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Abstract

Our view of the future of biodiversity remains limited to a restricted number of taxa, and
some taxa, such as spiders, have been largely omitted. Here we provide the first
assessment of effects of global change on threatened spiders using a red-listed vulnerable
spider, Dolomedes plantarius (Clerck, 1757) as an example. We aim at applying this
assessment to assist two conservation actions for this species, including a translocation
program. We compiled all the available data on D. plantarius and modelled its current
and future distributions on the basis of both climate and land cover variables at a fine
resolution (0.1 degrees). We applied an ensemble modelling procedure on the basis of
eight modelling techniques, and forecasted the future distribution ranges for two emission
scenarios (A1 and B2) and three general circulation models. Despite uncertainty regarding
the predictions, the models performed very well, and consensus emerged for models and
climate scenarios to predict significant negative effects on the current distribution range of
this species. In the U.K., the translocated population and one out of three natural
populations were predicted to remain in highly suitable environmental areas. In France,
one out of six locations was predicted to remain suitable in the future. Given the
phylogeographic background of this species, the predicted effects of environmental
changes should be considered seriously, especially for the long-term viability of
conservation programs. Our study demonstrated the importance and feasibility of
studying the effects of climate change by the means of species distribution models on taxa

with limited available data, such as spiders.

Key-words: Conservation biogeography, species distribution models, translocation,

reintroduction, reinforcement, vulnerable species.
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1 Introduction

Due to man-induced changes (climate change, habitat loss, biological invasions) the Earth
is undergoing a state shift (Barnosky et al., 2012), so methods to forecast biological
changes are being increasingly developed for biodiversity conservation (Dawson et al.,
2011). Empirical niche models have been developed as a tool to predict the effects of both
climate change and habitat loss on biodiversity conservation (Bellard et al., 2012), and
numerous advances in methodology have been developed to improve our ability to predict
the future of biodiversity (e.g. Aratjo et al., 2005; Thuiller et al., 2009; Barbet-Massin et
al., 2010). Nevertheless, our view of the future of biodiversity remains considerably
limited by several issues, resulting in challenges to overcome (Bellard et al., 2012).
Particularly, the pervasive taxonomic bias in studies predicting the future of biodiversity is
strongly reminiscent of the pervasive bias in conservation research identified in 2002
(Clark and May, 2002). Indeed, although invertebrates represent more than 15 times the
biodiversity of all mammals, birds, reptiles, amphibians and plants together (Chapman,
2009), most studies have focused on the latter groups (Bellard et al., 2012). However, it
has been shown that range shifts due to climate change within the past 40 years in Great
Britain, were stronger in many invertebrate taxa than in both birds and mammals
(Hickling et al., 2006). For example, spiders have shifted the northern margin of their
range on average 84 km northwards, whereas birds and mammals have shifted on average
29 and 22 km northwards respectively. Nevertheless, to date, only one study forecasting
the effect of climate change on spider taxa has been published, and this study focused on a
spider with a restricted range (Jiménez-Valverde and Lobo, 2007a). This lack of studies on
spiders is surprising, since spiders are known to be excellent indicators because of their
strict ecological and biotope requirements (Marc et al., 1999; Prieto-Benitez and Méndez,
2011). Therefore, to improve our predictions of forecasted biodiversity, new studies are

required in omitted taxa such as spiders.



72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

The study by Jiménez-Valverde & Lobo (2007a) focused on the endangered species
Macrothele calpeiana, a spider endemic to the Iberian Peninsula; it was predicted that
climate change will negatively affect this species, with a reduction and fragmentation of its
potential habitat. Further studies of the potential effects of climate change on spiders are
therefore required to grasp the trend of climate change impacts on spiders. Particularly,
new studies on threatened spiders are needed to predict whether global changes are likely
to benefit or further threaten them. Only 30 spider species have red-list statuses (IUCN,
2012a), and international, fine-scale distribution data is absent for most spiders. Only six
European spider species are included in the IUCN red-list, and of these, five are restricted
endemics. However, the western Palearctic fen raft spider Dolomedes plantarius (Clerck,
1757) is a widespread species listed as Vulnerable (IUCN, 2012a). Furthermore, this
species is subject to a conservation plan in the United Kingdom (Smith, 2000) where a
translocation program was initiated in 2010 (Smith & Baillie, 2011). So, this emblematic
and widespread species is the best candidate for a first large-scale study of the potential
effects of climate change on threatened spiders. Besides, in France, this species was
selected for the Strategy for Creation of terrestrial Protected Areas (SCAP), which aims to
preserve a total 2% of the French metropolitan territory by 2020, on the basis of selected
species from diverse taxa. However, D. plantarius will be included in the SCAP only if
knowledge about its current distribution and climatic threat is improved (Coste et al.,
2010). Our first objective is to forecast and quantify the potential effects of climate change
on D. plantarius, and the resulting impacts on the United Kingdom and French

conservation programs.

In order to be accurate and relevant, forecasts of future biodiversity must be based on
solid prediction models, making highly accurate predictions about the relationship
between species and environmental variables. So far, published examples of species
distribution models on spiders have been based on a limited set of models (Jiménez-
Valverde and Lobo, 2007a; Jiménez-Valverde et al., 2011; Stockman et al., 2006) and have
not included recent improvements of species distribution models, such as ensemble

4



100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

forecasts (Aratjo & New, 2007; Thuiller et al., 2009). Furthermore, to reduce uncertainty,
future projections should be based on different climate change scenarios as well as
different general circulation models (Buisson et al., 2010), which was not the case for the
study by Jiménez-Valverde & Lobo (2007a). Therefore, as a second objective we aimed to
apply a rigorous modelling framework with a large set of models to assess the suitability of
species distribution models for a spider species distributed throughout a large spatial area,

such as D. plantarius.

We therefore modelled the current and future distributions of D. plantarius on the basis
of environmental variables for two climate scenarios (A1 & B2). We used both climatic and
land cover variables since D. plantarius, as an ectotherm, is strongly dependent on
temperature and humidity; it is a semi-aquatic spider with a strong sensitivity to habitat
change and disturbance (Duffey, 1995, 2012; Smith, 2000). Since spiders are strongly
dependent on local conditions and habitat (Marc et al., 1999), we used variables at the
finest available resolution (0.1 degree). First, we analyzed the accuracy of models and
ensemble forecasts according to different evaluation metrics. We then quantified the
potential effects of climate change on the distribution range of D. plantarius. We analyzed
the impacts of climate change on the current French and United Kingdom conservation
programs for this species. We finally analyzed the degree of uncertainty underlying our

predictions.

2 Methods

2.1 Climate data

We used bioclimatic data from the WorldClim database (Hijmans et al., 2005) for model
training and projection of the current potential distribution of D. plantarius. As no prior
knowledge exists about the relationship between D. plantarius and climate variables, we
selected bioclimatic variables that were not intercorrelated (Pearson’s r < 0.70) and

predicted the current distribution of D. plantarius best, according to different models (see
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Appendix A in Supplementary material). The chosen variables were annual temperature
range, maximum temperature of the warmest month, minimum temperature of the
coldest month, mean temperature of the wettest quarter, mean diurnal range and annual
precipitation (averaged for the period 1950-2000). All bioclimatic variables were re-
sampled at 0.1 degree resolution by bilinear interpolation to match the resolution of land

cover variables (see below).

Two IPCC emission scenarios were used for the projection of future climate: A1B
(maximum energy requirements, emissions balanced across fossil and non-fossil sources)
and B2A (lower energy requirements and thus lower emissions than A1B) (IPCC, 2007).
We chose three future periods: 2020s, 2050s and 2080s (averaged from 2010 to 2039,
2040 to 2069 and 2070 to 2099 respectively). Because uncertainty in forecasting future
distributions is largely related to global circulation models (Buisson et al., 2010), we used
three different global circulation models that simulated the impact of A1B and B2A
scenarios on future climates. We chose the models that were available for both our climate
scenarios: Hadley Centre Coupled Model version 3 (HADCM3), Coupled Global Climate
Model (CGCM, A1B: version 3.1 (t47), B2A: version 2) and the Commonwealth Scientific
and Industrial Research Organisation model (CSIRO, A1B: Mk3.0, B2A: Mk2). These
models were downscaled statistically using the Delta method (Ramirez-Villegas and
Jarvis, 2010). The models were downloaded from the Global Climate Model data portal

(http://www.ccafs-climate.org/spatial_downscaling).

2.2 Land cover data

We used land cover variables from the GLOBIO3 land model (Alkemade et al., 2009) for
model training and projection of the current potential distribution of D. plantarius.
Current land cover variables were obtained from the GLOBIO3 output for 2000. We also
included water body data (sum of lakes, reservoirs and rivers) from the Global Lakes and
Wetlands Database (Lehner and Doll, 2004) because of the semi-aquatic nature of D.

plantarius. We selected three variables that significantly explained the distribution of D.
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plantarius according to the same protocol as climatic variables (see Appendix A): water

bodies, artificial areas and cultivated and managed areas.

Regarding the future projections of artificial areas and cultivated and managed areas, we
used two scenarios of the latest Rio+20 pathways based on the GLOBIO3 land model (PBL
Netherlands Environmental Assessment Agency, 2012). The Trend scenario followed the
current trend in emissions and was therefore similar to the A1B scenario. Conversely, the
Decentralised solutions scenario was similar to the B2A scenario. Therefore, we associated
climate data to land cover data according to the similarity between scenarios: A1B with
Trend, and B2A with Decentralised solutions. Land cover data were projected for 2020
and 2050, but not for 2080, because beyond 2050 the uncertainty became too large.
Nevertheless, since the current distribution of D. plantarius was predicted by both climate
and land cover, we assumed that both should be used to predict the future distribution,
even if the projection of one driver stopped before the other. Hence, we projected the
distribution of D. plantarius in 2080 by combining the 2080 climate variables and the
2050 land cover variables. We assumed that, in spite of this introduced bias, the projected
distribution would be closer to its actual range than a projection solely on the basis of

climate variables, and besides, water bodies were not predicted to change until 2080.

2.3 Species data

We made an extensive search for records of D. plantarius presence in the published and
grey literature, on internet databases and with arachnologists (see Appendix B and C). We
discarded uncertain records as well as records before 1950. However, although our
bioclimatic variables were averaged for 1950-2000, we kept records for the period 2000-
2010 because many new localities were recorded, especially in previously poorly sampled
areas such as eastern European countries and Scandinavia. Hence, we gathered data on
the global distribution of D. plantarius, to avoid misleading conclusions due to the use of
data from a restricted range of occurrence (Barbet-Massin et al., 2010). To limit the

sampling bias towards better sampled areas in western and central Europe, we aggregated
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records into 0.1 degree cells corresponding to the resolution of our environmental
variables. We specifically studied the future effects of climate change on the United
Kingdom and French locations, where populations of D. plantarius had been recorded
(locations in Fig. D.1) relative to their respective conservation plans. Three locations with
large natural U.K. populations were studied: “South Wales”, “Pevensey levels” and
“Redgrave and Lopham Fen”. Similarly, the translocation areas chosen in the U.K.
conservation program were studied. In France, six locations where D. plantarius had been

recorded recently (i.e., after 2000) were studied (see Fig. D.1).

2.4 Modelling process

We projected the current and future distributions of D. plantarius under the BIOMOD
platform (Thuiller et al., 2009) version 2.0, which now includes the modelling technique
MaxEnt. We used 8 niche-based modelling techniques: (1) generalized linear model (GLM,
McCullagh & Nelder, 1989); (2) generalized additive model (GAM,Hastie and Tibshirani,
1990); (3) generalized boosted models (GBM, Ridgeway, 1999); (4) classification tree
analysis (CTA, Breiman et al., 1984); (5) flexible discriminant analysis (FDA, Hastie et al.,
1994); (6) multivariate adaptive regression splines (MARS, Friedman, 1991); (7) random

forests (RF, Breiman, 2001); (8) maximum entropy (MaxEnt, Phillips et al., 2006).

As the chosen models required data on both species presence and the available
environmental conditions, we generated 5 sets of 1000 randomly selected pseudo-
absences with equal weighting for presence and absence (Barbet-Massin et al., 2012). We
calibrated the models with 70% of the data selected at random and then evaluated the
predictive performance of each model on the remaining 30% (Guisan & Thuiller, 2005)
with two evaluation metrics: the area under the relative operating characteristic curve
(AUC, Fielding & Bell, 1997) and the true skill statistic (TSS, Allouche et al., 2006). This
process was repeated five times in order to obtain an average value of model

performances, and the final models were calibrated on 100% of the data. For each model,
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we evaluated the response of the species to environmental predictor variables with the

evaluation strip method (Elith et al., 2005).

In order to produce robust forecasts of the distribution of D. plantarius, we applied an
ensemble forecast method to combine the 8 modelling techniques (Aradjo & New, 2007;
Thuiller et al., 2009). Models with TSS evaluations below 0.6 were discarded, and the
current and future consensus distributions were obtained by averaging distributions with
weights proportional to their TSS evaluation. Final maps were then obtained by averaging
ensemble forecasts from the 10 pseudo-absence runs. This resulted in one current
probability distribution map and 3 future probability distribution maps per year and per
scenario (because we used 3 GCMs). Future probability maps were therefore averaged per
year and per scenario. Probability maps were transformed into maps of suitable vs. non
suitable areas by choosing the probability threshold that maximized the TSS value. This
should ensure the most accurate predictions since it is based on both sensitivity and
specificity (Jiménez-Valverde and Lobo, 2007b; Liu et al., 2005). We obtained one current
binary distribution map and 3 future binary distribution maps per year and per scenario.
Consensus binary maps were obtained attributing presence when the majority of GCMs

(i.e., 2 out of 3) predicted presence, otherwise we attributed absence.

Since the projected maps were at a 0.1 degree resolution, not all pixels were of equal area.
Hence, pixel values were weighted according to the pixel area to calculate variations in
climate suitability. To account for uncertainty in predictions, the environmental suitability
of French and English populations was divided into three categories depending on the

suitability cut-offs (see Table 1): “Unsuitable”, “Low suitability” and “Suitable”.

3 Results

3.1 Model evaluation

All the calibrated models performed very well with an average TSS value of 0.87 and an

average ROC value of 0.98 (see Figure E.1). Intriguingly, all the calibrated RF models had
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TSS and ROC values of 1, possibly suggesting over fitting, but as the maps produced by RF
were consistent and similar to the other models, we did not discard them for the ensemble
forecast. Hence, almost all the calibrated models were included in the ensemble forecast,

except for some of the CTA models.

The fitted response curves of D. plantarius showed a strong response of the species to the
selected environmental predictor variables (see Figure F.1). Firstly, D. plantarius showed
a stenoecious response to three temperature variables: temperature annual range (highest
probability at 29.5°C); maximum temperature of warmest month (highest probability at
21.5°C) and minimum temperature of coldest month (highest probability at 0°C). Three
variables appeared as limiting for this species: average temperature of the wettest quarter
(strong decrease in probability below 7.5°C and above 20°C); mean diurnal temperature
range (decrease in probability above 9°C) and water bodies (decrease in probability above
55% of the land occupied). Three variables showed a slight negative effect: annual
precipitation (decrease above 750mm); cultivated and managed areas (decrease above

62.5% of land occupied) and artificial surfaces (very slight negative relationship).

3.2 Current potential range of D. plantarius

The current core range of D. plantarius is located in northern central Europe with
numerous areas of high environmental suitability isolated from the core, e.g. in northern

Spain, western France and Eastern Europe (Fig. 1A).

The average threshold for conversion of environmental suitability maps into maps of
suitable and unsuitable areas was relatively low, at 0.171, with values ranging from 0.133
to 0.352 according to the pseudo-absence run. The projected distribution of suitable areas
for D. plantarius is composed of a large core area with continuity between large suitable

areas. Numerous small patches of suitable areas occur in south-eastern to eastern Europe.

3.3 Projected impacts of environmental change on D. plantarius

3.3.1 Global distribution

10
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There will be a strong global decrease in environmental suitability for areas south of the
current distribution range of D. plantarius, with stronger tendencies for scenario A1B
(Fig. 1B., D., F.) than for scenario B2A (Fig. 1C., E., G.). On the other hand, there will be a
global increase in environmental suitability for areas north of this spider’s current range.
Areas with previously very low suitability will increasingly become suitable throughout
northern Europe, with more areas having a higher suitability for scenario A1B (Fig. 1B., D.,
F.) than for scenario B2A (Fig. 1C., E., G.). Suitability at the current core of the range will
progressively decrease (Fig. 1A—E) to reach a minimum by 2080 regardless of the
scenario (Fig. 1 F—G). This will lead to a progressive north-eastward shift of the core, from
northern Germany to southern Sweden. Practically all of the current areas of high
environmental suitability will have a lower suitability in the future, regardless of the

scenario.

The most striking result regarding the distribution of suitable areas is the dramatic
disappearance of areas currently suitable in the southern part of the current range of D.
plantarius for both scenarios (Fig. 2A—G). This process will first result in fragmentation
and isolation of the southern parts of the range by 2020 (Fig. 2A—C), and then in a
reduction in size of the isolated patches of suitable areas by 2050 (Fig. 2D-E), to very
small remnants of their original size by 2080 (Fig. 2F-G). Conversely, newly suitable
areas will appear progressively to the north of its current range in areas previously
unoccupied by D. plantarius, with even more areas appearing under scenario A1B (Fig.

2B., D., F.) than scenario B2A (Fig. 2C., E., G.).

By 2080, we can expect a net decrease of 33.5% (B2A) to 42.1% (A1B) of areas that are
currently suitable for D. plantarius (Fig. 3). On the other hand, we can expect the
appearance of suitable areas in proportions equal to 45.4% (B2A) to 65.9% (A1B) of the
current range of D. plantarius (Fig. 3). The appearance of these newly suitable areas will

mostly occur to the north of the current range; however new areas will appear south of the

11



284

285

286

287

288

289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

current range, at high altitudes in the Alps. Overall, the predicted net change in suitable

range of D. plantarius will range from an increase of 11.9% (B2A) to 23.9% (A1B).

Within suitable areas, the average environmental suitability is predicted to decrease
progressively, in spite of a slight increase in suitability for the whole prediction area (Table
1A.). Furthermore, the environmental suitability of areas with known populations of D.
plantarius will decrease by an order of magnitude three (B2A) to six (A1B) times higher
than within the full range of suitable areas. As a result, by 2080, 15.2% (B2A) to 17.5%
(A1B) of areas with known populations will become unsuitable (see Fig. G.1); most of these

populations are in the southern part of the range.

3.3.2 Impacts on the UK translocation program

There will be a net decrease of environmental suitability for the three natural English
populations, and by 2080 the environmental conditions are likely to significantly decrease
the suitability of two out of three naturally occurring populations according to scenario
A1B (Table 1B). Conversely, according to scenario B2A, only the location of “Redgrave and
Lopham Fen” will significantly decrease in suitability (Table 1B). Interestingly, two
populations will be less impacted, with smaller decreases in environmental suitability: the
natural population occurring in “South Wales”, and the translocated population. For both
scenarios, their locations will remain suitable, with a high suitability (Table 1B). These
predicted changes are to be related to the strong predicted changes in temperature

variables in these sites (see Fig. F.2—9).

3.3.3 Impacts on the French conservation program

There will be an important decrease of environmental suitability for French populations of
D. plantarius, with three out of six populations likely to be in unsuitable environmental
conditions by 2080 for both scenarios (Table 1C). Among the three suitable populations,
two will decrease significantly in environmental suitability, with a low suitability for both

scenarios. On the other hand, the population of “Lac d’Hourtin” is more likely to remain in

12
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suitable environmental conditions, with higher suitability values predicted for both
emission scenarios. These predicted changes are also linked to the strong predicted

changes in temperature variables in these sites (see Fig. F.2—9).

3.4 Uncertainty analysis

Substantial variation in the changes of suitable areas was observed among calibrated
models, pseudo-absence runs and global circulation models (see Fig. H.1). Predicted
changes varied with length of time (the farther away the prediction, the higher the range of
predicted values) and scenarios (slightly more variation was observed for A1B than for
B2A). Hence, the greatest variation was observed for 2080 and scenario A1B. When
calibrated models were pooled in ensemble forecasts, much less variation was observed,
but substantial differences remained, particularly among the global circulation models
(Fig. 4; see Fig. H.2 and H.3). Similarly, predicted changes varied with time and scenarios
(Fig. 4). The greatest variation was observed for 2080 and scenario A1B, where the
predicted decrease in suitable areas ranged from 24.5% to 71.8% and the predicted

increase was 43.0% to 110.1%. As a result, the predicted net change ranged from -20.0% to

+79.9%.

4 Discussion

4.1 Global change effects on the vulnerable spider, Dolomedes plantarius

From this first forecast of the effects of both climate and land cover changes on the spider
taxon, we predicted the potential future distribution of D. plantarius, quantified future
changes in environmental suitability, and analyzed the impacts of global changes for two
conservation programs. The studied drivers of global changes, climate and land cover, will
have significant effects on the distribution range of D. plantarius, with a large predicted
shift towards the northeast of the range of suitable environmental conditions.
Furthermore, there will be an ongoing decrease of environmental suitability within the

suitable range throughout the 215t century, and this decrease will be even greater in
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locations where populations have been found. By the end of the 21t century, 15 to 17% of
the current known populations will face environmental conditions which are predicted as
unsuitable by the models and have never been met by the species before. These results are
strengthened by the observed stenoecy of D. plantarius to several of the environmental
predictor variables, especially to temperature variables. Nevertheless, global changes will
also create newly suitable areas to the north, in addition to those at higher altitudes of the

current suitable range of D. plantarius.

Hence, populations of D. plantarius threatened by global changes will either have to move
to find suitable environmental conditions, or to adapt to their new environmental
conditions. However, the ability of D. plantarius to disperse towards suitable areas is
questionable. Populations of D. plantarius have been shown to be genetically distinct,
even at small scales (Vugdeli¢, 2006), which suggests that dispersion events are either
rare or rarely successful in establishing new populations. Unlike many spider species
which disperse aerially (Marc et al., 1999), D. plantarius has not been reported to do this
(Duffey, 2012), although other members of the family do (e.g. Greenstone et al., 1987).
Long-distance terrestrial dispersion is unlikely because of the strict attachment of D.
plantarius to water surfaces (Duffey, 2012); nevertheless, ballooning experiments should
be conducted to validate this hypothesis. On the other hand, water dispersal is more
plausible because the spider can stand and move actively on water surfaces (Gorb and
Barth, 1994), and also move passively by sailing (Suter, 1999). This latter dispersal mode
could explain the large current range of D. plantarius according to genetic analyses: D.
plantarius could have spread throughout its range during interglacial stages, when
melting ice provided large interconnected areas of suitable habitats (wetland areas, ponds
and lakes) (Vugdeli¢, 2006). These large areas of suitable habitats have now been reduced

to fragments with considerably less connections.

If this hypothesis was true, then our findings would have important implications for the

conservation of D. plantarius. Firstly, populations that are taken out of the range of
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suitable environmental conditions in the future will either have to adapt or become
extinct, because the dispersal solution is unlikely. Dispersal is even more unlikely because
the stenotopic nature of D. plantarius makes it difficult to encounter suitable habitats.
This species is extremely sensitive to several habitat characteristics such as water quality
and vegetation structure (Duffey, 1995, 2012; Smith, 2000; Harms et al., 2009) and
disturbances in habitat have already led to local extinctions (Bonnet, 1952; Gajdos et al.,
2000; Smith, 2000). Consequently, global changes will act as a further threat to this
vulnerable species. The predicted decrease in environmental suitability may weaken

existing populations and further increase their sensitivity to habitat change.

Secondly, D. plantarius will probably not be able to reach all of the large areas of suitable
environmental conditions that may appear in the future, without help. Barriers of
unsuitable areas will probably preclude the species from reaching future suitable sites
such as Ireland and isolated fragments of north-eastern Europe. If the species is able to
track changes in environmentally suitable conditions rapidly, then it might reach some
areas of high suitability in the future, such as in the United Kingdom. However, if the
species is not able to track changes fast enough, then it will become isolated by barriers of
unsuitable areas. Besides, some populations have orographic barriers blocking their
escape path toward more suitable areas, such as the isolated Italian populations which are
blocked by the Alps. The only option available for these populations is adaptation to the
new environmental conditions. These populations at the southern tip of the range will be
among the first to be impacted, and could be monitored to corroborate or invalidate our
predictions. Conversely, D. plantarius has more chance of tracking changes in
Scandinavia, because suitable areas are predicted to remain interconnected in the future,
and the availability of water habitats will render dispersal by water possible too. Hence,
Scandinavia might eventually become the last refuge for D. plantarius, if the predicted

trends persist beyond 2080.

4.2 Implications for the U.K. conservation and translocation program
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The natural English populations of D. plantarius are predicted to be threatened in the
future by important decreases in environmental suitability; depending on the emission
scenario, one to two out of three natural populations are likely to experience significant
decreases in environmental suitability. On the other hand, although the locations chosen
for the translocation program have been chosen regardless of the future climatic
conditions, our models predicted that they were located in areas of high environmental
suitability which will be threatened only marginally by environmental changes compared
to the other populations. Our results imply that it is vital that the translocation plan is
successful for the conservation of D. plantarius in the United Kingdom, given the
upcoming changes in environmental conditions. Also, our results predict a large increase
in the area of suitable environment to the north of current populations. These areas could
be regarded as eligible for the United Kingdom translocation plan. Similar outcomes were
obtained for two butterfly species in Great Britain (Carroll et al., 2009), leading to similar
predictions. However, we emphasise that extreme care should be taken before any
decision is made to avoid any planned invasion (Webber et al., 2011). This should not be
the case for the current translocation areas, since they are located within the current
extent of occurrence of D. plantarius and they are close to an existing population, so they
are at the interface between reintroduction and reinforcement (IUCN, 2012b). Hence, this
translocation program appears as a suitable response for the conservation of this species,
contrary to wide-range translocations from south to north that could appear as appealing
in the light of our results. Such translocations would probably be bound to fail by

neglecting the local adaptations of populations.

4.3 Implications for the French strategy for the creation of protected areas

D. plantarius is currently classified as “1-” in the French Strategy for Creation of Protected
Areas (SCAP), which means that the species is not protected enough by the current
network of protected areas, but lack of knowledge will preclude the creation of protected

areas for this species (Coste et al., 2010). Initially, the SCAP ought to include species
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threatened by climate change, however, the effects of climate change have not yet been
studied on any of the concerned species (Coste et al., 2010). Our results provide important
updates for the SCAP by providing a first assessment of future effects of climate and land
cover changes. Firstly, our findings confirm that climate and land cover changes will
threaten D. plantarius. Secondly, we have quantified how environmental change will
affect French populations of D. plantarius, and have identified a population very likely to
resist environmental change. Therefore, the status of the species should be updated to “1+”
(a vulnerable species but insufficiently protected). We suggest that monitoring should be

carried out for the Lac d’Hourtin population and, if appropriate, protection measures

should be applied by the SCAP.

4.4 Uncertainty of predicted impacts of global changes

The quality of our predictions is high due to the high performance of the calibrated
models, which is an encouraging output for the first forecast of future environmental
changes concerning the spider taxon. Such a high performance was expected here, and
should be anticipated for other spider species, since spiders are believed to be strongly
dependent on temperature and humidity (Entling et al., 2007). In spite of the high
performance of our models, substantial variations occurred in predictions. Four main
sources generated uncertainty in predictions: (1) initial datasets, (2) species distribution
models, (3) general circulation models and (4) emission scenarios (Buisson et al., 2010).
We addressed uncertainty due to the initial dataset by compiling an extensive database
using the known records of D. plantarius throughout its range (see Appendix B); however
the known distribution of this species may still remain insufficiently sampled (Duffey,
2012). Species distribution models are known to generate the largest variations in
predictions (Buisson et al., 2010), which was observed here. The robustness of predictions
was increased by the use of an appropriate ensemble forecasting procedure, since it
provides the average trend of the best models, weighted by their performance (Aradjo and

New, 2007). Besides, when studying the suitability of locations for conservation programs,
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we included variability in the suitability cut-offs for ensemble models. Substantial
variability also arose from global circulation models, which are known to be the second
largest source of variability (Buisson et al., 2010). Again, we applied a consensus
procedure to mitigate uncertainty. Lastly, substantial differences were observed between
emission scenarios. Scenario A1B predicted a greater impact of global changes on D.
plantarius than scenario B2A, but also predicted the appearance of larger areas of
environmental suitability in the future. However, scenario A1B is more probable than
scenario B2A, and our actual predictions might even have been underestimated, since it
has been proven that the most extreme IPCC scenarios have underestimated the actual
CO. emissions since 2000 (Canadell et al., 2007; Raupach et al., 2007). In addition to
these sources of uncertainty, we hypothesized that the ability of D. plantarius to disperse
into newly-suitable areas and to track changes in environmental conditions is limited.
Thus, we assume that the actual net change (i.e. the difference between current and future
suitable ranges) will be worse than our predicted values, although this must be confirmed
by a study of the dispersal abilities of D. plantarius. Uncertainties in the ability of D.
plantarius to adapt to changing environmental conditions could also be partly answered
by genetic analyses. A final point of uncertainty is related to the well-known relationship
between the local distribution of spiders and microhabitat or microclimatic conditions
(Marc et al., 1999; Prieto-Benitez and Méndez, 2011); such parameters cannot be included
in models with the current state of knowledge. Hence, D. plantarius might be able to
remain in areas predicted as unsuitable if microclimatic conditions prevail over
macroclimate. In spite of all the inevitable uncertainties in our predictions, consensus
emerges out of our predictions that there will be three significant effects of global changes
on D. plantarius: (1) a decrease in environmental suitability within its suitable range, (2) a
loss of suitable areas in the south of its current range, and (3) the appearance of newly-

suitable areas to the north of its current range.

4.5 Concluding remarks
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The methodology developed here proves that global change effects can and should be
included in conservation strategies for spiders, as well as for other invertebrate taxa.
Indeed, global change effects can be studied on the basis of limited data such as presence-
only data, and such studies are clearly lacking for invertebrate taxa (Bellard et al., 2012).
Since occurrence data is often the only data available for invertebrate taxa, the possibility
of studying future global change by means of species distribution models is clearly an
opportunity to seize for invertebrate conservation. Additionally, we aim at providing
sound information about the current status and the possible evolution of D. plantarius to

be taken in consideration for the next IUCN red list evaluation.
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Table 1. Predicted average environmental suitability (ranging from 0 to 1000) of areas for Dolomedes plantarius within the prediction area. Areas are considered suitable if
their suitability is above all of the predicted suitability cut-offs (above 352.0), of low suitability if their suitability is comprised between the maximum and minimum
predicted suitability cut-offs (between 133.0 and 352.0) and unsuitable if their suitability is below all the predicted suitability cut-offs (below 133.0). The suitability cut-offs
are calculated by maximizing the TSS at each pseudo-absence run. The average suitability of English populations is only based on natural populations. Sources of data are in
Appendix S2.

Suitability of environmental conditions by

Environmental suitability 2080
A1B B2A A1B B2A

A 2000 2020 2050 2080 2020 2050 2080

Prediction area 96.7 97.5 104.0 112.0 102.7 97.9 105.8

Suitable range 395.5 384.0 363.8 362.5 381.9 356.4 351.2

Existing populations 601.3 530.4 455.5 396.1 535.6 479.5 451.8

B.

English populations 509.9 473.4 381.0 3134 469.8 449.2 376.8
Redgrave and Lopham Fen 454.0 398.2 327.0 273.8 413.8 3554 302.8 Low suitability Low suitability
South Wales 492.2 526.7 445.1 387.2 499.2 5189 4319 Suitable Suitable
Pevensey levels 581.2 493.8 370.3 279.3 495.1 471.4 394.2 Low suitability Suitable
Translocation populations 504.5 520.7 434.2 360.8 5209 478.9 420.2 Suitable Suitable

C.

French populations 412.8 285.8 184.2 145.0 289.0 235.3 215.1
Briére 3233 268.3 209.0 164.0 284.9 2614 231.7 Low suitability Low suitability
Marais de Lavour 231.2 110.0 59.2 48.2 117.4 79.4 67.8 Unsuitable Unsuitable
Lacs de Conzieu 196.5 196.5 102.3 75.3 218.4 145.6 132.0 Unsuitable Unsuitable
Lac d'Hourtin 650.6 506.7 378.0 289.8 536.7 467.9 425.2 Low suitability Suitable
Arles 523.3 336.0 198.4 162.2 316.5 263.6 246.0 Low suitability Low suitability

171.9 156.9 106.4 76.2 165.1 149.5 1231 Unsuitable Unsuitable

Assérac (discovered in 2012)
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Figure captions

Fig. 1. Current and projected future environmental suitability of the Western Palaearctic for
Dolomedes plantarius according to two different climate scenarios (A1B & B2A). A. Current
climate suitability; B. and C. environmental suitability for the 2020s according to A1B & B2A
scenarios respectively; D. and E. environmental suitability for the 2050s according to A1B &
B2A respectively; F. and G. environmental suitability for the 2080s according to A1B & B2A

respectively.

Fig. 2. Current and projected future binary maps of environmental suitability of the Western
Palaearctic for Dolomedes plantarius according to two different climate scenarios (A1B &
B2A) using a threshold value for conversion. A. Current suitable areas; B. and C. suitable
areas for the 2020s according to A1B & B2A scenarios respectively; D. and E. suitable areas
for the 2050s according to A1B & B2A respectively; F. and G. suitable areas for the 2080s

according to A1B & B2A respectively.

Figure 3. Changes in the predicted distribution range of D. plantarius by 2080 according to
A. scenario A1B and B. scenario B2A. Unsuitable: areas that are currently unsuitable and will
remain unsuitable in the future; Disappearing: area currently suitable that will lose their

suitability in the future; Stable: area that are currently suitable and will still be suitable in the

future; Appearing: areas that are currently not suitable but will become suitable in the future.

Figure 4. Predicted values of decrease (Lost), increase (New) and net change (NetChange;
calculated as the sum of the decrease and increase in suitable areas) in suitable areas by
ensemble forecasts according to the different global circulation models (GCM). For each

GCM, the 10 pseudo-absence runs of ensemble forecasts are plotted.
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Supporting Information

Appendix A. Protocol of selection of variables for the models

Appendix B. Known records of Dolomedes plantarius

Appendix C. Sources of data

Appendix D. Locations of French and English populations of D. plantarius
Appendix E. Values of evaluation metrics

Appendix F. Response of D. plantarius to environmental predictor variables
Appendix G. Maps of range change by 2080 with known populations

Appendix H. Figures related to the uncertainty analysis
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