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a b s t r a c t

Tree cavities are proposed to limit populations and structure communities of cavity-nesting birds.
Although the greatest diversity of cavity-nesting birds is found in tropical and subtropical moist forests,
little is known about how tropical logging affects the abundance of cavities or cavity-nesting birds. We
compared the abundance of cavities and cavity nests between primary and selectively-logged subtropical
moist Atlantic forest in Argentina, and conducted the first before-after controlled nest-box addition
experiment to determine whether nest sites limit the breeding density of cavity-nesting birds in tropical
or subtropical moist forest. Visual inspection of 86 cavities identified through ground-surveys revealed
that only 19% were suitable for nesting birds, suggesting that cavity abundance may be overestimated
in the literature on tropical forests. Suitable cavities were found in fewer than 1% of 1156 trees
<60 cm dbh but 20% of 20 trees >100 cm dbh. Logged forest had half the basal area of primary forest,
one third the density of large trees, nine times fewer cavities suitable for nesting birds, and 17 times
fewer active nests. When we added nest boxes, nesting density increased on treatment plots but not
on control plots in both logged and primary forest, suggesting that cavity supply can limit nest density
even in relatively undisturbed forest. This is the first experiment to show how reduced cavity supply
in logged tropical forest can limit breeding density of cavity-nesting birds. International initiatives such
as forest certification should promote tropical timber management strategies that conserve large live cav-
ity-bearing trees.

! 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Secondary cavity-nesting birds require existing tree cavities for
their reproduction, and as a result their populations can be limited
by the supply of these cavities (Newton, 1994, 1998). Cavity-nest-
ing birds reach peak diversity in tropical and subtropical moist and
wet forests (hereafter tropical moist forests); however, we know
little about the supply of tree cavities in these forests (Cornelius
et al., 2008; Gibbs et al., 1993). There is evidence that cavity-nester
populations are limited by cavity supply in managed temperate
forests where nest-box addition experiments have led to increases
in breeding density and population size of cavity-nesting birds
(Brawn and Balda, 1988; Cornelius, 2006; Holt and Martin, 1997;

Newton, 1994). In contrast, there is controversy about whether
cavities are limiting in mature temperate forests (Aitken, 2007;
Aitken and Martin, 2008; Brawn and Balda, 1988; Waters et al.,
1990) and only conflicting circumstantial evidence from tropical
forests (Boyle et al., 2008; Brightsmith, 2005a; Gerhardt, 2004;
Heinsohn et al., 2005; Zheng et al., 2009). In primary tropical rain-
forest in the Amazon, 83 of 94 apparently suitable nest cavities
(cavities at least 4 cm deep vertically and 7 cm deep horizontally)
below 15 m were empty, and secondary cavity-nesting birds occu-
pied only one of these cavities, leading Brightsmith (2005a) to con-
clude that nest sites may not be limiting under natural conditions.

The supply of cavities available for nesting birds may be re-
duced by conventional selective logging in tropical moist forests.
Selective logging currently affects approximately 20% of tropical
moist forests (Asner et al., 2009), and is one of the few widespread
economic activities to retain much of the cover and biodiversity of
native forests (Johns, 1992; Nichols et al., 2007; Putz et al., 2001;
Wells et al., 2007). However, conventional selective logging in
tropical and subtropical forests disproportionately targets large
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trees, trees that may be most likely to contain cavities suitable for
nesting birds (Brightsmith, 2005b; Cockle et al., 2010; Felton et al.,
2008; Lammertink et al., 2009; Politi et al., 2009). Felton et al.
(2008) speculated that low densities of barred forest-falcon (Micra-
stur ruficollis) in logged subtropical forest in Bolivia could be ex-
plained by a paucity of suitable nest cavities. Marsden and
Pilgrim (2003) reported a ratio of 10–20 parrots and hornbills
per nest-hole in tropical rainforest in Papua New Guinea; logged
forest had fewer potential nest cavities but similar overall abun-
dance of parrots and hornbills compared to primary forest. Politi
et al. (2010) showed that suitable nesting cavities were 2–8 times
more abundant in mature than logged forest in the subtropical An-
des of Argentina. Thus evidence suggests that conventional tropical
logging can reduce the availability of tree cavities and could have a
negative impact on populations of cavity-nesting birds if they are
limited by cavity supply.

Many cavity-nesting birds play a key role in tropical forest com-
munities as dispersers of tree seeds (Cardoso da Silva and Tabarelli,
2000; Howe, 1981). The loss of these birds can lead to lower rates
of seed dispersal, depressing tree regeneration and reducing the
economic and biodiversity value of the forest (Holbrook and Loi-
selle, 2009; Kirika et al., 2008; Sethi and Howe, 2009). To conserve
cavity-nesting birds and the services they provide in tropical moist
forests, it is important to understand how logging affects cavity
supply, and how changes in cavity supply affect the abundance
of nesting birds.

The two objectives of the present study were to determine: (1)
how conventional logging affects cavity availability in subtropical
Atlantic moist forest in South America and (2) whether nest sites
limit the breeding density of secondary cavity-nesting birds in pri-
mary or logged Atlantic forest. First, we predicted that logged for-
est would contain fewer cavities than primary forest. Second, we
hypothesized that if logging induced nest-site limitation, adding
nest boxes would lead to increases in breeding density in logged
forest but not primary forest. In contrast, if cavity nest sites are
generally limiting, we predicted that nesting density would in-
crease with nest-box addition in both logged and primary forest,
with a greater increase in the more cavity-limited forest type. From
2006 to 2009 we determined the availability and occupancy of nat-
urally occurring tree cavities (hereafter ‘cavities’), and used exper-
imental nest-box addition to determine how adding nest sites
affected nest density in primary and logged forest. To our knowl-
edge, this is the first controlled experiment to test nest-site limita-
tion in either primary or logged tropical or subtropical moist forest.

2. Methods

2.1. Study area

We studied tree cavities and nesting activities of cavity-nesting
birds in primary and logged Atlantic forest in Misiones, Argentina.
The Atlantic forest originally covered an area of about 1.48 million
km2 from 3 to 31"S along the southeast coast of Brazil and inland to
Paraguay and the province of Misiones in Argentina (Ribeiro et al.,
2009). Although parts of the Atlantic forest, including all of Misi-
ones, are located south of the Tropic of Capricorn, floristics and
physiognomy unite these southern forests with the northern
Atlantic forests, and we therefore include them under the broader
category of tropical moist forests (Negrelle, 2002; Oliveira-Filho
and Fontes, 2000). About 87% of the Atlantic forest has already
been cleared, and the region is among the top global priorities
for biodiversity conservation (Myers et al., 2000; Ribeiro et al.,
2009; Tabarelli et al., 2010). In contrast to the high levels of defor-
estation in Brazil and Paraguay, about 40% of the original Atlantic
forest cover remains in Argentina, providing important opportuni-

ties for biodiversity conservation in large tracts of forest, most of
them subject to selective logging.

Our study area comprised primary and logged forest at Parque
Provincial Cruce Caballero and logged forest on surrounding farms,
in the Sierra Central (central highlands) of Misiones (26"310S
53"590W, 600 m a.s.l.). Annual rainfall is 1200–2400 mm distrib-
uted evenly throughout the year. The vegetation is subtropical
semi-deciduous mixed forest with laurel (Lauraceae), guatambú
(Balfourodendron riedelianum), and Parana pine (Araucaria angusti-
folia; Cabrera, 1976). The only primary mixed forest with laurel,
guatambú and Parana pine remaining in Argentina covers 400 ha
in Parque Provincial Cruce Caballero, where it is surrounded by
selectively logged forests and farms. In the present study, ‘‘primary
forest” had no record or indication of logging. ‘‘Logged forest” had a
history of repeated conventional logging which removed the larg-
est trees over many years leaving small clearings (tree removal
gaps) that are now dominated by bamboo (Merostachys claussenii,
Chusquea tenella and Guadua trinii) and young trees. Forestry policy
in Misiones allows harvesting of live trees above !60 cm diameter
at breast height (dbh; exact cut-off depends on tree species). We
established four 1-ha square plots in primary forest and four in
logged forest, all randomly-located on red latisol soils with negligi-
ble slope (Cockle et al., 2008). Plots were within a 5 km radius, at
least 100 m apart and at least 150 m from any non-forested areas.

2.2. Field methods

2.2.1. Cavity availability
In each plot, we measured the dbh of each tree and calculated

the basal area of trees P35 cm dbh (hereafter basal area) and the
density of large trees (P60 cm dbh). Since conventional logging re-
moves the largest trees, we expected lower basal area and lower
density of large trees in logged forest plots than in primary forest
plots.

To determine cavity availability we used binoculars to locate all
potential cavities (apparent entrance hole with a diameter P2 cm;
interior depth unknown) and a 10-m ladder or single rope climbing
techniques to access these cavities. Since cavity internal depth and
height above ground were the two most important characteristics
for nest-site selection by secondary cavity-nesters nesting in 45
cavities outside of the plots from 2006 to 2008 (Cockle et al.,
2010), we measured the height of each cavity on the tree using a
50-m measuring tape from the lower lip of the lowest entrance
to the forest floor, and the interior vertical and horizontal depth
of the cavity using a measuring tape. Where cavities could not be
accessed by climbing (i.e., they were not accessible by ladder or lo-
cated below a sturdy live fork that could be used for climbing), we
used a pin-hole video camera mounted on a 15-m measuring pole
and inserted into the cavity to estimate depth and measure cavity
height.

We considered a cavity to be suitable for secondary cavity-nest-
ers if it was P13 cm deep and P2.5 m high. These represent the
shallowest and lowest of 45 cavities used by secondary cavity-
nesting birds outside the plots (Cockle et al., 2010).

2.2.2. Cavity occupancy
We inspected all natural cavities P8 cm deep, regardless of

their height. We inspected cavities using pin-hole video cameras
mounted on the 15-m pole or carried up the tree, every 3 weeks
throughout the breeding seasons (from 15 September to 15
December) of 2006, 2007, and 2008. Cavities were considered to
contain a nest if we saw eggs or chicks. All cavities with any sign
of avian use (nest or prospecting) from 2006 to 2008 were also
monitored during a reduced field season throughout October and
November 2009. Some potential cavities were above 15 m on
trees unsafe to climb, and thus could not be accessed with video
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cameras. We watched each of these potential cavities for a total of
2–6 h each breeding season to determine evidence of nesting
(adults seen feeding chicks or spending sufficient time in the cavity
to be incubating eggs). We searched for new cavities during five
person-hours in each plot at the beginning of each breeding season,
then monitored new cavities along with the old cavities.

2.2.3. Resource supplementation
We added nest boxes in a before-after-control-impact design to

examine how increasing cavity supply affected the nesting density
of cavity-nesting birds. All eight plots were monitored without
nest boxes throughout the first breeding season in 2006. In June
2007, 3 months before the second breeding season, two plots in
primary forest and two plots in logged forest were selected at ran-
dom for nest-box addition. To each of these treatment plots, we
added 15 wooden nest boxes 20 m apart in a 3 " 5 grid. The boxes
were 10 " 12 cm in entrance diameter, 60 cm deep from the en-
trance to the floor, and were placed 8 m high on the southeast side
of live trees where they would be in the shade during the hottest
part of the day. Box dimensions were chosen to replicate the
dimensions of: (1) natural cavities used by vinaceous parrots (Ama-
zona vinacea), a globally endangered secondary cavity-nester that
breeds in our study area (Bodrati et al., 2010; Cockle et al., 2007)
and (2) nest boxes selected by planalto woodcreepers (Dendroco-
laptes platyrostris) in a pilot study (Cockle and Bodrati, 2009). We
placed 5 cm of sawdust in the bottom of each box to simulate
the conditions of natural cavities. All boxes were monitored using
pole-mounted video cameras every 3 weeks through the breeding
seasons of 2007, 2008 and 2009, in the same way that natural cav-
ities were monitored.

2.3. Data analyses

All analyses were conducted using R version 2.9.2 (R Develop-
ment Core Team, 2009).

2.3.1. Cavity availability
We used univariate t tests or Wilcoxon rank sum tests (where

data were not normally distributed) to compare the basal area,
density of large trees (P60 cm dbh), and density of cavities be-
tween primary and logged forest. We used the glm package in R
to build a generalized linear model (GLM) with a poisson error
structure and a log link function to determine how the availability
of natural nest sites (response variable) was related to basal area
(explanatory variable). Poisson models are appropriate when the
response variable is a count. To determine how well the model
fit the data, we calculated the log-likelihood ratio R2 analog where

R2 ¼ 1$ log-LikelihoodModel

log-LikelihoodNull

and log-Likelihoodnull is the log-likelihood of the intercept-only
model.

2.3.2. Resource supplementation
To determine how adding nest-boxes affected the breeding den-

sity of cavity-nesting birds we used the lmer package to build four
candidate general linear mixed effects models (GLMM), to be com-
pared using an information theoretic approach (Burnham and
Anderson, 2002). We specified a poisson error structure and a log
link for all models. Each candidate model included number of nests
as the response variable and plot as a random effect. Fixed effects
were the number of natural cavities and the treatment (box treat-
ment or control). Including plot as a random effect accounted for
the repeated observations made over time at the same locations.
For each model in the suite of four we calculated Akaike’s Informa-

tion Criterion corrected for small sample sizes (AICc), Akaike
weight (w; Burnham and Anderson, 2002), and the log-likelihood
ratio R2 analog. To evaluate the strength of support for each model,
we compared the models based on DAICc and Akaike weights
(Burnham and Anderson, 2002). We used model averaging to cal-
culate the average parameter estimates based on all models in
which the parameter appeared, weighted by their Akaike weights.
We used a z test for each parameter to determine whether its 95%
confidence interval included zero (R Development Core Team,
2009). To improve the fit of other parameters we excluded year
from the models to be compared, because preliminary analyses
showed that: (1) including year as a random effect did not improve
model fit and (2) the number of nests did not change over the
study period at control sites (byear = $0.08, SE = 0.30, P = 0.78,
based on a GLMM including year as a fixed effect [AICc = 19.03]
that did not perform better than an intercept-only model
[AICc = 16.03].

3. Results

3.1. Cavity availability

We identified and monitored 97 potential cavities on 8 ha. We
were able to visually inspect and measure 84 of these cavities. Of
the 84 cavities measured, only 16 (19%) were suitable for cavity-
nesting birds (P13 cm deep and P2.5 m high) and 68 (81%) were
unsuitable. Two of the 97 cavities could not be measured but were
known to be suitable because birds nested in them. The remaining
11 cavities could not be inspected and no bird was ever seen enter-
ing them.

Primary forest had twice the basal area of logged forest and
three times the density of trees P60 cm dbh (Table 1). In the
8 ha of forest, suitable cavities were found in 0.4% of the 728 trees
20–34 cm in dbh, 1.6% of the 428 trees 35–59 cm in dbh, 2.8% of
the 144 trees 60–99 cm in dbh, and 20% of the 20 trees P100 cm
in dbh. The abundance of cavities suitable for birds increased with
increasing basal area (log-likelihood ratio R2 = 0.41; bBasalArea =
0.13, SE = 0.04, z = 3.14; Fig. 1), with at least nine times as many
suitable cavities/ha in primary forest as in logged forest (Table 1).

3.2. Cavity occupancy

Each year, nesting birds occupied 25% of the natural cavities we
considered suitable and 63% of the suitable cavities in trees
P60 cm dbh. None of the ten cavities we considered suitable in
trees <60 cm dbh were used. Only one natural cavity was occupied
in logged forest, and only in one of the 4 years, on a plot with nest
boxes; in contrast, five cavities over 4 years were used for a total of
17 nests in primary forest, giving an occupancy rate of 17/20 or
85% for the five used cavities in primary forest. The natural cavities
used were among the deepest in the plots, with a mean depth of
66 ± 13 cm (n = 5), compared to 36 ± 7 cm (n = 13) for cavities con-
sidered suitable but unused. Four of the five cavities 51–100 cm
deep were occupied (all in primary forest), while only one of the
12 cavities 13–50 cm deep was occupied (in logged forest), and
only in 2007, by the smallest bird (the olivaceous woodcreeper;
Sittasomus griseicapillus; 13 g). Nine species were found nesting
in natural cavities in primary forest plots: streaked flycatcher (Myi-
odynastes maculatus; 44 g), ferruginous pygmy-owl (Glaucidium
brasilianum; 65 g), maroon-bellied parakeet (Pyrrhura frontalis;
83 g), red-capped parrot (Pionopsitta pileata; 109 g), white-
throated woodcreeper (Xiphocolaptes albicollis; 120 g), white-eyed
parakeet (Aratinga leucophthalma; 159 g), scaly-headed parrot
(Pionus maximiliani, 260 g), chestnut-eared aracari (Pteroglossus
castanotis; 220 g) and red-breasted toucan (Ramphastos dicolorus;
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400 g). Only the olivaceous woodcreeper nested in a natural cavity
in logged forest. Reuse of cavities occurred both within and
between species. Four of the six used cavities were occupied by
more than one species.

3.3. Resource supplementation

Each year, cavity-nesting birds occupied 1 or 2 of the 15 nest
boxes in each treatment plot. Nest density for cavity-nesting birds
was best predicted by models that included both the number of
natural cavities and the experimental treatment (nest-box addi-
tion) as fixed effects (Table 2). Nest density increased with the
number of natural cavities and the experimental provision of nest
boxes (Table 3, Fig 2). The model that included an interaction be-
tween the number of natural cavities and the experimental treat-

ment (box addition) had a comparable Akaike weight to the top
model and the interaction term did not have a significant slope
(Table 3). Therefore, we conclude there was a similar positive effect
of adding nest boxes on breeding densities regardless of the num-
ber of natural cavities in the plot. Nest boxes in both primary and
logged forest were occupied by white-throated woodcreeper and
planalto woodcreeper (D. platyrostris; 63 g) but not parrots, owls
or toucans. Other nest boxes were used by snakes, small marsupi-
als, wasps and bees, while many remained unoccupied. On average,
there were 1 nests/ha in primary forest plots without nest boxes,
2.3 nests/ha in primary forest plots with nest boxes, 0 nests/ha in
logged forest plots without nest boxes, and 1.2 nests/ha in logged
forest plots with nest boxes. Five of 60 boxes erected in 2007 were
no longer useable in 2009 (four because the tree fell and one be-
cause the box rotted and fell from the tree).

4. Discussion

Of the potential cavities we identified from the ground, 81%
were unsuitable for nesting birds. Based on ground-surveys, we
previously estimated 16.8 potential cavities/ha in primary forest
and 7.5/ha in logged forest (Cockle et al., 2008); however, most
of those potential cavities were unsuitable for birds, and more real-
istic estimates of cavity availability are 4.5/ha in primary forest and
0.5/ha in logged forest. Koch (2008) suggests that ground-surveys
without cavity inspection may be poor indicators of absolute cavity
abundance, but may be sufficient to compare the relative abun-
dance of cavities between sites within a forest type. However, mis-
classification rates are likely to vary widely between forest types or
between stands of different ages. Since most studies estimate cav-
ity abundance through ground-based surveys (e.g. Bai et al., 2003;
Boyle et al., 2008; Zheng et al., 2009), we advise researchers to esti-

Table 1
Mean ± SE and univariate statistical tests (t test and Wilcoxon rank sum test with continuity correction) for basal area, density of medium- and large trees, and density of cavities
suitable for nesting birds in four primary and four logged Atlantic forest plots (1 ha each) in Misiones, Argentina.

Primary forest Logged forest Test statistic P

Basal area (m2/ha) 26.8 ± 1.7 11.1 ± 3.8 t = 3.79 0.018
Density of trees P60 cm dbh (trees/ha) 29.8 ± 2.0 8.8 ± 4.4 t = 4.32 0.011
Density of suitable cavities (cavities/ha)a 4.5 ± 1.04 0.50 ± 0.29 W = 16 0.028

a If the 11 inaccessible potential cavities are included (probably an overestimate of total cavity availability), the number of suitable cavities/ha rises to 7.3 ± 1.9 in primary
forest but remains 0.50 ± 0.29 in logged forest.

Fig. 1. Density of cavities suitable for secondary cavity-nesting birds (P13 cm
deep, P2.5 m high on the tree) as a function of basal area of medium-sized and
large trees (P35 cm diameter at breast height). Filled circles show the total number
of suitable cavities on each plot in logged and primary forest. Empty circles also
include cavities that could not be accessed and may have been suitable (these were
only present in primary forest and were not included in any models). The solid
black line shows the predicted values of the generalized linear model of suitable
cavities as a function of basal area. The broken lines show the 95% confidence
interval on the predicted values. Log-likelihood ratio R2 = 0.41, bBasalArea = 0.13,
SE = 0.04, z = 3.14.

Table 2
Ranking of generalized linear mixed models predicting the number of active nests on 1-ha plots in the Atlantic forest, Argentina. Plot was a random effect in all models. n = sample
size (number of plot % year combinations), k = number of parameters, $2 LL = $2 " log-likelihood, AICc = Akaike’s Information Criterion corrected for small sample size,
DAICc = difference in AICc between this model and the minimum AICc model, wi = Akaike weight.

Model k n $2 LL AICc DAICc wi R2

Box + natural cavities 4 32 10.52 20.00 0 0.55 0.61
Box + natural cavities + box % natural cavities 5 32 8.178 20.49 0.49 0.43 0.70
Box 3 32 20.34 27.20 7.20 0.02 0.25
Natural cavities 3 32 23.54 30.40 10.40 0.00 0.14

Table 3
Model-averaged parameter estimates for models predicting the number of nests on 1-
ha plots in the Atlantic forest, Argentina. z = parameter estimate/SE. Parameters
where 1.96 < |z| have 95% confidence intervals that do not include 0 (in bold). Higher
nest density was associated with a higher number of natural cavities and the addition
of nest boxes, but not an interaction between these two variables.

Parameter Estimate SE z

Box 1.81 0.58 3.13
Natural cavities 0.31 0.10 3.11
Box % natural cavities $0.25 0.17 $1.48
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mate classification accuracy and be cautious when comparing cav-
ity abundance across continents, forest types, and latitudes. Like
us, Politi et al. (2010) inspected cavities and based their criteria
for cavity suitability on previous studies of cavities used by birds.
Their estimates of cavity availability for subtropical piedmont for-
est in Argentina (4.12 cavities/ha in mature forest and 0.51/ha in
recently logged forest) are similar to our estimates for the Atlantic
forest.

Although tropical moist forests are proposed to harbor
abundant tree cavities (Boyle et al., 2008; Brightsmith, 2005a),
the density of active nests increased in our study when we added
medium-sized nest boxes to the midstory, suggesting that popula-
tions of some cavity-nesting birds may be nest-site limited even in
primary forest. Our experimental results are consistent with
behavioral evidence that birds fight over cavities in tropical rain-
forest (Heinsohn and Legge, 2003; Renton, 2004) and evidence that

the density of suitable cavities may be considerably lower than the
density of cavity-nesting birds, preventing some individuals from
breeding (Marsden and Pilgrim, 2003). Nevertheless, birds occu-
pied only !25% of the natural cavities we considered suitable.
Some cavities may remain unoccupied because birds choose to
forego breeding in a given year rather than nesting in a low-quality
cavity where the risk of failure may be high. Other cavities may re-
main unoccupied because they are too small or low for the larger
bird species (Whitford and Williams, 2002). In the present study
we used a cutoff depth of 13 cm to consider a cavity ‘‘suitable”
for nesting birds, but, in a parallel study outside of these study
plots, 15 species of large birds (>60 g) used cavities with mean ± SE
depth of 68 ± 8 cm (Cockle et al., 2010). Unfortunately, only limited
anecdotal information is available regarding species-specific cavity
requirements in the Atlantic forest; species-level studies of nest-
site selection and quality are still needed.

There are two important caveats to our interpretation that birds
are nest-site limited in primary Atlantic forest. First, little primary
Atlantic forest remains, so nest sites could be limiting in remnant
forest without having been limiting when the forest was large
and intact. If birds nest inside primary forest but forage in an alter-
nate habitat, nest-site limitation in remnant primary forest could
be caused by an ample supply of food and diminished supply of
cavities in the alternate habitat (Marsden and Pilgrim, 2003). Test-
ing cavity-limitation in large tracts of primary forest is no longer
possible in the Atlantic forest, but remains an important area for
research in more intact regions of other tropical and subtropical
forests, such as the Amazon. Second, we know little about the
demography of Atlantic forest birds so it is not clear whether lim-
itation of nest density translates into population limitation. An in-
crease in nest density on plots with nest boxes could be attributed
to nesting by subordinate individuals that would not otherwise
have nested, or to immigration of birds from other areas. However,
by adding nest boxes after clutches had been initiated in natural
cavities, Holt and Martin (1997) showed that increases in nesting
density on box-addition plots in logged temperate forest in Canada
were best explained by the initiation of nests by individuals that
otherwise would have been non-breeding floaters. Nevertheless,
although adding nest sites led to an increase in nest density in
our study, population size may not necessarily increase if, for
example, a lower proportion of individuals survive.

The paucity of large trees, cavities, and nests in logged forest
suggests that conventional tropical logging has a major impact
on the quality of habitat for cavity-nesting birds. We did not study
cavity availability on logged plots prior to logging, and the logged
forest could have differed from the primary forest in other ways.
However, we did attempt to control for site effects such as slope
and forest type, and the most parsimonious explanation for our re-
sults is that logging reduces the supply of tree cavities. Although
logged forest had half the basal area of primary forest, it had nine
times fewer cavities and 17 times fewer nests. The conventional
practice of harvesting the largest trees may have a strong negative
effect on the number of cavities and nests. However, we found no
significant interaction between nest-box addition and the avail-
ability of natural cavities, and thus adding artificial cavities did
not raise breeding density in logged forest plots to the level of pri-
mary forest plots, suggesting that other factors may also limit
breeding density in logged forest, or that nest boxes were unsuit-
able for most species and territoriality limited the density of wood-
creepers once nest-site limitation was alleviated. We know of only
three other studies to examine the effects of conventional selective
logging on cavity supply in tropical or subtropical forests. Consis-
tent with our results, Pattanavibool and Edge (1996), Marsden
and Pilgrim (2003), and Politi et al. (2010) found reduced cavity
densities in selectively logged stands in Thailand, Papua New
Guinea, and western Argentina, respectively. Our study appears

Fig. 2. (A) Sunflower plot showing the number of nests in each 1-ha plot as a
function of the number of natural cavities in the plot and the presence (black dots)
or absence (white dots) of nest boxes, with values of the top model predicting the
number of nests/ha from the number of natural cavities in the presence (solid line)
and absence (broken line) of nest boxes. The lines for predicted nest density in
primary and logged forest are not parallel because we used a log link function
which creates non-linearities when plotted on an absolute scale. Lines radiating
from a dot indicate the number of observations at that value (i.e., accounting for
hidden observations). (B) Mean number of nests in four treatment plots (two in
primary and two in logged forest) where nest boxes were added (black dots with
solid line) and four control plots where nest boxes were not added (white dots with
broken line) over the 4 years of the study in the Atlantic forest, Argentina. Bars
indicate standard error.
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to be the first experiment to show how reduced cavity availability
in logged tropical forest can limit breeding density of cavity-
nesting birds. However, longer term experiments over larger geo-
graphical areas would be needed to determine the extent to which
a limited supply of cavities in tropical and subtropical forests af-
fects population size and community structure of cavity-nesting
birds.

Conservation strategies for tropical and subtropical forest birds
should aim to retain high quality natural tree cavities in primary
forest, logged forest and agricultural landscapes. Our results sup-
port the conclusion of Tabarelli et al. (2010) that old-growth Atlan-
tic forest patches are crucial for retaining native species diversity,
and we stress the importance of protecting primary and mature
Atlantic forest within strict land reserves. In production land-
scapes, the supply of cavities should be sufficient to maintain
viable populations of all native cavity-nesting species, including
large-bodied species that require the largest cavities, and subordi-
nate species that can be lost from the community if cavity supply is
low (Aitken and Martin, 2008). Our work suggests that cavities can
be maintained primarily through the conservation of large trees (in
the Atlantic forest, P100 cm dbh), and some medium-sized trees
for recruitment (Cockle et al., 2010). In contrast, current forestry
policies in Misiones impose minimum diameters on harvested
trees, encouraging landowners to harvest the trees most likely to
provide nest sites for secondary cavity-nesters. Unfortunately,
even reduced impact logging (Putz et al., 2008) can lead to reduc-
tions in the abundance of cavity-nesting birds, and regulations are
needed to improve conservation of large trees in such operations
(Felton et al., 2008). We recommend limiting the maximum diam-
eter of trees for harvest and stipulating minimum densities of large
trees to retain for wildlife. We believe that education of forestry
workers and landowners, and economic incentives for good forest
stewardship, can help improve forestry practices and generate a
sustainable native forest industry in Argentina. Given the extre-
mely high levels of species richness and endemism in the Atlantic
forest, and the key role of many cavity-nesters as dispersers of tree
seeds, efforts to conserve these birds are likely to have a global im-
pact on biodiversity conservation (Cardoso da Silva and Tabarelli,
2000; Metzger, 2000; Myers et al., 2000). International conserva-
tion organizations and agencies certifying sustainable forest prod-
ucts should play key roles in promoting this global biodiversity
initiative.
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