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Abstract

How are rainforest birds faring in the Anthropocene? We use bird captures spanning > 35 years
from 55 sites within a vast area of intact Amazonian rainforest to reveal reduced abundance of
terrestrial and near-ground insectivores in the absence of deforestation, edge effects or other direct
anthropogenic landscape change. Because undisturbed forest includes far fewer terrestrial and
near-ground insectivores than it did historically, today’s fragments and second growth are more
impoverished than shown by comparisons with modern ‘control’ sites. Any goals for bird commu-
nity recovery in Amazonian second growth should recognise that a modern bird community will
inevitably differ from a baseline from > 35 years ago. Abundance patterns driven by landscape
change may be the most conspicuous manifestation of human activity, but biodiversity declines in
undisturbed forest represent hidden losses, possibly driven by climate change, that may be perva-
sive in intact Amazonian forests and other systems considered to be undisturbed.
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INTRODUCTION

Tropical forest loss has spurred concern over declining biodiver-
sity. Landscape ecology, rooted in island biogeography, provides
insights into how forest cover, fragment size, matrix composition,
and edge effects influence populations or communities across
altered landscapes (Sekercioglu et al., 2007; Martensen et al.,
2012; Wolfe et al., 2015; Pfeifer et al., 2017; Fletcher et al., 2018).
These concepts predict how configuration of remaining forest,
matrix and regeneration affect rainforest taxa (Dent and Wright,
2009; Hanski et al., 2013; Pfeifer et al., 2017). Critically, assessing
how landscape change affects biodiversity usually involves com-
paring results from disturbed areas with baseline metrics from the
least disturbed setting. If data from disturbed and control sites
are collected concomitantly, the approach becomes a space-for-
time substitution analysis, even if this is not mentioned explicitly
(e.g. Pickett, 1989; Fig. 1). The comparison describes the current
pattern, but may not reveal mechanisms or trajectory in a non-
stationary environment (Damgaard, 2019).
Biodiversity change in tropical forests may also occur in the

absence of landscape change, although revealing these

patterns requires long-term sampling of sites within undis-
turbed forest. A network of tree community plots has shown
altered plant communities and ecosystem properties consistent
with climate change (e.g. Esquivel-Muelbert et al., 2019). As
tropical tree communities and climate undergo directional
change, rainforest animal communities may also be experienc-
ing long-term changes distinct from landscape effects (e.g.
Brawn et al., 2017). Unfortunately, the level of sampling that
has revealed patterns for plants is generally not available for
animals. Unlike tree community studies from multiple sites
sampled across decades, results showing trends for animals in
intact tropical forest are compromised by narrow spatial or
temporal sampling, local disturbance, or landscape change
(Whitfield et al., 2007; Visco et al., 2015; Blake and Loiselle,
2016; Lister and Garcia, 2018; Willig et al., 2019).
To understand how rainforest biodiversity will change from

the multiple pressures of the Anthropocene (Dirzo et al.,
2014), we need to disentangle processes resulting from defor-
estation-driven landscape context (e.g. Pfeifer et al., 2017)
from those occurring in intact forest in the absence of land-
scape effects (e.g. Esquivel-Muelbert et al., 2019). For
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animals, this represents a formidable challenge due to the dif-
ficulty of achieving adequate sampling in space and time
(Visco et al., 2015). If animal patterns are changing in the
absence of landscape change, it would represent a sobering
warning that simply preserving forest does not maintain rain-
forest biodiversity in a static condition. Moreover, abundance
changes within continuous primary forest would show that
the baseline used to determine contemporary landscape-level
effects has shifted. Unfortunately, this could dampen encour-
aging results that suggest recovering landscapes will support
rainforest taxa even as primary forest continues to be cleared
(Dent and Wright, 2009). The most meaningful assessment of
modern communities should be against a baseline from undis-
turbed forest that accounts for changes in recent decades,
rather than relying only on inference from space-for-time sub-
stitution (França et al., 2016; De Palma et al., 2018; Soga and
Gaston, 2018).
The Biological Dynamics of Forest Fragments Project

(BDFFP), north of Manaus, Brazil, offers the opportunity to
examine long-term changes in understorey bird abundance from
primary forest plots unaffected by local landscape effects. In
addition to undisturbed forest, about 10% of the forested area
has been removed or fragmented, revealing landscape effects on
birds (Stouffer, 2020). Using standardised bird capture data
from undisturbed primary forest plots sampled decades apart
and from fragments and second growth in the modern disturbed
landscape, we address two objectives (Fig. 1). First, we assess
abundance change in primary forest between 1980–1984 and
2008–2016. From this analysis, we identify the species and
guilds that have changed in this interval in the absence of land-
scape effects. These are birds responding to as-yet unknown
processes that may be operating throughout the vast

Amazonian rainforest. Second, we use a parallel analysis to
assess abundance change between the historical primary forest
and the modern disturbed landscape. These results reveal the
extent to which the ‘undisturbed’ forest baseline has shifted,
with reduced abundance in the modern primary forest com-
pounding landscape effects for vulnerable species.

METHODS

Study area

The BDFFP includes three adjacent c. 15 000 ha rainforest
parcels about 80 km north of Manaus, Brazil (2o20’S, 60oW;
Fig. S1). Beginning in the 1970s, limited clearing of primary
rainforest produced a mosaic of pastures and forest frag-
ments, although the entire area remains embedded in a vast
expanse of undisturbed forest (Gascon and Bierregaard,
2001). Additional forest clearing in the area slowed over the
1980s and generally ceased by about 1990. Across the
BDFFP, overall forest cover has persisted at > 90% for as
long as LANDSAT imagery has been available to analyse
(since 1985; Rutt et al., 2019a). The forest is typical terra
firme rainforest, growing on nutrient-poor soils characteristic
of the Guiana Shield (Gascon and Bierregaard, 2001). Rain-
fall at Reserva Ducke, about 60 km to the south, averages c.
2550 mm/year, peaking in March through May (Aleixo et al.,
2019).

Site selection

In the early 1980s, BDFFP researchers sampled birds in
many plots within continuous primary forest in anticipation

Figure 1 Biotic change drivers and research approaches. The typical space-for-time substitution used to assess landscape processes, in this case beginning

with forest clearing in 1979, will be misleading if communities in undisturbed primary forest have changed (baseline shift). Triangles indicate years of

sampling included in our analysis.
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that the plots would become isolated (see Bird sampling); the
objective was to examine community change following isola-
tion. Eleven plots were eventually isolated and have been
sampled through 2016. By the late 1980s, it became apparent
that additional forest would not be cleared, and sampling
ceased in almost all continuous forest sites. For our historical
sample, we chose 34 sites in continuous forest that had been
sampled 4-9 times in 1980-1984 (Fig. S1; n = 3 sites sampled
4 times, n = 1 site sampled 5 times, n = 29 sites sampled 6
times, and n = 1 site sampled 9 times). Primary forest sites
we analysed were originally delineated without any systematic
selection process. These sites were spread over a linear dis-
tance of > 35 km between the two most distant sites. For
our modern sample, we used 21 continuous forest sites each
sampled 4-6 times from 2008 to 2016 (n = 7 sites sampled 4
times, n = 5 sites sampled 5 times, n = 9 sites sampled 6
times). These sites were not the same sites sampled in the
1980s, but they spanned approximately the same area, with
maximum separation of > 40 km between the two most dis-
tant sites.
Sites in the two primary forest samples were similar repre-

sentations of the broader landscape; most sites in both time
periods were < 3 km of a site from the other time period (Fig.
S1). The mean distance of a modern site to the nearest histori-
cal site was 2536 m (range 54–6580 m, SD = 2080 m). Sites
were at least 200 m from any edge, beyond the reach of the
vast majority of the many edge effects measured at the
BDFFP, including reduced understorey bird abundance (Pow-
ell et al., 2013; Laurance et al., 2004; 2018). On average, sites
in both samples were > 900 m from any edge, and were dis-
tributed similarly in both samples (Fig. S2). Logistics of sam-
pling birds along trails within delineated plots led to some
clumping of sites. We controlled for this effect, which was
present in both time periods, using a similar distribution of
sites with regard to distance among sites (Fig. S3; mean dis-
tance in both samples > 400 m).
For the modern disturbed landscape, we included 15 sites:

n = 4 1-ha fragments; n = 3 10-ha fragments; and n = 8 sites
in second growth, sampled 5–21 times from 2007 to 2016.
These sites were selected to capture landscape variation across
the disturbed areas of the BDFFP (see map and additional
details in Rutt et al., 2019b). Hereafter we use ‘historical pri-
mary forest’ and ‘modern primary forest’ to refer to the con-
tinuous primary forest sites and ‘modern disturbed landscape’
for sites in fragments and second growth.

Bird sampling

The protocol for mist-netting birds has remained consistent
(Stouffer et al., 2006). A site sample corresponds to the same
line of nets run repeatedly. A continuous line of 16 nets (or 8
nets in 1-ha sites in the modern disturbed landscape), with the
bottom trammel set at ground level, was opened at 0600. Nets
were typically left open until 1400. Net material (polyester),
length (12 m), height (c. 2.5 m) and mesh size (38 mm) have
remained constant. Captured birds were identified, processed
and released on site. Net lines were run for one day at a time,
generally at intervals of > 1 month. We only included samples
from the dry season (June–November).

Bird data

The main strength of mist net sampling is its standardisation,
essentially free from observer bias. Capture probability differs
among species based on their behaviour; we compare capture
rates within species or by combining similar species by guild
(see Analysis). Our analysis should not be construed as a mea-
sure of absolute abundance, but we consider variation within
species among samples to be driven by differences in relative
abundance. We excluded raptors, kingfishers and species cap-
tured < 5 times. This filtering eliminated canopy species that
almost never descend to net level, as well as birds too large to
be reliably sampled with mist nets. The forest understorey
community at our site includes almost exclusively permanent
residents not known to make any seasonal movements (Rutt
et al., 2017). Long-distance migrants are extremely rare, but
we excluded these few captures as well as one intratropical
migrant, Geotrygon montana (Stouffer and Bierregaard, 1993).
We also excluded Pachysylvia muscicapina, a canopy species
with > 5 captures, and Cyanoloxia rothschildii, an uncommon
species of uncertain guild affiliation. We categorised the
remaining species into 12 feeding or substrate guilds (Table
S1). Based on behavioural observations and faecal samples,
most species in our sample do not eat fruit at our site. To dis-
tinguish species that at least sometimes eat fruit, our frugivore
guilds include the few species that are strongly frugivorous
(e.g. manakins) as well as species that only occasionally eat
fruit at our site (e.g. Momotus momota and Tachyphonus suri-
namus). We divided woodcreepers into three guilds based on
their behaviour: the obligate army-ant follower Dendrocincla
merula is included with two antbirds (Pithys albifrons and
Gymnopithys rufigula) in the army-ant follower guild; three
species that often attend ant swarms, but seldom join mixed-
species flocks, comprise the ant-woodcreeper guild; and the
remaining species, which all participate in mixed-species
flocks, are simply categorised as the woodcreeper guild.

Analysis

For individual species, we used Bayesian hierarchical models
to estimate changes in relative bird abundance among the
three datasets (Fig. 1). In a previous study, we conducted a
space-for-time substitution analysis based on the difference in
capture rates between the modern primary forest and the
modern disturbed landscape samples to determine the effect
of forest disturbance (Rutt et al., 2019b). Similarly, to test for
long-term changes in bird abundance in the absence of land-
scape disturbance (a baseline shift), we derived species-specific
change estimates based on differences between the historical
primary forest samples and the modern primary forest sam-
ples. Finally, to examine the effect of forest disturbance on
birds while accounting for a baseline shift (absolute change),
we calculated the difference between the historical primary
forest and the modern disturbed landscape samples.
The Bayesian hierarchical framework enables independent

modelling of species presence/absence and abundance, given
that a species is present. The analytical process leading to vul-
nerability estimates from the modern disturbed landscape
sample is described elsewhere (Rutt et al., 2019b); the same
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approach was used to generate the long-term change estimates
within primary forest. Briefly, we used a hierarchical Bayesian
framework to model vulnerability or long-term change from
count data. We began with a hierarchical zero-inflated Pois-
son model,

wi ∼Bernoulli ψ ið Þ
where ψ i represents the probability that a species occurs at a
given site, accounting for species that are absent from individ-
ual sites (where i¼ site � species observations). If wi ¼ 1, the
species was observed at that site, and we estimated counts
(CiÞ with the parameter λ, which we further model with a lin-
ear predictor,

Ci ∼Poisson wi� λið Þ
λi ¼ α j ið Þ þβ j ið ÞxiþAi

The linear predictor includes a random intercept (α j) and
random slope (β j) for j species, giving each species a vulnera-
bility estimate based on xi, a dummy variable with two levels
(historical/modern or disturbed/primary). Ai is an offset to
account for different sampling effort among sites. This process
was identical for comparison of historical primary forest and
modern primary forest (measuring long-term change in the
absence of landscape effects) and comparison of historical pri-
mary forest and modern primary forest with the modern dis-
turbed landscape (revealing the shifted baseline). For both
analyses we only included species with five captures combined
between the two samples.
We ran three parallel Markov chains for all models, with

each chain starting at its own randomly generated value. The
first 10 000 iterations of each chain were discarded, with the
remaining 10 000 thinned by removing every third iteration,
resulting in a total of 10 000 saved iterations per model. These
remaining values allowed us to characterise the posterior dis-
tribution, which we assessed visually for convergence using
trace plots and plots of posterior distributions, as well as the
Brooks–Gelman–Rubin statistic, R, where values < 1.1 indi-
cate convergence. We considered a parameter significant if the
posterior distribution did not overlap zero at the 95% credible
interval (CRI). All models were fit in JAGS with the R pack-
age ‘R2jags’ (Su and Yaima, 2020).
We compared communities among sites and treatments with

NMDS and Jaccard similarity index (R package ‘vegan’ with
the metaMDS and betadiver functions [Oksanen et al., 2019]).
The NMDS was based on species-specific capture rates at
each site (captures, excluding same-day recaptures, per unit
sampling effort [mist net hours]). We calculated Jaccard
indices for all pairwise comparisons of sites in both the histor-
ical and the modern samples.

RESULTS

Of the 79 species that could be compared between the histori-
cal primary forest and the modern primary forest samples, 9
(11%) were less common in the modern primary forest sam-
ple, 8 (10%) were more common in the modern primary forest
sample and 62 (78%) showed no significant change (Fig. 2a).
Of the species with 95% CRIs overlapping zero, 38 species
showed mean decreases and 24 showed mean increases. The

magnitude of decreases and increases were roughly equivalent.
Abundance change corresponds to a log scale, indicating that
eight species at least doubled in abundance and eight species
saw their abundance reduced by at least 50%. Lowered abun-
dance led to considerable reduction in naı̈ve occupancy across
sites: 14 species were present at less than half the proportion
of sites in the modern primary forest as in the historical pri-
mary forest (Table S1).
Abundance changes did not represent a random scatter of

species. Rather, systematic differences in abundance emerged
among guilds (Fig. 3a). Near-ground insectivores and terres-
trial insectivores declined most strongly. These two guilds,
totalling 21 species, included 11 of the 14 species with the
greatest mean declines (Fig. 2a; guild assignments in Table S1,
detailed results for individual species in Supporting Informa-
tion). For example, Isleria guttata, Sclerurus caudacutus and
Microcerculus bambla, three species in these guilds, were pre-
sent at > 50% of sites in the historical sample but in <20% of
sites in the modern primary forest. Only the midstorey frugi-
vore guild increased significantly since the 1980s. These seven
species include four of the eight species with the greatest mean
increases (Fig. 2a). Midstorey insectivore species showed vari-
able responses, resulting in an overall increase for the guild.
Five guilds (woodcreepers, understorey frugivores, army-ant
followers, ant-following woodcreepers and understorey insecti-
vores), comprising 25 species, showed almost no change
between the historical primary forest and the modern primary
forest samples. Hummingbirds and gap insectivores declined,
but not significantly.
Comparing the modern disturbed landscape with historical

primary forest revealed greater declines than when compared
with modern primary forest (Fig. 2b, results for individual
species in Supporting Information). Of the 38 species that
declined in the modern disturbed landscape based on compar-
ison with modern primary forest (open red circles), 25 (66%)
showed a greater magnitude of change when compared with
historical primary forest (closed red circles), in some cases by
an order of magnitude (1 unit on the y-axis). This included
greater decreases for 18 of the 20 species previously identified
as having the greatest declines (Rutt et al., 2019b). Overall,
species that declined in the modern disturbed landscape com-
pared to modern primary forest declined even more when they
were compared to historical primary forest (Fig. S4). Few spe-
cies increased in the modern disturbed landscape, but those
that did also increased more in comparison to historical pri-
mary forest.
The historical primary forest baseline allowed us to consider

an additional 10 species that were too rare to analyse in the
modern primary forest or the modern disturbed landscape
(closed circles unpaired with open circles in Fig. 2b; see also
Rutt et al., 2019b). With a sample size adequate for analysis,
they showed extreme declines in modern disturbed landscape,
with two terrestrial insectivores and one understorey insecti-
vore among the 15 species that declined the most between the
historical primary forest and the modern disturbed landscape.
Collapsing species into guilds revealed large differences in

abundance between the historical primary forest and the mod-
ern disturbed landscape for insectivore guilds (Fig. 3b). Ter-
restrial insectivores and near-ground insectivores showed > 3-
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fold negative change, an amplification of their temporal
change within primary forest (Fig. 3a). Riparian insectivores,
woodcreepers and understorey insectivores also showed strong
negative change.
Community-level ordination (Fig. 4) revealed that the mod-

ern primary forest sites differed significantly from the histori-
cal primary forest sites (function envfit r2 = 0.250, P < 0.001).
NMDS cluster centroid SEs for the two time periods did not
overlap, and only one site fell within the centroid SE ellipse
for the other time period. The historical primary forest sample
showed less variation among sites, as indicated by a smaller
centroid SE. Modern disturbed landscape communities dif-
fered considerably among sites, as expected based on includ-
ing small forest fragments and secondary forest of various
ages, but clustered more closely to modern primary forest

than to historical primary forest, illustrating the shifted base-
line for primary forest sites. Historical primary forest sites
had slightly higher Jaccard similarity than modern primary
forest sites. In both samples, distance contributed little to sim-
ilarity; the variation among sites was comparable for sites
< 5 km apart and for sites > 25 km apart (Fig. S4).

DISCUSSION

Long-term declines in undisturbed forest

We analysed bird captures from three datasets: the modern
(2007–2016) disturbed landscape of forest fragments and sec-
ond growth, and continuous primary forest from two time
periods (historical primary forest in 1980–1984 and modern
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Figure 2 (a) Mean and 95% credible intervals (CRI) of bird abundance change in primary forest between historical and modern samples. Coloured circles

(red for declining, green for increasing) indicate CRIs that do not overlap zero. (b) Mean and 95% CRIs comparing abundance in the modern disturbed

landscape with abundance in historical primary forest and modern primary forest.
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primary forest in 2008–2016). We found two important
trends. First, abundance of many species has declined within
primary forest (Fig. 2a). Second, bird abundance in the mod-
ern disturbed landscape is more divergent from the historical
sample, reflecting the shifting baseline in the primary forest
(Fig. 2b). Most notably, primary forest communities have
fewer terrestrial and near-ground insectivores now than they

did in the 1980s (Fig. 3a). Nearly all species in these two
guilds are now less common. Previous research at the BDFFP
and elsewhere has confirmed vulnerability of terrestrial insecti-
vores to landscape processes (Powell et al., 2015), but our new
results reveal reduced abundance in the absence of landscape
change.
Our design permits confidence that these results are robust

and representative of widespread changes in central Amazonian
terra firme rainforest since the 1980s. Historical and modern
samples were collected in the dry season over multi-year inter-
vals from 55 sites that were well separated in space, but sampled
identically (Fig. S1). By sampling over multiple years, our
results should not be biased by years with unusual weather con-
ditions. By sampling over the same > 40 km swath of rainforest
in both time intervals, our results should not be biased by
topography or other local processes (Figs. S3 and S5). Total
deforested area in this >1500 km2 landscape is < 10% and has
not changed appreciably since the 1980s. Although disturbance
has encroached from the south, the area remains connected to
vast intact forest, especially to the north (Rutt et al., 2019a).
We conclude that processes operating within continuous pri-
mary forest have driven the temporal changes we documented.
This distinguishes our design and clarifies our interpretation
compared to site-specific observations from unique landscapes,
multisite comparisons that also include landscape change, or
space-for-time comparisons (Castellon and Sieving, 2006; Han-
ski et al., 2013; Visco et al., 2015; Keinath et al., 2016; Nowa-
kowski et al., 2017).

Potential mechanisms

Other long-term research at the BDFFP allows us to identify
possible mechanisms for our results and tentatively discount
others. Bird communities in primary forest have not been
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altered in any significant way by invasive bird species, even in
small fragments (Rutt et al., 2019a; Stouffer, 2020). Neither
have invasive predators, competitors, or pathogens been iden-
tified for birds. Pathogens seem an unlikely mechanism for
the declines we observed, as the strongly affected guilds
include species from multiple families, most including close
relatives with little long-term change (Table S1). Hunting and
trapping is minimal at the BDFFP, surely with no meaningful
direct consequence for small birds. Large mammals capable of
forest alteration (Visco et al., 2015) do not appear to have
increased. We know almost nothing about nest predation or
other sources of nest failure, but declining species are not
restricted to a particular nesting strategy. Rather, they include
burrow, cavity and open cup nesters that nest at all times of
the year (Stouffer et al., 2013). More likely explanations con-
nect birds to changes in food resources, microhabitat condi-
tions, or forest structure within primary forest.
Foraging height is highly stratified in Amazonian bird com-

munities (Terborgh et al., 1990; Thiollay, 1994; Walther,
2002). For guilds that declined most strongly (terrestrial and
near-ground insectivores), their only significant avian competi-
tors for food are army-ant followers. Ant-following birds con-
sume arthropods flushed out of the litter or low vegetation by
marauding ants (Willis and Oniki, 1978). As a guild, army-ant
followers showed little change between the historical and
modern primary forest samples (Fig. 3a), suggesting that food
resources were still available to them in the modern primary
forest, or that they outcompeted terrestrial insectivores for
limited resources. Ant followers and ground insectivores dif-
fer, however, in an important way relevant to their foraging
opportunities. Ant followers show extreme specialisation in
their association with ants, but consume a broad variety of
prey. This prey is concentrated along the front of the advanc-
ing swarm, resulting in strong behavioural interactions as
birds jockey for prime foraging access (Willis and Oniki,
1978). Terrestrial and near-ground insectivores move along
the forest floor as solitary individuals or family groups, often
employing specific foraging strategies, such as tossing leaves
(Sclerurus spp. or Myrmornis torquata) or gleaning arthropods
from the underside of low leaves (Corythopis torquatus). As
such, these species should be tied to more specific microhabi-
tats or resources than ant followers, as is also revealed by ant
followers being more common in second-growth forest and
better colonisers through younger second growth (Stouffer
and Bierregaard, 1995; Stouffer et al., 2011; Wolfe et al.,
2015). This habitat plasticity is especially pronounced for
Pithys albifrons, the smallest and most common ant follower,
which increased in abundance between the historical and the
modern primary forest samples (Fig. 2a).
Species using higher strata of the understorey showed mixed

responses between the historical and modern primary forest
samples (Fig. 3a). No guild showed a significant decline,
although several individual species among hummingbirds and
understorey frugivores are now less abundant (Fig. 2a). In
general, it appears that both the species linked to the intricate
network of obligate mixed-species flocks (Mokross et al.,
2014), and the large number of understorey species that do
not join flocks, have been relatively stable in the primary for-
est. Interestingly, one of the species that has increased in

recent decades is Glyphorynchus spirurus, the smallest wood-
creeper. This ubiquitous species has small area requirements,
relatively broad habitat associations and opportunistically
joins flocks (Johnson et al., 2011; Darrah and Smith, 2014).
These behavioural characteristics appear to have served it well
over recent decades.
The only guild to show an increase in the modern sample

was midstorey frugivores (Fig. 3a), a heterogeneous collection
of species linked through inclusion of at least some fruit in
their diet, in contrast to the near-absolute insectivory of the
various insectivore guilds. This suggests that frugivory or diet-
ary plasticity may have been advantageous for these species in
recent decades (Bender et al., 2017). Some of the species with
the greatest increases in the modern samples are strongly fru-
givorous (e.g. three manakins among the top seven increasing
species, Fig. 2a). Developing second growth, edges, and small
fragments provide the small fruits used by these birds;
increased abundance of fruit resources may drive increased
abundance of frugivores in the modern disturbed landscape
(Wieland et al., 2011; Sousa et al., 2017). Even so, early suc-
cessional trees do not increase in the primary forest beyond c.
200 m from edges (Laurance et al., 2006), so this effect seems
unlikely as a driver of increased midstorey frugivores in the
modern primary forest compared to historical primary forest.
Forest structural change may have real effects on bird abun-

dance, but could also contribute to capture probability inde-
pendent of actual abundance (Remsen and Good, 1996). Our
most important result—declining abundance of terrestrial and
near-ground insectivores—should not be compromised by vag-
aries of capture probability, as these species almost never
ascend above net level. Many midstorey species, however, reg-
ularly use strata above net height, so pervasive changes in for-
est structure or microclimate (Walther, 2002) could influence
the height at which these species forage or move through the
forest, in turn affecting their capture rates.
Forest-scale patterns associated with climate change have

been described at the BDFFP and throughout the Amazon,
although little is known about changes to the forest floor or
lowest vegetation stratum. In general, tree biomass is increas-
ing in the Amazon (Baker et al., 2004; Brienen et al., 2015;
Feldpausch et al., 2016). A trend of increasing tree mortality
and increasing soil water deficit (Baker et al., 2004; Brienen
et al., 2015; Esquivel-Muelbert et al., 2019) may mean addi-
tional woody debris on the forest floor. Continuous primary
forest plots at the BDFFP reveal increased tree mortality and
recruitment as well as directional composition changes to
favour faster-growing species, lianas, and species that tolerate
drier conditions (Laurance, 2004; Laurance et al., 2014; Esqui-
vel-Muelbert et al., 2019). CO2 enrichment has been postu-
lated as a mechanism for these changes, although changes in
drought frequency or rainfall seasonality also seem plausible
(reviewed in Laurance et al., 2018). The central Amazon has
seen less change in rainfall and less extreme drought events
than elsewhere in the Amazon (Jiménez-Muñoz et al. 2016;
Almeida et al., 2017; Esquivel-Muelbert et al., 2019); if these
factors affect bird populations, we would expect even more
extreme results elsewhere in Amazonia. Links from climatic or
microhabitat variation in space and time to population trends
have been elusive or equivocal for rainforest birds (Pollock
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et al., 2015; Visco et al., 2015). Even so, climate change has
been postulated as the ultimate driver of upslope distribution
changes for tropical montane birds, despite the proximal
mechanism remaining unknown (Freeman et al., 2018).

The shifting baseline

A major research focus at the BDFFP has been to document
how understorey populations and communities respond to the
dynamic landscape mosaic (Laurance et al., 2011). We assumed
that the limitation to bird community recovery from deforesta-
tion was sufficient connectivity and second-growth development
to allow primary forest species to use other elements of the
landscape (Stouffer et al., 2006; Wolfe et al., 2015; Stouffer,
2020). However, our current analysis reveals that the primary
forest avifauna itself has changed. Continued recovery of bird
communities in second growth will approach a new baseline
that is not representative of the community of the early 1980s.
In addition to terrestrial and near-ground insectivores, a much
larger suite of species in fragments and second growth also
declined from the historical primary forest baseline. Conversely,
some omnivores and frugivores appear to be successful
throughout the modern landscape. The general concordance of
landscape effects and long-term change for individual species
and guilds suggests that these effects combine in an additive
way. Winners in the modern disturbed landscape are doing bet-
ter, and losers are doing worse, than modern data reveal (Fig.
S4). The species whose baselines have shifted may be pre-
dictable in many landscapes: they will be terrestrial and near-
ground insectivores. Although vulnerability of these birds has
been identified repeatedly (Powell et al., 2015), our results add
another level to the pattern. Some terrestrial and near-ground
birds are now so rare in the primary forest that an assessment
across the modern landscape would not reveal a difference asso-
ciated with disturbance, masking the reality that both the dis-
turbed landscape and the primary forest are now depauperate.
For example, the terrestrial insectivore Sclerurus caudacutus
occurred in no modern disturbed sites, but because it occurred
in just 10% of modern primary forest sites it might be assessed
as simply a rare species throughout the landscape. In fact, it
was present at > 50% of the primary forest sites in the 1980s, so
it has only become a rare species in recent decades.
This shifting baseline has important implications for inter-

preting contemporary biodiversity assessments (De Palma
et al. 2018; Soga and Gaston, 2018). Studies that evaluate the
risk to rainforest species following disturbance (Hudson et al.,
2014; Moura et al., 2016; Hatfield et al., 2018) may underesti-
mate the divergence of vulnerable taxa from an unknown
older baseline. Similarly, landscape effects on ecological func-
tion of modern Amazonian bird communities may underesti-
mate function loss since the 1980s (Bregman et al., 2016).
Recovery of secondary forest or certain types of agroforestry
can increase diversity of rainforest taxa (Phillips et al., 2017;
Rocha et al., 2018; Şekercioğlu et al., 2019), but the magni-
tude of gains depends upon the baseline for comparison. The
pattern we describe unfolded over > 30 years, suggesting that
stability over shorter samples (Beaudrot et al., 2016) may not
necessarily imply the absence of a longer-term trend (Dam-
gaard, 2019).

Our quantitative assessment of biotic change over decades
in ‘undisturbed’ sites makes an important empirical contribu-
tion to understanding Anthropocene defaunation (Dirzo
et al., 2014). Declines in Amazonian birds reinforce patterns
that have emerged in other taxa from datasets that are less
standardised or less suitable for parsing landscape effects from
long-term changes (Ceballos et al., 2017; Hallmann et al.,
2017; Lister and Garcia, 2018). Where data are available,
researchers should maintain sampling to accompany the tra-
jectory of long-term change, even if only to document how far
conditions are falling from the historical baseline.
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