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Abstract

Aim: Positive productivity-richness relationships have been observed across taxa and
ecosystems. We assessed support for two hypotheses explaining these relationships,
the More Individuals Hypothesis (MIH) and the Niche Specialization Hypothesis (NSH)
in two complementary datasets of avian communities in North America, the Breeding
Bird Survey (BBS), which has been widely used to study productivity-richness rela-
tionships, and the Breeding Bird Census (BBC), which has been used rarely yet offers
accurate population density estimates and more homogeneous landscapes, eliminat-
ing confounding variables that may make it more difficult to test predictions of the
NSH and MIH in the BBS alone.

Location: Coterminous United States, 1988-2009.

Taxon: Birds.

Methods: We first evaluated the strength of productivity-richness relationships in
the BBS and BBC, and tested predictions from the MIH and NSH in the two data-
sets by examining patterns in community abundance, productivity niche breadth and
number of foraging guilds along a gradient of normalized difference vegetation index
(a measure of vegetation productivity). We also implemented a null model to examine
the contribution of sampling effects due to increasing species richness in explaining
patterns in number of foraging guilds in both datasets.

Results: We found that the BBS had a much stronger productivity-richness relation-
ship than the BBC, potentially as a result of increased landscape diversity with in-
creasing productivity at BBS survey sites. Although the MIH and NSH may not be
mutually exclusive, we found weaker support for the MIH in the BBC, and stronger
support for the NSH in the BBC and BBS.

Main Conclusions: Researchers should consider the role of confounding variables
such as landscape diversity and focus on developing direct measurements of food
resources at macroecological scales to determine the relative importance of mecha-

nisms driving productivity-richness relationships.

KEYWORDS
birds, Breeding Bird Census, Breeding Bird Survey, foraging guilds, productivity, species
richness
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1 | INTRODUCTION

The species-energy relationship, in which species richness increases
with estimates of energy availability, is one of a few macroecological
patterns that have been observed repeatedly across broad scales for
many taxonomic groups (Currie, 1991; Evans et al., 2005; Hawkins
et al., 2003; Wright, 1983). While many studies support this correla-
tion across taxa, different hypotheses have been proposed to explain
the causal link between energy availability and species richness, and
there is not a clear consensus on the mechanism by which species-
energy relationships operate (Evans et al., 2005; Storch et al., 2018).

In this paper, we examine two potential explanations for the empir-
ically observed positive species-energy relationship in birds: the More
Individuals Hypothesis (MIH) and the Niche Specialization Hypothesis
(NSH; Bonn et al., 2004; Srivastava & Lawton, 1998). The MIH posits that
increased energy availability increases the number of individuals that an
area can support, which, in turn, results in a greater number of species
that can be maintained above some viable population size (Hurlbert &
Stegen, 2014; Storch et al., 2018). In contrast, the NSH proposes that
as total energy availability increases, there is an increase in relatively
rare resource types, which opens new niche positions (Abrams, 1995;
Schoener, 1974). This increases the number of species that can be sup-
ported by increasing the number of niche specialist species. These two
hypotheses are not mutually exclusive, and positive species-energy re-
lationships may be driven by some combination of the two mechanisms
(Hurlbert & Jetz, 2010). Importantly, for large clades of organisms like
birds that are assessed over continental to global extents, energy avail-
ability is typically characterized by estimates of net primary productivity
(Hurlbert & Jetz, 2010; Ménkkonen et al., 2006; Storch et al., 2018), and
hereafter we use ‘energy availability’ and ‘productivity’ interchangeably.

These different mechanisms underlying the MIH and NSH vyield
four predictions that can be tested to distinguish support for the
two explanations for positive productivity-richness relationships
(detailed in Figure 1). As productivity increases, the MIH predicts
that the total number of individuals that can be supported increases,
resulting in an increased number of species. A key prediction of the
MIH is then that community-wide abundance (summed over all spe-
cies in the community) increases with productivity, while there is no
direct expectation for such a relationship with the NSH (Prediction
1: Figure 1a). Controlling for the number of individuals in a commu-
nity, the MIH predicts no further effect of productivity on species
richness (Hurlbert, 2004). However, under the NSH, we would ex-
pect a positive relationship between number of species and produc-
tivity across communities even when controlling for the number of
individuals (Prediction 2: Figure 1b).

The NSH assumes that as energy availability increases, new
niches become available that are not present in lower productiv-
ity environments. For example, birds might experience new for-
aging substrates and canopy strata in high productivity forests
compared to lower productivity grasslands and woodlands (Hurlbert
& Jetz, 2010). Under the NSH, the addition of niche specialists at
the high end of the productivity gradient results in a nested pat-
tern of species occurrences in terms of the range of productivity
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FIGURE 1 Graphical representations of hypotheses explaining
positive relationships between species richness and productivity.
(a) Prediction 1: As NDVI (a remotely sensed index of vegetation
greenness used as a proxy for productivity) increases, the

More Individuals Hypothesis (MIH) predicts that the number

of individuals that can be supported increases, while the Niche
Specialization Hypothesis (NSH) does not. (b) Prediction 2: As
NDVI increases, the MIH predicts that the number of species when
controlling for total abundance should not vary systematically,
while the NSH predicts that it will increase with NDVI. (c)
Prediction 3: The NSH predicts that species occurring at high niche
position along the NDVI axis should have narrower NDVI ranges,
since they specialize on resources only available at those niches. At
low NDVI values, species present are expected to be generalists
and have broader NDVI niches. As a result, as NDVI increases, the
mean NDVI range across species that occur at that NDVI value is
expected to decrease under the NSH, but not under the MIH. (d)
Prediction 4: As NDVI increases, the NSH predicts that foraging
guild richness (controlling for number of species; see text) should
increase, while the MIH does not. NDVI, normalized difference
vegetation index.

values species occur over (Bonn et al., 2004). At low productivity
sites, species present will be more likely to be generalists with broad
habitat niches such that we predict that as productivity increases
the mean productivity range of species in a community will decrease
(Prediction 3: Figure 1c), similar to pattens in geographical range size
across latitudes described by Rapoport's Rule (Arita et al., 2005;
Colwell & Hurtt, 1994). Under the NSH, we also predict that the
number of foraging guilds in a community will increase with pro-
ductivity even when accounting for increases in species richness
(Prediction 4: Figure 1d).

Testing these four predictions of the MIH and NSH at macroeco-
logical scales is complicated by biases that may confound inferences
from continental-scale data sources. Support for productivity-richness
relationships in birds has been assessed using range-map approaches
(Currie, 1991) and survey-based approaches using presence and
abundance data. The North American Breeding Bird Survey (BBS;
Sauer et al., 2017) has been used widely to both document patterns in
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TABLE 1 Four predictions from the More-Individuals Hypothesis (MIH) and Niche Specialization Hypothesis (NSH) tested in the two
complementary datasets used in this study—Breeding Bird Survey (BBS) and Breeding Bird Census (BBC) in North America

Datasets Predicted
Relationship tested relationship Justification
(1) Community abundance as a function of NDVI BBC MIH: Positive As a proxy for resource availability, more individuals can be
supported at high NDVI
NSH: None -
(2) Rarefied species richness (controlling for BBC MIH: None There should be no additional effect of NDVI on richness
abundance) as a function of NDVI above and beyond the effect on community abundance
NSH: Positive Species richness increases with NDVI for reasons
independent of community abundance
(3) Average productivity range of species in a BBS MIH: None -

community as a function of NDVI

(4) Number of foraging guilds (controlling for BBS, BBC

species richness) as a function of NDVI

Abbreviation: NDVI, normalized difference vegetation index.

productivity-richness relationships and to evaluate potential explana-
tions (Dobson et al., 2015; Hurlbert, 2004; Hurlbert & Haskell, 2003).
However, the nature of the BBS survey protocol (a single-visit roadside
point count-based survey) may impact the ability to adequately test
some of the assumptions and predictions of species-energy hypoth-
eses that rely on precise population or community density estimates.

The extent to which the total number of birds observed reflects
the total number of birds present on that route will depend on spe-
cies' detectability which likely decreases along the productivity gra-
dient itself (Hurlbert, 2004). More densely vegetated habitats may
be more likely to obscure the visual and aural detection of individual
birds, complicating inferences about geographical patterns of com-
munity abundance in this dataset. Additionally, at larger landscape
scales, roadside forested areas of high productivity are more likely
to be intermixed with habitats of very different structure (e.g. mead-
ows, agriculture, areas of secondary growth) compared to lower pro-
ductivity areas of desert, grassland or scrubland, and the presence
of roads themselves may create forest edge habitats with their own
distinct bird communities (Boulinier et al., 1998). Since landscape di-
versity has a well-known positive effect on avian diversity (Farwell
et al., 2020; Tews et al., 2004), this may confound the interpretation
of productivity-richness relationships in the BBS.

We examine the generality of the positive productivity-richness
relationship observed in the BBS by comparing it to an alterna-
tive continent-wide bird dataset, the Breeding Bird Census (BBC;
Marshall, 1991), which is based on spot mapping surveys in natural
areas and does not suffer from these issues. One advantage of the
BBC is that census areas tend to be in more homogeneous natural
areas away from roads (Lowe & Desante, 2012; Marshall, 1991). Also,
the census protocol involves territory mapping based on repeated vis-
its over the course of the breeding season which generates more reli-
able estimates of population density (Robbins, 1970). Earlier work has
used the BBC to document a positive productivity-richness relation-
ship, but that work was restricted to forested sites only (M6nkkdnen

NSH: Negative

At high NDVI, specialist species occurring only at high
productivity will be added to communities

MIH: None -
NSH: Positive

More foraging niches will be available at high NDVI,
facilitating the coexistence of more foraging guilds

et al., 2006). However, because the BBC dataset is less geographically
extensive and with fewer sites, this dataset is less useful for character-
izing range-wide properties of species such as niche breadth.

As a result of properties of the two datasets discussed above,
we do not test all predictions in each dataset (Table 1). Predictions 1
and 2 require unbiased estimates of community abundance, and are
therefore tested with the BBC dataset. Prediction 3 requires char-
acterizing the productivity niche of each species across its breeding
range, and so it is evaluated using the more geographically extensive
BBS dataset. Finally, we test Prediction 4 regarding how the num-
ber of foraging guilds varies with productivity using both the BBC
and the BBS. Our goal in this study is to provide a comprehensive
examination of productivity-richness relationships using these two
complementary macroecological datasets.

In this study, we make use of the strengths of both the BBS and
BBC datasets to investigate first whether there are positive richness-
productivity relationships. We test our four predictions of the MIH
and NSH to examine the degree of support for each of these hypothe-
ses in the two datasets, and also examine how biases in environmental
variables such as landscape productivity (a proxy for food resources)
and land cover diversity (a proxy for niche availability) in either data-
set may impact evaluation of the mechanisms underlying positive
richness-productivity relationships. The results highlight the impor-
tance of integrating insights from multiple sources of information in

disentangling the processes driving macroecological patterns.

2 | MATERIALS AND METHODS

2.1 | Datasources

We used bird community data from two sources: the North American
BBS (Sauer et al., 2017) and BBC (Lowe & Desante, 2012). The BBS
takes place annually across the United States and Canada during the
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breeding season at over 4100 roadside routes. Trained volunteers
survey each route once, typically in June, and record all individuals
seen or heard within a 400-m radius at fifty 3-min point counts evenly
spaced along each 40-km route. For this project, we used BBS routes
occurring in the coterminous US that were surveyed continuously
from 2000 to 2004 and which were between 38 and 42km accord-
ing to their detailed route path data (https://www.mbr-pwrc.usgs.gov/
bbs/geographic_information/GIS_shapefiles_2012.html). For species
in the BBS, we calculated abundance at a survey location as the sum of
counts from 2000 to 2004 and community richness as the total num-
ber of species observed across those study years as in McGill (2003).

We determined the land cover composition within a 1-km buffer
of each survey route using the National Land Cover Database version
2001 dataset (Homer et al., 2004) and removed any survey routes
with over 50% agricultural land cover. Areas of high agricultural land
cover may have high remotely sensed estimates of productivity (see
below) comparable to that of forested sites, but this high productiv-
ity does not necessarily translate to increased energy available to bird
communities because agricultural productivity is extracted for human
use (Figure S1). Our dataset comprised 1135 BBS routes that fit these
criteria (Figure 2).

We also obtained bird community data from the BBC, an on-
going long-term spot-mapping protocol. BBC surveys record the
number and position of territories established by singing males,
breeding pairs, and visitor species seen and heard. Experienced
volunteers walk the entire area of a variable-sized plot (typi-
cally between 10 and 40ha) on 8-12days spread throughout the
breeding season to exhaustively map the territories at each site,
spending 10-12 min/ha for forested plots and 4-5 min/ha in open

habitats (Marshall, 1991). BBC plots are typically found in natu-
ral reserve areas. We used data for 393 census plots in the co-
terminous US and Ontario, Canada (Figure 2). We used the most
recent survey at each BBC location, with survey dates ranging
from 1988 to 2009 (Engstrom, 1989, 1990; Gardali & Lowe, 2007,
2009; Heath et al., 2006; Lowe, 1993, 1994, 1995, 1996; Lowe &
Desante, 2012; Marshall, 1991, 1992; White et al., 2021). In the
BBC survey protocol, number of established territories for each
breeder species is recorded to the nearest 0.5 territory, while
territories where less than 25% of the territory occurs in the
BBC survey plot are denoted with a + symbol in the BBC dataset
(Marshall, 1991). We converted any territories below 25% area to
0.25 and multiplied all territory numbers by four to preserve the
relative abundance of territories per species at each site but have
whole numbers necessary for individual-based rarefaction.

We examined richness patterns only for diurnal land birds, exclud-
ing waterbirds, shorebirds, nocturnal birds and birds of prey which
are not representatively sampled by the BBS or BBC survey protocols
(Butcher et al., 1987). Species without established territories, referred
to as visitor species in the BBC dataset, were removed from the BBC
dataset. Analogously, we removed species occurrences in the BBS if
they occurred in only one out of 5years at a particular survey route, as
low temporal occupancy has been assumed to reflect ‘transient’ status
(Snell Taylor et al., 2018). Based on sensitivity tests performed in Coyle
et al. (2013), our results are likely to be robust to our threshold for
transients. Our BBS analyses included 358 species and the BBC anal-
yses included 260 species. We also obtained detailed foraging guild
classifications based on diet and foraging strategy for each species in
our analysis (Gonzélez-Salazar et al., 2014).

— BBS
® BBC

FIGURE 2 Map showing the locations of Breeding Bird Survey (BBS; lines) and Breeding Bird Census (BBC; circles) sites used in this study

in North America. Map projection is WGS84.
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We used the remotely sensed normalized difference vegetation
index (NDVI) during the breeding season as a proxy for vegetation
productivity at each bird survey location. At each BBS route within
a 1-km buffer around the 40-km survey route path, and at each BBC
plot using a circle with the same area as the plot centred on the
latitude-longitude coordinate of the site, we obtained mean NDVI
during the breeding season (averages of biweekly observations for
May, June and July) for the year of sampling from GIMMS NDVI-3g
(Pinzon & Tucker, 2014). We averaged breeding season NDVI across
years (2000-2004) for BBS routes. GIMMS NDVI is at a relatively
coarse spatial resolution (1/12°, ~8 km) compared to other NDVI
data sources such as AVHRR (1 km; Vermote & Program, 2019) and
MODIS (250 m; Didan, 2015). However, 89% of the BBC dataset
comes from years pre-2000, and GIMMS is the only data source
covering that time period. As a check on the robustness of this de-
cision, we confirmed that results using GIMMS, AVHRR and MODIS
NDVI data at BBS routes in 2000-2004 were all highly correlated
(Table S1). We also found strong correspondence between the re-
sults of our ordinary least squares regressions using NDVI from each
of these three sources predicting various properties of the BBS data
(Table S2).

We also calculated landscape diversity on BBS routes and at
BBC sites. We characterized landscapes using the categorical
land cover classes available in the National Land Cover Database
2001 (NLCD; Homer et al., 2004), and additionally separated for-
est classes (deciduous, mixed and coniferous forest NCLD catego-
ries) into edge and core categories as edge and core forest habitats
support different avian communities. We categorized forest pix-
els in the NLCD into core and edge as implemented in R package
SDMTools (Vanderwal et al., 2019); however, it is important to note
that the proportion of edge and core pixels in a landscape will differ
depending on the raster resolution and definition of ‘edge’ pixels.
For the same buffer area as used for NDVI at BBC and BBS sites
within the coterminous US, we then calculated the Shannon diver-
sity index (H'; Shannon, 1948) based on the proportion cover of
these different land cover classes.

2.2 | Testing the MIH

To test the predictions of the MIH (Predictions 1 and 2: Table 1),
we calculated community territory density (the total number of
territories across species divided by the area of the plot) for each
BBC survey location. We used ordinary least squares regression to
determine the relationship between community territory density
and mean breeding season NDVI of the BBC plot. Additionally, we
conducted individual-based rarefaction for each BBC plot using the
MoBR package in R (McGlinn et al., 2019). To compare rarefied rich-
ness across sites, we obtained expected species richness for each
BBC site for a sample of 175 territories, a sample size selected to
maximize the number of BBC sites that could be compared. We then
used ordinary least squares regression to determine the relationship
between the rarefied number of species and NDVI of the BBC plot.
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2.3 | Testing the NSH

We examined the range of NDVI values a species occurred at to
measure specialization and position along the productivity niche axis.
Specifically, whether assemblages at high NDVI consisted of species
with narrower NDVI ranges on average (Prediction 3: Table 1). We con-
ducted this analysis for the BBS dataset only as it is more geographically
extensive and encompasses more of species ranges than the BBC. We
calculated the mean NDVI position for each species by averaging NDVI
across all of the BBS routes at which a species was present in two or
more years from 2000 to 2004 weighted by count at each site, and the
NDVI range of the species by subtracting the minimum NDVI the spe-
cies was observed at from the maximum NDVI value.

In the second analysis, we grouped BBS routes into 17 evenly
spaced NDVI bins (bin width of 0.05 NDVI units). For each NDVI
bin, we calculated the mean NDVI range of the species occurring
in that bin. We used ordinary least squares regression to deter-
mine the relationship between mean NDVI range of species within
a bin as a function of the bin's mean NDVI. However, because
species occur in multiple NDVI bins, these data points are not
independent. To estimate the likelihood of observing a value as
extreme as the empirical slope between mean NDVI range and
NDVI bin, we developed a null model to provide an expected dis-
tribution of slope estimates to compare to our empirical estimate
(see Figure S2 for schematic). The goal for our null model was to
sample a set of species in which the existing relationship between
species mean NDVI position and NDVI range was disrupted, with-
out creating combinations of NDVI position and NDVI range that
are impossible (e.g. a species with a mean NDVI position of 0.9
and a NDVI range of 0.9). We drew on null models from studies of
the mid-domain effect and Rapoport's Rule that describe how the
latitudinal limits of a distribution constrain the midpoint of a geo-
graphical distribution (Arita et al., 2005; Colwell & Hurtt, 1994) to
randomly shuffle where along the NDVI gradient species occurred
while holding each species' empirically observed NDVI range con-
stant. We used the below constraints on the minimum and maxi-
mum possible mean NDVI positions (um, and ) for each species
i given its NDVI range, where Min is the minimum observed NDVI
value across all BBS routes, Max is the maximum observed NDVI
value across all routes, min; and max; are the minimum and maxi-
mum NDVI values for a particular species, and y; is the mean NDVI
value for that species:

Hmin = Min + (4; — min;)

Hmax = Max — (max; — u;)

With these constraints as the minimum and maximum possible
NDVI mean values for each species, we sampled from a uniform
distribution bounded by those constraints to find a null NDVI dis-
tribution for each species. We then calculated the average NDVI
range for the set of species whose shuffled ranges fell within
each NDVI bin, and estimated the slope of the linear relationship
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between average NDVI range and NDVI (Figure S3). Note that be-
cause the sampling was done with respect to each species, the total
number of species in the null dataset is the same as the empirical
pattern, but the number of species in each NDVI bin in the null
model is not necessarily the same as empirically observed. We re-
peated this process 999 times, and compared our empirical slope
to this distribution of null slopes to obtain a bootstrapped p-value.

To explore the relationship between NDVI range and foraging
guild, we also examined the distribution of species' NDVI ranges in
each foraging guild, and described patterns in species richness in
foraging guilds as productivity increases using the BBS dataset.

To test the hypothesis that communities in high productivity sites
were more likely to support a greater diversity of foraging niches
(Prediction 4: Table 1), we conducted a second null model analysis
using both BBS and BBC datasets. This null model was designed to
provide a null expectation for increases in foraging guild richness along
a productivity gradient due solely to sampling effects from increases in
species richness. For each dataset, we binned surveys by NDVI values
(bin size of 0.05 for BBS and 0.07 for BBC; 17 bins for BBS and seven
bins for BBC) and compiled the list of species observed in each bin as
the available species pool for a given position along the NDVI gradient.
NDVI bins with fewer than 15 sites were removed from analysis. For
each BBS or BBC survey, we sampled the same number of species as
empirically observed from the relevant species pool 999 times and re-
corded the number of unique foraging guilds observed in the sample

to obtain a null prediction of number of foraging guilds. We compared

(a) BBS . (b)
100 A1

Species richness

the average number of foraging guilds across the null simulations with
the actual observed number of foraging guilds using a z-score, where
FG,, is the observed number of foraging guilds at that survey location,
Hrgnun IS the mean number of foraging guilds observed in the null model
simulations and 6 g is the standard deviation of the number of forag-
ing guilds observed from the null model simulations:

(FGobs - MFGnuu)

OFGnull

Z=

We examined how this z-score of foraging guild diversity varied
along the NDVI gradient for both the BBS and BBC using ordinary

least squares regression.

3 | RESULTS

Species richness was positively correlated with mean NDVI in the
BBS (slope = 51.60, R? = 0.45, p<0.001) and weakly positively cor-
related with mean NDVI in the BBC (slope = 8.72, R%?=0.02, p<0.01;
Figure 3a,b). In addition, as NDVI increased, landscape diversity
strongly increased along BBS routes (slope = 1.92, R?=0.45, p<0.001)
but did not at BBC sites (slope = 0.26, R? = 0.01, p = 0.10; Figure 3c,d).
Species richness is positively correlated with landscape diversity in
both datasets (p <0.001), but landscape diversity explains 26% of the

variation in species richness at BBS sites and only 4% at BBC sites.

BBC

FIGURE 3 Breeding Bird Survey
(BBS) and Breeding Bird Census (BBC)
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FIGURE 4 Breeding Bird Survey (BBS) and Breeding Bird Census (BBC) data in North America. (a) Community territory density (number
of territories/ha) does not change with increasing NDVI across BBC sites (Prediction 1: Table 1). (b) Individual-based rarefaction curves for
BBC sites (expected number of species per observed individual), colours of the curves indicate mean NDVI of the BBC site. The vertical
dashed line at 175 individuals indicates the value of observed number of individuals used for each site to produce (c), which shows the
expected number of species given 175 individuals observed for each BBC site (Prediction 2: Table 1). Rarefied species richness increases
with NDVI across BBC sites (R? = 0.04). Blue line is the regression line. NDVI, normalized difference vegetation index.

3.1 | MIH predictions

Community territory density did not vary systematically with NDVI
on BBC survey plots (p = 0.546; Figure 4a). Individual-based rarefac-
tion curves for low and high NDVI BBC plots followed distinct tra-
jectories, with high NDVI sites tending to increase in richness faster
with number of territories sampled than low NDVI sites (Figure 4b,c).
Expected species richness based on a fixed number of total territo-
ries (175) increased with NDVI (slope = 8.06, R? = 0.04, p<0.001;
Figure 4c).

3.2 | NSH predictions

Terrestrial bird species in the BBS showed broad variation in combi-
nations of NDVI niche breadth and position, with more species clus-
tered at higher values of mean NDVI although those species showed
a wide breadth of NDVI ranges (Figure 5a). Aggregating spatially
by NDVI bins, the mean NDVI range of species present in a given
bin decreased with increasing NDVI, indicating a higher number
of species with narrower NDVI niche breadth at higher NDVI sites
(Figure 5b). The observed negative slope was much steeper than ex-
pected from the null model (slope = -0.142, p = 0.001; see Figure S3
for null slope distribution).

To explore how species NDVI ranges (capturing the habitat
niche) relate to foraging guild (capturing the diet niche), we ex-
amined how NDVI range varied across foraging guilds and how
foraging guild richness varied with NDVI. Although most foraging
guilds included species with high NDVI ranges indicating a broad
productivity niche, guilds with lower NDVI ranges included foli-
age gleaning insectivores (both upper and lower canopy) and bark
excavators, a group that includes most woodpeckers (Figure 5c).
Guilds with higher median NDVI range included air hawkers (in-
cludes swifts, swallows, tyrant flycatchers), granivores and bark
gleaners (Figure 5c). Both the number of species and number of

foraging guilds increased with NDVI, especially between NDVI
values of 0 and 0.5 (Figure 5d). Omnivore and granivore foraging
guilds showed richness that is fairly constant across NDVI values,
while insectivore guilds showed substantial increases in species
richness with NDVI (Figure 5d).

At low NDVI values, the observed number of foraging guilds was
similar to or lower than the null-predicted number of foraging guilds
in BBS and BBC surveys (Figure 6a,b). As NDVI increased, more for-
aging guilds were observed than expected from the null model in
the BBS (slope = 3.02, R? = 0.25, p<0.001) and to a much weaker
degree in the BBC (slope = 0.822, R? = 0.01, p = 0.083).

4 | DISCUSSION

Although a positive relationship between productivity and avian
richness has been widely documented over broad geographical ex-
tents, the mechanisms underlying this relationship have remained
elusive. This study compared results from the widely used BBS
dataset with a less examined dataset, the BBC, allowing for tests of
two competing hypotheses. By drawing on these two complemen-
tary datasets, each with its own strengths and weaknesses, we have
found some support for the assumptions and predictions of the NSH
over the MIH.

We found that the strong positive productivity-richness rela-
tionship observed in the BBS and well documented in other data-
sets (Davies et al., 2007) is not generalizable to the BBC, which
exhibited a much weaker relationship between species richness and
NDVI. We suggest that this comparison to the BBC may provide
an important insight into drivers of the observed pattern. While a
previous examination of forested BBC sites found stronger support
for a productivity-richness relationship and an increase in density
of breeding pairs with productivity in 98 BBC sites (Monkk&énen
et al., 2006), the results of this study indicate that this may not hold
true when considering a broader range of the NDVI gradient which
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FIGURE 5 Breeding Bird Survey (BBS) and Breeding Bird Census (BBC) data in North America. (a) NDVI range (the breadth of NDVI
values a species occurs over) versus mean NDVI across all sites a species occurs on in the BBS for 358 diurnal land birds. (b) For all survey
routes in NDVI bins (bin size 0.05), the mean NDVI range of the species that occur in that bin (Prediction 2: Table 1). Blue line shows linear
model fit. Error bars show 95% confidence intervals around the mean. As NDVI increases, mean NDVI breadth decreases (bootstrapped

p = 0.001) while the spread of NDVI range values increases; in particular, the 0.05 percentile decreases as NDVI increases. (c) Boxplots

of NDVI ranges of BBS species, grouped by foraging guild (foraging guild designations from: Gonzalez-Salazar et al., 2014) and sorted by
median NDVI range in each guild. Colour and x-axis abbreviation indicate foraging guild. (d) For BBS routes in a given NDVI bin, the number
of species in each foraging guild indicated by colour. Total number of foraging guilds in each NDVI bin is indicated above each bar. NDVI,
normalized difference vegetation index.
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FIGURE 6 Breeding Bird Survey (BBS) and Breeding Bird Census (BBC) data in North America. Null model results testing a prediction of
the Niche Specialization Hypothesis (NSH; Prediction 4: Table 1). For a given NDVI bin (0.05 for BBS, 0.07 for BBC), the null species pool
consisted of the list of species occurring in that bin. Each point represents a z-score of the mean of 999 samples. Positive values indicate
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(R? = 0.01). Blue line is the regression line. NDVI, normalized difference vegetation index.
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includes successional forests, grassland and shrubland habitats as
well. Productivity-richness relationships are known to be scale de-
pendent, and the fact that BBS routes are sampled at a larger spatial
grain (40km in length, ~25 km? in total surveyed area) than BBC sites
(<1 km?) is consistent with the observation that such relationships
may be strongest at larger scales (Storch et al., 2018). Additionally,
the fact that the productivity-richness relationship varies between
these geographically similar datasets helps point to a likely richness
driver. Only in the roadside BBS surveys where NDVI is strongly cor-
related with landscape diversity does a strong productivity-richness
relationship emerge, while in the BBC where survey sites are smaller
in spatial scale and intentionally homogeneous in habitat the relation-
ship is much weaker. Landscape diversity at various scales has long
been known to increase avian richness (Coyle et al., 2013; Farwell
et al., 2020; MacArthur & MacArthur, 1961; Tews et al., 2004), and
this comparison between datasets suggests that landscape diversity
may be the true driver of the BBS pattern and NDVI simply a cor-
relate. Even at the scale of 1° grid cells, Hurlbert and Jetz (2010)
found that productivity had an effect on richness above and beyond
productivity's expected effect on the number of individuals that
could be supported, and also attributed this to an increase in the
structural complexity of terrestrial environments with productivity
which presented novel foraging niches. Researchers making use of
the BBS for future investigations should consider how this concur-
rent pattern may impact the interpretation of their results.

According to the MIH, community abundance is expected to in-
crease with productivity (as a proxy for resource availability), but
we did not find support for this key prediction using the more ro-
bust community territory density estimates from the BBC (although
the productivity-richness relationship itself is weak in the BBC).
Additionally, we found through a rarefaction analysis that the num-
ber of species expected while holding the number of individuals
constant increases with NDVI. While the MIH has received some
support as a mechanism explaining avian richness-productivity rela-
tionships (Chiari et al., 2010; Jonsson et al., 2011; Koleff et al., 2003),
our results are in agreement with other studies that indicate that
the MIH alone cannot fully explain observed richness patterns (Bonn
et al., 2004; Currie et al., 2004; Dobson et al., 2015; Hurlbert, 2004;
Hurlbert & Jetz, 2007; Seoane et al., 2017). While natural pop-
ulation variability can hinder detection of support for the MIH in
datasets with fewer than 5years of observation per site (Vagle &
McCain, 2020), intensive sampling at nearly 400 BBC sites provides
high power for detection of MIH relationships. It is possible that the
reason for the lack of a relationship between community abundance
and NDVI is that NDVI is a poor proxy for the resources available
to birds. Estimating resource availability over broad biogeographi-
cal scales is challenging, but the development of new citizen science
efforts to do so (e.g. Hurlbert et al., 2019) will allow for more direct
tests of these resource-related links in the future.

We assessed support for the NSH along two niche axes: pro-
ductivity niche (measured by productivity range following Bonn
et al., 2004) and foraging niche. In the BBS dataset, high productivity
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environments had a greater proportion of species with narrow pro-
ductivity niches. Additionally, foraging niche diversity increased
above null expectations with productivity—strongly in the BBS and
weakly in the BBC. The fact that this effect was more pronounced
in the BBS is consistent with the finding that the NDVI gradient was
strongly correlated with landscape diversity across the roadside BBS
routes, while only weakly so in the BBC. The observed increase in
foraging guild richness with NDVI is in accordance with previous
work in birds indicating that for avian communities in particular, gra-
dients in niche availability may be an important mechanism in me-
diating productivity-richness gradients (Culbert et al., 2013; Feng
et al., 2020; Hurlbert & Jetz, 2007; MacArthur & MacArthur, 1961,
but see Roll et al., 2015).

Nevertheless, both niche measures we used had deficiencies that
could have obscured even stronger underlying relationships. While
our measure of productivity range provides some coarse informa-
tion about habitat utilization, it cannot easily distinguish the degree
to which species specialize on finer-scale microhabitats, such as for-
est edges and interiors. The categorical nature of the foraging niche
classification we used precluded examining differences in foraging
niche breadth between species. This is because each species was
assigned to only a single foraging category, even though some cate-
gories may reflect a greater range of foraging behaviour than others.
Future work examining how birds partition habitat and resources
both horizontally and vertically along the productivity gradient may
provide increased clarity into the mechanisms by which increased
productivity yields greater species richness through the NSH.

The NSH and MIH are not mutually exclusive; however, we found
that if both are operating, there is relatively stronger support for
the NSH—especially specialization in foraging niche—than the MIH.
While there may be certain contexts in which energy availability is
important in driving richness, such as seasonal variation between
breeding and non-breeding periods (Hurlbert & Haskell, 2003;
Somveille et al., 2018), the relative contribution of the MIH and
NSH may differ when describing seasonal variation in richness as
opposed to geographical variation. Our results highlight the impor-
tance of carefully considering how inferences about mechanisms
can be drawn from data at macroecological scales such as the BBS,
especially in the presence of confounding variables such as the con-
current gradient in landscape diversity with productivity. Future
work to directly measure the true explanatory variables of interest,
such as resource availability and niche breadth, at macroecological
scales will be essential for definitively unravelling the mechanisms

underlying productivity-richness relationships.
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