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Applying multiple generalized regression models, we studied spatial patterns in species richness for different taxonomic groups
(amphibians, reptiles, grasshoppers, plants, mosses) within the German federal state Rhineland-Palatinate (RP). We aimed (1) to
detect their centres of richness, (2) to rate the influence of climatic and land-use parameters on spatial patterns, and (3) to test
whether patterns are congruent between taxonomic groups in RP. Centres of species richness differed between taxonomic groups
and overall richness was the highest in the valleys of large rivers and in different areas of southern RP. Climatic parameters strongly
correlated with richness in all taxa whereas land use was less significant. Spatial richness patterns of all groups were to a certain
extent congruent but differed between group pairs. The number of grasshoppers strongly correlated with the number of plants
and with overall species richness. An external validation corroborated the generality of our species richness models.

1. Introduction

Europe has undergone a period of environmental change and
loss of biodiversity over the last decades [1, 2]. A high level of
biodiversity may help to preserve a range of options to adapt
under changing environmental conditions such as climate
and land-use change. Hence, studies of spatial patterns of
species richness and its environmental determinants are
required. Broad-scale patterns (i.e., global or continental
extent and large grain size) in species richness are relatively
well studied, and the determining mechanisms of patterns
cover a wide range from energy and water availability [3–
5] to historic climate and climate stability as predictors of
present patterns [6, 7]. Distribution models are frequently
applied to understand the relationship between spatial
patterns in species occurrence and environmental variables,
(e.g., [8–11]). While broad-scale species richness patterns are
mainly determined by energy and water availability, (e.g.,
[3–5, 12–14]), regional patterns (except of few taxonomic
groups, e.g., [15, 16]) were less frequently studied and under-
lying mechanisms are widely unknown. The strength of the
impact of environmental variables on species distributions

may differ with spatial extent and grain size [17–20] and
a simple downscaling of the results found at broad spatial
scales is not wise. The poor knowledge is particularly true for
less studied taxonomic groups, for example, mosses, which
encompass hundreds of species, but data availability on this
group has only recently been improved at a national level
(e.g., [21] for mosses in Germany).

Studies at the meso- or microscale (i.e., intermediate or
small spatial extent and grain size) are needed to analyse the
impact of water and energy availability on species richness
patterns and to evaluate potential effects of climate change.
Hortal et al. [19] showed for mammal assemblages that
climatic gradients are stronger predictors of geographic
ecological richness, that is, at broad spatial extent (areas
between 1,000 and 10,000 km2), whereas other features
such as habitat type become more important for the
ecological richness of mammals at smaller spatial extent
(areas between 100 and 1,000 km2, cf. also [22]). However,
for other taxonomic groups, it remains unclear how much
variation of regional species richness patterns is determined
by climate and/or land use. Sensitivity of taxonomic groups
to climate variables at a regional scale might help to assess
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Figure 1: Overview map of the study region Rhineland-Palatinate (Germany) showing important rivers and mountain ranges. Palatinate is
the southeastern part of Rhineland-Palatinate located southeast of the River Nahe.

effects of climatic changes on species distributions. Fur-
thermore, conservation strategies are usually developed and
implemented at smaller regional scales. Knowing whether
particular taxonomic groups show congruence in spatial
patterns, as this was reviewed by Heino [23] for aquatic
ecosystems, is an important information for conservation.

Here, we investigate regional patterns in species richness
and their environmental determinants for the poorly studied
grasshoppers and mosses, and for amphibians, reptiles, and
herbaceous plants in the federal state Rhineland-Palatinate in
Germany. These five taxonomic groups are the only groups
for which suitable data on the spatial distribution and on
environmental parameters is available for the whole study
region and for an adjacent region that we used to validate
our results. The main questions answered in this study were
as follows.

(1) Where are the centres of species richness located
within the Rhineland-Palatinate?

(2) Which climatic and land-use parameters determine
spatial pattern of species richness in this federal state?

(3) How congruent are regional patterns in species rich-
ness between different taxonomic groups?

We expected to find contrasting distribution patterns and
different parameters being important for individual taxo-
nomic groups. Land-use variables were expected to influence
species richness distributions of all selected groups more
strongly than climatic variables.

We used multiple regression models (generalized linear
model, GLM) to analyse the relationship between species
richness patterns and environmental variables and to identify
the ecological determinants of the observed patterns. In
order to determine whether the different taxonomic groups
show congruence in spatial patterns of species richness at
the regional scale, we analysed species richness data on the
regional distribution of all five taxonomic groups.

2. Material and Methods

2.1. Research Area. We studied species richness patterns
in the German federal state Rhineland-Palatinate (RP,
Figure 1). RP is located in the southwest of Germany and
covers a total area of 19,853 km2. RP is the federal state
with the largest woodland cover (ca. 42% of its total area)
in Germany. Due to intensive land use in some parts of RP,
the woodland cover is not homogenously distributed within
the federal state; particularly in the traditional vineyard
regions, the proportion of woodlands is very small. RP
is characterised by several low mountain ranges up to
800 m a.s.l. Important xerothermic sites are located in the
larger valleys, for example, of the rivers Rhine, Moselle,
Ahr, and Nahe, where relict and “island” populations of
several endangered thermophilic reptile and insect species
are found.

2.2. Modelling Species Richness. Multiple generalised linear
regression models (GLMs) were established to describe the
spatial distribution of species richness for each taxonomic
group and to describe overall species richness (all taxonomic
groups pooled). All models are based on species occurrence
(presence-only) data and different environmental variables.
Data on species occurrence and environmental variables
were available on a grid base at the resolution of ordinance
survey maps (OSM, 1 : 25,000). Species richness values were
calculated for each grid cell based on presence-only data
of species. Land cover, landscape heterogeneity, and climate
variables were used as predictors in the GLMs. All models
also accounted for spatial autocorrelation in the residuals
[24].

Each grid cell comprised an area of approximately
130 km2. The total number of grid cells covering RP was
194. As grid cells that are located at the borders with France
or Belgium are less intensively studied than others in the



International Journal of Zoology 3

centre of the federal state and environmental and species data
from the French and Belgian parts of border areas were not
available to us, we included only those grid cells where more
than 50% of the covered area is located in RP. In total, we
omitted ten grid cells, resulting in 184 grid cells being used
in our analyses.

2.3. Species Occurrence Data. Data on the distribution of
different taxonomic groups in RP were derived from lit-
erature, databases, and from the State Agency for Envi-
ronment of Rhineland-Palatinate. We collected literature
data on reptiles [46, 47, unpublished database of the State
Agency for Environment in RP, (1960–2008)], amphibians
[46, 47, unpublished database of the State Agency for Envi-
ronment in RP, (1960–2008)], grasshoppers (Orthoptera)
[25, (1980–2000)], vascular plants including ferns [26],
and mosses [21, (1980–2007)]. For each of the grid cells,
we counted the number of species per taxonomic group.
Species records were simple presence data, and absence of
a species in grid cells shows only that no records were
available. However, our presence-only data come close to
true presence-absence data, because of the comprehensive
and intensive monitoring of the studied groups by experts
and volunteers in RP. Although monitoring intensity of
mosses is still relatively low, we decided to roughly test the
first dataset on this group that is for the first time available for
Germany [21]. To test our models on an independent dataset,
we additionally collected analogous data on the distribution
of the five taxonomic groups in the adjacent federal state
Baden-Württemberg (BW, n = 291 grid cells). For this
model validation, we used the following literature sources:
Günther [47] for amphibians and reptiles, Maas et al. [25]
for grasshoppers, Haeupler and Schönfelder [26] for vascular
plants and ferns, and Meinunger and Schröder [21] for
mosses. These five taxonomic groups were selected, because
species distribution data were available for both our study
region RP and the validation region BW. We initially aimed
to study further taxonomic groups such as dragonflies and
butterflies, but data on the distribution of these insects was
only available for BW and only existed for small geographic
areas of RP.

2.4. Environmental Data. We selected 13 land-cover variables
from the CORINE Land Cover 2000 dataset which is
based on satellite images (see Table 1). CORINE provides
additional land-cover classes for Germany, but these do not
occur in our study area (e.g., peat bogs, salt meadows, etc.).

Landscape heterogeneity based on land-cover data was
calculated using Simpson’s diversity index D:

1−D = 1−
∑(

pi
)2, (1)

where pi is the proportion of the ith land-cover type in a grid
cell.

We used Simpson’s index as a measure for landscape
heterogeneity because it calculates the smaller proportions
of land-cover types (e.g., small waters) in our dataset more
reliably than the Shannon diversity index commonly used in
other studies.

An additional topographic measure of spatial landscape
heterogeneity was calculated using digital elevation data
(SRTM-3). We extracted from this dataset the maximum
(HTMAX, Table 1) and minimum elevation (HTMIN) for
each grid cell and calculated the difference between mini-
mum and maximum as a measure of variability in elevation
(HTDIFF). The topographic variables HTMAX and HTMIN
were also included in the analyses.

We also used four climate variables (Table 1) from a
dataset that was explicitly established at OSM resolution for
Germany [27]. This dataset is based on climate data from
2342 weather stations (German Weather Service, DWD)
distributed throughout Germany. In the underlying climate
model, basic climate data are homogenised and corrected
for the mean elevation of the grid cells (see [27] for further
explanations). We used data from the period 1961 to 1990—
as for the species records—from this climate dataset to
estimate mean monthly and annual values for the climatic
situation in each grid cell.

Additionally, plant species richness was used as a predic-
tor in the grasshopper model because several grasshopper
species, for example, Calliptamus italicus (L., 1758) and
Tetrix bipunctata (L., 1758), feed exclusively on plants that
occur in habitats with high plant diversity, such as dry grass-
lands. Different types of grassland were not distinguished in
the CORINE dataset.

2.5. Development of Species Richness Models. To calculate
species richness of the taxonomic groups and overall species
richness, we standardised species richness for each group,
because species numbers differed strongly between groups
(Table 1). We set the maximum observed species number
derived from all grid cells to 100 percent for each species
group and divided species numbers in each of the grid
cells by this maximum. For the overall species richness,
percentages in grid cells obtained for taxonomic groups
were averaged. Congruence was studied between each of the
taxonomic groups as well as between the taxonomic groups
and combined species richness (i.e., overall species richness
without the group tested). In all cases, percentages were
subsequently arc-sin transformed before they were used in
the multiple regression analyses [28].

Hierarchical partitioning was carried out to derive the
independent contribution of the predictor variables (envi-
ronmental variables) to the response variable (species rich-
ness). This statistical technique is even applicable when
data are highly correlated and was used here to eliminate
unimportant predictor variables [29]). In this preselection
procedure, we first analysed the land cover parameters
(here without water related parameters, MAR, FLW, STW;
Table 1). The water-related and climate variables were
analysed together in a second step, because of a limited
number of variables that may be tested in the partitioning
procedure. We then fitted a multiple regression model
(GLM with poisson error distribution, or quasipoisson in
the case of overdispersion) using all the variables that had
individually contributed more than 10% to the variance
in the response variable in the hierarchical partitioning
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Table 1: Variables used for the multiple regression modelling and multiple regression models established for species richness of different
taxa. Listed are the beta coefficients and significance levels for the parameters in the final models established for five taxonomic groups.
The explained variance in species richness for each taxonomic group is also shown. For spatial validation of models, the Spearman rank
correlation coefficients r of predicted and observed species richness values and the respective significance level are shown. ∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001, n.s.: nonsignificant parameters in the final model that improve the explanatory power of the model (AIC).

Variables (units) Abbreviation Amphibians Reptiles Grasshoppers Plants Mosses

Maximum observed number of
species/grid cell

— 16 8 48 1180 400

CORINE 2000 land-cover classes

Deciduous forests (%) DEW — — — — —

Coniferous forests (%) COW — — — −1.406∗ —

Mixed forests (%) MIX — — — — —

Nonirrigated arable land (%) NIA — — — −0.909∗ −0.237∗∗

Vineyards (%) VIY — — — — —

Orchards (%) ORC — — — — —

Meadows and pastures (%) MEP — — — — —

Natural grasslands (%) NAG — — — — —

Heathlands (%) HEA — — — — —

Shrublands (%) SHR — — — — —

Marshes (%) MAR — — 4.061∗ — —

Flowing water bodies (%) FLW — — — 3.052∗ —

Standing water bodies (%) STW — — — — —

Topography

Minimum elevation within grid cell (m) HTMIN — — — — −0.001∗∗

Maximum elevation within grid cell (m) HTMAX — — 0.075∗∗ — —

Landscape heterogeneity

Habitat heterogeneityb SIMPSON 0.374n.s. — — — —

Range of elevation within grid cell (m) HTDIFF — — — — —

Climatic parameters 1961–1990[27]

Mean annual temperature (◦C) TMPYEAR 0.065∗ — — — —

Mean sum of annual precipitation
(mm)

PRECYEARSUM — — — — —

Index of ariditya IOA — — — — —

Mean temperature of the coldest month
(January) (◦C)

TMPJAN — — 1.269∗∗ — −0.064n.s.

Spatial autocorrelation SAC 0.053∗∗ 0.159∗∗∗ 0.409∗∗∗ 0.078∗∗∗ 0.005∗∗∗

Number of plant species not tested not tested 0.071∗∗∗ — not tested

Model accuracy and validation

Goodness of fit (deviance change) 38.36% 33.76% 72.73% 62.34% 72.6%

Deviance change explained by
environment

44.34% — 45.42% 17.45% 7.05%

Deviance change explained by SAC 55.66% 100% 54.48% 82.55% 92.95%

ANOVA (versus Null model) F = 11.826∗∗∗ F = 14.145∗∗∗ F = 69.621∗∗∗ F = 79.886∗∗∗ F = 124.61∗∗∗

Spatial validation of the SAC model 0.758∗∗∗ 0.646∗∗∗ 0.752∗∗∗ 0.648∗∗∗ 0.721∗∗∗

Spatial validation of the model without
the SAC term)

0.606∗∗∗ — 0.494∗∗∗ 0.326∗∗∗ 0.600∗∗∗

a
mean temperature in July/mean annual sum of precipitation.

bSimpson’s index of diversity using the relative proportion of the land-cover classes in grid cells.

procedure. The significance of quadratic functions of the
parameters in the GLMs was also tested. We used Pearson
correlations to account for collinearity among preselected
predictor variables. If there were highly correlated predictor

variables (r > 0.7) in the model, one of the variables was
removed. Finally, we run an automatic stepwise procedure to
delete backwards nonsignificant predictor variables from the
model. Deletion of variables from the model was based on
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the AIC value of the respective model until a minimal AIC
value was reached.

2.6. Residual Spatial Autocorrelation of the Models. If model
residuals show spatial autocorrelation, this may bias param-
eter estimates and can increase type I error rates [24].
Therefore, for each species group, we first used the R-
package “ncf” to carry out spatial autocorrelation analyses
of residuals of each of the five species richness models.
Spline correlograms were plotted to visualise the estimated
spatial dependence of the data as a continuous function of
distance [30]. We calculated 95% confidence intervals of the
estimated function using a bootstrap algorithm with 1000
resamples. Next, we added a spatial autocovariate (SAC) to
our species richness models to test for significant effects of
spatial autocorrelation on estimated beta values and their
significance [24, 31, 32]. The autocovariate was calculated as
the average species richness value of the direct neighbours
for each grid cell using the R-package “spdep.” Hierarchical
partitioning was used to quantify the contribution of the
spatial autocovariate and the environmental variables to the
model.

The beta value of the added spatial autocovariate (SAC)
was significant for all taxonomic groups. We thus included
SAC as a further predictor variable in our species richness
models. As the SAC variable itself is not informative with
respect to the ecological determinants of species richness,
we additionally tested for significant correlations between
environmental variables and the SAC variable.

2.7. Model Accuracy and Validation. Model accuracy was
evaluated with an ANOVA (F-test) which tests for significant
differences from the null model based on the change in the
deviance. The deviance change itself (measured in %) was
used as a direct measure of the overall fit of the regression
model.

Our final models for species richness were validated on
an independent analogous dataset that we established for
BW, a federal state adjacent to RP. Independent analogous
datasets are considered as the best means of validating any
predictive species distribution model [33–35]. Regression
models were rated by correlating predicted and observed
values of species richness in BW with the nonparametric
Spearman’s rank correlation test.

The development of all species richness models was
carried out with the free software R version 2.9.2. All GIS
work was conducted in ArcGIS 9.3 [36].

3. Results

3.1. Patterns of Species Richness within Taxonomic Groups.
The number of amphibian species ranged from 5 to 16
(mean = 10.4) per grid cell, the number of reptiles from 2
to 8 per grid cell (mean = 5.4 species), and the number of
grasshoppers from 8 to 48 per grid cell (mean = 26.5) in RP.
Plant species numbers varied between 181 and 1180 (mean =
728.2), and the number of moss species between 63 and 400
(mean = 226.0).

There were three main centres of species richness for
amphibians: Westerwald, the Lower Nahe valley, and the
Upper Rhine valley (Figure 2(a)). The Middle Rhine valley
represented a major centre of reptile species richness, with
a minor centre in the low mountain areas of the Soonwald
and along the Nahe river (Figure 2(b)). Grasshopper richness
decreased from the north of RP to the south, with the
exception of the sun-exposed valleys of the large rivers
(Rhine, Moselle, and Nahe), where species richness was
higher. The Palatinate is the most important centre of
grasshopper diversity (Figure 2(c)). Plant species richness
is mainly restricted to the Middle Rhine valley and to
a lesser extent to the Nahe river and Lower Saar valley
(Figure 2(d)). Mosses show a distribution pattern that is
different from all other studied groups with two clearly
distinct centres of species richness, both of which are located
in the mountainous areas of RP. Large numbers of moss
species exist in the northern Eifel mountains, in the southern
parts of the Hunsrück, in the Saar-Nahe mountains, and to
some extent in the Pfälzer Wald (Figure 2(e)).

Overall species richness increased from the north to the
south but was generally highest in the valleys of large rivers
(Figure 2(f)). Centres of overall species richness were found
in the Middle-Rhine region, the Saar-Moselle region, the
Nahe region, and in different parts of Palatinate.

Patterns in species richness differed between taxonomic
groups but were to a certain extent congruent (Figure 2,
Table 2). All tested groups were significantly pair-wise cor-
related in terms of species richness (Table 2). While amphib-
ians and reptiles were only weakly correlated, grasshoppers
correlated strongly with plant species richness (Spearman
r = 0.684, P < 0.001, Spearman rank correlation,
Table 2). Grasshoppers seem to be a good indicator group
for combined species richness of all other studied taxonomic
groups (Spearman r = 0.716, P < 0.001, Spearman rank
correlation). This observation is also confirmed in BW
(model validation region), where grasshopper richness also
correlated strongly with overall species richness (Spearman
r = 0.514, P < 0.001, Spearman rank correlation).

3.2. Species Richness Models. For all taxonomic groups, spline
correlograms of residuals of standardized species richness
as well as raw species richness itself showed positive spatial
autocorrelation within the first two OSM grid cells and a
negative autocorrelation at greater distances. No negative
spatial autocorrelation of the residuals was found at large
distances for the reptile model. However, a weak negative
trend in residuals was observed for all other models for larger
distances (>10 grid cells).

The multiple regression models including the SAC
variable that were derived for each of the taxonomic groups
explained between 34 (reptiles) and 73% (grasshoppers) of
the observed variability in species richness (Table 1). Climate
variables were significant for amphibians, grasshoppers, and
mosses, but not for reptiles and plants. Landscape hetero-
geneity variables (SIMPSON, HTDIFF) were only significant
for amphibians. Topographical variables (minimum or max-
imum elevation, HTMIN, HTMAX) significantly correlated
with species richness of grasshoppers and of mosses.
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Figure 2: Species richness patterns of amphibians (a), reptiles (b), grasshoppers (c), plants (d), mosses (e), and overall species richness (f)
among the tested taxonomic groups in Rhineland-Palatinate at the OSM resolution.

Landscape heterogeneity (SIMPSON) significantly aff-
ected only amphibian species richness (Table 1). TMPYEAR
(mean annual temperature) was the most important predic-
tor of amphibian species richness and explained 23% of the
deviance change compared to the null model. As the SAC
itself does not contain any useful ecological information,
we carried out additional tests to rate correlations between
SAC and environmental variables. Important variables found

indirectly determining amphibian species richness via SAC
were the cover percentage of standing water in the grid cells
(STW, rPearson = 0.406, P < 0.001), the mean temperature
in January (TMPJAN, rPearson = 0.482, P < 0.001), and the
maximum elevation within the grid cells (HTMAX, rPearson =
−0.511, P < 0.001).

None of the environmental variables analysed did di-
rectly influence reptile species richness, but the effect of the
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Table 2: Spearman rank correlations for the species richness of the different taxonomic groups in Rhineland-Palatinate (modelled region)
and Baden-Württemberg (the adjacent region used for model validation). We used arcsin-transformed data to calculate correlations. ∗∗∗P <
0.001, ∗∗P < 0.01, ∗P < 0.05, n.s.: not significant.

All other speciesa Amphibians Reptiles Grasshoppers Plants

Rhineland-Palatinate

Amphibians 0.455∗∗∗ —

Reptiles 0.420∗∗∗ 0.187∗ —

Grasshoppers 0.716∗∗∗ 0.489∗∗∗ 0.452∗∗∗ —

Plants 0.678∗∗∗ 0.450∗∗∗ 0.365∗∗∗ 0.684∗∗∗ —

Mosses 0.452∗∗∗ 0.219 ∗∗ 0.348∗∗∗ 0.393∗∗∗ 0.421∗∗∗

Baden-Württemberg

Amphibians 0.431∗∗∗ —

Reptiles 0.467∗∗∗ 0.333∗∗∗ —

Grasshoppers 0.514∗∗∗ 0.345∗∗∗ 0.387∗∗∗ —

Plants 0.275∗∗∗ 0.417∗∗∗ 0.030 n.s. 0.323∗∗∗ —

Mosses 0.282∗∗∗ 0.005 n.s. 0.440∗∗∗ 0.186∗∗ 0.007 n.s.
a
Combined species richness of all other studied taxonomic groups.

SAC variable was significant. Positive correlations existed
between SAC and the proportion of woodland (DEW,
rPearson = 0.308, P < 0.001; MIX, rPearson = 0.255, P <
0.001) and between SAC and the proportion of orchards
(ORC, rPearson = 0.168, P = 0.022). SAC was negatively
correlated with the proportion of meadows and pastures
(MEP, rPearson = −0.357, P < 0.001), the mean sum of
annual precipitation (PRECYEARSUM, rPearson = −0.234,
P = 0.001), and the proportion of marshes (MAR, rPearson =
−0.226, P = 0.002). Topographical landscape structure
impacted reptile richness indirectly via SAC, which decreased
slightly with increasing minimum elevation levels in the grid
cells (HTMIN, rPearson = −0.194, P = 0.008).

The number of grasshopper species correlated positively
with the mean temperature in January (TMPJAN) and with
maximum elevation (HTMAX, Table 1). SAC was, for exam-
ple, significantly negatively correlated with the proportion of
meadows and pastures (MEP, rPearson = −0.664, P < 0.001).
This negative correlation was not considered as a single
predictor in the final model but should be discussed because
of the strength of the relationship (Figures 3(a) and 3(b)).

Plant species richness was strongly positively correlated
with grasshopper species richness (Table 2). Plant species
richness itself correlated negatively with the proportion of
coniferous forests (COW), but positively with increasing
proportions of flowing water bodies (FLW). The SAC of plant
species richness was, for example, significantly positively
correlated with mean annual temperature (TMPYEAR) and
aridity (see the relationship between plant species richness
and aridity (IOA) in Figure 3(c)) but negatively correlated
with mean annual precipitation.

The main parameters influencing moss species richness
patterns in the final model were mean temperature in Jan-
uary (TMPJAN), the proportion of nonirrigated agricultural
areas, and the minimum elevation in the grid cell. However,
these three parameters explained only 7% of the variability
in species richness, whereas the remaining variability (93%)

was explained by the SAC. The SAC for moss species
richness was significantly correlated to a couple of different
environmental and climatic variables. The most important
of these were mean annual temperature (TMPYEAR) and
aridity (IOA), which had a negative relationship with the
SAC. The final model explained 73% of the variation in
moss species richness. A quadratic relationship between the
SAC and mean annual precipitation (PRECYEARSUM) was
obtained from our dataset (Figure 3(d)). The highest species
numbers (>350 species) were found in regions with an
annual precipitation ranging between 650 and 1100 mm. The
richness of moss species was lower in regions showing more
than 1100 mm and less than 600 mm annual precipitation.

A change from high levels of plant species richness at
lower elevations to higher levels of moss species richness at
higher elevations was found in RP, as the moss species to
plant species ratio increased with increasing mean elevations
(Pearson correlation, r = 0.537, P < 0.001).

3.3. Evaluation of the Fitted Species Richness Models on an
Independent Dataset. We validated our final species rich-
ness models established for RP (both with and without
the spatial autocovariate) by applying them to analogous
external datasets existing for BW. Predicted and observed
values of species richness in all five taxonomic groups
significantly correlated with each other in BW (Spearman
rank correlation coefficient), but accuracy of predictions
varied between taxonomic groups (Table 1). When SAC was
included in the models, the correlation was the highest for
both amphibians (Spearman correlation, r = 0.758, P <
0.001) and grasshoppers (r = 0.752, P < 0.001), followed
by mosses (r = 0.721, P < 0.001), and it was the lowest
for both reptiles (r = 0.646, P < 0.001) and plants (r =
0.648, P < 0.001). All models established for RP showed
only a moderate transferability to BW when the SAC term
was removed from the models (Table 1). In this case, an



8 International Journal of Zoology

Mean annual temperature in ◦C (TMPYEAR)

N
u

m
be

r 
of

 g
ra

ss
h

op
pe

r 
sp

ec
ie

s

7 8 9 10

10

20

30

40

(a)

Proportion of meadows and pastures (MEP)

N
u

m
be

r 
of

 g
ra

ss
h

op
pe

r 
sp

ec
ie

s

0 0.1 0.2 0.3 0.4 0.5 0.6

10

20

30

40

(b)

Index of aridity (IOA)

N
u

m
be

r 
of

 p
la

n
t 

sp
ec

ie
s

0.015 0.02 0.025 0.03 0.035

200

400

600

800

1000

1200

(c)

600 800 1000 1200
50

100

150

200

250

300

350

400

Mean annual precipitation in mm (PRECYEARSUM)

N
u

m
be

r 
of

 m
os

s 
sp

ec
ie

s

(d)

Figure 3: Correlations of species richness for different taxa with environmental parameters in 184 grid cells: (a) number of grasshopper
species and mean annual temperature, GLM (with poisson errors), 32% deviance change, P < 0.001, (b) number of grasshopper species
and proportion of meadows and pastures, GLM (with poisson errors), 36% deviance change, P < 0.001, (c) number of plant species and
index of aridity, GLM (with quasipoisson errors), 23% deviance change, P < 0.001, (d) number of moss species and mean sum of annual
precipitation, GLM (with quasipoisson errors), 6% deviance change, P < 0.01.

overestimation of low species numbers and underestimation
of large species numbers was observed for all tested models.

4. Discussion

4.1. Model Accuracy. Our models which took land-cover,
topographical, and climatic variables into account explained
between 34 and 73% of the variation in species richness of
the five taxonomic groups. This level of explanative power
coincides with other studies on species richness at a micro-
or mesoscale (max. 65% explained variance, e.g., [15, 16]
with grid cell sizes 5 × 5 km), but studies of species richness
patterns on a macroscale (= large spatial extent and large
grain size) showed much higher levels (e.g., [37, 38] which
used provinces or countries). The same pattern in which

models at a macroscale prove to be more accurate is apparent
when correlations of species numbers between different
taxonomic groups are studied. For China, Qian [37] showed
that amphibian (reptile) and plant species richness is higly
correlated (rPearson = 0.9 for amphibians; rPearson = 0.7 for
reptiles), whereas Maes et al. [15] found a lower correlation
(rSpearman = 0.3) for the same groups in a study that was
conducted at a smaller grain size in the small province of
Flanders, Belgium. The strength of the correlations found in
our study RP between plant species richness and amphibians
(rSpearman = 0.45) or reptiles (rSpearman = 0.36) coincides with
the amount found for the Flanders region, Belgium [15]. The
causal mechanisms for varying strength in species richness
correlations over spatial scales are poorly understood [39].
We believe that the differences in the strength of correlations
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at different spatial scales probably result from an increasing
influence of dispersal constraints and population processes
on species distributions at smaller grain size. Extinction
and recolonisation dynamics in metapopulations might be a
good example, where not all suitable patches are colonised by
a species. Forces such as intensive management and habitat
simplification might also bias richness patterns found in
natural environments at smaller grain size [40]. There are
several further reasons explaining the lower performance
of the models developed for smaller grain sizes or for
smaller spatial extent [18]. First, soil parameters varying at
different spatial scales were not tested in our approach but
have been shown to significantly influence model accuracy
[16]. Second, other important variables explaining richness
patterns could be still missing, as most of the models, even
in other studies, rarely explain more than 50% of the total
variability. Finally, a geographic variation in sampling effort
may exist [41] as well as different sampling efforts concerning
the taxa itself. However, species distribution models express
a tradeoff between practicability and data quality as most
data used for modelling are averages of a time period.
Species distributions may shift, and climatic trends may
arise within such a period, but this is never reflected in the
data.

We used a spatial validation on an independent dataset
to evaluate our models. Different validation approaches for
species distribution models have been applied in the past,
for example, division of the dataset into a training and a test
subset, internal bootstrapping, and so forth (for an overview,
see [33, 34, 42]). It is, however, suggested by the previously
named authors that the use of an independent dataset is the
best approach to test the predictive ability of a model. Our
spatial validation revealed that the same predictor variables
can be used at least for Baden-Württemberg to sufficiently
predict species richness. Predictions were relatively bad when
the SAC term was not included in the model that shows that
spatial autocorrelation has to be considered in analyses of
species distributions [24]. Further analyses should be started
in RP to find regions that are underinvestigated using the
discrepancy between observed and predicted species richness
[43].

4.2. Spatial Distribution of Species Richness and Its Deter-
minants. In general, the climatic variables are a major
determinant of variation in species richness at the regional
extent of RP. The importance of climatic variables for the
distribution of species richness differed in previous studies
that used a smaller grain size (e.g., grid cell sizes 5×5 km, [15,
16]). This difference could be explained by the preselection of
variables that had been considered as predictors for models.
Our models suggest that environmental heterogeneity (eleva-
tional gradient, landscape heterogeneity) is very important
for the spatial distribution of amphibians, and to a lesser
extent important for grasshoppers. Maes et al. [15] found
a positive correlation between species richness and biotope
diversity for plants, dragonflies, herpetofauna, butterflies,
and birds. The data presented by Schouten et al. [16] reveal
the same trend for grasshoppers, dragonflies, and mosses that
was observed by Maes et al. [15], but not for hoverflies and

the herpetofauna. Amphibians use a broad range of habitats
(from woodlands to wet meadows) but generally need access
to ponds, streams, or wetlands for reproduction. Proportions
of wetlands of any type are positively associated with
habitat heterogeneity in RP and may contribute to higher
observed amphibian species richness in more heterogeneous
landscapes [44].

In our study, plant species richness was not a good
indicator of reptile species richness, although plant species
richness had turned out to be relatively well correlated with
ants, spiders, gastropods, orthopterans, and birds at a
smaller grain size in another study [45]. However, in RP,
reptiles comprise a low number of species. We found several
indirect correlations between environmental variables and
reptile species richness. Among these were the proportion
of meadows and pastures (MEPs) and the maximum ele-
vation (HTMAX), both of which had a negative effect on
reptile occurrence. Areas of RP with a high number of
reptile species are typically highly structured landscapes,
whereas intensive forestry and agriculture lead to species-
poor reptile assemblages [46]. Higher elevations and higher
annual precipitation also had an indirect negative impact on
reptile species richness, indicating that the most favourable
conditions for reptiles exist at low elevations and under
relatively dry conditions in RP (most reptile species are
xerothermic; [47]).

Only a small proportion of the variability in moss species
richness was directly explained by environmental variables,
whereas the largest proportion was explained by the SAC.
The SAC primarily accounts for the spatial information
which cannot be explained by the other predictors used
in the model [24]. When SAC takes over much of the
explained variability in a model, as this was the case for
mosses, one is interested in the ecological information
behind. The SAC in the model for mosses showed a strong
negative correlation relation with mean annual temperature
and aridity, indicating that these parameters are important
determinants for moss species richness. Mosses are likely to
be sensitive to aridity or the availability of water, because
their reproduction cycle depends on high levels of humidity.
The impact of the range of elevation on species richness
of mosses, expressed by a positive correlation between this
range and the SAC, shows that mosses have adapted to a
variety of different habitats and that they thus benefit from
landscape heterogeneity. Mosses are more frost resistant than
herbaceous plants [48] and should be at an advantage with
respect to survival at higher elevations where frost events are
more frequent. This might be reflected in the moss species
to plant species ratio increasing with mean elevation of the
studied grid cells. Environmental correlations with SAC are
of the same magnitude as the direct correlation between
species numbers and environmental variables, which shows
that conditions in the neighboring grid cells are often
similar. Whether conditions in the surrounding cells have
an effect on species richness in the focussed grid cells is
not clear. Recorder effort might bias species distribution
patterns [49]. In general, we are aware that recorder effort
and monitoring of mosses are still far from being spatially
homogenous within Germany. Present patterns analysed
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here are certainly somehow biased by varying recorder effort
in different geographic regions.

Grasshoppers consist of several stenotopic species and
are found almost exclusively in open habitats. Landscape
heterogeneity may be important for grasshoppers at a
microscale, that is, in datasets that use finer resolutions than
CORINE or in datasets that use smaller grid cells (25 km2

grid cells in Schouten et al. [16]). Habitat heterogeneity was
the strongest predictor of grasshopper species richness in the
Netherlands and explained 30% of the total variation [16]. In
this study, plant species richness was the strongest predictor
of the spatial variation in grasshopper richness, when plant
species richness was included as a further predictor in the
model using abiotic variables before only. The model which
takes into account plant species richness in addition to
other environmental predictors and SAC explains more than
72% of the variation in grasshopper species richness. Plant
and grasshopper species also showed a high correlation at
landscape scale in Austria (rPearson = 0.77, [45]). It has
been shown for Europe that the number of Caelifera species
(a suborder of grasshoppers) is associated with variability
in plant species richness at country level [50]. In RP, large
numbers of plants were found in regions with increasing
values of aridity. In Switzerland, floristic species richness is
mainly influenced by a temperature gradient [51]; in our
study, such a temperature gradient was highly correlated with
aridity (IOA) in RP (TMPYEAR and IOA, rPearson = 0.730,
P < 0.001).

4.3. How Important Are Climatic Parameters for Species Rich-
ness Patterns at Regional Scales? Applying only climatic
variables, Bakkenes et al. [52] were able to explain 42% of
the variation in European plant species richness. Climatic
variables have been shown to be similar important for
mammals, amphibians, and birds in Europe [12]. Araújo
et al. [6] have recently shown that the diversity patterns of
amphibians and reptiles in Europe are better explained by the
stable climatic conditions during the last 20,000 years than
by the contemporary climatic situation. These observations
suggest that large-scale variation in species richness seems
to be mainly driven by climatic parameters [19]. Scaling
down to smaller grain size (1× 1 km), Soares and Brito [44]
showed that richness patterns of amphibians and reptiles are
well explained by precipitation, water surfaces per grid cells,
and tree diversity cover. We found a similar trend in RP
where landscape heterogeneity is a predictor of amphibian
species richness, although mean annual temperature was
still the strongest predictor. Species richness patterns of the
five taxonomic groups studied in RP suggest that climatic
variables, particularly the annual minimum temperatures,
were the most important determinants of richness; this
observation was in contrast to other studies with regional
extent [15, 16]. One explanation is that RP comprises a
stronger geographic variation in climate (TMPYEAR ranges
from 6.6 to 10.3◦C) and topography (mean elevation in grid
cells ranges from 89 to 580 m a.s.l.) than the Flanders [15]
and the Netherlands [16] analysed in these studies.

We conclude that land-cover variables are likely to be-
come more important at small grain size than at large

grain size. Climatic parameters represent large proportions
of the variability in species richness at smaller grain sizes
(cf. [8, 44]) and at regional extent [5]. However, a certain
amount (here >30%) of unexplained variability in species
richness patterns remains in the species richness data, even
if spatial autocorrelation in the residuals is incorporated in
the models.

4.4. Congruence of Spatial Patterns. Even at a regional extent
reliable distribution data for the majority of taxonomic
groups are simply not available. The lack of data for less
“popular” taxonomic groups leads to conservation strategies
that are only based upon a selection of charismatic species
that are easy to survey. The use of indicator taxa is con-
sidered as an approach to overcome this problem [53, 54].
Correlations between different invertebrate groups at small
grain size (1 ha plots) seem to be very weak and no surrogate
group for invertebrate species diversity has been found [55].
At large grain size (country level), patterns in richness and
endemism of highly diverse insects such as ground beetles
were found to be highly correlated with those of plants,
amphibians, and reptiles [56]. For nature conservation, the
congruence of spatial patterns in species richness between
less studied taxonomic groups, for example, mosses and most
invertebrate groups, and popular groups, such as amphibians
and reptiles, still has to be tested on small spatial extent and
on small grain size.

We found congruence of spatial patterns in species rich-
ness among the five taxonomic groups for RP. The highest
correlation was observed between grasshopper and plant
species richness. These findings contradict species richness
patterns described by Duelli and Obrist [57] at a microscale
(5 km transect) for several invertebrate taxa, and also
patterns of plants, reptiles, and amphibians analysed on
a national level in China (Qian [37] which used national
provinces as units) and even at a global scale (Qian and
Ricklefs [38] which used countries and regions as units).
However, the congruence patterns that were found for the
five taxonomical groups in RP may change at different grain
size (grid cell sizes 19,000 km2 and 75,000 km2), as has been
shown for the relationship between birds and butterflies [58].

Invertebrates are more efficient predictors of species
richness patterns than vertebrates [59]. In RP, grasshopper
richness correlated to species richness for all other taxonomic
groups (rPearson = 0.716). When selecting surrogates for
species richness, a critical correlation coefficient higher than
0.75 has been recommended [55]. As our correlation is even
somewhat lower than this threshold, we suggest a careful use
of grasshoppers as an indicator group for species richness in
further studies. Neverthess, grasshoppers are easy to survey,
and their monitoring is less time consuming than of other
taxa. A further advantage of grasshoppers is their restricted
diversity in Europe (Fauna Europaea [60]: e.g., Switzerland
109 species, Germany 83 species, Hungary 123 species,
Belgium 51 species). However, grasshopper species richness
must not necessarily be an indicator for other taxonomic
groups than those tested here. Particularly rare and protected
species might not occur in most species-rich grid cells [61].
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A multitaxa approach could be more appropriate to assess
overall species richness patterns in diverse habitats.
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