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Abstract

Background. At least a fifth of tropical forests have been logged in the recent past. This practice is
an important source of timber but there are concerns about its long-sustainability and impacts on
biodiversity and carbon storage. However, there is wide variation in the impacts of logging, making
generalisation, and thus policy implementation, difficult. Recent syntheses of animal biodiversity
have indicated that differences in logging intensity — the volume of wood removed per hectare —
may help explain some of these differences. In addition there have been suggestions that reduced
impact logging (RIL) may reduce some of the negative effects of logging.

Methods. We aimed to test these hypotheses using meta-analyses to explore differences in the
impacts of logging on (1) residual tree damage, (2) aboveground biomass and (3) tree species
richness.

Results. Our results indicate that RIL may reduce residual tree damage when compared to
conventional methods, but that at higher logging intensities this effect is negated. Changes in
aboveground biomass were negatively related to logging intensity, but any effect of RIL was
obscured by it being carried out at relatively low intensities. Tree richness appeared to initially
increase at low intensities but was reduced at higher intensities.

Discussion. Our results give only weak support to the hypothesis that RIL reduces the negative
impacts of logging on tree damage, and do not support suggestions that RIL reduces loss of biomass
or species richness. However, we do not think this is because there is no difference between the
impacts of RIL and conventional logging but rather that better evidence is needed to assess these
differences. We suggest that studies that take account of plot-level differences in logging intensity

are likely to provide a solution to this knowledge gap.
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Introduction

Over 400 million hectares of tropical forest are designated as logging concessions (Asner et
al., 2009), making selective logging — the removal of selected trees from a stand — one of the most
widespread human disturbances in tropical forests (Asner et al., 2009). Tropical logging produces
approximately one eighth of global timber (Blaser et al., 2011) and is an important contributor to
many local and national economies. However, logging can have negative impacts on biodiversity
(Berry et al., 2010) and lead to increased carbon emissions (Bryan and Shearman, 2010; Nepstad et
al., 1999). Current practices can endanger the long-term sustainability of timber production
(Gourlet-fleury et al., 2013) and there have been suggestions that we may be approaching ‘peak
timber’ in the tropics (Shearman et al., 2012).

Logging impacts are driven by its effects on mortality and recruitment of trees and thus
forest structure. Mortality of large trees in selectively logged forests is high compared to
undisturbed forests, since large trees are usually those with highest timber value and are therefore
more likely to be harvested (Lindenmayer et al., 2013) However, mortality of smaller non-timber
trees is also often increased in logged forests when compared to undisturbed forests, since
harvesting and transportation of logs can result in damage to non-target trees (Picard et al., 2012).
These increases in mortality result in a reduction in biomass (Putz et al., 2012) and can also result in
changes in tree community composition, for example when the species recruited are not the same as
those that have died, or when recruitment cannot keep pace with mortality (Baraloto et al., 2012;
Gourlet-Fleury et al., 2013a). However, logging in tropical forests does not have a uniform effect on
forest structure (Burivalova et al. 2014), and there is substantial variation in logging impacts on tree
damage, biomass and biodiversity. For this reason, there is a need for meta-analyses of logging
impacts, in order for general responses to be identified.

Previous meta-analyses of the impacts of selective logging of tropical forest have indicated
that biomass losses following logging can be as low as 4% or as high as 66%, while changes in tree
species richness can vary between -53% to +27% of the values found in unlogged forests (Putz et
al., 2012). However, the potential causes of this variation have not been explored in previous
reviews (Clark and Covey, 2012; Putz et al., 2012). As logging intensity (the volume of wood
extracted per hectare) increases, so does the number of trees harvested and the proportion of
residual trees that are damaged (Picard et al., 2012). A higher logging intensity is likely to lead to
greater reductions in above-ground biomass because of the greater removal of trees and increased
mortality of non-target trees (Mazzei et al., 2010; Sist et al., 1998). The relationship between
logging intensity and species richness appears to be more complex, with the potential colonisation

of generalist species leading to maintenance or an increase in species richness with low intensity
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logging and a reduction of richness at higher intensities. For example, a humped relationship
between logging intensity and species richness has been identified for birds, but changes in richness
for other vertebrates tend to be linear reductions (Burivalova et al., 2014).

In addition to logging intensity, a recent meta-analysis highlighted the potential of
differences in the methods used for logging in determining impacts. Bicknell et al. (2014) showed
that for similar logging intensities reduced impact logging (RIL) had less negative effects on animal
populations than conventional logging methods. RIL involves cutting lianas prior to logging, felling
trees in directions selected to cause least impact to surrounding forest, and limiting road
construction (Pinard and Putz 1996). Employment of these methods may reduce residual tree
damage compared to conventional logging, while reducing impacts on tree biomass and biodiversity
(Gullison and Hardner, 1993; Pinard and Putz, 1996). Some studies have suggested that RIL can be
carried out at similar intensities to those of conventional logging while causing less damage to
residual stands (Pinard and Putz, 1996; Putz et al., 2001; but see Sist et al., 2003). If this is true, RIL
may be able to achieve similar timber yields to conventional methods whilst reducing losses of tree
biodiversity and the amount of stored carbon.

While recent meta-analyses of the impacts of logging in tropical forests have suggested that
differences in methods and logging intensity are important for explaining observed differences in
responses of animal populations (Bicknell et al., 2014) and species richness (Burivalova et al.,
2014), there has been no such meta-analysis on the impacts of logging on trees this. This, despite
such evidence being important for informing management of logged tropical forests, especially for
programmes such as REDD+ that focus on carbon storage and sequestration. In this study, we aim
to address this knowledge gap by conducting a meta-analysis to determine what factors relating to
logging method and intensity might explain differences in (1) residual stand damage, (2)

aboveground biomass loss, and (3) tree species richness.

Methods

Systematic review

We defined selectively logged tropical forests as native forests between the latitudes of 40°N
and 40’S (Newbold et al., 2013) that have been subjected to the selective removal of trees for
timber. We undertook a systematic review using standard methods (Pullin and Stewart, 2006) as
outlined in the supplementary materials. Once the search was completed, irrelevant papers were
discarded. Our inclusion criteria were that: (i) studies must present data on residual stand damage

following logging or above-ground tree biomass and/or species richness of trees from at least one
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undisturbed forest and one logged forest site; (ii) sites should have spatially replicated measures of
the metrics of interest in both logged and unlogged sites with at least three plots present in each.
This rule was relaxed for the studies of residual stand damage since very few were replicated or had
comparisons with unlogged sites; (iii) logged sites could not be affected by multiple disturbance
types, such as fire; and (iv) studies were carried out in terrestrial forests, excluding mangroves.

For articles that measured changes in biomass or species richness we extracted the mean,
standard deviation and sample size of metrics in both logged and unlogged forests. For studies of
forest damage we extracted the mean of each metric used to assess damage. We also recorded the
geographic location (latitude and longitude), region (Americas, Africa, or Asia), method of logging
used (RIL or conventional selective), the number of years since logging, and volume of wood
extracted (m®ha™*) and/or number of trees felled per hectare. For sites that had been logged twice,
we calculated logging intensity as the sum of the volume extracted over both cycles, following

Edwards et al (2013). For details of studies used see the supplementary materials.
Statistical Analysis

Calculation of metrics of damage and intensity

Prior to analysis we standardised metrics of stand damage and logging intensity. Metrics
used to measure residual stand damage fall into two groups: tree-based measurements and area-
based measurements (Picard et al., 2012). While tree-based measures attempt to identify the number
or proportion of trees damaged per hectare or per tree felled, area based measurements aim to
identify the area or proportion of total area of plots in which trees have been damaged. Conversion
between the two types of metric is difficult since they show non-linear relationships (Picard et al.,
2012), so for this study we concentrated on studies that directly measured damage of trees.

We used the proportion of residual trees damaged after logging as our metric of stand
damage. Following Picard et al. (2012) we used linear mixed models to determine the relationship
between the number of trees damaged per hectare and the proportion of residual trees damaged
where both had been measured. The continent on which studies were undertaken was included as an
interaction in these models since forest stem density and tree size varies considerably across the
tropics (Slik et al., 2013), and therefore the slopes of these relationships could be expected to vary
by continent. This model was then used to predict the proportion of residual trees damaged in
studies where such data were not directly available. A similar process was undertaken to convert
metrics of logging intensity to the metric used in this study, m® wood removed ha™. The number of
trees harvested per hectare was the only other metric commonly used and therefore a linear mixed

model of the relationship between this variable and the volume of wood removed was produced,
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accounting for continent level differences in this relationship. Where data on volume of wood
removed were not available from a study values were imputed using coefficients from this model.

All of these models used a Gaussian error distribution.

Impacts of logging on damage, biomass loss and species richness

To determine the effect of logging intensity and different logging methods on the proportion
of residual trees damaged, an unweighted linear mixed model was used. Prior to model fitting the
response variable was logit transformed so that values were strictly constrained between 0 and 1
(Warton and Hui, 2011). Random effects were used to identify data from the same study since their
responses are likely to be more similar to each other than those of forests from different studies. We
tested how logging volume affected the proportion of residual trees damaged, and whether logging
method changed the slope of this relationship. Previous work by Picard et al. (2012) suggested that
the relationship between logging damage and intensity is non-linear and so models with quadric and
log terms were also tested. R? statistics were obtained using the method of Nakagawa and
Schielzeth (2013).

For the analysis of the impact of logging intensity and logging method on changes in above-
ground biomass and species richness, a weighted approach was used. Where standard errors of the
mean were missing from studies, they were estimated using imputation methods (Koricheva et al.,
2013) which are likely to bias results less than excluding studies with incomplete information
(Nakagawa and Freckleton, 2008). To achieve this, the relationship between the coefficient of
variation for logged and unlogged sites for tree richness or biomass and plot size at which data were
collected was estimated using linear models. The literature on human-disturbed forests suggests that
smaller sampling plots result in greater between-sample variation and therefore higher coefficients
of variation, indicating that this approach is empirically supported (Wagner et al., 2010).
Unweighted linear models were then used to predict the coefficient of variation for studies missing
these data, and missing standard deviations were calculated by multiplying this prediction by the
value of richness or biomass measured at the site.

To analyse the effects of logging on carbon pools and tree species richness, the log response
ratio of differences between sites was calculated and models were weighted so that more precise
studies had more weight (Borenstein et al., 2009; Hedges et al., 1999). We fitted a random effects
meta-regression to account for pseudo-replication at the level of individual studies when the same
unlogged site was used as a comparator for multiple logged sites. In the analyses of richness,
estimation method (rarefied or not rarefied) was included as a random effect since this has been
shown to cause between-study differences in the past (Cannon et al., 1998; Gotelli and Colwell,

2001), but the nature of any difference was not a focus for this study.
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We tested the effects of logging method and logging intensity in determining post-logging
biomass and changes in tree species richness. It is also possible that the time since a site was last
logged and the location of study may play a role in determining logging impacts (Burivalova et al.,
2014) and so these variables were also included in models. All plausible models that had >3 data
points per parameter were assessed and R? values were calculated (see supplementary materials for
details of all models tested).

In model selection AICc was used to determine the relative likelihood of a model being the
‘best model’. All models of tree damage with a AAICc<7 were averaged to produce coefficient
estimates (Burnham et al., 2011). Since this is not possible for the weighted analyses of impact on
biomass and species richness, the model with the lowest AICc was chosen as the most parsimonious
model. All statistical analyses were performed in R 3.0.2 (R Development Core Team, 2011), with
unweighted analyses carried out using the Ime4 package (Bates et al., 2014), weighted analysis
carried out using the package metafor (Viechtbauer, 2010) and figures drawn using ggplot2
(Wickham, 2009).

Results

The systematic review yielded 62 studies, from which we extracted data on residual tree
damage from 38 sites, and 43 and 9 paired, replicated sites that measured biomass and tree species
richness respectively. Median logged-site age for those sites where biomass was measured was 4.5
years (min=0, max=30) and for sites where richness was measured it was 5 years (min=0, max=50).

Sites were mostly located in Asia and South America, with relatively few in Africa (Figure 1).

Aboveground biomass

No. of sites
® 4
® 8
® 12
® 16

Species richness

Figure 1 - Geographic location of studies used in our analyses on change in aboveground biomass
and species richness in response to logging.
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The most parsimonious model for predicting the volume of wood logged per hectare
compromised as predictors the number of trees extracted per hectare and the continent where
studies were undertaken, with an interaction between the two and had a high explanatory power
(R?=0.93). This model indicated that for each tree removed a greater volume of wood was removed,
the slope of the relationship being highest in Asia followed by Africa and the Americas (Figure S1).
The most parsimonious model for converting from the number of trees damaged per hectare to the
proportion of trees damaged per hectare did not require inclusion of study location as a variable and

also had high explanatory power (R?=0.95, Figure S2).

0.6

o
S
1

Method
=8= Conventional
== RIL

Proportion of residual tree stems damaged
N
1

0.0

’ *Volume logged per hedtare

Figure 2 - Impact of selective logging intensity and logging technique on the proportion of residual
tree stems damaged in tropical forests (n=38). Points represent single sites, solid lines are the
predictions the most parsimonious linear mixed effects model (R?=0.45) and dashed lines represent
the 95% confidence intervals of these estimates. Red points and lines refer to sites where
conventional harvest methods were used and blue points and lines where RIL technigues were used.

For details of alternative models considered see Table S1.

Residual stand damage
The model that best explained the proportion of residual tree stems that were damaged
included an interaction between the logarithm of logging intensity and the logging method

(R?=0.45). No other models had a AAICc <7 (Table S1). Predictions suggested that damage to the
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residual logging stand increased as a function of the logarithm of the logging intensity (Figure 2).
This model also suggested that at low logging intensities, RIL tended to cause less residual damage
than conventional logging, but at high intensities the two methods became more similar in the
residual damage that they caused (Figure 2). However, the 95% confidence intervals for predictions

were very wide indicating large variation in damage on residual tree stems for both methods.

0.00 =

-0.254

o
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o
N

Prpportional change in biomass following logging
o
=
[6)]

i E{(/)olume of wood Ig)goged (m3ha’1) h
Figure 3 — Impacts of selective logging intensity on changes in aboveground biomass (n=32). Blue
symbols are those sites where reduced impact logging (RIL) was carried out, red symbols
correspond to conventionally logged sites with size indicative of study weight. The solid lines
represents the predictions from the weighted meta-regression model with lowest AICc (R*=0.96),
and the dotted lines the corresponding 95% confidence intervals. The horizontal dashed line
indicates when there is no difference between logged and unlogged sites. Note that RIL sites tend to
be logged at a lower intensity than conventionally logged sites. For details of alternative models

considered see Table S2.

Impacts of logging intensity and method on biomass and species richness
Increased logging intensity led to reduced post-logging biomass and the slope of this
relationship differed between RIL and conventional methods (Figure 3, Table S2). The model

explaining variation in biomass effect size with greatest support (R=0.96, Table S2) suggested a
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linear relationship between logging intensity and changes in biomass and an interaction between
this and logging method. The model indicated that RIL techniques may result in lower biomass
losses per m® of wood removed per hectare at intensities >50m> ha™*, but higher biomass losses
below this (Figure 3). However the relatively low intensities at which RIL sites tended to be logged
compared to conventional sites reduced statistical power, and confidence intervals for the

predictions for RIL and conventional logging overlapped.

0.2

-0.2

Proportional change in tree species richness following logging

0 30 60 90 120
Volume of wood logged (maha’1)

Figure 4 - Impacts of logging intensity on tree species richness (n=9) following logging. Blue
symbols are those sites where RIL was carried out, red symbols correspond to conventionally
logged sites with point size indicative of study weight. The solid line represents the predictions
from the weighted meta-regression model with lowest AICc (R*=0.36), and the dotted lines the
corresponding 95% confidence intervals. The horizontal dashed line indicates when there is no
difference between logged and unlogged sites. For details of alternative models considered see
Table S3.

The model that explained variation in tree species richness effect size most effectively
suggested a negative relationship with intensity of logging, with a positive intercept (Figure 4, Table
S3). Only one other model had a AAICc<7 that included intensity and intensity squared, and the
most parsimonious model had an R? of 0.36. Too few studies assessed the impact of RIL on species

richness to conduct an analysis of its effect relative to conventional logging.
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Discussion

Our results indicate that the impacts of selective logging in tropical forests on residual stand
damage, biomass loss and species richness change are largely explained by differences in logging
intensity. Residual tree damage also appears to be reduced at lower intensities under RIL when
compared to conventional logging. However the effect of RIL on biomass loss was difficult to
assess owing to the confounding effects of differences in logging intensity.

Impacts of logging on stand damage and biomass

Our meta-analysis indicates that logging intensity is the primary driver of differences in
non-target tree damage in selectively logged tropical forests, as previously noted in other studies
(Picard et al., 2012; Sist et al., 1998). However, our results from a wide range of sites also support
the hypothesis that RIL is causes lower damage to residual trees than conventional logging,
especially at lower intensities. Similar observations have been made in the field by Sist et al. (1998)
who indicated that RIL reduced residual damage by around 50% when logging was carried out at
intensities <65 m® ha™ in Indonesian Borneo, but that values were similar to conventional logging at
higher intensities.

Given that residual damage to trees is likely to account for the majority of carbon losses as a
result of selective logging, this indicates that RIL may be useful in reducing carbon losses at the
stand scale (Gourlet-Fleury et al., 2013b; Mazzei et al., 2010). However, there is a large amount of
between-study variation in the impacts of logging intensity and methods on stem damage, which
suggests either that other variables that are important, such as the density of log extraction routes or
the steepness of slopes where logging was undertaken (Putz et al., 2000), have not been considered
in our models. Equally, this variation may be a result of the large variation in between-study

methods used to assess stem damage.

Impacts of logging on aboveground biomass

Our analyses emphasize that accounting for harvesting intensity is vital for understanding
effects of logging on above-ground biomass. The volume of wood removed per hectare was by far
the best predictor of changes in biomass in response to timber harvest. Logging intensity varies by
region (Figure S3 & Putz et al., 2001), and is relatively high in Asia (mean 99.3 m® ha™ in this
study) compared to South America and Africa (mean 31.3 and 17.9 m® ha™* respectively). This
variation in intensity may reflect the fact that SE Asian forests are largely dominated by dipterocarp

trees, which have high timber value (Corlett and Primack, 2005), and thus contain a larger number
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of harvestable timber trees per hectare compared to other regions. The combination of higher
logging intensities and higher above-ground biomass in SE Asian forests than in other areas of the
tropics (Slik et al., 2013) is likely to result in greater per ha carbon emissions from forests logged in
SE Asia than Africa or Latin America.

We find weak support for the hypothesis for a difference between the impacts of RIL and
conventional selective logging on post-logging biomass. Although models suggested a difference in
the relationship between logging intensity and biomass loss for RIL and conventional logging this is
driven by relatively few data points (Figure 3, n=7 for RIL). This lack of data from studies of RIL
and the relatively low logging intensities at which RIL is carried out when compared to
conventional selective logging make firm conclusions about this relationship difficult (Figure S3).
Unless studies of RIL are carried out at a similar range of intensities to conventional selective
logging its potential carbon benefits, aside from those resulting from lower logging intensities, are

almost impossible to assess.

Impacts of logging on species richness

As for above-ground biomass, logging intensity best explained differences in tree species
richness caused by logging. However, compared to above-ground biomass, the slope of this
relationship was much less steep, with an apparent initial increase in species richness at low
intensities. The most plausible explanation for this increase is an influx of generalist species from
surrounding non-forest areas (Carrefio-Rocabado et al., 2012) leading to an initial post-harvest
increase in richness. Similar relationships have recently been observed between logging intensity
and bird species richness, while other vertebrates showed a decline even at low intensities
(Burivalova et al., 2014).

Our results suggest that tree species richness may be relatively insensitive to subtle changes
in forest cover (Cannon et al., 1998). However, changes in species richness provide no information
about the identity and function of individual species. Community composition is likely to be
impacted by selective logging, with forest-dependent species sensitive to disturbance becoming less
abundant or locally extinct (Sheil et al., 1999) and generalist species increasing in abundance
(Baraloto et al., 2012; Gourlet-Fleury et al., 2013a). However, analysis of logging impacts on
community composition is hindered because most studies of logging are spatially pseudoreplicated,
leading to biased estimates of change (Ramage et al., 2013).

Improving assessments of logging intensity and damage
Our analyses support conclusions by others (Bicknell et al., 2014; Burivalova et al., 2014)

that consideration of logging intensity is vital to understand the impact of logging on biodiversity
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and above-ground biomass. However, it can be difficult to obtain statistics on the volume of wood
removed from an area, and when such data are available they are often only available as a mean
volume removed per hectare for the entire study area. For individual studies, identification of the
importance of logging intensity is extremely difficult. To solve this, the use of metrics of logging
intensity such as basal area logged ha™* may prove fruitful. Previous studies have used such metrics
to examine the importance of logging intensity in biomass recovery rates (Mazzei et al., 2010). This
has the advantage of allowing an estimate of logging intensity at the plot scale, allowing for more
nuanced analyses of logging impacts than is currently possible.

A wide variety of different measures is used to assess residual logging damage in selectively
logged forest stands (Picard et al. 2012), fostered by different objectives and hypotheses. We used
coefficients to convert between different measures to maximise the value of available data, but this
method inevitably introduced additional uncertainties into our analyses. Synthesis would be aided
by standardisation of metrics. We suggest the use of standardised metrics when assessing tree
damage and recommend that assessments of damage should be carried out at the level of individual
trees rather than assessing the proportion of area affected by logging activities. We also suggest that
future studies should report the proportion of basal area that is damaged to provide additional
information of logging impacts on forest biomass . Furthermore, stratification of logging damage by
tree size class would allow an assessment of its potential demographic effects and would therefore
aid our understanding of the recovery of logged forests.

Reducing the negative effects of logging

Our meta-analysis suggests that the most obvious way of reducing the negative impacts of
tropical logging is to reduce local logging intensity. . These findings are in contrast to a recent
extensive meta-analysis, which suggested that RIL at <30 m3 ha™ resulted in larger animal
populations than conventional logging at similar intensities (Bicknell et al., 2014). The possible
reasons for this apparent difference in drivers of logging impact are twofold. Firstly, the work of
Bicknell et al. (2014) addressed animal population sizes which are potentially affected to a greater
degree by logging at the landscape scale than the metrics we examined for trees. For example forest
specialist birds in the Amazon are sensitive roads <10m in width, resulting in reduced patch
occupancy for selected species, while tree biomass and species richness have been seen to recover
for relatively isolated secondary forests (Martin et al., 2013), though species composition may differ
because of dispersal limitation (Chazdon, 2003). RIL results in much lower road densities than
conventional logging, thus reducing gaps that animals need to cross as well as edge effects and
forest loss at the landscape scale. Secondly Bicknell et al. (2014) used a higher sample size than

was available for our meta-analysis. Inclusion of new studies in a meta-analysis such as ours would
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help to clarify this observed disparity.

The results of our study and those of Burivalova et al. (2014) suggest that logging intensity
drives carbon and species loss while Becknell et al. (2014) suggest that RIL is less damaging for
animal populations. As such, current evidence suggests that RIL at relatively low intensities is likely
to be the best way to reduce carbon and biodiversity loss in tropical logged forests. However, given
the massive area of tropical forest already designated for logging (Asner et al., 2009), reductions in
local intensity, and thus yield, may encourage expansion into previously unlogged areas. This
mirrors the situation in agricultural landscapes where the biodiversity benefits of high-yield farming
over small areas as opposed low-yield, extensive farming is debated (Benayas et al., 2012; Phalan et
al., 2011). Recent work indicates that high intensity logging over a smaller area (‘land sparing’) has
better outcomes for tropical forest species than low-intensity extensive timber extraction (‘land
sharing”) in Borneo (Edwards et al., 2014). This sparing/sharing framework may prove useful to
assess the potential value of differing land-use strategies in landscapes used to provide ecosystem
services such as food and timber.

Although reductions in logging intensity may reduce impact, the high demand for timber
requires novel solutions that do not drastically reduce current yields but reduce impacts on forest
ecosystems. Methods such as silvicultural thinning techniques to remove pioneer species may aid
recovery of floral community composition, carbon and timber stocks but further work is needed to
assess their effectiveness (Gourlet-Fleury et al., 2013b; Ouédraogo et al., 2011). Although RIL may
also provide a solution, further evidence is required to verify this for carbon storage in the form of
above-ground biomass. Analyses that take into account plot level variation in logging intensities
using collaborative networks such as The Tropical managed Forests Observatory (Sist et al., 2015)
offer a potential solution to this.

Acknowledgements

PM would like to thank NERC for providing PhD funding. MP and MSK thank Sime Darby for
funding of the SAFE project. This paper is a contribution to Imperial College's Grand Challenges in
Ecosystems and the Environment initiative Thanks are due to Louise Barwell for statistical advice

and to anonymous reviewers of a previous version of this manuscript.

References

Asner, G.P., Rudel, T.K., Aide, T.M., Defries, R., Emerson, R., Evaluaci, U., 2009. A
Contemporary Assessment of Change in Humid Tropical Forests. Conserv. Biol. 23, 1386—
1395. doi:10.1111/j.1523-1739.2009.01333.x

Peer] PrePrints | http://dx.doi.org/10.7287/peerj.preprints.846v1 | CC-BY 4.0 Open Access | rec: 19 Feb 2015, publ: 19 Feb 2015



403
404
405
406

407
408

409
410

411
412
413
414

415
416
417

418
419

420
421

422
423

424
425
426

427
428
429

430
431

432
433
434

435
436

437
438

439
440

Baraloto, C., Hérault, B., Paine, C.E.T., Massot, H., Blanc, L., Bonal, D., Molino, J.-F., Nicolini, E.

a., Sabatier, D., 2012. Contrasting taxonomic and functional responses of a tropical tree
community to selective logging. J. Appl. Ecol. 49, 861-870. doi:10.1111/j.1365-
2664.2012.02164.x

Bates, D., Maechler, M., Bolker, B., Walker, S., 2014. Ime4: Linear mixed-effects models using
Eigen and S4. ArXiv.

Benayas, J.M.R., Bullock, J.M., Rey Benayas, J.M., Bullock, J.M., 2012. Restoration of
biodiversity and ecosystem services on agricultural land. Ecosystems 15, 883-899.

Berry, N.J., Phillips, O.L., Lewis, S.L., Hill, J.K., Edwards, D.P., Tawatao, N.B., Ahmad, N.,
Magintan, D., Khen, C. V., Maryati, M., Ong, R.C., Hamer, K.C., 2010. The high value of
logged tropical forests: lessons from northern Borneo. Biodivers. Conserv. 19, 985-997.
doi:10.1007/s10531-010-9779-z

Bicknell, J.E., Struebig, M.J., Edwards, D.P., Davies, Z.G., 2014. Improved timber harvest
techniques maintain biodiversity in tropical forests. Curr. Biol. 24, R1119-R1120.
d0i:10.1016/j.cub.2014.10.067

Blaser, J., Sarre, A., Poore, D., Johnson, S., 2011. Status of tropical forest management 2011. ITTO

Technical Series No 38. International Tropical Timber Organization, Yokohama, Japan.

Borenstein, M., Hedges, L. V, Higgins, J.P.T., Rothstein, H.R., 2009. Introduction to Meta-
Analysis. Wiley Online Library.

Bryan, J., Shearman, P., 2010. Impact of logging on aboveground biomass stocks in lowland rain
forest, Papua New Guinea. Ecol. ... 20, 2096-2103.

Burivalova, Z., Sekercioglu, C.H., Koh, L.P.P., Sekercioglu, C.H., Koh, L.P.P., 2014. Thresholds of

Logging Intensity to Maintain Tropical Forest Biodiversity. Curr. Biol. 24, 1893-1898.
d0i:10.1016/j.cub.2014.06.065

Burnham, K.P., Anderson, D.R., Huyvaert, K.P., 2011. AIC model selection and multimodel
inference in behavioral ecology: some background, observations, and comparisons. Behav.
Ecol. Sociobiol. 65, 23-35.

Cannon, C., Peart, D., Leighton, M., 1998. Tree species diversity in commercially logged bornean
rainforest. Science 281, 1366-8.

Carrefio-Rocabado, G., Pefia-Claros, M., Bongers, F., Alarcén, A., Licona, J.-C., Poorter, L., 2012.
Effects of disturbance intensity on species and functional diversity in a tropical forest. J. Ecol.
100, 1453-1463. d0i:10.1111/j.1365-2745.2012.02015.x

Chazdon, R.L., 2003. Tropical forest recovery: legacies of human impact and natural disturbances.
Perspect. Plant Ecol. Evol. Syst. 6, 51-71. doi:10.1078/1433-8319-00042

Clark, J.A., Covey, K.R., 2012. Tree species richness and the logging of natural forests: A meta-
analysis. For. Ecol. Manage. 276, 146-153. doi:10.1016/j.foreco.2012.04.001

Corlett, R., Primack, R., 2005. Dipterocarps: trees that dominate the Asian rain forest. Arnoldia 63,
3-7.

Peer] PrePrints | http://dx.doi.org/10.7287/peerj.preprints.846v1 | CC-BY 4.0 Open Access | rec: 19 Feb 2015, publ: 19 Feb 2015




441
442
443
444
445

446
447

448
449
450
451

452
453
454
455

456
457
458

459
460
461
462

463
464

465
466

467
468
469
470

471
472
473

474
475
476

477
478

Edwards, D.P., Gilroy, J.J., Woodcock, P., Edwards, F.A., Larsen, T.H., Andrews, D.J.R., Derhé,
M.A., Docherty, T.D.S., Hsu, W.W., Mitchell, S.L., Ota, T., Williams, L.J., Laurance, W.F.,
Hamer, K.C., Wilcove, D.S., 2014. Land-sharing versus land-sparing logging: Reconciling
timber extraction with biodiversity conservation. Glob. Chang. Biol. 20, 183-191.
doi:10.1111/gch.12353

Gotelli, N.J., Colwell, R.K., 2001. Quantifying biodiversity: procedures and pitfalls in the
measurement and comparison of species richness. Ecol. Lett. 4, 379-391.

Gourlet-Fleury, S., Beina, D., Fayolle, A., Ouédraogo, D.Y., Mortier, F., Bénédet, F., Closset-
Kopp, D., Decocq, G., 2013a. Silvicultural disturbance has little impact on tree species
diversity in a Central African moist forest. For. Ecol. Manage. 304, 322-332.
doi:10.1016/j.foreco.2013.05.021

Gourlet-Fleury, S., Mortier, F., Fayolle, A., Baya, F., Ouédraogo, D., Bénédet, F., Picard, N.,
Ouedraogo, D., Benedet, F., Picard, N., Ouédraogo, D., Bénédet, F., Picard, N., 2013b.
Tropical forest recovery from logging: a 24 year silvicultural experiment from Central Africa.
Philos. Trans. R. Soc. Lond. B. Biol. Sci. 368, 1-10. doi:10.1098/rsth.2012.0302

Gourlet-fleury, S., Mortier, F., Fayolle, A., Baya, F., Ouédraogo, D., Picard, N., B, P.T.R.S., 2013.
Tropical forest recovery from logging : a 24 year silvicultural experiment from Central Africa
Tropical forest recovery from logging : a 24 year silvicultural experiment from Central Africa.

Gullison, R.E., Hardner, J.J., 1993. The effects of road design and harvest intensity on forest
damage caused by selective logging: empirical results and a simulation model from the Bosque
Chimanes, Bolivia. For. Ecol. Manage. 59, 1-14. doi:http://dx.doi.org/10.1016/0378-
1127(93)90067-W

Hedges, L.V. V, Gurevitch, J., Curtis, P.S.S., 1999. The meta-analysis of response ratios in
experimental ecology. Ecology 80, 1150-1156.

Koricheva, J., Gurevitch, J., Mengeresen, K., 2013. Handbook of meta-analysis in ecology and
evolution. Princeton University Press.

Lindenmayer, D.B., Laurance, W.F., Franklin, J.F., Likens, G.E., Banks, S.C., Blanchard, W.,
Gibbons, P., Ikin, K., Blair, D., McBurney, L., Manning, A.D., Stein, J. a. R., 2013. New
policies for old trees: averting a global crisis in a keystone ecological structure. Conserv. Lett.
00, nfa-n/a. doi:10.1111/conl.12013

Martin, P.A., Newton, A.C., Bullock, J.M., 2013. Carbon pools recover more quickly than plant
biodiversity in tropical secondary forests. Proc. R. Soc. B Biol. Sci. 280.
d0i:10.1098/rspb.2013.2236

Mazzei, L., Sist, P., Ruschel, A., Putz, F.E., Marco, P., Pena, W., Ferreira, J.E.R., 2010. Above-
ground biomass dynamics after reduced-impact logging in the Eastern Amazon. For. Ecol.
Manage. 259, 367-373. d0i:10.1016/j.foreco.2009.10.031

Nakagawa, S., Freckleton, R.P., 2008. Missing inaction: the dangers of ignoring missing data.
Trends Ecol. Evol. doi:10.1016/j.tree.2008.06.014

Peer] PrePrints | http://dx.doi.org/10.7287/peerj.preprints.846v1 | CC-BY 4.0 Open Access | rec: 19 Feb 2015, publ: 19 Feb 2015




479
480
481

482
483
484

485
486
487

488
489
490

491
492
493

494
495

496
497

498
499
500

501
502

503
504

505
506
507
508

509
510

511
512
513
514

515
516

Nakagawa, S., Schielzeth, H., 2013. A general and simple method for obtaining R 2 from
generalized linear mixed-effects models. Methods Ecol. Evol. 4, 133-142. doi:10.1111/j.2041-
210x.2012.00261.x

Nepstad, D.C., Verissimo, A., Alencar, A., Nobre, C., Lima, E., Lefebvre, P., Schlesinger, P.,
Potter, C., Moutinho, P., Mendoza, E., 1999. Large-scale impoverishment of Amazonian
forests by logging and fire. Nature 398, 505-508.

Newbold, T., Scharlemann, J.P.W., Butchart, S.H.M., Sekercioglu, C.H., Alkemade, R., Booth, H.,
Purves, D.W., 2013. Ecological traits affect the response of tropical forest bird species to land-
use intensity. Proc. R. Soc. B Biol. Sci. 280.

Ouédraogo, D.-Y., Beina, D., Picard, N., Mortier, F., Baya, F., Gourlet-Fleury, S., 2011. Thinning
after selective logging facilitates floristic composition recovery in a tropical rain forest of
Central Africa. For. Ecol. Manage. doi:10.1016/j.foreco.2011.08.009

Phalan, B., Onial, M., Balmford, A., Green, R.E., 2011. Reconciling food production and
biodiversity conservation: land sharing and land sparing compared. Science (80-. ). 333, 1289—
1291. doi:10.1126/science.1208742

Picard, N., Gourlet-Fleury, S., Forni, E., 2012. Estimating damage from selective logging and
implications for tropical forest management. Can. J. For. Res. doi:10.1139/x2012-018

Pinard, M., Putz, F.E., 1996. Retaining forest biomass by reducting logging damage. Biotropica 28,
278-295.

Pullin, A.S., Stewart, G.B., 2006. Guidelines for systematic review in conservation and
environmental management. Conserv. Biol. 20, 1647-1656. do0i:10.1111/j.1523-
1739.2006.00485.x

Putz, F.E., Blate, G., Redford, K., Fimbel, R., Robinson, J., 2001. Tropical forest management and
conservation of biodiversity: an overview. Conserv. Biol. 15, 7-20.

Putz, F.E., Dykstra, D.P., Heinrich, R., 2000. Why Poor Logging Practices Persist in the Tropics.
Conserv. Biol. 14, 951-956. doi:10.1046/j.1523-1739.2000.99137.x

Putz, F.E., Zuidema, P. a., Synnott, T., Pefia-Claros, M., Pinard, M. a., Sheil, D., Vanclay, J.K.,
Sist, P., Gourlet-Fleury, S., Griscom, B., Palmer, J., Zagt, R., 2012. Sustaining conservation
values in selectively logged tropical forests: the attained and the attainable. Conserv. Lett. 5,
296-303. d0i:10.1111/].1755-263X.2012.00242.x

R Development Core Team, 2011. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.

Ramage, B.S., Sheil, D., Salim, H.M.W., Fletcher, C., Mustafa, N.-Z.A.N.A., Luruthusamay, J.C.,
Harrison, R.D., Butod, E., Dzulkiply, A.D., Kassim, A.R., Potts, M.D., 2013.
Pseudoreplication in Tropical Forests and the Resulting Effects on Biodiversity Conservation.
Conserv. Biol. 27, 364-372. doi:10.1111/cobi.12004

Shearman, P., Bryan, J., Laurance, W.F., 2012. Are we approaching “peak timber” in the tropics?
Biol. Conserv. 151, 17-21. doi:http://dx.doi.org/10.1016/j.biocon.2011.10.036

Peer] PrePrints | http://dx.doi.org/10.7287/peerj.preprints.846v1 | CC-BY 4.0 Open Access | rec: 19 Feb 2015, publ: 19 Feb 2015




517
518

519
520
521

522
523
524
525
526
527
528
529
530

531
532
533

534
535
536
037
538
539
540
541
542
543
544

545
546

547
548
549

550
551

552

553

554
555

Sheil, D., Sayer, J.A., O’Brien, T., 1999. Tree species diversity in logged rainforests. Science (80-.
). 284, 1587.

Sist, P., Nolan, T., Bertault, J.-G., Dykstra, D., 1998. Harvesting intensity versus sustainability in
Indonesia. For. Ecol. Manage. 108, 251-260. doi:http://dx.doi.org/10.1016/S0378-
1127(98)00228-X

Sist, P., Rutishauser, E., Pefia-Claros, M., Shenkin, A., Hérault, B., Blanc, L., Baraloto, C., Baya,
F., Benedet, F., da Silva, K.E., Descroix, L., Ferreira, J.N., Gourlet-Fleury, S., Guedes, M.C.,
Bin Harun, 1., Jalonen, R., Kanashiro, M., Krisnawati, H., Kshatriya, M., Lincoln, P., Mazzei,
L., Medjibé, V., Nasi, R., d’Oliveira, M.V.N., de Oliveira, L.C., Picard, N., Pietsch, S., Pinard,
M., Priyadi, H., Putz, F.E., Rodney, K., Rossi, V., Roopsind, A., Ruschel, A.R., Shari, N.H.Z.,
Rodrigues de Souza, C., Susanty, F.H., Sotta, E.D., Toledo, M., Vidal, E., West, T.A.P.,
Wortel, V., Yamada, T., 2015. The Tropical managed Forests Observatory: a research network
addressing the future of tropical logged forests. Appl. Veg. Sci. 18, 171-174.
doi:10.1111/avsc.12125

Sist, P., Sheil, D., Kartawinata, K., Priyadi, H., 2003. Reduced-impact logging in Indonesian
Borneo: some results confirming the need for new silvicultural prescriptions. For. Ecol.
Manage. 179, 415-427. doi:10.1016/S0378-1127(02)00533-9

Slik, J.W.F., Paoli, G., Mcguire, K., Amaral, I., Barroso, J., Bastian, M., Blanc, L., Bongers, F.,
Boundja, P., Clark, C., Collins, M., Dauby, G., Ding, Y., Doucet, J.L., Eler, E., Ferreira, L.,
Forshed, O., Fredriksson, G., Gillet, J.F., Harris, D., Leal, M., Laumonier, Y., Malhi, Y.,
Mansor, A., Martin, E., Miyamoto, K., Araujo-Murakami, A., Nagamasu, H., Nilus, R.,
Nurtjahya, E., Oliveira, A., Onrizal, O., Parada-Gutierrez, A., Permana, A., Poorter, L.,
Poulsen, J., Ramirez-Angulo, H., Reitsma, J., Rovero, F., Rozak, A., Sheil, D., Silva-Espejo,
J., Silveira, M., Spironelo, W., ter Steege, H., Stevart, T., Navarro-Aguilar, G.E., Sunderland,
T., Suzuki, E., Tang, J., Theilade, 1., van der Heijden, G., van Valkenburg, J., Van Do, T.,
Vilanova, E., Vos, V., Wich, S., W6ll, H., Yoneda, T., Zang, R., Zhang, M.G., Zweifel, N.,
2013. Large trees drive forest aboveground biomass variation in moist lowland forests across
the tropics. Glob. Ecol. Biogeogr. 22, 1261-1271. doi:10.1111/geb.12092

Viechtbauer, W., 2010. Conducting Meta-Analyses in R with the metafor Package. J. Stat. Softw.
36, 1-48.

Wagner, F., Rutishauser, E., Blanc, L., Herault, B., 2010. Effects of Plot Size and Census Interval
on Descriptors of Forest Structure and Dynamics. Biotropica 42, 664-671. doi:10.1111/j.1744-
7429.2010.00644.x

Warton, D.I., Hui, F.K.C., 2011. The arcsine is asinine: The analysis of proportions in ecology.
Ecology 92, 3-10. doi:10.1890/10-0340.1

Wickham, H., 2009. ggplot2: elegant graphics for data analysis. Springer, New York.

Peer] PrePrints | http://dx.doi.org/10.7287/peerj.preprints.846v1 | CC-BY 4.0 Open Access | rec: 19 Feb 2015, publ: 19 Feb 2015




