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In order to implement a fine species-climate temporal matching approach for species
distribution models (SDM) and investigate whether this increases the accuracy of predictions,
we took daily temperature and precipitation dataset (1981-2015) recently developed at a
resolution of 25m for Switzerland (Broennimann et al. in prep). We used these climate data to
create SDM of several species of butterflies. We then compared these new models with
conventional models using 30-years averaged climate data (1980 to 2010). In order to
compare these two types of modelling, we retained the TSS and ROC scores attesting to the
precision of the models. Our results show no significant difference depending on the methods
used. We believe that this is mainly due to the biases caused by other variables such as the
distribution of host plants, strongly linked to climatic conditions and influencing the
distribution of butterflies.

INTRODUCTION

In the field of ecology, the analysis of the relationships between species and their environment
is a crucial point. The quantification of these relationships allows the creation of species
distribution models (SDMs). SDMs work according to the following scheme: several
environmental variables explain a response variable: the presence or absence of a species.
The use of SDMs also allows to predict the probability of species presence in a new
environment. These projections can be done in space or time. (Guisan & Zimmermann, 2000;
Schroder, 2008; Elith & Leathwick 2009). In order to use correctly these models in real cases,
it is important to be able to evaluate their accuracy. This can be done by comparing these
models with existing surveys and then counting the number of times when the model correctly
predicts the presence or absence of the species. Based on these results, it is possible to
evaluate the accuracy of a model (Fielding & Bell, 1997; Allouche et al., 2006; Liu et al., 2009).

The SDM is a very useful tool in the field of conservation. Having an accurate model is
important for taking decisions in different stages of a conservation project. Examples include
measuring and predicting the impact of an invasive species, defining critical habitats for a
threatened species or predicting the shift of a species based on anthropogenic changes



(Guisan et al., 2013). These tools are especially important in the context of global warming,
where many species are forced to change habitats or disappear (Chen et al., 2011).

Most of SDMs use environmental variables that are averaged over a long period of time,
typically 30 years (Elith et al., 2006). This approach is valid when using environmental variables
experiencing little change over time, such as substrate or topography. However, other
variables, such as climate, evolve more rapidly. By using these long-term averaged climatic
data to explain the distribution of an annual species (such as butterflies), they do not
necessarily relate to conditions that organisms actually experience through their lifetimes and
that are crucial for their survival and reproduction.

The increased precision of available climatic data allows a new modelling approach with a
finer temporal matching between the environmental variables and the observation of a
species. This makes it possible to use the real climatic conditions experienced by the organism
during the year. Currently, only few studies have used this approach (Reside et al., 2010;
Bateman et al., 2012; Wernberg et al., 2013; Wisz et al., 2015).

The aim of this study is to compare these two approaches, namely the use of 30-year averages
against the use of annual data. We created SDMs for several butterfly’s species using climatic
variables averaged between 1981 and 2010 and evaluated their accuracy. We also created
and evaluated these same SDMs but using daily temperature and precipitation dataset (1981-
2015) recently developed at a resolution of 25m for Switzerland (Broennimann et al., in prep).
In order to compare both kind of modelling, we evaluated their differences based on the
obtained results. Moreover, to better describe the possible uses of these more precise data,
we used two levels of resolution: i) An annual level for which we used the variables on the
whole year or butterflies were observed. ii) A monthly level for which we selected, for each
variable, the most crucial months for the survival and reproduction of the species.

We hypothesize that the use of these finer temporal matching variables produces more
accurate SDMs than those calculating with 30-years averages variables.

METHODS

STUDY SPECIES

We tested our hypothesis by modelling the distribution of Lepidoptera (butterflies). The main
reasons for this choice are their high sensitivity to climate and their rapid responses to climatic
variations. Indeed, the fitness of the butterflies is directly influenced by weather mean and
extremes (Buckley & Kingsolver, 2012; Karl et al., 2011). Their dispersal capacity (therefore
their presence probability at one point) is also influenced by annual weather conditions
(Cormont et al., 2010; Kuussaari et al., 2016). It should be noted, however, that butterflies
have patterns of lives that vary enormously between species and within a single species
depending on the region. That is why we have selected species of butterflies with the same



pattern of life, namely: a single generation per year, no migration and a passage of winter in
the form of egg or caterpillar.

STUDY AREA

The fields samplings data were collected by the Spatial Ecology Group from University of
Lausanne? in the Western Swiss Alps at an elevation from around 650 to 3210m. This area
includes five vegetation belt: a foothill belt with deciduous forest, a mountainous belt with
mixed forests, a subalpine belt with coniferous forest, an alpine belt with heath, meadow and
grassland vegetation and a nival belt with sparse vegetation. This area possesses also very
varied environments in terms of slope and exposure as well as the human land use. For more
information of the study area and the field sampling method see Pellissier et al. (2012).

CLIMATIC VARIABLES

Primary climate data are provided by Météo Suisse (citation?) and more precise data were
derived and/or extrapolated (Broennimann et al., in prep). We used average, minimum and
maximum temperatures in degrees Celsius (°C), precipitation in mm (or 1/m?),
evapotranspiration as well as the growing degree day above 10 ° C.

MODELLING FRAMEWORK

We made two comparisons:

The first comparison is between the use of one-year averaged climatic variables versus the
use of 30-years averaged climatic variables (Figure 1). The assumption is that with one-year
averaged climate variables, the model will be more accurate than with 30-years averaged
climatic variables. This comparison helps to understand whether the year in which the species
is observed has a greater influence on its distribution than the average of the last 30 years.
For this comparison, we modelled the distribution28 species.
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Figure 1: Diagram of life stages of Aricia artaxerxes butterfly. For this one-year modelling method, the set of variables is
applied throughout the year (compare with figure 2).



The second comparison is between the use of few-month averaged climatic variables
according to the periods considered crucial for the survival or reproduction of the species
versus the use of the same few-month but averaged on the last 30-years (Figure 2). The
assumption is that with variables selected over a few months, the model will be more accurate
than the one using the 30-years average data. However, the risk is that by restricting too much
the temporal window of these variables according to theoretical data, they no longer
correspond to the key periods of the species. For this comparison, we modelled the
distribution of 13 species. The key periods for each species were chosen based on observation
data in Switzerland available on the pieris.ch website. The choice of explanatory variables is
based on the general physiology of butterfly (Jones et al., 1982; Feltwell, 1983; Fischer et al.,
2003; Geister et al., 2008).

As illustrated in Figure 2, we used the minimum temperature during the months of January
to April, when excessive frosts can destroy the larvae (or eggs). Then we used growing degree
days above 10°C (GGD10), average temperature (Tmean) and precipitations (Precip) from the
beginning of the caterpillar activity to its chrysalis passage because its development and
metabolism are directly related to temperature and precipitation. Moreover, its activity
begins only above a certain temperature (here fixed at 10 ° C., but which may vary according
to the species). During the pupal stage, we used GDD10 as well as the temperature values
(minimum, maximum and mean) which influence the metabolism and potentially the duration
of the chrysalis passage. Then during the adult stage, we used precipitations as well as
temperatures that influence the possibility of moths to mate and lay eggs. Finally, during the
egg period, we used the temperatures and GGD10 of the previous year observation (i.e. 2009
in the example of Figure 2). Indeed, temperatures must probably have a role in the
development of the eggs. These choices were made to best match all the species used for the
comparisons, however, these criteria vary widely between species.
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Figure 2: Monthly accurate modelling method. Diagram of the temporal placement of the different variables according to
the stages of life of the butterflies. This is an example for species Aricia artaxerxes observed in 2010. The same scheme
was adapted for the 12 other species used.



MODEL FITTING AND EVALUATING

For all SDMs calculated, the response variable is the presence or absence of the species at
each sample points during three years (2009, 2010 and 2014). The climatic variables are
selected at the same points to explain the presence or absence of the species. The modelling
was calculated on R (R Development Core Team) using techniques implemented on BIOMOD2
package (Thuiller et al., 2009). Five algorithms were run 20 times for each SDM. These
algorithms are: Generalized Linear Models (McCullagh& Nelder, 1989; Guisan et al., 2002),
Boosted Regression Tree (Friedman, Hastie & Tibshirani, 2000 ; Elith et al., 2008), Generalized
Additive Models (Hastie & Tibshirani, 1990 ; Guisan et al. 2002), Classification Tree Analysis
(Gordon et al., 1984 ; Thuiller et al., 2003) and Flexible Discriminant Analysis (Hastie et al.,
1994).

Then the results of the 20 runs of each of algorithms are combined into a single ensemble
according to the weighted sum of probabilities of each results (Araujo & New, 2007; Thuiller
et al., 2009). We conducted a repeated split sample cross validation with 80% of the data for
the modelling and 20% for the evaluation. We used four indicators to compare our models.
The sensitivity, specificity, Receiver Operating Characteristic (ROC) (Fielding & Bell, 1997) and
True Skill Statistics (TSS) (Allouche et al., 2006), see Tables 1 and 2. The sensitivity is the
proportion of correct predicted presence while the specificity is the proportion of correct
predicted absence. ROC is the relation between all sensitivity values and their equivalent
values (1-specificity). The area under the ROC function (AUC) provides a single measure of
accuracy comprised between 0.5 (the score not differ for two groups) and 1 (no overlap in the
distributions of the group scores). Thus, a score of 0.5 indicates totally random predictions
while a score of 1 indicates predictions that are always correct.

Validation data set Table 1: Error matrix used to test model accuracy. The value a
represents the number of presence correctly predicted (true

Presence Absence . i .
positive). The value b indicates the absences predicted as

Model | Presence a b presence (omission error). The value c indicates the presence
Absence c d predicted as absence (commission error). Finally, the value d
indicates the absences correctly predicted (true negative).

Table 2: Formulas of the different precision measurements used.

Measure Formula
a
Sensitivity
a+c
d
Specificity _
b+d
TSS sensitivity + specificity — 1




RESULTS

Since the results of the first approach (one-year average data versus 30-years average data)

do not change the conclusion, the results are presented in supplementary materials. Here are

presented the results obtained with the second approach (accurate monthly data against the

use of 30-years average data).

Tableau 3: TSS evaluations of each modelling. The last column represents the difference of evaluations (30-years minus

monthly).

SPECIES TSS 30-YEARS ~ TSS MONTHLY DIFFERENCE
1 | Aporia_crataegi 0.773 0.773 0
2 | Aricia_artaxerxes 0.716 0.689 -0.027
3 | Aricia_eumedon 0.816 0.685 -0.131
4 | Boloria_napaea 0.871 0.844 -0.027
5 | Brenthis_ino 0.929 0.872 -0.057
6 | Carterocephalus_palaemon 0.837 0.829 -0.008
7 | Colias_phicomone 0.696 0.683 -0.013
8 | Lycaena_hippothoe 0.799 0.788 -0.011
9 | Pyrgus_serratulae 0.843 0.720 -0.123
10 | Argynnis_paphia 0.980 0.971 -0.009
11 | Boloria_pales 0.742 0.706 -0.036
12 | Hesperia_comma 0.754 0.753 -0.001
13 | Polyommatus_eros 0.829 0.768 -0.061
Mean 0.81 0.78 -0.04

Tableau 4: ROC evaluations of each modelling. The last column represents the difference of evaluations (30-years minus

monthly).

SPECIES ROC 30-YEARS ROC MONTHLY DIFFERENCE

1 | Aporia_crataegi 0.943 0.944 0.001
2 | Aricia_artaxerxes 0.930 0.933 0.003
3 | Aricia_eumedon 0.964 0.918 -0.046
4 | Boloria_napaea 0.973 0.972 -0.001
5 | Brenthis_ino 0.978 0.972 -0.006
6 | Carterocephalus_palaemon 0.969 0.952 -0.017
7 | Colias_phicomone 0.914 0.913 -0.001
8 | Lycaena_hippothoe 0.965 0.953 -0.012
9 | Pyrgus_serratulae 0.958 0.932 -0.026
10 | Argynnis_paphia 0.997 0.993 -0.004
11 | Boloria_pales 0.953 0.934 -0.019
12 | Hesperia_comma 0.936 0.941 0.005
13 | Polyommatus_eros 0.972 0.943 -0.029
Mean 0.96 0.95 -0.01




TSS and ROC evaluations carried out on 13 species of butterflies are not significantly different
between models using monthly accurate data and corresponding models using 30-years
average data (Welch Two Sample t-test: TSS comparison, p-value = 0.2488 and ROC
comparison, p-value = 0.1962). In both cases, the evaluations of accuracy are high, with TSS
evaluations between 0.683 and 0.980 and ROC evaluations between 0.918 and 0.997. The
sensitivity as well as the specificity do not differ significantly according to the model (Welch
Two Sample t-test : Sensitivity, p-value = 0.7581 and specificity, p-value = 0.1074). However,
the difference in specificity average for the 13 species is higher (-0.044) than that of sensitivity
(0.006) but these values remain very low (Figure 3).
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Figure 3 Boxplot of the differences in values between the 30-years models and the month models regarding specificity
(left) and sensitivity (right). The differences can range from -1 to 1. In this case, we have -0.04416 for specificity and 0.0065
for sensitivity.

The projection maps for each model are available in supplementary materials. As illustration,
only the maps for Aricia eumedon are presented here (Figure 4). All maps are available in the
supplementary material section. Although the evaluations presented above are not
significantly different, we observe differences on projection maps according to the method
used. In some cases, a model predicts the absence of the species in a large region while the
other model predicts a high probability of presence. These differences in predictions are
shown in Figure 4, on the map on the right.
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Figure 4: Projection maps of the species Aricia eumedon. The map on the left is modeled from climatic data averaged over
30 years while that of the center from data precise at the month (of the year of observation). The map on the right shows
the difference between the two models (green = same predictions, more yellow = more presence probabilities predicted
by the model 30-years, and more blue = more presence probabilities predicted by the models specific to the month)

DISCUSSION

These results do not confirm the hypothesis that the use of these finer temporal matching
variables produces more accurate SDMs than those calculating with 30-years averages
variables. We will discuss in detail some elements that may explain these non-expected
results.

CLIMATIC VARIABLES VS OTHER VARIABLES

Obviously the presence of a butterfly is not explained only by the climatic variables. Many
other variables are involved, such as elevation, exposure, competition with other species,
influence of human activity, etc. Since these variables are not taken into account in any models
compared, they should not have an impact on the results. However, one other variable could
be involved, it is the presence of host plants of the butterfly. Indeed, each species of butterfly
is totally dependent on one or more host plants. The butterfly cannot be present if the host
plant is not. In this way, the distribution of host plants could be better than climatic variables
to explain the distribution of butterflies (Cormont et al., 2013; but Hawkins & Porter, 2003).
In addition, plants have slow response to climatic variation. It is therefore possible that 30-
years average climatic variables explain better the distribution of host plants than temporally
more precise variables (over a year or a few months). Thus, the results would be biased by the
influence of the distribution of the host plants.



THE RISK OF FALSE ABSENCES

The number of passages per sampling point was three in the majority of cases. However, it is
possible that during the passages all butterfly species present in the area have not been
observed due to their high mobility. This can therefore generate false absences. However,
although too many false absences reduce the quality of the model, this reduction is valid for
all modelling performed. Thus, there is no impact on the results of comparisons between
models.

FURTHER INVESTIGATION

In order to better temporally situate climatic variables, it would be interesting to verify the
biology of the species studied in the field (instead of using the literature as in this study). As
we have seen with butterflies, the periods of the different stages of life vary according to the
region. The number of generation and behavior (migration or not) also varies. These are all
data to be checked on the field for each population modeled.

In order to deepen the potential uses of a finer temporal matching, it is necessary to test this
approach on other datasets. This will allow comparisons of potential improvements across
species and regions. The results should vary depending on the mobility of the species as well
as its behavioral adaptation to the weather.

We have seen that the projection maps were different according to the approach used. It
would be interesting to characterize regions where predictions differ. A finer temporal
matching variables approach is maybe more useful in high altitude where the weather varies
greatly or in area where anthropogenic perturbations interact.
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SUPPLEMENTARY MATERIALS

RESULTS OF THE FIRST APPROACH

The first approaches compare one-year average data versus 30-years average data (Figure 1).
This comparison does not show any significant difference between the two models (Welch
Two Sample t-test). This is so for the TSS (t = 0.78317, df = 53.944, p-value = 0.437), ROC (t =
1.1993, df =53.872, p-value =0.2357) as well as the sensitivity (t =-1.132, df = 48.461, p-value
= 0.2632). Therefore, the difference in specificity is slightly significant (t = 2.081, df = 53.803,
p-value = 0.0422) with an average decrease of 3.86% for the one-year modelling (figure 5).

SPECIES TSS 30- TSS 1-YEAR DIFFERENCE
YEARS

1 | Anthocharis_cardamines 0.856 0.787 -0.069
2 | Aporia_crataegi 0.749 0.729 -0.02
3 | Argynnis_adippe 0.881 0.903 0.022
4 | Argynnis_aglaja 0.722 0.663 -0.059
5 | Argynnis_niobe 0.737 0.742 0.005
6 | Argynnis_paphia 1 0.99 -0.01
7 | Aricia_artaxerxes 0.718 0.749 0.031
8 | Aricia_eumedon 0.717 0.713 -0.004
9 | Boloria_napaea 0.883 0.865 -0.018
10 | Boloria_pales 0.763 0.741 -0.022
11 | Brenthis_ino 0.899 0.902 0.003
12 | Callophrys_rubi 0.846 0.768 -0.078
13 | Carterocephalus_palaemon 0.879 0.813 -0.066
14 | Colias_phicomone 0.689 0.685 -0.004
15 | Cupido_minimus 0.699 0.73 0.031
16 | Hamearis_lucina 0.891 0.931 0.04
17 | Hesperia_comma 0.771 0.719 -0.052
18 | Lycaena_hippothoe 0.854 0.849 -0.005
19 | Maculinea_arion 0.723 0.727 0.004
20 | Parnassius_apollo 0.863 0.893 0.03
21 | Pieris_bryoniae 0.729 0.719 -0.01
22 | Pieris_napi 0.643 0.653 0.01
23 | Pieris_rapae 0.632 0.662 0.03
24 | Polyommatus_eros 0.878 0.784 -0.094
25 | Pyrgus_alveus 0.856 0.744 -0.112
26 | Pyrgus_serratulae 0.843 0.754 -0.089
27 | Thymelicus_lineola 0.759 0.748 -0.011
28 | Thymelicus_sylvestris 0.823 0.822 -0.001
Mean 0.80 0.78 -0.02
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SPECIES ROC 30- ROC 1- DIFFERENCE
YEARS YEAR

1 | Anthocharis_cardamines 0.971 0.951 -0.02
2 | Aporia_crataegi 0.936 0.932 -0.004
3 | Argynnis_adippe 0.978 0.981 0.003
4 | Argynnis_aglaja 0.933 0.907 -0.026
5 | Argynnis_niobe 0.929 0.931 0.002
6 | Argynnis_paphia 1 0.995 -0.005
7 | Aricia_artaxerxes 0.926 0.926 0
8 | Aricia_eumedon 0.943 0.922 -0.021
9 | Boloria_napaea 0.981 0.962 -0.019
10 | Boloria_pales 0.952 0.955 0.003
11 | Brenthis_ino 0.977 0.98 0.003
12 | Callophrys_rubi 0.965 0.95 -0.015
13 | Carterocephalus_palaemon 0.978 0.962 -0.016
14 | Colias_phicomone 0.913 0.912 -0.001
15 | Cupido_minimus 0.934 0.939 0.005
16 | Hamearis_lucina 0.981 0.983 0.002
17 | Hesperia_comma 0.942 0.94 -0.002
18 | Lycaena_hippothoe 0.973 0.963 -0.01
19 | Maculinea_arion 0.929 0.926 -0.003
20 | Parnassius_apollo 0.978 0.966 -0.012
21 | Pieris_bryoniae 0.934 0.937 0.003
22 | Pieris_napi 0.901 0.901 0
23 | Pieris_rapae 0.878 0.89 0.012
24 | Polyommatus_eros 0.967 0.959 -0.008
25 | Pyrgus_alveus 0.973 0.904 -0.069
26 | Pyrgus_serratulae 0.961 0.929 -0.032
27 | Thymelicus_lineola 0.951 0.943 -0.008
28 | Thymelicus_sylvestris 0.974 0.964 -0.01
Mean 0.95 0.94 -0.01

-13-



Specificity and sensitivity difference
between "30 years" and "1 year" temporal matching SDM
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Figure 5 Boxplot of the differences in values between the 30-years models and the one-year models regarding the
specificity (left) and the sensitivity (right).

-14 -



PROJECTIONS MAPS OBTAINED WITH THE FIRST APPROACH

For each species, the projection map on the is based from climatic data averaged over 30 years

while that of the center is based from data averaged over 1 year. The right map shows the

difference between these two projections (green = same predictions, more yellow = more

presence probabilities predicted by the model 30-years, and more blue = more presence

probabilities predicted by the models specific to the year).
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PROJECTIONS MAPS OBTAINED WITH THE SECOND APPROACH

For each species, the projection map on the left is based on climatic data averaged over 30
years while that of the center is based from data precise at the month (of the year of
observation). The right map shows the difference between these two projections (green =
same predictions, more yellow = more presence probabilities predicted by the model 30-
years, and more blue = more presence probabilities predicted by the models specific to the

month)
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