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A B S T R A C T   

Forest-associated species, which depend on forest habitat for their survival, are among the world's most 
vulnerable species due to widespread forest loss. However, in many parts of the world, forests are re-growing. 
Thus, if forest-associated species can persist in young forests their conservation outlook is less bleak. We 
examined the effects of forest loss and regrowth on bee pollinators in eastern North America using three datasets 
totaling 36,605 individual specimens. First, we conducted a regional-scale study to identify forest-associated and 
habitat generalist bee species. Second, we examined how the abundance and richness of each group change with 
forest area and age, by collecting bees from forests chosen to vary orthogonally in these variables. Lastly, we 
examined whether the results of our field studies were consistent with long-term, regional trends in the richness 
of both groups, using a dataset of museum specimens collected between 1872 and 2011, which was a period of 
reforestation in our study region. We found that the abundance and richness of forest-associated bees increase 
with forest area, while being relatively insensitive to forest age. By contrast, habitat generalist bees are unaf-
fected by forest area, but decrease in abundance with forest age. Consistent with these results, we found a 16% 
increase in the richness of forest-associated bees over a 140-year time series as reforestation occurred in eastern 
North America, but no significant trend for habitat generalists. Overall, our results show that the loss of forest 
area from a landscape harms forest-associated bees, and that young forests have high conservation value for both 
forest-associated and habitat generalist bees.   

1. Introduction 

The world's forests are becoming smaller and younger. Approxi-
mately 10 million ha are cut down every year, and each year a per-
centage of this grows back as young secondary forest (FAO, 2020). 
Earth's biodiversity is threatened by these reductions in forest area and 
age, with the species at greatest risk being those that depend on forest 
habitat for their survival (referred to herein as ‘forest-associated spe-
cies;’ Brook et al., 2003; Gibson et al., 2011; Matthews et al., 2014; 
Newbold et al., 2014; Pimm and Askins, 1995). These species, although 
threatened by the loss of forest area globally, might be recovering in 
regions where younger forests are growing back (FAO, 2020; Meyfroidt 
and Lambin, 2011), provided that they are not highly sensitive to forest 
age. 

Young forests might have low conservation value for forest- 
associated species for two reasons. First, young forests often lack re-
sources needed by forest-associated species, such as mature trees, closed 
canopies, and rotting wood (Nordén et al., 2014). Second, forest- 
associated species may take years or decades to colonize a young for-
est, both because they are often poor dispersers, and because source 
populations may be unavailable or severely depleted (Matlack, 1994; 
Nordén and Appelqvist, 2001). Consistent with these explanations, 
studies of birds, mammals and plants find that young forests harbor 
fewer forest-associated species than mature forests (Bowen et al., 2007; 
Gibson et al., 2011; Matlack, 1994). These findings suggest that refor-
estation will benefit forest-associated species less than predicted from 
the effects of forest area alone. 

Bees play a central role as animal pollinators in many forest 
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ecosystems (Bawa, 1990; Motten, 1986) and it has long been expected 
that some bees — although probably a minority of species — are asso-
ciated with forest habitat (Michener, 1979). However, only a few studies 
have actually identified which bee species these are (in tropical forests, 
Brosi et al., 2008; in temperate coniferous and deciduous forests, Col-
lado et al., 2019; and in temperate pine-oak barrens, Winfree et al., 
2007). Even fewer studies have used independent data to examine their 

response to forest loss (Brosi, 2009; Nemésio, 2013), and none we are 
aware of has examined their response to forest regrowth. Because the 
identity of the forest-associated bee species is not known for most study 
regions, researchers have instead conducted studies of forest loss and 
regrowth on entire bee communities. Many of these studies – particu-
larly those conducted in temperate regions (Winfree et al., 2011) – find 
that overall bee diversity and abundance either decline or stay the same 

Fig. 1. Study sites. In (A) circles are sampling locations from the whole museum dataset and triangles are sampling locations from the habitat association dataset (12 
forest and 24 anthropogenic sites, grouped in blocks of three). All sites from the second dataset are at least 1.5 km apart, but some points may overlap at this mapping 
scale. The box in (A) shows the map region of (B). Sampling locations from the field study are shown in (B). Sites are binned into forest age categories for visualization 
purposes and are labeled as large if they have greater than 50% forest area at a 500 m radius, small if they have less, mature if the forest is mostly older growth 
(>50% of the current forest) and young otherwise. 
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as forest area and age increase (Brosi et al., 2008; Potts et al., 2003; 
Rodríguez and Kouki, 2017; Ulyshen et al., 2020; Williams and Winfree, 
2013; Winfree et al., 2007; though see Gutiérrez-Chacón et al., 2018; 
Hanula et al., 2015). Read superficially, these results might suggest that 
large, mature forests do not benefit bee diversity as a whole. However, 
trends in aggregate metrics such as abundance and richness frequently 
mask important changes in species composition (Hillebrand et al., 
2018). In the case of bees, the many species that tolerate open, 
anthropogenic habitats might replace the forest-associated bees as forest 
loss and degradation take place. Identifying the bee species belonging to 
each of these groups is important for identifying potential winners and 
losers of anthropogenic change. 

Here we investigate the effects of forest area and age on forest- 
associated as compared with habitat generalist bee species in 
temperate deciduous forests in the mid-Atlantic region of the USA. We 
first identified forest-associated and habitat generalist bee species using 
a previously published dataset collected by one of the coauthors (TH) 
from 36 forested and anthropogenic landscapes over a 76,000 km2 study 
area (triangles in Fig. 1A; Harrison et al., 2018). Second, we conducted a 
field study to determine how these two groups of species respond to 
forest area and age (Fig. 1B). We sampled bee communities in large and 
small forest fragments that also varied in the amount of older growth 
forest, such that forest age varied orthogonally with area in our study 
design. Third, we examined whether the results of our field study were 
consistent with long-term (140 year) trends in the richness of forest- 
associated and habitat generalist bee species in museum collections 
(Bartomeus et al., 2013a) from eastern North America during a period of 
dramatic reforestation (Birdsey and Lewis, 2003). Our two forms of data 
analysis are complementary with respect to determining how forest- 
associated bees respond to changes in forest habitat. The museum 
specimens allow us to look directly at how bee diversity has changed 
with reforestation at a regional scale over a long time series. However, 
museum data are noisy because sampling effort is unknown, and could 
be biased in various ways (Ascher et al., 2020; Bartomeus et al., 2013a 
when possible, we correct for such biases analytically). In contrast, our 
field study was conducted at a smaller scale and over a shorter time; but 
it uses standardized sampling and a rigorous study design to assess how 
bee diversity changes with forest area and age in the present day. 

In summary, we ask (i) which bee species and genera in eastern 
North America are forest associated? (ii) how do the richness and 
abundance of forest-associated and habitat generalist bee species vary 
with forest area and age? And (iii) what are the long-term trends in the 
richness of each group of bee species in eastern North America? 

2. Methods 

2.1. Which bee species and genera in eastern North America are forest 
associated? 

2.1.1. Study design and data collection 
Prior to doing any other analyses, we used a regional-scale dataset 

collected by one of us (TH) to classify bee species as forest-associated, 
habitat generalist, or neither of these. To create this dataset, bees 
were collected by pan and vane traps from 36 sites over a 75,000 km2 

area over a three year period, with data collection occurring between 
April and early October (Fig. 1A; Harrison et al., 2018). The study was 
designed to categorize bee species by habitat association: each site was 
situated in a homogeneous landscape, such that at least 80% of the 
surrounding land cover within a 1.5 km radius was either forest or 
anthropogenic land use (agriculture or development). This design makes 
it likely that bees collected in a given habitat type were indeed associ-
ated with that habitat type, as bees can easily fly several hundred meters 
while foraging (Greenleaf et al., 2007). More details about the dataset 
can be found in Harrison et al. (2018). 

2.1.2. Analysis 
We used multinomial species classification (Chazdon et al., 2011) to 

identify forest-associated and the habitat generalist bees, which we 
defined as species using both forest and anthropogenic habitat. In 
multinomial species classification, the relative abundance of organisms 
in two habitat types is modeled to determine whether a species' relative 
abundance in one type of habitat is at least twice what it is in the other; if 
so, the species is considered associated with that habitat type. This 
analysis method also identified the species that are associated with 
anthropogenic habitat, and the species that are too rare to classify. 
However, bee species in these latter two categories consisted of only 2% 
and 3% of individual bees, respectively, in the field dataset we analyzed 
using these categories (see Section 3.2). Therefore, these groups are 
excluded from further analyses. We use a significance cutoff of α = 0.05 
for the multinomial species classification, but tested the sensitivity of all 
results to this cutoff by rerunning all analyses using a more stringent 
cutoff (α = 0.005, Appendix A). We used the function ‘clamtest’ in the R 
package vegan to implement the multinomial classification test (Oksa-
nen et al., 2018). Further details about the methods we used for multi-
nomial species classification can be found in Appendix A. 

2.2. How do the richness and abundance of forest-associated and habitat 
generalist bee species vary with forest area and age? 

2.2.1. Study design 
To examine how forest area and age affect the richness and abun-

dance of forest-associated and habitat generalist bee species, we 
sampled bee communities at 32 temperate deciduous forest sites span-
ning a land area of approximately 2280 km2 in the Piedmont ecoregion 
of New Jersey (Fig. 1B). This region is characterized by temperate 
broadleaf forests of variable sizes and ages, surrounded by a matrix of 
cities, suburbs and farms. Most forests fall into middle stand age cate-
gories (e.g., dominant stand age in New Jersey in 2017 was 61–80 years) 
with forests in very young (<40 years) and very old (>100 years) stand 
classes being relatively rare (Crocker and Nelson, 2018). Forest over-
stories are dominated by various oak (Quercus) and hickory (Carya) 
species in mature forests, and Eastern redcedar (Juniperus virginiana) and 
red maple (Acer rubrum) in young secondary forests (Collins and 
Anderson, 1994). Understory herb and shrub communities in flower at 
our study sites were dominated by Claytonia virginica, Viola sororia, 
Alliaria petiolata, Berberis thunbergii and Ficaria verna (CS, unpublished 
data). 

In designing our study, we chose sites such that forest area and age 
varied independently when assessed at the scale of a 500-m radius 
(Fig. S1). (During data analysis, we checked that this scale was biolog-
ically appropriate, see Section 2.2.3). We measured forest area as the 
proportion of forest within this radius using 2012 GIS land-cover data 
from the New Jersey Department of Environmental Protection (mean 
forest area = 0.57 ± 0.34 S.D.; NJDEP, 2012). We categorized the age of 
all forest within this radius as either younger or older growth by using a 
cutoff threshold: all forest area that had also been forested in 1930 was 
considered older growth, and all forest that had not been forested in 
1930 was considered younger growth. We then quantified the propor-
tion of the current forest around each site that is older versus younger 
growth, and used this as our proxy for forest age. To determine whether 
current forest was forested in 1930 we used the earliest available aerial 
photographs for the state of New Jersey, which were taken in 1930 
(NJDEP, 1930), and used GIS to manually digitize the 1930 forest cover 
surrounding each site. To better ensure that older growth forests were 
not actually forests that had been cut down and allowed to grow back 
since 1930, we also checked that they were forested at a mid-way point 
(1984; Lathrop, 2000), updating our age classifications when necessary 
(on average only 0.02% of the forest characterized as mature by the 
1930 aerial photos were not forested in 1984). After this step, the mean 
proportion of older growth forest across all sites was 0.49 (±0.32 S.D.). 
We estimate that younger growth forests are between the ages of 35 
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(based on appearance and tree size; Li et al., 2016) and 87 (based on 
their absence from 1930 aerial photos). Older growth forests are at least 
87 years of age. 

Spatially, all sites were situated at least 1000 m apart, which is 
beyond the typical flight range of most bee species in our study region 
(Greenleaf et al., 2007). We also selected sites to minimize spatial 
autocorrelation in forest area and age, by visually checking that forests 
of similar area and age were not all grouped in space (Fig. 1). Moran's I 
tests for both variables suggested no spatial autocorrelation (age: I =
− 0.001, p = 0.53; area: I = − 0.014, p = 0.73). 

2.2.2. Data collection 
We collected bees using pan and vane traps between April 15 and 

May 22 in 2017, and between April 13 and May 21 in 2018, corre-
sponding to the main period of bee activity and the peak of flowering in 
forest understories. Five of the 32 sites were only sampled during 2017, 
and the remaining 27 sites were sampled in both 2017 and 2018. Each 
site was visited a total of four times in 2017 and twice in 2018 (we 
accounted for differences in sampling effort between sites analytically, 
see Analysis). When determining the order in which sites were visited, 
we grouped sites into site-groups based on geographic proximity and 
randomized the order we visited site-groups within each sampling 
round. 

We only collected data on days when bees were likely to be active, 
when it was sunny and the temperature was greater than 17 ◦C. To 
collect bees, at each site we set out 39 pan traps (13 white, 13 blue, and 
13 yellow) on a 40 m × 100 m grid, with pan traps spaced 10 m apart, in 
both 2017 and 2018. We also set out 4 vane traps, in 2018 only. Pan 
traps and vane traps were set out between 5:30 and 10:45 and were 
collected between 14:30 and 20:00. On average, pan and vane traps 
were left out at each site for 7.9 h each day (±0.92 SD). 

Floral availability is known to be an important predictor of bee 
abundance (Roulston and Goodell, 2011) and may vary with forest area 
and age. Thus, during each site-visit we recorded whether flowers of 
animal-pollinated plants were present or absent within a 1 m radius 
around each of the 39 pan traps. Our measure of floral availability at a 
site is the proportion of pan traps around which flowers were present, 
averaged across all sampling rounds in a year. 

In the lab, we identified all bees to species, with the exceptions of 
three unresolved species groups (bidentate Nomada species, Nomada 
illinoensis and N. sayi, and the Hylaeus modestus group). Bees in the genus 
Nomada were identified by Sam Droege (USGS), with other specimens 
being identified by JG. All specimens are stored at Rutgers University. 

2.2.3. Analysis 
After filtering the data to include only bees identified as forest- 

associated or habitat generalist, we used linear models (LMs) and 
generalized linear models (GLMs) to understand how the richness and 
abundance of each group varies with forest area and age. We modeled 
the richness and abundance of each group of bees separately (i.e., rather 
than including both groups of bees in the same model with an interac-
tion to account for habitat association), because modeling the interac-
tion would require a much larger level of replication to avoid model 
overfitting, and because the between-group comparison is not important 
to our research questions. 

We used a coverage-corrected estimate of richness to measure spe-
cies richness. Coverage is a measure of sampling completeness that 
represents the proportion of individuals in a community represented by 
the species in a sample; correcting for it allows us to control for bias 
caused by variation in sampling completeness between sites (this bias 
exists in most datasets because higher diversity sites require more 
sampling effort to fully characterize; Chao and Jost, 2012; Roswell et al., 
2021). Standardizing by coverage is analogous to standardizing by equal 
sampling effort or by using individual-based rarefaction, but it tends to 
be fairer particularly when species richness is used as the diversity 
measure (Roswell et al., 2021). We calculated the coverage-corrected 

estimate of richness with the R package ‘iNEXT’ (Chao et al., 2014), 
using rarefaction to estimate richness at similar levels of coverage across 
sites. Hereafter, we refer to this estimate as ‘richness.’ 

We modeled bee abundance and richness as functions of forest area, 
age, year and the interaction between forest area and age. We excluded 
the interaction from models when it was not significant. The variable 
year was included to account for both the difference in sampling effort 
between years, and for the fact that some sites were sampled in only one 
year. We modeled richness with LMs, and we modeled abundance with 
GLMs that were fit with a negative-binomial error distribution to ac-
count for over-dispersion (fit using the R package MASS; Venables and 
Ripley, 2002). 

To check that we used a biologically relevant scale for measuring the 
study design variables, we repeated each analysis using forest area and 
age calculated at 300-, 500- or 1000-m radii. We used AICc to pick the 
best-fitting model, which we calculated using the R package MuMIn 
(Bartón, 2017). The 500-m radius used for the study design was always 
within three AICc values of the best-fitting model (Table S2), and 
therefore we present results from this model. 

We also examined whether floral availability varies with forest area 
or age, because, if it does, this might explain the effects of forest area or 
age on bees. (We did not include floral availability as an explanatory 
variable in the earlier models of bee richness and abundance; if we did, 
this would not allow us to observe effects of forest area or age on bees 
that are mediated through floral resources.) We used linear regression to 
model floral availability as a function of forest area, forest age, their 
interaction and year, excluding the interaction if it was not significant. 

We assessed variable significance using Wald tests (for GLMs) and t- 
tests (for LMs). For all models, continuous predictor variables were 
scaled and centered (mean = 0, SD = 1) to aid in the interpretation of 
model coefficients. We checked the assumptions of normality and ho-
mogeneity of variance with diagnostic plots of model residuals. We 
checked for collinearity among explanatory variables by calculating 
variance inflation factors. None exceeded two, suggesting minimal 
collinearity (Zuur et al., 2010). 

2.3. What are the long-term trends in the richness of forest-associated and 
habitat generalist bee species? 

2.3.1. Study design and data collection 
To examine long-term trends in the richness of forest-associated and 

habitat generalist bee species, we used databased records of bee speci-
mens maintained in museum collections (Bartomeus et al., 2013a, 
2013b). These were collected between 1872 and 2011 over a 760,000 
km2 area of eastern North America. The region spans from West Virginia 
in the south (38◦ N) to New Hampshire in the north (45◦ N), and from 
Ohio in the west (85◦ W) to Massachusetts in the east (75◦ W; Fig. 1A). 
The region is characterized by mixed conifer-deciduous forests in the 
north and deciduous forests in the south (Williams et al., 2004). 

Temporally, the dataset spans a period of major changes in forest 
land use in eastern North America. Between 1872 and 2011, the area of 
land covered by forest in this region increased substantially due to 
widespread farmland abandonment (Ramankutty et al., 2010; Russell 
and Davis, 2001). In the area spanning West Virginia and Maine, for 
example, forest area is estimated to have increased by 43% between 
1907 and 1997 (Birdsey and Lewis, 2003). 

To reduce sampling bias from changes in collection methods over 
time, the museum data were filtered to only include bees collected using 
hand nets, which was the method used over the greatest number of time 
periods. To ensure independence of collection events (necessitated by 
known collector bias in the dataset), the data were also filtered to only 
include one record of each species per site-date. After these filtering 
steps, the dataset contained 30,135 individuals from 447 species. More 
details about the dataset can be found in Bartomeus et al. (2013a, 
2013b). 
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2.3.2. Analysis 
To examine long-term trends in the rarefied richness of forest- 

associated and habitat generalist bees, we filtered the museum dataset 
to only include bee species we had previously categorized to one of these 
groups. For this analysis, we excluded any non-native bee species 
(0.54% and 11.7% of individual forest-associated and habitat generalist 
bees, respectively), as these have increased in diversity over time (Bar-
tomeus et al., 2013a) for reasons that are unlikely to be directly related 
to land-use change. 

Because sampling effort in the museum dataset was unknown and 
likely varied over time, we first binned specimens into ten time periods 
of similar sample size. We did this by using equally spaced quantiles of 
the distribution of specimen collection dates, binning forest-associated 
and habitat generalist bee species separately (see x-axes of Fig. 5). We 
then used rarefaction to obtain a coverage-corrected estimate of richness 
(hereafter, ‘richness’) in each time period, rarefying down to the time 
period with the smallest coverage for each group (Chao and Jost, 2012). 
Coverage-based rarefaction was conducted using the R package iNEXT 
(Chao et al., 2014). 

To analyze how the richness of each group of bee species has changed 
over time, we calculated the correlation between time period and rich-
ness for each group, and assessed the significance of these correlations 
using permutation tests. We chose a non-parametric test because each 
time period consisted of a different number of years, and thus we did not 
expect this variable to have a linear (or otherwise predictable) rela-
tionship with bee richness. In our permutation tests, we randomly 
reordered the time periods n = 9999 times and with each permutation 
calculated the null correlation coefficient between time period and 
richness. Our p-value was r+1

n+1, where r is the number of null correlation 
coefficients that are the same or more extreme than the observed cor-
relation (North et al., 2002). 

All analyses were conducted using R version 3.5.1 (R Core Team, 
2018). 

3. Results 

3.1. Which bee species and genera in eastern North America are forest 
associated? 

For this part of the project, we collected 14,315 individual bees of 
249 species. Of these, 118 species (representing 97% of the individual 
bees) were abundant enough that we could identify their habitat asso-
ciation statistically. Of the 118 bee species, 32% (38 bee species, rep-
resented by 4788 individuals) were associated with forest habitat, 31% 
(36 bee species represented by 2334 individuals) were habitat gener-
alists and 37% (44 species represented by 6810 individuals) were 
associated with anthropogenic habitat (Table S3). 

Most (87%) forest-associated bee species were from four bee genera: 
Nomada, Osmia, Lasioglossum, and Andrena. Bee species in the genera 
Nomada and Osmia were nearly all associated with forest habitat, 
whereas in the genera Andrena and Lasioglossum many species were 
associated with anthropogenic habitat (Table S4). 

The most common forest-associated bee was Osmia pumila (13% of 
forest-associated bees), followed by the species complex Nomada 
bidentate group (11% of forest-associated bees) and the species Nomada 
pygmaea (8% of forest-associated bees). 

Most (78%) habitat generalist species were in the genera Andrena, 
Lasioglossum, Ceratina, and Megachile, with the most common habitat 
generalist species being Ceratina calcarata (28% of habitat generalists), 
followed by Andrena nasonii (15% of habitat generalists) and Ceratina 
strenua (8% of habitat generalists). 

3.2. How do the richness and abundance of forest-associated and habitat 
generalist bee species vary with forest area and age? 

For this part of the project, we collected 11,838 individuals of 121 
bee species. Of these, 47% of individuals, representing 31 species, were 
forest associated, while 48% of individuals, representing 22 species, 
were habitat generalists (Table S3). The remaining species, which rep-
resented only 5% of individuals, were associated with anthropogenic 
habitat, were too rare to classify or were absent from the classification 
dataset (see Section 2.1 on the classification analysis, above). Mean 
sample coverage per site-year was 0.93 for forest-associated bees (range 
0.68 to 0.99) and 0.96 for habitat generalist bees (range 0.73 to 1.00). 

3.2.1. Richness 
In the models of richness for both forest-associated and habitat 

generalist bees, the interactions between forest area and age were 
excluded because neither was significant in the full models (p = 0.13 for 
forest-associated bees; p = 0.51 for habitat generalists). Our models 
explained 16% and 8% of the variation in richness of forest-associated 
and habitat generalist bees, respectively. 

The richness of forest-associated bees was positively associated with 
forest area (Table 1), though the increase was only marginally signifi-
cant (p = 0.051), and relatively weak; they increased from a predicted 
5.9 species at the smallest forest to a predicted 7.1 species at the largest, 
a 20% increase (note that all effect sizes hereafter are reported as pre-
dicted changes from our statistical models; Table 1, Fig. 2A). By contrast, 
the richness of habitat generalist bees was not significantly associated 
with forest area (Table 1, Fig. 2B). 

The richness of forest-associated bees was not significantly associ-
ated with forest age, nor was the richness of habitat generalist bees 
(Table 1, Fig. 3). 

3.2.2. Abundance 
In the model of abundance for forest-associated bees, there was a 

significant interaction between forest area and age. In the model of 
abundance for habitat generalist bees, the interaction between forest 
area and age was excluded because it was not significant (p = 0.96) in 
the full model. Our models explained 40% and 44% of the variation in 
abundance of forest-associated and habitat generalist bees, respectively. 

There was a significant main effect of forest area on the abundance of 
forest-associated bees (Table 1). In forests with an average amount of 
older growth, forest-associated bees increased in abundance from 85 to 

Table 1 
LM and GLM results. Continuous predictor variables are scaled and centered, 
and model intercepts are calculated at the reference level 2017 for the variable 
‘year.’ t-Values are reported here for the two LMs (of richness), and z-values are 
reported are reported for the two GLMs (of abundance).  

Response Predictor Estimate S.E. t-Value/ 
z-value 

p-Value 

Forest-associated 
bee richness 

Intercept  6.52  0.30   
Age  − 0.09  0.23  − 0.39 0.697 
Area  0.46  0.23  2.00 0.051 
Year  − 1.1  0.44  − 2.52 0.015* 

Habitat generalist 
richness 

Intercept  2.82  0.19   
Age  0.05  0.15  0.34 0.735 
Area  − 0.12  0.15  − 0.78 0.440 
Year  − 0.59  0.29  − 2.05 0.046* 

Forest-associated 
bee abundance 

Intercept  4.78  0.11   
Area  0.26  0.08  3.05 0.004** 
Age  − 0.11  0.08  − 1.35 0.183 
Year  − 0.86  0.16  − 5.4 1.51e− 06*** 
Age:area  0.17  0.08  2.04 0.046* 

Habitat generalist 
abundance 

Intercept  4.86  0.12   
Area  0.07  0.09  0.73 0.468 
Age  − 0.38  0.09  − 4.01 1.82e− 04*** 
Year  − 1.06  0.18  − 5.91 2.23e− 07*** 

Stars indicate level of significance: <0.05*, <0.01**, <0.001***. 
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165 individuals from the smallest to the largest forest, a 93% increase. 
By contrast, the abundance of habitat generalist bees was not signifi-
cantly associated with forest area (Table 1, Fig. 2D). 

Forest age had a negative effect on the abundance of forest- 
associated bees in small forests (Table 1). In smaller forests (one SD 
below mean forest area), forest-associated bees decreased from 142 to 
59 individuals from forests with the most younger growth to the most 
older growth, a decline of 58% (solid blue line in Fig. 3C). By compar-
ison, in larger forests (one SD above mean forest area), forest-associated 
bees exhibited a small (16%) increase with forest age, from 141 to 169 
individuals from forests with the most younger growth to the most older 
growth (solid green line in Fig. 3C). The main effect of forest age on the 
abundance of forest-associated bees was not significant (Table 1). 

The abundance of habitat generalist bees was significantly nega-
tively associated with forest age (Table 1). It decreased from 228 to 72 
individuals from forests with the most younger growth to the most older 
growth, a 69% decline (Fig. 3D). 

3.2.3. Floral availability 
In the model of floral availability, the interaction between forest area 

and age was excluded because it was not significant (p = 0.12) in the full 
model. The simplified model explained 21% of the variation between 
sites in floral availability. Floral availability was negatively associated 
with forest age (slope coefficient = − 0.11 ± 0.04, t-value = − 3.20, p =
0.002), and decreased by 76.4% from forests with the most younger to 
the most older growth (Fig. 4). Floral availability was not significantly 
associated with forest area (slope coefficient = 0.03 ± 0.04, t-value =
0.82, p = 0.418). 

3.3. What are the long-term trends in the richness of forest-associated and 
habitat generalist bee species? 

The museum data consisted of 29,101 individuals of native bee 
species. Of these native species, 22% of individuals, representing 36 
species, were forest associated, while 16% of individuals, representing 
33 species, were habitat generalists (Table S3). The remaining native 
species were either associated with anthropogenic habitat (20% of in-
dividuals); were too rare to classify in the classification dataset (23% of 
individuals); or were absent from it (19% of individuals). Mean sample 
coverage in each time period was 0.994 for forest-associated bees (range 
0.989 to 0.998) and 0.993 for habitat generalist bees (range 0.983 to 
0.996). 

The richness of forest-associated bees increased by 16% between 
1872 and 2011 (r = 0.65, p = 0.04; Fig. 5A), while the richness of habitat 
generalist bees did not change significantly (r = − 0.47; p = 0.16; 
Fig. 5B). 

The increase in the richness of forest-associated bees over time was 
no longer significant when we used a more stringent significance cutoff 
(α = 0.005) to identify forest-associated and habitat generalist bees 
(Appendix A). Otherwise, we obtained qualitatively similar results for 
all analyses (Appendix A, Table S1). 

4. Discussion 

A surprisingly large percentage of the bee species in our region are 
forest associated: of the 118 bee species whose habitat associations we 
could classify, approximately one third were associated with forest 
habitat. These bee species were likely the original dominant bee fauna in 

Fig. 2. The relationship between forest area and 
richness or abundance of (A, C) forest-associated and 
(B, D) habitat generalist bees. Sites are binned into 
forest age categories for visualization purposes and 
are labeled as mature (orange circles) if the current 
forest is greater than 50% older growth (closed can-
opy for at least 90 years) and young (teal squares) if it 
is at least 50% younger growth (previously field 
within the last 35–90 years). Lines show significant 
and marginally significant model predictions. In (C) 
the orange and teal lines show the predictions for 
forests one standard deviation above and below the 
average forest age, respectively. In (A) the model 
included no interaction and black lines show pre-
dictions for forests of an average age. (For interpre-
tation of the references to color in this figure legend, 
the reader is referred to the web version of this 
article.)   
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eastern North America, because this region was extensively forested 
prior to European colonization (Davis, 1983; Russell and Davis, 2001). 
They have life histories that are unique from those of other bee species 
because they have adapted to deal with the distinct phenological pat-
terns of light and flower availability in temperate forests. Specifically, 
forest-associated bee species are active as adults during the spring 
(Harrison et al., 2018), before the closing of the forest canopy, when 
light levels are high, and native species of flowering forest plants bloom 
(Motten, 1986). As springtime bees, they may also be available to 

pollinate early blooming crops in our study region, as spillover from 
forests to crops has been shown to be important in other systems (e.g., 
Landaverde-González et al., 2017). Despite this, they are largely over-
looked by pollinator conservation as it is currently implemented eastern 
North America. Pollinator habitat plantings used in this region mostly 
contain grassland – rather than forest – plant species, and these plants 
bloom in the summer (Wood et al., 2018), after the activity period for 
many forest-associated bee species has ended. 

Our results challenge the prevailing wisdom about the importance of 

Fig. 3. The relationship between forest age (the 
proportion of the current forest that is older growth) 
and the richness and abundance of (A, C) forest- 
associated and (B, D) habitat generalist bees. Sites 
are binned into forest area categories for visualiza-
tion purposes and are labeled as large if they have 
greater than 50% forest area (green circles) and small 
if they have less (blue triangles). Lines show signifi-
cant model predictions. In (C) the green and blue 
lines show the predictions for forests one standard 
deviation above and below the average forest area, 
respectively. In (D) the model included no interaction 
and black lines show predictions for forests of an 
average area. (For interpretation of the references to 
color in this figure legend, the reader is referred to 
the web version of this article.)   

Fig. 4. The relationship between floral availability and (A) forest area and (B) forest age. Lines show significant model predictions.  
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temperate forests for pollinator conservation. A recent study from this 
journal, for example, concluded that temperate deciduous forests are not 
important for pollinator conservation, because forests that were sampled 
mostly after canopy closure had many fewer bees than did early- 
successional habitat (Wagner et al., 2019). However, bee activity in 
temperate deciduous forests drops dramatically after canopy closure, 
which happens after the adult activity period of many forest-associated 
bee species has ended (Harrison et al., 2018). Additionally, researchers 
in previous studies have used aggregate metrics of bee diversity, such as 
overall richness and abundance, which might cause them to underesti-
mate the importance of forest habitat; these studies have found mixed 
effects of forest habitat, with some studies reporting positive effects 
(Collado et al., 2019; Gutiérrez-Chacón et al., 2020, 2018), but also no 
effects (Brosi et al., 2008) and negative effects (Winfree et al., 2007). 
Forest habitat might have no effect on overall bee diversity, or even 
decrease it, because as forest-associated bees increase this is offset by 
declines in open-habitat species. Forest habitat is nonetheless important 
for bee conservation in eastern North America – a forest biome – because 
forest-associated bee species make up a large portion of the region's 
species pool, and are most likely its original dominant bee fauna. 

We found that the abundance of forest-associated bee species ex-
hibits a strong positive response to increasing forest area, and that 
richness also exhibits a positive, albeit weaker, response. The positive 
relationship between forest area and the diversity of forest-associated 
organisms has been widely observed in non-bee taxa (Bender et al., 
1998; Newbold et al., 2014) and there are two general explanations for 
this pattern (Hanski and Gyllenberg, 1997; Rosenzweig, 1995). First, 

larger areas of forest are more likely to have greater habitat diversity 
within the forests, and correspondingly more forest-associated species 
because of species' niche differences (Ricklefs and Lovette, 1999; Rose-
nzweig, 1995). Second, larger areas of forest can support larger popu-
lation sizes, so forest-associated species are less likely to go locally 
extinct (MacArthur and Wilson, 1963). In our study, we collected twice 
as many forest-associated individuals and 1.2 times as many species in 
the largest forests as compared with the smallest ones. From a conser-
vation perspective, our results emphasize the high value of large forests 
for protecting forest-associated bees, particularly their abundance. 

Forest-associated bee species did not detectably respond to forest 
age, except that they had higher abundance in young, small forests than 
in mature, small ones (though this latter result we suspect is noise, given 
the lack of a compelling reason for why bees should prefer young forests 
to mature forests only when the forests are small). That forest-associated 
bees prefer young forests to mature ones (when they respond to forest 
age at all) is also surprising because forest-associated species from plant, 
vertebrate, and other arthropod taxa are typically associated with 
mature forest (Acevedo-Charry and Aide, 2019; Bowen et al., 2007; 
Gibson et al., 2011). The bees in our study might rely less on mature 
forest because, unlike many other forest-associated species that are 
dispersal-limited (Develey and Stouffer, 2001; Matlack, 1994; Singleton 
et al., 2001), bees are easily able to exploit new habitat at landscape 
scales (Potts et al., 2003; Steffan-Dewenter and Tscharntke, 2001), and 
because young forests had more floral resources, which tend to be 
limiting for many bee populations (we suspect this is why we also found 
more habitat generalist bees in young forests; Roulston and Goodell, 

Fig. 5. Changes over time in the richness of (A) forest-associated (in purple) and (B) habitat generalist bees (in pink). The line shows the significant best-fit rela-
tionship. Plots have different x-axes because time periods were chosen separately for both groups (see Analysis). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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2011). Young forests in our study region could have more flowers for 
bees because their understories are more heavily invaded (Trammell 
et al., 2020), because they have a mix of both early and later- 
successional plant species (Meiners et al., 2015), and/or because there 
is more sunlight in younger forests (CS, personal observation). Mature 
forests might also have fewer flowers because white-tailed deer, which 
are overabundant in our study region, might be more likely to target 
spring ephemerals, which are later-successional plant species that would 
otherwise be found in mature forests (Matlack, 1994; Ruhren and 
Handel, 2003; Singleton et al., 2001). These plants bloom in the spring 
and are an important pollen resource for many bee species (e.g., many 
support species of pollen specialists; Fowler, 2016). 

In our analysis of over a century's worth of museum data, we found 
that the richness of forest-associated bees has increased by 16% since the 
late 1800s, concurrent with a 43% increase in the region's forest cover 
(though the trend was no longer significant when we used more con-
servative criteria to identify forest-associated bees; Appendix A; Birdsey 
and Lewis, 2003). By contrast, we found no change in the richness of 
habitat generalist bee species over this same time period. Our result 
provides optimistic news that forest-associated bees may have benefited 
from a century of reforestation amidst bleaker news of bee declines in 
Europe and North America (e.g., Colla and Packer, 2008; Hofmann et al., 
2019). However, we hope that this good news doesn't encourage com-
placency. First, forests in eastern North America still face many stressors 
that are likely to affect bees, including overabundant populations of 
white-tailed deer that consume understory food resources, like spring 
ephemerals (Côté et al., 2004; Ruhren and Handel, 2003). Second, 
studies of birds in our region that have documented increases in forest- 
associated species have also documented declines in species associated 
with grassland and early-successional habitat, most likely due to loss of 
these habitat types as reforestation occurred (Askins, 1993; Schipper 
et al., 2016). The same trend might hold true for bees that are associated 
with grassland and early-successional habitat. Third, forest-associated 
bees are not likely to be thriving globally, because they are threatened 
by deforestation, and because even in regions where forest cover is 
expanding this is often driven by planted forests rather than natural 
regrowth (FAO, 2020). We caution that our results have the most rele-
vance for regions and times in which secondary forests grow back 
naturally (during the past decade: in the Caribbean, Russia, Oceania and 
parts of Asia; FAO, 2020). 

Our study does not address how forest area and age affect very rare 
species, which typically comprise a large portion of insect communities 
(Novotný and Basset, 2000). These species are difficult to study because 
they do not show up strongly in most datasets, including ours. In this 
paper we used a very large dataset to identify bee species' habitat as-
sociations (N = 14,315 specimens) and detected 249 species, or 47% of 
the approximately 530 species known from our study region (Ascher, 
2018). Of these 249 species, sample sizes were large enough to statis-
tically determine the habitat association of 118 species. Thus, our list of 
forest-associated bee species is no doubt too short (Table S3). None-
theless, the vast majority (97%) of bees in our field study, and the ma-
jority (57%) of bees in the museum data were species whose habitat 
associations we'd classified. These numbers are large enough to suggest 
we identified at least some rare species of forest-associated bees. Addi-
tionally, although conservation has historically emphasized rare species, 
studying common species is important because they can also decline 
(Inger et al., 2015; Lindenmayer et al., 2011), and even small propor-
tional declines in common species lead to large declines in absolute 
abundance, which can strongly affect ecosystem function (e.g., polli-
nation; Gaston and Fuller, 2008). Finally, common species of forest- 
associated bees are likely useful indicators, or at least better than no 
indicators, for how rare ones respond to forest area and age. 

Deforestation is one of the greatest threats to the biodiversity. In 
eastern North America, it has no doubt resulted in a net loss (in terms of 
richness and abundance) of forest-associated bee species since pre- 
Columbian times. However, our findings suggest that the 

contemporary regional fauna of forest-associated bees can benefit sub-
stantially from reforestation because they do not appear to be limited to 
mature forest. Consistent with this idea, we found that these bee species 
increased steadily over a century of reforestation in eastern North 
America (Birdsey and Lewis, 2003). Our results highlight the conser-
vation value of forests for bees, the importance of identifying forest- 
associated species, and they suggest an optimistic outlook for their re-
covery in regions where forests are re-growing. 
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