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Over 400 million hectares of tropical forest are currently designated as logging concessions. This practice
is an important source of timber, but there are concerns about its long-term sustainability and impacts on
biodiversity and carbon storage. However, logging impacts vary widely, making generalisation and,
consequently, policy implementation, difficult. Recent syntheses of animal biodiversity have indicated
that differences in logging intensity — the volume of wood removed ha~! - might help to explain some
of these disparities. In addition, it has widely been assumed that reduced impact logging (RIL) might min-
imise some of the negative effects of logging; though in practice, this has rarely been tested. To test the
hypothesis that RIL reduces negative impacts of selective logging once intensity is controlled for, we used
Land-use meta-analyses of selective logging impact studies, focusing specifically on (1) residual tree damage,
REDD+ (2) aboveground biomass and (3) tree species richness. Our results indicate that RIL appears to reduce
RIL residual tree damage when compared to conventional methods. However, changes in aboveground bio-
Selective logging mass were negatively related to logging intensity. Any effect of RIL, independent of logging intensity, was
Biomass difficult to discern since it was carried out at relatively low intensities. Tree richness appeared to increase
at low intensities but decreased at higher intensities and any effect of RIL was difficult to detect. Our
results tentatively support the hypothesis that RIL reduces the negative impacts of logging on tree
damage, but do not support suggestions that RIL reduces loss of aboveground biomass or tree species
richness. However, this lack of support may be a result of the relative paucity of data on the topic.
Based on our results, we suggest that better evidence is needed to assess the differences between the
impacts of RIL and conventional logging. Studies that consider plot-level differences in logging intensity
are required to fill this knowledge gap. In addition, there must be clarification of whether RIL is an
inherently low intensity practice so that this can be factored into management.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Over 400 million hectares of tropical forest are designated as
timber concessions, 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 biodi-
versity (Berry et al., 2010) and leads to increased carbon emissions
(Bryan et al., 2010; Nepstad et al., 1999). Poor management of
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logging concessions can endanger the long-term sustainability of
timber production and there have been suggestions that we might
be approaching peak timber production in the tropics (Shearman
et al,, 2012).

Given the large global demand for tropical timber, researchers
have proposed modifications to logging techniques to reduce their
negative environmental effects, particularly regarding carbon
emissions (Putz et al., 2008b) and their impacts on biodiversity
(Bicknell et al., 2015). The direct impacts of selective logging are
largely the result of the effects of harvesting, skidding of logs,
and construction of infrastructure, such as roads, on the mortality
and recruitment of trees. The major source of carbon losses is the
felling of large trees. However, damage and subsequent death of
smaller trees as a result of crushing by felled trees or damage dur-
ing removal of logs can also be a major contributor of carbon
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emissions (Putz et al., 2008b). Damage and mortality of non-target
trees can also limit forest recovery (Gourlet-Fleury et al., 2013b;
Sist et al., 2014) and, if recruitment fails to keep pace with mortal-
ity, this can result in altered tree community composition
(Ouédraogo et al., 2011). Some of the negative effects of logging
on carbon emissions and biodiversity could potentially be
minimised by reducing large tree mortality, reducing residual
damage to trees that are not felled, or increasing the recruitment
of priority species.

One of the most widely accepted means of reducing large tree
mortality is to limit the minimum diameter at breast height
(DBH) at which trees can be cut (Sist et al., 2003a). Placing such
limits decreases logging intensity (volume of trees extracted
ha™!). In addition to reducing the number of large trees felled,
limiting logging intensity can also reduce residual damage to
unfelled trees (Mazzei et al., 2010; Picard et al., 2012). In terms
of biodiversity, recent work has shown that increases in logging
intensity leads to a linear reduction in animal species richness
for most vertebrates while a slight increase in bird species richness
is observed at low intensities (Burivalova et al., 2014). Similarly, it
is likely that species richness of trees might be enhanced at low
intensities owing to an influx of shade intolerant species as
suggested by the intermediate disturbance hypothesis (Bongers
et al., 2009; but see Fox, 2013 for a full discussion of the interme-
diate disturbance hypothesis).

In recent years reduced impact logging (RIL) techniques have
been considered to reduce the negative environmental impacts of
selective logging (Putz et al., 2008a). Though application of RIL is
not uniform, it tends to involve one or more of the following
activities: cutting lianas prior to logging, felling trees in predeter-
mined directions to minimise the impact to the surrounding forest,
limiting road construction, identification and mapping of trees to
be cut prior to logging, and planning of roads and skid trails
(Pinard and Putz, 1996). Individual studies have suggested that
RIL might reduce carbon emissions (Pinard and Putz, 1996),
residual tree damage (Sist et al., 2003¢), and result in more favour-
able biodiversity outcomes (Bicknell et al., 2014) when compared
to conventional logging. It has also been suggested that RIL could
be carried out at similar intensities to conventional logging while
causing less damage to residual trees (Pinard and Putz, 1996;
Putz et al., 2001; but see Sist et al., 2003a,b,c). Furthermore, it
has been proposed that its wide implementation could reduce glo-
bal carbon emissions from selective logging by 30% (Putz et al.,
2008b). If true, these minimisations in the negative consequences
of selective logging could be vital in securing long-term sustain-
ability of timber producing tropical forests.

Despite claims made about the benefits of RIL, evidence is
conflicting. Studies that investigate the effectiveness of RIL in
reducing the negative impacts of conventional logging generally
do so by comparing between areas logged using RIL techniques
at relatively low intensities. For example, in one of the few studies
comparing the effects of RIL and conventional logging on carbon
stocks, any treatment effect was confounded by an approximately
50% higher logging intensity in conventionally logged plots (Pinard
and Putz, 1996). Moreover, in the studies where differences in the
logging intensity have been controlled for, there appears to be little
difference in the impacts of RIL on the damage to residual trees
(Sist et al., 2003c) and carbon stocks (Griscom et al., 2014).
Taken together, these observations bring the value of RIL into
question, given that a major aim of RIL is to reduce impact whilst
maintaining timber yields (Keller et al., 2003).

Though RIL is widely cited as a method for limiting the negative
effects of tropical selective logging there is little information
regarding its general impact once logging intensities are controlled
for. Though Putz et al. (2012) provided a valuable overview of the
impacts of tropical selective logging on biomass and tree species

richness, no attempt was made to explain differences in these
impacts between sites. The recent meta-analysis by Bicknell et al.
(2014) indicated that RIL reduced impacts on animal populations,
but there are no equivalent syntheses of effects on trees. Given that
REDD+ aims to provide economic incentives to reduce loss of
carbon and biodiversity from forests (Harvey et al., 2010) and RIL
has been suggested as means of attaining these reductions (Putz
et al., 2008b), understanding variation in logging impacts is vital
to inform management. In this study, we aim to address this
knowledge gap by conducting a meta-analysis to determine which
factors relating to logging method and intensity might explain
differences in (1) residual stand damage, (2) aboveground biomass
loss, and (3) tree species richness.

2. Methods
2.1. Systematic review

We defined selectively logged tropical forests as native forests
between the latitudes of 40'N and 40'S subjected to selective tree
removal for timber. We undertook a standard systematic review
as described by Pullin and Stewart (2006) and used the terms
(“biomass” OR “carbon” OR “basal area” OR “damage” OR “snag”
OR “non-target” OR “tree” OR “species richness” OR biodiversity)
AND (selective logg® OR felling OR timber extraction OR
reduced-impact logging OR degradation) AND “tropical forest” to
search Web of Knowledge, Wiley Blackwell and Science Direct
databases. We also used the appendices of Clark and Covey
(2012), Gibson et al. (2011), Picard et al. (2012) and Putz et al.
(2012) to identify potentially relevant literature. The final
literature search was undertaken on 20/06/2014. In addition, we
contacted researchers working on the subject to identify any
unpublished datasets.

In order to be included in our analysis, studies had to:

(i) Present data on residual stand damage following logging or
aboveground tree biomass and/or species richness of trees
from at least one undisturbed forest and one logged forest
site.

(ii) Include sites with spatially replicated measures of tree spe-
cies richness or aboveground biomass of trees in both logged
and unlogged sites with at least three plots present in each.
This rule was relaxed for the studies of residual stand dam-
age since very few were replicated or provided comparisons
with unlogged sites.

(iii) Include logged sites that were unaffected by multiple distur-
bance types such as fire or drought.

(iv) Be carried out in terrestrial forests, excluding mangroves.

First, articles were excluded if titles were deemed irrelevant.
Following this, abstracts were examined to filter out irrelevant
articles. The remaining articles were read and retained only if they
met the inclusion criteria described above. The search produced
6422 potentially relevant references and, following exclusion of
irrelevant papers, we extracted data from 62. If there was evidence
that relevant data had been collected but were not presented in the
publications, data were requested from authors. If data were pre-
sented in tables, they were directly transferred to our database,
whereas if data were presented as graphs, we used the program
datathief (vIII) (Tummers, 2006) for data extraction. For details of
the studies used see Table 1 and Tables S1-S3.

In articles that measured changes in biomass or species rich-
ness, we extracted the mean, standard deviation, and sample size
for sites in logged and unlogged forests. Where multiple sites were
measured per study we extracted data for each site separately. In
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Table 1
Details of studies used for analyses of changes in aboveground biomass and tree species richness following selective logging in tropical forests.
Study Variable Response Effect size variance ~ Volume logged Time since logging (years) Method Continent
ratio (m*ha1)
Berry et al. (2010) AGB -0.77 0.06 97.2 0 Conventional Asia
Bryan et al. (2010) AGB -0.21 0.01 10.7 1 RIL Asia
-0.38 0.01 10.7 1 RIL Asia
D’Oliveira et al. (2012) AGB —-0.07 0.01 6.9 1 Conventional ~Americas
Gerwing (2002) AGB —0.26 0.01 353 5 Conventional Americas
-0.56 0.02 69 5 Conventional Americas
Gourlet-fleury et al. (2013) AGB -0.31 0.01 66 0 Conventional  Africa
Imai et al. (2012) AGB -0.38 0.05 13.74 8 RIL Asia
Mazzei et al. (2010) AGB -0.26 0.00 21 0 RIL Americas
Medjibe et al. (2011) AGB —-0.08 0.01 8.11 0 RIL Africa
—-0.08 0.01 8.11 0 RIL Africa
Medjibe et al. (2013) AGB -0.07 0.05 5.7 0 RIL Africa
-0.07 0.05 5.7 0 RIL Africa
-0.14 0.04 114 0 Conventional  Africa
Pfeifer et al. (2015) AGB -1.49 0.46 179 10 Conventional Asia
-1.81 1.43 150 10 Conventional Asia
-1.21 0.46 150 10 Conventional Asia
-1.21 0.51 150 10 Conventional Asia
-1.87 0.93 179 10 Conventional Asia
-1.13 0.40 150 10 Conventional Asia
—-2.40 2.60 179 10 Conventional Asia
-2.13 1.53 179 10 Conventional Asia
-2.26 1.99 179 10 Conventional Asia
-2.11 1.46 179 10 Conventional Asia
Pinard and Putz (1996) AGB —0.90 0.03 154 0 Conventional Asia
-0.44 0.02 103 0 RIL Asia
Rockwell et al. (2014) AGB —-0.08 0.03 10 1 Conventional ~Americas
Saner et al. (2012) AGB -0.33 0.03 117.38 0 Conventional Asia
Tangki and Chappell (2008) AGB -0.67 0.01 101.2 11 Conventional Asia
Baraloto et al. (2012) Richness 0.0082 0.0032 55 20 Conventional ~Americas
Berry et al. (2008) Richness 0.0636 0.0013 924 18 Conventional Asia
Burghouts et al. (1994) Richness —0.0808 0.0033 100 12 Conventional Asia
Cannon et al. (1994) Richness —0.3727 0.0059 52 1 Conventional Asia
-0.2730 0.0064 42.5 8 Conventional Asia
Carrefio-Rocabado et al. (2012)  Richness 0.0706 0.0001 104 0 RIL Americas
0.0554 0.0001 9.4 0 Conventional Americas
0.0398 0.0001 14.4 0 Conventional Americas
Foody and Cutler (2003) Richness —0.1858 0.0139 118 10 Conventional Asia
Gerwing (2002) Richness —0.0635 0.0052 353 5 Conventional Americas
-0.3242 0.0044 52 5 Conventional Americas
Gourlet-Fleury et al. (2013a) Richness —0.0624 0.0009 81.16 24 Conventional  Africa
—0.0062 0.0006 122.57 24 Conventional Africa
Imai et al. (2012) Richness —0.0370 0.0295 13.74 9 RIL Asia
Villela et al. (2006) Richness 0.1178 0.0340 90 5 Conventional Americas
Webb and Peralta (1998) Richness 0.0024 0.0022 49.2 1 RIL Americas
-0.1127 0.0020 49.2 0 RIL Americas
Cazzolla Gatti et al. (2014) Richness —-0.1575 0.0485 100 15.09615 Conventional Africa
—0.7080 0.0372 100 15.09615 Conventional  Africa

studies of forest damage, we extracted the plot level data of resid-
ual tree damage. We also recorded site latitude and longitude, con-
tinent on which studies were undertaken, method of logging used
(RIL or conventional selective), the number of years since logging,
the minimum size of trees measured, and volume of wood
extracted (m® ha™!) and/or number of trees felled ha~'. In sites that
had been logged twice, we calculated logging intensity as the sum
of the volume extracted over both cycles, following Edwards et al.
(2014).

Sites were defined as RIL if authors used the term to describe
the logging methods used. All other sites were classified as conven-
tional. While the definitions of RIL can vary depending on context
(Putz et al., 2008a), our comparison between conventional logging
and RIL represents real differences in the techniques used at sites.
RIL sites tended cut lianas prior to logging more regularly than con-
ventional sites (70.0% vs 10.5% of sites respectively) and the same
was true for planning of roads and skidder routes (75.0% vs 5.3%);
planned extraction of trees (80.0% vs 21.1%); use of directional fell-
ing (65.0% vs 5.3%); training of staff to cause lower damage (40% vs
0%); supervision of staff during logging (25% vs 0%) and; restriction

logging on steep slopes (30.0% vs 2.6%). On average RIL sites
employed a mean (+SE) of 4.05 (+0.48) of these techniques that
aimed to reduce damage per site, while conventionally logged sites
employed 0.47 (+0.16) per site. These results are summarised in
Fig. S1.

2.2. Data preparation

To convert the number of trees harvested ha~! to the metric of
logging intensity used in this study (m® wood removed ha™!) we
produced a linear mixed model, accounting for continent level dif-
ferences in the relationship between number of trees and volume
of wood harvested ha~!. Following this, we used the model to pre-
dict the volume of wood harvested ha~! in studies which only pro-
vided alternative details of the number of trees removed ha!,
following Bicknell et al. (2014) and Burivalova et al. (2014). We
attempted a similar process to convert between different metrics
of residual damage following Picard et al. (2012) but found that
the number of trees damaged ha~! was a poor predictor of the pro-
portion of residual trees damaged. Therefore only studies that
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directly supplied information on the proportion of residual trees
damaged were used.

In order to analyse the impact of logging intensity and logging
method on changes in aboveground biomass and species richness,
we used a weighted approach. If standard deviations were missing
from studies, these were estimated by using imputation methods
(Koricheva et al., 2013). To do this, we estimated the relationships
between the coefficient of variation for tree richness or biomass
and plot size using linear models since smaller sampling plots
result in greater between-sample variation (Wagner et al., 2010).
We then used linear models to predict the coefficient of variation
for studies missing these data, which were subsequently converted
to standard deviations to enable weighted analyses. While this is a
relatively novel technique, it is likely to bias results less than
excluding studies with incomplete information (Nakagawa and
Freckleton, 2008).

2.3. Statistical analysis

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
constrained between 0 and 1 (Warton and Hui, 2011). Random
effects were used to identify data from the same study to avoid
problems of non-independence. 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 therefore
models with log terms were also tested. The marginal R?> was
obtained using following the method of Nakagawa and Schielzeth
(2013) implemented in the R package MuMIn (Barton, 2014).
AlCc was used to determine the relative likelihood of a model being
the most parsimonious. All models of tree damage with a AAICc < 7
were averaged to produce coefficient estimates, with models
supplying more weight when they had greater support
(Burnham et al., 2011).

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 weighted so that more precise studies
had more weight (Borenstein et al., 2009; Hedges et al., 1999, see
Appendix S1). We then fitted a meta-regression model using ran-
dom effects to account for between study variation that might be
due to differences in research methods. In addition, in our analyses
of changes in tree species richness, whether species richness esti-
mates were rarefied or not was included as a random effect. We
did this because this has been shown to cause between-study dif-
ferences and was therefore considered an additional source of
between-study noise (Cannon et al., 1998; Gotelli and Colwell,
2001). Random effects were also included to account for differ-
ences in the minimum DBH of trees measured and the time since
logging which may have confounding effects on the analysis.
Since some studies used the same unlogged site as a comparator
for multiple logged sites, we ran bootstrapping routines with
10,000 iterations, selecting only one pairwise comparison where
the same unlogged site was used as a reference, in order to remove
study-level pseudoreplication following Gibson et al. (2011).

We tested the effects of logging method (RIL or conventional
logging) and logging intensity in determining changes in biomass
and tree species richness. The time since a site was logged could
also play a role in determining logging impacts (Burivalova et al.,
2014) and therefore this was also included in models. After each
bootstrapping iteration, models were ranked by AICc and, after
bootstrapping, models were ranked according to their median
AICc values and the proportion of times the model was considered

to be the most parsimonious (Gibson et al., 2011). Parameter val-
ues of the model with lowest AICc were calculated by selecting
median estimates after 10,000 bootstrapped iterations. All statisti-
cal analyses were performed in R 3.0.2 (R Development Core Team,
2011) with unweighted and weighted analyses carried out using
the Ime4 package (Bates et al., 2014) and the metafor package
(Viechtbauer, 2010), respectively. All figures were drawn using
ggplot2 (Wickham, 2009).

3. Results

The systematic review yielded 62 studies, from which we
extracted data on residual tree damage from 72 sites, and 43 and
23 paired, replicated sites that measured biomass and tree species
richness respectively. In total these data comprised of information
on residual damage from 285 plots, comparisons of aboveground
biomass from 326 logged and 128 unlogged plots and comparisons
of tree species richness from 256 different logged and 161
unlogged plots. Median logged-site age for those sites where bio-
mass was measured was 4.5 years and for sites where richness
was measured it was 5 years. Sites were mostly located in Asia
and the Americas, with relatively few in Africa (Fig. 1). Further
details of the studies used in our meta-analysis are given in
Table 1 and Tables S1-S3.

The most parsimonious model for predicting the volume of
wood logged ha~! suggested a positive relationship with the num-
ber of trees extracted ha~! an interaction between this and conti-
nent. The slope of the relationship was steeper in Asia and Africa
than in the Americas (Fig. 2) and overall the model had high
explanatory power (R? = 0.72).

3.1. Residual stand damage

The model that best explained the proportion of residual trees
that were damaged included an interaction between the logarithm
of logging intensity and the logging method (R? = 0.25). Only one
other model had a AAICc <7 (Table 2). Model-averaged predictions
suggested that residual damage increased as a function of the log-
arithm of the logging intensity (Slope = 0.54 + 0.19, P = 0.005, Fig. 2,
Table S3). This model also suggested that RIL tended to cause less
residual damage than conventional logging at the range of intensi-
ties studied (coefficient = —1.00 + 0.37, P = 0.007, Fig. 2, Table S4).
However, the 95% confidence intervals for predictions were wide
indicating large variation in damage to residual tree stems for both
methods.

3.2. Impacts of logging intensity and method on biomass and species
richness

Logging intensity was negatively correlated with the
response ratio for aboveground biomass following logging
(slope = —0.0042 + SE 0.0008, P<0.001, Fig. 4a, Table S5). This
model had good explanatory power (pseudo-R*=0.43) and was
ranked most parsimonious in all bootstrap iterations (Table 3).
Logging intensity was considered the most important variable for
predicting post-logging change in biomass as it was present in all
models with a AAICc <7 (Table 3). However, it is also clear that
there is no model that performs substantially better than all of
the others since numerous models had a AAICc <7. In addition
the relatively low intensities at which RIL sites tended to be logged
compared to conventional sites reduced the power of our analyses
to detect differences in impacts between the two methods (Fig. 4a).

The model that explained variation in tree species richness
response ratio most effectively indicated a negative relationship
with intensity of logging (slope = —0.001 + SE 0.0002, P < 0.001),
with a positive intercept (Intercept=0.06+0.01, P<0.001,
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Fig. 1. Geographic location of studies used in our meta-analyses of residual damage, aboveground biomass and species richness responses to selective logging.
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Fig. 2. The relationship between the number of trees extracted ha~! and the
volume of wood logged ha! for Asia and Africa (red) and the Americas (blue).
Points represent individual sites, solid lines the predictions from the most
parsimonious mixed model with bands representing 95% confidence intervals of
the coefficients. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 4b, Table 4, Table S6). Only one other model had a AAICc<7,
and the most parsimonious model had a pseudo-R? of 0.34. As with
aboveground biomass, the relatively low logging intensities used in
RIL hindered comparison of the effects of the different methods
while accounting for intensity (Fig. 4b).

4. Discussion

This study draws on a larger body of evidence than the recent
meta-analysis of Putz et al. (2012) on the impacts of selective
tropical logging, making it the most precise meta-analysis of the
impacts of tropical selective logging on carbon and tree

biodiversity to date. In addition, our analyses of the impacts of
logging on biomass and species richness accounted for (i) differ-
ences in study precision, (ii) study-level pseudoreplication, and
(iii) explored the reasons for variation in impacts amongst sites.
While the meta-analysis of Putz et al. (2012) was a valuable contri-
bution to the logging literature it did not address any of these
issues and as a result the results of our study differ substantially
from this previous meta-analysis.

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 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, a problem
that is not widely acknowledged in the literature on tropical forest
logging. Below we discuss implications of our results and potential
solutions to this problem.

4.1. Impacts of logging on stand damage and biomass

Our meta-analysis indicates that logging intensity is the pri-
mary driver of differences in non-target tree damage in selectively
logged tropical forests, as noted in previous studies (Johns, 1992;
Picard et al., 2012; Sist et al., 1998). However, our results from a
wide range of sites also support the hypothesis that RIL causes
lower damage to residual trees than conventional logging - the
first time that such as result has been noted across a large number
of different sites. Given that residual damage to trees can account
for 20-30% of biomass losses from selective logging as a result of
increased mortality from windthrow, disease or fire (Johns, 1992;
Mazzei et al., 2010; Panfil and Gullison, 1998), our result indicates
that RIL may help to reduce carbon losses at the stand scale. In
addition, our results suggest that in order to keep residual stand
damage below the 25-30% limit that is considered to be sustain-
able (Huth and Ditzer, 2001; Sist et al., 2003a, 2003b), RIL should
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Table 2

Rank of different models considered for the description of residual stand damage following selective logging in tropical forests. Models are ranked by median AlCc.
Variables Degrees of freedom Log liklihood AlCc AAIC AICc weight Marginal R?
Log(volume) + method 7 —67.62 150.99 0.00 0.72 0.33
Log(volume) 6 -70.27 153.82 2.83 0.17 0.29
Log(volume) * method 8 —68.28 154.84 3.85 0.10 0.32
Method 6 —74.15 161.59 10.59 0.00 0.05
Volume + method 7 -73.91 163.57 12.58 0.00 0.28
Volume 6 -77.76 168.81 17.82 0.00 0.23
Volume % method 8 —78.06 174.40 23.40 0.00 0.30
Null model 3 —86.68 179.71 28.72 0.00 0.00

Table 3

Rank of different models considered for description of post-logging changes in aboveground biomass. Models are ranked by their median AICc so that the top model is that which
tended to be considered most parsimonious across bootstrap iterations. 7; refers to the proportion of bootstrap iterations in which an individual model was selected as most

parsimonious following Gibson et al. (2011).

Model variables Model rank T Log likelihood AlCc AAICc Pseudo-R?
Volume 1.0 1.00 5.21 0.90 0.00 043
Volume * method + volume? 2.0 0.00 8.37 3.66 2.79 0.58
Volume % method 3.0 0.00 8.34 3.73 2.86 0.58
Voume + volume? 4.0 0.00 5.32 4.81 3.63 0.44
Volume = age 5.0 0.00 6.02 8.36 7.17 0.48
Volume x age + volume x method 6.0 0.00 9.69 14.62 13.18 0.64
Age 7.0 0.00 -2.36 16.05 15.15 0.09
Null 8.0 0.00 -4.33 16.51 15.80 0.00
Method 10.0 0.00 -2.88 17.09 16.27 0.06
Volume * method + volume? + method 10.0 0.00 8.41 17.19 16.32 0.58

Table 4

Rank of different models considered for description of post-logging changes in tree
species richness. Models are ranked by their median AICc so that the top model is that
which tended to be considered most parsimonious across bootstrap iterations. 7;
refers to the proportion of bootstrap iterations in which an individual model was
selected as most parsimonious following Gibson et al. (2011).

Model Model — m; Log AlCc AAICc  Pseudo-R?
variables rank likelihood

Volume 1 042 —6.60 5.20 0.00 0.30

Age 2 0.00 —7.88 7.76 2.56 0.19
Method 3 0.34 -9.62 11.24 3.48 0.00

Null 4 0.25 -12.76 17.51 6.28 0.00

be carried out at intensities below 60 m> ha~! while conventional
logging must be limited to intensities below 40 m® ha~! (Fig. 3).

A large amount of between-study variation was observed in the
impacts of logging intensity and methods on stem damage, which
suggests that variables we failed to consider may be important,
such as the density of log extraction routes or the steepness of
slopes where logging was undertaken (Putz et al., 2000). Equally,
this variation may be a result of the amongst study differences in
methods and metrics used to assess stem damage, as previously
noted by Putz et al. (2008a). Our results support Putz et al.’s
(2008a) assertion that standardised metrics of logging damage
are needed to enable synthesis.

Our analyses of the effects of logging on aboveground biomass
emphasize that accounting for harvesting intensity is vital. The vol-
ume of wood removed ha~! was by far the best predictor of
changes in biomass in response to timber harvest. While this point
may appear obvious, many studies fail to interpret the effects of
logging in the context of the intensity used. For example, the recent
meta-analysis by Putz et al. (2012) found that “76% of carbon is
retained in once-logged forests,” failing to statistically account
for differences in logging intensity. However, results from our
study show that this finding of Putz et al. (2012)is only true when
forests are logged at an intensity of approximately 50 m> ha—! and
that there is considerable variation in logging impacts which are
driven by logging intensity Thus, reporting the mean impact of

Proportion of residual tree stems damaged

0 50 1(I)O 150
Volume of wood logged (m°ha™)

Fig. 3. Impact of selective logging intensity and logging technique on the
proportion of residual tree stems damaged in tropical forests (n=72). Points
represent single sites, solid lines are the predictions the most parsimonious linear
mixed effects model (R?=0.27) and shaded areas 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 techniques were
used. For details of alternative models considered see Table 2. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

logging on biomass as Putz et al. (2012) did is relatively
uninformative.

We found little support for the hypothesis that RIL and conven-
tional selective logging differed in their effect on post-logging bio-
mass once logging intensity is accounted for. As such it is
impossible to say, from the studies used here, whether RIL causes
lower carbon emissions when compared to conventional logging.
In part this results from a 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 (Fig. 5). Keller
et al. (2003) argued that RIL is not synonymous with low-yield
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Fig. 4. Impacts of selective logging intensity on changes in (a) aboveground biomass (n = 32) and (b) tree species richness. 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 models with lowest and shaded area 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. Alternative models considered are detailed in
Tables 3 and 4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Variation in logging intensity (measured as volume of wood extracted per
hectare) by region and logging method for all studies used in our meta-analyses.
Note that conventional logging tends to have higher logging intensity on all
continents.

logging. However, the data used in our study and recommenda-
tions by Sist et al. (2003a,c) suggest that part of the prescriptions
for RIL may be a reduction in logging intensity. In order to compare
the impacts of RIL and conventional logging further clarification is
needed on whether RIL is inherently a low intensity practice.
Ultimately, timber yields are extremely important for managers
of logging concessions and if RIL will always reduce short-term
yield this must be explicit. Given the important of yields, even if
RIL is essentially a low intensity practice consideration of impacts
must account for differences in intensity. Unless studies of RIL are
carried out at a similar range of intensities to conventional selec-
tive logging its potential benefits, aside from those resulting from
lower logging intensities, will remain difficult to assess.

While our study found relatively little evidence for the benefits
of RIL for aboveground carbon pools we acknowledge that there is
evidence from studies that did not fit our selection criteria that
merits consideration. For example, Pereira et al. (2002) found that
the size of logging gaps, and thus loss of carbon, was reduced in
forests logged using RIL compared to forests logged using conven-
tional methods at similar intensities. In a study that also controlled
for logging intensity, West et al. (2014) showed that in a single
24.5 ha plot logged using RIL biomass was reduced by approxi-
mately 20% compared to 25% for a plot logged using conventional

methods. However, in contrast a recent field study suggested that
once logging intensity is controlled for there is little difference
between the impacts of RIL and conventional methods on carbon
storage (Griscom et al., 2014). There is therefore currently rela-
tively little agreement between field-based studies on the carbon
benefits of RIL.

Modelling studies have suggested that over 40-60 years the
carbon benefits of RIL may be magnified owing to a reduction in
residual damage (Pinard and Cropper, 2000; Putz et al., 2008b).
Given that growth of non-target trees is important for carbon
sequestration in forests recovering from tropical selective logging
(Gourlet-Fleury et al., 2013b), the reduction in residual damage
observed in this and other studies points to the potential for RIL
to have longer-term carbon benefits that our meta-analysis may
not have accounted for. These benefits have been hinted at previ-
ously (e.g. Lincoln, 2008; West et al., 2014) but there are currently
too few studies to discern whether forests logged using RIL do
indeed recover biomass more quickly than conventionally logged
forests.

4.2. Impacts of logging on species richness

As for aboveground biomass, logging intensity best explained
differences in tree species richness caused by logging. However,
compared to aboveground biomass, the slope of this relationship
was much less steep, with an apparent initial increase in species
richness at low intensities. In addition the wide confidence inter-
vals around predictions (Fig. 4b) indicate the widespread variation
in impacts. The most plausible explanation for a post-logging
increase in richness is an influx of generalist species from
surrounding non-forest areas (Carrefio-Rocabado et al., 2012)
leading to an initial post-harvest increase, in-line with previous
observations supporting the general pattern of the intermediate
disturbance hypothesis (Bongers et al., 2009; Connell, 1978).
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, as has been noted
previously (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
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impacted by selective logging, with forest-dependent species sen-
sitive 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,b).
However, analysis of logging impacts on community composition
is hindered by the fact that most studies of logging are spatially
pseudo-replicated, leading to biased estimates of change
(Ramage et al., 2013). Despite this pseudo-replication investigation
of the functional traits that determine species’ presence and abun-
dance in logged forests could prove a fruitful line of research, as
has recently been done with bird species (Newbold et al., 2013).

4.3. 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 inten-
sity is vital to understand the impact of logging on biodiversity
and aboveground biomass. While this is a seemingly obvious point,
many studies interpret logging impacts without reference to
logging intensity. One reason for this is that 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 ha~! for the entire study area. For individ-
ual 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
(Mazzei et al., 2010). This has the advantage of allowing an esti-
mate of logging intensity at the plot scale, allowing for more
nuanced analyses of logging impacts than is currently possible
for most studies. Connected to this point, though we are confident
that the methods used in RIL and conventional sites differed,
detailed descriptions of the methods used for logging were rare.
Where possible studies should report in detail on the logging
methods used to allow for easier comparison between studies.

A wide variety of different measures are used to assess residual
logging damage in selectively logged forest stands (Picard et al.,
2012), fostered by different objectives and hypotheses. We
attempted to convert between different measures to maximise
the value of available data, but found that this was not possible
due to the poor descriptive value of models. Future syntheses
would be aided by standardisation of metrics. As Putz et al.
(2008a) and Picard et al. (2012) previously recommended, we
support the use of standardised metrics that assess tree damage
at the level of individual trees. We also suggest that future studies
should report the proportion of basal area that is damaged to pro-
vide 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.

4.4. Reducing the negative effects of logging

The results of our study and those of Burivalova et al. (2014)
suggest that logging intensity drives carbon and species loss while
Bicknell et al. (2014) suggest that RIL is less damaging for animal
populations. As such, current evidence suggests that RIL at rela-
tively 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 therefore tim-
ber yield, may encourage expansion into previously unlogged
areas. This mirrors the situation in agricultural landscapes where
the biodiversity benefits of high-yield farming in small areas as
opposed to low-yield, extensive farming is debated (Phalan et al.,
2011; Rey Benayas et al, 2012). The Iland-sparing/sharing

framework is becoming more prevalent in the logging literature
(Griscom and Goodman, 2015), and the only empirical study of this
to date suggests 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). We hope that the recognition of
the importance of timber yields in this context will encourage a
more realistic debate about the value of different logging methods
and how to balance yields and environmental priorities.

Although reductions in logging intensity may reduce impact,
the high demand for timber requires solutions that do not drasti-
cally reduce current yields but reduce impacts on forest ecosys-
tems. Methods such as thinning to remove non-timber tree
species appear to aid recovery of floral community composition
(Ouédraogo et al., 2011), carbon (Gourlet-Fleury et al., 2013b)
and timber stocks (Pefia-Claros et al., 2008a), and if used in con-
junction with other techniques may improve the sustainability of
selective logging. When silvicultural treatments are implemented
their impacts on different species will need careful consideration
so that the growth and recruitment of priority species can be max-
imised (Pefia-Claros et al., 2008b). RIL, along with other measures
such as silvicultural treatments, increasing the length of logging
cycles and reductions in logging intensity, may help to improve
the sustainability of tropical timber production (Huth and Ditzer,
2001; Pinard and Cropper, 2000; Sist et al., 2003a). However,
further evidence is required to verify the benefits of RIL for
aboveground carbon storage and tree biodiversity. One potential
solution to this lack of evidence is the use of existing data from
collaborative networks such as The Tropical Managed Forests
Observatory (Sist et al., 2015) while accounting for between-plot
variation in logging intensity. Such analyses would contribute
towards more sustainable tropical logging practice by providing a
more robust evidence base than is currently available.
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