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Abstract Tropical deforestation is well known to have
serious negative consequences for biodiversity, terrestrial
carbon sinks and the balance of atmospheric greenhouse
gases. By contrast, selective logging of tropical forests is
often regarded as having a lesser impact on the ecosystem
particularly in long terms, even though there have been
few critical evaluations of the practice, particularly in
Africa. We compared field data from 511 plots in the
tropical forest of Sierra Leone, Ghana, Cameroon and
Gabon. These plots were subject to different forest
management practices: no recent logging (primary for-
ests), selective logging (up to 30 years old) and re-grown
secondary forests post clear-cutting (at least 20 years
ago). Our findings suggest that the vertical structure and
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plant richness of the selectively logged and secondary
forests change in different amplitude from those of pri-
mary forests, but stem density and the prevalence of vine
and weed species differ greatly. We show that the effects
of selective logging are greater than those expected simply
from the removal of commercial species, and can persist
for decades. Selective logging, unless it is practiced at very
low harvest intensities, can significantly reduce the bio-
mass of a tropical forest for many decades, seriously
diminishing aboveground carbon storage capacity, and
create opportunities for weeds and vines to spread and
slow down the ecological succession.

Keywords Africa - Biodiversity - Biomass - Forest
degradation - Selective logging - Tropical forests

Introduction

Tropical forests attain the highest level of biodiversity of
any terrestrial ecosystem (Kalipeni 2007), provide critical
ecosystem services, such as protecting hill slopes and
moderating local climate, and represent one of the most
productive ecosystems on Earth, accounting for 59 % of
the global carbon stock in forests (Dixon et al. 1994; Malhi
and Grace 2000). However, tropical forest areas are subject
to many anthropogenic impacts and are characterized by
very high rates of deforestation, conversion to agriculture,
logging and degradation by repeated harvesting of wood
for human subsistence (Johns 1997).

Selective logging—the harvest of valuable timber
trees above a threshold stem diameter with prescriptions
designed to maintain the forest cover—is considered to
be a better practice compared with clearcutting and it is
increasingly embraced as an approach to protect forest
integrity while allowing an appropriate use of resources
(Rametsteiner and Simula 2003; Deckker and de Graaf
2003). In recent decades, many tropical forest nations
have adopted the mechanized selective logging regimes
for timber production (Gascon et al. 1998; De Wasseige
and Defourny 2004; Drigo et al. 2009). This has been
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done for different reason: because of a change in the
local economics and politics of timber extraction; par-
tially because of the evidence that deforestation can in-
crease atmospheric CO, concentration (Houghton et al.
2000; DeFries et al. 2002); and in recognition that
maintaining forest integrity is beneficial for carbon
sequestration and biodiversity protection as well as
productivity (Thompson et al. 2009; FAO 2010; Gibson
etal. 2011; Pan et al. 2011). Information available on the
impact of selective logging on carbon sequestration and
biodiversity and the trade-off between these two eco-
system variables in function of intensity of timber har-
vesting are, despite its increasing geographical
dimension, scarce in some continents (particularly in
Africa) and where more abundant (particularly in South
America) they are contrasting. This kind of forest
practice is designed to maintain the forest cover
including a significant understock of living biomass.
Despite the weak scientific evidences, selective logging is
considered as a “‘sustainable forest management” (SFM)
practice and it is increasingly embraced as an approach
to protect forest integrity while allowing an appropriate
use of resources. In the past, the intensity of the dis-
turbance caused by selective logging was solely quanti-
fied as the number of fallen trees, damage of other trees
caused by logging operations and the construction of
access roads and exploitation trails, while techniques
used for decades to identify occurrences of forest loss by
deforestation were not suitable to analyse variations of
biodiversity and forest C-stocks in selectively logged
areas.

Studies of the ecological consequences of selective
logging, in South or Central America (Verissimo et al.
1992; Magnusson et al. 1999; Villela et al. 2006; Lobo
et al. 2007), South-East Asia (Cannon et al. 1994;
Shearman et al. 2012) and Africa (Plumptre and Rey-
nolds 1994; Plumptre 1996; Dranzoa 1998; Klop et al.
2008; Blanc et al. 2009; Lewis et al. 2009) have generally
shown that this practice has low impact on diversity
(Johns 1988; Cannon et al. 1998; Imai et al. 2012) but a
significant impact on species composition (Ganzhorn
et al. 1990; Silva et al. 1995; Luna et al. 1999; Man-
gusson et al. 1999), genetic diversity (Jennings et al.
2001), forest structure (Cannon et al. 1994; Hall et al.
2003; Okuda et al. 2003) and nutrient cycling (Herbohn
and Congdon 1993). Remote sensing analyses have
demonstrated non-negligible impacts of large-scale
physical forest damage from selective logging on the
extent of canopy openings, arising from operations and
changes in the carbon stock (Asner et al. 2005). Tropical
silvicultural systems are very well known by the 1930s
and practiced for hundreds years (Dawkins 1998).
Nevertheless, there appears to be a consensus that
selective logging causes relatively minor disturbance
(Deckker and de Graaf 2003; Medjibe et al. 2011;
Schleuning et al. 2011; Picard et al. 2012) and is thus
acceptable within the requirements of some certification
schemes such as the Forest Stewardship Council (FSC),
a highly regarded Sustainable Forest Management

(SFM) standard established in 1993 and now linked to
REDD programs (Rametsteiner and Simula 2003).
However, evidence of long-term effects of selective log-
ging on carbon sequestration and biodiversity is poor
and sometimes overlooked, particularly in Africa, de-
spite the increasingly wide adoption of this practice.

Although generalizations about the impact of selec-
tive logging on biodiversity has so far remained elusive
in Africa and it depends on many different factors, such
as intensity, round cycle and gaps dimension, the studies
on net effect of logging varies with a prevalence of re-
searches highlighted moderate or negative impacts on
biomass and richness, both of fauna (Farwig et al. 2008;
Ofori-Boateng et al. 2013) and flora (Chapman and
Chapman 1997; Hall et al. 2003; Ouédraogo et al. 2011)

The present work aims at contributing to fill knowl-
edge gap on this commercial practice by investigating
the impact of selective logging in some African tropical
forests (West and Central Africa), its effects on biomass
and biodiversity and the similarities and differences of
this practice against clearcutting.

We focused on selective logging in Africa because of
the scarcity of studies in most areas (particularly in the
Congo river basin) and the consideration that this is the
most widespread area-extensive extractive industry, with
logging concessions occupying 30-45 % of forests (Nasi
et al. 2000). It has been already documented in Africa
that the presence of heavy machinery and logging
companies has effects on forest wildlife (White 1994;
Johns 1997; White and Tutin 2001), but how it affects
forest ecosystem with direct disturbance and modifica-
tions of the structure, species composition and ecosys-
tem services is still under discussion. Simulation studies
show that the rate of forest regeneration strongly de-
pends on the size, number and spatial arrangement of
canopy gaps following harvest (Pinard and Cropper
2000). The creation of canopy gaps by selective logging
is a critical, and often unconsidered, mechanism by
which this practice affects the forest. Canopy gaps have
an immediate impact on light interception, heat fluxes,
water stress and plant productivity (Healey et al. 2000).
Recent studies also suggest that canopy openings de-
crease in size with distance from each felled tree crown,
but in recently logged forest the area initially affected by
harvesting of each tree is at least 50-100 m in radius
(Asner et al. 2004). Creation of large canopy gaps pro-
motes invasion by different species of weeds and vines
which can suppress regeneration of late-successional
trees (Schnitzer et al. 2000; Duclos et al. 2013). Natural
gaps created by branch-fall or natural tree death tend to
be smaller than logging gaps and within them shade-
tolerant tree saplings seems to be prepared to grow fast
enough to fill the canopy opening (Bais et al. 2003; Perry
et al. 2005; Callaway and Mahall 2007; Dudley and File
2007; Thorpe et al. 2009) and reducing the likelihood of
invasion by light-demanding trees, vines and weeds
(Asner et al. 2004). We argue that changes in native tree
communities caused by the selective logging result in
local variation of forest structure with consequences for



biodiversity and carbon stocks and to analyse these ef-
fects we also consider in our research the role of vines
and weeds in areas subject to selective logging.

In order to test the effect of selective logging and
weeds and vines invasion described above we compared
three forest types from 511 plots in West and Central
Africa (33 in Ghana, Cameroon and Gabon and 478 in
Sierra Leone) as representative of different management
regimes: unlogged old-growth, selectively logged and
regenerated following clearcutting. Data were collected
during the last three years researches for the “Africa
GHG” project supported by the European Research
Council (ERC) Grant. From these data we derived 12
distinct indices encompassing forest density, structure
and biomass as well as diversity which we tested for the
impact of forest management type.

Methods
Study sites

We analysed data from five sites in Sierra Leone and
Ghana, representing the West African Upper Guinea
forests, and Cameroon and Gabon representing the
Central African Congolian forests (Supplementary Fig-
ure 1). Bia National Park in Ghana (6°30°11.38”N, 3°
4°42.82”0, 230 m s.l.m.) is part of a protected area of
306 km?, which includes 78 km? of National Park in the
north, and 228 km? of Resource Reserve (where logging
is permitted) in the south (Short 1983; Lieberman et al.
1987). Annual precipitation is 1,500-1,800 mm falling
mostly in May, June, September and October, and mean
daily temperatures are 24-28 °C. The site is in the
transition zone between mixed evergreen forest in the
south and mixed semi-deciduous forest in the north.
More than 300 plant species per hectare have been re-
corded with widespread trees represented by Tieghem-
ella, Ceiba, and Khaya.

The Ankasa Conservation Area in western Ghana
(5°15°47.87°N, 2°34°42.6170, 103 mslm.) is a c.
500 km?* Wildlife Protected Area comprising Nini-Suhien
National Park and the Ankasa Resource Reserve, sepa-
rated by the Nini-Sushien river (Davis and Philips 2005).
The southern parts of Ankasa were logged from the early
1960s up to c. 1974. Logging intensity was relatively low
due to the low volumes of commercially valuable species
available. Nini Sushien contains one of the few remaining
blocks of relatively untouched forest in the country
(IUCN 2003). Annual precipitation is 1,700-2,000 mm.
Plant diversity is similar to Bia and Nini-Suhien is clas-
sified as wet evergreen and Ankasa as evergreen forest.

Sangha Tri-National Forest in eastern Cameroon,
which include the Lobeké National Park (2°17°6.58’N,
15°41°14.72”E, 512 m s.l.m.), is c. 1,840 km? (Laporte
and Lin 2003). It is bordered to the east by the Sangha
River, a tributary of the Congo River, and the mean
annual precipitation is 1,400 mm, with the dry season
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occurring from December to February (Asner et al.
2004). The vegetation is semi-evergreen forest, with over
300 species of trees, the largest including Ceiba pentan-
dra, Terminalia superba and members of the family
Sterculiaceae (e.g. Triplochiton, Pterygota).

The forests of Woleu-Ntem and Moyen-Ogooué in
north and central Gabon (1°22°39.81”°N, 12° 6’58.35’E,
522 m s.l.m.) cover c. 1,800 km? (White 1994; Voysey
et al. 1999). Annual precipitation is 1,750-3,050 mm
with almost all rain falling between October and April.
There is little, if any, rainfall May—September but
humidity remains high. Mean daily temperature is c
27 °C and varies little throughout the year. The vege-
tation is moist and evergreen forest.

In these four sites the main commercial timber species
are Entandrophragma cylindricum, Terminalia superba,
Triplochiton scleroxylon and Heritiera utilis. Selective
logging in this region typically has a minimum diameter
for felling of 30-100 cm depending on species, and log-
ging cycles are 15-30 years. For example, in Cameroon
the minimum felling diameter is 100 cm for Entandro-
phragma cylindricum, 60 cm for Terminalia superba and
80 cm for Triplochiton scleroxylon and logging cycle is
15-30 years. Logging operations in the Cameroonian
tropical forest managed by selective harvesting, is de-
scribed in Maesano et al. (2013).

Gola Rainforest National Park in Sierra Leone
(7°39°53.69”N, 10°54’41.0570, 300 m s.l.m.) is c.
710 km? and is the largest area of lowland evergreen
moist forest remaining in Sierra Leone (Klop et al.
2008). Before the forest was gazetted as a National Park
around 30 % of it was exploited for timber. Logging
practice in the northern block was good in the 1960s and
1970s, but thought to have been poor in the 1980s. Most
areas were only logged once but a few had two harvests.
Offtake was concentrated in accessible areas so impact
was patchy. Logging in the southern blocks was much
more intensive. It occurred 1963-1965 then 1975-1989
and in the latter period was patchy, intensive and
damaging (Lindsell and Klop 2013). For further details
see Lindsell and Klop (2013).

Sampling methods

Due to difficulties to monitor big dimension sampling
areas in tropical forests and the evidence that is better to
have many little plots than few large ones to estimate
biomass and biodiversity (Magurran Magurran 2004), in
Ghana, Cameroon and Gabon we selected 33 rectan-
gular plots of 500 m* (20 m x 25 m or 10 m x 50 m)
(Avery and Burkhart 1983; Condit 1998) with an high
detail of information (sampling all trees with d.b.h. >
5 cm), adopting a random sampling scheme (adapted
Whittaker sampling method, Barbour et al. 1980;
Shmida 1984) from a grid overlain on a satellite image
(or land-cover map derived from satellite imagery) of the
study area surfaces. The plots where spatially random
distributed within each sampling area. Locations closer



122

O Cameroon V Gabon OBia € Ankasa

(@) 17 :
\Y
16
U=25.0 U=47.0
s 22T P =0.034
& 14}
=
o 137 ¢ v
E 1% e
2t vV ~
g 1 v %
v
9 11t ¢ °
Vv
2 . v 9 ¢ o 0 0
10} o)
® ) Y
9r Iy i o (6]
8 1 L 1 1 1 1
5 10 15 20 25 30
Plot number
(c) 2000
v
1500 | o
2 U= 23.0 U=29.0
o P=0.023 P=0.006
@ 1000}
& o
3 vV
2 e v
o 500}
o
8 o Y .’ N o0 V¥ ©
2 ] O 00000
of ]
—500 L L ! L L

5 10 15 20 25 30
Plot number

Fig. 1 Indices characterizing the distribution of tree height,
biomass and diameter in each plot of Ghana, Cameroon and
Gabon. a Mean tree height, b height of the 80th percentile, ¢ mean
biomass and d mean diameter. The abscissa shows a serial number
attributed to each plot (which is held the same in all the figures).
The marker shape identifies the geographical location of the plot
(circles Cameroon; triangles Gabon; hexagons Ghana—Bia;
diamonds: Ghana—Ankasa). Plots from Cameroon and Gabon

than 50 m to access roads and extant logging trails were
excluded.

Plot locations were established on the ground using a
GPS and compass and the positions of all trees in the
plot with d.b.h. > 5 cm were mapped. For each tree we
measured d.b.h. (at 1.37 m or 50 cm above buttress) and
tree height using a laser hypsometer—dendrometer and
identified to genus or species where possible. Weed,
shrub and vine cover on the understory was recorded on
an imaginary grid (10 m x 50 m or 20 m x 25 m, with
cells of 5 m x 5 m and sub-cells of 1 m x 1 m) overlaid
on each plot and measuring the surface occupied in
terms of square meters per plot.
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are clumped together in Table 3 as “Central Africa”, Bia and
Ankasa as “West Africa”. The colours identifies the type of forest
management (black primary; dark grey selective; light gray
secondary). We show the values of the Mann-Whitney U
statistics, above the yellow symbols when comparing primary vs
selectively cut forest plots. If the probability P of the null
hypothesis is lower than 0.05 we report it under the value of U

We used every available information on logging re-
cords, either derived from assessment plans of each na-
tional park where available or personal communications
by forest dwellers and managers, to determine felling
densities for selectively logged plots. These ranged from
4 (low harvest intensity, 2-4 commercial species) to 38
(high harvest intensity, 7-9 commercial species) trees/ha,
with a mean of 1 + 0.6 commercial trees logged per plot
(500 m?).

Plots were classified as one of six management cate-
gories: primary forest (PF) was old-growth forest for
which we have documented evidence that they were
untouched by mechanized logging for some centuries;
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Fig. 2 Indices of forest density in each plot. a Normalized height,
b tree density, ¢ biomass, d normalized diameter. Symbols, colours
and legends as in Fig. 1. Expected density indices of primary forest
vs density indices of selective logged and secondary plots. The
expected indices are obtaining omitting the two tallest trees of each

secondary forest (SF) was subject to clear cutting in the
1990s and left to recover for at least 20 years; selectively
logged in the 1990s (SL20) or in the 1980s (SL30); twice
logged in 1960s and 1990s (SLD) for one plot in Cam-
eroon only; and cleared then selectively logged after c.
50 years (SFD) for two plots in Ankasa only. All plots
had negligible a slope and lay on plains with the
exception of two primary forest plots (PF) lying on
hillsides (Table 1).

In Sierra Leone we used a subset of 609 circular plots
of 0.125 ha reported by Lindsell and Klop (2013),
excluding those disturbed by rivers, swamps, trails,
farming activities, and those where the slope was not
measured. We also only considered trees larger than
30 cm dbh. Using field observations, available logging
records and records of concessionaire performance
(TUCN 2003) we classified the plots as primary forest
which had been untouched by commercial operations
and showed no sign of recent illegal activity (PF, 223
plots), well-managed selectively logged forest which re-
tained a largely intact canopy (SL-WM, 119 plots) and
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plot for the normalized height (a); the two heaviest trees for the
biomass density (b); any two trees for the tree density (¢) and the
two trees with the largest diameter for the normalized diameter (d).
Symbols, colours and legends as in Fig. 1

heavily logged with extensive canopy openings (SL, 136
plots). This classification is based on historical records
(Iles et al. 1993) and field observations. “Unlogged”
areas were untouched by commercial operations and
showed no indication of recent illegal activity. “Well-
managed” and “logged” areas were distinguished
according to the recorded performance of the relevant
concessionaires (Dudley and File 2007) with “‘well-
managed” areas having a largely intact canopy and
“over-logged” areas having extensive canopy openings.
Because of the different sampling methodologies, we
analyse the data from Sierra Leone reported by Lindsell
and Klop (2013) and (478 circular plots—Dataset2)
separately from the others 33 plots in Ghana, Cameroon
and Gabon (Datasetl).

Data analysis

D.b.h., height and published wood density values
(Chave et al. 2009; Zanne et al. 2009) were used to cal-
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Fig. 3 A comparison between sample vertical profiles (upper) and canopy view (bottom) of two randomly chosen plots of 50 m X 10 m in
Cameroon. a Primary forest (PFP); b forest subject to selective logging 30 years ago (SL30)

culate aboveground biomass adopting allometric equa-
tions from Chave et al. (2005), of which carbon content
was taken to be 47 % (Solomon et al. 2007). We derived
12 indices for each plot to describe forest structure, tree
density and diversity (Table 2), except Sierra Leone for
which only stem density and normalized diameter were
derived using slope-corrected plot areas. We do not
combine or compare Sierra Leone results directly with
the other sites due to differences in sampling and size
thresholds. For each index, we compared the values
scored by primary forest plots with those scored by
secondary forest and selectively logged forest plots of the
Datasetl. Our null hypothesis (namely that the index
shows no difference between PF and either SF or SL)
was tested with a Mann—Whitney U test, being our data
distribution non-normal or unknown and the samples
size small. From the value of the statistics U we com-
pute, using Harding’s algorithm (Press et al. 2007), the
probability P of the null hypothesis, namely that the two
samples are drawn from the same distribution (we report
P value only when lower than 0.05).

Beta-diversity of logged and secondary plots was
compared against that of primary forest (considered to
be the reference level, 1 or 100 %) using the Serensen
index (65). The Serensen index used in this analysis
scored value from 0 % (completely dissimilarity) to
100 % (complete similarity).

The distribution of stem sizes in the Sierra Leone
plots (Dataset2) was compared for the primary forest,
well-managed and heavily logged plots using pairwise
tests.

The large dataset of Sierra Leone allows us to esti-
mate in a reliable way the distribution of the measured
quantities. Therefore, we may test whether the logging
activities change the vertical structure of the forest. This
is accomplished by means of a pairwise Kolmogorov—
Smirnov test between the ‘unlogged’ and ‘well-managed’
samples, and between the ‘unlogged’ and ‘logged’ sam-
ples (Press et al. 2007). The probability density functions
(pdf) plotted in Fig. 5 are estimated with a kernel den-
sity method (based on the Epanechnikov kernel, using
Silverman’s rule for bandwidth selection (Preston 1962).

We estimate the pdf of the diameters of individual trees,
and of the plot-based indices ‘“‘tree density’” and ‘“‘nor-
malized diameter”. With these two indices we also per-
form pairwise Mann—Whitney U tests. In order to
properly weight the contribution of plots on sloping
grounds, we use the vertical projection of the surface
area in the computation of the values of the indices
(namely, A4; = Agcos(¢;), where Ay = 0.125 ha is the
(constant) surface area of the plot, and ¢ is the slope of
the ground as measured in situ with a clinometer).

Note that the actual values of these two indices are
not directly comparable with those of the same indices of
the 33 plots from the Datasetl, because in the former
case the samples include all trees above 5 cm dbh, while
in Sierra Leone only the trees above 30 cm dbh were
measured and, overall, the sampling protocols are quite
different (see ““Sampling Methods”).

Results

Tree-level and plot-level indices provide contrasting
perspectives on the state of the logged forests. When
tree-level indices are compared (Fig. 1), secondary and
selectively cut forest are found to be statistically indis-
tinguishable from primary forest in terms of mean height
(U = 25.0,P = 0.034 and U = 47.0, P not significant,
respectively for secondary and selectively logged sites)
but to have lower mean biomass (U = 23.0, P = 0.023
and U = 29.0, P = 0.006, respectively) and (in the case
of selectively harvested forests) lower mean diameter
(U = 34.0, P = 0.015).

One selectively logged plot in Gabon scores the
highest value (16.6 m) in all four tree-level indices,
reflecting that large trees may remain uncut following
selective logging operations (Fig. 1). Plot-level compar-
isons (density with normalized indices in Fig. 2), show
that secondary and selectively logged forests have lower
stem density (U = 13.0, P = 0.02 and U = 20.5,
P = 0.01, respectively), normalized height (U = 21.0,

= 0.016 and U = 22.0, P = 0.002, respectively) and
normalized diameter (U = 27.0, P = 0.048 and



Sierra Leone

Gola National Park
2552

Wet evergreen
154-400
2,000-2,500

24-28

Oxisol

223

North and Central Regions

Gabon

3

4

3

Wet evergreen
410
2,000-2,500
24-26

Oxisol

Cameroon
South-east Region
Moist evergreen
120-400
1,500-1,750

23-25
Oxisol-alfisol

2
3
1

Ankasa Forest Reserve

Wet evergreen
70-130
1,850-2,000

4
4

4b
26-28
Oxisol

Bia National Park
Moist evergreen

Ghana

2

2

1

85-104
1,650-2,000
23-25
Oxisol-alfisol

-managed forests
Includes two plots clearcutted about 60 years ago, then selectively logged 20 years ago

Table 1 Summary of the location, forest type, climate and soil classification of the sampled African tropical forests

Number of plots in selectively logged forest

Number of plots in secondary forest

Number of plots in primary forest
Forest type

Annual mean temperature (°C)

Soil type
2119 of which were in well

Annual rainfall (mm)
b

Location
Altitude (m)
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U = 27, P = 0.004, respectively) than old growth for-
est, even though no logging had taken place in any of the
sites for at least 30 years; biomass was also low in
selectively logged forest (U = 42.0, P = 0.047), but
secondary forests were not statistically distinguishable
from old growth forests (U = 40.0, P not significant)
because one plot in Gabon had exceptionally high bio-
mass (Fig. 2). A general portrait in structure and gaps
distribution differences are illustrated in Figs. 3 and 4,
which compare the vertical profiles and canopy covers of
four sampling plots of old growth and selectively logged
forests in Cameroon and Ghana. When one compares a
primary forest plot containing a few big, tall trees with a
selectively logged forest deprived of tall trees, the aver-
ages are in both cases dominated by medium and low
height trees, that by far outnumber tall trees even in
primary forest plots (Asner et al. 2004, 2005). However,
a sparseness of trees in selectively logged plots compared
with the denser, thicker and more uniform spatial tree
distribution in primary forest plots is evident.

Concerns that our inferences were influenced by a few
large trees in some plots led us to explore the implica-
tions of removing outliers, but our findings keep robust.
For all the old-growth forest plots in dataset 1, the value
of the four density indices were recalculated after
omitting the two tallest trees from each plot for the
normalized height, the two heaviest trees for the biomass
density, and the two trees with the largest diameter for
the normalized diameter and any two trees for the tree
density. This choice is justified by the fact that the esti-
mated number of felled trees per plot in the selectively
logged plots of Dataset 1 is 1 + 0.6. In this way we have
a rather pessimistic estimate of what those indices would
be expected to score, if those plots were subject to a
selective logging whose only effect was the disappear-
ance of the two most valuable trees of each plot. We
then compare the scores of the expected indices of pri-
mary forest plots (blue indicators in Fig. 2) with those of
the other two types of forest in Fig. 2. In spite of the
simulated logging, they remain significantly above the
scores of selectively logged plots, except for biomass
density, where the difference, albeit existing, is only
marginally significant.

In order to establish whether test results were affected
by geographic proximity, we applied the Mann—Whitney
test grouping together only the plots from West Africa
and, separately, only the plots from Central Africa
(Table 3). Because of the reduced size of samples, it is
impossible to reject the null hypothesis with very high
confidence even when the value of U is near zero: with
samples of this size the P-values can never be very small.
However, the general pattern appears to be unaffected
by the geographic location, namely that the first four
indices, together with entropy and evenness are not
particularly skilled in distinguishing plots of primary
forest from the other two forest types, and that the
density indices, together with species richness and vines
cover fraction are generally able to perform the dis-
tinction. Notable exceptions are normalized height and
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Fig. 4 A comparison between sample vertical profiles (upper) and canopy view (bottom) of two randomly chosen plots of 50 m x 10 m
achieved in Ghana. a Primary forest (PFP); b forest subject to selective logging 30 years ago (SL30)

tree density for West Africa plots of primary vs selec-
tively logged forest. In these two cases, however, the
value of the U statistics (U = 9.0, P not significant for
normalized height and U = 11.5, P not significant for
tree density) is almost completely determined by the low
values recorded at a single plot of primary forest in Bia
(plot number 7 in the figures), characterized by having
relatively few, unusually low trees, probably because it
lies on the side of a steep hill.

Probability density functions (pdfs) of the diameters
of stems in the Sierra Leone forests (Fig. 5) are
remarkably similar for old-growth vs well-managed and
old-growth vs hystorically logged stands (K-S = 0.046,
P = 0.060 and K-S = 0.049, P = 0.0381, respec-
tively). The P-values of a Kolmogorov—Smirnov test
confirm that differences were marginally significant and
arose from slightly greater numbers of very large trees
(> 75 cm dbh) in old growth forest. In contrast, the
pdfs of tree density (U = 11,502, P = 6.18E—05) and
normalized diameter (U = 10,576, P = 7.57E—07) re-
veal very clear differences between historically logged
and old-growth forests, with much lower densities of
stems > 30 cm dbh in the logged forests. Interestingly,
these differences are not evident in comparisons of old-
growth and well-managed forests (U = 13,187,
P = 0.463 and U = 12,504, P = 0.190, respectively for
tree density and normalized diameter). Tree species
richness (U = 10.5, P = 0.001 and U = 17.0,
P = 5E—04, respectively for primary vs secondary and
primary vs selective), Shannon entropy (a measure of
diversity, U = 21.0, P = 0.016 and U = 38.0,
P = 0.027, respectively) and vine cover (U = 0.0,
P = 6E-06 and U = 0.0, P = 4E—07, respectively)
differ greatly among management types (Fig. 6).

Evenness values (Table 3; Fig. 6) were generally very
high (U = 49.0, P not significant and U = 61.0, P not
significant, respectively), indicating that many trees spe-
cies were represented by only one or two individuals.
Historically logged forests were indistinguishable from old
growth forests in terms of evenness of diversity, but had
slightly lower entropy values, and much lower species
richness: this is the expected consequence of the fact that
the number of individuals per plot is less in selectively

logged than in primary forests. Finally, vines contributed
very little to the canopy cover of old-growth forests but
were a significant component in historically logged forests.

Similarity indices (f-diversity based on genera) for
species recorded in different management types of for-
ests in each study area was calculated using the inci-
dence-based Serensen’s index. The results of pairwise
comparisons are summarized in Table 4. These results
cannot be considered as representative of the whole
forest ecosystems because they are referring to small
sampling plots (500 m?) which do not reach the Species—
Areas Curve saturation (Press et al. 2007). The analysis
suggests that selectively logged forests are more com-
positionally similar to old-growth forests than are sec-
ondary forests (Table 4). However, primary forests plots
replicates share more common genera than if compared
to selectively logged areas.

Discussion and conclusion

In recent decades, many tropical countries have adopted
the mechanized selective logging as forest resource
extraction practice (De Wasseige et al. 2004; Gascon
et al. 1998; Drigo et al. 2009), regarding it as a man-
agement procedure that has few dangerous effects on the
ecosystem, even though researches are scanty in criti-
cally evaluating its impact on forest structure, biodi-
versity and ecosystem services. To better understand the
effect of selective logging on tropical forests, we com-
pared three different types of forest management: pri-
mary forest, namely old-growth (not subject to
mechanized logging) forest; secondary forest, namely
forest subjected to clear-cutting management; selectively
logged forests with different degrees of intensity. The
data allowed us to form 12 distinct indices (summarized
in Table 2) on forest biomass, tree diversity, tree density,
etc. that we examined in order to determine which of
them show statistically significant differences among the
forest types, and which do not.

Our results indicate that the distribution of heights,
diameters and biomasses, and the diversity of trees in a
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logged forest are not largely different from those of a
primary forest (Fig. 1), while all indices of density (stem
density U = 13.0, P = 0.02 and U = 20.5, P = 0.01;
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Table 2 Definition of the 12 indices used to compare primary vs
secondary and primary vs selectively cut forest plots

Index Formal definition

Mean height &
ean heig NL, ,; hi;
J; such that

Height of the 80th percentile
Plh; <A1} =08

Mean biomass NL, % b
z;/l
Mean diameter NL, Z dp;
z;/l
Normalized height T 21 hy i
=
Tree density IAV—j
N
Biomass Al[ > bi
1;[1
Normalized Diameter Ai, 21 dp,
=
Richness R

Shannon entropy

R
— S g (M
N, 109\ N,

J=1

—1 1y nig
Evenness Tog &) 2= N, log <N, )

Vines cover factor a

N;, number of the /-th plot; #;;, height of the i-th tree in the /-th
plot; b;;, above-ground biomass of the i-th tree in the /-th plot; d;,
diameter of the i-th tree in the /-th plot; R;, number of species
present in the /-th plot; n;;, number of individuals of the j-th
species present in the /-th plot; a;, area covered by vines in the /-th
plot; A;, area of the I-th plot

normalized height U = 21.0, P = 0.016 and U = 22.0,
P = 0.002 and normalized diameter U = 27.0,
P = 0.048 and U = 27, P = 0.004) show a marked

decrease of the logged forest together with the con-
comitant invasion by vines and weeds (U = 0.0,
P = 6E—06 and U = 0.0, P = 4E — 07 in Fig. 6). In
other words, the forest subjected to selective logging
does not seem to suffer evident effects on its vertical
structure but rather shows a well-marked arboreal rar-
efaction.

The single exception to these findings are the “well-
managed” plots of the Gola National Park in Sierra
Leone (Dataset 2), where the density indices appear to
have roughly the same values than in the “wunlogged”
plots (U = 13,187, P = 0.463 and U = 12,504,
P = 0.190, respectively for tree density and normalized
diameter). On the other hand, the hystorically “logged”
plots of Gola show a drop in the density indices even
though they were logged several decades ago (tree den-
sity U = 11,502, P = 6.18E — 05; normalized diameter
U = 10,576, P = 7.57E — 07). This result suggests the
key that allows for an understanding of the observed
data. In the “well-managed” plots of Gola the harvesters
took care to minimize as much as possible the amount of
canopy damage exerted by the logging activities. No
such care was taken in the “logged” plots. This, in turn,
implies that the amount of extra light filtering to the
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lower forest layers, and to the ground, was limited for
“well-managed” plots, and more abundant and spread
out for “logged” plots.

It is reasonable to assume that the extra light caused
by canopy openings larger than some threshold, triggers
a complex chain of effects on the plant community
(Chapman and Chapmap 1997; Blanc et al. 2009), of
which we may guess a few links: (1) young trees of
dominant species (such as Celtis mildbraedii) taking
advantage of the free space and reduced shade due to the
removal of parent plants or other logged, tall commer-
cial species, replace some species of the secondary or
tertiary layer (e.g. Baphia nitida); (2) many of the shade-
intolerant trees, being suddenly exposed to direct sun-
light, experience much increased mortality rates, and
leave space for vines and weeds such as Aframomum
alboviolaceus, Halopegia azurea, Manniophyton fulvum
and Haumania danckelmania; (3) vines and shrubs, in the
occasional spots where they manage to become dense
enough, suppress the growth of seedlings of typical
primary forest species (Santos et al. 2009).

We further investigate this issue by evaluating the
expected normalized indices, for all the primary forest
plots of Dataset 1, namely how would those indices be if
plots were subject to a selective logging whose the only
effect was the disappearance of the two most valuable
trees of each plot.

We notice that, in spite of the simulated logging, they
remain significantly above the scores of selectively log-
ged plots (blue indicators in Fig. 2), except for biomass
density, where the difference, albeit existing, is only
marginally significant. This result suggests a scenario
where the logging damage, unless the harvesting is ex-
tremely careful, non only persists for decades after the
logging, but in some respects (e.g. tree density, normal-
ized diameter, normalized height) becomes worse with
time.

If, as a consequence of logging activities, a portion of
forest remains locked for decades in a low-density, vines-
rich state, undoubtedly there will be effects on its bio-
diversity (Schnitzer et al. 2000). However, those effects
may be such to escape easy quantification. At the scale



Table 3 Results of the Mann—Whitney U test comparing plots of
primary vs secondary forest (3rd to 5th column) and primary vs
selectively cut forest (6th to 8th column) for the indices of Table 2

Indices  Primary vs secondary Primary vs selective
West  Central All West  Central All

Mean height

18] 8.0 4.0 25.0 70.0 14.0 47.0
P - - 0.034 0.047 - -
Height 80th percentile

U 7.0 4.0 23.0 3.0 7.0 29.0
P - - 0.023 0.008 — 0.006
Mean biomass

U 6.0 4.0 23.0 3.0 7.0 29.0
P - - 0.023 0.008 0.006
Mean diameter

U 4.0 9.0 33.0 3.0 10.0 34.0
P 0.026 — - 0.008 — 0.015
Normalized height

U 2.0 2.0 13.0 9.0 0.0 12.0
P 0.090  0.032 0.002 - 0.001 1E~%
Tree density

18] 1.5 1.0 10.5 11.5 0.0 16.5
P 0.004  0.016 SE™™ 0.001 4%
Biomass

18] 2.0 2.0 12.0 4.0 2.0 15.0
P 0.009  0.032 0.002  0.013 0.005 3%
Normalized diameter

18] 0.0 3.0 16.0 3.0 0.0 4.0

P 0.002 - 0.005 0.008  0.001 SE-06
Richness

U 2.0 2.5 10.5 5.0 3.0 17.0
P 0.009  0.032 SE™™  0.021 0.009 S~
Shannon entropy

U 3.0 6.0 21.0 8.0 12.0 38.0
P 0.015 0.016 - - 0.027
Evenness

U 11.0 9.0 49.0 15.0 11.0 61.0
P _ _ _ _ _ _
Vines cover fraction

18] 0.0 0.0 0.0 0.0 0.0 0.0

P 0.002  0.008 6E—06  0.001  0.001 4777

We applied the test only to the plots from West Africa (3rd and 6th
column), or only to the plots from Central Africa (4th and 7th
column), or to all plots (5th and 8th column). For each index, the
first row reports the values of the U statistics. The second row
shows, when it is less than 0.05, the probability that the corre-
sponding U value may occur in two independent samples drawn
from the same distribution (null hypothesis)

of the plots most species appear only once or twice,
regardless of the forest type. Therefore entropy and
evenness give very high scores (for instance in Gabon it
is ~ 1 in almost all plots, see Table 3). Richness of the
plots appears to drop for logged forests (from a maxi-
mum value of 42 species in old-growth to 10 and 15
species in clearcutted and selectively logged forests,
respectively), and this may easily be explained by the
reduced density of the forest: a lower number of trees
per plot inevitably leads to a reduced number of species
(Cazzolla Gatti 2011), if each species is represented only
once or twice (singletons or doubletons).

Changes in the density of suitable animal dispersers,
directly or indirectly linked to forest alterations induced
by logging activities (Brodie et al. 2009) may be among
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the possible causes of reduction of plant species at the
forest-wide scale. In Central Africa, this phenomenon
can be due to the reduction of herbivorous populations
(elephants, antelopes, etc.) and other relevant animals
such as monkeys, insects, etc. which are important for
seed dispersal. Because many pioneer species are wind
dispersed, clear-cutting encourages the establishment of
plants which are wind dispersed. These include Funtumia
elastica and Terminalia superba, which were responsible
for 65 % of the total abundance of the SF in one study
performed in Cameroon (Terborg and Wright 1994).
Furthermore, the elimination of species such as those
belonging to the genera Entandrophragma, Ceiba, Tri-
plochiton and Erythrophleum, removes the main feeding
sites of arboreal monkeys and nesting sites of hornbills,
which are both important seed dispersers and reduce the
possibility to grow for lianas and epiphytes (Gerwing
and Vidal 2002).

Finally, we compared the practice of clearcutting to
selective logging and we analysed the secondary forests
plot indices. Looking just at the figures of normalized
biometrics (dbh and heigh) and biomass (Fig. 1, 2, 5)
selective logging and clearcutting appear to have very
similar impacts. However, the high loss of species and
the resetting of the long-term ecological successions of a
tropical forest make clear-cutting obviously the worst in
terms of conservation. This is clear analysing the
Serensen indexes (Table 4) which show genus similarity
higher (sometimes close to 1) among secondary forest
plots themselves than if compared to primary ones.

We can no longer assume that, after selective logging,
the forest ecosystem recovers on a trajectory towards its
primary (pre-disturbance) state or can keep biomass and
biodiversity within their old-growth levels (Odum et al.
1971). This research suggests instead that, although in
most of the plots analysed only a few commercial trees
per hectare are removed, a large structural alteration of
the whole ecosystem causes the decline of biodiversity
and ecosystem services (in our case carbon storage in
terms of biomass). Moreover, our findings suggest that
the delay required for a near-complete recovery after a
round of selective logging is heavily dependent on the
amount of damage inflicted by the logging activities: in
Sierra Leone a customary 30 years long pause between
consecutive logging rounds could be sufficient for “well-
logged” plots to recover the same arboreal density as the
“unlogged” plots (even if it does not always ensure the
same tree species richness), but would be largely inade-
quate for the more intensely harvested “logged” plots.

It is very likely that changes of the dynamics of niches
consolidated over hundreds or thousands of years (Ca-
zzolla Gatti 2011) in tropical forests due to the removal
of certain key tree species lead to the development of
dynamics (Herbohn and Congdon 1993; Thompson
et al. 2009; Pan et al. 2011) that decrease the integrity of
the system (density-dependent effects). Further investi-
gations on later effects (> 50 years after logging) could
shed light on these dynamics. Moreover, we showed that
the structural changes, vines and weeds growth and
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Table 4 Sorensen index for genus similarity (f-biodiversity) of each
study area of the Dataset 1 (the numbers beside the abbreviations
are the plot identifiers)

Forest types combination Serensen index

Cameroon

PF vs SF 0.086
PF vs SL 0.348
SF vs SL 0.233
PF vs PF

SL vs SL

SF vs SF

PF 51 vs PF 52 0.363
SL 53 vs SL 54 0.093
SL 53 vs SL 56 0.325
SL 54 vs SL 56 0.272
Ghana—Bia

PF vs SF 0.363
PF vs SL 0.534
SF vs SL 0.441
PF 71 vs PF 72 0.472
SL 73 vs SL 74 0.339
Gabon

PF vs SF 0.14

PF vs SL 0.571
SF vs SL 0.116
SL 63,64 vs SL 65,66 0.415
PF 57 vs PF 58 0.558

PF 57 vs PF 59 0.5

PF 59 vs PF 58 0.592
SF 60 vs SF 61 0.571
SF 60 vs SF 62 0.347
SF 61 vs SF 62 0.465
Ghana—Ankasa

PF vs SF 0.415
PF vs SL 0.552
SF vs SL 0.505
PF 1,2 vs PF 3,4 0.622
SL 5,6 vs SL 7.8 0.735
SF 9,10 vs SF 11,12 0.307

PF primary forest, SF secondary forest, SL selectively logged forest

alteration of the dynamics among species belonging to
different layers are the main consequences of the logging
and a clear explanation of the observed effects on bio-
diversity (Duffy et al. 2007) and carbon stocks. At the
same time, the reduction of populations of large her-
bivorous mammals, the prevalence of wind-dispersed
seeds and the increased competition between shade-tol-
erant species when exposed to sunlight in the forest that
have been logged selectively, could be contributory
factors that are collectively significant in explaining the
effects documented (White 1994; Voysey et al. 1999;
White and Tutin 2001).

Summarizing, this paper suggests that selective log-
ging has several important negative effects on forest
structure, dynamics, biodiversity and ecosystem services
and that these effects can be truly evaluated only in the
long term by analysing the evolving dynamics of re-
peated logging and not the mean structural values but
the indices linked to the arboreal density.

The attention should be paid not just to totally
destructive practices such as deforestation (clear-cutting)
for alternative land uses (crops or grazing, commonly in

the Amazon, or the palm oil plantations that are typical
of South-east Asia), but also to the selective logging of
the last virgin forests of Africa, which may be a more
serious cause of forest degradation than what has been
thought to date. These first results suggest that it will be
crucial to increase research about the key question for
forest management and conservation: is selective logging
really sustainable for primary tropical forests?
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