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Change in land cover is thought to be one of the key drivers of pollinator

declines, and yet there is a dearth of studies exploring the relationships

between historical changes in land cover and shifts in pollinator communities.

Here, we explore, for the first time, land cover changes in England over more

than 80 years, and relate them to concurrent shifts in bee and wasp species rich-

ness and community composition. Using historical data from 14 sites across

four counties, we quantify the key land cover changes within and around

these sites and estimate the changes in richness and composition of pollinators.

Land cover changes within sites, as well as changes within a 1 km radius out-

side the sites, have significant effects on richness and composition of bee and

wasp species, with changes in edge habitats between major land classes also

having a key influence. Our results highlight not just the land cover changes

that may be detrimental to pollinator communities, but also provide an insight

into how increases in habitat diversity may benefit species diversity, and could

thus help inform policy and practice for future land management.
1. Introduction
Shifts in pollinator communities and assemblages are well documented in certain

regions of the world [1–5]. Major drivers of declines in pollinators that have been

identified, including climate change [6,7], spread of pathogens [8], introduction of

non-native plant and pollinator species [9,10], agricultural intensification [11–13],

and landscape alteration [14,15]. While some studies have explored the impact of

contemporary changes in landscape and land utilization on pollinator commu-

nities [16–22], long-term historical land cover change and its impacts on

pollinators have yet to be quantified—primarily owing to the lack of availability

of historical land cover data (until recently) and/or methods to standardize exist-

ing biodiversity data collected by volunteers. Understanding the impact of

historical land changes on pollinator communities will not only add to existing

knowledge, but also help inform policy and practice relating to land management

for ecosystem services and food security.

The earliest known land cover map of Britain [23] has recently been digitized,

and this, combined with the availability of novel statistical methods that enable com-

parison of species richness data with varying sampling effort [5,24,25], finally allows

study of the impacts of historical land cover on pollinator communities. While pre-

vious studies have used space-for-time substitution [26,27], our study is unique in
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being the first to test directly whether land cover change across

multiple sites has had a significant role to play in pollinator

dynamics in England. Long-term data on aculeate hymenopter-

ans are rare, but data from the 1800s onwards have been

collated and validated by the Bees, Wasps and Ants Recording

Society (BWARS; www.bwars.com). Using the BWARS data,

which have been standardized for taxonomic accuracy (includ-

ing revisions of species names), we assess whether there have

been shifts in these communities and, if so, test whether these

shifts are associated with changes in land cover.

We predicted that the most substantial shifts in pollinator

communities should occur in landscapes that have experi-

enced the greatest change in land cover at spatial scales

relevant to pollinators; that specific land cover types (e.g.

heathland, woodland, grassland) should prove more condu-

cive to greater species richness and diversity than others

(e.g. intensive farmland); and that increase in edge habitats

between land cover types would cause greater changes in

species composition owing to altered community dynamics

[28]. By analysing the effect of these changes on the richness

and composition of pollinators, our study offers a long-term

perspective on the effects of land cover change that has impli-

cations for biodiversity conservation as well as future land

management.
2. Material and methods
(a) Sites, land cover data and pollinator data
The earliest digital land cover data available in England come

from the Dudley Stamp land utilization survey maps of the

1930s, the ground surveys of which were carried out between

1925 and 1948 [23]. These have now been digitized and are avail-

able through the Environment Agency. More up-to-date land

cover information is available from the Centre for Ecology and

Hydrology’s UK Land Cover Map for 2007 (LCM 2007 [29]),

which was derived from the semi-automated classification of

satellite images. To evaluate the effect of land cover changes on

changes in bee and wasp species richness, we compared two

30-year time periods (1921–1950 versus 1983–2012), correspond-

ing to the historical and current land cover maps available, while

guaranteeing that the two time periods were well separated.

Historical data on bees and wasps were obtained from the

digitized database of BWARS (www.bwars.com). From this data-

base, sites that contained data on bee and wasp species

occurrence for the historical period were identified and defined

based on their historical boundaries. Overall, 20 sites were ident-

ified: six in Bedfordshire, one in Cambridgeshire, seven in Dorset

and six in Yorkshire (location map of sites given in figure 1 and

details of each site provided in electronic supplementary

material, table S1). Existing data from 1983 onwards from the

BWARS database including our fieldwork data from 2011 and

2012 (details in electronic supplementary material) constituted

the current pollinator data for analysis.

(b) Analyses of changes in land cover
The digitized Dudley Stamp map has eight major land cover cat-

egories, whereas the LCM 2007 has 23 categories, based upon UK

Biodiversity Action Plan broad habitats [29]. The broad habitat

categories of the LCM 2007 were re-classified to match the

Dudley Stamp map categories, with an extra category being

added for land cover types that did not fit into known Dudley

Stamp categories (details in electronic supplementary material).

Using the reclassified raster versions of both maps, the percen-

tage change in each broad land cover category was calculated
at different spatial scales: within focal sites and at 1, 2 5 and

10 km radii outside each site. These spatial scales were chosen

in order to account for the typical pollinator foraging distances

from a site (1 and 2 km) [30–32] and also to provide a landscape

background (5 and 10 km). Spatial analyses were carried out in

ARCGIS v. 10.0 [33]. Each of the percentage changes in land

cover were then multiplied by a pollinator suitability score as

compiled based on expert opinion [34] (details in the electronic

supplementary material) for that land cover type to give a

weighted land cover change value for further analyses.

In order to identify changes in edge habitat, a cell adjacency

matrix (defined as the tally of the number of cells adjacent

between each pairwise combination of land cover types) was cal-

culated within each site and also outside the sites at the spatial

scales mentioned earlier. The difference in the cell adjacency

matrix value between the historical and current time periods

for each pair of land cover classes provided the value of the

change in edge habitat. This analysis was performed using

FRAGSTATS v. 4.1 [35].
(c) Analyses of species richness change
To calculate richness change between the two periods in a manner

that accounted for differences in sampling effort between the his-

torical and current time periods, we used individual-based

species accumulation curves [25]. We followed the methods

described by Carvalheiro et al. [5], and combined interpolation

and extrapolation methods, so that extrapolation would only be

allowed up to threefold of the real sampling effort (see [25]),

using bootstrap methods to account for possible bias owing to

under- or overrepresentation of singletons and doubletons in the

databases (see [5]). We also a priori excluded sites with very poor

quality of sampling (i.e. selection criteria ¼ sites needed to have

minimum five species, minimum 10 records and less than

10-fold difference in no. of records between two time periods).

We first sorted our data into (i) all bee and wasp data and (ii)

bee-only data, and then applied the process described above for

every site, calculating relative richness change between the his-

torical and the current period as X2(n)/X1(n). We then applied

a log transformation (hereafter termed ‘logratio’) to normalize

residuals. There were insufficient data to analyse change in

wasp species richness as a separate dataset.
(d) Analyses of species composition change
To determine whether there was a turnover of species in our

study sites and to evaluate changes in patterns of pollinator

assemblages, we investigated how species composition across

space (assessed by comparing assemblages in each site) changed

over time using the bsim index described by Lennon et al. [36].

The change in species composition (SCC) has an upper limit of

one (no species in common within a site) and a minimum of

zero (sites have identical species lists). To correct for the unequal

sampling effort and observer bias, this index was modified for

each time period and each site based on an individual-based

probabilistic approach [24], and was calculated as

SCC ¼ 1� UV
UV þmin(U �UV, V �UV)

� �
,

where U denotes relative abundance shared species in the his-

torical period and V denotes relative abundance of shared

species in the current period.

The sites that did not meet the selection criteria for the

species richness change analysis were also excluded from

the species composition change analysis. Owing to the location

of the study sites within different counties, we tested for spatial

autocorrelation of the land cover change data as well as the

species richness change and species composition change data

http://www.bwars.com
http://www.bwars.com
http://rspb.royalsocietypublishing.org/
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Figure 1. Map showing the locations of the 20 study sites within England. (Online version in colour.)
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using the Moran’s I measure in R package ‘ape’ [37] before

proceeding with further analysis.

(e) Effects of land cover changes on species richness
Weighted regression techniques were applied to test for the effects

of the change in land cover on the species richness change results

for each pollinator dataset. Using the rma.uni function of the R

package ‘metaphor’ [38], the species richness change value for

each site was weighted based on the inverse of the variance, so

that cells with more reliable estimates of pollinator species richness

had a higher weight in the analyses [39]. The log-ratio value

obtained when calculating species richness change was used as

the response variable and a null model with no explanatory vari-

ables was initially run to determine the total variability owing to

heterogeneity in the data. The change in habitat suitability, the
change in different edge habitats and the weighted change in

each major land cover type within and around each site at varying

spatial scales were then used as explanatory variables, considering

also all possible two-way interactions. Changes in land cover types

that were significantly correlated with each other were excluded

from being in the same model (e.g. heathland and woodland).

Changes in edge habitat were tested in separate models as edge

density change is correlated with overall change in each habitat

type. Land cover changes at different spatial scales outside of the

site were tested in separate models (examples given in the elec-

tronic supplementary material). Each model was simplified

using a stepwise AIC method until only the minimum adequate

model remained. The models showing significant land cover

change variables were then compared with the null model to deter-

mine what percentage of the existing heterogeneity could be

explained by the inclusion of the explanatory variables.

http://rspb.royalsocietypublishing.org/
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( f ) Effects of land cover changes on species
composition

The species composition change being an absolute value with no

standard deviation meant a weighted regression could not be per-

formed to test for the effects of land cover change. Instead, general

linear models were constructed using the glm function of the R

package ‘MASS’ [40], with the species composition change used

as the response variable. The change in habitat suitability value,

the change in edge habitat and the weighted change in each

major land cover type within and around each site at varying

spatial scales were then used as explanatory variables and model

simplified using stepwise AIC method. Correlated changes in

land cover types and changes in edge habitat were excluded from

being in the same model, and land cover changes at different spatial

scales outside of the site were tested in separate models. All statisti-

cal analyses were carried out in R v. 3.0.1 statistical software [41].
282:20150294
(g) Accounting for possible biases
Our site selection was constrained by the availability of historical

pollinator data, and therefore the sites chosen may not be repre-

sentative of land cover across the country. However, we have

tested land cover changes in the wider landscape (i.e. 1, 2, 5

and 10 km radii), and while our study sites are all areas of natu-

ral/semi-natural habitat (predominantly heathland), the results

clearly indicate the general direction of relationships between

specific land cover changes and the pollinators both within and

outside these defined areas.

To check if the method following [5] completely corrected

for bias owing to differences in sampling efforts, we tested the

effect of the log of the relative difference in the number of records

between the two time periods (DR ¼ ln[number of records2/

number of records1]). If accumulation curve estimates did

not completely remove the bias owing to sampling effort (i.e. when-

ever DR had a significant effect on estimated richness change

across sites), we calculated the partial residuals after removing

the effect of sampling effort for each cell to obtain unbiased

estimates of richness change for each grid cell (following

Carvalheiro et al. [5]).
3. Results
(a) Analyses of changes in land cover
The change in each major land cover category at site level and

1 km radius is given in electronic supplementary material,

figure S1 and changes at 2, 5 and 10 km in electronic sup-

plementary material, table S3. Certain categories of land

cover changes were highly negatively correlated with each

other. For example, heathland change and woodland change

were inversely correlated at site level (r ¼ 20.77, p , 0.001)

at 1 km (r ¼ 20.81, p , 0.001) and 2 km radii (r ¼ 20.83, p ,

0.001); grassland and arable changes were inversely correlated

at site level (r ¼ 20.57, p , 0.01), 1 (r ¼ 20.59, p , 0.01) and

2 km radius (r ¼ 20.60, p , 0.01); and urban and arable

change were inversely correlated at the 2 km radius

(r ¼ 20.62, p , 0.01). There was considerable variation in

land cover patterns among sites. Across all sites, on average,

there was a within-site loss in heathland of approximately

28% (+34%) and a 13+18% loss at 1 km radius. Conversely,

there was an average increase of woodland within site (22+
27%) as well at 1 km radius (6+9%). There was also an

increase in arable land (average increase¼ 5+9%) and grass-

land (4+10%) at 1 km radius.
The edge analysis indicated that mean cell adjacency

between heathland and woodland within sites increased

from 47.1+ 98.9 cells historically to 100.7+ 128.3 cells in

the current period. At 1 km radius, mean cell adjacency

between heathland and woodland decreased from 471.9+
801.8 historically to 181.2+ 281.9 in the current period. The

mean cell adjacency between grassland and arable land

within sites decreased from 56.4+ 83.0 historically to

13.7+ 22.7 in the current period, and from 1624.3+ 1487.9

in the historical period to 687.7+535.21 in the current

period at 1 km radius.

(b) Analyses of species richness change and species
composition change

Based on the selection criteria for quality of sampling, 14 sites

met the criteria for all bee and wasp data, and 12 sites for the

bee-only data. Only three sites (B-FM, L-HR and L-SG)

showed an increase in species richness, whereas the rest of

the sites showed declines (figure 2a).

The results of the species composition change analysis are

given in figure 2b, with higher values indicating greater

levels of change in composition (i.e. higher turnover of species)

between the two time periods. When testing for all data (bees

and wasps), four sites showed a species composition change

value of over 0.5, with five sites showing values of over 0.5

when testing the bee-only data. There was no correlation

between changes in species richness and species composition

change in either dataset (electronic supplementary material,

figure S2). No significant spatial autocorrelation was found

between our sites in terms of changes in land cover, species

richness change or species composition change.

(c) Effects of land cover changes on species richness
change

Details of the models showing the significant effects of differ-

ent land cover types on species richness change are given in

table 1, and the comparison of these models with the null

model is given in electronic supplementary material, table S4.

When testing for land cover effects on the full dataset (bees

and wasps), the heathland change and woodland change at

site and change in urban land at 1 km radius were found to

have significant effects (table 1, models A1 and A2). The best

model in terms of AICc showed that the most significant

factor influencing species richness change was the change in

edge habitat between urban land and grassland at the 1 km

radius (table 1, model A3). Models A1, A2 and A3 explained

70.2%, 82.2% and 76.7%, respectively, of the heterogeneity in

the data when compared with the null model.

The change in urban land at 1 km radius was found to have a

significant positive effect on change in bee species richness (table

1, model B1), explaining 54.7% of the heterogeneity when com-

pared with the null model. In comparison, model B2 explained

97.9% of heterogeneity in the data, and showed that the change

in edge habitat between woodland and grassland, and wood-

land and other habitat at site, as well as the change in edge

habitat between heathland and grassland at 1 km, had a positive

impact on change in species richness, whereas the increase in

edge habitat between arable land and other habitat at 1 km

radius had a negative impact on change in bee species richness.

There was no significant effect of change in habitat suitability at

any scale, nor was there a significant effect of total change in

http://rspb.royalsocietypublishing.org/
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Figure 2. Percentage change in species richness (A1, A2) and change in species composition using Lennon index (B1, B2) at each site. (Online version in colour.)

Table 1. Results of the models showing the effect of changes in land cover on species richness.

response data model no significant land cover factors estimate p-value DAICc VAFa (%)

models examining the effect of weighted land-use change on species richness

complete dataset

(bees and wasps)

A1 change in heathland at site 20.0009 0.05 20.20 70.16

change in urban land at 1 km radius 0.0137 ,0.01

A2 change in woodland at site 0.0011 ,0.05 28.26 82.21

change in urban land at 1 km radius 0.0124 ,0.01

bees only B1 change in urban land at 1 km radius 0.013 ,0.01 1.61 54.73

models examining the effect of edge density change on species richness

complete dataset

(bees and wasps)

A3 urban land – grassland at 1 km radius 0.017 ,0.001 6.24 76.64

bees only B2 woodland – grassland at site 0.0054 ,0.01 4.44 97.89

woodland – other at site 0.0568 ,0.05

heathland – grassland at 1 km radius 0.0143 ,0.01

arable-other at 1 km radius 20.0408 ,0.05
aVAF is the amount of heterogeneity accounted for by the model when compared with the null model.
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land cover type or edge habitat changes at the 2, 5 and 10 km

radii on species richness change.

(d) Effects of land cover changes on species
composition change

There was no significant effect of overall land-cover change

on species composition change (table 2, models 1A and 1B).

The edge habitat models indicated that the change in the

grassland–arable edge habitat at the site level significantly

influenced both bee and wasp species composition change

and bee-only species composition change (table 2, models

2A and 2B). In addition, the change in edge habitat between
heathland and woodland at the 1 km radius was found to

significantly affect the changes in bee and wasp species com-

position (model 2A). As with species richness change models,

land cover change at the 2, 5 and 10 km radii were not found

to have any significant effect on species composition change,

nor was there any significant impact of change in habitat

suitability at any scale.
4. Discussion
Over the past decade, the impact of landscape on insect pol-

linator communities, in terms of both scale and heterogeneity,

http://rspb.royalsocietypublishing.org/


Table 2. Results of the models showing the effect of changes in land cover on species composition.

response data model no significant land cover factors estimate p-value DAICc

models examining the effect of weighted land-use change on species composition

complete dataset (bees and wasps) 1A change in urban land at 1 km radius 20.0118 0.07 0.46

bees only 1B change in heathland at 1 km radius 0.0034 0.06 20.20

change in urban land at 1 km radius 20.0117 0.08

models examining the effect of edge density change on species composition

complete dataset (bees and wasps) 2A grassland – arable land at site 0.0197 ,0.01 9.03

heathland – woodland at 1 km radius 20.0223 ,0.05

bees only 2B grassland – arable land at site 0.0227 ,0.05 3.96
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has received much attention [12,13,22,42,43]. Most (if not all)

of these studies have, however, relied on contemporary data

using space-for-time substitutions in order to draw their

conclusions. Our study is the first to use historical data to

explore the impact that changing landscapes have had on

pollinator richness and community composition. By analys-

ing how anthropogenic activities have influenced the trends

in pollinators over the past 80 years, our findings can aid

informing current policy and practice with regard to future

land management.

Our results show that 75% of our study sites saw a signifi-

cant decline in species richness of both bees and wasps.

However, there was no significant correlation observed

between species richness change and species composition

change. Changes in species composition could therefore be

due to (i) loss of species, (ii) new arrivals/gains of species or

(iii) a combination of species gains and losses.

We found that changes in both richness and composition

of species were influenced by land cover changes within site

as well as changes in the surrounding landscape. Sites sur-

rounded primarily by arable expansion showed a greater

decline in species richness than sites that did not, and this

result concurs with previous studies showing that agricul-

tural intensification with large monocultures of crops have

led to significant declines in pollinator numbers [13,44,45].

While the increased use of herbicides and pesticides in

modern agriculture has almost certainly had a role to play

in driving pollinator declines [11,22,45], the lack of historical

data on chemical input (or lack thereof) means this aspect

could not be explored further.

Declines in pollinators in arable environments may have

serious consequences in terms of loss of crop pollination

services. However, studies have shown these losses can be

ameliorated by the presence of heterogeneous landscapes,

which include, for example, flower-rich meadows, hedgerows,

woodland and other semi-natural habitat surrounding arable

fields that provide foraging and nesting resources for pollina-

tors [13,45–48]. While these studies support our result that

heterogeneous landscapes are better for pollinators, it also

has wider implications in terms of policy on how landscapes

should be managed and the implementation of future

agri-environment schemes.

In direct contrast to sites surrounded by arable intensifica-

tion, sites surrounded by landscapes with urban expansion

have proportionally lost fewer species. Previous studies have

shown that urban areas can support diverse pollinator assem-

blages, but this capacity is strongly affected by local habitat
quality [16,49]. In addition, a recent study has shown that

urban environments support higher richness of bees in general

and bumblebees in particular when compared with farmland

and nature reserves [50]. This could be because urban areas

(including recreation park spaces, gardens and churchyards)

could provide diverse and extended forage, as well as provide

nesting habitats, which might, in turn, promote pollinator

richness and abundance. Some studies have suggested that

pollinators can thrive in human-dominated landscapes [51],

and although most of our sites showed declines in species rich-

ness, the loss of fewer species in sites surrounded by urban

expansion shows that urban spaces could possibly provide a

buffer against the changes within site, thereby curbing loss

of species.

While our study sites were historically predominantly

heathland, in agreement with previous studies [48,52], sites

with increased woodland area showed a positive correlation

with change in species richness. Historical research has

emphasized the influence of habitat edges on increased

species richness [53–55], and the transitional habitat between

heathland and woodland would in effect increase such edge

habitat, potentially providing more diverse nesting as well as

forage resources. Our results therefore support the theory

that complex heterogeneous landscapes are conducive to

greater pollinator diversity.

Our study confirms previous research that both scale and

heterogeneity of landscape need to be considered when plan-

ning for land management [56]. It is not just changes within a

site that need to be considered, but also changes in the wider

landscape context at spatial scales relevant to pollinators.

For example, studies that have looked at the impact of

agri-environment schemes in Britain aimed at improving

pollinators and ecosystem services have suggested how well-

designed, cooperative landscape-level management plans

might be more beneficial and effective than farm-level schemes

[57]. Similarly, the importance of habitat diversity in the sur-

rounding landscape and inclusion of non-agricultural habitats

within land management plans have been shown to boost pol-

linator numbers, thereby improving ecosystem services and

yield of economically important crops such as oil seed rape,

field beans, strawberries, buckwheat and cherry [42,46,52].

Our study highlights the value of historical records as a

research resource that can be used to inform land management

to conserve biodiversity. While more detailed research is

required on specific land management practices that can

support and enhance pollinator diversity (and thereby

impact crop yields), large-scale landscape-level manipulations
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are not always feasible; our study therefore serves as a vital

source of information on the impact of landscape-level trans-

formation of habitat types on insect pollinators. The timing of

our study means it has the potential to have national-level

influence, especially in the light of changing agri-environment

policy and the New Environmental Land Management

Scheme, by providing information that could be used for

future policy related to land management for ecosystem

services and food security.
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