æ07 0Æ373
1 · 3 2Æ89 1Æ95 0Æ160 6 6Æ60 <0Æ001 6 2Æ39 0Æ048 3Æ29 1Æ91 0Æ141 3Æ45 2Æ34 0Æ083
2 · 4 1Æ44 38Æ2 <0Æ001 3 873 <0Æ001 3 88Æ7 <0Æ001 1Æ65 3Æ90 0Æ034 1Æ73 3Æ82 0Æ036
1 · 2 · 3 2Æ89 1Æ22 0Æ332 6 3Æ54 0Æ007 6 1Æ96 0Æ098 3Æ29 1Æ45 0Æ249 3Æ45 0Æ88 0Æ492
Direction (4) 1 0Æ86 0Æ373 1 1Æ06 0Æ323 1 0Æ81 0Æ387 1 0Æ00 0Æ941 1 0Æ49 0Æ496
1 · 4 2 4Æ36 0Æ038 2 6Æ27 0Æ014 2 2Æ06 0Æ170 2 1Æ95 0Æ185 2 0Æ15 0Æ866
2 · 4 1 1Æ52 0Æ241 1 0Æ04 0Æ840 1 1Æ58 0Æ232 1 0Æ00 0Æ941 1 0Æ49 0Æ496
3 · 4 1Æ44 1Æ91 0Æ183 3 2Æ55 0Æ071 3 0Æ61 0Æ612 1Æ65 2Æ06 0Æ150 1Æ73 1Æ92 0Æ169
1 · 2 · 4 2 5Æ17 0Æ024 2 0Æ07 0Æ929 2 0Æ90 0Æ431 2 1Æ50 0Æ263 2 0Æ61 0Æ560
1 · 3 · 4 1Æ44 3Æ41 0Æ069 3 0Æ55 0Æ649 3 0Æ66 0Æ579 1Æ65 0Æ14 0Æ873 1Æ73 0Æ15 0Æ859
2 · 3 · 4 1Æ44 3Æ41 0Æ069 3 0Æ55 0Æ649 3 0Æ66 0Æ579 1Æ65 0Æ14 0Æ873 1Æ73 0Æ15 0Æ859
1 · 2 · 3 · 4 2Æ89 1Æ51 0Æ248 6 1Æ44 0Æ227 6 0Æ72 0Æ632 3Æ29 0Æ45 0Æ769 3Æ45 0Æ49 0Æ744
Error 17Æ3 36 36 19Æ8 20Æ7

*Results of repeated-measures anova with time £35 days.

†Results of repeated-measures anova with time ‡35 days (see Materials and methods).

Bold values are significant at the 0.05 level.

Fig. 2. Temporal patterns in the number of Plea minutissima alive (top) and dead (middle) and immigration ⁄ emigration balance (bottom) in

response to a pesticide treatment (absence or presence) and isolation treatment (from left to right: open mesocosms on distances 1, 2 and 3 and

coveredmesocosms).Means are given with 1 SE.Day 0 is the start of the experiment.
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were about 20% of the initial numbers in all mesocosms,

except in the covered pesticide-free mesocosms where about

90% remained.

The pesticide treatment caused high S. lateralismortality at

day 2 (Pesticide, P < 0Æ001), which was somewhat lower

at distance 1 than at distances 2 and 3 (Time · distance ·

Fig. 3. Temporal patterns in the number of Sigara lateralis alive (top) and dead (middle) and immigration ⁄ emigration balance (bottom) in

response to a pesticide treatment (absence or presence) and isolation treatment (from left to right: open mesocosms on distance 1, 2 and 3 and

coveredmesocosms).Means are given with 1 SE.Day 0 is the start of the experiment.

Table 3. Result of repeated-measures anovas with time (sampling day) as repeat, testing for the effects of pesticide treatment and distance on the

immigration ⁄ emigration balance of three water bug species in the openmesocosms. Direction was added as a spatial blocking factor

Factor

Plea minutissima Sigara lateralis* S. striata*

d.f. F P d.f. F P d.f. F P

Distance (1) 2 87Æ3 <0Æ001 2 1Æ04 0Æ385 2 1Æ95 0Æ184
Pesticide (2) 1 5Æ92 0Æ031 1 40Æ2 <0Æ001 1 19Æ7 <0Æ001
Time (3) 2Æ23 3Æ16 0Æ054 2Æ13 8Æ64 0Æ001 1Æ69 1Æ36 0Æ274
1 · 2 2 0Æ58 0Æ574 2 0Æ51 0Æ611 2 1Æ66 0Æ231
1 · 3 4Æ46 3Æ86 0Æ011 4Æ26 1Æ53 0Æ220 3Æ39 3Æ96 0Æ026
2 · 3 2Æ23 1Æ82 0Æ178 2Æ13 5Æ57 0Æ009 1Æ69 2Æ53 0Æ120
1 · 2 · 3 4Æ46 0Æ52 0Æ742 4Æ26 0Æ52 0Æ733 3Æ39 0Æ26 0Æ852
Direction (4) 1 6Æ53 0Æ025 1 1Æ86 0Æ197 1 1Æ64 0Æ224
1 · 4 2 0Æ10 0Æ906 2 2Æ47 0Æ127 2 0Æ36 0Æ705
2 · 4 1 0Æ95 0Æ349 1 0Æ06 0Æ814 1 0Æ48 0Æ503
3 · 4 2Æ23 7Æ10 0Æ002 2Æ13 1Æ08 0Æ356 1Æ69 0Æ37 0Æ633
1 · 2 · 4 2 0Æ56 0Æ586 2 2Æ05 0Æ171 2 0Æ30 0Æ746
1 · 3 · 4 4Æ46 3Æ01 0Æ032 4Æ26 2Æ98 0Æ035 3Æ39 0Æ15 0Æ924
2 · 3 · 4 2Æ23 1Æ87 0Æ171 2Æ13 0Æ13 0Æ886 1Æ69 1Æ79 0Æ199
1 · 2 · 3 · 4 4Æ46 1Æ40 0Æ258 4Æ26 2Æ10 0Æ106 3Æ39 2Æ74 0Æ074
Error 26Æ7 25Æ6 20Æ3

*Results of repeated-measures anova with time £35 days. Afterwards, dispersal was confounded by internal recruitment.

Bold values are significant at the 0.05 level.
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pesticide,P = 0Æ007, Table 2, Fig. 3).Mortality was very sim-

ilar in the covered mesocosms with virtually no mortality in

the no pesticide treatment and high (>75%) mortality in the

pesticide treatment at day 2 (Time · pesticide, P < 0Æ001,
Fig. 3). The I ⁄E balance was nearly zero in the pesticide-

treated mesocosms but in the pesticide-free mesocosms, we

observed net emigration at days 7 and 21 at all three distances

(Time · pesticide, Table 3, Fig. 3).

During the period with new adults from internal recruitment

(days 35 to 63),S. lateralis numbers increased in all treatments,

but remained lower in the pesticide treatment (Pesticide,

Table 1, Fig. 3). In all treatments (except in the open pesticide-

treated mesocosms at distance 2), S. lateralis numbers had

recovered at day 49 to initial numbers and by day 63 surpassed

the initial numbers (Fig. 3). Numbers of adults were distinctly

larger at distance 3 with densities up to four times (pesticide-

treated mesocosms) or seven times (pesticide-free mesocosms)

the original densities, while at distances 1 and 2, numbers were

only 1Æ5 times the initial densities (Distance, Table 1). In paral-

lel with the increase inS. lateralis numbers,mortality increased

at days 49 and 63. This increase was higher in the pesticide-free

mesocosms (Time · pesticide, Table 2).

MAIN EXPERIMENT: SIGARA STRIATA

At day 2, the pesticide had decreased the number of S. striata

in the openmesocosms at all three distances and in the covered

mesocosms (Pesticide, Table 1). Overall, S. striata numbers in

the open mesocosms decreased to about 20% of the initial

number on average and about 80% of the initial number in the

pesticide-free covered mesocosms. Patterns for S. striata were

very similar to S. lateralis. For the exact details, see Fig. S1

Supporting Information.

The pesticide caused 40–80% mortality, while no animals

died in the untreated mesocosms. After day 2, mortality

decreased to almost zero in all treatments (Time · pesticide,

Table 2, see Fig. S1). A similar pattern was observed in the

covered mesocosms (Time · pesticide, P < 0Æ001). Mortality

at day 2 was slightly higher at distance 3 (Time · distance,

Table 2). During the first 35 days, the I ⁄E balance was close to

zero in the pesticide treatment and slightly negative in the pesti-

cide-free treatment (Pesticide, Table 3, see Fig. S1). Indepen-

dent of the pesticide treatment, at day 21 the I ⁄E balance was

higher at distance 1 than at distances 2 and 3 (Time · distance,

Table 3).

During the period with locally recruited adults (days 35 to

63), numbers increased similarly in the pesticide-treated and

pesticide-free mesocosms (Table 1, see Fig. S1). By day 63,

average S. striata numbers in the pesticide-treated mesocosms

had recovered relative to the initial numbers, except at distance

1. In parallel with the increase in S. striata numbers, mortality

increased at days 49 and 63. This increasedmortality was higher

in the pesticide-treatedmesocosms (Time · pesticide, Table 2).

MAIN EXPERIMENT: CLOEON DIPTERUM

At day 7, the pesticide had caused the extinction ofC. dipterum

in the openmesocosms at all three distances and in the covered

mesocosms (see Appendix S9 Supporting Information). At

distance 1, abundances recovered to the control from day 35

onwards, whereas at distances 2 and 3 (day 63: Pesticide,

P < 0Æ001) and in the covered mesocosms, C. dipterum popu-

lations in the pesticide-treated mesocosms never fully

recovered (Time · pesticide · distance, P = 0Æ021, see

Appendix S9). In the untreated mesocosms, the number of

C. dipterum increased throughout the experiment to a similar

level at all three distances.

COMMUNITY ANALYSIS

The first PRC axis (PRC1) explained 29Æ2% of variation in the

community data (F = 63Æ15; P = 0Æ001). The resulting PRC

Fig. 4. Principal response curves (PRC1) showing the macroinvertebrate community response (left Y-axis, scaled by canonical coefficients Cdt)

over time for all combinations of isolation and the pesticide treatment relative to the untreated communities at distance 1 (horizontal zero-axis).

Data points more vertically displaced indicate communities that differ more from the standard communities in the untreated mesocosms at that

sampling day. Higher scores for species along the species weight axis (axis at the right of the plot) indicate species more closely associated with the

community changes in the PRC, i.e. species contributing to the divergence of the communities from the untreated communities at distance 1;

species withmore negative weight aremore associatedwith the untreated communities at distance 1.
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diagram reveals two patterns (Fig. 4). First, the more isolated

communities (distances 2 and 3), including the non-treated

ones, develop to a different community state than the less-iso-

lated communities (distance 1). Secondly, the pesticide-treated

communities at distance 1 recover between days 7 and 35

(pesticide effect for all sampling dates prior to day 35: P <

0Æ027 (the FDRadjusted alpha),>35 days: allP > 0Æ23), while
at distances 2 and 3, the communities had not yet recovered by

day 63 (pesticide effect: all P < 0Æ027 except for distance 3 at

day 63P = 0Æ053). Community divergence wasmainly due to a

decrease in C. punctata, P. minutissima (univoltine species) and

C. dipterum (multivoltine) and an increase in the Sigara species

(both multivoltine), as indicated by their scores on the species

weight axis. Divergent communities were mainly observed in

the pesticide-treated, isolated communities at distances 2 and 3.

The second PRC axis (PRC2) also explained a significant part

of the variation in the community data (F = 19Æ55;P = 0Æ004;
see Fig. S2 Supporting Information), yet the proportion

explained variance (7Æ6%) was less than PRC1. The patterns in

PRC2 in function of pesticide level and isolation through time

were similar to the patterns in PRC1.

Discussion

Understanding how natural communities respond to distur-

bances is of great interest because landscapes are increasingly

affected by humans. Progress has been made recently by con-

sidering additional local processes including the local commu-

nity context (reviewed in Relyea & Hoverman 2006; Rohr,

Kerby & Sih 2006). Current results demonstrate the para-

mount importance of habitat isolation, hence regional

processes, for predicting the effect of disturbance (here by con-

taminants) on communities in a natural landscape setting. This

finding is important because these effects emerged over

relatively short distances and because suitable habitat patches

are increasingly isolated, especially in agricultural landscapes

(Gulinck &Wagendorp 2002). The observed isolation-specific

recolonization dynamics resembles the patterns described in

the classic study of Simberloff & Wilson (1969) where small

islands after defaunation using a strong toxicant showed isola-

tion-dependent recovery by terrestrial invertebrates over the

same distance gradient.

COLONIZATION PATTERNS ALONG AN ISOLATION

GRADIENT

The number of animals colonizing the mesocosms strongly

decreased over a 1 km transect for all species. This illustrates

the small scale at which the majority of spatial interactions in

these actively dispersing species may act. Colonization phenol-

ogy differed among the species: colonization slowed down after

day 35 for P. minutissima and S. striata, but remained high in

S. lateralis until the end of the experiment. These patterns were

much more clearly observed in the control mesocosms (i.e.

without a community inoculum) than in mesocosms with an

initial community inoculum indicating some biotic resistance

to new colonizers (cf. Pajunen&Pajunen 2003).

PESTICIDE EFFECTS: MORTALITY AND EMIGRATION

While field studies typically confound local mortality with emi-

gration, we were able to assess to what extent both processes

contributed to decreases in local water bug population size

after the pesticide pulse (by collecting and counting dead ani-

mals). In all species, the realistic endosulfan pulse incurred sig-

nificant mortality, as shown before in other aquatic

macroinvertebrates, including water boatmen (Ernst et al.

1991). Other studies also reported effects of endosulfan on the

composition of macroinvertebrate communities, yet unfortu-

nately, they did not study any spatial effects or recovery (Rohr

&Crumrine 2005; Trekels, Van deMeutter & Stoks 2011).

Previous studies on pesticide-mediated colonization in

aquatic communities (e.g. Vonesh & Buck 2007; Vonesh &

Kraus 2009) reported pesticide-dependent (re)colonization.

The pesticide effect on the I ⁄E balance may also reflect this

in our study. Yet, immigration was not stronger in meso-

cosms with communities that were decimated by the pesti-

cide. Instead, density-dependent emigration occurred from

the pesticide-free mesocosms, leading to convergent densities

in pesticide-treated and pesticide-free mesocosms for some

species. This suggests the pesticide effect reflects density-

mediated effects in the pesticide-free mesocosms rather than

pesticide-mediated changes in migration in the pesticide-con-

taining mesocosms.

SPECIES DIFFERENCES IN RECOVERY: A ROLE FOR

LIFE HISTORY?

The recovery from the pesticide after 9 weeks differed among

the species seemingly in close accordance with the species’ life

history (voltinism) (see also van den Brink et al. 1996 and Lahr

et al. 2000). More univoltine and multivoltine species are

needed to confirm that voltinism is the driving mechanism

behind some of the observed recovery patterns; but our results

on a limited set of species are consistent with a role for voltin-

ism.We further report how voltinismmay have contributed to

the species-specific recovery patterns in our study.

The univoltine species P. minutissima could not rely on

internal recovery, and external recovery was limited in space.

Populations recovered to 100% or more of the initial popula-

tion sizes within 3 weeks after the pesticide-induced population

decline at distance 1, but were still reduced by 70% after

9 weeks at the more distant sites. The population dynamics

observed at distances 2 and 3 closely resembled that of the

closedmesocosms, indicating that these populations developed

independently of the spatial context.

The multivoltine species S. lateralis and S. striata succeeded

in completing a reproduction cycle in all mesocosms, including

the covered mesocosms. Their locally produced new cohort

dwarfed the contribution of colonizers to recovery such that

overall recovery was not limited by isolation. In the other

multivoltine species, C. dipterum, extinction of all pesticide-

treated populations made this species initially dependent on

colonization for recovery, which generated a spatial recovery

pattern similar to that in univoltine species.
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In disagreement with our prediction, recovery of the multi-

voltine water bug species was also related to isolation: average

final densities for S. lateralis and S. striata were highest at

distance 3. This pattern reflects that observed for prey popula-

tions and a dispersal-limited predator where isolated prey pop-

ulations suffer less predation because of lower colonization by

predators (Chase, Bergett & Biro 2010). In our experiment,

Notonecta were the only predators that frequently colonized

our mesocosms and that may have preyed upon the commu-

nity before we removed them. Indeed, average dailyNotonecta

numbers correlated negatively with Sigara nymph abundances

(rmANCOVA: F1,11 = 13Æ4; P = 0Æ004; slope ± SE =

)136Æ8 ± 31Æ6) and strongly decreased with distance (F2,60 =

16Æ6; P < 0Æ001). This suggests that Sigara nymph densities

were at least partly shaped by the predator Notonecta. Preda-

tion may therefore cause different recovery patterns between

isolated and non-isolated communities.

KEY INSIGHTS AND RECOMMENDATIONS FOR RISK

ASSESSMENT

Risk assessment of pollutants on communities is typically

based on species’ sensitivities and associated species’ sensitivity

distributions (Posthuma, Suter & Traas 2002). Yet, this only

provides information about the risk in the short-term and

ignores the recovery phase hence the long-term effect. So far,

recovery of non-target organisms after pesticide disturbance

has been experimentally studied in closed systems, with few

exceptions (Caquet et al. 2007; Hanson et al. 2007; van den

Brink et al. 2007). We show that, even over a minor distance

gradient, communities surviving in typical agricultural land-

scapes may follow very different response trajectories when

confronted with a pesticide disturbance, depending on their

isolation. While species’ sensitivities to the pesticide shape the

community in the short-term through differential mortality,

the extent to which the community is actually changed in the

longer term is mainly determined by species-specific abilities

for recovery through dispersal and reproduction. Both recov-

ery mechanisms were shown to depend on the spatial context

and possibly also life history (voltinism) of themember species.

Risk assessment and the protection of communities under toxi-

cant threat therefore should not only consider species’ sensitivi-

ties but also incorporate the spatial context and dispersal

ability: isolated communities and communities with poor dis-

persers will be affected more. This seems likely to be the case

for a wide range of pesticides that are applied in pulses and

degrade (relatively) rapid. To protect threatened communities

in agricultural landscapes with intensive pesticide use, land use

planning should avoid any isolation of natural communities

under threat. Where isolation cannot be avoided, the applica-

tion of pesticides should be carefully regulated.
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