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Abstract

1.

Selective logging dominates forested landscapes across the tropics. Despite the
structural damage incurred, selectively logged forests typically retain more bio-
diversity than other forest disturbances. Most logging impact studies consider
conventional metrics, like species richness, but these can conceal subtle biodi-
versity impacts. The mass-abundance relationship is an integral feature of eco-
logical communities, describing the negative relationship between body mass and
population abundance, where, in a system without anthropogenic influence, larger
species are less abundant due to higher energy requirements. Changes in this re-

lationship can indicate community structure and function changes.

. We investigated the impacts of selective logging on the mass-abundance scaling

of avian communities by conducting a meta-analysis to examine its pantropical
trend. We divide our analysis between studies using mist netting, sampling the

understory avian community, and point counts, sampling the entire community.

. Across 19 mist-netting studies, we found no consistent effects of selective logging

on mass-abundance scaling relative to primary forests, except for the omnivore
guild where there were fewer larger-bodied species after logging. In eleven point-
count studies, we found a more negative relationship in the whole community

after logging, likely driven by the frugivore guild, showing a similar pattern.

. Limited effects of logging on mass-abundance scaling may suggest high species

turnover in logged communities, with like-for-like replacement of lost species with
similar-sized species. The increased negative mass-abundance relationship found
in some logged communities could result from resource depletion, density com-
pensation, or increased hunting; potentially indicating downstream impacts on

ecosystem functions.

. Synthesis and applications. Our results suggest that size distributions of avian

communities in logged forests are relatively robust to disturbance, potentially
maintaining ecosystem processes in these forests, thus underscoring the high
conservation value of logged tropical forests, indicating an urgent need to focus

on their protection from further degradation and deforestation.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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1 | INTRODUCTION

Selective logging is the dominant anthropogenic activity in the trop-
ics (Edwards, Tobias, Sheil, Meijaard, & Laurance, 2014), responsible
for degrading over 390 million hectares of tropical forests globally
(Asner, Rudel, Aide, Defries, & Emerson, 2009; Blaser, Sarre, Poore,
& Johnson, 2011), with extensive additional illegal logging (Lawson &
MacFaul, 2010). Despite the structural damage to forests caused by
logging (Hawthorne, Sheil, Agyeman, Abu Juam, & Marshall, 2012;
Osazuwa-Peters, Chapman, & Zanne, 2015; Putz, Sist, Fredericksen,
& Dykstra, 2008), selectively logged forests retain more biodiver-
sity compared with other forest disturbances (Edwards, Magrach,
et al., 2014; Gibson et al., 2011; Putz et al., 2012), although com-
munity composition is altered compared with primary forests and
impacts on biodiversity are more adverse at higher logging inten-
sities (Burivalova, Sekercioglu, & Koh, 2014; Edwards et al., 2011;
Edwards, Magrach, et al., 2014; Martin, Newton, Pfeifer, Khoo, &
Bullock, 2015). However, studies using conventional metrics (i.e.,
species richness and community composition; Burivalova et al., 2014,
Costantini, Edwards, & Simons, 2016) can conceal hidden impacts
on ecosystem functioning. For instance, in Borneo, high-intensity
logging (twice-logged) resulted in a half-trophic level increase in the
trophic position of nine of ten understory bird species (Edwards et
al., 2013), indicating that these species were feeding from higher up
the food chain, via a switch to a more invertebrate-rich diet. There
is thus a need to investigate the impacts of selective logging on eco-
system properties that represent community function to better un-
derstand the future of biodiversity in selectively logged forests.
Mass-abundance scaling describes the negative relationship
between a species' body mass and population abundance (Damuth,
1981), where, in a system without anthropogenic pressures, larger
species typically occur at lower abundances due to their higher
energy and resource requirements compared with smaller species.
Because body mass determines metabolic rate, and thus resource
use, the mass-abundance relationship describes resource partition-
ing within an ecosystem (White, Ernest, Kerkhoff, & Enquist, 2007)
and underpins food-web stability in ecological systems (O'Gorman
& Emmerson, 2011; Otto, Rall, & Brose, 2007; Riede et al., 2011).
Shifts in the mass-abundance relationship after land-use changes
can indicate alterations in the structure and function of ecological
communities. For example, selective logging can impose primary and
secondary impacts on ecosystems. Its primary impacts are that larger
species tend to be more vulnerable to selective logging (Burivalova
et al., 2015), which could lead to losses in large-seed dispersers.
The secondary impacts from these losses include lower recruitment
in large-seeded plants (Culot, Bello, Batista, do Couto, & Galetti,
2017), which greatly impede forest regeneration (Gardner, Bicknell,

Baldwin-Cantello, Struebig, & Davies, 2019; Osazuwa-Peters et al.,

2015) and carbon stocking (Bello et al., 2015; Osuri et al., 2016;
Peres, Emilio, Schietti, Desmouliere, & Levi, 2016).

To our knowledge, only two studies have directly evaluated the
impacts of selective logging on the mass-abundance relationship
of ecological communities, both on avian communities (Sreekar et
al., 2015; Srinivasan, 2013), and these showed contrasting results.
Srinivasan (2013) found that the mass-abundance relationship of
understory insectivorous bird communities (body size ranging 6.1-
71.3 g) became more negative (i.e., fewer larger-bodied species) as
logging intensity increased in the Himalaya. This suggests that den-
sity compensation occurs when resource declines cause larger spe-
cies to become rarer, allowing smaller species to access resources
previously monopolized by larger species and increase in abundance
(MacArthur, Diamond, & Karr, 1972). In contrast, Sreekar et al. (2015)
found no changes in the mass-abundance relationship between pri-
mary forests, degraded forests, and agricultural lands in Sri Lanka,
which was likely due to the high species turnover observed in each
land-use type. These contrasting results invoke the need for a me-
ta-analysis, where data from appropriate studies across the tropics
will be used to determine the global trend of this relationship.

We investigated the impacts of selective logging on the mass-
abundance scaling of avian communities—which are well-known
taxonomically (Jetz, Thomas, Joy, Hartmann, & Mooers, 2012),
good indicators of responses to environmental change in other
taxa (Edwards, Magrach, et al., 2014) and important for ecosystem
functioning (Sekercioglu, 2006)—by conducting a meta-analysis to
examine the overall pantropical trend of this relationship. We use
the local size-density relationship (LSDR) between the average
body mass of a species and the abundance of the species, with
all abundances coming from localized study areas. We measured
the slope of the upper bound of this mass-abundance relationship
(Srinivasan, 2013) since the upper bound represents the maximum
potential abundance of a species of a certain body size, typically
between the 75th percentile and the 95th percentile of the mass-
abundance relationship. This upper bound is measured because
(a) the LSDR is determined by processes that influence resource
allocation between species (White et al., 2007) and, therefore,
the upper bound is likely to be energetically limiting (Blackburn,
Lawton, & Perry, 1992); and (b) local assemblages tend to contain
species with lower population sizes compared with larger glob-
al-scale communities (Brown, Mehlman, & Stevens, 1995) as they
contain only a subset of the global population size. We tested the
hypothesis that logging typically decreased the upper-bound slope
of the mass-abundance relationship, relative to primary forest,
due to disproportionate effects on the abundance of large-bodied
species (Srinivasan, 2013). We also investigated the impacts of se-
lective logging on mass-abundance scaling within different avian

foraging guilds, given that guilds differ in their rates of energy
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consumption as well as energy availability (Russo, Robinson, &
Terborgh, 2003) and that foraging guilds often respond differently
to land-use change (Sreekar et al., 2015).

2 | MATERIALS & METHODS

2.1 | Data collection

Data were obtained from 30 studies (19 studies using mist-netting
methods and 11 studies using point-count methods) that contained
information on abundance or capture rate for avian species in both
selectively logged forests and old-growth primary forest controls
across the tropics (Figure 1, Table S1 and S2). The online Web of
Science database was used to search for studies with the keywords
[“selective logging” OR forestry OR “secondary forest” OR “re-
generating forest”] AND [bird* OR avian OR aves] AND [mass OR
abundance OR number OR “capture rate” OR density]. This search
was refined by [tropic*] and [“mist-net” OR “point-count”] result-
ing in 80,156 studies. We further refined the search to only include
studies with topics such as environmental sciences, ecology, for-
estry, zoology, and biodiversity conservation, leaving us with 525
studies. We then supplemented the search using two more Google
Scholar searches with the keywords; search 1: “selective logging”,
bird*, avian, aves, mass, abundance, number, “capture rate”, density,
“mist-net*”, “point-count*”, tropic*; search 2: “regenerating forest”,
bird*, avian, aves, mass, abundance, number, “capture rate”, density,
“mist-net*”, “point-count™”, tropic*. Search 1 resulted in 774 studies
and search 2 returned 215 studies. This left us with a total of 1,514
studies, and after removing duplicates, we were left with 1,395 stud-
ies. Excluding studies based on title reduced the collection to 676
studies, and excluding the remaining studies based on abstract re-
sulted in 211 studies. All searches were conducted between 4 April
2019 and 18 April 2019.

Of these 211 studies, studies were only included during full-
text screening if they were (a) conducted in the tropics (between
23.43706°N and 23.43706°S), (b) conducted in closed-canopy
forests, (c) used mist netting or point counts to sample birds,
(d) presented species-specific abundance estimates in both se-
lectively logged forests and old-growth primary forests, and (e)
mist-net and point-count datasets (if both included) could be sep-

arated. This resulted in a total of 47 studies, for one of which
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the author no longer had the abundance dataset, another one
for which the sole author (Johns, 1996) was uncontactable, and
for 15 of which we did not get a response from the authors we
contacted.

This left us with 30 studies (19 mist-netting studies and 11
point-count studies; see Table S1 and S2 for information on each
study). Where available, mass was obtained from individual studies,
and for studies in which no information on mass was provided (or
where masses were missing for some species), we used Dunning's
CRC Handbook of Avian Body Masses (2008) and Handbook of the
Birds of the World Alive (del Hoyo, Elliott, Sargatal, Christie, & Juana,
2017). The data from two of these studies (Hawes, Barlow, Gardner,
& Peres, 2008; Wunderle, Henriques, & Willig, 2006) were split and
analyzed separately as they contained data from different habitats,
where each habitat type contained a distinct avian community. This

resulted in 21 separate mist-netting studies.

2.2 | Quantile regression

The mist-netting data and point-count data were analyzed sepa-
rately. To study the impacts of selective logging on the mass-
abundance scaling of avian communities across the tropics, a
meta-analysis was conducted on differences in the slope of the
upper bound of mass-abundance relationships between logged
forests and primary forest controls. The abundance or capture rate
for each species was standardized within each study and within
each habitat type (primary forest or logged forest) to obtain the
relative standardized abundance:
Relative Standardized Abundance = XG;X

x = Abundance

X = Mean abundance

o = Standard deviation of abundance

Using relative standardized abundance rather than abundance or
capture rate will affect the intercept but not the slope of the mass-
abundance relationship. For each study and habitat type (primary
forest or logged forest), the slopes of the upper bound of the mass-
abundance relationship was estimated using quantile regressions
in the R software (R Core Team, 2019) package quantreg (Koenker,
2017). Quantile regression enables the quantification of information

-100

0 100

o Both © Mist net 4 Point count

FIGURE 1 Distribution of the nineteen mist-net studies and eleven point-count studies across the tropics
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from the boundaries of polygonal relationships (Scharf, Juanes,
& Sutherland, 1998) and can identify factors that limit species' re-
sponses (Vaz et al., 2008). Standardized relative abundance was log10
(y + 1) transformed in the mist-net data and log10 (y + 2) transformed
in the point-count data, while species mass was log10 transformed to
obtain a straight line upper bound on the mass-abundance relation-
ship. The upper bound of the polygonal mass-abundance relationship
is likely to represent an energetic limit on abundance (Blackburn &
Gaston, 1997).

2.3 | Meta-analysis

For each paired logged and primary slope estimate, the mean dif-
ference effect size, Hedges' g, was calculated using the compute.
es package (Del Re, 2013). Studies were weighted by the inverse of
their variance so that smaller studies or those with high uncertainty
contribute less to estimated effects. The average effect size was
then calculated using the random-effects model in the MAd pack-
age (Del Re & Hoyt, 2014). To test for the effect of elevation and
geographic region (continent) on the effect sizes, a meta-regression
was performed with elevation and continent using the MAd package
(Del Re & Hoyt, 2014). The extent of heterogeneity was tested using
the 12 statistic.

Publication bias was tested for using two methods in the metafor
package (Viechtbauer, 2010). First, publication bias was examined
visually using a funnel plot of effect size (Figure S9, Figure S10) and
the second method was using Rosenthal's Fail-Safe N analysis. This
meta-analysis was repeated using slope estimates from a range of re-
gression quantiles (0.75, 0.8, 0.85, 0.9, 0.95). All analyses were done
using the R software (R Core Team, 2019).

2.4 | Guild analyses

To examine the impacts of selective logging on the mass-abun-
dance scaling of different species foraging guilds, each species
was first assigned to a foraging guild (insectivore, frugivore, omni-
vore, carnivore, and granivore; see Table S3 for more information)
based on the categorization used in the EltonTraits 1.0 database
(Wilman et al., 2014). This resulted in only three foraging guilds,
insectivore, frugivore, and omnivore, containing enough data after
removing studies where there were less than ten species per study
and per habitat type (i.e., less than ten species in either primary
forest or logged forest). The above meta-analysis methods were
then conducted separately for insectivore, frugivore, and omnivore
foraging guilds. The resulting studies for each guild are as follows:
insectivore: 19 mist-netting studies and eleven point-count stud-
ies; frugivore: ten mist-netting studies and seven point-count stud-
ies; and omnivore: nine mist-netting studies and seven point-count

studies.

3 | RESULTS

There was a small degree of within-study heterogeneity (I*:
0.004%-33.43%) in the 0.75 quantile models (mist net: frugivore;
point count: Overall, frugivore), 0.8 quantile models (point count:
frugivore, omnivore), 0.85 quantile models (point count: frugivore,
omnivore), 0.9 quantile models (mist net: frugivore, omnivore; point
count: Overall, frugivore, omnivore), and 0.95 quantile models (mist
net: Overall, frugivore, omnivore; point count: Overall, insectivore,
frugivore, omnivore). However, there was a large degree of uncer-

tainty in these I? estimates, which is to be expected due to the

(@) (b)
i Mist net ‘ Point count
Overall }—0—‘—| Overall }—0—-{
Insectivore }—0—| Insectivore M
. | - |
© ' kel H
E: : 2 ;
(7] : ®» :
Frugivore |—0—| Frugivore }—0—{
§ § FIGURE 2 Overall effect sizes of
i ) 3 all studies combined in each category:
Omnivore I | Omnivore ] . . -
: : Overall (all data), insectivore, frugivore,
and omnivore, with their respective 95%
confidence intervals. Effect sizes are from
-04 -02 00 02 04 -04 -02 00 02 04 the 0.75 regression quantile for (a) mist-

Mean effect size + 95% Cl (Hedges g)

Mean effect size + 95% CI (Hedges g)

net studies and (b) point-count studies
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small amount of studies. Publication bias was detected for the
0.95 quantile Overall model (mist net: p = .044, Fail-safe N = 2,
Figure S9; point count: p = .01, Fail-safe N = 11, Figure S10), the
0.9 omnivore model (mist net: p = .033, Fail-safe N = 3, Figure S9),
and the 0.95 omnivore model (mist net: p = .032, Fail-safe N = 3,
Figure S10).

3.1 | Mist-net studies

Selective logging did not affect the mass-abundance scaling of the
Overall avian community across all regression quantiles (p > .05;
Figures 2 and 3a, Figure S1). Confidence intervals for these effect
sizes overlapped zero in all cases (Table 1), indicating considerable
within-study uncertainty in the strength of the effects of logging
on mass-abundance scaling. Mass-abundance relationships did
not vary significantly in relation to elevation or study continent
(p >.05).

Arcilla et al. 2015

Blake & Loiselle 2001
Crome et al. 1996

Dranzoa 1998

Edwards et al. 2009
Edwards et al. 2011
Edwards et al. 2012

Flores et al. 2002
Guilherme & Cintra 2001
Hawes et al. 2008 (terrafirme)
Hawes et al. 2008 (riparian)
Henriques et al. 2008
Holbech 2005

Lambert 1992

Larison et al. 1999

Mason 1996

Waltert 2000

Wong 1986

Wunderle et al. 2006 (understory)
Waunderle et al. 2006 (gap)
Yapetal. 20079

Overall Effect Size

(a)

Overall

Study

-2 -1

Blake & Loiselle 2001{ (C) Frugivore
Crome et al. 1996
Edwards et al. 2009
Edwards et al. 2012
Guilherme & Cintra 2001

Hawes et al. 2008 (terrafirme)

Study

Hawes et al. 2008 (riparian)
Henriques et al. 2008
Mason 1996

Wunderle et al. 2006 (gap)

Overall Effect Size

-2 -1 0 1 2
Mean effect size + 95% CI (Hedges' g)
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Examining the effect of selective logging on the mass-abundance
relationship at the insectivore and frugivore foraging guild level showed
similar results across all regression quantiles (p > .05; Figures 2 and
3b,c, Figure S2 and S3). Again, confidence intervals for these effect
sizes overlapped zero in all cases (Table 1). The effect sizes for the in-
sectivore guild were also not affected by elevation and study continent
(b > .05). However, effect sizes for the frugivore guild were associated
with study continent in the 0.75 quantile (Asia having a significant neg-
ative effect size: mean Hedges' g [+95% Cl] = -0.42 [-0.834, -0.009],
p =.045) and 0.95 quantile (South America having a significant positive
effect size: mean Hedges' g [+95% Cl] = 0.53 [0.037, 1.013], p = .035),
as well as by elevation in the 0.95 quantile where there is a signifi-
cant positive effect at zero elevation (mean Hedges' g [+95% Cl] = 0.31
[0.017, 0.606], p = .038). In the omnivore guild, the mass-abundance
relationship at the 0.9 quantile became significantly more negative in
selectively logged forests (mean Hedges' g [+95% CI] = -0.20 [-0.388,
-0.017], p = .033; Table 1, Figure S4c) with all other quantiles showing
no effect of selective logging (Table 1, Figure 3d, Figure S4). Elevation

Arcilla et al. 2015

Blake & Loiselle 2001 1

Crome et al. 1996 1

Dranzoa 1998 1

Edwards et al. 2009 1

Edwards et al. 2011

Edwards et al. 2012
Guilherme & Cintra 2001 4
Hawes et al. 2008 (terrafirme)
Hawes et al. 2008 (riparian)
Henriques et al. 2008 {
Holbech 2005 A

Lambert 1992 1

Mason 1996 A

Waltert 2000

Wong 1986 1

Wunderle et al. 2006 (understory)
Wunderle et al. 2006 (gap)
Yepetal. 2007 =

Overall Effect Size 1

(b) ! Insectivore

-2 -1 0 1 2

(d)

Arcilla et al. 2015

Omnivore

Blake & Loiselle 2001 1
Edwards et al. 2009
Edwards et al. 2011
Edwards et al. 20124

Henriques et al. 2008 {

Lambert 1992
Wong 1986

Yap et al. 2007 1

Overall Effect Size 1

Mean effect size + 95% CI (Hedges' g)

FIGURE 3 The effect sizes of each mist-net study and the overall effect size with their respective 95% confidence intervals. The size of
the points corresponds to each study's respective weights. Effect sizes are from the 0.75 regression quantile for (a) Overall, (b) insectivore
foraging guild, (c) frugivore foraging guild, and (d) omnivore foraging guild
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TABLE 1 The average Hedges' g effect sizes of each mass-
abundance regression quantile and the 95% confidence interval for
each effect size from the mist-net data

Average effect

Quantile size 95% ClI
Overall
0.75 -0.029 -0.090 0.032
0.80 -0.030 -0.091 0.031
0.85 -0.054 -0.115 0.007
0.90 -0.052 -0.112 0.009
0.95 -0.059 -0.120 0.002
Guild: insectivore
0.75 0.002 -0.076 0.071
0.80 0.005 -0.068 0.078
0.85 0.007 -0.081 0.066
0.90 0.009 -0.064 0.083
0.95 -0.020 -0.094 0.053
Guild: frugivore
0.75 -0.125 -0.315 0.066
0.80 0.001 -0.190 0.192
0.85 0.100 -0.090 0.291
0.90 0.102 -0.089 0.293
0.95 0.127 -0.065 0.318
Guild: omnivore
0.75 -0.111 -0.297 0.074
0.80 -0.149 -0.334 0.037
0.85 -0.176 -0.362 0.009
0.90 -0.202 -0.388 -0.017
0.95 -0.180 -0.366 0.005

Note: Results are shown for the whole dataset (Overall) and for each
foraging guild (insectivore, frugivore, and omnivore). Significant effect
sizes are highlighted in bold.

and study continent did not affect the mass-abundance scaling of the

omnivore communities.

3.2 | Point-count studies

There was no effect of selective logging on the mass-abundance
scaling of the Overall bird community (Table 2, Figures 2 and 4a,
Figure S5) except in the 0.95 quantile where the mass-abundance
slope was significantly more negative in selectively logged forests
(mean Hedges' g [+95% Cl] = -0.05 [-0.07, -0.03], p < .001; Table 2,
Figure S5d). When elevation and continent were both taken into ac-
count, only the African continent had a significant positive effect
size (mean Hedges' g [+95% CI] = 0.28 [0.028, 0.540], p = .030) at
the 0.75 quantile.

At the foraging guild level, the mass-abundance relationships of
the insectivore and omnivore communities were unaffected by selec-

tive logging (p > .05; Table 2, Figure 2, insectivore: Figure 4b, Figure

TABLE 2 The average Hedges' g effect sizes of each mass-
abundance regression quantile and the 95% confidence interval for
each effect size from the point-count data

Average effect

Quantile size 95% ClI
Overall
0.75 -0.032 -0.070 0.005
0.80 -0.010 -0.029 0.009
0.85 -0.011 -0.063 0.042
0.90 0.000 -0.020 0.019
0.95 -0.05 -0.070 -0.030
Guild: insectivore
0.75 0.000 -0.019 0.020
0.80 0.009 -0.028 0.011
0.85 0.001 -0.019 0.020
0.90 0.010 -0.033 0.052
0.95 0.001 -0.018 0.021
Guild: frugivore
0.75 -0.150 -0.299 -0.002
0.80 -0.172 -0.321 -0.024
0.85 -0.007 -0.156 0.141
0.90 -0.112 -0.261 0.037
0.95 -0.165 -0.313 -0.016
Guild: omnivore
0.75 0.004 -0.152 0.159
0.80 0.028 -0.127 0.184
0.85 -0.029 -0.285 0.227
0.90 -0.070 -0.301 0.160
0.95 -0.025 -0.299 0.249

Note: Results are shown for the whole dataset (Overall) and for each
foraging guild (insectivore, frugivore, and omnivore). Significant effect
sizes are highlighted in bold.

Sé6, omnivore: Figure 4d, Figure S8) and there was no influence of
elevation and study continent (p > .05). Contrarily, the mass-abun-
dance scaling of frugivore was significantly more negative in selec-
tively logged forests in the 0.75 (mean Hedges' g [t95% ClI] = -0.15
[-0.299, -0.002], p = .047; Figure 2), 0.8 (mean Hedges' g [+95%
Cl] = -0.17 [-0.321, -0.024], p = .023), and 0.95 (mean Hedges' g
[£95% CI] = -0.17 [-0.313, -0.016], p = .030) quantiles (Table 2,
Figure 4c, Figure S7). However, elevation and study continent did
not affect these mass-abundance relationships (p > .05).

4 | DISCUSSION

We investigated how selective logging affects the mass-abun-
dance relationship in avian communities across the tropics, find-
ing that communities sampled by mist netting largely experienced
no effect of selective logging on these relationships, except in the

omnivore communities, where the mass-abundance relationship
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FIGURE 4 The effect sizes of each point-count study and the overall effect size with their respective 95% confidence intervals. The size
of the points corresponds to each study's respective weights. Effect sizes are from the 0.75 regression quantile for (a) Overall, (b) insectivore
foraging guild, (c) frugivore foraging guild, and (d) omnivore foraging guild

became more negative in selectively logged forests. On the other
hand, we found that the mass-abundance relationship of the over-
all communities sampled by point counts was more negative in
logged forests. This was likely driven by the frugivore communi-
ties, which were the only foraging guild to have a more negative
mass-abundance relationship in selectively logged forests. This
increased negative slope in the mass-abundance relationship could
indicate a loss of larger species or a rise in the number of small
species (Srinivasan, 2013), potentially signaling changes in resource
and energy partitioning between species, with downstream im-
pacts on ecosystem functioning.

Srinivasan (2013) found that the mass-abundance relationship of
understory avian insectivores became steeper and more negative as
logging intensity increased. This was thought to be due to multiple
factors such as resource depletion and density compensation. As re-
sources decline in degraded habitats, disproportionately vulnerable
larger species may decrease in abundance and thus free up resources
for smaller species to thus increase in abundance. Hunting could also

be a factor leading to declines in larger species, as selectively logged

forests tend to have increased hunting pressure due to more acces-
sibility via logging roads (Sheil & Meijaard, 2005).

Different functional groups consume energy at different rates
and have different amounts of energy available to them in their hab-
itat (Ernest et al., 2003; Marquet, 2002) and although species which
forage on fruits and nectar (frugivore guild) tend to thrive in de-
graded forests compared with species which forage on invertebrates
(insectivore guild; Greenberg, Bichier, & Sterling, 1997; Sreekar et al.,
2015), we observe that the mass-abundance relationship of frugivore
point-count communities were affected by selective logging and not
the insectivore communities. This could indicate greater vulnerability
of larger frugivore species, perhaps because large fruiting trees tend
to be removed during the logging process and require a longer period
of time to regenerate (Burivalova et al., 2015). Furthermore, some
large frugivore species, such as the Helmeted Hornbill (Rhinoplax
vigil), are particularly threatened by hunting due to their value for
meat, ornamental feathers or ivory-like casque (Beastall, Shepherd,
Hadiprakarsa, & Martyr, 2016; Bennett, Nyaoi, & Sompud, 1997).

The change in the mass-abundance relationship in these frugivore
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communities could precipitate important changes in seed dispersal
services within logged forest ecosystems.

On the other hand, our results show that many mass-abundance
relationships in the mist-net and point-count communities are robust
to selective logging activities. Many studies from freshwater, inter-
tidal, and marine ecosystems have shown that the mass-abundance
relationship is robust to disturbances (Jonsson, Cohen, & Carpenter,
2005; Marquet, Navarrete, & Castilla, 1990; O'Gorman & Emmerson,
2011). O'Gorman and Emmerson (2011) found that the mass-abun-
dance relationship in marine food webs was robust to disturbances
due to higher species turnover in the disturbed communities. One
potential mechanism is structural changes in habitat or food webs
produce new size-abundance niches that could be exploited by new
species. Similarly, there could be a replacement of species with simi-
lar body sizes after logging, allowing the community to maintain en-
ergy and structural stability within the system (Damuth, 1981, 1987;
Jonsson et al., 2005; Marquet et al., 1990).

Sreekar et al. (2015) also found no difference in the mass-
abundance relationship of avian communities between primary
forests and selectively logged forests in southern India. Sreekar
et al. (2015) suggested that this similarity was due to high species
turnover in logged forests, as the avian communities change in
response to altered environments. They observed a higher pro-
portion of insectivores in primary forests compared with logged
forests and a higher proportion of insectivores in the understory
primary forest community compared with the logged community.
Given that there is a limited amount of energy available within a
logged habitat, it is perhaps unsurprising that mass-abundance
relationships are not consistently affected as communities adapt
to the amount of available energy. Nevertheless, marked changes
in avian community structure following logging suggest that other
ecosystem properties in logged forests may be different from that
of primary forests, representing an important topic for future stud-
ies. These different responses found between Srinivasan (2013)
and Sreekar et al. (2015) may be due to the degree of habitat vari-
ation. For instance, Srinivasan (2013) sampled across a gradient
of selective logging intensities, while this study and Sreekar et al.
(2015) sampled across a gradient of distinct habitats which are
more drastically different from each other. In the two distinct hab-
itats, the logged forest communities could have had time to reach
a new state of energy and structural equilibrium that still adheres
to the power law NxMP, which describes the mass-abundance re-
lationship, where N is species abundance and M is the species' body
mass. Thus, both logged and primary forests in this case would

have similar mass-abundance slopes.

4.1 | Synthesis and applications

Our study suggests that logging only significantly alters the avian
mass-abundance relationships of selected frugivore and omnivore
communities in tropical forests. Inclusion of point-count studies in

the meta-analysis was important as these detected some changes in

the mass-abundance relationship that the mist-net studies failed to
capture. The lack of impacts on understory communities in the mist-
net studies may be due to mist nets only detecting a subset of bird
sizes, making it difficult to detect abundance changes in species at
the upper extreme of the size spectrum.

The impacts experienced by these communities could be min-
imized by restoring selectively logged forests with native fruiting
trees, especially those bearing larger fruits. The results also show
that logging does not change the mass-abundance relationship of
the majority of the avian communities which adds weight to the
evidence that avian communities are relatively robust to selective
logging, with species and communities exhibiting some flexibility to
adapt to modified environments and, in doing so, maintaining eco-
system functioning (Ewers et al., 2015), which is crucial in an epoch
of global change. These results also underscore the high conserva-
tion value of logged tropical forests (Edwards et al., 2011), indicat-
ing that an urgent conservation priority is the protection of these
cost-effective habitats from further degradation and deforestation,
allowing enhanced area of forest protection, buffering of primary
forest reserves and maintenance of landscape-scale connectivity
(Edwards, Tobias, et al., 2014).

ACKNOWLEDGMENTS

We thank the Leverhulme Centre for Advanced Biological Modelling
for a PhD studentship awarded to C.C.P.C, the Grantham Centre for
Sustainable Futures for a PhD scholarship awarded to M.G.H., and
Natural Environment Research Council for a grant awarded to D.P.E.
We thank Jake Bicknell and an anonymous reviewer for comments
that greatly improved the manuscript. The authors have no conflict
of interest.

CONFLICT OF INTEREST

None declared.

AUTHORS' CONTRIBUTIONS

US, DPE, CCPC, and JJG conceived the ideas and designed the meth-
odology; US, MGH, and CCPC collected the data; and CCPC ana-
lyzed the data and led the writing. All authors contributed critically

to the drafts and gave final approval for publication.

DATA AVAILABILITY STATEMENT
Data available from Figshare: https://doi.org/10.15131/shef.

data.11590902.v1

ORCID
Cindy C. P. Cosset

Umesh Srinivasan

https://orcid.org/0000-0003-3624-3277
https://orcid.org/0000-0002-8040-1124

REFERENCES

Asner, G. P, Rudel, T. K., Aide, T. M., Defries, R., & Emerson, R.
(2009). A contemporary assessment of change in humid trop-
ical forests. Conservation Biology, 23, 1386-1395. https://doi.
org/10.1111/j.1523-1739.2009.01333.x


https://doi.org/10.15131/shef.data.11590902
https://doi.org/10.15131/shef.data.11590902
https://.v1
https://orcid.org/0000-0003-3624-3277
https://orcid.org/0000-0003-3624-3277
https://orcid.org/0000-0002-8040-1124
https://orcid.org/0000-0002-8040-1124
https://doi.org/10.1111/j.1523-1739.2009.01333.x
https://doi.org/10.1111/j.1523-1739.2009.01333.x

COSSET ET AL.

Beastall, C., Shepherd, C. R., Hadiprakarsa, Y., & Martyr, D. (2016). Trade
in the helmeted hornbill Rhinoplax vigil: The ‘ivory hornbill. Bird
Conservation International, 26, 137-146.

Bello, C., Galetti, M., Pizo, M. A., Magnago, L. F. S., Rocha, M. F., Lima,
R. A. F., ... Jordano, P. (2015). Defaunation affects carbon stor-
age in tropical forests. Science Advances, 1, €1501105. https://doi.
org/10.1126/sciadv.1501105

Bennett, E. L., Nyaoi, A. J., & Sompud, J. (1997). Hornbills Buceros spp.
and culture in northern Borneo: Can they continue to co-exist?
Biological Conservation, 82, 41-46.

Blackburn, T. M., & Gaston, K. J. (1997). A critical assessment of the
form of the interspecific relationship between abundance and body
size in animals. Journal of Animal Ecology, 66, 233-249. https://doi.
org/10.2307/6025

Blackburn, T. M., Lawton, J. H., & Perry, J. N. (1992). A method of esti-
mating the slope of upper-bounds of plots of body size and abun-
dance in natural animal assemblages. Oikos, 65, 107-112. https://doi.
org/10.2307/3544892

Blaser, J., Sarre, A., Poore, D., & Johnson, S. (2011). Status of tropical for-
est management 2011, ITTO technical series No. 38. Yokohama, Japan:
International Tropical Timber Organization.

Brown, J. H., Mehlman, D. W., & Stevens, G. C. (1995). Spatial vari-
ation in abundance. Ecology, 76, 2028-2043. https://doi.
org/10.2307/1941678

Burivalova, Z., Lee, T. M., Giam, X., Sekercioglu, C. H., Wilcove, D. S,
& Koh, L. P. (2015). Avian responses to selective logging shaped by
species traits and logging practices. Proceedings of the Royal Society B:
Biological Sciences, 282(1808), 20150164. https://doi.org/10.1098/
rspb.2015.0164

Burivalova, Z., Sekercioglu, C. H., & Koh, L. P. (2014). Thresholds
of logging intensity to maintain tropical forest biodiversity.
Current Biology, 24, 1893-1898. https://doi.org/10.1016/j.
cub.2014.06.065

Costantini, D., Edwards, D. P, & Simons, M. J. P. (2016). Life
after logging in tropical forests of Borneo: A meta-analysis.
Biological Conservation, 196, 182-188. https://doi.org/10.1016/j.
biocon.2016.02.020

Culot, L., Bello, C., Batista, J. L. F., do Couto, H. T. Z., & Galetti, M. (2017).
Synergistic effects of seed disperser and predator loss on recruit-
ment success and long-term consequences for carbon stocks in trop-
ical rainforests. Scientific Reports, 7, 1-8. https://doi.org/10.1038/
s41598-017-08222-4

Damuth, J. (1981). Population density and body size in mammals. Nature,
290, 699-700. https://doi.org/10.1038/290699a0

Damuth, J. (1987). Interspecific allometry of population-density in
mammals and other animals - The independence of body-mass and
population energy-use. Biological Journal of the Linnean Society, 31,
193-246. https://doi.org/10.1111/j.1095-8312.1987.tb01990.x

del Hoyo, J., Elliott, A., Sargatal, J., Christie, D. A., & de Juana, E. (Eds.)
(2017). Handbook of the birds of the world alive. Barcelona, Spain: Lynx
Edicions.

Del Re, A. C. (2013). compute.es: Compute effect sizes. R package version
0.2-2.

Del Re, A. C., & Hoyt, W. T. (2014). MAd: Meta-analysis with mean differ-
ences. R package version 0.8-2.

Dunning, J. B. J. (2008). CRC handbook of avian body masses (2nd ed.).
Boca Raton, FL: CRC Press.

Edwards, D. P, Larsen, T. H., Docherty, T. D. S., Ansell, F. A., Hsu, W. W,
Derhe, M. A,, ... Wilcove, D. S. (2011). Degraded lands worth protect-
ing: The biological importance of Southeast Asia's repeatedly logged
forests. Proceedings of the Royal Society B-Biological Sciences, 278,
82-90. https://doi.org/10.1098/rspb.2010.1062

Edwards, D. P., Magrach, A., Woodcock, P., Ji, Y. Q. Lim, N. T. L., Edwards,
F. A, ... Yu, D. W. (2014). Selective-logging and oil palm: Multitaxon
impacts, biodiversity indicators, and trade-offs for conservation

Ecology and Evolution o 2811
= WILEY- 2

planning. Ecological Applications, 24, 2029-2049. https://doi.
org/10.1890/14-0010.1

Edwards, D. P., Tobias, J. A., Sheil, D., Meijaard, E., & Laurance, W. F.
(2014). Maintaining ecosystem function and services in logged trop-
ical forests. Trends in Ecology & Evolution, 29, 511-520. https://doi.
org/10.1016/j.tree.2014.07.003

Edwards, D. P., Woodcock, P., Newton, R. J., Edwards, F. A., Andrews,
D. J. R., Docherty, T. D. S., ... Hamer, K. C. (2013). Trophic flexibility
and the persistence of understory birds in intensively logged rainfor-
est. Conservation Biology, 27, 1079-1086. https://doi.org/10.1111/
cobi.12059

Ernest, S. K. M., Enquist, B. J., Brown, J. H., Charnoy, E. L., Gillooly, J. F.,
Savage, V., ... Tiffney, B.(2003). Thermodynamic and metabolic effects
onthescalingof productionandpopulationenergy use. Ecology Letters,
6, 990-995. https://doi.org/10.1046/j.1461-0248.2003.00526.x

Ewers, R. M., Boyle, M. J. W,, Gleave, R. A, Plowman, N. S., Benedick, S.,
Bernard, H., ... Turner, E. C. (2015). Logging cuts the functional impor-
tance of invertebrates in tropical rainforest. Nature Communications,
6, 6836. https://doi.org/10.1038/ncomms7836

Gardner,C.J.,Bicknell,J.E.,Baldwin-Cantello, W., Struebig, M. J., & Davies,
Z. G. (2019). Quantifying the impacts of defaunation on natural for-
est regeneration in a global meta-analysis. Nature Communications,
10, 4590. https://doi.org/10.1038/541467-019-12539-1

Gibson, L., Lee, T. M., Koh, L. P, Brook, B. W., Gardner, T. A., Barlow, J.,
... Sodhi, N. S. (2011). Primary forests are irreplaceable for sustaining
tropical biodiversity. Nature, 478, 378. https://doi.org/10.1038/natur
e10425

Greenberg, R., Bichier, P., & Sterling, J. (1997). Bird populations in rustic
and planted shade coffee plantations of eastern Chiapas, Mexico.
Biotropica, 29, 501-514. https://doi.org/10.1111/j.1744-7429.1997.
tb00044.x

Hawes, J., Barlow, J., Gardner, T. A., & Peres, C. A. (2008). The value
of forest strips for understorey birds in an Amazonian plantation
landscape. Biological Conservation, 141, 2262-2278. https://doi.
org/10.1016/j.biocon.2008.06.017

Hawthorne, W. D., Sheil, D., Agyeman, V. K., Abu Juam, M., & Marshall, C.
A.M.(2012). Logging scarsin Ghanaian high forest: Towards improved
models for sustainable production. Forest Ecology and Management,
271, 27-36. https://doi.org/10.1016/j.foreco.2012.01.036

Jetz, W,, Thomas, G. H., Joy, J. B., Hartmann, K., & Mooers, A. O. (2012).
The global diversity of birds in space and time. Nature, 491, 444-448.
https://doi.org/10.1038/nature11631

Johns, A. G. (1996). Bird population persistence in Sabahan log-
ging concessions. Biological Conservation, 75, 3-10. https://doi.
org/10.1016/0006-3207(95)00044-5

Jonsson, T., Cohen, J. E., & Carpenter, S. R. (2005). Food webs, body
size, and species abundance in ecological community description.
Advances in Ecological Research, 36(36), 1-84.

Koenker, R. (2017). quantreg: Quantile regression. R package version 5.33.
Retrieved from https://CRAN.R-project.org/package=quantreg

Lawson, S., & MacFaul, L. (2010). lllegal logging and related trade: Indicators
of the global response. London, UK: Royal Institute of International
Affairs.

MacArthur, R. H., Diamond, J. M., & Karr, J. R. (1972). Density com-
pensation in island faunas. Ecology, 53, 330-342. https://doi.
org/10.2307/1934090

Marquet, P. A. (2002). Ecology - Of predators, prey, and power laws.
Science, 295, 2229-2230. https://doi.org/10.1126/science.1070587

Marquet, P. A., Navarrete, S. A., & Castilla, J. C. (1990). Scaling popu-
lation-density to body size in rocky intertidal communities. Science,
250, 1125-1127. https://doi.org/10.1126/science.250.4984.1125

Martin, P. A., Newton, A. C., Pfeifer, M., Khoo, M., & Bullock, J. M. (2015).
Impacts of tropical selective logging on carbon storage and tree spe-
cies richness: A meta-analysis. Forest Ecology and Management, 356,
224-233. https://doi.org/10.1016/j.foreco.2015.07.010


https://doi.org/10.1126/sciadv.1501105
https://doi.org/10.1126/sciadv.1501105
https://doi.org/10.2307/6025
https://doi.org/10.2307/6025
https://doi.org/10.2307/3544892
https://doi.org/10.2307/3544892
https://doi.org/10.2307/1941678
https://doi.org/10.2307/1941678
https://doi.org/10.1098/rspb.2015.0164
https://doi.org/10.1098/rspb.2015.0164
https://doi.org/10.1016/j.cub.2014.06.065
https://doi.org/10.1016/j.cub.2014.06.065
https://doi.org/10.1016/j.biocon.2016.02.020
https://doi.org/10.1016/j.biocon.2016.02.020
https://doi.org/10.1038/s41598-017-08222-4
https://doi.org/10.1038/s41598-017-08222-4
https://doi.org/10.1038/290699a0
https://doi.org/10.1111/j.1095-8312.1987.tb01990.x
https://doi.org/10.1098/rspb.2010.1062
https://doi.org/10.1890/14-0010.1
https://doi.org/10.1890/14-0010.1
https://doi.org/10.1016/j.tree.2014.07.003
https://doi.org/10.1016/j.tree.2014.07.003
https://doi.org/10.1111/cobi.12059
https://doi.org/10.1111/cobi.12059
https://doi.org/10.1046/j.1461-0248.2003.00526.x
https://doi.org/10.1038/ncomms7836
https://doi.org/10.1038/s41467-019-12539-1
https://doi.org/10.1038/nature10425
https://doi.org/10.1038/nature10425
https://doi.org/10.1111/j.1744-7429.1997.tb00044.x
https://doi.org/10.1111/j.1744-7429.1997.tb00044.x
https://doi.org/10.1016/j.biocon.2008.06.017
https://doi.org/10.1016/j.biocon.2008.06.017
https://doi.org/10.1016/j.foreco.2012.01.036
https://doi.org/10.1038/nature11631
https://doi.org/10.1016/0006-3207(95)00044-5
https://doi.org/10.1016/0006-3207(95)00044-5
https://CRAN.R-project.org/package=quantreg
https://doi.org/10.2307/1934090
https://doi.org/10.2307/1934090
https://doi.org/10.1126/science.1070587
https://doi.org/10.1126/science.250.4984.1125
https://doi.org/10.1016/j.foreco.2015.07.010

COSSET ET AL.

2812 WI LEy_Ecology and Evolution

Open Access,

O'Gorman, E. J., & Emmerson, M. C. (2011). Body mass-abundance rela-
tionships are robust to cascading effects in marine food webs. Oikos,
120, 520-528. https://doi.org/10.1111/j.1600-0706.2010.18867.x

Osazuwa-Peters, O. L., Chapman, C. A., & Zanne, A. E. (2015). Selective
logging: Does the imprint remain on tree structure and composition
after 45 years? Conservation Physiology, 3(1), cov012. https://doi.
org/10.1093/conphys/cov012

Osuri, A. M., Ratnam, J., Varma, V., Alvarez-Loayza, P., Astaiza, J. H.,
Bradford, M., ... Sankaran, M. (2016). Contrasting effects of defauna-
tion on aboveground carbon storage across the global tropics. Nature
Communications, 7, 11351. https://doi.org/10.1038/ncomms11351

Otto, S. B., Rall, B. C., & Brose, U. (2007). Allometric degree distributions
facilitate food-web stability. Nature, 450, 1226-1229. https://doi.
org/10.1038/nature06359

Peres, C. A., Emilio, T., Schietti, J., Desmouliere, S. J. M., & Levi, T. (2016).
Dispersal limitation induces long-term biomass collapse in over-
hunted Amazonian forests. Proceedings of the National Academy of
Sciences of the United States of America, 113, 892-897. https://doi.
org/10.1073/pnas.1516525113

Putz, F. E., Sist, P, Fredericksen, T., & Dykstra, D. (2008). Reduced-
impact logging: Challenges and opportunities. Forest Ecology
and Management, 256, 1427-1433. https://doi.org/10.1016/j.
foreco.2008.03.036

Putz, F. E., Zuidema, P. A., Synnott, T., Pena-Claros, M., Pinard, M.
A., Sheil, D., ... Zagt, R. (2012). Sustaining conservation val-
ues in selectively logged tropical forests: The attained and
the attainable. Conservation Letters, 5, 296-303. https://doi.
org/10.1111/j.1755-263X.2012.00242.x

R Core Team (2019). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing.

Riede, J. O., Binzer, A., Brose, U., de Castro, F., Curtsdotter, A., Rall, B.
C., & Ekloef, A. (2011). Size-based food web characteristics govern
the response to species extinctions. Basic and Applied Ecology, 12,
581-589. https://doi.org/10.1016/j.baae.2011.09.006

Russo, S. E., Robinson, S. K., & Terborgh, J. (2003). Size-abundance rela-
tionships in an Amazonian bird community: Implications for the ener-
getic equivalence rule. The American Naturalist, 161, 267-283. https
://doi.org/10.1086/345938

Scharf, F. S., Juanes, F., & Sutherland, M. (1998). Inferring ecologi-
cal relationships from the edges of scatter diagrams: Comparison
of regression techniques. Ecology, 79, 448-460. https://doi.
org/10.1890/0012-9658(1998)079[0448:IERFTE]2.0.CO;2

Sekercioglu, C. H. (2006). Increasing awareness of avian ecological
function. Trends in Ecology & Evolution, 21, 464-471. https://doi.
org/10.1016/j.tree.2006.05.007

Sheil, D., & Meijaard, E. (2005). Life after logging: How to reconcile wild-
life conservation and production forestry in Indonesian Borneo. ITTO
Tropical Forest Update, 15, 12-15.

Sreekar, R., Srinivasan, U., Mammides, C., Chen, J., Goodale, U. M.,
Kotagama, S. W., ... Goodale, E. (2015). The effect of land-use on
the diversity and mass-abundance relationships of understory avian
insectivores in Sri Lanka and southern India. Scientific Reports, 5,
11569. https://doi.org/10.1038/srep11569

Srinivasan, U. (2013). A slippery slope: Logging alters mass-abundance
scaling in ecological communities. Journal of Applied Ecology, 50, 920-
928. https://doi.org/10.1111/1365-2664.12123

Vaz, S., Martin, C. S., Eastwood, P. D., Ernande, B., Carpentier, A.,
Meaden, G. J., & Coppin, F. (2008). Modelling species distributions
using regression quantiles. Journal of Applied Ecology, 45, 204-217.
https://doi.org/10.1111/j.1365-2664.2007.01392.x

Viechtbauer, W. (2010). Conducting meta-analyses in R with the metafor
package. Journal of Statistical Software, 36, 1-48.

White, E. P, Ernest, S. K. M., Kerkhoff, A. J., & Enquist, B. J. (2007).
Relationships between body size and abundance in ecology. Trends
in Ecology & Evolution, 22, 323-330. https://doi.org/10.1016/j.
tree.2007.03.007

Wilman, H., Belmaker, J., Simpson, J., De La Rosa, C., Rivadeneira, M.
M., & Jetz, W. (2014). EltonTraits 1.0: Species-level foraging attri-
butes of the world's birds and mammals. Ecology, 95, 2027. https://
doi.org/10.1890/13-1917.1

Wunderle, J. M., Henriques, L. M. P., & Willig, M. R. (2006). Short-term
responses of birds to forest gaps and understory: An assessment of
reduced-impact logging in a lowland Amazon forest. Biotropica, 38,
235-255.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Cosset CCP, Gilroy JJ, Srinivasan U,
Hethcoat MG, Edwards DP. Mass-abundance scaling in avian
communities is maintained after tropical selective logging. Ecol
Evol. 2020;10:2803-2812. https://doi.org/10.1002/ece3.6066



https://doi.org/10.1111/j.1600-0706.2010.18867.x
https://doi.org/10.1093/conphys/cov012
https://doi.org/10.1093/conphys/cov012
https://doi.org/10.1038/ncomms11351
https://doi.org/10.1038/nature06359
https://doi.org/10.1038/nature06359
https://doi.org/10.1073/pnas.1516525113
https://doi.org/10.1073/pnas.1516525113
https://doi.org/10.1016/j.foreco.2008.03.036
https://doi.org/10.1016/j.foreco.2008.03.036
https://doi.org/10.1111/j.1755-263X.2012.00242.x
https://doi.org/10.1111/j.1755-263X.2012.00242.x
https://doi.org/10.1016/j.baae.2011.09.006
https://doi.org/10.1086/345938
https://doi.org/10.1086/345938
https://doi.org/10.1890/0012-9658(1998)079%5B0448:IERFTE%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(1998)079%5B0448:IERFTE%5D2.0.CO;2
https://doi.org/10.1016/j.tree.2006.05.007
https://doi.org/10.1016/j.tree.2006.05.007
https://doi.org/10.1038/srep11569
https://doi.org/10.1111/1365-2664.12123
https://doi.org/10.1111/j.1365-2664.2007.01392.x
https://doi.org/10.1016/j.tree.2007.03.007
https://doi.org/10.1016/j.tree.2007.03.007
https://doi.org/10.1890/13-1917.1
https://doi.org/10.1890/13-1917.1
https://doi.org/10.1002/ece3.6066

