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Selective logging of tropical forests is increasing in extent and intensity. The duration over which impacts of selective log-
ging persist, however, remains an unresolved question, particularly for African forests. Here, we investigate the extent to 
which a past selective logging event continues to leave its imprint on different components of an East African forest 
45 years later. We inventoried 2358 stems ≥10 cm in diameter in 26 plots (200 m × 10 m) within a 5.2 ha area in Kibale 
National Park, Uganda, in logged and unlogged forest. In these surveys, we characterized the forest light environment, 
taxonomic composition, functional trait composition using three traits (wood density, maximum height and maximum 
diameter) and forest structure based on three measures (stem density, total basal area and total above-ground biomass). 
In comparison to unlogged forests, selectively logged forest plots in Kibale National Park on average had higher light lev-
els, different structure characterized by lower stem density, lower total basal area and lower above-ground biomass, and a 
distinct taxonomic composition driven primarily by changes in the relative abundance of species. Conversely, selectively 
logged forest plots were like unlogged plots in functional composition, having similar community-weighted mean values 
for wood density, maximum height and maximum diameter. This similarity in functional composition irrespective of log-
ging history may be due to functional recovery of logged forest or background changes in functional attributes of unlogged 
forest. Despite the passage of 45 years, the legacy of selective logging on the tree community in Kibale National Park is still 
evident, as indicated by distinct taxonomic and structural composition and reduced carbon storage in logged forest com-
pared with unlogged forest. The effects of selective logging are exerted via influences on tree demography rather than 
functional trait composition.
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Introduction
Selective logging, the targeted harvesting of commercially 
valuable timber species in a single cutting cycle, is an increas-
ingly important component of the human footprint on tropical 

forests; its extent and intensity are on the increase (Asner 
et al., 2009; Gibson et al., 2011). According to recent esti-
mates, at least 390 000 000 ha of tropical humid forests were 
selectively logged as of 2009 (Asner et al., 2009), an area 
slightly larger than the size of India. These estimates are likely 
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to be conservative because clandestine selective logging opera-
tions are extensive and largely undocumented. For example, 
more than half of the timber harvested from five major tim-
ber-producing countries (Brazil, Cameroon, Ghana, Indonesia 
and Malaysia) was illegally extracted in 2009 (Rands et al., 
2010). Selective logging is probably expanding as a result of 
rising global demands for timber products, providing large 
revenues for developing economies (Gibson et al., 2011; Putz 
et al., 2012).

The current prevalence and potential for continued 
expansion of selective logging has led to a call to under-
stand its impacts on tropical forests better, particularly in 
terms of biodiversity conservation and carbon sequestra-
tion (Picard et al., 2012). The authors of several recent 
studies argue that its impacts are relatively benign in com-
parison to other uses of forests and selectively logged trop-
ical forests have a high conservation value second only to 
pristine tropical forests (Gibson et al., 2011; Putz et al., 
2012; Ramage et al., 2013). Nevertheless, selective logging 
has known immediate impacts on the taxonomic, structural 
and functional aspects of tropical forests. Taxonomically, 
selective logging can shift the composition and relative 
abundance of species (Baraloto et al., 2012), including a 
reduction in species richness (Clark and Covey, 2012) and 
a shift in the dominance of particular lineages (Berry et al., 
2010; Okuda et al., 2003). Structural effects of selective 
logging include homogenization of canopy structure 
(Okuda et al., 2003), reduction of stem density (Cannon 
et al., 1998; Slik et al., 2002; Hall et al., 2003) and total 
basal area (Bonnell et al., 2011) and loss of large trees, with 
a shift towards medium-sized trees (Okuda et al., 2003; 
Bonnell et al., 2011), consequently reducing above-ground 
biomass (AGB; Lasco et al., 2006; Blanc et al., 2009; Berry 
et al., 2010; Lindner and Sattler, 2012). The effect of selec-
tive logging on the capacity of tropical forests to maintain 
ecosystem function has been examined through character-
ization of shifts in dominance of predefined functional 
groups centred on plant attributes such as shade tolerance 
(Hall et al., 2003), successional status (Bonnell et al., 2011) 
or wood strength (Verburg and van Eijk-Bos, 2003). 
A handful of studies have used a more explicit continuous 
trait-based approach to demonstrate that tree communities 
respond to disturbance from selective logging by shifts in 
the range of functional trait values found in the community 
(Mayfield et al., 2010; Baraloto et al., 2012; Carreño-
Rocabado et al., 2012; Mouillot et al., 2013).

Less clear than the immediate impacts of selective logging 
on tropical forests is the duration over which these impacts 
persist, given that trees are long lived and most studies are 
conducted within the first two decades after logging (Gibson 
et al., 2011; Kormos and Zimmerman, 2014). Gibson et al. 
(2011) also highlight a regional bias in the tropical land-use 
change literature, most of which focuses on Southeast Asian 
and Neotropical forests, with few studies in Africa. Yet, 
African forests differ from other tropical forests in several 
ways, including the presence of older soils (Richards, 1996), 

a smaller regional species pool (Richards, 1996; Chapman 
et al., 1999) and historically fewer and smaller disturbances 
(Chapman et al., 1999). The degree of logging damage in 
Africa is relatively lower than that in Southeast Asia and 
higher than in the Neotropics (Picard et al., 2012). To develop 
a comprehensive understanding of the long-term impacts of 
selective logging on the conservation value of tropical forests, 
we need more empirical studies exploring long-term effects on 
selectively logged African forests.

Here, we investigate the extent to which impacts of selec-
tive logging performed 45 years ago persist in an East African 
forest. We hypothesize that recovery from disturbance will be 
slow, such that imprints of selective logging will still be evi-
dent on the taxonomic, structural and functional components 
after almost half a century. We consider effects on understory 
light availability and community structural, taxonomic and 
functional composition. Understory light is strongly influ-
enced by forest canopy structure, and typically differs between 
old-growth and disturbed forests because their canopies are 
open to varying extents (Nicotra et al., 1999). These different 
light conditions tend to favour different combinations of func-
tional traits or ecological strategies, such that disturbed for-
ests may be dominated by species with resource-acquisitive or 
disturbance-adapted strategies, leading additionally to taxo-
nomic and structural differences. To capture such differences 
in functional composition between species in logged and 
unlogged plots, we focused on three traits. Wood density 
(WD; in grams per cubic centimetre), a measure of a tree’s dry 
carbon investment per unit volume, is a key indicator of the 
wood economic spectrum owing to its strong connection with 
several aspects of a plant’s ecology, including growth rate, car-
bon allocation, structural stability, hydraulic conductivity and 
disease or pest resistance (Chave et al., 2009). The other two 
traits, plant maximum height (Hmax; in metres) and maximum 
diameter at breast height (DBHmax; in centimetres), are crucial 
components of a species’ light-competitive ability and carbon-
gain strategy (King et al., 2006; Wright et al., 2007; Moles 
et al., 2009). Both WD and adult stature vary with species’ 
light requirements and along a successional continuum 
(Falster and Westoby, 2005; Chave et al., 2009).

We predict that a logged forest will have the following 
characteristics: (I) more open canopy and higher light levels; 
(II) greater stem density, but less total basal area and above-
ground biomass because higher light conditions will favour 
recruitment of more stems per unit area and unlogged forest 
will have more large trees; (III) distinct tree size distribution, 
with a relatively high frequency of mid-sized trees in com-
parison to the typical ‘reverse J-shaped’ tree size distributions 
for old-growth unlogged forest (Denslow, 1995); and (IV) dis-
tinct taxonomic and functional composition because it is at an 
earlier stage of succession and dominated by species with a 
resource-acquisitive strategy, whereas unlogged forests will be 
dominated by species with a resource-conservative strategy. 
Prediction IV implies that logged forests will have lower com-
munity-weighted mean values for WD, Hmax and DBHmax 
compared with unlogged forest.
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Materials and methods
Study site
This study was conducted in Kibale National Park (KNP; 
795 km2) in south-western Uganda (Chapman et al., 2010a). 
It is composed predominantly of mature moist semi-decidu-
ous and evergreen forest, but includes a variety of other 
habitats, such as grassland, woodland, lakes and wetlands, 
colonizing forest and regrowth in areas previously planted 
with exotic trees (Chapman and Lambert, 2000). Kibale 
National Park receives an average of 1643 mm rainfall 
annually (1990–2013; C. A. Chapman and L. J. Chapman, 
unpublished data collected at Makerere University 
Biological Field Station), with two rainy seasons from 
March to May and September to November (Chapman 
et al., 2010a). Temperature ranges between a mean daily 
minimum of 15.5°C and maximum of 23.7°C. Kibale 
National Park is divided into compartments, which were 
subjected to varying degrees of logging and have experi-
enced different restoration efforts (Struhsaker, 1997; 
Chapman et al., 2010a). Our study involved three compart-
ments within KNP, as follows: (i) K-30 (282 ha) is relatively 
disturbance free in recorded history, at least from humans, 
and is typically considered a mature old-growth forest; 
(ii) K-14 (405 ha) was selectively logged between May and 
December 1969, but in a spatially heterogeneous manner, so 
that some areas (Mikana) experienced heavy logging, with 
the removal and damage of up to 25% of all trees, while 
other areas were largely untouched (lightly logged areas); 
and (iii) K-15 (347 ha) experienced high-intensity selective 
logging between September 1968 and April 1969, resulting 
in removal and damage of up to 50% of all trees. All of 
these compartments have been classified as Parinari forest 
(Osmaston, 1959), are located closely together (within 
1500 m), and prior to logging exhibited high levels of struc-
tural similarity in cumulative basal area, canopy cover and 
stem density (Kingston, 1967; Bonnell et al., 2011).

Vegetation plots
Twenty-six permanent vegetation plots were randomly estab-
lished within the existing trail system in KNP in December 
1989. Each plot was 200 m × 10 m, with a trail running 
down the middle of its length. The locations of the 26 plots 
were unevenly distributed across the three compartments; 11 
plots were located in K-30, six were in the lightly logged 
areas and four in the heavily logged (Mikana) parts of K-14, 
and five were in K-15. In this study, we assigned the 17 plots 
in K-30 and the lightly logged areas of K-14 to the unlogged 
plot category, while the nine plots in the Mikana part of K-14 
and in K-15 were assigned to the logged category. The addi-
tion of plots in the lightly logged areas of K-14 to the 
unlogged plot category is informed by earlier works that 
established that the lightly logged forest suffered little dam-
age from the logging event based on stump and gap enumera-
tion (Kasenene, 1987; Chapman and Chapman, 1997; 
Bonnell et al., 2011).

Data collection
Forest light-intensity conditions

For 10 focal plots (five randomly selected from the 17 
unlogged and five randomly selected from the nine logged 
plots), light was measured from June to August 2011 between 
09.00 and 14.00 h. Light intensity was measured on both 
sides of each plot, extending from the dividing trail in the 
middle. Measurements were made at 10 m intervals under-
neath the forest canopy at 2 m above ground level as photo-
synthetically active radiation using an LI250 light meter and 
an LI-190SA quantum sensor (Licor, Lincoln, NE, USA). This 
photosynthetically active radiation was expressed relative to 
open light conditions, which were concurrently measured in 
the open at the Makerere University Biological Field Station 
using an HOBO light-intensity data logger. This resulted in 42 
light-intensity measurements per plot.

Forest composition and structure

All 26 plots were surveyed between March and May 2013. 
Surveys of each plot involved recording the DBH for all tree 
stems with DBH ≥10 cm (Chapman et al., 2010a). Trees were 
identified using recognized taxonomic keys (Polhill, 1952; 
Hamilton, 1991; Katende et al., 1995; Lwanga, 1996), and 
species names were updated using The Plant List (http://www.
theplantlist.org/). Voucher specimens for all trees were given 
to Makerere University Biological Field Station, and new 
specimens are currently being collected for the new herbarium 
at the Field Station. The resulting data set contains informa-
tion on stem number, species composition and species relative 
abundances for each plot.

Species’ functional traits

For the same 10 plots used for forest light-intensity conditions, 
we measured WD and height for all species between June and 
August 2011. While many species found in the 10 focal plots 
were also found in the remaining 16 plots, this trait data set 
excluded rare species, which although present in one or more of 
the 26 vegetation plots did not occur in the focal plots. Field-
measured WD was available for only 60 species, height data for 
58 species and DBH for all 86 species in the 2013 census.

Diameter at breast height  Tree trunk diameter was measured 
at 1.3 m above ground level for all stems ≥10 cm in the 26 
plots during the 2013 census of vegetation plots. Species 
DBHmax was the largest DBH value recorded of all individuals 
of a species in these 26 plots.

Wood density  Wood samples were extracted at 1.3 m above 
ground level with a 30.5  cm increment borer from up to five (or 
fewer when not available) upright adult individuals per species 
within each of the 10 focal plots (for a total of 687 trees). 
Extracted wood cores ranged from 4 to 8 cm in length, and each 
core was broken into 2 cm segments, with the number of 
segments dependent on the length of the core. For each segment, 
fresh volume was determined using the water-displacement 
method, and dry mass was determined after oven drying to 
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constant mass at 105°C (Osazuwa-Peters et al., 2011). Wood 
density for each segment was computed as dry mass divided by 
fresh volume, and averaged over all segments that made up a 
core to determine a mean WD per tree. Species mean WD was 
then calculated as the average WD value of all individuals of a 
species pooled across the focal 10 plots. To obtain estimates for 
the remaining 26 unmeasured species found in the 16 non-focal 
plots, we obtained species-, genus- or family-level (depending on 
availability) WD averages from the Global Wood Density 
database subset to African region only (Zanne et al., 2009). This 
African-region subset of the Global Wood Density Database 
contained WD values for six of the missing species, as well as 
genus-level WD values for nine species and family-level WD 
values for the remaining 11 species.

Tree height  Height was measured as the distance between the 
base and top of a tree for at least five (or fewer when 
unavailable) healthy adult individuals per species within each 
focal plot using a vertex hypsometer (Vertex IV, Haglöf, 
Sweden). Height values were obtained for 892 trees in the 10 
plots. The maximum height of a species was then determined as 
the greatest height recorded across all individuals of a species 
(King et al., 2006) from the pool of the 10 plots. Measurements 
of DBH were available for 622 of the 892 stems with height 
data. Height was regressed on DBH for this subset to obtain a 
forest-wide regression that was then used to interpolate height 
for species with DBH but missing height values. The regression 
(r2 = 0.31, P < 0.01) relationship was as follows:

	 Hmax maxDBH� = + ×9 753326 0 052898. ( . ) � (1)

This relationship was used to predict Hmax from species 
DBHmax for the 28 species with missing maximum height data.

Data analysis
Any variables demonstrating log-normal distributions were 
natural logarithmically transformed (see section on Structural 
composition).

Light environment

The 42 light-intensity measures per plot were averaged to give a 
mean estimate of light conditions underneath the forest canopy 
within each plot. We used a Student’s unpaired t-test to compare 
mean light intensity between logged and unlogged plots.

Taxonomic composition

To describe the taxonomic composition of logged and 
unlogged plots, we used non-metric multidimensional scal-
ing (NMDS) on a site-by-species abundance matrix; NMDS 
is a numerical ordination technique that maximizes the 
rank-order correlation between distance measures and dis-
tance in ordination space (Holland, 2008). The ‘stress’ value 
for an NMDS indicates how well the ordination summarizes 
the observed distances among samples (Holland, 2008), with 
values <0.2 generally considered a good fit. Species composi-
tion for each plot was characterized by its position in ordi-
nation space, represented by the scores on the first and 

second axes of the NMDS. These scores for logged and 
unlogged plots were then compared using a Student’s 
unpaired t-test. We further compared species composition 
between logged and unlogged plots by using an indicator 
species analysis to identify species whose patterns of abun-
dance were strongly associated with a particular logging sta-
tus. The indicator species analysis is appropriate because it 
relates species abundance values from a set of sampled sites 
to the classification of the sites into independently predeter-
mined groups (logged/unlogged; De Cáceres, 2013). The 
indicator species value is computed for each species indepen-
dent of other species in the community and estimated as the 
product of a measure of its sensitivity and fidelity to each 
logging status category (Legendre and Legendre, 1998). 
Importance values for each species were estimated as the 
sum of percentage relative density and relative basal area in 
all logged plots pooled together and all unlogged plots 
pooled together. From the importance values, we determined 
the identity of the 10 species that make the most substantial 
contributions to the density and basal area of the logged and 
unlogged forest plots, respectively.

Structural composition

To compare structural differences between logged and 
unlogged plots, we calculated the following parameters.

  (i)	Plot stem density was calculated as number of stems per 
plot area (200 m × 10 m).

 (ii)	Basal area was calculated as the sum of basal area for all 
trees in each plot, computed as πr2, where r is the radius 
of the tree, estimated as r = DBH/2.

(iii)	The coefficient of skewness (g1) was calculated to charac-
terize the symmetry of tree size distributions in each plot 
(Bendel et al., 1989; Wright et al., 2003). When a plot is 
dominated by an abundance of small trees and a long tail 
of rare large trees, g1 is positive, whereas when the plot is 
dominated by an abundance of large trees and a long tail 
of rare small trees, g1 is negative (Wright et al., 2003). The 
value of g1 is computed as:

	
g

n x x

n n s

i
i

1

3

31 2=

−

− −
∑ ( )

( )( ) �
(2)

	 where n is the number of individuals in a plot, xi is the 
logarithm of the DBH for individual i, x̅ is the mean of xi, 
and s is the standard deviation of xi (Bendel et al., 1989; 
Wright et al., 2003).

(iv)	Above-ground biomass for each stem was calculated 
using the predictive allometric equations for estimating 
AGB in moist forest stands provided by Chave et al. 
(2005). For each tree in a plot, AGB was computed twice, 
once using an equation requiring (Eq. 3) and once not 
requiring (Eq. 4), height values.

	 AGB WDdh
� = × × ×0 0509 2. D H � (3)
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where AGBdh
�  is the estimated AGB based on a given stem’s 

height and DBH, while AGBd
�  is the estimated AGB based 

on the stem’s DBH. The WD (in kilograms per cubic metre) is 
the species average wood density, D is the stem DBH (in 
metres), and H (in metres) is the stem height. For each stem, 
H was estimated by interpolating from the stem’s DBH, based 
on the KNP forest-wide regression equation predicting height 
as a function of DBH that is described above in the species 
functional trait section. The total estimated AGB in a plot is 
obtained by summing AGB�  for all stems within the plot. 
Both AGB�  estimates were natural logarithmically trans-
formed for normality.

Functional composition

The functional composition of logged and unlogged plots was 
calculated for each trait (DBHmax, Hmax and WD) as the com-
munity-weighted mean (CWM) using the following different 
weightings: (i) relative basal area (BA); and (ii) relative abun-
dance (ABD). The two weightings provide complementary 
perspectives on how the forests differ in community attributes 
by emphasizing contributions from different structural com-
ponents of the forest, either individuals with large basal area 
or abundant small stems, respectively (Carreño-Rocabado 
et al., 2012). Each set of CWM values for each trait was then 
compared between logged and unlogged plots using a 
Student’s unpaired t-test.

Given that logging happened in a spatially structured 
way, logged plots occurred in more northerly latitudes than 
unlogged plots. This distribution results in the problem of 
simple pseudoreplication, in which ‘replicate’ plots within 
the two logging categories are not spatially interspersed 
across logging categories (Hurlbert, 1984). Consequently, 
spatial processes could influence forest structure and com-
position independent of logging effects (Lindenmayer and 
Laurance, 2012; Ramage et al., 2013). To determine 
whether geographical space substantially explains some of 
the variation in forest structure and composition that is 
attributed to logging history, we included latitudinal co-
ordinates of each vegetation plot as a covariate in an 
ANCOVA. This provides a more conservative test for the 
effect of logging status (environmental predictor) in the 
presence of latitude, a proxy for spatial predictors, reducing 
the risk of a type 1 error (Peres-Neto and Legendre, 2010). 
However, because latitude was never a significant predictor 
of any of the community attributes considered when 
included as a covariate in an ANCOVA (Supplementary 
Table A1), we report only the results for t-test comparisons 
of logged and unlogged plots.

All statistical tests were implemented in R version 2.15.1 
(R Core Team, 2012), using the packages vegan (Oksanen 
et al., 2015), FD (Laliberté and Legendre, 2010) and indicspe-
cies (De Cáceres and Legendre, 2009).

Results
Light environment (prediction I)
As predicted, logged forest plots had significantly higher light 
levels than unlogged plots (Fig. 1). However, light levels were 
not uniformly high within logged plots, because a large pro-
portion of measured areas in logged plots was under shade 
(e.g. 77% of measured areas within logged plots had <5% 
open light intensity). Higher average light levels in logged 
plots resulted from light hotspots, i.e. extremely high values of 
percentage open light conditions recorded within logged plots 
(filled circles in Fig. 1).

Structural composition (predictions II and III)
In total, 2358 stems ≥10 cm in DBH were inventoried in all 26 
plots. Logged plots had significantly lower stem density, con-
trary to our expectation of higher stem density (prediction II); 
however, we did find support for lower total basal area and 
lower AGB (Table 1) in logged compared with unlogged forest.

Tree size distributions in logged plots (Fig. 2) had less pos-
itive g1 values than unlogged plots (Table 1), indicating that 
logged plots were dominated to a lesser extent by an abun-
dance of small trees and had a shorter tail of rare large trees 
relative to unlogged plots. These different levels of asymmetry 
in tree-size distributions of logged and unlogged plots were in 
accordance with prediction III.

Taxonomic composition (prediction IV)
A total of 86 tree species in 39 families were found across all 
26 plots. The NMDS recovered two axes (Fig. 3), NMDS1 
and NMDS2, with a stress value of 0.19, meaning it had a 
good fit. Logging status was best separated along the first axis 
of the NMDS (NMDS1; Fig.  3), with logged plots having 
higher scores than unlogged plots. Taxonomic turnover 
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Figure 1:  Percentage open light intensity for logged (L1–L5) and 
unlogged plots (U1–U5) in Kibale National Park (KNP), Uganda. Each 
vegetation plot has 42 light-intensity measurements. Each boxplot shows 
the median (black horizontal line), the upper quartile (space above black 
line), the lower quartile (space below black line), minimum (lower 
whisker) and maximum values (upper whisker) and extreme values or 
outliers (filled circles). Mean percentage open light intensity was 
significantly higher in logged plots (Student’s unpaired t = 2.92, P < 0.05).
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between logged and unlogged plots was within 2 units on 
NMDS1.

Only nine species were indicator species showing strong 
associations with logging status; four were strongly associated 
with unlogged and five with logged plots (Table 2). Logged 
and unlogged plots shared six of the 10 species with the high-
est importance values, but in different orders of importance 
(Table 3).

Functional composition (prediction IV)
Logged and unlogged plots did not differ significantly in func-
tional composition, contrary to our prediction, because both 
plot types were similar in their community-weighted means 

for all three functional traits when weighted by abundance. 
The basal-area-weighted community mean WD was signifi-
cantly lower in logged compared with unlogged plots, but the 
difference was small (Table 1).
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Table 1:  Mean (±1 SD) light availability, structural attributes and functional traits for logged (n = 9) and unlogged plots (n = 17) and results from 
a Student’s unpaired t-test, including the test statistic (t) and degrees of freedom

Community attribute Mean ± 1 SD for logged plots Mean ± 1 SD for unlogged plots t d.f.

Structural composition

  Total basal area (cm2) 49 265 ± 22 021 89 210 ± 33 182 −3.67** 23

  Stem density (stem number/m2) 0.03 ± 0.01 0.05 ± 0.01 −3.63** 16

  AGB (with height; kg) 2262 ± 1139 5091 ± 2876 −3.56** 23

  AGB (without height; kg) 930 ± 426 1840 ± 727 −4.02** 24

  g1 0.58 ± 0.38 1.20 ± 0.53 −3.46** 22

Functional composition

  CWM WDABD (g/cm3) 0.57 ± 0.04 0.59 ± 0.02 −1.65 12

  CWM WDBA (g/cm3) 0.56 ± 0.03 0.59 ± 0.04 −2.17* 20

  CWM Hmax.ABD (m) 26.9 ± 3.8 27.9 ± 1.9 −0.72 10

  CWM Hmax.BA (m) 29.7 ± 5.3 32.2 ± 4.0 −1.25 13

  CWM DBHmax.ABD (cm) 76.3 ± 8.7 76.7 ± 9.3 −0.12 17

  CWM DBHmax.BA (cm) 95.6 ± 23.0 125.8 ± 53.1 −2.01 23

Abbreviations: ABD, abundance weighted; AGB, above-ground biomass; BA, basal area weighted; CWM, community-weighted mean; Hmax, maximum height; DBHmax, 
maximum diameter; g1, coefficient of skewness; WD, wood density. Significant tests are indicated as follows: *P < 0.05 and **P < 0.01.
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Figure 2:  Diameter distributions for logged and unlogged plots in 
KNP. Lines show the relative frequencies of stem densities (y-axis) in 
each log-transformed diameter at breast height (DBH) size class (x-
axis). Logged plots (n = 9) are represented by the black line and 
unlogged plots (n = 17) by the grey line.

Figure 3:  Ordination of taxonomic composition of logged (n = 9) and 
unlogged (n = 17) plots in KNP. The non-metric multidimensional scaling 
produced two axes (NMDS1 and NMDS2). Logged plots (open triangles) 
differed significantly from unlogged plots (filled triangles) in species 
composition along the first axis (t = 4. 26, P < 0.01) based on a Student’s 
unpaired t-test, with most logged plots loading positively on axis 1.
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Discussion
Selective logging is a land-use practice that is increasing in 
extent and intensity and can alter the conservation value of 
tropical forests (Asner et al., 2009). Previous investigations on 
the effects of selective logging on KNP’s forests have focused 
mainly on demographic rates and structural attributes of the 
forest (Chapman and Chapman, 1997, 2004; Bonnell et al., 
2011). Here, we advance the investigation of the effects of 
selective logging on KNP’s forests by focusing on the under-
story light availability and the structural, taxonomic and 

functional attributes of the forest 45 years after the selective 
logging event occurred. We found that on average the light 
levels were higher in logged forest, but with lower stem den-
sity, smaller total basal area and AGB and a dissimilar species 
composition in comparison to unlogged forest. Nevertheless, 
differences in the taxonomic and structural composition of 
logged forests were not paralleled by differences in commu-
nity-weighted average trait values; logged plots were function-
ally analogous to unlogged plots except when community 
mean WD was basal area weighted.

Logged forest: higher light environment
Some tropical forests achieve canopy closure after a few 
decades (Asner et al., 2004). For example, Nicotra et al. 
(1999) reported no differences in average light levels between 
logged and unlogged forest in Costa Rica 15–20 years after 
selective logging. However, this pattern appears to be less true 
for African forests. Even after 45 years, logged plots on aver-
age had almost double the light intensity of unlogged plots 
(Fig. 1), probably due to canopy gaps failing to close.

The distribution of light levels within each plot (Fig. 1) 
suggests a preponderance of shaded light conditions in both 
logged and unlogged plots, with a few extreme light 
hotspots driving average light levels higher in logged forest. 
The primary source of shade in unlogged plots at 2 m is the 
closely connected tree canopy, but in logged plots dense 
herbaceous or shrubby growth overtakes canopy gaps and 
is a large contributor to the shade at 2 m (Supplementary 
Fig.  A1 is a picture of a quantum sensor in shade from 
shrubby growth). Given that these shrubs (often Acanthus 
pubescens) are both clonal and browse tolerant, they are 
more successful than trees in large canopy gaps, such as those 
created during the logging event and now maintained by large 
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Table 2:  Species (Family) with significant logging status associations, 
species’ indicator values and the probability (P) of obtaining as great 
an indicator value as observed over 999 iterations

Indicator species Logging 
status

Indicator 
value P-value

Vepris nobilis (Rutaceae) Unlogged 0.847 0.006

Trilepisium madagascariense 
(Moraceae)

Unlogged 0.825 0.016

Leptonychia mildbraedii 
(Malvaceae)

Unlogged 0.811 0.006

Mimusops bagshawei 
(Sapotaceae)

Unlogged 0.686 0.024

Rothmannia urcelliformis 
(Rubiaceae)

Logged 0.758 0.004

Ehretia cymosa (Boraginaceae) Logged 0.722 0.011

Euadenia eminens (Capparaceae) Logged 0.719 0.010

Fagaropsis angolensis (Rutaceae) Logged 0.711 0.046

Kigelia africana (Bignogniaceae) Logged 0.584 0.039

Table 3:  Species (Family) with the 10 highest importance values in logged and unlogged plots, and their importance valuesa

Logged plots Unlogged plots

Important species Importance value Important species Importance value

Celtis durandiic (Cannabaceae) 25.0 Celtis durandii (Cannabaceae) 21.7

Diospyros abyssinica (Ebenaceae) 24.8 Funtumia africana (Apocynaceae) 18.5

Funtumia africana (Apocynaceae) 18.6 Trilepisium madagascariense (Moraceae) 18.0

Markhamia luteac (Bignoniaceae) 17.4 Uvariopsis congensisc (Annonaceae) 14.5

Celtis africanab (Cannabaceae) 11.6 Diospyros abyssinica (Ebenaceae) 13.4

Premna angolensis (Lamiaceae) 10.9 Markhamia lutea (Bignoniaceae) 10.9

Strombosia schefflerib (Olacaceae) 6.1 Strombosia scheffleri (Olacaceae) 9.6

Millettia dura (Leguminosae) 6.0 Aningeria altissimab (Sapotaceae) 8.9

Trilepisium madagascariense (Moraceae) 5.6 Vepris nobilisc (Rutaceae) 6.3

Cordia africana (Bignoniaceae) 5.0 Pseudospondias microcarpa (Anacardiaceae) 6.0

aThe distribution of species importance values was similar for logged and unlogged plots; average (±1 SD) importance values were 2.38% (±4.42) for species in 
logged forest plots and 2.38% (±4.82) for species in unlogged forest plots. bSpecies extracted for timber during the selective logging event (Struhsaker, 1997; Bonnell 
et al., 2011). cSpecies that may have suffered incidental damage during the selective logging event (Struhsaker, 1997).
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mammal herbivory in KNP (Struhsaker, 1997; Paul et al., 
2004; Lawes and Chapman, 2006; Royo and Carson, 2006; 
Young and Peffer, 2010).

Logged forest: distinct structural composition
In typical disturbed forests, most stems are in small size classes 
at high stem densities, with few large trees (Denslow, 1995). In 
KNP, distributions for both logged and unlogged forest 
approximated the ‘reverse J-shape’ or negative exponential 
distribution (Richards, 1996), which implies an uneven age 
structure, with an abundance of small relative to large-sized 
tree classes (Fig. 2). However, logged plots had less positively 
skewed distributions than unlogged plots. The less positive 
skew derived from both an absence of large and a low propor-
tion of small-sized stems in logged forest (Fig. 2). This result is 
consistent with previous reports from KNP that logged plots 
experienced reduced recruitment but similar mortality rates of 
adult trees (≥10 cm DBH) to unlogged plots in the first 
31 years after logging (Bonnell et al., 2011).

Logged plots in KNP also had fewer total stems per unit 
area and on average held 44% less AGB than unlogged plots 
(Table 1). The lower AGB is likely to have resulted from both 
the low stem density and the scarcity of larger trees in logged 
plots, because large trees make disproportionate contribu-
tions to AGB and carbon storage (Lindner and Sattler, 2012).

The absence of large trees in logged plots implies that 
insufficient time has passed for recovery of biomass, especially 
through the growth of remnant trees into large size classes. 
The low number of small trees in logged plots suggests 
reduced recruitment, which may have resulted from a number 
of factors. Unfavourable environmental conditions associated 
with tree damage and canopy loss may have limited recruit-
ment (Chazdon, 2003; Hall et al., 2003). Given that all but a 
few tree species in KNP perform poorly in large-gap condi-
tions (Chapman et al., 1999), sudden crown exposure may 
have caused physiological stress, limiting tree regeneration 
(Hall et al., 2003). Moreover, tree growth and recruitment 
may have been slowed by early competition from the rapid 
establishment of dense herbaceous and shrubby vegetation 
(Donato et al., 2012) and increased elephant activity. 
Elephants are known to forage extensively on these shrubs 
(Paul et al., 2004; Lawes and Chapman, 2006; Duclos et al., 
2013; Omeja et al., 2014). Based on the measured structural 
attributes and continued dominance of herb and shrub vegeta-
tion, our study supports previous findings that logged forest in 
KNP is in an arrested state of succession (Chapman and 
Chapman, 1997, 2004; Bonnell et al., 2011).

The persistence over several decades of the effect of selec-
tive logging on forest structure is not unique to KNP among 
African forests. For example, Plumptre (1996) reported that 
50 years after, logged compartments in Budongo Forest 
Reserve, East Africa, had not recovered to pre-logging levels 
in measures of forest structure, including mean basal area and 
crown height. Likewise, Hall et al. (2003) report markedly 
lower basal area and significantly lower stem densities 

18 years after logging in a Central African forest. However, in 
contrast to KNP, another Central African forest showed rapid 
recovery in AGB within 20 years after logging (Gourlet-Fleury 
et al., 2013). Reports seem to vary across studies depending 
on the measure of forest structure and also due to differences 
in site-specific factors, such as selective logging intensity and 
the presence of large mammal herbivory.

Logged forest: divergent taxonomic but 
analogous functional composition
The taxonomic composition of plots differed depending on 
the logging history (Fig. 3), although the nature of these dif-
ferences was surprising. We found considerable overlap in 
important species between logged and unlogged plots; how-
ever, the order of importance for these overlapping species 
differed (Table 3). Also, the five species that were closely asso-
ciated with logged plots (Table 2) were occasional to rare (<20 
stems in total), occurring almost exclusively in logged plots. 
These results suggest that while the selectively logged environ-
ment may have favoured the establishment of a few rare dis-
turbance-adapted species, most of the taxonomic differences 
associated with logging result from changes in relative abun-
dances of species.

While we did not find strong taxonomic differences 
between logged and unlogged forest, these differences may be 
apparent when contrasting the relative abundances of tree 
species that were commercially exploited during the logging 
event. In examining these patterns, however, no obvious dif-
ferences between 1989 and 2013 can be seen for 11 species 
commercially harvested in Kibale (Fig. 4). While two species 
(Celtis africana and Strombosia scheffleri) increased in rela-
tive abundance, only S. scheffleri had higher relative abun-
dance in unlogged plots. The other commercially exploited 
species, including the iconic Parinari excelsa, maintained a 
consistent trend of low relative abundances (<0.025) across 
logged and unlogged plots (Fig. 4). It is unclear whether the 
lack of recovery for the majority of these commercial species 
is related to regeneration or recruitment, particularly because 
the two species with increasing abundances represent con-
trasting ecological strategies. Celtis africana is a disturbance-
tolerant small-statured generalist with very small seeds and 
low leaf toughness, while S. scheffleri is a shade-loving under-
story species with larger seeds and high leaf toughness 
(Chapman et al., 2008; Neuschulz et al., 2013). Moreover, 
Chapman and Chapman (2004) reported forest-wide fruiting 
declines for P. excelsa and Aningeria altissima (another com-
mercially exploited species showing poor recovery), which 
they linked to climate change. Taken together, these results 
suggest that observed taxonomic patterns are generated by 
multiple perturbations, including forest-wide disturbances 
unrelated to selective logging.

Differences in functional composition between sites with 
varying logging histories have been found in other studies 
(Baraloto et al., 2012; Carreño-Rocabado et al., 2012). In 
contrast, we do not see a difference in CWM values for WD, 
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Hmax and DBHmax between logged and unlogged plots, except 
for when WD was basal area weighted, although this differ-
ence was modest (0.03 g/cm3; Table 1), suggesting that selec-
tive logging may have favoured the increased growth of 
species with slightly lower WD.

There are several plausible explanations for this pattern of 
functionally analogous communities in logged and unlogged 
forests. First, KNP forest has a small species pool of 86 tree 
species within 5.2 ha; this is consistent with the general trend 
of less diversity in African forests relative to tropical forests 
in other regions (Kreft and Jetz, 2007). A poor species pool 
can limit trait variation within communities (Mayfield et al., 
2010). Moreover, KNP’s poor species pool lacks aggressive 
colonizing tree species (Chapman et al., 1999), which tend to 
have lower WD and smaller Hmax. When comparing KNP 
with other tropical locations, KNP appears to resemble the 
species pool for Africa more generally in having a greater 
incidence of intermediate WD species and an absence of spe-
cies with extreme WD values (Supplementary Fig. A2). Even 
naturally occurring tree-fall gaps in KNP are characterized by 
a similar community composition to the forest interior 
(Zanne and Chapman, 2005), rather than being dominated 
by pioneer species. Furthermore, Chapman and Chapman 
(2004) observed a decline in the abundance of the few pio-
neer species in logged forests in KNP, e.g. Trema orientalis. In 
our study, the five species that showed tight associations with 
the logged forest were small sized and soft wooded, but their 
modest additions to relative stem density and basal area 
meant that they had little influence on average community-
weighted values. Second, both logged and unlogged forests 
may be undergoing change triggered by disturbance events 
independent of the logging event 45 years ago. Such events 
have recently been reported for KNP, including changing 
climates (i.e. longer drought events since the mid-1990s 

(Hartter et al., 2012) and increased elephant abundance and 
activity (Omeja et al., 2014).

Caveat
As is common in logging-impact studies, in this study the log-
ging history is confounded with geographical space; the log-
ging treatment was implemented as a forestry practice and not 
for scientific research (Lindenmayer and Laurance, 2012; 
Ramage et al., 2013). Previous studies of KNP have assumed 
that compartments within which vegetation plots are located 
were structurally similar before logging, based on historical 
ground surveys that predate the logging event (Kingston, 
1967; Chapman and Chapman, 1997; Bonnell et al., 2011). 
Here, in addition to the assumption of pre-logging structural 
similarity of plots, we applied a simple approach to account 
for pseudoreplication by including latitudinal geographical 
co-ordinates for each observation as a covariate in ANCOVA 
tests. This covariate was not significant for any measure of 
forest composition and structure (Supplementary Table A1), 
increasing our confidence that the results we found were due 
to logging history. However, we are unable to test more explic-
itly for the effects of spatial processes, and our results should 
be interpreted with this caveat in mind.

Conclusion
Selective logging is a land-use practice that is becoming 
increasingly widespread in the tropics, although the extent to 
which it impacts the taxonomic, structural and functional 
composition of forests remains unclear. If we assume that 
unlogged forest is less disturbed than logged forest, from our 
work, we conclude that 45 years is not enough time for selec-
tively logged forests in KNP to recover in species composition 
and structural complexity, but enough time for community-
weighted traits to resemble unlogged forest. This functional 
similarity can be understood in the context of the ecology of 
Africa generally and KNP more specifically, including a lack 
of aggressive colonizing trees, a relatively small species pool, 
concentrated elephant activities and potential background 
changes in both forest types unrelated to the selective logging 
event. Despite the functional similarity in community average 
WD and adult stature, the dearth of large trees and small stem 
density reduced the capacity of the logged forest for carbon 
storage, as evidenced by significantly less AGB in logged plots. 
It is likely that the effect of selective logging that has persisted 
in KNP forest results in part from poor tree recruitment and 
high mortality of existing trees in the logged plots soon after 
the logging event.

Consequently, from a conservation standpoint, our results 
suggest that caution should be taken when considering the 
conservation value of selectively logged forests (Putz et al., 
2012; Edwards and Laurance, 2013; Michalski and Peres, 
2013; Kormos and Zimmerman, 2014). Certainly, given its 
similar functional trait and not overly distinct taxonomic 
composition compared with unlogged forest, logged forest in 
KNP holds greater conservation value than surrounding 
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Figure 4:  Trends in relative abundances of 11 tree species commercially 
logged in KNP, based on their relative abundances in 1989 and 2013 in 
logged and unlogged plots. Each species is represented by a different 
symbol, while lines connect symbols to show trends between relative 
abundance in 1989 and 2013 for each species.
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areas subjected to farming and plantation forestry (Okiror 
et al., 2012). Nevertheless, some argue that for selectively 
logged forests to have high conservation value they must dis-
play rapid recovery following the logging event (Michalski 
and Peres, 2013). We show in this study that a tropical forest 
may remain with the imprint of logging for many decades. 
Furthermore, persistent effects of selective logging have 
exerted cascading effects on other trophic levels, particularly 
affecting the population dynamics of primates (Chapman 
et al., 2010b; Bonnell et al., 2011) and movements of ele-
phants (Omeja et al., 2014). Interestingly, logging extraction 
levels in KNP ranged from 14 to 17 m3/ha (Struhsaker, 
1997), comparably less than the 32.5 m3/ha reported by 
Blanc et al. (2009) for a selectively logged forest in French 
Guiana that rapidly recovered AGB within 40 years. Whether 
this difference in recovery represents a general contrast 
between the vulnerabilities to anthropogenic disturbances of 
mid-elevation and lowland forests or is more due to site-
specific differences (e.g. concentrated elephant activities in 
KNP) remains to be seen. Until we have better answers, 
strategies for sustainably managing and conserving tropical 
forests should be informed by local forest dynamics and vul-
nerabilities to disturbance, rather than blanket ‘one size fits 
all’ conclusions on the conservation value of logged forests 
(Corlett and Primack, 2006).

Acknowledgements
O.L.O. thanks the Uganda Wildlife Authorities for permission 
to conduct this research; Atwijuze Seezi and Kabagambe 
Prime for invaluable field assistance; Patrick Omeja, the 
Chapman laboratory and staff of KNP for logistic support; 
and Peter Stevens, Brad Oberle and Iván Jiménez for com-
ments on earlier versions of the manuscript.

Funding
This work was supported by the Whitney Harris World 
Ecology Center [to O.L.O.]; the Webster Groves Nature Study 
Society [to O.L.O.]; IDEA WILD [to O.L.O.]; NSERC [to 
C.A.C.]; FQRNT [to C.A.C.]; and the National Institutes of 
Health [grant TW009237 to C.A.C.] as part of the joint NIH-
NSF Ecology of Infectious Disease programme and the UK 
Economic and Social Research Council.

References
Asner GP, Keller M, Pereira J, Rodrigo, Zweede JC, Silva JNM (2004) 

Canopy damage and recovery after selective logging in Amazonia: 
field and satellite studies. Ecol Appl 14: 280–298.

Asner GP, Rudel TK, Aide TM, Defries R, Emerson R (2009) A contemporary 
assessment of change in humid tropical forests. Conserv Biol 23: 
1386–1395.

Baraloto C, Hérault B, Paine CET, Massot H, Blanc L, Bonal D, Molino J-F, 
Nicolini EA, Sabatier D (2012) Contrasting taxonomic and functional 

responses of a tropical tree community to selective logging. J Appl 
Ecol 49: 861–870.

Bendel RB, Higgins SS, Teberg JE, Pyke DA (1989) Comparison of skew-
ness coefficient, coefficient of variation, and Gini coefficient as 
inequality measures within populations. Oecologia 78: 394–400.

Berry NJ, Phillips OL, Lewis SL, Hill JK, Edwards DP, Tawatao NB, Ahmad N, 
Magintan D, Khen CV, Maryati M et al. (2010) The high value of logged 
tropical forests: lessons from northern Borneo. Biodivers Conserv 19: 
985–997.

Blanc L, Echard M, Herault B, Bonal D, Marcon E, Chave J, Baraloto C 
(2009) Dynamics of aboveground carbon stocks in a selectively 
logged tropical forest. Ecol Appl 19: 1397–1404.

Bonnell TR, Reyna-Hurtado R, Chapman CA (2011) Post-logging recovery 
time is longer than expected in an East African tropical forest. For Ecol 
Manag 261: 855–864.

Cannon CH, Peart DR, Leighton M (1998) Tree species diversity in com-
mercially logged Bornean rainforest. Science 281: 1366–1368.

Carreño-Rocabado G, Peña-Claros M, Bongers F, Alarcón A, Licona J-C, 
Poorter L (2012) Effects of disturbance intensity on species and func-
tional diversity in a tropical forest. J Ecol 100: 1453–1463.

Chapman CA, Chapman LJ (1997) Forest regeneration in logged and 
unlogged forests of Kibale National Park, Uganda. Biotropica 29: 
396–412.

Chapman CA, Chapman LJ (2004) Unfavorable successional pathways 
and the conservation value of logged tropical forest. Biodivers 
Conserv 13: 2089–2105.

Chapman CA, Lambert JE (2000) Habitat alteration and the conservation 
of African primates: case study of Kibale National Park, Uganda. Am J 
Primatol 50: 169–185.

Chapman CA, Chapman LJ, Kaufman L, Zanne AE (1999) Potential causes 
of arrested succession in Kibale National Park, Uganda: growth and 
mortality of seedlings. Afr J Ecol 37: 81–92.

Chapman CA, Kitajima K, Zanne AE, Kaufman LS, Lawes MJ (2008) A 
10-year evaluation of the functional basis for regeneration habitat 
preference of trees in an African evergreen forest. For Ecol Manag 
255: 3790–3796.

Chapman CA, Chapman LJ, Jacob AL, Rothman JM, Omeja P, Reyna-
Hurtado R, Hartter J, Lawes MJ (2010a) Tropical tree community shifts: 
implications for wildlife conservation. Biol Conserv 143: 366–374.

Chapman CA, Struhsaker TT, Skorupa JP, Snaith TV, Rothman JM (2010b) 
Understanding long-term primate community dynamics: implica-
tions of forest change. Ecol Appl 20: 179–191.

Chave J, Coomes D, Jansen S, Lewis SL, Swenson NG, Zanne AE (2009) 
Towards a worldwide wood economics spectrum. Ecol Lett 12: 351–366.

Chave J, Andalo C, Brown S, Cairns MA, Chambers JQ, Eamus D, Fölster H, 
Fromard F, Higuchi N,  Kira T et al. (2005) Tree allometry and improved 
estimation of carbon stocks and balance in tropical forests. Oecologia 
145: 87–99.

10

� Conservation Physiology • Volume 3 2015Research article

 at G
eorge W

ashington U
niversity on A

pril 17, 2015
http://conphys.oxfordjournals.org/

D
ow

nloaded from
 

http://conphys.oxfordjournals.org/


Chazdon RL (2003) Tropical forest recovery: legacies of human impact 
and natural disturbances. Perspect Plant Ecol Evol Syst 6: 51–71.

Clark JA, Covey KR (2012) Tree species richness and the logging of natu-
ral forests: a meta-analysis. For Ecol Manag 276: 146–153.

Corlett RT, Primack RB (2006) Tropical rainforests and the need for cross-
continental comparisons. Trends Ecol Evol 21: 104–110.

De Cáceres M (2013) How to use the indicspecies package (ver. 1.6.7). 
Available at: http://cran.r-project.org/web/packages/indicspecies/
vignettes/indicspeciesTutorial.pdf.

De Cáceres M, Legendre P (2009) Associations between species and groups 
of sites: indices and statistical inference. Ecology 90: 3566–3574.

Denslow JS (1995) Disturbance and diversity in tropical rain forests: the 
density effect. Ecol Appl 5: 962.

Donato DC, Campbell JL, Franklin JF (2012) Multiple successional path-
ways and precocity in forest development: can some forests be born 
complex? J Veg Sci 23: 576–584.

Duclos V, Boudreau S, Chapman CA (2013) Shrub cover influence on 
seedling growth and survival following logging of a tropical forest. 
Biotropica 45: 419–426.

Edwards DP, Laurance WF (2013) Biodiversity despite selective logging. 
Science 339: 646–647.

Falster DS, Westoby M (2005) Alternative height strategies among 45 
dicot rain forest species from tropical Queensland, Australia. J Ecol 
93: 521–535.

Gibson L, Lee TM, Koh LP, Brook BW, Gardner TA, Barlow J, Peres CA, 
Bradshaw CJA, Laurance WF, Lovejoy TE et al. (2011) Primary forests 
are irreplaceable for sustaining tropical biodiversity. Nature 478: 
378–381.

Gourlet-Fleury S, Mortier F, Fayolle A, Baya F, Ouédraogo D, Bénédet F, 
Picard N (2013) Tropical forest recovery from logging: a 24 year silvi-
cultural experiment from Central Africa. Philos Trans R Soc B Biol Sci 
368: 20120302.

Hall JS, Harris DJ, Medjibe V, Ashton PMS (2003) The effects of selective 
logging on forest structure and tree species composition in a Central 
African forest: implications for management of conservation areas. 
For Ecol Manag 183: 249–264.

Hamilton A (1991) A Field Guide to Ugandan Forest Trees. Makerere 
University, Kampala.

Hartter J, Stampone MD, Ryan SJ, Kirner K, Chapman CA, Goldman A 
(2012) Patterns and perceptions of climate change in a biodiversity 
conservation hotspot. PLoS ONE 7: e32408.

Holland SM (2008) Non-metric Multidimensional Scaling (MDS). Available 
at: https://www.uga.edu/strata/software/pdf/mdsTutorial.pdf

Hurlbert SH (1984) Pseudoreplication and the design of ecological field 
experiments. Ecol Monogr 54: 187–211.

Kasenene JM (1987) The influence of mechanized selective logging, fell-
ing intensity and gap-size on the regeneration of a tropical moist 

forest in the kibale forest reserve, Uganda. PhD dissertation. 
Michigan State University, East Lansing, MI, USA.

Katende AB, Birnie A, Tengnäs B (1995) Useful Trees and Shrubs for 
Uganda: Identification, Propagation, and Management for Agricultural 
and Pastoral Communities. Regional Soil Conservation Unit, Nairobi, 
Kenya.

King DA, Wright SJ, Connell JH (2006) The contribution of interspecific 
variation in maximum tree height to tropical and temperate diver-
sity. J Trop Ecol 22: 11–24.

Kingston B (1967) Working Plan for the Kibale and Itwara Central Forest 
Reserves: Toro District, Uganda. Uganda Forest Department, Entebbe.

Kormos CF, Zimmerman BL (2014) Response to: Putz et al., Sustaining 
conservation values in selectively logged tropical forests: the attained 
and the attainable. Conserv Lett 7: 143–144.

Kreft H, Jetz W (2007) Global patterns and determinants of vascular plant 
diversity. Proc Natl Acad Sci USA 104: 5925–5930.

Laliberté E, Legendre P (2010) A distance-based framework for measur-
ing functional diversity from multiple traits. Ecology 91: 299–305.

Lasco RD, MacDicken KG, Pulhin FB, Guillermo IQ, Sales RF, Cruz RVO 
(2006) Carbon stocks assessment of a selectively logged dipterocarp 
forest and wood processing mill in the Philippines. J Trop For Sci 18: 
166–172.

Lawes MJ, Chapman CA (2006) Does the herb Acanthus pubescens and/
or elephants suppress tree regeneration in disturbed Afrotropical 
forest? For Ecol Manag 221: 278–284.

Legendre P, Legendre LFJ (1998) Numerical Ecology. Elsevier Science, 
Amsterdam, The Netherlands.

Lindenmayer DB, Laurance WF (2012) A history of hubris – cautionary 
lessons in ecologically sustainable forest management. Biol Conserv 
151: 11–16.

Lindner A, Sattler D (2012) Biomass estimations in forests of different 
disturbance history in the Atlantic Forest of Rio de Janeiro, Brazil. 
New For 43: 287–301.

Lwanga J (1996) Trees and shrubs. In: P Howard, T Davenport, R 
Matthews, eds, Kibale Forest Biodiversity Report. Forest Department, 
Kampala, Uganda, pp 15–36.

Mayfield MM, Bonser SP, Morgan JW, Aubin I, McNamara S, Vesk PA (2010) 
What does species richness tell us about functional trait diversity? 
Predictions and evidence for responses of species and functional 
trait diversity to land-use change. Glob Ecol Biogeogr 19: 423–431.

Michalski F, Peres CA (2013) Biodiversity depends on logging recovery 
time. Science 339: 1521–1522.

Moles AT, Warton DI, Warman L, Swenson NG, Laffan SW, Zanne AE, 
Pitman A, Hemmings FA, Leishman MR (2009) Global patterns in 
plant height. J Ecol 97: 923–932.

Mouillot D, Graham NAJ, Villéger S, Mason NWH, Bellwood DR (2013) 
A  functional approach reveals community responses to distur-
bances. Trends Ecol Evol 28: 167–177.

11

Conservation Physiology • Volume 3 2015� Research article

 at G
eorge W

ashington U
niversity on A

pril 17, 2015
http://conphys.oxfordjournals.org/

D
ow

nloaded from
 

http://cran.r-project.org/web/packages/indicspecies/vignettes/indicspeciesTutorial.pdf
http://cran.r-project.org/web/packages/indicspecies/vignettes/indicspeciesTutorial.pdf
https://www.uga.edu/strata/software/pdf/mdsTutorial.pdf
http://conphys.oxfordjournals.org/


Neuschulz EL, Grass I, Botzat A, Johnson SD, Farwig N (2013) Persistence 
of flower visitors and pollination services of a generalist tree in mod-
ified forests. Austral Ecol 38: 374–382.

Nicotra AB, Chazdon RL, Iriarte SVB (1999) Spatial heterogeneity of light 
and woody seedling regeneration in tropical wet forests. Ecology 80: 
1908–1926.

Okiror P, Chono J, Nyamukuru A, Lwanga JS, Sasira P, Diogo P (2012) 
Variation in woody species abundance and distribution in and 
around Kibale National Park, Uganda. Int Sch Res Not 2012: e490461.

Oksanen J, Blanchet GF, Kindt R, Legendre P, Minchin PR, O’Hara RB, 
Simpson GL, Solymos P, Stevens HMH, Wagner H (2015) vegan: 
Community Ecology Package. R package version 2.2-1. http://CRAN.R-
project.org/package=vegan.

Okuda T, Suzuki M, Adachi N, Quah ES, Hussein NA, Manokaran N (2003) 
Effect of selective logging on canopy and stand structure and tree 
species composition in a lowland dipterocarp forest in peninsular 
Malaysia. For Ecol Manag 175: 297–320.

Omeja P, Aerin JL, Lawes MJ, Lwanga JS, Rothman JM, Tumwesigye C, 
Chapman CA (2014) Do changes in elephant abundance affect forest 
composition or regeneration? Biotropica 46: 704–711. 

Osazuwa-Peters OL, Zanne AE, PrometheusWiki contributors (2011) 
PrometheusWiki | Wood density protocol. http://prometheuswiki.
publish.csiro.au/tiki-index.php?page=Wood+density+protocol.

Osmaston H (1959) Working Plan for the Kibale & Itwara Central Forest 
Reserves, Toro District, Western Province, Uganda. 1st Revision: Period, 
1 January 1959–30 June 1965. Uganda Forest Department, Entebbe.

Paul JR, Randle AM, Chapman CA, Chapman LJ (2004) Arrested succes-
sion in logging gaps: is tree seedling growth and survival limiting? 
Afr J Ecol 42: 245–251.

Peres-Neto PR, Legendre P (2010) Estimating and controlling for spatial 
structure in the study of ecological communities. Glob Ecol Biogeogr 
19: 174–184.

Picard N, Gourlet-Fleury S, Forni E (2012) Estimating damage from selec-
tive logging and implications for tropical forest management. Can J 
For Res 42: 605–613.

Plumptre AJ (1996) Changes following 60 years of selective timber har-
vesting in the Budongo Forest Reserve, Uganda. For Ecol Manag 89: 
101–113.

Polhill RM (1952) Flora of Tropical East Africa. Balkema, Rotterdam, The 
Netherlands.

Putz FE, Zuidema PA, Synnott T, Peña-Claros M, Pinard MA, Sheil D, 
Vanclay JK, Sist P, Gourlet-Fleury S, Griscom B et al. (2012) Sustaining 
conservation values in selectively logged tropical forests: the 
attained and the attainable. Conserv Lett 5: 296–303.

Ramage BS, Sheil D, Salim HMW, Fletcher C, Mustafa N-ZA, Luruthusamay 
JC, Harrison RD, Butod E, Dzulkiply AD, Kassim AR et al. (2013) 
Pseudoreplication in tropical forests and the resulting effects on bio-
diversity conservation. Conserv Biol 27: 364–372.

Rands MRW, Adams WM, Bennun L, Butchart SHM, Clements A, Coomes 
D, Entwistle A, Hodge I, Kapos V, Scharlemann JPW et al. (2010) 
Biodiversity conservation: challenges beyond 2010. Science 329: 
1298–1303.

R Core Team (2012) R: a Language and Environment for Statistical 
Computing. R Foundation for Statistical Computing, Vienna, Austria. 
http://www.r-project.org/.

Richards PW (1996) The Tropical Rain Forest: an Ecological Study. 
Cambridge University Press, Cambridge, UK.

Royo AA, Carson WP (2006) On the formation of dense understory 
layers in forests worldwide: consequences and implications for 
forest dynamics, biodiversity, and succession. Can J For Res 36: 
1345–1362.

Slik JWF, Verburg RW, Keßler PJA (2002) Effects of fire and selective log-
ging on the tree species composition of lowland dipterocarp forest 
in East Kalimantan, Indonesia. Biodivers Conserv 11: 85–98.

Struhsaker TT (1997) Ecology of an African Rain Forest: Logging in Kibale 
and the Conflict between Conservation and Exploitation. University 
Press of Florida, Gainesville, FL, xxii + 434 pp.

Verburg R, van Eijk-Bos C (2003) Effects of selective logging on tree diver-
sity, composition and plant functional type patterns in a Bornean 
rain forest. J Veg Sci 14: 99–110.

Wright IJ, Ackerly DD, Bongers F, Harms KE, Ibarra-Manriquez G, 
Martinez-Ramos M, Mazer SJ, Muller-Landau HC, Paz H, Pitman NCA 
et al. (2007) Relationships among ecologically important dimen-
sions of plant trait variation in seven neotropical forests. Ann Bot 99: 
1003–1015.

Wright SJ, Muller-Landau HC, Condit R, Hubbell SP (2003) Gap-
dependent recruitment, realized vital rates, and size distributions of 
tropical trees. Ecology 84: 3174–3185.

Young TP, Peffer E (2010) “Recalcitrant understory layers” revisited: 
arrested succession and the long life-spans of clonal mid-succes-
sional species. Can J For Res 40: 1184–1188.

Zanne AE, Chapman CA (2005) Diversity of woody species in forest, treef-
all gaps, and edge in Kibale National Park, Uganda. Plant Ecol 178: 
121–139.

Zanne AE, Lopez-Gonzalez G, Coomes DA, Ilic J, Jansen S, Lewis SL, Miller 
RB, Swenson NG, Wiemann MC, Chave J (2009) Data from: Towards a 
worldwide wood economics spectrum. Dryad Digital Repository. 
http://dx.doi.org/10.5061/dryad.234.

12

� Conservation Physiology • Volume 3 2015Research article

 at G
eorge W

ashington U
niversity on A

pril 17, 2015
http://conphys.oxfordjournals.org/

D
ow

nloaded from
 

http://prometheuswiki.publish.csiro.au/tiki-index.php?page=Wood+density+protocol
http://prometheuswiki.publish.csiro.au/tiki-index.php?page=Wood+density+protocol
http://www.r-project.org/
http://dx.doi.org/10.5061/dryad.234
http://conphys.oxfordjournals.org/

