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Abstract
1.	 The exponential increase in the human population in tandem with increased 

food demand has caused agriculture to be the global-dominant form of land use. 
Afrotropical drylands are currently facing the loss of natural savannah habitats 
and agricultural intensification with largely unknown consequences for bees. 
Here we investigate the effects of agricultural intensification on bee assem-
blages in the Afrotropical drylands of northern Tanzania. We disentangled the 
direct effects of agricultural intensification and temperature on bee richness 
from indirect effects mediated by changes in floral resources.

2.	 We collected data from 24 study sites representing three levels of management 
intensity (natural savannah, moderate intensive and highly intensive agriculture) 
spanning an extensive gradient of mean annual temperature (MAT) in northern 
Tanzania. We used ordinary linear models and path analysis to test the effects of 
agricultural intensity and MAT on bee species richness, bee species composition 
and body-size variation of bee communities.

3.	 We found that bee species richness increased with agricultural intensity and 
with increasing temperature. The effects of agricultural intensity and tempera-
ture on bee species richness were mediated by the positive effects of agriculture 
and temperature on the richness of floral resources used by bees. During the 
off-growing season, agricultural land was characterized by an extensive period 
of fallow land holding a very high density of flowering plants with unique bee 
species composition. The increase in bee diversity in agricultural habitats paral-
leled an increasing variation of bee body sizes with agricultural intensification 
that, however, diminished in environments with higher temperatures.

4.	 Synthesis and applications. Our study reveals that bee assemblages in Afrotropical 
drylands benefit from agricultural intensification in the way it is currently prac-
ticed. However, further land-use intensification, including year-round irrigated 
crop monocultures and excessive use of agrochemicals, is likely to exert a nega-
tive impact on bee diversity and pollination services, as reported in temper-
ate regions. Moreover, several bee species were restricted to natural savannah 
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1  |  INTRODUC TION

Eighty-five to ninety percent of the major food crops and 35% of 
global food production benefit from animal pollination and in partic-
ular on bees (Klein et al., 2007). There is great concern regarding the 
global decline of bees with a negative upshot for pollination services 
(Dainese et al.,  2019; Potts et al.,  2016). Land-use intensification, 
particularly agriculture expansion, is assumed to be a major driver 
(Potts et al., 2010). The exponential increase in the human popula-
tion in tandem with increased food demand has caused agriculture 
to be the global-prevalent form of land use (Ramankutty et al., 2018). 
Global agriculture expansion has been associated with the loss of 
natural habitats and intensified agricultural practices, resulting in the 
loss of bee diversity and its associated ecosystem services (Goulson 
et al., 2015; Potts et al., 2016; Steffan-Dewenter & Westphal, 2008). 
Intensification of agriculture through increased field sizes, agricul-
tural mechanization, external inputs such as pesticides and chem-
ical fertilizers, and decreased crop diversity are among practices 
performed to increase food production (Almusaed,  2016; Palma 
et al., 2015). On the other hand, these practices are increasingly be-
coming one of the cardinal pressures that directly and indirectly af-
fect bee survival (Sanchez-Bayo & Goka, 2014). Some direct effects 
of agricultural intensification on bees are evidenced through the 
use of pesticides that cause direct intoxication (Potts et al., 2016), 
ploughing and compaction that destroys nests of ground-nesting 
bees (Kim et al., 2006), or impairing nests in branches or twigs of 
non-crop plants (Sutter et al.,  2017). Conversely, agricultural in-
tensification could indirectly affect bees through decreasing floral 
resource availability via reduced weed cover and loss of non-crop 
habitats (Langlois et al.,  2020; Tommasi et al.,  2021). These habi-
tats provide forage resources and nesting sites for bees; hence, their 
loss interrupts bee–plant interactions (Roulston & Goodell,  2011). 
Some highly intensive agricultural practices could also limit the 
availability of floral resources for bees (Dicks et al., 2021). The sce-
nario that could trigger changes in bees morphological functional 
traits such as body size reduction due to low food supplied to larvae 
(Filipiak, 2018; Tommasi et al., 2021). Understanding the variation of 
bee body size is crucial for its conservation efforts as it correlates 
with many ecological relevant variables such as foraging range and 
thermoregulatory characteristics (Greenleaf et al., 2007).

Most studies on the impacts of agricultural intensification on 
bee assemblages were conducted in temperate regions, while con-
sequences for bees in tropical regions are still little understood. This 
is particularly true for tropical dryland habitats that host a large 

diversity of bees, show a rather small ecological resilience (Millard 
et al., 2021; Peters et al., 2019), and in which temperatures are in-
creasingly approaching the critical thermal limits of ectothermic in-
sects (Deutsch et al., 2008; Sunday et al., 2014). A special concern 
regarding the impact of agricultural intensification on bees is how 
agricultural intensification interacts with higher temperatures in the 
course of global change. Bees are ectotherms and their body me-
tabolism and activity pattern are increasing with ambient tempera-
ture (Classen et al., 2015; Deutsch et al., 2008; Soroye et al., 2020). 
However, some terrestrial habitats in the tropics hold temperatures 
that already surpass optimum temperatures and even critical ther-
mal limits of species (Deutsch et al.,  2008; Sunday et al.,  2014). 
Therefore, both negative and positive effects of temperature on 
bee assemblage can be contemplated (Classen et al., 2015; Hamblin 
et al., 2018; Mayr et al., 2020). Temperature may also interact with 
the effects of agricultural intensification, that is, stronger effects 
of intensification in warmer habitats may lead to a synergistic ef-
fect on the bee assemblage (Millard et al., 2021). Such synergistic 
effects of global change drivers are of high concern, as they are little 
incorporated in the estimations of global change effects (Oliver & 
Morecroft, 2014; Peters et al., 2019).

Although agriculture is a major land-use type on earth 
(Lasway, 2022; Ramankutty et al., 2018) and is expected to increase 
in Afrotropical drylands (Laurance et al., 2014; Millard et al., 2021; 
Newbold et al., 2017), few studies have attempted to elucidate the 
effect of agricultural intensification on bee species assemblage and 
functional traits (body size) in the region (Hagen & Kraemer, 2010; 
Otieno et al., 2015; Stein et al., 2018; Tommasi et al., 2021). Hitherto, 
most studies have been conducted in temperate Europe and America 
(Saunders et al., 2020), which is unlike to be globally representative, 
and leaves the knowledge of the effects of agriculture on bee assem-
blage in tropical East African drylands largely unknown. Additionally, 
studies on wild bee communities that shift from considering single 
stressors to quantifying multiple, compounding pressures such 
as agricultural intensification and temperature are even scarcer 
(Kammerer et al., 2021).

Therefore, in this study, we investigated the effects of local 
agricultural intensification on bee diversity, community compo-
sition and body size distributions along a temperature gradient in 
the Afrotropical dryland of northern Tanzania. Furthermore, the 
study aimed at understanding the drivers of bee species richness 
by disentangling the direct effects of agricultural intensification and 
temperature on bee species richness from indirect effects that are 
mediated by a change in floral resources. We hypothesized that:

habitats. To conserve bee communities and guarantee pollination services in the 
region, a mixture of savannah and agriculture, with long periods of fallow land 
should be maintained.

K E Y W O R D S
bee abundance, bee body size, bee species richness, forage resources, inter-tegular distance, 
mean annual temperature, northern Tanzania, species community composition
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1. Highly intense agriculture negatively affects bee species richness
and abundance.

2. Bee richness increases with the increment in temperature. The
effects of temperature and agriculture are interactive, that is,
stronger effects of agricultural intensity on bee species richness
are supposed to occur in warmer habitats.

3.	 The effect of agriculture on bee species richness is indirect, that
is, mediated by a change in their potential floral resources (plant
species richness). Alternatively, agricultural practices (e.g. plough-
ing, weeding or pesticide application) directly, rather than indi-
rectly, impact bee species richness.

4. Increases in temperature and agricultural intensity lead to a
change (increase or decrease) in the mean and the variation of
bee body sizes.

2  |  MATERIAL S AND METHODS

2.1  |  Description of the study area

We conducted this study in northern Tanzania, in the lowlands of Mt. 
Kilimanjaro and Mt. Meru, and the areas of Tarangire National Park 
in Kilimanjaro, Arusha and Manyara regions, respectively (Figure 1). 
The study area is characterized by a tropical climate with extensive 
dry periods (Gebrechorkos et al., 2019). Study area elevation ranges 
between 702 m and 1708 m above sea level (a.s.l.) with the mean 
annual temperature (MAT) spanning from 18°C to 26°C (depending 
on elevation) with maxima temperatures regularly exceeding 40°C 
(own unpublished data). The area experiences a bimodal rainfall with 
a long rainy season between March and May and a short rainy season 
typically in November and December (Foley & Faust,  2010). The 
dominant natural vegetation of this dryland is a tropical savannah 
composed of grasses interspersed with herbs and scattered trees 
(dominated by Commiphora sp., Vachellia sp. and Senegalia sp.). 

There are several non-native trees outside the protected areas, 
including Acrocarpus fraxinifolius Wight et. Arn (Fabaceae), Leucaena 
leucocephala (Lam.) de Wit (Fabaceae) and Grevillea robusta A. Cunn. 
exR. Br. (Proteaceae). Planting and harvesting calendar of typical 
crops (wheat, maize, barley, sorghum, beans and sunflower) in the 
study area follow the rainfall patterns (Rowhani et al., 2011). Planting 
is usually made after the first rains, in early March, and harvest is 
carried out at the end of the long rainy season, between mid-July and 
early August (Rowhani et al., 2011). Following crop harvesting, fields 
are customarily abandoned until the next coming annual rain season. 
During this period, the fields are dominated by proliferated herbs. 
However, due to the relatively low use of herbicides, even during 
the planting and when the crops are in the fields (growing season), 
flowering weeds can be found in fields.

2.2  |  Data collection

We collected data from August 2018 to March 2020 on 24 replicate 
study sites distributed equally among three selected habitats 
following a gradient of agricultural intensification (Figure 1). The first 
habitat was natural savannah, which was situated in the protected 
areas of the Tarangire National Park, Arusha National Park and Lake 
Challa wildlife area with a distance of >500 m from study sites to any 
border of the protected area. This habitat is characterized by rolling 
grassland with native scattered trees, shrubs and herbs. It served as 
a natural control site with no agricultural activities and a minimum 
of human-modified physical environment. The second habitat type 
consists of moderate intensive agriculture, composed of subsistence 
farming characterized by small field sizes (mostly less than 1 ha) of 
mixed crops such as maize, beans and sunflower. Crop areas were 
surrounded by patches of savannah habitats, and typically only small 
agriculture machines such as small tractors and planters are used. 
The third habitat type was defined as highly intensive agriculture. 

F I G U R E  1  A map of the study area. 
The map shows the distribution of 
study sites with different colors and 
symbols representing different land use 
intensity classes (see legend). The two 
big mountains on the map are Mt. Meru 
(center) and Mt. Kilimanjaro (upper right). 
In the upper right corner, the small map 
shows the location of the study area in 
northern Tanzania.
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This habitat type was characterized by large monoculture fields 
(ca. 50–100 ha) of wheat, maize or barley as the major crops. Heavy 
agricultural machines and chemical fertilizers are regularly used 
during the growing time of the crops.

Distances between study sites were at least 3  km, which is 
far larger than the flying distance of most bee species (Wright 
et al., 2015; Zurbuchen et al., 2010). Eight replicates of each dif-
ferent habitat were distributed along the elevation gradient of the 
entire study region (mean ± SD elevation of study sites: savannah: 
1140 ± 226 m a.s.l.; moderate intensive agriculture: 1140 ± 259 m 
a.s.l.; intensive agriculture: 1062  ± 364 m a.s.l.). Each study site
was composed of two study plots positioned ca. 150 m apart. Each
study plot had a size of 50 × 50 m, where bees and floral resources 
were sampled and quantified. The two plots were placed in a way 
to approximately capture the overall structural heterogeneity 
of the respective habitat by placing the two plots in contrasting 
microhabitats where possible. For example, in moderate inten-
sive agriculture, both areas with and without tree or shrub cover 
were selected. Research permit No:2019-631-NA-2019-235 was 
obtained from Tanzania Commission for Science and Technology 
(COSTECH) to conduct field data collection. No Ethical approval 
was required.

2.2.1  |  Bee sampling

Two standardized sampling methods (UV-reflecting coloured pan 
traps and standardized random walks) were employed to sample 
bees (Lasway et al., 2021; Prendergast et al., 2020). In all, 12 pan 
traps in four clusters (each cluster with three different UV-reflecting 
colours: white, yellow and blue) were installed in each plot to pas-
sively collect bees (Figure  A1a in Appendix; Classen et al.,  2020; 
Elzay & Baum,  2021). Pan trap clusters at different heights (two 
with 120 cm height poles and two with 35 cm) were positioned di-
agonally on two 50 m parallel transects separated by 30 m inters-
patial distance (Figure A1b in Appendix). The height differences in 
the pan traps were aimed to maximize capturing bees flying at dif-
ferent heights: at the shrub layer level (120 cm above-ground dis-
tance) and the herbaceous layer level (35 cm from the ground). Pan 
traps were filled with unscented soapy water and left in the field for 
48 h to passively collect bees (Classen et al., 2020). A drop of scent-
less liquid soap per ca. 1 L was used to break the surface tension of 
water so that bees landing on the pan trap were more likely to be 
captured. Scentless soap was used to avoid attraction of insects to 
certain olfactory cues. Bees were collected from the pan traps after 
48 h and temporarily preserved in 70% ethanol before being further 
processed in the laboratory. In each study site, we conducted pan 
trap sampling in three different main seasons of the year; long rainy 
season, dry season and short rain season. The pan trap sampling ef-
fort summed up to 3456 h per study site and 82,944 h for the entire 
study.

Besides pan trap sampling, we used a standardized random walk 
method to sample bees. This method involves random slow pace 

walks within plots using a hand net to actively collect bees that are 
foraging on flowers. Using this method, we collected bees for 2 h on 
each study site (1 h per each 50 × 50 m study plot), excluding han-
dling and recording time. Random walks were conducted anytime 
between 9:00 am and 5:00 pm when bees are expected to be highly 
active (Classen et al., 2020). On each study site, a 2-h random walk 
was conducted in three main seasons of the year (long rainy season, 
dry season and short rainy season). This summed up to 6 h of active 
bee collection for each study site and in total 144 h for the whole 
study. We restricted random walk sampling to days with no or very 
little rainfall and low wind speed. All specimens collected were tem-
porarily preserved in 70% ethanol before being mounted and iden-
tified. All bees were identified following the nomenclatural system 
established by Michener  (2007) with exception of the Halictidae 
family. Bee identification to species levels was mainly performed by 
two experts on Afrotropical bees (C.E. and A.P.). However, few were 
identified by J.V.L. We calculated the species richness per study site 
by summing up the cumulative number of bee species collected by 
both sampling methods across all three sampling seasons. Because 
we intended to measure the cumulative species richness on study 
sites across the year (which integrates the temporal turnover in spe-
cies communities), we pooled the data from all sampling rounds for 
calculating the total species richness per study site.

2.2.2  |  Quantification of bee-visited plants

In each study site, all plant species visited by bees during random 
walks were recorded. This measure corresponds to the plant spe-
cies used by foraging bees as an alternative to the assessment of the 
total number of plant species on sites (Classen et al., 2020; Lasway, 
Steffan-Dewenter, et al., 2022; Tucker & Rehan, 2017). Plant spe-
cies were recorded as bees visited blooms of flowering plants, that 
is, in case, we observed a bee walking or landing on a flower (not 
just flying over it) (Tucker & Rehan, 2017). Flowering plant species 
that could not be identified in the field were taken to the National 
Herbarium of Tanzania for morphological identification. Other plants 
could have been visited by bees outside our random walks time; 
hence, this survey method may not recover all plant species which 
are principally attracting bees and for that reason, for each study 
site, floral resource richness was counted as the cumulative number 
of plant species visited by the foraging bee community throughout 
the three sampling rounds.

2.2.3  |  Body size measurement

The inter-tegular distance (ITD; in mm) was measured as a proxy 
for bees' body size (Classen et al., 2017) using a digital microscope 
(Dino-Lite digital handheld microscope Taiwan, with a precision of 
0.001 mm). The ITD measures the miniature distance between the 
two tegulae, that is, the small-scale-like sclerites covering the base 
of the fore wing in bees (Figure A4 in Appendix). For each study site, 
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we calculated the mean and the coefficient of variation of the ITD 
using the data of all sampled individuals.

2.2.4  |  Mean annual temperature

Data on temperature on study sites were recorded using temper-
ature sensors (iButton) (Classen et al.,  2015). For each study site, 
a Thermochron iButton data logger (DS1921G; ±0.5°C resolution; 
Maxim Integrated Products, USA) was placed at 2 m height above 
the ground (on a branch of a shrub/tree) to continuously record tem-
peratures through the study time (Classen et al., 2015). An overlay 
plastic funnel was hung 10  cm above the sensor for protecting it 
from direct solar radiation (Figure  A1c in Appendix). Temperature 
sensors were set to take records in 60-min intervals. Sensors were 
left in the field for the entire year and visited every 3 months for data 
reading and maintenance. MAT per study site was obtained by aver-
aging all individual temperature measurements. As an alternative to 
MAT, we also tested mean maximum temperature for explaining the 
variation in bee species richness. While the results and conclusions 
derived from this analysis were the same as for MAT, the explained 
variation was lower for models including mean maximum tempera-
ture than for those including MAT as an explanatory variable (for bee 
species richness: R2 = 0.41 for mean maximum temperature versus
R2 = 0.52 for MAT).

2.3  |  Statistical analyses

We analysed the data using R version 4.0.3 (R Core Team  2016). 
Ordinary linear models were used to explore the effect of agricul-
tural intensity (AI) and MAT on bee species richness and abundance. 
MAT was added as a first- and second-degree polynomial term to 
model potential monotonic or unimodal relationships between MAT 
and the species richness and abundance of bees. We tested for both 
additive and interactive effects of temperature and agriculture in-
tensity on bee species richness. The dredge function in the MuMIn 
R package version 1.7.2 (Barton, 2012) was used to select the best-
supported model based on Akaike information criterion (AIC) values 
(Burnham & Anderson,  2004). Our sample size was relatively low, 
a situation that compelled the use of AIC with a second-order bias 
correction (AICc) instead of the normal AIC. The obtained p-value 
from the best model summary F test was used to evaluate the sig-
nificance level of estimated parameters. Residuals of final models 
were checked for violation of the assumption of normality using the 
Shapiro–Wilk test on normality and with normal quantile–quantile 
plots.

As sampling incompleteness, a typical problem in studies of trop-
ical insect communities, could lead to biases in the number of ob-
served species on study sites, we additionally calculated estimates 
of asymptotic species richness using the Chao-1 richness estimator 
and performed the same tests mentioned above using the chao1-
index of asymptotic species richness as a response variable. As the 

chao1-estimated species richness was strongly correlated to the 
observed species richness of bees (r = 0.86, p < 0.01; Figure A3a in 
Appendix) and test on the influence of agricultural intensification 
and MAT on the chao1-estimated species richness revealed similar 
effects like those found for the observed data but with lower ex-
plained variation, we mainly focused on observed species richness 
patterns and report results on chao1-estimated species richness pat-
terns in Figure A3 in Appendix.

Path analysis following Shipley (2016) was used to examine 
causal relationships and to disentangle the direct effect from the 
indirect effects of MAT and AI on floral resource richness and bee 
species richness. Direct causal effects represent effects that go 
directly from one variable to another, while indirect effects occur 
when the relationship between two or more variables is mediated by 
one or two variables (Shipley, 2016). We postulated and constructed 
a conceptual path diagram (Figure 3b), based on the ecological un-
derstanding of bees, assuming both direct and indirect effects of AI 
and MAT on bee species richness. Possible path combinations were 
pre-selected by analysing two endogenous variables of the path 
model (bee species richness and floral resource richness) with all ex-
plaining variables, that is, AI, MAT and MAT2. Squared MAT (MAT2) 
was used to model potential unimodal relationships between MAT 
and bee species richness. The most inclusive full model for bee spe-
cies richness was:

SDb
∼
AI+MAT+MAT

2
+AI:MAT+AI:MAT

2

+floral resource richness.

For floral resource richness, the following full model was 
constructed:

SDp
∼AI +MAT +MAT2 + AI:MAT + AI:MAT2.

The dredge function of the MuMIn R package version 1.7.2 
(Barton, 2012) was used to rank models based on the AICC. For all 
combinations of competitive models (ΔAICC < 2), we conducted a 
formal path analysis and derived path coefficients, their statistical 
significance and multiple coefficients of determination (R2) for the 
two response variables. For formal path analysis, the R package 
piecewiseSEM version 1.1.3 (Lefcheck, 2016) was used.

A Venn diagram was constructed using venndiagram r package 
version 1.6.16 (Chen & Boutros,  2011) to visualize the number of 
species that were shared and unshared between habitats of dif-
ferent agricultural intensities. To visualize the effect of MAT and 
AI on the species composition of bee communities, non-metric 
multidimensional scaling (NMDS) was applied based on a dissim-
ilarity matrix calculated with the Sorensen index of dissimilarity 
(Holland, 2008). Using the ordisurf function of the R package vegan 
(Oksanen et al., 2018), we modelled MAT isotherms to be plotted 
in the ordination graph. To test the effect of MAT, AI and their in-
teraction on the bee species community composition, a permuta-
tional multivariate analysis of variance (MANOVA) (i.e. the adonis 
function of the R package vegan) was used. The test was based on 
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the same dissimilarity matrix used for the NMDS. The permutational 
MANOVA calculates the statistical significance for effects of explan-
atory variables through a permutation procedure (Anderson, 2001; 
McArdle & Anderson, 2001) with the number of permutations set 
to 999. We started with permutational MANOVA model testing for 
an interactive effect of MAT and AI and successively simplified it 
by deleting non-significant explanatory variables from the model. 
We used the beta. pair function in the betapart package version 1.5.2 
(Baselga et al., 2021) to partition the Sorensen dissimilarity matrix 
into species turnover and nestedness components and compared 
their overall contribution with boxplots.

Finally, we performed a linear model to explore the effect of AI 
and MAT on the mean ITD and the coefficient of variation of the ITD. 
Similar to species richness, MAT was added as a first- and second-
degree polynomial term to model potential unimodal relationships 
between MAT and ITD parameters. We tested for both additive and 
interaction effects of the two predictor variables on the mean ITD 
and the coefficient of variation of the ITD.

3  |  RESULTS

We sampled a cumulative total of 3428 bee individuals and sorted 
them into 219 species representing 58 genera and six families: 
Andrenidae (5 species), Apidae (76 species), Colletidae (4 species), 
Halictidae (86 species), Megachilidae (47 species) and Melittidae (1 
species). Habitats experiencing highly intensive agriculture had the 
highest cumulative bee species richness (146 species) and abundance 
(1639 individuals). Species richness values were relatively similar in 
habitats experiencing moderate intensive agriculture (140 species 
and 1098 individuals) but higher than in savannah habitats with no 
agricultural activities (105 species and 691 individuals; Figure  2a, 
Table A1 in Appendix). Additionally, Venn diagram results showed 
unique bee species in both agricultural habitats (with 17% each) and 

savannah habitats (12%) (Figure A2 in Appendix). Nonetheless, there 
were overlaps in bee species, with 16 species overlapping between 
savannah and highly intensive agriculture, 11 species between 
savannah and moderate intensive agriculture, and 39 species 
overlapping between moderate and highly intensive agriculture.

Agricultural intensity and MAT showed significant additive ef-
fects on bee species richness and abundance. Bee species richness 
was, on average, higher in high and moderate intensive agricultural 
habitats, while the savannah habitat showed a lower mean number 
of species (Figure 2b). Conversely, bee species richness showed a 
linear increase with MAT from 18.5°C to 25.5°C (Figure 2c). Besides, 
multi-model inference revealed no significant support for models 
assuming an interactive effect of AI and MAT, suggesting that the 
effect of agriculture on bee species richness was consistent along 
the temperature gradient (and vice versa). We additionally tested 
how far results were influenced by the methods used for collecting 
bees: Both pan trap sampling and sweep netting on random walks 
revealed individually the same results as found for the pooled data-
set but the number of species detected per study site was strongly 
reduced, indicating complementarity in the bee species communi-
ties being sampled by the two methods (Figure  A5 in Appendix). 
The change in bee species richness with agricultural intensification 
was mirrored by an increase in bee abundance with agricultural in-
tensity and MAT (R2 = 0.52, F3,20 = 7.125, p = 0.002; pAI = 0.0003;
pMAT = 0.01).

Results from path analysis suggest that agricultural intensity 
and climate determined bee diversity mainly by modifying the flo-
ral resource richness across habitats. Temperature and agriculture 
intensity were both significant predictors of the floral resource 
richness: Floral resource richness increased significantly with ag-
ricultural intensity (Figure 3, Figure A1 and Table A2 in Appendix) 
and MAT (Figure 3, Figure A2; R2 = 0.52, F3,20 = 4.963; pAI = 0.004;
pMAT = 0.05). Bee species richness (and similarly the chao-1 estimated 
species richness, Figure A3d in Appendix) linearly increased with the 

F I G U R E  2  Bee species richness changes with agricultural intensification. (A) Cumulative number of bee species richness increases with 
the number of sampled study sites but did not reach an asymptote. Species accumulation curves were shown by the bold black line across 
all study sites (grey polygon: 95% CI). Individual habitat type values were shown by shorter colored lines. (B) Mean bee species richness per 
study site in three different habitats (ANOVA, F2,21 = 3.18, p = 0.062). (C) Species richness as a function of agricultural intensity and mean 
annual temperature (R2 = 0.53, F3,20 = 7.465, p = 0.001; pAI = 0.007; pMAT = 0.002)
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floral resource richness (Figure 3, Figure A4; R2 = 0.57, F2,21 = 13.65;
pSdp = 0.001). Data also support a direct positive effect of MAT on 
bee species richness (Figure 3, Figure A3; R2 = 0.57, F2,21 = 13.65;
pMAT = 0.04). However, we did not detect a direct effect of AI on the 
bees' species richness. A competitive (second-best supported) path 
model (ΔAIC = 0.32) was highly similar to the best-supported path 
model (Figure 3) but did not include a positive effect of MAT on bee 
species richness.

A permutational MANOVA on a distance matrix calculated 
using the Sorensen index revealed a significant interactive ef-
fect of agricultural intensity and MAT on the composition of bee 
communities (effect of AI: F  =  1.96, p  =  0.003; MAT: F  =  4.31, 
p  =  0.001; AI × MAT: F  =  1.72, p  =  0.011; Figure  4). Study sites 
situated in warmer environments (MAT >23°C) showed more dis-
tinct species communities along the agricultural intensity gradi-
ent (p = 0.008) than those in colder (MAT >23°C) environments 
(p = 0.079; Figure 4). Partitioning the dissimilarity between species 

communities in turnover and nestedness components revealed 
that species turnover was much more important mechanisms of 
community changes than nestedness.

Agricultural intensity and MAT had no significant effects on 
the mean ITD (R2 = 0.04, F3,20 = 0.299; pAI = 0.381; pMAT = 0.834),
but the variation the coefficient of variation in ITD significantly in-
creased with agricultural intensification and decreased with increas-
ing MAT (Figure 5).

4  |  DISCUSSION

Contrary to our expectation, we found that agricultural intensification 
in the tropical drylands of the studied region was associated with an 
increase in bee species richness and abundance, and an increased 
variation of bee body sizes in cooler temperature. Bee species 
richness and abundance also increased with increasing temperature, 

F I G U R E  3  Path model showing the direct and indirect effects of MAT and AI on floral resource richness and species richness of bees. 
(A) The best-supported path model shows that the effect of mean annual temperature (MAT) and agriculture intensity (AI) on species
richness of bees (SDb) is mainly mediated by floral resource richness (SDp). In addition, MAT exerts a direct effect on bee species richness.
The inlet figures on arrows depict the relationships between AI and residual SDp (A1), MAT and residual SDp (A2), MAT and residual SDb
(A3), and SDp and residual SDb (A4). In all figures, the explanatory variable is shown on the x-axis and the response variable on the y-axis. 
Inlet Figures A1–A4 show relationships between the response and explanatory variable after controlling for all other effects in the model.
Grey dots show data points while red lines and grey polygons show predictions of ordinary linear models and 95% confidence intervals,
respectively. (B) Conceptual path diagram (the most inclusive path model) illustrating all considered relationships among exogenous and
endogenous variables.
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but we detected no evidence for an interactive effect of temperature 
and agricultural intensification on bee species richness. Changes in 
bee species richness along temperature and land-use gradients were 
mediated by the positive effects of agriculture and temperature on 
the floral resources that are used by bees.

Our findings that overall bee species richness and abundance 
increased with agricultural intensification was unexpected and is in-
consistent with most studies conducted along agricultural intensifi-
cation gradients in temperate Europe (Coutinho et al., 2018; Le Féon 
et al., 2010; Steffan-Dewenter & Westphal, 2008). However, a sim-
ilar pattern was reported by Classen et al. (2015) on the foothill of 
Mt. Kilimanjaro and Vogel et al. (2021) in Mzimba district, Northern 
Malawi. The authors observed that habitat disturbance through agri-
culture did not negatively impact bee species richness patterns. The 
response of pollinators to agricultural intensification is diverse, and 
differs between taxonomic groups, landscape types, climatic regions 
and specificities of agriculture systems (De Palma et al., 2016).

Changes in bee species richness with agricultural intensity were 
mediated by the positive effect of agriculture and temperature on 
the floral resources used by bees. A high diversity and abundance 
of floral resources in agricultural landscapes is often correlated 
with more abundant and diverse bee communities, as revealed by 

studies from temperate (Kleijn & van Langevelde, 2006; Scheper 
et al.,  2015) and tropical agricultural systems (Escobedo-Kenefic 
et al.,  2020; Landaverde-González et al.,  2017). Eighty percent 
of global agriculture depends on rainfall (Kijne et al.,  2003), and 
most parts of Tanzania consist of drought-prone ecosystems 
(Gebrechorkos et al., 2019). Therefore, crop cultivation in the study 
area is practiced mainly during the long rainy season when water 
is available for crop growth and development. Following crop har-
vesting (between mid-July and early August), the land is left fal-
low for several months until the next annual rain season (Abass 
et al., 2014). Over this time, fallow fields are dominated by prolifer-
ated annual herbs and grass cover (Massante et al., 2019; Verhulst 
et al., 2004), which can flourish even with small amounts of rainfall, 
and thus provide forage resources for bees (Tucker & Rehan, 2017). 
Long period of fallow land may promote a high floral resource rich-
ness in agricultural habitats that promote high bee diversity (Boetzl 
et al.,  2021; Westphal et al.,  2009). Besides, abandoned agricul-
ture fields increase bee nesting substrates, offering higher spatial–
temporal stability of food resources and nesting sites from which 
bees could benefit (Landaverde-González et al., 2017; Nicholls & 
Altieri,  2013; Requier & Leonhardt,  2020; Steffan-Dewenter & 
Tscharntke, 2001).

F I G U R E  4  Variation in the composition of bee species communities. (A) The ordination shows the results of non-metric multidimensional 
scaling of a dissimilarity matrix based on the Sorensen dissimilarity measure. Bee communities from study sites in natural savannah are 
shown in yellow, those from sites with moderate intensive agriculture in dark yellow, and those from sites with intensive agriculture in 
brown. In the background, contour lines of MAT are displayed (isotherms; in °C). The curvature suggests that agricultural intensity leads 
to stronger changes in the composition of species communities at high than at low temperatures, illustrating the significant interaction 
between MAT and AI. (B) Decomposing overall Sorensen dissimilarity into two components (turnover and nestedness), reveals that in the 
study system, species turnover is more relevant for changes in species communities than nestedness.

F I G U R E  5  Bee body mass changes 
with agriculture intensification and 
temperature. (A) Mean ITD was similar 
across the land use intensity gradient. (B) 
The coefficient of variation in bee body 
size (ITD) was affected by both agriculture 
and temperature (ANOVA, F3,20 = 11.57, 
p < 0.001; pAI:MAT = 0.038)
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A long period of fallow land with climate fostering bee activity 
strongly contrasts with the conditions of intensified agriculture in 
many temperate regions (Figure  A6 in Appendix). Here, crops are 
cultivated from spring to summer, that is, in the time of the year 
when the temperature is high enough for crop production (Sloat 
et al., 2020). Before and after the harvesting period, low tempera-
tures do not support the activity of ectothermic bees and the growth 
of their floral resources (Borghi et al., 2019).

The farming practices of the studied agricultural system in East 
Africa resemble traditional milpa. A local form of agriculture man-
agement in Mesoamerica where fallow areas between intensive ag-
riculture periods allow plant heterogeneity and therefore high floral 
resource availability (Escobedo-Kenefic et al.,  2020; Landaverde-
González et al.,  2017) that attract high bee diversity. The major 
difference between traditional farming practices in East Africa and 
the traditional milpa system is that in the latter forests are cut and 
burned, and the resulting fields are used for crop cultivation for ca. 
2–5 years before being abandoned, after which secondary forest re-
establishes (Escobedo-Kenefic et al.,  2020; Landaverde-González 
et al.,  2017). However, both tropical agricultural systems reveal a 
very high number of bee species.

Unexpectedly, natural savannah habitats showed, on average, 
a lower number of bee species than agricultural habitats. The rel-
atively low bee species richness in the savannah habitat can be 
explained by a lower floral resource richness and a high cover of 
grasses, that do not provide pollen and nectar resources to bees 
(Ratnam et al., 2011). The lower amount of food resources may limit 
the number of bee species to coexist in the area (Moylett et al., 
2020; Ratnam et al.,  2011). Nonetheless, both habitats (savannah 
and agricultural) showed to contain unique bee species and comple-
mentary species communities. Therefore, conservation of savannah 
natural ecosystem is also necessary for conserving bee communities 
of Afrotropical drylands.

We did not observe a direct effect of agricultural intensification 
on bee species richness. Such a relationship would be plausible if 
ploughing or weed extirpating would lead to the destruction of bee 
nesting sites for both ground and pith nesting bees or if pesticides 
application would cause species extinctions on sites. Conversely 
to intensive agricultural practices in temperate latitudes, many 
smallholder and intensive farmers in Tanzania still manually extir-
pate weeds (Classen et al., 2015; Tommasi et al., 2021). This prac-
tice reduces the impact of soil compaction on ground-nesting bees 
(Classen et al.,  2015) and avoids agrochemical run-offs (Tommasi 
et al.,  2021). These practices conserve habitats of ground-nesting 
bees and reduce the potential direct impact of pesticides on insects 
that may lead to their mortality. Moreover, manually weeding prac-
tice contributes to the maintenance of diverse floral resources that 
probably leaves more resources to bees compared to herbicides 
treated fields (Tommasi et al., 2021).

Our study shows that the current agriculture practice of a major 
cultivation time in the rainy season followed by a prolonged peri-
ods of fallow land promotes high bee diversity. However, we expect 
that future intensification, including year-round crop monoculture 

with artificial water supply (irrigation), could subsequently result in 
the loss of long periods of fallow land, lowering floral resource avail-
ability, which may result in a strong decline in bee diversity. Also 
increased use of pesticides and heavy machines would potentially 
have a strong negative impact on bee diversity and pollination ser-
vices as reported in temperate latitudes where the decline in bee 
species richness and abundance due to agriculture intensification is 
alarming (Potts et al., 2010).

The study indicates temperature to have a positive influence 
on bee species richness. Mean bee species richness sharply in-
creased from 18.5°C to 25.5°C. However, increases in bee species 
richness with temperature are in line with the metabolic theory 
of ecology. Under warm temperatures, metabolic rates, foraging 
activities and net energy gain are higher than in cold tempera-
tures (Brown et al.,  2004; Classen et al.,  2015). Additionally, bi-
ological processes that shape species richness such as species 
interactions and evolutionary rates in ectothermic organisms 
depend on temperature (Puurtinen et al.,  2016). In that regard, 
temperature-mediated speciation rates or enhanced negative 
density-dependent mortality at higher temperatures may increase 
the pool of coexisting species of warm ecosystems. Despite the 
high temperatures which are already reached in East African dry-
land habitats in parts of the year, no decrease in bee species rich-
ness was observed even in the hottest study sites. A decrease was 
expected because day temperatures in the East African drylands, 
in particular at the soil level, already approach the upper thermal 
limits of insects (Deutsch et al., 2008; Sunday et al., 2014). One 
reason for the lack of a negative effect of temperature on spe-
cies richness in the upper thermal range could be shading of the 
soil by a relatively continuous plant cover provided by the field 
crops during the cultivation time and a herb cover during periods 
of fallow land. Nevertheless, future warming of these ecosystems 
may push temperatures beyond the critical thermal limits of even 
the warm-adapted bees. In addition, it should be noted that the 
temporal resolution of the temperature and species richness data 
of this study was very coarse such that the effect of extreme tem-
peratures that might occur over time periods of days or seasons 
could not be analysed in detail.

We found the variation in body size of bees increased with agri-
cultural intensification in the cooler sites. This observation parallels 
that of Le Féon et al.  (2010), who observed large-bodied size bees 
(bumblebees) increased in frequency with agriculture intensifica-
tion. Increased floral resource diversity with agricultural intensity 
offers a higher amount of forage resources and nesting sites that 
attract a diverse bee fauna with various morphological traits (Laha 
et al., 2020; Rollin et al., 2019), including small-sized bees, and large-
bodied size bees that require more food resources for their offspring 
(Müller et al., 2006). Observed large-sized bees in highly intensive 
agriculture sites could also be explained by their larger foraging 
range and flight ability (Greenleaf et al.,  2007). This trait enables 
large-sized bees to fly to far proximity looking for rewards obtained 
from diverse floral resources. Because of this, it is probable that the 
observed large-sized bees are non-resident of the area. In addition, 
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we found that the variation in body size decreased with increasing 
temperatures, which, together with the finding of no effect of tem-
perature on mean body size, suggests filtering of bees species with 
extreme body sizes in warmer climates.

One potential caveat of this study is that the methodology of 
sampling bees and plants could have biased some of the resulting 
patterns. The distribution of flowering plants in the savannah can 
be extremely patchy, as the scarce flowering trees or bushes (e.g. 
Vachellia and Senegalia trees) between grasses attract a very high 
diversity of bees but only flower over a very short time period (Stone 
et al., 1998) such that some important flowering plant species could 
have been missed during random walks. In contrast, the distribution 
of flowers in the fallow land on agricultural sites is rather homoge-
neous and less patchy in space and time. This could have also facil-
itated the sampling of a larger number of bees in the agricultural 
habitats than in the savannah. Results were highly consistent for 
subsets of data that were either based on pan trap sampling or ran-
dom walks with sweep netting, underscoring that the selection of 
specific sampling methods or pooling of the data from two sampling 
methods did not strongly bias resulting patterns.

This study only considered the impact of agriculture intensi-
fication on bee diversity at the local scale. Incorporating the sur-
rounding landscape structure in models could potentially contribute 
to explaining the variation in bee species richness observed in this 
study. While our results suggest that intensive agriculture with long 
periods of fallow land can sustain a high diversity of bees, the lack of 
a dense temporal sampling of both flowering plants and bee species 
throughout a year did not allow us to conduct a precise estimate 
of bee and flower diversity during and after the cultivation time. 
Studies with a higher temporal resolution in the sampling of bees 
and flowering plants could contribute to a better understanding of 
the contribution of the cultivation time and periods of fallow land for 
sustaining bee communities.

5  |  CONCLUSION

Our study concludes that the positive effect of agriculture on bee spe-
cies richness with varying body sizes was largely driven by the fact that 
agricultural habitats showed higher levels of floral resource richness. 
This may largely be a consequence of a prolonged period of fallow land 
in this agricultural system, which facilitates the growth of diverse her-
baceous flowering plant communities. Our study, therefore, supports 
the view that the impact of agriculture intensification on bee com-
munities depends on the studied region and the reference practiced 
agricultural system. The monotonic increase in bee species richness 
with temperature underscores a positive effect of temperatures within 
the range of temperatures currently reached in the East African study 
region. Nonetheless, an unbounded increase in temperature, as a con-
sequence of ongoing climate change, may lead to undesirable conse-
quences such as species loss of bee communities and floral resources 
with consequent negative impacts on pollination services.

AUTHOR CONTRIBUTIONS
Ingolf Steffan-Dewenter, Marcell K. Peters and Henry K. Njovu 
conceived the ideas and designed the methodology; Julius V. 
Lasway collected the data; Connal Eardley, Alain Pauly and Julius 
V. Lasway identified the collected bee specimens; Marcell K.
Peters and Julius V. Lasway analysed the data; Julius V. Lasway led
the writing of the manuscript with input from Marcell K. Peters,
Ingolf Steffan-Dewenter and Henry K. Njovu. All authors con-
tributed substantially to the drafts and gave final approval for the
publication.

ACKNOWLEDG EMENTS
We owe our sincere thanks to the JRS-Biodiversity Foundation—
USA for the material and financial support that has made this work 
possible. We also thank the Bee-Pollinator Monitoring Project 
members; Oliver Nyakunga, Emanuel Martin, Neema Kinabo, John 
Sanya and Rudolf Mremi, together with the field assistants Benedict 
Kanyama, Bituro Paul, Upendo Loi and Zainab Gwasi Issa for their 
valuable contribution to the smooth running of the project. We also 
thank all landowners that allowed us to use their lands to position our 
study sites. Lastly, we extend our sincere appreciation and thanks to 
the Tanzania Wildlife Research Institute (TAWIRI), Commission for 
Science and Technology (COSTECH) and Tanzania National Parks 
(TANAPA) for approval of the research permit that allowed us to the 
successful data collection.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
Data available via the Figshare Digital Repository https://doi.
org/10.6084/m9.figsh​are.21126​001.v1 (Lasway, Peters, et al., 2022).

ORCID
Julius V. Lasway   https://orcid.org/0000-0003-1373-222X 
Marcell K. Peters   https://orcid.org/0000-0002-1262-0827 
Henry K. Njovu   https://orcid.org/0000-0002-7240-3058 
Ingolf Steffan-Dewenter   https://orcid.org/0000-0003-1359-3944 

R E FE R E N C E S
Abass, A. B., Ndunguru, G., Mamiro, P., Alenkhe, B., Mlingi, N., & 

Bekunda, M. (2014). Post-harvest food losses in a maize-based 
farming system of semi-arid savannah area of Tanzania. Journal 
of Stored Products Research, 57, 49–57. https://doi.org/10.1016/j.
jspr.2013.12.004

Almusaed, A. (2016). Landscape ecology: The influences of land use and an-
thropogenic impacts of landscape creation. BoD – Books on Demand.

Anderson, M. J. (2001). A new method for non-parametric multivariate 
analysis of variance. Austral Ecology, 26(1), 32–46.

Barton, K. (2012). MuMIn: Multi-model inference. R package version 1.7. 
2. http://CRAN.R-proje​ct.org/packa​ge=MuMIn

Baselga, A., Orme, D., Villeger, S., De Bortoli, J., Leprieur, F., Logez, M., 
& Henriques-Silva, R. (2021). Package ‘betapart’. R package version 
1.5. 2.

https://doi.org/10.6084/m9.figshare.21126001.v1
https://doi.org/10.6084/m9.figshare.21126001.v1
https://orcid.org/0000-0003-1373-222X
https://orcid.org/0000-0003-1373-222X
https://orcid.org/0000-0002-1262-0827
https://orcid.org/0000-0002-1262-0827
https://orcid.org/0000-0002-7240-3058
https://orcid.org/0000-0002-7240-3058
https://orcid.org/0000-0003-1359-3944
https://orcid.org/0000-0003-1359-3944
https://doi.org/10.1016/j.jspr.2013.12.004
https://doi.org/10.1016/j.jspr.2013.12.004
http://cran.r-project.org/package=MuMIn


3024  |   Journal of Applied Ecology LASWAY et al.

Boetzl, F. A., Krauss, J., Heinze, J., Hoffmann, H., Juffa, J., König, S., 
Krimmer, E., Prante, M., Martin, E. A., Holzschuh, A., & Steffan-
Dewenter, I. (2021). A multitaxa assessment of the effectiveness 
of agri-environmental schemes for biodiversity management. 
Proceedings of the National Academy of Sciences of the United STates 
of America, 118(10), e2016038118. https://doi.org/10.1073/
pnas.20160​38118

Borghi, M., de Souza, L. P., Yoshida, T., & Fernie, A. R. (2019). Flowers and 
climate change: A metabolic perspective. New Phytologist, 224(4), 
1425–1441. https://doi.org/10.1111/nph.16031

Brown, J. H., Gillooly, J. F., Allen, A. P., Savage, V. M., & West, G. B. 
(2004). Toward a metabolic theory of ecology. Ecology, 85(7), 1771–
1789. https://doi.org/10.1890/03-9000

Burnham, K. P., & Anderson, D. R. (2004). Multimodel inference: 
Understanding AIC and BIC in model selection. Sociological Methods 
& Research, 33(2), 261–304. https://doi.org/10.1177/00491​24104​
268644

Chen, H., & Boutros, P. C. (2011). Venn diagram: A package for the gen-
eration of highly-customizable Venn and Euler diagrams in R. BMC 
Bioinformatics, 12(1), 1–7.

Classen, A., Eardley, C. D., Hemp, A., Peters, M. K., Peters, R. S., Ssymank, 
A., & Steffan-Dewenter, I. (2020). Specialization of plant-pollinator 
interactions increases with temperature at Mt. Kilimanjaro. 
Ecology and Evolution, 10(4), 2182–2195. https://doi.org/10.1002/
ece3.6056

Classen, A., Peters, M. K., Kindeketa, W. J., Appelhans, T., Eardley, C. 
D., Gikungu, M. W., Hemp, A., Nauss, T., & Steffan-Dewenter, 
I. (2015). Temperature versus resource constraints: Which fac-
tors determine bee diversity on Mount Kilimanjaro, Tanzania?
Global Ecology and Biogeography, 24(6), 642–652. https://doi.
org/10.1111/geb.12286

Classen, A., Steffan-Dewenter, I., Kindeketa, W. J., & Peters, M. K. 
(2017). Integrating intraspecific variation in community ecol-
ogy unifies theories on body size shifts along climatic gradients. 
Functional Ecology, 31(3), 768–777. https://doi.org/10.1111/​
1365-2435.12786

Coutinho, J. G., da, E., Garibaldi, L. A., & Viana, B. F. (2018). The influence 
of local and landscape scale on single response traits in bees: A 
meta-analysis. Agriculture, Ecosystems & Environment, 256, 61–73. 
https://doi.org/10.1016/j.agee.2017.12.025

Dainese, M., Martin, E. A., Aizen, M. A., Albrecht, M., Bartomeus, I., 
Bommarco, R., Carvalheiro, L. G., Chaplin-Kramer, R., Gagic, V., 
Garibaldi, L. A., Ghazoul, J., Grab, H., Jonsson, M., Karp, D. S., 
Kennedy, C. M., Kleijn, D., Kremen, C., Landis, D. A., Letourneau, 
D. K., … Steffan-Dewenter, I. (2019). A global synthesis reveals 
biodiversity-mediated benefits for crop production. Science 
Advances, 5(10), eaax0121. https://doi.org/10.1126/sciadv.aax0121

De Palma, A., Abrahamczyk, S., Aizen, M. A., Albrecht, M., Basset, Y., 
Bates, A., Blake, R. J., Boutin, C., Bugter, R., Connop, S., Cruz-López, 
L., Cunningham, S. A., Darvill, B., Diekötter, T., Dorn, S., Downing, 
N., Entling, M. H., Farwig, N., Felicioli, A., … Purvis, A. (2016). 
Predicting bee community responses to land-use changes: Effects 
of geographic and taxonomic biases. Scientific Reports, 6(1), 31153. 
https://doi.org/10.1038/srep3​1153

Deutsch, C. A., Tewksbury, J. J., Huey, R. B., Sheldon, K. S., Ghalambor, C. 
K., Haak, D. C., & Martin, P. R. (2008). Impacts of climate warming 
on terrestrial ectotherms across latitude. Proceedings of the National 
Academy of Sciences of the United States of America, 105(18), 6668–
6672. https://doi.org/10.1073/pnas.07094​72105

Dicks, L. V., Breeze, T. D., Ngo, H. T., Senapathi, D., An, J., Aizen, M. A., 
Basu, P., Buchori, D., Galetto, L., Garibaldi, L. A., Gemmill-Herren, 
B., Howlett, B. G., Imperatriz-Fonseca, V. L., Johnson, S. D., Kovács-
Hostyánszki, A., Kwon, Y. J., Lattorff, H. M. G., Lungharwo, T., 
Seymour, C. L., … Potts, S. G. (2021). A global-scale expert assess-
ment of drivers and risks associated with pollinator decline. Nature 

Ecology & Evolution, 5, 1–9. https://doi.org/10.1038/s4155​9-021-
01534​-9

Elzay, S. D., & Baum, K. A. (2021). Landscape characteristics predict body 
sizes in wild bees: Implications for pollination services and foraging 
range. Journal of Insect Conservation, 25(2), 243–253. https://doi.
org/10.1007/s1084​1-021-00294​-y

Escobedo-Kenefic, N., Landaverde-González, P., Theodorou, P., 
Cardona, E., Dardón, M. J., Martínez, O., & Domínguez, C. A. (2020). 
Disentangling the effects of local resources, landscape heteroge-
neity and climatic seasonality on bee diversity and plant-pollinator 
networks in tropical highlands. Oecologia, 194(3), 333–344. https://
doi.org/10.1007/s0044​2-020-04715​-8

Filipiak, M. (2018). A better understanding of bee nutritional ecology is 
needed to optimize conservation strategies for wild bees—the ap-
plication of ecological stoichiometry. Insects, 9(3), 85. https://doi.
org/10.3390/insec​ts903​0085

Foley, C. A., & Faust, L. J. (2010). Rapid population growth in an ele-
phant Loxodonta africana population recovering from poaching in 
Tarangire National Park, Tanzania. Oryx, 44(2), 205–212. https://
doi.org/10.1017/S0030​60530​9990706

Gebrechorkos, S. H., Hülsmann, S., & Bernhofer, C. (2019). Changes in 
temperature and precipitation extremes in Ethiopia, Kenya, and 
Tanzania. International Journal of Climatology, 39(1), 18–30. https://
doi.org/10.1002/joc.5777

Goulson, D., Nicholls, E., Botías, C., & Rotheray, E. L. (2015). Bee declines 
are driven by combined stress from parasites, pesticides, and lack 
of flowers. Science, 347(6229), 1255957. https://doi.org/10.1126/
scien​ce.1255957

Greenleaf, S. S., Williams, N. M., Winfree, R., & Kremen, C. (2007). Bee 
foraging ranges and their relationship to body size. Oecologia, 
153(3), 589–596. https://doi.org/10.1007/s0044​2-007-0752-9

Hagen, M., & Kraemer, M. (2010). Agricultural surroundings support flower–
visitor networks in an Afrotropical rain forest. Biological Conservation, 
143(7), 1654–1663. https://doi.org/10.1016/j.biocon.2010.03.036

Hamblin, A. L., Youngsteadt, E., & Frank, S. D. (2018). Wild bee abun-
dance declines with urban warming, regardless of floral density. 
Urban Ecosystem, 21(3), 419–428. https://doi.org/10.1007/s1125​
2-018-0731-4

Holland, S. M. (2008). Non-metric multidimensional scaling (MDS). 
Department of Geology, University of Georgia, Athens, Tech. Rep. 
GA, 30602–2501.

Kammerer, M., Goslee, S. C., Douglas, M. R., Tooker, J. F., & Grozinger, 
C. M. (2021). Wild bees as winners and losers: Relative impacts of 
landscape composition, quality, and climate. Global Change Biology, 
27(6), 1250–1265. https://doi.org/10.1111/gcb.15485

Kijne, J. W., Barker, R., & Molden, D. J. (2003). Water productivity in agri-
culture: Limits and opportunities for improvement. CABI.

Kim, J., Williams, N., & Kremen, C. (2006). Effects of cultivation and prox-
imity to natural habitat on ground-nesting native bees in California 
sunflower fields. Journal of the Kansas Entomological Society, 79(4), 
309–320. https://doi.org/10.2317/0507.11.1

Kleijn, D., & van Langevelde, F. (2006). Interacting effects of landscape 
context and habitat quality on flower visiting insects in agricultural 
landscapes. Basic and Applied Ecology, 7(3), 201–214. https://doi.
org/10.1016/j.baae.2005.07.011

Klein, A.-M., Vaissière, B. E., Cane, J. H., Steffan-Dewenter, I., 
Cunningham, S. A., Kremen, C., & Tscharntke, T. (2007). Importance 
of pollinators in changing landscapes for world crops. Proceedings of 
the Royal Society B: Biological Sciences, 274(1608), 303–313. https://
doi.org/10.1098/rspb.2006.3721

Laha, S., Chatterjee, S., Das, A., Smith, B., & Basu, P. (2020). Exploring the 
importance of floral resources and functional trait compatibility for 
maintaining bee fauna in tropical agricultural landscapes. Journal of 
Insect Conservation, 24(3), 431–443. https://doi.org/10.1007/s1084​
1-020-00225​-3

https://doi.org/10.1073/pnas.2016038118
https://doi.org/10.1073/pnas.2016038118
https://doi.org/10.1111/nph.16031
https://doi.org/10.1890/03-9000
https://doi.org/10.1177/0049124104268644
https://doi.org/10.1177/0049124104268644
https://doi.org/10.1002/ece3.6056
https://doi.org/10.1002/ece3.6056
https://doi.org/10.1111/geb.12286
https://doi.org/10.1111/geb.12286
https://doi.org/10.1111/1365-2435.12786
https://doi.org/10.1111/1365-2435.12786
https://doi.org/10.1016/j.agee.2017.12.025
https://doi.org/10.1126/sciadv.aax0121
https://doi.org/10.1038/srep31153
https://doi.org/10.1073/pnas.0709472105
https://doi.org/10.1038/s41559-021-01534-9
https://doi.org/10.1038/s41559-021-01534-9
https://doi.org/10.1007/s10841-021-00294-y
https://doi.org/10.1007/s10841-021-00294-y
https://doi.org/10.1007/s00442-020-04715-8
https://doi.org/10.1007/s00442-020-04715-8
https://doi.org/10.3390/insects9030085
https://doi.org/10.3390/insects9030085
https://doi.org/10.1017/S0030605309990706
https://doi.org/10.1017/S0030605309990706
https://doi.org/10.1002/joc.5777
https://doi.org/10.1002/joc.5777
https://doi.org/10.1126/science.1255957
https://doi.org/10.1126/science.1255957
https://doi.org/10.1007/s00442-007-0752-9
https://doi.org/10.1016/j.biocon.2010.03.036
https://doi.org/10.1007/s11252-018-0731-4
https://doi.org/10.1007/s11252-018-0731-4
https://doi.org/10.1111/gcb.15485
https://doi.org/10.2317/0507.11.1
https://doi.org/10.1016/j.baae.2005.07.011
https://doi.org/10.1016/j.baae.2005.07.011
https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1007/s10841-020-00225-3
https://doi.org/10.1007/s10841-020-00225-3


    |  3025Journal of Applied EcologyLASWAY et al.

Landaverde-González, P., Quezada-Euán, J. J. G., Theodorou, P., Murray, 
T. E., Husemann, M., Ayala, R., Moo-Valle, H., Vandame, R., & Paxton, 
R. J. (2017). Sweat bees on hot chillies: Provision of pollination ser-
vices by native bees in traditional slash-and-burn agriculture in the 
Yucatán Peninsula of tropical Mexico. Journal of Applied Ecology, 
54(6), 1814–1824. https://doi.org/10.1111/1365-2664.12860

Langlois, A., Jacquemart, A.-L., & Piqueray, J. (2020). Contribution of ex-
tensive farming practices to the supply of floral resources for pol-
linators. Insects, 11(11), 818. https://doi.org/10.3390/insec​ts111​
10818

Lasway, J. V. (2022). Impact of human land use on bee diversity and plant-
pollinator interactions in Tanzania savannah ecosystems. Universität 
Würzburg. https://doi.org/10.25972/​OPUS-25772

Lasway, J. V., Kinabo, N. R., Mremi, R. F., Martin, E. H., Nyakunga, O. 
C., Sanya, J. J., Rwegasira, G. M., Lesio, N., Gideon, H., Pauly, A., 
Eardley, C., Peters, M. K., Peterson, A. T., Steffan-Dewenter, I., 
& Njovu, H. K. (2021). A synopsis of the Bee occurrence data of 
northern Tanzania. Biodiversity Data Journal, 9, e68190. https://doi.
org/10.3897/BDJ.9.e68190

Lasway, J. V., Peters, M. K., Njovu, H. K., Eardley, C., Pauly, A., & Steffan-
Dewenter, I. (2022). Dataset for Impact of Agricultural intensifi-
cation bee diversity in Afrotropical drylands. figshare. https://doi.
org/10.6084/m9.figsh​are.21126​001.v1

Lasway, J. V., Steffan-Dewenter, I., Njovu, H. K., Kinabo, N. R., Eardley, 
C., Pauly, A., & Peters, M. K. (2022). Positive effects of low grazing 
intensity on East African bee assemblages mediated by increases in 
floral resources. Biological Conservation, 267, 109490. https://doi.
org/10.1016/j.biocon.2022.109490

Laurance, W. F., Sayer, J., & Cassman, K. G. (2014). Agricultural expan-
sion and its impacts on tropical nature. Trends in Ecology & Evolution, 
29(2), 107–116. https://doi.org/10.1016/j.tree.2013.12.001

Le Féon, V., Schermann-Legionnet, A., Delettre, Y., Aviron, S., Billeter, R., 
Bugter, R., Hendrickx, F., & Burel, F. (2010). Intensification of agri-
culture, landscape composition and wild bee communities: A large 
scale study in four European countries. Agriculture, Ecosystems 
& Environment, 137(1), 143–150. https://doi.org/10.1016/j.
agee.2010.01.015

Lefcheck, J. S. (2016). Piecewise SEM: Piecewise structural equa-
tion modelling in R for ecology, evolution, and systematics. 
Methods in Ecology and Evolution, 7(5), 573–579. https://doi.
org/10.1111/2041-210X.12512

Massante, J. C., Götzenberger, L., Takkis, K., Hallikma, T., Kaasik, A., 
Laanisto, L., Hutchings, M. J., & Gerhold, P. (2019). Contrasting 
latitudinal patterns in phylogenetic diversity between woody and 
herbaceous communities. Scientific Reports, 9(1), 6443. https://doi.
org/10.1038/s4159​8-019-42827​-1

Mayr, A. V., Peters, M. K., Eardley, C. D., Renner, M. E., Röder, J., & Steffan-
Dewenter, I. (2020). Climate and food resources shape species 
richness and trophic interactions of cavity-nesting Hymenoptera. 
Journal of Biogeography, 47(4), 854–865. https://doi.org/10.1111/
jbi.13753

McArdle, B. H., & Anderson, M. J. (2001). Fitting multivariate models to 
community data: A comment on distance-based redundancy analy-
sis. Ecology, 82(1), 290–297.

Michener, C. D. (2007). The bees of the world (2nd ed.). The Johns Hopkins 
University Press.

Millard, J., Outhwaite, C. L., Kinnersley, R., Freeman, R., Gregory, R. D., 
Adedoja, O., Gavini, S., Kioko, E., Kuhlmann, M., Ollerton, J., Ren, 
Z.-X., & Newbold, T. (2021). Global effects of land-use intensity on 
local pollinator biodiversity. Nature Communications, 12(1), 2902. 
https://doi.org/10.1038/s4146​7-021-23228​-3

Moylett, H., Youngsteadt, E., & Sorenson, C. (2020). The impact of 
prescribed burning on native bee communities (Hymenoptera: 
Apoidea: Anthophila) in longleaf pine savannas in the North 
Carolina Sandhills. Environmental Entomology, 49(1), 211–219. 
https://doi.org/10.1093/ee/nvz156

Müller, A., Diener, S., Schnyder, S., Stutz, K., Sedivy, C., & Dorn, S. (2006). 
Quantitative pollen requirements of solitary bees: Implications for 
bee conservation and the evolution of bee–flower relationships. 
Biological Conservation, 130(4), 604–615. https://doi.org/10.1016/j.
biocon.2006.01.023

Newbold, T., Boakes, E. H., Hill, S. L. L., Harfoot, M. B. J., & Collen, B. 
(2017). The present and future effects of land use on ecological 
assemblages in tropical grasslands and savannas in Africa. Oikos, 
126(12), 1760–1769. https://doi.org/10.1111/oik.04338

Nicholls, C. I., & Altieri, M. A. (2013). Plant biodiversity enhances bees and 
other insect pollinators in agroecosystems. A review. Agronomy for 
Sustainable Development, 33(2), 257–274. https://doi.org/10.1007/
s1359​3-012-0092-y

Oksanen, J., Blanchet, F. G., Friendly, P., Kindt, R., Legendre, P., & 
McGlinn, D. (2018). vegan: Community ecology package. R pack-
age. version 2.5-8.

Oliver, T. H., & Morecroft, M. D. (2014). Interactions between climate 
change and land use change on biodiversity: Attribution problems, 
risks, and opportunities. WIREs Climate Change, 5(3), 317–335. 
https://doi.org/10.1002/wcc.271

Otieno, M., Sidhu, C. S., Woodcock, B. A., Wilby, A., Vogiatzakis, I. N., 
Mauchline, A. L., Gikungu, M. W., & Potts, S. G. (2015). Local and 
landscape effects on bee functional guilds in pigeon pea crops in 
Kenya. Journal of Insect Conservation, 19(4), 647–658. https://doi.
org/10.1007/s1084​1-015-9788-z

Palma, A. D., Kuhlmann, M., Roberts, S. P. M., Potts, S. G., Börger, L., 
Hudson, L. N., Lysenko, I., Newbold, T., & Purvis, A. (2015). 
Ecological traits affect the sensitivity of bees to land-use pressures 
in European agricultural landscapes. Journal of Applied Ecology, 
52(6), 1567–1577. https://doi.org/10.1111/1365-2664.12524

Peters, M. K., Hemp, A., Appelhans, T., Becker, J. N., Behler, C., Classen, 
A., Detsch, F., Ensslin, A., Ferger, S. W., Frederiksen, S. B., Gebert, F., 
Gerschlauer, F., Gütlein, A., Helbig-Bonitz, M., Hemp, C., Kindeketa, 
W. J., Kühnel, A., Mayr, A. V., Mwangomo, E., … Steffan-Dewenter, 
I. (2019). Climate–land-use interactions shape tropical mountain
biodiversity and ecosystem functions. Nature, 568(7750), 88–92. 
https://doi.org/10.1038/s4158​6-019-1048-z

Potts, S. G., Biesmeijer, J. C., Kremen, C., Neumann, P., Schweiger, O., & 
Kunin, W. E. (2010). Global pollinator declines: Trends, impacts and 
drivers. Trends in Ecology & Evolution, 25(6), 345–353. https://doi.
org/10.1016/j.tree.2010.01.007

Potts, S. G., Imperatriz-Fonseca, V., Ngo, H. T., Aizen, M. A., Biesmeijer, 
J. C., Breeze, T. D., Dicks, L. V., Garibaldi, L. A., Hill, R., Settele, J., 
& Vanbergen, A. J. (2016). Safeguarding pollinators and their val-
ues to human well-being. Nature, 540(7632), 220–229. https://doi.
org/10.1038/natur​e20588

Prendergast, K. S., Menz, M. H. M., Dixon, K. W., & Bateman, P. W. (2020). 
The relative performance of sampling methods for native bees: An 
empirical test and review of the literature. Ecosphere, 11(5), e03076. 
https://doi.org/10.1002/ecs2.3076

Puurtinen, M., Elo, M., Jalasvuori, M., Kahilainen, A., Ketola, T., Kotiaho, 
J. S., Mönkkönen, M., & Pentikäinen, O. T. (2016). Temperature-
dependent mutational robustness can explain faster molecular
evolution at warm temperatures, affecting speciation rate and 
global patterns of species diversity. Ecography, 39(11), 1025–1033. 
https://doi.org/10.1111/ecog.01948

R Core Team. (2016). R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing. http://www.r-proje​
ct.org/, https://cir.nii.ac.jp/crid/15742​31874​04357​8752

Ramankutty, N., Mehrabi, Z., Waha, K., Jarvis, L., Kremen, C., Herrero, 
M., & Rieseberg, L. H. (2018). Trends in global agricultural land use: 
Implications for environmental health and food security. Annual 
Review of Plant Biology, 69(1), 789–815. https://doi.org/10.1146/
annur​ev-arpla​nt-04281​7-040256

Ratnam, J., Bond, W. J., Fensham, R. J., Hoffmann, W. A., Archibald, 
S., Lehmann, C. E. R., Anderson, M. T., Higgins, S. I., & Sankaran, 

https://doi.org/10.1111/1365-2664.12860
https://doi.org/10.3390/insects11110818
https://doi.org/10.3390/insects11110818
https://doi.org/10.25972/OPUS-25772
https://doi.org/10.3897/BDJ.9.e68190
https://doi.org/10.3897/BDJ.9.e68190
https://doi.org/10.6084/m9.figshare.21126001.v1
https://doi.org/10.6084/m9.figshare.21126001.v1
https://doi.org/10.1016/j.biocon.2022.109490
https://doi.org/10.1016/j.biocon.2022.109490
https://doi.org/10.1016/j.tree.2013.12.001
https://doi.org/10.1016/j.agee.2010.01.015
https://doi.org/10.1016/j.agee.2010.01.015
https://doi.org/10.1111/2041-210X.12512
https://doi.org/10.1111/2041-210X.12512
https://doi.org/10.1038/s41598-019-42827-1
https://doi.org/10.1038/s41598-019-42827-1
https://doi.org/10.1111/jbi.13753
https://doi.org/10.1111/jbi.13753
https://doi.org/10.1038/s41467-021-23228-3
https://doi.org/10.1093/ee/nvz156
https://doi.org/10.1016/j.biocon.2006.01.023
https://doi.org/10.1016/j.biocon.2006.01.023
https://doi.org/10.1111/oik.04338
https://doi.org/10.1007/s13593-012-0092-y
https://doi.org/10.1007/s13593-012-0092-y
https://doi.org/10.1002/wcc.271
https://doi.org/10.1007/s10841-015-9788-z
https://doi.org/10.1007/s10841-015-9788-z
https://doi.org/10.1111/1365-2664.12524
https://doi.org/10.1038/s41586-019-1048-z
https://doi.org/10.1016/j.tree.2010.01.007
https://doi.org/10.1016/j.tree.2010.01.007
https://doi.org/10.1038/nature20588
https://doi.org/10.1038/nature20588
https://doi.org/10.1002/ecs2.3076
https://doi.org/10.1111/ecog.01948
http://www.r-project.org/
http://www.r-project.org/
https://cir.nii.ac.jp/crid/1574231874043578752
https://doi.org/10.1146/annurev-arplant-042817-040256
https://doi.org/10.1146/annurev-arplant-042817-040256


3026  |   Journal of Applied Ecology LASWAY et al.

M. (2011). When is a ‘forest’ a savanna, and why does it matter? 
Global Ecology and Biogeography, 20(5), 653–660. https://doi.
org/10.1111/j.1466-8238.2010.00634.x

Requier, F., & Leonhardt, S. D. (2020). Beyond flowers: Including non-
floral resources in bee conservation schemes. Journal of Insect 
Conservation, 24(1), 5–16. https://doi.org/10.1007/s1084​1-019-
00206​-1

Rollin, O., Pérez-Méndez, N., Bretagnolle, V., & Henry, M. (2019). 
Preserving habitat quality at local and landscape scales increases 
wild bee diversity in intensive farming systems. Agriculture, 
Ecosystems & Environment, 275, 73–80. https://doi.org/10.1016/j.
agee.2019.01.012

Roulston, T. H., & Goodell, K. (2011). The role of resources and risks in 
regulating wild bee populations. Annual Review of Entomology, 56(1), 
293–312. https://doi.org/10.1146/annur​ev-ento-12070​9-144802

Rowhani, P., Lobell, D. B., Linderman, M., & Ramankutty, N. (2011). 
Climate variability and crop production in Tanzania. Agricultural 
and Forest Meteorology, 151(4), 449–460. https://doi.org/10.1016/j.
agrfo​rmet.2010.12.002

Sanchez-Bayo, F., & Goka, K. (2014). Pesticide residues and bees – a 
risk assessment. PLoS ONE, 9(4), e94482. https://doi.org/10.1371/
journ​al.pone.0094482

Saunders, M. E., Janes, J. K., & O'Hanlon, J. C. (2020). Moving on from the 
insect apocalypse narrative: Engaging with evidence-based insect 
conservation. Bioscience, 70(1), 80–89. https://doi.org/10.1093/
biosc​i/biz143

Scheper, J., Bommarco, R., Holzschuh, A., Potts, S. G., Riedinger, V., 
Roberts, S. P. M., Rundlöf, M., Smith, H. G., Steffan-Dewenter, I., 
Wickens, J. B., Wickens, V. J., & Kleijn, D. (2015). Local and landscape-
level floral resources explain effects of wildflower strips on wild 
bees across four European countries. Journal of Applied Ecology, 
52(5), 1165–1175. https://doi.org/10.1111/1365-2664.12479

Shipley, B. (2016). Cause and correlation in biology: A user's guide to path 
analysis, structural equations and causal inference with R. Cambridge 
University Press.

Sloat, L. L., Davis, S. J., Gerber, J. S., Moore, F. C., Ray, D. K., West, P. C., & 
Mueller, N. D. (2020). Climate adaptation by crop migration. Nature 
Communications, 11(1), 1243. https://doi.org/10.1038/s4146​7-020-
15076​-4

Soroye, P., Newbold, T., & Kerr, J. (2020). Climate change contributes to 
widespread declines among bumble bees across continents. Science, 
367(6478), 685–688. https://doi.org/10.1126/scien​ce.aax8591

Steffan-Dewenter, I., & Tscharntke, T. (2001). Succession of bee 
communities on fallows. Ecography, 24(1), 83–93. https://doi.
org/10.1034/j.1600-0587.2001.240110.x

Steffan-Dewenter, I., & Westphal, C. (2008). The interplay of pol-
linator diversity, pollination services and landscape change. 
Journal of Applied Ecology, 45(3), 737–741. https://doi.
org/10.1111/j.1365-2664.2008.01483.x

Stein, K., Stenchly, K., Coulibaly, D., Pauly, A., Dimobe, K., Steffan-
Dewenter, I., Konaté, S., Goetze, D., Porembski, S., & Linsenmair, K. 
E. (2018). Impact of human disturbance on bee pollinator commu-
nities in savanna and agricultural sites in Burkina Faso, West Africa. 
Ecology and Evolution, 8(13), 6827–6838. https://doi.org/10.1002/
ece3.4197

Stone, G. N., Willmer, P., & Rowe, J. A. (1998). Partitioning of pol-
linators during flowering in an African Acacia Community. 
Ecology, 79(8), 2808–2827. https://doi.org/10.1890/0012-
9658(1998)079[2808,POPDF​I]2.0.CO;2

Sunday, J. M., Bates, A. E., Kearney, M. R., Colwell, R. K., Dulvy, N. K., 
Longino, J. T., & Huey, R. B. (2014). Thermal-safety margins and the 
necessity of thermoregulatory behavior across latitude and eleva-
tion. Proceedings of the National Academy of Sciences of the United 
States of America, 111(15), 5610–5615. https://doi.org/10.1073/
pnas.13161​45111

Sutter, L., Jeanneret, P., Bartual, A. M., Bocci, G., & Albrecht, M. (2017). 
Enhancing plant diversity in agricultural landscapes promotes both 
rare bees and dominant crop-pollinating bees through a comple-
mentary increase in key floral resources. Journal of Applied Ecology, 
54(6), 1856–1864. https://doi.org/10.1111/1365-2664.12907

Tommasi, N., Biella, P., Guzzetti, L., Lasway, J. V., Njovu, H. K., Tapparo, 
A., Agostinetto, G., Peters, M. K., Steffan-Dewenter, I., Labra, M., 
& Galimberti, A. (2021). Impact of land use intensification and 
local features on plants and pollinators in Sub-Saharan smallholder 
farms. Agriculture, Ecosystems & Environment, 319, 107560. https://
doi.org/10.1016/j.agee.2021.107560

Tucker, E. M., & Rehan, S. M. (2017). Wild bee community as-
semblages across agricultural landscapes. Journal of 
Agricultural and Urban Entomology, 33(1), 77–104. https://doi.
org/10.3954/1523-5475-33.1.77

Verhulst, J., Báldi, A., & Kleijn, D. (2004). Relationship between land-use 
intensity and species richness and abundance of birds in Hungary. 
Agriculture, Ecosystems & Environment, 104(3), 465–473. https://doi.
org/10.1016/j.agee.2004.01.043

Vogel, C., Chunga, T. L., Sun, X., Poveda, K., & Steffan-Dewenter, I. (2021). 
Higher bee abundance, but not pest abundance, in landscapes with 
more agriculture on a late-flowering legume crop in tropical small-
holder farms. PeerJ, 9, e10732. https://doi.org/10.7717/peerj.10732

Westphal, C., Steffan-Dewenter, I., & Tscharntke, T. (2009). Mass flower-
ing oilseed rape improves early colony growth but not sexual repro-
duction of bumblebees. Journal of Applied Ecology, 46(1), 187–193. 
https://doi.org/10.1111/j.1365-2664.2008.01580.x

Wright, I. R., Roberts, S. P. M., & Collins, B. E. (2015). Evidence of for-
age distance limitations for small bees (Hymenoptera: Apidae). 
European Journal of Entomology, 112(2), 303–310. https://doi.
org/10.14411/​eje.2015.028

Zurbuchen, A., Landert, L., Klaiber, J., Müller, A., Hein, S., & Dorn, S. 
(2010). Maximum foraging ranges in solitary bees: Only few in-
dividuals have the capability to cover long foraging distances. 
Biological Conservation, 143(3), 669–676. https://doi.org/10.1016/j.
biocon.2009.12.003

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Lasway, J. V., Peters, M. K., Njovu, H. 
K., Eardley, C., Pauly, A., & Steffan-Dewenter, I. (2022). 
Agricultural intensification with seasonal fallow land promotes 
high bee diversity in Afrotropical drylands. Journal of Applied 
Ecology, 59, 3014–3026. https://doi.org/10.1111/1365-
2664.14296

https://doi.org/10.1111/j.1466-8238.2010.00634.x
https://doi.org/10.1111/j.1466-8238.2010.00634.x
https://doi.org/10.1007/s10841-019-00206-1
https://doi.org/10.1007/s10841-019-00206-1
https://doi.org/10.1016/j.agee.2019.01.012
https://doi.org/10.1016/j.agee.2019.01.012
https://doi.org/10.1146/annurev-ento-120709-144802
https://doi.org/10.1016/j.agrformet.2010.12.002
https://doi.org/10.1016/j.agrformet.2010.12.002
https://doi.org/10.1371/journal.pone.0094482
https://doi.org/10.1371/journal.pone.0094482
https://doi.org/10.1093/biosci/biz143
https://doi.org/10.1093/biosci/biz143
https://doi.org/10.1111/1365-2664.12479
https://doi.org/10.1038/s41467-020-15076-4
https://doi.org/10.1038/s41467-020-15076-4
https://doi.org/10.1126/science.aax8591
https://doi.org/10.1034/j.1600-0587.2001.240110.x
https://doi.org/10.1034/j.1600-0587.2001.240110.x
https://doi.org/10.1111/j.1365-2664.2008.01483.x
https://doi.org/10.1111/j.1365-2664.2008.01483.x
https://doi.org/10.1002/ece3.4197
https://doi.org/10.1002/ece3.4197
https://doi.org/10.1890/0012-9658(1998)079%5B2808,POPDFI%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(1998)079%5B2808,POPDFI%5D2.0.CO;2
https://doi.org/10.1073/pnas.1316145111
https://doi.org/10.1073/pnas.1316145111
https://doi.org/10.1111/1365-2664.12907
https://doi.org/10.1016/j.agee.2021.107560
https://doi.org/10.1016/j.agee.2021.107560
https://doi.org/10.3954/1523-5475-33.1.77
https://doi.org/10.3954/1523-5475-33.1.77
https://doi.org/10.1016/j.agee.2004.01.043
https://doi.org/10.1016/j.agee.2004.01.043
https://doi.org/10.7717/peerj.10732
https://doi.org/10.1111/j.1365-2664.2008.01580.x
https://doi.org/10.14411/eje.2015.028
https://doi.org/10.14411/eje.2015.028
https://doi.org/10.1016/j.biocon.2009.12.003
https://doi.org/10.1016/j.biocon.2009.12.003
https://doi.org/10.1111/1365-2664.14296
https://doi.org/10.1111/1365-2664.14296

	Agricultural intensification with seasonal fallow land promotes high bee diversity in Afrotropical drylands
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Description of the study area
	2.2|Data collection
	2.2.1|Bee sampling
	2.2.2|Quantification of bee-­visited plants
	2.2.3|Body size measurement
	2.2.4|Mean annual temperature

	2.3|Statistical analyses

	3|RESULTS
	4|DISCUSSION
	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


