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E C O L O G Y

Interactive effects of climate and land use on pollinator 
diversity differ among taxa and scales
Cristina Ganuza1*, Sarah Redlich1, Johannes Uhler2, Cynthia Tobisch3,4, Sandra Rojas-Botero4, 
Marcell K. Peters1, Jie Zhang1, Caryl S. Benjamin5, Jana Englmeier2, Jörg Ewald3,  
Ute Fricke1, Maria Haensel6, Johannes Kollmann4, Rebekka Riebl6, Lars Uphus5,  
Jörg Müller2,7, Ingolf Steffan-Dewenter1

Changes in climate and land use are major threats to pollinating insects, an essential functional group. Here, we 
unravel the largely unknown interactive effects of both threats on seven pollinator taxa using a multiscale space-
for-time approach across large climate and land-use gradients in a temperate region. Pollinator community com-
position, regional gamma diversity, and community dissimilarity (beta diversity) of pollinator taxa were shaped 
by climate-land-use interactions, while local alpha diversity was solely explained by their additive effects. Pollina-
tor diversity increased with reduced land-use intensity (forest < grassland < arable land < urban) and high flowering- 
plant diversity at different spatial scales, and higher temperatures homogenized pollinator communities across 
regions. Our study reveals declines in pollinator diversity with land-use intensity at multiple spatial scales and re-
gional community homogenization in warmer and drier climates. Management options at several scales are high-
lighted to mitigate impacts of climate change on pollinators and their ecosystem services.

INTRODUCTION
Recent evidence of marked insect declines (1, 2) sparked global con-
cerns due to the ecological and economic importance of insects for 
ecosystem functioning (3, 4). Pollination, for instance, is an ecosys-
tem service required by about 75% of our food crops (5), with an 
annual estimated global value of US$235 to US$577 billion (6). Bees 
are known to be the most effective pollinators to wild plants and crops 
(7, 8), but there are many other important yet understudied flower- 
visiting insect groups in the orders Diptera, Lepidoptera, Hymenoptera, 
and Coleoptera that contribute to pollination services (8). Consid-
ering the large variety of life history traits of pollinating insects, which 
shape their response to anthropogenic disturbance, studies on pol-
linator communities require a multitaxa approach.

Land-use change, i.e., the transformation of natural or seminat-
ural areas to agricultural and urban areas, has been identified as the 
main factor behind the declines in pollinator diversity (9). Human 
activities are responsible for habitat loss and degradation, landscape 
simplification by large monocultures, and habitat fragmentation by 
roads and other infrastructure. Therefore, numerous studies have 
tried to understand the impact of habitat diversity and quality, land- 
use intensity, or landscape composition and configuration on bio-
diversity (10). Although landscape heterogeneity and configuration, 
as well as the proximity of seminatural habitat and habitat corridors 
are assumed important, it is difficult to draw general conclusions from 
these studies, because the relative effect of land-use variables changes 
depending on the spatial scale considered (11), the diversity metrics 

used (12), the taxa analyzed [with different traits and from different 
trophic levels (11, 13)], the habitat types studied (14), and the land-
use intensities covered (15). To disentangle how community struc-
ture and underlying processes change at different spatial scales, 
alpha diversity (local species richness), gamma diversity (regional 
species richness), and beta diversity (community heterogeneity or 
dissimilarity in species composition between local or regional spe-
cies pools) measures need to be considered (11). Furthermore, it is 
still largely uncertain how other major drivers of biodiversity loss, 
such as climate change, can influence insect diversity in interaction 
with land-use transformation (10, 16, 17).

Climate plays a major role in shaping biotic communities, filter-
ing species that are not adapted to certain abiotic conditions (18). 
Climate change is accelerating, with a rise in mean temperatures, 
regional shifts in mean precipitation, higher temporal variability in 
rainfall that causes droughts and flooding, and uncertain but likely 
detrimental consequences for insect communities (18). So far, few 
studies have addressed the combined effects of land use and climate 
change on biodiversity [e.g., (12, 15, 16)], and most of them have 
used modeling approaches (19–21). Land-use change is expected to 
reduce the resilience of species to climate change, while climate change 
can hamper the survival of species in anthropogenic landscapes (16). 
For instance, landscape structure can hinder species range shifts in 
response to climate warming (21) [but see (22)], climate change and 
related extreme climatic events reduce the resilience of populations 
in fragmented landscapes (23, 24), and interactions between climate 
and land-use change affect community structures (25). Interactive 
effects of climate and land use can also influence pollinator commu-
nities indirectly, as they determine the availability of flowering plants 
that pollinators depend on for food (26). However, the fact that cli-
mate and land-use changes occur simultaneously makes it difficult 
to disentangle interactive or additive effects of both factors (16), par-
ticularly as the results differ among spatiotemporal scales (27–30). 
Therefore, insights provided by historical time-series data should 
be complemented with space-for-time approaches built upon inde-
pendent gradients of climate and land use (24, 26, 31). Hereby, the 
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spatial scale considered is also important, because microclimatic con-
ditions in anthropogenic habitats may only be weakly correlated with 
larger-scale regional climatic variation (32), as human-modified ar-
eas tend to be warmer and drier than natural or seminatural ecosys-
tems (33, 34). Thus, microclimatic effects caused by land-use change 
could be confounded with climate change effects (35).

In this study, we aim to disentangle the interactive effects of cli-
mate and land use on pollinator communities across the most com-
mon habitat and landscape types within an anthropogenic temperate 
zone, using a multiscale space-for-time approach (Fig. 1). We hy-
pothesized that (i) pollinator species composition and pollinator 
diversity are interactively determined by climate and land use; (ii) in-
dividual pollinator taxa respond differently to the interactive effects 
of climate and land use at different spatial scales; (iii) high-intensity 
land use (agricultural or urban regions), low diversity of flowering 
plants, and high temperatures reduce the heterogeneity of pollinator 
species within regions (intraregional beta diversity), while low-intensity 
land use (seminatural regions) and low temperatures increase com-
munity heterogeneity across regions (interregional beta diversity); 
and (iv) local alpha diversity is mainly determined by the habitat type, 
which offers specific microclimates and flowering-plant resources, 
and by landscape composition and configuration.

RESULTS
We recorded 3218 flower-visiting insect species (“pollinators” hence-
forth) using molecular DNA metabarcoding of Malaise trap sam-
ples collected during seasonal peak activity of insects (May to July) 
on 179 study plots embedded in 60 study regions across Bavaria, 

southern Germany (see Fig. 1). The majority were non-syrphid Diptera 
(“Diptera,” 33%), followed by non-bee Hymenoptera (“Hymenoptera,” 
27%), crepuscular and nocturnal moths (“moths,” 20%), beetles (8%), 
bees (6%), diurnal Lepidoptera (“butterflies,” 3%), and syrphids (3%). 
Table S1 contains the total number of species, genera, and families 
found from each pollinator taxon, which represented 28% of the 
Aculeata wasp species, 33% of the moth species, 38% of the bee spe-
cies, 41% of the butterfly species, and 24% of the syrphid species 
known for Bavaria (36, 37).

In addition, we estimated the flowering-plant species pool (i.e., 
angiosperm species) in a 200-m buffer radius around the study plots, 
which comprised a total of 950 flowering-plant species. Rarefaction 
interpolation curves and sample completeness values supporting the 
effectiveness of our sampling methods in relation to our sampling 
effort are shown in fig. S1.

Effects of regional land use and temperature on plant 
and pollinator community composition and interregional 
community heterogeneity
As a first step, we analyzed how the community composition of the 
different pollinator taxa and flowering plants varied at the largest 
scale, i.e., among regional land-use types (seminatural, agricultural, 
or urban) and across the climate gradient (multiannual mean tem-
perature 1981–2010, “annual temperature” henceforth). Despite the 
large overlap found in ordination diagrams among the three regional 
land-use types (Fig. 2), permutational multivariate analysis of variance 
(adonis function, table S2) indicated that the community composition 
of most pollinator groups (Fig. 2, A to G) and flowering-plant species 
(Fig. 2I) changed significantly across land-use intensity and annual 

Fig. 1. Location and overview of the study sites and study design. Symbols in the map (Bavaria, Germany) represent our 60 study regions selected along gradients of 
climate (multiannual mean air temperature 1981–2010) and land-use intensity [seminatural, agricultural, and urban regions—regional land use (RLU)]. Each region con-
tains three plots in open herbaceous vegetation, located in three dominating out of four possible habitat types—forest, grassland, arable land, and settlement. We use 
the regional scale for analysis of the gamma (), intraregional (  

_
   ) and interregional () beta diversity, and the local (plot) and landscape (1-km radius around plot) scales 

for analysis of the alpha () diversity. Aerial pictures of regional land-use types were obtained from Google Earth. Photo credit: Cristina Ganuza, Julius-Maximilians- 
University Würzburg.
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temperature gradients, and with the interaction between both gra-
dients. Only syrphid and butterfly assemblages did not differ among 
regional land-use types, although they varied with the interaction 
between land use and annual temperature.

In a parallel analysis, we assessed the dispersion of communities 
among the three regional land-use types and between warm and 

cool regions to get an indication of how regional characteristics af-
fect the dissimilarity of plant and insect communities (interregional 
beta diversity). As reflected in Fig. 2, multivariate analyses for ho-
mogeneity of variances (betadisper function) confirmed that the 
dispersion of communities among the three regional land-use types 
was homogeneous, meaning that different regional land uses have 

Fig. 2. Overlap in species composition among the three major regional land-use types (RLU) and their interaction with multiannual mean temperature (MAT). 
Diagrams show ordinations based on NMDS of Jaccard’s dissimilarity matrices. The position of regions (dots, n = 60) in the NMDS space represents the similarity in polli-
nator community composition in relation to other regions: the closer the dots, the higher the proportion of species shared. Squares represent centroids of the three re-
gional land-use types; polygons delimit the NMDS space occupied by regions with the same regional land-use type; and lines in the background represent contour lines 
of temperature. The different panels show (A) whole pollinator community, (B) bees, (C) non-bee Hymenoptera, (D) syrphids, (E) non-syrphid Diptera, (F) butterflies, 
(G) moths, (H) beetles, and (I) flowering plants. Significant effects of MAT, RLU, and their interaction based on permutational multivariate analysis of variance are shown 
in the top left corner of each panel (table S2). Significance levels: ***P < 0.001, **P < 0.01, and *P < 0.05.



Ganuza et al., Sci. Adv. 8, eabm9359 (2022)     6 May 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 14

similar compositional variance (table S3). Hence, communities 
were not more homogeneous with higher land-use intensity at the 
regional level. In contrast, the whole pollinator community and the 
communities of individual pollinator taxa—except bees and beetles 
(fig. S2, A to H)—were more homogeneous in warm regions (annu-
al temperature 8.4° to 9.8°C) than in cool ones (annual temperature 
5.6° to 8.4°C). The compositional variance of pollinator communi-
ties was independent of the interaction between annual tempera-
ture and land-use intensity (table S4).

Determinants of the regional species pool, local 
communities, and intraregional community dissimilarity
Climate and land use mostly had additive effects on nearly all polli-
nator taxa at both local and regional scales. While the direction of 
temperature and precipitation effects varied across taxa, higher 
land-use intensity and lower flowering-plant diversity were nearly 
consistently associated with a loss of pollinator species across taxa 
and spatial scales. Interactive effects of climate and land use were 
observed for gamma (regional richness) and beta diversity (dissim-
ilarity in species composition) at the regional level but not for alpha 
diversity at the local (study plot) level (Table 1; find complete mod-
el summary outputs in tables S5 to S7). For clarity and simplicity, 
we did not consider the contribution of nestedness (species loss that 
causes poorer communities to be a subset of richer communities) 
and turnover (the substitution of species in one site without chang-
es in species richness) to beta diversity (11).

Butterflies were the taxon most affected by the regional scale. 
This is shown by the higher variance explained by regional variables 
in gamma and beta diversity models and by the high conditional R2 
value of the alpha diversity model, which was determined by region 
as random term (Table 1). The diversity of all other pollinator groups 
was, in contrast, better explained by local and landscape variables, 
especially by the habitat type (Table 1C). In general, climate variables 
were stronger predictors of the regional richness (gamma diversity, 
Table 1A), while land-use variables were more important at the local 
scale (alpha diversity, Table 1C). On the other hand, the best intra-
regional beta diversity models (i.e., with higher R2 and higher differ-
ence in AIC (Akaike information criterion) between the best model 
and the null model, AICnull) included both climate and land-use 
variables. This stresses the relevance of all considered environmental 
variables to determine the turnover and nestedness of pollinator 
communities (Table 1B).

In the gradient of land-use intensity considered in our study, for-
ests are the most natural habitats, followed by grassland, arable land, 
and settlements. Our results showed that the diversity of the differ-
ent pollinator taxa responds to this gradient across spatial scales. 
First, the proportion of forest area at the regional level was selected 
in most models as a positive (although not strong) driver of both 
gamma and beta diversity (Table 1, A and B). A high proportion of 
forest increased the gamma diversity of the whole pollinator com-
munity, Hymenoptera, and beetles (Fig. 3A and fig. S3, A and B). In 
addition, the whole pollinator and Diptera communities were more 
heterogeneous within study regions (higher intraregional beta di-
versity) with higher proportions of forest area (Fig. 3B and fig. S3C). 
On the other hand, butterfly and moth communities were more ho-
mogeneous in regions with higher proportions of agricultural area 
(i.e., cropland) (fig. S3, D and E). At the local level, the habitat type was 
the most important factor (Table 1C), as the alpha diversity (local 
richness) of all pollinator groups—except for butterflies—was higher in 

plots directly surrounded by forests than by grassland, arable land, 
or settlements (Fig. 4). Nevertheless, the diversity of flowering-plant 
species was also an essential variable for the alpha and beta diver-
sity of insects, because most pollinator taxa increased with higher 
flowering-plant diversity (Table 1, B and C; Fig. 3, C and D; and figs. 
S3F and S4, E and F).

Although habitat type and flowering-plant diversity were the 
most important factors at the local scale (Table 1C), the proportion 
of certain land-use types at the landscape level (1-km radius around 
study plots) were also associated with the alpha diversity of some 
pollinator taxa. Higher proportions of urban area increased bee 
richness (fig. S4C), and higher proportions of grassland and agri-
cultural area decreased moth and Diptera richness, respectively (fig. 
S4, A and B). Besides, landscape configuration, i.e., edge density, had 
a positive effect on butterfly alpha diversity (fig. S4D), while a Shannon 
diversity index based on six land-cover classes was not selected in any 
alpha diversity model.

Climate variables influenced pollinator diversity at all spatial scales, 
being especially important at the regional level, with contrasting re-
sults for different pollinator communities (Table 1). The gamma di-
versity of beetles increased with higher annual temperature, while the 
gamma diversity of syrphids and other Diptera was strongly posi-
tively correlated with annual precipitation, and moth gamma diver-
sity decreased steeply with higher annual precipitation (fig. S5, A to 
C). Besides, the interaction between annual temperature and pre-
cipitation was selected in the models of bees and butterflies. While 
temperature and precipitation had no effect on butterfly gamma di-
versity on their own, and the pattern found was not strong (Table 1A 
and Fig. 5B), temperature was positive for bee gamma diversity, and 
precipitation canceled this effect (Fig.  5A). Although bee gamma 
diversity was only explained by this interaction, this model had the 
most variance explained compared to the other gamma diversity 
models (Table 1A).

Climate variables were also important predictors of the intra-
regional beta diversity of all pollinator taxa (Table 1B). Higher an-
nual temperature was associated with more homogeneous butterfly, 
and especially Hymenoptera communities, and higher annual pre-
cipitation led to more heterogeneous syrphid communities (fig. S5, 
D to F). On the other hand, the interaction between annual tem-
perature and precipitation influenced the beta diversity of the whole 
pollinator community, Diptera, and moths, although the effect was 
weak for the last. In all cases, communities were most homogeneous 
in regions with either high temperature and low precipitation or 
low temperature and high precipitation (Fig. 5, C to E).

Climate variables were less important than land-use variables at 
the local scale, but they still had an influence on bee, syrphid, and 
moth communities. The alpha diversity of both bees and moths was 
positively correlated with the local temperature (microclimate mea-
sured with thermologgers in the field), while syrphid alpha diversity 
tended to decrease with higher local temperature (fig. S5, G to I).

Interactive effects of climate and land use affected the gamma 
and beta diversity of some pollinator taxa to different extents. But-
terfly gamma diversity decreased with higher annual temperature 
when the regional forest cover was low, but increased with higher 
annual temperature in regions with high forest cover (Fig. 6A). Bee-
tle and bee gamma diversity were positively associated with high 
annual temperature at the regional level, but the beta diversity of 
beetles and bees increased in warmer climates only when land-use in-
tensity was comparatively low: In warm regions, higher proportions of 
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Table 1. Standardized z or t values of best models explaining (A) gamma, (B) intraregional beta, and (C) alpha diversity of pollinators. Only explanatory 
variables that were included in the final models are shown. (A) Full gamma and (B) beta diversity models included the multiannual mean temperature [MAT] 
and precipitation [MAP] at the regional scale (5.8 km × 5.8 km), the land-cover proportion of forest [For], grassland [Gra], agriculture [Agr], and urban [Urb] in the 
region, and the gamma or beta diversity of flowering-plant communities [Flower  or ], as well as the interaction between MAT and MAP and MAT and regional 
land-use covers. (C) Full alpha diversity models included the seasonal mean temperature recorded in the plot [T] in interaction with the local habitat type as 
factor with four levels (forest, grassland, arable land, and settlement) [Hab], the proportion of forest [For], grassland [Gra], agriculture [Agr], and urban [Urb] in 
the landscape (1-km radius around plot), the Shannon index of landscape diversity [Shannon], edge density describing landscape configuration [EdgeD], and 
the alpha diversity of flowering-plant communities [Flower ]. Because some variables were correlated or caused multicollinearity issues, different full models 
had to be fitted and compared (see Materials and Methods and fig. S8). Z [from GLMs (gamma diversity) and GLMMs (alpha diversity)] and t [from LMs (beta 
diversity)] values were standardized to allow comparison among variables of the different gamma, beta, and alpha diversity models. AICnull indicate the 
difference in AIC between the best model and the null model. 

A  Diversity Pollinators Bees Hymenoptera Syrphids Diptera Butterflies Moths Beetles

Climate (Cl)

MATRegion 4.52 −0.20 2.66

MAPRegion −0.30 3.78 3.98 −1.93 −4.14

MAP:MATR −3.71 −3.43

Land use (LU) ForRegion 2.37 2.36 −0.14 3.25

Cl:LU For:MATR 4.24

Nagelkerke’s R2 0.132 0.611 0.131 0.299 0.322 0.395 0.340 0.307

AICnull 3.3 25.5 3.2 11.7 12.0 7.8 13.0 9.2

B  Diversity Pollinators Bees Hymenoptera Syrphids Diptera Butterflies Moths Beetles

Climate (Cl)

MATRegion −1.79 −1.83 −3.57 −1.34 −2.85 −2.42 −0.76

MAPRegion 0.50 2.81 1.53 2.00

MAP:MATR 4.49 3.40 2.63

Land use (LU)

ForRegion 2.18 2.21 1.46

AgrRegion −2.72 −2.16

UrbRegion 0.70

Flower  4.12 2.29 2.52 4.14 2.00 3.69 3.62

Cl:LU
For:MATR 2.77

UrbMATR −3.39

R2/adj. R2 0.418/0.364 0.297/0.259 0.243/0.216 0.205/0.178 0.376/0.319 0.289/0.251 0.467/0.417 0.299/0.248

AICnull 22.5 15.1 12.7 9.8 18.3 14.5 27.7 13.3

C  Diversity Pollinators Bees Hymenoptera Syrphids Diptera Butterflies Moths Beetles

Climate (CI) TLocal 3.21 −2.33 2.31

Land use (LU)

HabGraLocal −6.07 −3.77 −6.61 −3.40 −4.28 −2.29 −4.64

HabAgrLocal −8.93 −5.57 −8.05 −3.87 −6.15 −6.21 −5.86

HabUrbLocal −4.55 −1.95 −4.53 −2.75 −2.58 −4.01 −0.3.76

GraLandsc −2.19

AgrLandsc −2.34

UrbLandsc 2.81

EdgeDLandsc 2.27

Flower  3.67 3.12 3.12 3.78 3.26 2.11 2.81

Marg./cond. R2 0.335/0.403 0.370/0.487 0.301/0.399 0.175/0.254 0.292/0.329 0.073/0.517 0.248/0.396 0.187/0.327

AICnull 62.1 59.8 54.8 22.8 51.2 14.5 38.8 30.2
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forest area weakly increased the heterogeneity of beetle communities 
(Fig. 6B), while higher proportions of urban area homogenized bee 
communities (Fig. 6C).

Last, we aimed to understand whether the strong relationship of 
butterfly gamma diversity with the proportion of forest area was 
potentially driven by effects of forest edge density, because butter-
flies are known to prefer open habitats such as extensively managed 
grasslands (38). For this, we refitted the butterfly gamma diversity 
model including total edge density and forest edge density as addi-
tional variables. Total edge density was not selected in the best model, 
while forest edge density explained as much variation as the interaction 
between temperature and the proportion of forest cover (z = 3.75 
and z = 3.65, respectively; R2 = 0.593). This confirms that, together 
with forest edge density, the interaction between annual tempera-
ture and the proportion of forest is important for butterfly gamma 
diversity, independently of regional landscape connectivity.

DISCUSSION
Future climate and land-use change scenarios (39) urge us to move 
forward in our understanding of the effects that these factors have 
on biodiversity, in particular, on pollinating insects that provide essen-
tial services to wild plants and crops (3, 4). In this study, both cli-
mate and land use affected the diversity of flower-visiting insects at 
multiple spatial scales, although climate seemed to be more important 
at the regional scale and land use at the local level, and their interac-
tion was important at a regional scale, i.e., for community composition, 
gamma (i.e., regional richness), and intraregional beta diversity (i.e., 
dissimilarity in community composition among the three study 
sites of one region).

Although the species composition of all pollinator taxa varied 
among regions following interactive effects of climate (multiannual 
mean temperature) and land use (regional land-use type), only the 
gamma diversity of butterflies and the intraregional beta diversity 
of beetles and bees were influenced by climate-land-use interac-
tions. Butterfly gamma diversity was lower in regions with high 
temperatures and low proportions of forest. Butterflies were the 
only pollinator group that was not species-richer in forest habitats 
compared to grasslands, arable land, or settlements, probably due to 
their specific habitat and food plant requirements (40). However, 
they were positively associated with forest edge density, which pro-
vides a specific habitat structure and shelter against wind (38), and 
regions with higher temperatures seemed to limit the presence of 
some butterfly species to the shady, moist, and more stable condi-
tions of larger forest patches (41). Butterflies are thought to benefit 
from warm climates (42), and most species need open habitats such 
as extensively managed grasslands (38). Nevertheless, there is grow-
ing evidence that microclimatic conditions can be essential for plants 
and insects as refuge against warming climates (43), and butterfly 
richness has been shown to peak at intermediate landscape open-
ness in the cooler boreal zone (38). Our finding therefore adds to 
previous research that found that the size and connectivity of wood-
land habitat patches play a role in the persistence of butterfly popu-
lations under drought events (24). Similarly, forest loss in warmer 
regions accelerates species’ movements to higher elevations (44). It 
is likely that in our study area in Bavaria, southern Germany, but-
terfly species that are well adapted to relatively warm and dry habi-
tats can best recover from extreme climatic events (23) and persist 
in those regions with high temperatures and a low proportion of 
forest (45). Our results underpin the inference that regions domi-
nated by larger proportions of forest can buffer the effects of climate 
warming to some extent.

The intraregional beta diversity of beetle and bee communities 
was also explained by climate-land-use interactions. These taxa 
were the only ones that did not show a higher interregional com-
munity homogeneity in warmer regions and that benefited from 
high temperatures at the regional level (i.e., their gamma diversity 
was higher in regions with higher temperatures). However, it is im-
portant to notice that in regions with high temperatures, lower pro-
portions of forest tended to reduce the intraregional heterogeneity 
of beetle communities, which points again to the importance of for-
ests as refuge against climate warming. On the other hand, urban areas 
have the potential to enhance the heterogeneity of bee communities 
under cool conditions (see also results on bee alpha diversity), while 
the opposite is the case in urban-dominated regions with warmer 
temperatures (46). This finding sheds light on the opposing conclu-
sions from previous studies on the impact of cities (13, 14, 47). How-
ever, the interpretation of the interaction between temperature and 
the proportion of urban area is limited to warmer regions where highly 
urbanized areas were present (see fig. S6).

The intraregional beta diversity of most pollinator communities 
showed positive responses to low land-use intensity and especially 
to higher beta diversity of flowering plants, while individual taxa 
were differently affected by climate. For instance, the beta diversity 
of butterfly and moth communities was reduced with higher pro-
portions of agricultural area at the regional level, in line with a pre-
vious study (25) that showed large areas of intensively managed 
land to prevent butterfly community reorganization in response to 
climate change. If climate and land-use change interact to favor the 

Fig. 3. Response of the gamma, beta, and alpha diversity of the whole pollinator 
community to land-use variables. Graphs show predictions of the relationships 
selected in the best models between (A) gamma and (B) beta diversity (n = 60) and 
the proportion of forest in the region, and between (C) beta (n = 60) and (D) alpha 
(n = 175) diversity and the beta and alpha diversity of flowering plants, respectively.
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same species [with tolerance for higher temperatures and dry con-
ditions (17)], we can expect further biotic homogenization of com-
munities, which might have negative consequences for ecosystem 
functioning (48). Moreover, our space-for-time study may overlook 
further negative effects of climate and land use hidden by potential 
time lag effects of range-shifting species that could only be detected 
by long-term studies (30).

Regarding the effects of climate on intraregional beta diversity, 
spatial temperature and precipitation gradients were differently as-
sociated with individual pollinator taxa. In broad terms, regions 
with higher annual temperature seemed to harbor more homoge-
neous pollinator communities, while communities were more hetero-
geneous in regions with higher annual precipitation. Nevertheless, 
the whole pollinator community and non-syrphid Diptera commu-
nities were also highly homogeneous in (probably adverse) cool and 
rainy regions. It is likely that higher annual temperature allows insects 
to be more active and disperse across the region (49), making the pool 
of species more homogeneous. Higher annual precipitation, in contrast, 
makes pollinator communities more heterogeneous, which may happen 
because of two contrasting reasons: (i) More humid regions may offer 
more niches for syrphids and other Diptera (whose gamma diversity 

increases with annual precipitation), while (ii) they may hamper the dis-
persion of those groups that are negatively affected by annual precipita-
tion, such as moths. Therefore, some of the most homogeneous pollinator 
communities occurred in regions with warm temperatures and low 
precipitation, a result that is further supported by the reduced inter-
regional pollinator beta diversity found in warmer regions compared 
with cooler ones. Accordingly, climate warming might tend to ho-
mogenize pollinator communities in already warm and/or dry areas, 
and habitat loss or intensification can accelerate this process (17).

On the other hand, the gamma diversity of butterflies was higher 
in both cool and rainy regions and in warm and dry ones, suggest-
ing that our study area contains butterfly communities well adapted 
to two contrasting climates. This can mean that ongoing changes in 
climate, with increasing temperatures and decreasing summer pre-
cipitation (50, 51), may mostly affect butterflies from cool and rainy 
climates, while butterflies from warm climates, which are depen-
dent on the presence of forests (as discussed above), may mostly be 
threatened by land-use change (42).

The alpha diversity of all pollinator taxa was solely explained by 
additive effects of climate and land use, mostly at the local scale. The 
richness of all pollinator groups (except butterflies) was strongly 

Fig. 4. Differences in alpha diversity of pollinator and flowering-plant communities in the four local habitat types. Graphs show predictions from the best models 
(Table 1C), while butterfly alpha diversity and flowering-plant alpha diversity models include habitat as the only explanatory variable. Differences among habitats were cal-
culated via Tukey post hoc tests [function glht from the multcomp package (80)]. Black points indicate means, and bars indicate 95% confidence intervals, while gray points 
show the raw data. The different panels show (A) whole pollinator community, (B) bees, (C) non-bee Hymenoptera, (D) syrphids, (E) non-syrphid Diptera, (F) butterflies, 
(G) moths, (H) beetles, and (I) flowering plants. Forest: n = 54, grassland: n = 46, arable land: n = 41, settlement: n = 34. Significance levels: ***P < 0.001, **P < 0.01, and *P < 0.05.
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determined by the habitat type, being higher in forest habitats inde-
pendently of the local temperature. In Central Europe, forests are 
the most natural habitats, and forest clearings as the ones used in 
this study have already been identified as important habitats for 
many species (52). Forests may be more resilient than other habitat 
types to global change drivers (1), provide favorable microclimatic 
conditions (41), and are mostly free of pesticides and other agricultural 
inputs (53). Besides, forest edges provide specific resources for dif-
ferent flower-visiting insects, such as nesting, mating, and oviposition 
sites (38, 54). This could explain their importance for pollinator di-
versity at regional and local scales, and for community heteroge-
neity. Furthermore, the low bee richness found in grassland habitats 
compared to forest habitats may be explained by the fact that for-
est clearings offer additional resources not typically found in man-
aged grassland habitats (see fig. S7 and table S8). It is also possible 
that the dry and warm summer 2019 had an influence on the high-
er insect diversity found in forest habitats. Such dry and warm con-
ditions fit with future climate predictions (50), suggesting that forest 
clearings are important refuge habitats for open habitat pollinator spe-
cies that could mitigate adverse effects of climate change.

Apart from habitat type, flowering-plant richness contributed 
to support a high local diversity of most pollinator taxa. Our study 

underpins that the loss of food resources caused by land-use change 
and intensification is among the drivers of insect decline (55), inde-
pendently of other land-use and climatic factors.

Although local scale factors were most important for pollinator 
alpha diversity, the proportion of certain land-use types in the sur-
rounding landscape also played a role (1): Non-syrphid Diptera and 
moth alpha diversity were negatively correlated with a high propor-
tion of agricultural (i.e., cropland) and grassland area, respectively, 
while urban-dominated landscapes increased bee alpha diversity. 
Cropland is assumed to have a negative impact on insect communities 
(1), but land-use intensity in grasslands, which involves frequent 
fertilizer applications and mowing, is also known to affect sensitive 
insects, such as moths (56). On the other hand, the positive effect of 
urban landscapes on bee alpha diversity [also found by (13, 14) in 
contrast to (47)] may be explained by the varied nesting resources 
(14) and high (exotic) flowering-plant species richness provided by 
these habitats, which generalist flower visitors such as bees are able 
to exploit (14).

The proportion of different land-use types was more important 
than landscape diversity or configuration. Only butterfly alpha diver-
sity, which was not affected by habitat type or the proportion of land- 
use types in the landscape, increased slightly with higher landscape 

Fig. 5. Interaction effects between multiannual mean temperature (MAT) and precipitation (MAP). Graphs show predictions of the interaction terms selected in the 
best gamma (A and B) and beta (C to E) diversity models (Table 1, A and B; n = 60). Shadows represent 95% confidence intervals, and points show the raw data.
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connectivity (i.e., edge density) (57). It is possible that a higher spatial 
resolution would be needed to uncover landscape diversity or con-
figuration effects, because due to the large area covered by our study, 
we only used six land-cover classes and their total edge density (see 
Materials and Methods). On the other hand, our study design com-
prised dominant habitat types, which excludes the highly specialist 
fauna in the 2.3% protected areas (58) that can be expected to suffer 
most from habitat isolation.

Last, although the local temperature (i.e., the microclimate mea-
sured in the plot) was less important than the habitat type for the 
local pollinator diversity, and its effect was weaker than that of the 
macroclimate for the regional pollinator diversity, it still had an ef-
fect on bees, moths, and syrphids. The alpha diversity of both bees 
and moths increased with higher microclimatic temperatures. Bees 
were also positively associated with temperature at the regional level 
in areas with low annual precipitation, being the taxa that benefited 
most from high temperatures (15) [but see discussion on intraregional 
beta diversity and (31)]. Moths, on the other hand, are nocturnal or 
crepuscular species that are less likely to face stress-inducing high 
temperatures (59), so it is less surprising that warmer spring and 
summer microclimates favor their diversity. In contrast, the richness 
of syrphid flies was negatively correlated with higher microclimatic 
temperatures, suggesting that syrphids may be more vulnerable to 
current climate warming than other pollinator taxa.

Limitations of the study
Empirical ecological studies dealing with large climate and land-use 
gradients are scarce due to their logistical complexity and high fi-
nancial costs. Our study would have benefited from using an even 

larger area (i.e., the entire Germany or the entire Europe), containing 
large cities in cooler areas, and several sampling seasons. Nevertheless, 
summer 2019 was warm and dry in our region, being a good repre-
sentation of future climatic predictions (50).

As in all insect diversity studies, potential limitations of the used 
sampling method must be considered. Malaise traps are a very ef-
fective, passive catching method, which is not biased by observers 
and can collect both diurnal and nocturnal insects. Although their 
effectiveness for capturing different insect taxa is still controversial 
(60), we collected a relatively high proportion of the different polli-
nator groups with Malaise traps (see Results). This is especially true 
when considering that many insect species listed for Bavaria are scarce, 
have very specific habitat requirements, and are restricted to protected 
areas [see, e.g., (39)], which were not covered by our study sites. Hence, 
our results underscore the effectiveness of this trapping method for 
standardized biodiversity assessments of pollinating insects (see 
Supplementary Text for additional information on the suitability of 
Malaise traps to capture different flower-visiting insects).

Identifying some insect groups morphologically rather than with 
DNA metabarcoding would possibly have yielded more accurate re-
sults, but metabarcoding is extremely suitable for large sample sizes 
and taxa like Diptera with limited taxonomic expertise (61). To re-
duce common metabarcoding issues such as species richness infla-
tion and an unbalanced identification of different taxonomic groups, 
we used barcode index numbers (BINs) instead of operational tax-
onomic units (OTUs) as a surrogate of species richness (62).

In conclusion, our study disentangles the interactive effects of cli-
mate and land use on pollinator communities in different habitats and 
landscape types, at several spatial scales and for multiple flower- visiting 

Fig. 6. Interaction effects between MAT and the proportion of regional forest or urban areas. Graphs show predictions of the interaction terms selected in the best 
gamma (A) and beta (B and C) diversity models (Table 1, A and B; n = 60). Shadows represent 95% confidence intervals, and data points show the raw data.
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taxa. At the regional level, climate-land-use interactions influenced 
pollinator community composition as well as the regional species 
richness (gamma diversity) and intraregional dissimilarity in species 
composition (beta diversity) of some pollinator taxa. At the local 
level, species richness (alpha diversity) was affected by their additive 
effects. These findings highlight the importance of considering land-
use management options at the regional scale to lessen the impacts of 
climate change on flower-visiting insects. In our study region, this 
implies preserving forest areas to mitigate extreme climatic events 
(63), because our results support that regions with a high proportion 
of forest are underestimated in their potential to offer buffering micro-
climatic conditions for pollinating insects in the temperate zone (52). 
Together with forest habitats (or low-intensity land use), the diver-
sity of flowering plants can increase the diversity of all pollinator 
taxa across spatial scales. Thus, measures to enhance the richness, 
abundance, and temporal continuity of flowering-plant resources 
in different habitat types are imperative to promote pollinators and 
thus to increase the adaptive capacity of ecosystems to a changing 
climate (61).

We also demonstrate that considering interactions between tem-
perature and precipitation is important to understanding the richness 
and turnover of pollinator communities. Future climate in the tem-
perate zone is expected to be increasingly warm and dry in summer 
as a consequence of climate and land-use change (50, 51), condi-
tions that in our study contributed to the homogenization of polli-
nator communities.

Our findings reveal interactions among climate and land use that 
differ among pollinator taxa and underpin the positive role of forest 
habitats for mitigating impacts of future climate change on pollinator 
diversity and their essential ecosystem services.

MATERIALS AND METHODS
Study area and study design
The study was conducted in Bavaria (southern Germany) from May 
to July 2019. To understand how the interaction between climate 
and land use shapes pollinator communities at different spatial 
scales, we selected 60 regions of 5.8 km × 5.8 km across Bavaria 
along two independent gradients of climate (five climate zones: 
<7.5°C, 7.5° to 8.0°C, 8.0° to 8.5°C, 8.5° to 9.0°C, and <9.0°C) and 
land-use intensity (three land uses: seminatural, agricultural, and 
urban), resulting in 15 climate-land-use combinations with a total 
of four replicates (Fig. 1). The gradient of climate was defined based 
on the 30-year multiannual mean air temperature from 1981 to 
2010 (51). The regional land use was classified based on Corine 
land-cover data from 2012, and the three land-use classes were defined 
according to the following criteria: Seminatural regions have >85% 
natural vegetation and at least 50% forest, agricultural regions have 
>40% arable fields, and urban regions have at least 14% of urban 
area. A more detailed explanation of the site selection process can 
be found in (64).

In each of the 60 regions, experimental plots were established in 
open herbaceous vegetation embedded in the three dominant habi-
tat types of the region (out of four possible types: forest, grassland, 
arable land, or settlement). This resulted in 179 plots (one of the 
intended 180 plots could not be established because of logistical rea-
sons). Selected local habitats had a minimum size of 0.5 ha. In each 
plot, we established a core area to set up the insect traps. The core area 
was a 30 m × 3 m strip of herbaceous vegetation in the center of the 

habitat (or next to it in the case of arable plots) that was left unman-
aged for the duration of the experiment (see Fig. 1 and fig. S9 for 
plot pictures).

We established the traps at least 50 m away from other habitat 
types and main roads, whenever possible. In forest plots, we estab-
lished the traps in forest clearings (with a minimum diameter of the 
surrounding trees’ height), at least 50 m away from the forest edge. 
The grasslands selected were mostly extensively managed meadows 
rather than intensively managed grasslands, and we established ag-
ricultural plots next to oilseed rape. When no oilseed rape was avail-
able in the landscape, we chose wheat or maize fields. Urban plots were 
established in urban meadows, parks, private gardens, and cemeteries 
but never within urban forest.

Climate and land-use variables, flowering-plant diversity, 
and plot microclimate (local temperature)
For analyses at the regional level, we used the multiannual mean 
temperature (4.5° to 10°C) and precipitation values (590 to 1987 mm) 
used for region selection, and we calculated the proportion of forest, 
grassland, agriculture (arable land), and urban area in the region. At 
the landscape scale, we quantified composition and configuration 
of the surrounding landscape in a 1-km radius buffer for each of the 
179 plots. Landscape variables at this scale were calculated from a 
detailed land-cover map created by the combination of three differ-
ent maps: ATKIS 2019 land cover (German Official Topographic 
Cartographic Information System), Invekos 2019 (Integrated Manage-
ment and Control System), and Corine 2018. Land cover was cate-
gorized into six classes: natural, forest, grassland, agriculture, urban, 
and fresh water. For landscape composition, we calculated the pro-
portion of forest, grassland, agriculture, and urban area in the 1-km 
radius buffer around plots and the Shannon diversity index based on 
the six land-cover classes. Landscape configuration was measured as 
the total edge density, i.e., total length of ecotones between land-cover 
classes in the buffer.

To assess resource availability for flower-visiting insects, we esti-
mated the total number of angiosperm species in a 200-m buffer 
radius around the study plots. Map-based predefined transects were 
walked, and all species found were recorded. The effective sampling 
time per plot was 60 min, and the sampling time was distributed 
proportionally to the relative area cover (%) of present habitat types. 
Only habitat types or land uses with a cover of more than 10% were 
considered (i.e., equal to or more than 6 min).

In addition, we recorded temperature in the plots with ibutton 
thermologgers (type DS1923). Thermologgers were attached to a 
wooden pole at 1.1 m height, facing north and protected from the sun 
by a wooden panel. Temperature was recorded every hour during 
the whole sampling season.

Assessment of flower-visiting insects
We surveyed pollinator communities with Malaise traps (smaller ver-
sion of Townes Malaise trap model with black roof; dimensions of cap-
ture area: height front of 0.90 m, height rear of 0.60 m, and length of 
1.60 m), using ethanol (80%) to preserve the insect DNA. Malaise traps 
are a well-suited tool for studying flower-visiting insect communities, 
because they capture both diurnal and nocturnal flying insects. Traps 
were maintained regularly to ensure that the entrance was not blocked 
by vegetation. See fig. S9 and Supplementary Text for further infor-
mation on the placement of Malaise traps within habitats and their 
suitability to capture different flower-visiting insects.
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Traps were activated once a month, from May to July, and col-
lected after a 2-week period. We collected a total of three samples 
per site (in the second half of May, June, and July) that were pooled 
together for analyses, because we were interested in the total rich-
ness per site and not in differences in phenology. Three of 537 samples, 
belonging to three different plots, were damaged. Thus, 534 samples 
were analyzed. Arthropods were collected with the per-mission and 
ethical approval of the nature conservation authorities of the gov-
ernments Upper Franconia, Lower Franconia, Middle Franconia, 
Lower Bavaria, Upper Bavaria, Swabia, and Upper Palatinate, and we 
complied with all relevant ethical regulations for animal handling 
and research.

Processing of Malaise trap samples
Because of the large number of samples collected, species were iden-
tified through CO1-5P (mitochondrial cytochrome oxidase 1) DNA 
metabarcoding, following the methods described in (65). BINs were 
used as a measure of species richness, as they are more reliable than 
OTUs for obtaining a balanced identification of different taxonom-
ic groups independently of existing classifications, and better to be 
used as a surrogate of species richness (62). We used the BOLD 
(Barcode of Life Data System) taxa assignment database, and all se-
quences with amplicon overlap lower than 97% (a value of species 
identity accuracy) were excluded to ensure the reliability of the 
results (66). For full protocols of the molecular work and bioinfor-
matic procedures, see (67).

Selection of flower-visiting insect communities
We divided flower-visiting insects into seven groups: bees, other 
Hymenoptera, butterflies, moths, syrphid flies, other Diptera, and 
beetles. “Other Hymenoptera” includes all families of flower-visiting 
hunting and parasitoid wasps and sawflies. “Butterflies” includes all 
butterfly families plus the moth families in which all species are known 
to be diurnal (Choreutidae, Micropterigidae, Scythrydidae, Sesiidae, 
and Zygaenidae). We preferred this classification because we expected 
climate and land-use gradients to have a larger influence on lepidopteran 
insects depending on their behavior than on the morphological char-
acteristics that differentiate butterflies and moths. To decide which 
families in these categories are flower visitors, we did online searches 
and looked for information in books and scientific literature. Besides, 
as (68) suggests, we checked whether it was common to find pictures 
of certain insect families in the process of feeding on pollen or nectar. 
Although we based our decisions at the family level for most groups, 
we could identify flower-visiting Coleoptera (beetles) to the genus 
level following expert advice.

Calculation of gamma, intraregional beta, 
and alpha diversity
We analyzed the effect of the interaction between climate and land-
use variables on the gamma, intraregional beta, and alpha diversity 
of the seven flower-visitor communities (Fig. 1). Gamma diversity 
is the total species richness in a region, intraregional beta diversity 
was calculated as the dissimilarity in species composition among 
the three plots of a region, and alpha diversity is the total species 
richness per plot. The dissimilarity in species composition was esti-
mated using the Jaccard’s dissimilarity index (69, 70)

   d  j   = 1 −   a ─ a + b + c    

where a is the number of species shared between two plots, b is the 
number of unique species in the first plot, and c is the number of 
unique species in the second plot. We calculated the pairwise dissim-
ilarity values between plots before averaging them to get a regional 
dissimilarity value.

Statistical analysis
Statistical analyses were conducted using R version 4.0.2 (71). We 
first checked with the betadisper function [vegan package (72)] 
whether the interregional heterogeneity (interregional beta diversi-
ty) of the different pollinator taxa varied among regional land-use 
types, with higher temperature or with the interaction between both 
variables. For this, we first transformed the multiannual mean tem-
perature, a continuous variable, into a factor with two levels separated 
by the median: cool regions, with a multiannual mean temperature 
between 5.60° and 8.36°C, and warm regions, with a multiannual mean 
temperature between 8.37° and 9.80°C. Then, we created a factor with 
six levels to represent the interaction between regional land use (three 
levels) and multiannual mean temperature (two levels). Subsequently, 
we assessed with permutational multivariate analysis of variance 
(PERMANOVA) tests [adonis function in the vegan package (72)], and 
using Jaccard distances, whether pollinator communities were shaped 
by the interaction between multiannual mean temperature and re-
gional land use. To plot ordinations based on nonmetric multidimen-
sional scaling (NMDS) of Jaccard’s dissimilarity matrices (Fig. 2), the 
metaMDS function in the vegan package was used.

All gamma diversity models (n  =  60) were analyzed through 
generalized linear models (GLMs) with a Poisson or a negative bi-
nomial error distribution when Poisson models showed overdisper-
sion. Intraregional beta diversity models (n  =  60) were analyzed 
with linear models (LMs), and alpha diversity models (n  =  175) 
were analyzed with generalized linear mixed models [GLMMs; glm-
mTMB function in the glmmTMB package (73)], with a Poisson or 
a negative binomial error distribution and the term “region” included 
as random effect. Alpha diversity models included 175 samples in-
stead of 179 because four thermologgers failed to record tempera-
ture. We considered adding an offset with the trap exposure time in 
the gamma and alpha diversity models to account for the 3 (of 537) 
samples missing, but we decided to exclude it because (i) the fit of 
the models was significantly worse, (ii) there was no clear correla-
tion between exposure time and species richness, and (iii) the miss-
ing samples were only 0.6% of the data.

Gamma and intraregional beta diversity models (Eq. 1) included 
the multiannual mean temperature [MAT] and precipitation [MAP] 
at the regional scale (5.8 km × 5.8 km), the proportion of forest [For], 
grassland [Gra], agriculture [Agr], and urban [Urb] area in the whole 
region, and the gamma or beta diversity (respectively) of flowering- 
plant communities [Flower  or ]. We also included the interaction 
between temperature and precipitation, and temperature and re-
gional land-use covers. Some of the regional variables included in 
the models were moderately correlated (maximum correlation be-
tween For and Agr: Pearson’s r = −0.55, fig. S8), and including the 
proportion of all different land-use covers caused multicollinearity 
issues [variance inflation factor (VIF) > 10 (74), calculated with the 
performance package (75)]. Therefore, we always fitted two sepa-
rate models, one excluding the proportion of forest and one excluding 
the proportion of urban. None of the gamma, beta, or alpha diversity 
models had a VIF > 2.61, despite the presence of interactions that 
usually inflate VIF values
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  Gamma / beta diversity~MAP * MAT + Urb / For * MAT +  
 Agr * MAT + Gra * MAT + Flower  or   (1)

   Alpha diversity~Habitat * T + Urb / For + Agr + Gra +  
 Shannon / EdgeD + Flower  + (1∣Region)  (2)

Alpha diversity models (Eq. 2) included the interaction between 
microclimatic temperature [T] and the local habitat type as factor with 
four levels (forest, grassland, arable land, and settlement) [Habitat], 
the Shannon diversity index on landscape composition [Shannon], 
the edge density reflecting landscape configuration [EdgeD], the 
proportion of forest [For], grassland [Gra], agriculture [Agr], and 
urban [Urb] area at the landscape scale [1-km radius (1, 76)], and the 
alpha diversity of flowering-plant communities [Flower ]. At the land-
scape level, we had the same multicollinearity issue than at the re-
gional level when including the proportion of all different land-use 
covers. Besides, the Shannon diversity index was correlated with edge 
density (Pearson’s r = 0.88, fig. S8). Thus, we fitted separate models 
excluding the proportion of forest or the proportion of urban in 
the landscape, and including the Shannon diversity index or edge 
density. Therefore, we fitted four different models for each insect 
community.

Because of the unexpected importance of the proportion of for-
est area in interaction with annual temperature for butterfly gamma 
diversity, we aimed to understand whether this strong relationship was 
driven by effects of forest edge density. First, we looked for correlations 
between forest cover and forest edge density (Pearson’s r = −0.052), 
and then we refitted the butterfly gamma diversity model including 
total edge density and forest edge density as additional variables.

Before running the models, covariates were centered and scaled to 
allow for interpretation of main effects when interactions are present 
(77), and for comparison among variables of the different gamma, 
beta, and alpha diversity models (18). All possible models were com-
pared via the dredge function [MuMIn package (78)], and we se-
lected the simplest ones among those with a difference in AICc < 2. 
We then compared the best models among those containing differ-
ent variables because of correlation problems. The fit of the models 
was checked with the DHARMa package (79).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abm9359
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