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a  b  s  t  r  a  c  t

The  temporal  dimension  is  a key  parameter  when  analysing  the impact  of invasive  alien  species.  Studies
on  early  invasion  stages  allow  a better  understanding  of  how  ongoing  processes  modify  native  communi-
ties,  helping  to  plan  effective  management  actions.  Procambarus  clarkii  is an  invasive  crayfish  influencing
multiple  features  of  invaded  wetlands,  but  unravelling  its impact  on  organisms  with  complex  life cycles  is
difficult.  We  monitored  107  wetlands  in Northern  Italy,  and  evaluated  the  relationships  between  P.  clarkii
and the  richness  of  three  life  history  stages  of  odonates:  adults,  larvae  and  exuviae.  We  measured  envi-
ronmental  features  of  each  wetland  and  the  natural  vegetation  in the  surrounding  landscape.  We  used  an
information-theoretic  approach  to relate  species  richness  of  the  three  life  history  stages  of  odonates  to:
wetland  features,  features  of the surrounding  landscape;  crayfish  presence.  We  used  a spatially  explicit
technique  (Moran  Eigenvector  Mapping)  allowing  the  integration  of  spatial  autocorrelation  into  anal-
yses.  Wetland  and  landscape  features  explained  a significant  amount  of  community  richness.  Wetland
hydroperiod,  canopy  cover  and  stream  velocity  were  the  variables  most  strongly  related  to  odonate  rich-
ness. Furthermore,  we observed  significant  relationships  between  P.  clarkii  and  the  richness  of  odonate
communities,  but  the  effect  of the  crayfish  on  the  three  odonate  stages  was  different.  Species  richness
measured  using  both  larvae  and  exuviae  was negatively  related  to  the crayfish  presence,  while  negative
effects  on  adults  were  not  evident.  Furthermore,  negative  relationships  were  observed  for Anisoptera
(dragonflies)  but not  for  Zygoptera  (damselflies).  A significant  effect  of  eigenvectors  representing  spa-

tial  configuration  suggests  an important  role  of dispersal-related  mechanisms  in  maintaining  species
richness  in  invaded  wetlands,  where  fitness  is  likely  lower.  Larvae  and  exuviae  may  be  more  helpful
for  the assessment  of the impact  of  invasive  species  at early  stages  of  the  invasions,  while  adults  may
better  describe  the long  term consequences  of  the  invasion  at the  landscape  scale.  Considering  multiple
life-history  stages  improves  our  understanding  of  the impact  of  biological  invasions  in freshwaters.
. Introduction
Many native ecosystems have been irretrievably modified by
nvasive alien species (IAS), which determined the decline and the
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extinction of native species, and fresh waters may be particularly
susceptible to the effects of invasions (Drake, 2009; Gherardi, 2007;
Strayer, 2010). IAS can damage native species through multiple
mechanisms, including competition, predation, spread of diseases
and hybridization (Pimentel, 2002). Prevention of new introduc-
tions is the optimal strategy to avoid the negative consequences

of IAS. However, if prevention fails, earlier management actions
have, at the same cost, the greatest effectiveness (Allendorf and
Lundquist, 2003; Leung et al., 2012), and management priority is
given to species showing the strongest negative impact (Jeschke
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nd Strayer, 2005; Vilà et al., 2010). Research is therefore required
n the early assessment of the environmental impact of alien
pecies, and to set up correct management actions (Leung et al.,
012; Vilà et al., 2010).

Biological invasions can be described as multi-step processes:
rst, the introduced species must arrive, survive, and establish itself

n a new area; second, the alien species become invasive, spreads,
nd impacts on native environment and native species (Allendorf
nd Lundquist, 2003; Leung et al., 2012). During the different inva-
ion stages, complex ecological processes occur in invaded habitats,
ncluding changes in the invaded biological community, in the fea-
ures of invaders, in the abiotic environment, and in the interaction
etween the ecosystem components. The temporal dimension is a
ey parameter to be considered when analysing the effects of IAS
Strayer et al., 2006). Research on later phases of invasion often
escribes widely altered communities, in contrast, the study of
arly stages allow a better understanding how ongoing processes
odify the invaded communities.
Procambarus clarkii is a crayfish native of Eastern North America,

ow invasive over five continents (Liu et al., 2011). It is consid-
red one of the 100 worst IAS in Europe (Drake, 2009), it has high
ecundity and great ecological plasticity that determine its inva-
iveness (Aquiloni and Gherardi, 2008; Gherardi, 2006; Hazlett
t al., 2003; Siesa et al., 2011). P. clarkii is a polytrophic oppor-
unistic crayfish that can modify habitats, altering the flow of
utrients, and determining multiple negative consequences on
ative species and ecosystems (Gherardi, 2006; Matsuzaki et al.,
009). P. clarkii feeds on detritus, macrophytes, molluscs, fishes,
mphibians and insects, reducing the biodiversity of freshwater
ommunities (Ficetola et al., 2012b, 2011b; Gherardi, 2006; Klose
nd Cooper, 2012; McCarthy et al., 2006; Nunes et al., 2013; Souty-
rosset et al., 2006).

Laboratory tests, gut contents and isotopic analyses showed
hat P. clarkii can feed on odonates, even preferring them to other
ood items like living fish and vegetal matter (Correia, 2003; Ilheu
nd Bernardo, 1993). However, information on the impact of P.
larkii on odonate communities in natural environments remains
imited (Giugliano et al., 2012; Miyake and Miyashita, 2011; Ott
nd Samways, 2010). Odonates are frequently used bioindicators,
nd can help to evaluate freshwater biodiversity and to assess
ater-body health (Kutcher and Bried, 2014; Oertli, 2008; Sahlen

nd Ekestubbe, 2001; Samways, 2008). However, odonates show
 complex life cycle with aquatic larvae and adults living in sub-
erial conditions. P. clarkii is thus expected to have a strong direct
mpact on aquatic life stages only. Analysing relationships between
. clarkii and the different odonate life cycle stages can help to dis-
ntangle the mechanisms determining the impact of IAS on species
ith complex life cycles (McCauley et al., 2008), and to evaluate

he optimal strategy which life history stages of odonates are most
uitable for the monitoring of IAS on wetlands.

The aim of this study was to assess relationships between the
ichness of odonate communities and P. clarkii in a recently invaded
rea. In particular, we evaluated the relationships between P. clarkii
nd the community richness of (1) adult odonates; (2) larvae, and
3) exuviae. Performing analyses on these three different stages
llows to assess their suitability as indicators of the overall impact
f this IAS, and to identify processes determining impact. Adult
donates show a great dispersal ability, adults therefore repre-
ent the total distribution of dragonflies; larvae indicate that adults
hoose the wetland for reproduction and that the offspring grew in
etlands, and exuviae indicate the successful larval development

nd the complement of the life cycle (Corbet, 2004; Córdoba-

guilar, 2008; Kutcher and Bried, 2014). In all our analyses we also
onsidered spatial autocorrelation and environmental features, to
ake into account their potential effects on the investigated com-

unity.
Fig. 1. Study area (Lombardy region, Northern Italy). Black lines enclose the areas
where wetlands were located, dark shaded areas represent lakes and major rivers,
light shaded areas represent urban areas.

2. Methods

2.1. Study area and methods outline

We considered 107 waterbodies [ponds (N = 66), slow streams
(N = 14), ditches (N = 19), and small lakes (N = 8)] in the Lombardy
region, northern Italy, in an area including the upper Po River plain
and the Brianza foothills. The altitude ranges between 132 m and
397 m;  the annual average temperature ranges between 10 ◦C and
14.4 ◦C, and the annual mean rainfall is 1400–1600 mm (Gerletti
and Marchetti, 1977). The landscape is human dominated (Fig. 1),
with large agricultural and urban areas, and is characterized by a
complex network of lakes, ponds, rivers, and canals. In this region,
several natural parks host important freshwater communities. The
area was recently invaded by P. clarkii,  approximately between
2004 and 2006 (Fea et al., 2006; Siesa et al., 2011), and P. clarkii
currently has an highly fragmented distribution in the area (Siesa
et al., 2011).

We performed six surveys for each wetland, to evaluate the
presence/absence of P. clarkii and odonate adults, larvae and exu-
viae. In a subset of 34 wetlands, we  performed additional sampling
to obtain quantitative estimates of the abundance of odonate larvae
and P. clarkii.  Surveys including the three life cycle stages provide
more detailed information than considering adults only; in par-
ticular, exuviae provide useful indications on all other life stages
and represent the reproductive success at breeding sites (Córdoba-
Aguilar, 2008; Ott, 2010).

2.2. Surveys: odonate communities and P. clarkii

From May  to August 2009, we used a combination of multi-
ple techniques to assess the presence of P. clarkii,  adult odonates,
larvae and exuviae. We  performed at least 4 surveys in daytime
and two surveys after dusk. For P. clarkii,  we  used nocturnal and
diurnal visual census of individuals and exuviae helped by dip
netting (Reynolds et al., 2006). Detectability analyses performed
using PRESENCE (Hines, 2006; MacKenzie et al., 2006) showed
that this sampling allows a reliable assessment of the presence
of P. clarkii (after 4 surveys, probability of non-detecting present
crayfish <0.05; Siesa et al., 2011). To assess the distribution of

odonates, we explored wetlands during the central hours of the
day, with sunny weather and little or no wind; during each sur-
vey we  performed a visual census of adults and last instar exuviae
by using aerial net, sweep net and binoculars. Captured adults
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ere identified in the field using magnifying lens (Oertli, 2008),
hile exuviae were collected and identified in the laboratory using

tandard keys (Carchini, 1983; Heidemann and Seidenbusch, 2002).
In late May–early June 2010 we performed an additional survey

sing pipe sampling to assess the abundance of odonate larvae and
rayfish (McCauley et al., 2008; Werner et al., 2009). Pipe sampling
as focused on a subsample of 34 wetlands, while keeping a bal-

nced ratio (50%) between wetlands invaded and not invaded by
he crayfish. We  used a 0.25 m2 circular pipe sampler (diameter:
.6 m);  samples were collected by quietly approaching an area and
uickly sinking the pipe through the water column into the sedi-
ents, to seal the sample area. Special care was devoted to limit the

scape of large individuals before sampling. Despite this approach
ay  underestimate the presence of adult crayfishes, crayfish abun-

ance obtained with pipe sampling correlates well with the density
f multiple components of freshwater communities, suggesting
hat this technique provides a good index of their abundance and
mpact (Ficetola et al., 2012b). We  used small nets (1 mm mesh
ize) to remove all animals from the water column and from the
rst centimetres of the sediment. Net sweeps were stopped after at

east 10 consecutive sweeps without capturing any animal (Werner
t al., 2009). To limit density bias caused by the aggregation of
ndividuals, we collected multiple samples from different areas
f the same wetland and from different microhabitats (average:
our samples per wetland). Odonate larvae were stored in ethanol
nd identified in the laboratory following standard keys (Carchini,
983; Heidemann and Seidenbusch, 2002). Because of the mor-
hological overlapping, particularly during early larval stages, in
ur analysis we pooled larvae of the following species into one
ingle species groups: (1) Coenagrion puella and C. pulchellum as
. puella-pulchellum;  (2) Sympetrum sanguineum and S. striolatum
s S. sanguineum-striolatum (see Supplementary Online Material,
ppendix S1). During pipe sampling, individuals of P. clarkii were
eighed to measure their mass (g/m2).

.3. Environmental variables

In late May–June, we recorded five variables used as standard
haracterization of wetlands: surface area (m2), maximum depth
cm), water permanence [permanent: retained water during the
hole study period (May–August 2009 + May  2010); temporary:

ound dry at least one time), average stream velocity (m/s), canopy
over percentage (visual estimate; rank scale). Variables were
ecorded using standard bio-assessment protocols; details on their
easurement are reported elsewhere (Barbour et al., 1999; Ficetola

t al., 2011a; Siesa et al., 2011; Van Buskirk, 2005). All wetlands
here we performed pipe sampling had still water, therefore

tream velocity was not included as environmental variable in the
nalyses of larval richness. Furthermore, as odonate communities
re affected by landscape features (Hamasaki et al., 2009; Samways
nd Steytler, 1996), we used the ArcView GIS (© ESRI, 1999) to
easure the percentage of natural vegetation in the landscape

urrounding each wetland, on the basis of the 2008 vector map
f the Lombardy region (www.cartografia.regione.lombardia.it).
andscape natural vegetation was measured in a radius of 400 m
rom each wetland, as this scale captures well the effect of land-
cape on the communities of semi-aquatic animals (Ficetola et al.,
009).

.4. Statistical analyses

We  used generalized linear models (GLMs) to evaluate the

elationships between the richness of odonate communities, the
resence of P. clarkii,  and the environmental features. We  repeated
nalyses three times (adults, larvae, and exuviae) and at three levels
whole community, Anisoptera only (dragonflies), and Zygoptera
icators 46 (2014) 70–77

only (damselflies)]. In each analysis, community richness (num-
ber of species) was the dependent variable, while we considered
environmental variables and P. clarkii presence as independent
variables. For the analysis of adults and exuviae, we considered
107 wetlands and the distribution of P. clarkii was described by
presence–absence data. For the analysis of larvae, we  considered 34
wetlands, and we  included as independent variable the abundance
of P. clarkii (g/m2) instead of crayfish presence/absence, because
abundance probably provides a better estimate of crayfish impact
(see e.g. Ficetola et al., 2012b).

We used an information-theoretic approach, based on Akaike’s
Information Criterion (AIC) to identify the variables best explain-
ing the richness of odonate communities. First, we built GLMs
(Poisson error distribution), relating community richness to all
combinations of independent variables, and we calculated the AIC
for each model: AIC trades-off explanatory power versus num-
ber of predictors. Parsimonious models explaining more variation
have the lowest AIC values and are considered to be the best mod-
els (Burnham and Anderson, 2002; Symonds and Moussalli, 2011).
Models were ranked according to their AIC values. For each model
i, we calculated the AIC weight wi, which represents the probability
that it is the best model, given a set of candidate models. We  then
used model averaging to identify the most supported relationships,
while reducing model-based uncertainty. The magnitude and the
direction of the effect size of independent variables was  assessed
on the basis of model-averaged parameter estimates, calculated by
averaging the coefficients from all candidate models, weighted by
wi (Burnham and Anderson, 2002; Symonds and Moussalli, 2011).
For each explanatory variable, we also calculated the summed AIC
weight (

∑
wi) from all the model combinations where the variable

occurred.
∑

wi allows to assess the relative importance of inde-
pendent variables: variables with largest

∑
wi values are the most

important, compared to the others (Burnham and Anderson, 2002;
Symonds and Moussalli, 2011). Furthermore, to make the interpre-
tation of relationships more clear, we also report the significance
values of variables included in the best-AIC models (i.e., the model
with the lowest AIC in each analysis) (Stephens et al., 2007), and
the amount of deviance explained by best models (R2

D) (Symonds
and Moussalli, 2011). For all analyses, using AIC corrected for small
sample size instead of AIC to rank models yield identical results.
If GLMs showed overdispersion, we used a quasi-Poisson family
instead of a Poisson family, and we  used a Quasi-AIC instead of AIC
to evaluate the support of models (Richards, 2008). We  assessed
significance using a likelihood ratio test for Poisson models, and
a F test for over-dispersed models (Crawley, 2007). Our data have
a strong spatial structure, and spatial autocorrelation may  affect
the analysis of spatially-structured data. Per each analysis, we used
a permutation test to evaluate if spatial autocorrelation (Moran’s
I) of residuals of the best-AIC model was  significantly higher than
expected by chance (Lichstein et al., 2002). If autocorrelation was
significant (P < 0.05), we  used Moran’s Eigenvector Maps (MEM)
instead of standard GLMs. MEM  allows the translation of the spa-
tial arrangement of data points into explanatory variables capturing
the spatial effects (Borcard et al., 2011; Dormann et al., 2007). We
identified the eigenvector(s) best reducing spatial autocorrelation,
and we  included them into all the candidate models (Dormann
et al., 2007). Simulations and comparative analyses showed that
this implementation of MEM  has a good performance, and produces
results extremely similar to other well supported spatial regression
tools (Dormann et al., 2007; Ficetola et al., 2013; Siesa et al., 2011).
Unlike other spatial regression methods, MEM  is extremely flex-
ible, as it allows the analysis of non-normal and over-dispersed

data, and the extraction of AIC parameters. In our analyses,
the extracted eigenvector(s) successfully reduced residual auto-
correlation of all best models to non-significant values (in all
analyses P > 0.05).

http://www.cartografia.regione.lombardia.it/
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We  performed multiple analyses on the same community, and
erforming multiple tests may  inflate the risk of incorrectly iden-
ifying significant relationships. We  therefore repeated analyses
sing multivariate Poisson models (Wang et al., 2012). For multi-
ariate analyses, a matrix including the richness of communities of
dults and exuviae constituted the dependent, while environmen-
al variables and eigenvectors extracted by MEM  were considered
s independent. Significance of variables within multivariate mod-
ls was assessed through 999 bootstraps, by adjusting P values to
ccount for multiple testing (Wang et al., 2012). Larvae were not
ncluded in the multivariate analysis, because data on larvae were
nly available for a subset of sites.

In all analyses, environmental variables were not strongly
orrelated among them (for all pairwise correlations, |r| < 0.4).
f needed, environmental variables were transformed to reduce
kewness and improve normality. Surface area, depth and stream
elocity were log-transformed, while percentage data were trans-
ormed using square-root arcsine. We  performed analyses in R
www.r-project.org) using packages spdep, MuMIn  and mvabund
Barton, 2011; Bivand et al., 2010; Wang et al., 2012).

. Results
.1. Adult community richness

We  detected P. clarkii in 28 wetlands (23%). During our surveys,
e detected the presence of 42 odonate species, 17 Zygoptera and

able 1
elationships between the richness of odonate adult communities, the presence of P. clark
re  in bold.

a. whole community1,2 Averaged model parameters 

RI B 

P. clarkii 0.73 +0.15 

Stream  velocity 1.00 −2.98 

Area  0.23 +0.00
Depth 0.37 +0.06
Canopy 1.00 −0.29 

Permanence 1.00 +1.23 

Landscape veg. 0.50 +0.14
MEM  eigenvector 1.00 

b.  Anisoptera only1 Averaged model parameters 

RI B 

P. clarkii 0.22 +0.00
Stream velocity 1.00 −3.55 

Area  0.23 +0.01
Depth 0.37 +0.07
Canopy 1.00 −0.37 

Permanence 1.00 +0.93 

Landscape veg. 0.26 +0.93

c.  Zygoptera only2 Averaged model parameters 

RI B 

P. clarkii 1.00 +0.64 

Stream  velocity 0.56 −0.90 

Area  0.27 +0.01
Depth 0.35 +0.09
Canopy 0.47 −0.08
Permanence 1.00 +2.21 

Landscape veg. 0.64 +0.28
MEM  eigenvector 1.00 

I:  relative importance of the variable, calculated as the summed AIC weight (
∑

wi) from
:  model-averaged parameter estimates.
2
D

: proportion of deviance explained by the best AIC model.
1 Model was  affected by overdispersion, therefore we  used QAIC instead of AIC and cal
2 Residuals of OLS regression were spatially autocorrelated, therefore we used Moran E
icators 46 (2014) 70–77 73

25 Anisoptera (Appendix S1). The average richness was  6.6 species
per wetland (SD = 4.1).

Stream velocity, canopy cover and water permanence were the
most important variables to explain the overall richness of adult
communities. The richest communities were associated with per-
manent wetlands with slow or no stream and low canopy cover
(i.e., sunny wetlands). Furthermore, whole adult community rich-
ness tended to be highest in wetlands with P. clarkii (Table 1a).
Relationships between adult community richness and environmen-
tal variables remained similar if only Anisoptera are considered
(Table 1b). However, Anisoptera richness was  not related to crayfish
presence (Table 1b). The pattern was different for Zygoptera. Data
from adults suggest that the richest Zygoptera communities are
associated with permanent wetlands having slow or no stream, and
with presence of P. clarkii (Table 1c). Residual autocorrelation was
significant in the analysis of whole adult community and Zygoptera
richness (Table 1), and was  successfully removed by MEM  (P > 0.05).

3.2. Larval community richness

P. clarkii was present in 50% of wetlands surveyed with
pipe sampling; furthermore, we detected larvae of 14 odonate

taxa (Appendix S1). In invaded wetlands we found seven
odonate taxa only: Chalcolestes viridis,  Ischnura elegans,  Coenagrion
puella-pulchellum, Aeshna cyanea,  Orthetrum albistylum,  Orthetrum
cancellatum, and S. sanguineum-striolatum. For larvae, we  detected

ii,  and environmental features. Explanatory variables included in the best AIC model

Best AIC model

F df P

6.6 1, 101 0.038
24.0 1, 101 <0.001

8.1 1, 101 0.005
42.7 1, 101 <0.001

7.9 1, 101 0.006
R2

D
= 0.46

Best AIC model

F df P

10.4 1, 103 0.002

12.4 1, 103 <0.001
26.9 1, 103 <0.001

R2
D

= 0.30

Best AIC model

�2 df P

32.9 1 <0.001
4.1 1 0.049

43.0 1 <0.001

11.8 1 <0.001
R2

D
= 0.56

 all the model combinations where the variable occurred.

culated significance using a F test.
igenvector Mapping (MEM).

http://www.r-project.org/
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Table 2
Relationships between the richness of odonate larval communities, the abundance
of  P. clarkii,  and environmental features. Explanatory variables included in the best
AIC model are in bold.

Averaged model
parameters

Best AIC models

RI B �2 df P

a. Overall community
P.  clarkii 0.82 −0.28 3.1 1 0.079
Area 0.24 +0.01
Depth 0.41 +0.25
Canopy 0.71 −0.59 5.1 1 0.023
Permanence 0.29 +0.09
Landscape veg. 0.58 +0.67

R2
D

= 0.29

b. Anisoptera only
P.  clarkii 1.00 −0.34 12.8 1 <0.001
Area 0.26 +0.02
Depth 0.46 +0.35 2.8 1 0.09
Canopy 0.27 −0.06
Permanence 0.25 +0.04
Landscape veg. 0.80 +1.36 5.2 1 0.023

R2
D

= 0.30

c. Zygoptera only
P. clarkii 0.20 −0.01
Area 0.20 +0.00
Depth 0.21 +0.05
Canopy 0.93 −1.25 5.1 1 0.025
Permanence 0.30 +0.20
Landscape veg. 0.20 +0.07

R2
D

= 0.29

RI:  relative importance of the variable, calculated as the summed AIC weight (�wi)
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Table 3
Relationships between the richness of odonate exuviae, the presence of P. clarkii,
and environmental features. Explanatory variables included in the best AIC model
are in bold.

Averaged model
parameters

Best AIC models

RI B �2 df P

a. Overall community1

P. clarkii 0.94 −0.67 4.2 1 0.040
Stream velocity 0.51 −2.30 2.4 1 0.12
Area 0.28 +0.07
Depth 0.29 +0.11
Canopy 0.24 −0.04
Permanence 1.00 +18.80 38.1 1 <0.001
Landscape veg. 0.21 +0.02
MEM  eigenvector 1.00 15.1 1 <0.001

R2
D

= 0.29

b. Anisoptera only1

P. clarkii 1.00 −1.23 7.2 1 0.007
Stream velocity 0.32 −1.36
Area 0.61 +0.36 3.9 1 0.048
Depth 0.26 +0.11
Canopy 0.32 −0.13
Permanence 1.00 +17.6 14.7 1 <0.001
Landscape veg. 0.24 +0.12
MEM  eigenvector 1.00 1 <0.001

R2
D

= 0.32

c. Zygoptera only1

P. clarkii 0.20 −0.03
Stream velocity 0.30 −1.40
Area 0.19 +0.02
Depth 0.20 +0.03
Canopy 0.20 −0.03
Permanence 1.00 +17.7 13.7 1 <0.001
Landscape veg. 0.19 +0.01
MEM  eigenvector 1.00 6.5 1 0.011

R2
D

= 0.18

RI:  relative importance of the variable, calculated as the summed AIC weight (�wi)
from all the model combinations where the variable occurred.
B: model-averaged parameter estimates.
R2 : proportion of deviance explained by the best AIC model.
rom all the model combinations where the variable occurred.
:  model- averaged parameter estimates.
2
D

: proportion of deviance explained by the best AIC model.

ess taxa than for adults and exuviae, but it should be considered
hat sampling of larvae was performed on a subset of wetlands
34/107).

The abundance of P. clarkii was the most important variable in
xplaining the overall richness of larval communities (Table 2a).
lthough this variable was marginally non-significant in the best-
IC model, the relationship between crayfish abundance and
ommunity richness was negative in all candidate models, and
ignificant or nearly significant in most of them (not shown). Fur-
hermore, we observed the richest larval communities in sunny
etlands (Table 2a).

If Anisoptera are analysed separately, crayfish abundance was
he variable most important to explain community richness: the
ichest communities were found in wetlands with low crayfish
bundance, within landscapes with high cover of natural vegeta-
ion (Table 2b). For Zygoptera, the richest larval communities were
ssociated with sunny wetlands (Table 2c) while the abundance of
. clarkii was not included in models with high AIC weight.

.3. Exuviae richness

We  detected exuviae of 18 odonate taxa (Appendix S1);
n invaded wetlands we found exuviae of eight species only:
alopteryx virgo, Cal. splendens, C. viridis,  Platycnemis pennipes, C.
uella,  Aeshna isosceles, O. cancellatum, and S. sanguineum.

If exuviae are considered, presence of P. clarkii and wetland per-
anence was the variables most important to explain the overall

ichness of odonate communities. The highest richness was found
n permanent wetlands without P. clarkii (Table 3a). The pattern
as similar if Anisoptera are analysed separately: crayfish pres-
nce and water permanence were the variables most important for
nisoptera exuviae and the highest richness was associated with
ermanent wetlands without the crayfish (Table 3b). If Zygoptera
D
1 Residuals of OLS regression were spatially autocorrelated, therefore we used

Moran Eigenvector Mapping (MEM).

were analysed separately, wetland permanence was the only vari-
able important to explain the species richness of exuviae (Table 3c).
For all these analyses, residual autocorrelation was  significant.
MEM  eigenvectors were integrated into models and successfully
removed spatial autocorrelation (P > 0.05) (Table 3).

3.4. Multivariate analyses

Multivariate tests confirmed the robustness of results of uni-
variate models. The overall richness of the odonate community
was related to the presence of P. clarkii,  stream velocity, canopy
cover and pond permanence. The pattern was similar if Anisoptera
are analysed separately, while if Zygoptera are analysed separately
community richness was  related to the presence of P. clarkii and to
pond permanence (Appendix S2).

4. Discussion

Our study shows that performing separate analyses on different
odonate life history stages allows a more complete description of
the actual impact of crayfish invasion. We  observed a strong rela-

tionship between P. clarkii and the odonate communities, but the
impact of the crayfish on native species was  different when the
distribution of odonate adults, larvae, and exuviae was considered
separately.
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In our analyses, features of wetlands and of the surrounding
andscape where the main drivers of adult community richness
Table 1a). We  found the highest adult richness in permanent,
unny, standing waters. The separate analysis of adult Anisoptera
ichness was in agreement with the analysis of the full adult
ommunity of odonates (Table 1b); conversely, if analysed sepa-
ately, adult Zygoptera showed a positive relationship with water
ermanence and lower stream velocity only (Table 1c). Overall,
nvironmental features showing the strongest relationships with
pecies richness were similar to the ones identified in other regions
Mabry and Dettman, 2010; McCauley et al., 2008; Sahlen and
kestubbe, 2001), confirming the importance of these variables
or odonate communities. P. clarkii is an active predator of larval
donates, therefore we  expected to detect a negative impact of
his invasive crayfish on the whole community, with effects evi-
ent for all life history stages. Contrary to this expectation, the
ichness of the adult community was not negatively related to the
resence of the invasive crayfish; our results would even suggest

 positive relationship between adult Zygoptera and the invasive
rayfish (Table 1). Limiting our analysis to adult distribution would
herefore lead to the incorrect conclusion that the invasive crayfish
id not negatively affect odonate communities, and that positive
elationships might be present.

The pattern was very different if larvae or exuviae were ana-
ysed. If the whole communities or Anisoptera only are considered,
he richest communities were found in wetlands without P. clarkii
Tables 2 and 3), while crayfish abundance was  not an impor-
ant predictor of the richness of Zygoptera larvae and exuviae
Tables 2 and 3), even if adult damselflies were often observed
n wetlands with P. clarkii (Table 1). The strikingly different pat-
erns among life history stages may  be explained by the different
rocesses that determine their abundance. Adult odonates actively
elect wetlands with environmental features suitable for oviposi-
ion and for the development of their larvae (Corbet, 2004), and
hey would benefit from the avoidance of wetlands where P. clarkii
s present. In principle, crayfish presence might be detected by

ultiple cues. For instance, at high densities P. clarkii removes
quatic macrophytes, which are important factors for the selec-
ion of odonate breeding sites, and the crayfish could directly
ffect deposition of endophytic species, by attempting to prey on
dults that, during eggs laying, spend time submerged in the water
Corbet, 2004; Córdoba-Aguilar, 2008). Nevertheless, the lack of
egative relationships between P. clarkii and adult odonates sug-
ests that they often attempt breeding in invaded wetlands. For
he selection of reproductive sites, odonates use mainly visual and
actile cues based on habitat structure, while they have a limited
bility to detect predators (Corbet, 2004; Córdoba-Aguilar, 2008).
t is thus possible that the alien crayfish remains undetected. Actu-
lly, laboratory studies showed that other native preys (tadpoles)
ave a limited capability to detect invasive P. clarkii (Gomez-Mestre
nd Diaz-Paniagua, 2011). The positive relationship between adult
amseflies and crayfish is particularly difficult to explain. After the
etamorphosis, Odonata are very mobile and often move to safe

ites until they get the sexual maturity. Only after sexual maturity is
ttained they return back to the emergence area to reproduce. Lack
f direct interactions at this life stage, and similar environmen-
al preferences between crayfish and damselflies might therefore
ause the apparent positive relationship. Indirect effects are also
ossible, such as the reduction of native predators/competitors, or
pecific environmental features of invaded wetlands (e.g. higher
onnectivity) (Pierce et al., 1985; Blaustein et al., 2004; Siesa et al.,
011). Specific tests will be needed to evaluate these hypotheses.
Conversely, P. clarkii had a clear impact on juvenile aquatic
tages of dragonflies; this negative effect is likely the result
f direct interactions (i.e., predation) (Correia, 2003; Ilheu and
ernardo, 1993; McCarthy et al., 2006; Nyström et al., 1996).
icators 46 (2014) 70–77 75

Indirect interactions are also possible (Klose and Cooper, 2012;
White et al., 2006): P. clarkii can reduce richness and abundance of
invertebrates and amphibian larvae that constitute the main prey
of larval odonates (Correia and Anastacio, 2008; Cruz et al., 2008;
Ficetola et al., 2012b) and reduce richness and abundance of the
hydrophytes (Gherardi and Acquistapace, 2007) that are used by
odonate larvae for anchorage, concealment, defence, and as forag-
ing sites (Córdoba-Aguilar, 2008). By consuming plant material, P.
clarkii could also destroy eggs laid on this substrate. Aquatic preda-
tors can also induce defensive mechanisms reducing activity and
methabolism of larval odonates (Córdoba-Aguilar, 2008; Heads,
1985) slowing the larval growth, and forcing larvae to remain
longer in water. Under these conditions, larvae may  metamorphose
later and at smaller size, being exposed for longer to mortality
sources like predation and wetland drying (Córdoba-Aguilar, 2008;
McPeek, 1990). The lack of a significant negative relationship for the
larvae and exuviae of Zygoptera may  also be related to the very little
size of some individuals. On the one hand, the small body size and
the large number of individuals of some Zygoptera may help them
to better withstand crayfish predation. On the other hand, small size
may  make them more difficult to detect during sampling, limiting
the power of statistical analyses.

Our study was correlative, therefore we  cannot exclude that
other factors not considered here (e.g. other predators) can be the
cause of the negative relationships between crayfish and odonates.
Nevertheless, the overall abundance of freshwater predators is
strongly determined by wetland depth and hydroperiod, with more
predators in deep and permanent wetlands (Van Buskirk, 2003),
and in our analyses the impact of P. clarkii was clearly visible when
taking into account waterbody features. Furthermore, quantifica-
tion of predator taxa in a subset of wetlands showed that P. clarkii is
far more abundant and exerts a stronger impact than other aquatic
predators (Ficetola et al., 2012b). It is thus unlikely that the neg-
ative relationships between crayfish and odonates are caused by
overlooked predators.

Exuviae provide the best indication of the successful odonate
reproduction within a wetland (Oertli, 2008; Ott, 2010). Analyses
on exuviae were the ones best confirming the negative relation-
ship between the invasive crayfish and the dragonfly community
richness (Table 3), and indicate that the crayfish makes the aquatic
environment unsuitable for the development of juvenile stages,
strongly decreasing the overall reproductive success. Therefore, the
analysis of exuviae may  provide the best indicators of the impact of
aquatic invaders. Nevertheless, exuviae can be sampled only dur-
ing limited periods of the year, and species show differences for
the emergence periods. These phenological differences should be
taken into account when planning environmental monitoring.

For several models, residual autocorrelation was  significant and
MEM eigenvectors were important predictors of community rich-
ness (Tables 1 and 3). This probably arises because adult dispersal is
extremely important to maintain odonate communities and for the
creation of crayfish populations; sites neighbouring species-rich
wetlands therefore host more species than expected on the basis of
the sole environmental features (Hamasaki et al., 2009; McCauley
et al., 2008; Yamanaka et al., 2009). The importance of dispersal is
supported by the observation that the several taxa were detected
as adults but not as larvae or exuviae. The introduction of P. clarkii
in this area is recent (Fea et al., 2006; Siesa et al., 2011), and only
a subset of wetlands are currently invaded, therefore non invaded
sites could support populations that disperse into the surrounding
landscape and attempt reproduction in invaded wetlands, deter-
mining the pattern of spatial autocorrelation (Ficetola et al., 2012a).

Simulation and empirical studies showed that, if the proportion of
suitable patches in a given landscape falls below a given thresh-
old, dispersal cannot anymore maintain populations, and species
can undergo abrupt extinction (Fahrig, 2002; Ficetola and Denoël,
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009). Dispersal may  allow the persistence of the community of
ragonflies only if the number of wetlands without P. clarkii,  where
donates can attain positive fitness, remain high.

P. clarkii is a generalist crayfish that is well adapted to tempo-
ary wetlands, but its reproductive success is higher in wetlands
ith longer hydroperiod, that are more easily and stably invaded

Alcorlo et al., 2009; Gutiérrez Yurrita and Montes, 1999; Siesa
t al., 2011). It has been suggested that freshwater taxa associ-
ted to ephemeral wetlands may  better withstand the invasion
f P. clarkii (Ficetola et al., 2012c). Unfortunately, deep and per-
anent wetlands are also the ones hosting the richest odonate

ommunities (Tables 2 and 3), and many species cannot success-
ully complete their life cycle in the ephemeral ones (Heidemann
nd Seidenbusch, 2002; Schultz, 2009). The control of this invasive
rayfish is extremely difficult (Aquiloni et al., 2010; Gherardi, 2006),
hallenging conservation of odonate biodiversity in the quickly
xpanding invaded areas. To date, avoiding the introduction of P.
larkii into new regions remains the most effective approach to
revent their negative impact.

Our analysis shows that different life history stages of species
ith complex life cycles provide complementary measures of

he impact of the crayfish invasion. Odonates, and particularly
nisoptera, can be extremely sensitive to the impact of this IAS,
ven at early invasion stages. Juvenile stages are the most affected
y the crayfish, and show the earliest crayfish impact at the wet-

and scale, while negative effects on adults are not evident at early
tages of the invasion. Actually, the impact on adults might become
pparent only when most of wetlands are invaded and the situation
s compromised at broad scale. Odonates constitute an effective tool
or environmental assessment and monitoring, and all life history
tages are useful for this task. It should be kept in mind that dif-
erent stages provide different information on the consequences of
IS on communities. Monitoring of adults is fast and is the typical
pproach to the monitoring of odonates, but may  lead to inaccu-
ate results when impacts like the crayfish are present, as adults
re very mobile and can be present at wetlands where they do not
eproduce. If possible, multiple life history stages should be con-
idered to better assess the ongoing processes; furthermore, the
resence of larvae and exuviae is more tightly linked to reproduc-
ive success, and provides a more prompt assessment on the impact
n freshwater communities.
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