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Abstract

Tropical forests are under threat of increasing pressure from income-generating land uses.
Selective logging is a compromise that allows use of the land while leaving much of the forest
canopy intact across a landscape. However, the ecological impacts of selective logging are
unclear, with evidence of positive, negative, and negligible effects on forest structure and
diversity. We examined the impact of selective logging on the structure and diversity of
evergreen tropical forest in the Monts de Cristal region, a chain of mid-elevation hills in
northwestern Gabon. For three size classes (seedling, sapling, and adult) of woody plant species,
we tested whether forest structure (canopy openness, stem density, basal area, and relative liana
abundances) and diversity were altered in forests that had been logged one year and ten years
prior, compared to unlogged forest. In general, we found no large impact of selective logging
treatment on the structure and diversity of adult woody plant communities, but the seedling and
sapling communities were affected. Compared to unlogged forest, one-year post-logging forest
had greater variation in canopy openness and lower sapling stem density. Ten-year post-logging
forest had higher seedling and sapling species evenness, higher sapling species diversity, and
higher relative abundance of sapling-sized lianas compared to unlogged forest. Our results show
that key differences between intact and selectively logged forests persist in the understory at least
a decade after logging. Overall, these results contribute an additional data point in the literature
on selective logging, specifically representing the impacts of very low impact selective logging

in Central African forests. Our study highlights the value of exploring selective logging impacts
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at multiple time periods of recovery, and makes an important contribution to the knowledge

Central African managed forests.

Résumé

Les foréts tropicales sont menacées globalement par les pressions croissantes des

aménagements des terres générateurs de revenus. L'exploitation forestiére sélective est un
compromis qui permet l'utilisation des terres tout en laissant une grande partie de la canopée
forestiere intacte a travers le paysage. Cependant, les impacts écologiques de I'exploitation
forestiere sélective ne sont pas clairs, et démontre des preuves d'effets positifs, négatifs et
négligeables sur la structure et la diversité des foréts. Nous avons examiné I'impact de
I'exploitation forestiere sélective sur la structure et la diversité de la forét tropicale sempervirente
dans la région des Monts de Cristal, une chaine de collines de moyenne altitude au nord-ouest du
Gabon. Pour trois classes de taille (les plantules, les jeunes arbres et les arbres adultes), nous
avons testé si la structure de la forét (ouverture de la canopée, densité des tiges, surface terriére
et abondance relative des lianes) et la diversité étaient altérées dans les foréts qui avaient été
exploitées un an et dix ans auparavant, par rapport a la forét non exploitée. En général, nous
n'avons trouvé aucun impact important d’exploitation forestiere sélective sur la structure et la
diversité des communautés de plantules et d'adultes, mais la communauté des jeunes arbres a été
affectée. La strate de jeunes arbres dans la forét exploitée depuis dix ans est plus diversifiée et a
plus de lianes que la forét non-exploitée. Les foréts exploitées depuis un an présentent une plus
grande variation dans I'ouverture de la canopee et une densité de tiges des jeunes arbres plus
faible, et les foréts exploitées sur dix ans présentent une plus grande régularité des plantules et

des jeunes arbres, une plus grande diversité de jeunes arbres et des abondances relatives plus
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élevées de lianes de la taille des jeunes arbres. Nos résultats montrent que les principales
différences entre les foréts exploitées intactes et sélectives persistent dans la végétation de sous-
bois au moins une décennie apres I'exploitation. Dans lI'ensemble, ces résultats confirment
I'importance des études a long terme sur le rétablissement de la forét entiere apres I'exploitation
forestiere, et confirment I'importance de soutenir des zones forestiéres intactes dans le paysage

d'une zone exploitée de maniére sélective.

1. Introduction

Tropical forests contain the majority of terrestrial species diversity but are increasingly impacted
by disturbances such as fire, clearing of trees, fragmentation, and selective logging (Lewis et al.,
2015). At least 20% of all tropical forests were subjected to selective logging (the practice of
cutting and removing trees of selected species and sizes for use as timber) from 2000-2005
(Asner et al., 2009) and this proportion is likely to increase (Laurance and Edwards, 2014).
However, unlike many other types of income-generating forest disturbance (e.g., clearance for
agriculture), selective logging is relatively low impact (Gibson et al., 2011). In a selectively
logged forest, the majority of forest area is not damaged directly by logging and the majority of
the forest can remain intact (Putz et al., 2019). Thus, selective logging can be viewed as a
strategic compromise that allows for economic development and local livelihoods, while also
maintaining a landscape of connected forest that contributes to biodiversity conservation, habitat
connectivity, and ecosystem function across space and time (Edwards et al., 2014).

Understanding the limits at which selective logging remains sustainable is critical to the long-



89 term persistence, diversity, and function of selectively logged tropical forests (Sist et al. 2007,
90 Gourlet-Fleury et al. 2013). It will be a crucial tenet of sustainable use forest management

91 policies, acceptable to the developing nations that harbor the globe’s remaining tropical forests.

92 Selective logging activities have direct impacts on forest structure and diversity, as well

93 as on the light environment in the understory. Because large timber species are removed, the

94  number of large trees of these species are lower in logged forest (Senior et al., 2018). This

95 reduction in basal area and stem density of adults can negatively affect long-term carbon stocks,

96 canopy structure, and forest height (Okuda et al., 2019). Disrupting canopy structure and

97 increasing canopy gaps also increases light availability throughout the forest, but especially in

98 the understory (Asner et al., 2004). After large timber species are cut, given enough time,

99 aboveground biomass (AGB) basal area and canopy structure can recover (Gourlet-Fleury et al.,
100 2013; Putz et al., 2012). While populations of the target species do decline after the first cutting
101 cycle, timber yields can be subsequently sustained (Putz et al., 2012). However, the intensity of
102  selective logging is highly variable across the tropics and often coupled with associated
103 degradation and risk of further disturbance, such as fire, clearance, and conversion to agriculture
104 (Edwards et al., 2014). Identifying sustainable timber harvesting thresholds where populations of
105 timber species recover between harvests continues to be a major challenge in tropical forestry
106  (Petrokofsky et al., 2015).

107 When managed well, selectively logged forests can be of high conservation value. Well-
108 managed forests typically retain high levels of biodiversity, carbon storage, and ecosystem

109 function (Putz et al. 2012, Edwards et al., 2014). For example, the impact of selective logging on
110 woody plant species richness appears to be relatively modest (Putz et al., 2012), especially in

111 comparison to other land uses (Gibson et al., 2011). This apparent lack of effect is likely because
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selective logging is a very patchy disturbance and highly spatially variable. Although direct
impacts are diluted and minimal at the scale of the logging concession (Putz et al., 2019), the
creation of roads and logging gaps increases heterogeneity in the forest environment, particularly
in understory light availability (Asner et al. 2004). This increased spatial heterogeneity in
resources may permit the persistence of more species than in untouched old-growth forest by
creating more habitats and expanding available niche space (Condit et al., 2002).

These apparently small effects of selective logging may have long-term consequences on
the structure and function of the forest. The changes in forest structure and diversity that can
occur due to selective logging may persist through later life stages of a tree community
(Osazuwa-Peters et al., 2015) and affect forest structure and diversity long after selective logging
has taken place. More canopy gaps can alter the seedling recruitment patterns of tree species
(Pillay et al., 2018), facilitating the success of fast-growing pioneer species that can outcompete
shade-tolerant species in high-light areas (Baraloto et al., 2012). The direct and indirect changes
to the forest environment induced by selective logging may be particularly beneficial for lianas,
which often have a fast-growing, highly competitive life-history strategy. Although in old-
growth forest large adult lianas are often associated with large biomass trees (Koerner et al.,
2017)—the removal of which by selective logging may at least immediately reduce the
abundance of liana species that require emergent trees as hosts—canopy openings (both natural
and logging gaps) can promote the proliferation of lianas in tropical forests (Schnitzer et al.,
2004). Thus, selective logging often leads to an increase in liana abundance and changes to liana
assemblages over time (Addo-Fordjour et al., 2020 & 2021). This increase in lianas may delay or
prevent forest recovery, change the trajectory of forest succession, and reduce the carbon storage

potential of selectively logged forests (Duran & Gianoli, 2013).
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Determining how selective logging shapes the structure and diversity of forests therefore
requires assessing not only the remaining trees, but also their seedlings and the seedlings of non-
tree components such as lianas, across different logging regimes of varying ages. Key ecological
processes that act at earlier life stages shape later forest structure and maintain plant diversity
(Pillay et al., 2018; Uriarte et al., 2004). Disturbance may have different impacts on different life
stages of woody plants (Biwolé et al., 2015) and the growth and survival of seedlings and
saplings is dependent on variation in light and biotic interactions that may differ in the post-
logging environment (Asner et al., 2004; Darrigo et al., 2018). Thus, assessing patterns in
understory size classes of trees and lianas can help predict the structure and function of the

logged forests in the future.

In the present study, we examine the short- to medium-term effects of selective logging
on woody plant diversity and structure in Gabon, the second most-forested country in the world
(Sannier et al. 2016). Central Africa contains the second largest contiguous moist tropical forest
in the world, harboring rich biodiversity and providing ecosystem services such as carbon
storage, rainfall generation, and buffering the effects of climate change (Sosef et al., 2017). Yet,
Central Africa plays a key role in the timber industry. For example, in Gabon, forests have been
subjected to over 100 years of selective logging, with timber exportation beginning in the 1890s
and continuing through the present day. Twenty years ago, Gabon contributed 23% of the timber
production from Central Africa (Collomb et al., 2000). By 2017, an estimated two-thirds of
Gabonese forests had been affected by logging (Sherif et al. 2018, Table 4, p. 27), increased
from ¢.40% in 1997 (Collomb et al., 2000, Table 1, p. 14). However, forest cover in the country

remains very high, at ~86% (Sannier et al. 2016). Because the majority of forests in Gabon are,
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and will continue to be, affected by selective logging, it is critical to understand how these

forests may be altered by and recover following selective logging.

In this study, we examined the influence of selective logging on forest structure and
diversity of woody plant species in the Monts de Cristal region of northwestern Gabon. We
asked:

1) How does selective logging affect forest structure (canopy openness, stem density,

basal area, liana relative abundance) and tree diversity (species richness and evenness) a

year after logging compared with unlogged forest?

2) How do these effects vary with life stages (seedling, sapling, adult) and spatial scale?

3) Do changes in forest structure and diversity remain evident a decade after selective

logging has occurred?

2. Materials & Methods

2.1 Study site

We carried out our study in a logging concession in the Monts de Cristal region of northwestern
Gabon (0°42'41" N, 10°17'18" E) (Fig. 1A, B), adjacent to Monts de Cristal National Park. The
Monts de Cristal are a chain of mid-elevation hills occurring over 20,000 km?, mainly situated
between 300-650 m with elevations up to 1000 m, and are covered in evergreen rain forest
(Sunderland et al. 2004). Average temperature is 24—-26°C (Sunderland et al. 2004). There is a
rainfall gradient in Gabon, with the wettest areas found in the northwest and drier conditions

further south and east across the country. In Monts de Cristal, annual rainfall is 2500-3000 mm
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in the Seni sector of the park, and 2000-2500 mm in the Mbé sector of the park (Vande weghe
2008). There is a strong dry season during June—August and a milder dry season in December—

February (Vande weghe 2008).

The Société Equatoriale d'Exploitation Forestiere (SEEF) logging concession is located
to the east of the Mbé¢ sector of Monts de Cristal National Park. The SEEF concession includes
areas of unlogged forest and areas of selectively logged forest that vary in terms of when they
were logged (Fig. 1C). The concession began systematic selective logging in 2000. Logging
intensity in the SEEF concession is low: studies from both a decade ago (0.82 trees ha2 removed,
Medjibe et al. 2011) and recent reports (0.99—-1.6 trees ha? removed, SEEF 2019) indicate low
levels of timber removal. These low levels of selective logging are common across African
forests, compared to higher rates of logging in South America (5-6 trees per hectare) and Asia (8
trees per hectare) (Sist 2000). Average road density was 6.1m ha™ in zones where logging had
occurred. The most common species is Aucoumea klanieana Pierre (Burseraceae), commonly
known as okoumé. Additionally, 51 timber species are commonly cut by the logging company
(Table A1), and the species cut each year vary based on client demand and availability of species
as noted in forest inventories prior to cutting (SEEF, 2019). Commonly logged species have
minimum cutting diameters of 60-90 cm diameter at 1.3 m above ground (DBH) (SEEF 2019).
Logging by other organizations had taken place in this area as early as 1950; however, logging
prior to 2000 was sparse and patchy. Previous studies within the concession have noted that there
are few signs of past logging, such as cut stumps, graded areas for machines, skid trails, or roads
(Medjibe et al. 2011). We did not observe any signs of older logging (e.g., prior to 2000) where

we established plots for this study.
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Figure 1. Maps showing the locations of (A) Gabon in Africa, (B) protected areas (in green), logging permit areas
(in blue), and the logging concession where the study was conducted (in yellow) in Gabon, and (C) the location of
vegetation plots in recently logged (one year since logging), older logged (ten years since logging), and unlogged

(control) treatments in the study concession.

2.2 Data collection

To assess the impact of selective logging on forest structure and diversity, we established a total
of 80 vegetation plots between September 2018 and October 2019 (Fig. 1C). Each plot was 400
m?2 in area (2020 m). In order to capture the heterogeneous impact that selective logging can
have on the forest, we randomly located 20 plots within each of three logging treatment areas:
recently logged forest that had been logged approximately one year prior, older logged forest that
had been logged ten years prior, and two unlogged forest areas. We measured two separate
unlogged areas in order to try and capture some of the natural spatial variation in these forests.
For all analyses, we considered the two unlogged areas as a single control treatment. We
generated random point sampling schemes based on boundaries of yearly logging blocks using

the sp package (Pebesma & Bivand 2005, Bivand et al. 2013).
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To sample the adult tree community, all free-standing woody stems >10 cm DBH were
tagged, measured, and identified. For species that were difficult to identify in the field, we
collected vouchers and deposited them at the National Herbarium (L’Herbier National du Gabon)
who provided determinations for as many species as possible. We also tagged and measured
climbing lianas >10 cm DBH following Gerwing et al. (2006), though we could not identify
many individuals due to the limitations of collecting voucher specimens for lianas where leaves
can only be found at the top of the canopy. To sample juvenile trees, saplings, and shrubs, we set
up two subplots (10x10 m) nested within each plot. Within these subplots, we tagged, measured
DBH, and identified all free-standing woody stems >1 ¢cm and <10 cm DBH, and tagged and
measured climbing lianas as above. For seedlings, we tagged, measured height, and identified all
free-standing woody species and lianas >20 cm and <1m in height in nine 1x1m2 subplots at 9
points (at the four corners, center, and four middle points of each sides) within the main plot. We
measured canopy openness at each of the 9 seedling subplots per plot, using a Spherical Crown
Densiometer, Concave Model C (Forestry Suppliers, Jackson, MS, USA) (Lemmon, 1956) held
level 1m above the ground. Values were averaged to yield one canopy openness value for each
adult tree plot.

To check for differences among treatments in topography, we measured elevation at each
of the 9 seedling subplots per plot, using a Garmin GPSmap 64s device (GARMIN, Olathe, KS,
USA) and used the data to calculate slope and mean elevation values for each plot. Values were
averaged to yield one elevation value for each adult tree plot. Plots had similar slope across all
treatments (mean = 8§ m, range = 1-26 m; Kruskal test, p =0.16; Fig. A1B). Mean elevation was
similar in older logged (505m) and unlogged (503 m) forests (Dunn’s test, p-adjusted = 0.194),

but was slightly higher in recently logged forests (531m) compared to older logged and unlogged
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forests (Dunn’s test, p-adjusted < 0.001 and 0.0001, respectively; Fig. A1A). However, there was
broad overlap in elevation values for all three treatments (ranges: older logged, ranges = 464—
585m in unlogged, 488—561m in recently logged, and 451-654m in older logged forest). To look
at climate differences across sites, we used worldclim data (Fick & Hijmans, 2017) to consider
differences in mean annual temperature and mean annual precipitation across sites (Table A2),

and found that differences across treatments were small.

2.3 Analyses

For each of the three size classes of woody stems (seedlings, saplings, and adults) we compared
forest structure and diversity across recently logged (1 year since logging), older logged (10 year
since logging), and unlogged forests (see below for details). For seedling and sapling analyses,
we pooled the subplot data for each plot. We performed all analyses in R 4.0.2 (R Core Team,

2020).

2.3.1 Forest structure

We compared differences in canopy openness, stem density, adult basal area, and liana relative
abundance (i.e., number of liana individuals/total number of liana and tree individuals) between
recently logged, older logged, and unlogged forests. For metrics that met assumptions of
normality and homogeneity of variance, we used ANOVA and post-hoc Tukey’s Honest
Significant Difference test. For metrics that did not meet those assumptions, we used Kruskal—
Wallis H tests and post-hoc Dunn’s test. Differences between treatments were considered

significant for values of p < 0.05.
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2.3.2 Diversity

Because of the patchy nature of selective logging and the fact that increased heterogeneity may
affect species diversity differently at local versus landscape scales, we calculated both plot-level
diversity within treatments and also estimated total diversity at the whole treatment level.

We calculated four measures of plot-level diversity using the vegan package (Oksanen et
al. 2020) in R: observed species richness, individual-based rarefied richness, Shannon’s
diversity, and Pielou’s evenness index. For each diversity metric, we tested for differences
among logging treatments using ANOVA and Tukey’s HSD or Kruskal-Wallis and Dunn’s tests,
as noted above.

We estimated treatment-level diversity using the effective number of species (Hill
numbers; Chao et al. 2014) separately for seedlings, saplings, and adults. Because common
species are more likely to occur in samples of a community and rare species are more likely to
have been missed, these diversity estimations use the sampled data to extrapolate to an estimate
of the total number of species in a community (Chao et al. 2014). For communities in highly
diverse systems, Hill numbers are a better representation of the true diversity than diversity
indices that do not take into account sampling effort or abundance information. Additionally,
Hill numbers are scalable and are in species units so they are more intuitive to consider when
comparing communities (Chao et al. 2014). We used measures of Hill numbers for species
richness (q = 0) and Simpson’s diversity (g = 2, the inverse of Simpson concentration) (Gotelli
and Chao 2013). We used Chao—Shen corrections to the Hill number indices in order to account
for sampling biases due to inadequate or different sample coverage (Chao and Jost, 2012). We

then used this information to plot sample-size-based rarefaction and extrapolation (R/E)
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sampling curves using the INEXT package, and calculated the 95% confidence intervals (CI)
using a bootstrap method. (Hsieh et al. 2016). The extrapolation extends up to a maximum
sample size of 1000 for seedlings, 4000 for saplings, and 1000 for adults. To assess for
differences in estimated diversity between logging treatments, we noted whether the R/E curves

overlapped.

3. Results

3.1 Forest structure

Mean canopy openness was slightly higher in recently logged forest compared to older logged
and unlogged forest (9.8% vs 6.6% and 6.2%, respectively) but the differences were marginally
statistically significant (Dunn’s test, p-adjusted = 0.08; Fig 1A). Compared to unlogged forests,
canopy openness was significantly more heterogeneous in recently logged forests (mean sd =
5.1, Fig 2B) than in unlogged forests (mean sd = 3.0, Dunn’s test, p-adjusted = 0.03) but not than

older logged forest (mean sd = 3.1, Dunn’s test, p-adjusted = 0.50).
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Figure 2. (A) Mean and (B) standard deviation of canopy openness values in 2020 m forest plots in unlogged

areas (blue) compared to areas logged 1 year (green) and 10 years (orange) prior to sampling in the SEEF

concession, Monts de Cristal, Gabon. Boxes represent inter-quartile range (IQR), lines in the center represent the

median. Whiskers correspond to the largest/smallest value less/greater than upper/lower quartile minus 1.5 times

IQR. Points correspond to 20x20 m forest sampling plots. ~ denotes pairwise comparisons that were marginally

significant (0.05<P<0.10) and * denotes pairwise comparisons that were significant at the P<0.05 level based on

Dunn'’s tests.

There were no differences among logging treatments in stem density or basal area of

adult-sized trees (Figs. 3A and B), nor for seedling stem density (Fig. 3C). However, sapling

stem density varied significantly among treatments (Fig 3D). Recently logged forests had about

13 fewer stems per plot than unlogged forests—a difference just over the 0.05 significance cutoff

(Tukey HSD test, p-adjusted = 0.06); and 20 fewer sapling stems per plot than older logged

forests, a significant difference (Tukey HSD test, p-adjusted < 0.01).
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The relative abundance of lianas followed a similar pattern to that of trees. Although
lianas were abundant at the seedling stage (often >25% of seedling-sized stems), relative
abundance was similar across logging treatments for the seedling and adult tree stages (Fig. 4A
and C). However, we saw differences in relative abundance of lianas in sapling-sized stems. In
older logged forests, 13% of all sapling-sized stems were lianas, as compared to recently logged
forests where only 5% of all sapling-sized stems were lianas (Dunn’s test, p-adjusted <0.0001,
Fig. 4B), and unlogged forests where 7% of all sapling-sized stems were lianas. (Dunn’s test, p-
adjusted <0.001, Fig. 4B). Patterns of raw liana abundance followed similar patterns as relative

liana abundance (Fig. A2).
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Figure 4: Relative liana abundances for (A) seedlings (B) saplings and (C) adults, in 2020 m forest forest plots in
unlogged areas (blue) compared to areas logged 1 year (green) and 10 years (orange) prior to sampling in the SEEF
concession, Monts de Cristal, Gabon. Boxes represent inter-quartile range (IQR), lines in the center represent the

median. Whiskers correspond to the largest/smallest value less/greater than upper/lower quartile minus 1.5 times
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IQR. Points correspond to 20x20 m forest sampling plots. *** denotes pairwise comparisons that were significant at
the P<0.001 level and **** denotes pairwise comparisons that were significant at the P<0.0001 level based on

Dunn’s tests.

3.2 Diversity

3.2.1 Plot-level diversity

At the adult stage, plot-level diversity metrics did not differ significantly among logging
treatments. Specifically, adult plot-level mean species richness was approximately 11-12 species
per plot (Fig. A3C), rarified richness was approximately 5 per plot (Fig. 5C), Shannon's diversity
was approximately 2.3 per plot (Fig. A3F), and Pielou's evenness was approximately 0.94 per
plot in recently logged, older logged, and unlogged forest (Fig. 5F).

In contrast, at the sapling stage, we detected significant differences in diversity metrics
between logged and unlogged forest, but only for older logged forest. Specifically, older logged
forests had on average 34 sapling species per plot, approximately 11 more sapling species per
plot than in recently logged or unlogged forests (observed species richness, Tukey’s HSD test, P
< 0.0001 for both recently logged and unlogged comparisons, Fig. A3B). Similarly, sapling
rarified richness, Shannon diversity, and Pielou’s evenness were ca. 21%, 24%, and 1% higher,
respectively, in older logged forests compared to unlogged forests (Rarefied richness, Dunn’s
test, p-adjusted <0.0001 Fig. 5B; Shannon’s diversity Tukey’s HSD test, p-adjusted < 0.01; Fig.
A3E; Pielou's evenness, Dunn’s test, p-adjusted <0.01; Fig. 5E). Sapling rarified richness and
Shannon diversity were ca. 14% and 21% higher, respectively, in older logged forests compared
to recently logged forests (Rarefied richness, Dunn’s test, p-adjusted <0.0001 Fig. 5B;

Shannon’s diversity Tukey’s HSD test, p-adjusted <0.001; Fig. A3E).
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At the seedling stage, observed species richness and Shannon diversity did not differ
significantly among logging treatments (Fig. A3A, A3D), and plot-level means seedling
observed species richness was approximately 8—10 species per plot across treatments. We found
only marginal differences in seedling rarefied richness across logging treatments, with older
logged forests having ca. 4% higher seedling rarefied richness than unlogged forests, (Dunn’s
test, p-adjusted = 0.09; Fig. 5A). However, Pielou’s evenness was ca. 5% higher for seedlings in

older logger forests than in unlogged forests (Dunn’s test, P-adjusted = 0.03; Fig. 5D).
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Figure 5: Rarefied species richness for (A) seedlings (B) saplings and (C) adults, and Pielou’s evenness for (D)
seedlings (E) saplings, and (F) adults, in 2020 m forest sampling plots in unlogged areas (blue) compared to areas

logged 1 year (green) and 10 years (orange) prior to sampling in the SEEF concession, Monts de Cristal, Gabon.
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tests.

3.2.2 Treatment-level diversity estimates

Similar to plot-level diversity patterns, treatment-level diversity estimates using Hill numbers
show that, compared to unlogged and recently logged forests, older selectively logged forests
had higher estimated species richness (q = 0) and estimated Simpson’s diversity (q = 2) for
seedlings and saplings, but no difference in adult diversity between logging treatments (Fig. 6,

Table A3).
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4. Discussion

We assessed how selective logging affected forest structure and diversity, both across ontogenic
stages (seedling, saplings, and adults) and across different stages of recovery (recently logged
and older logged forests). As expected, given the low intensity of selective logging, we detected
no impact of logging on adult tree density or diversity. However, we did find evidence that
logging altered composition and diversity in the forest understory, with effects detectable a
decade after logging occurred. Most notably, we found a higher relative abundance of sapling-
sized lianas in older logged forest compared to unlogged forest. We also found evidence of
increased heterogeneity in understory light availability in recently logged forest, but no
difference between older logged forest and unlogged forest, suggesting that the impact of logging
on understory light availability is short-lived. Logging also had a small positive effect on species
diversity: saplings were more diverse in older logged forests, and seedling and sapling
communities in older logged forests also had higher species evenness. Whether these results
persist and filter up to the adult stage over time will depend on how survival, mortality, and

recruitment play out in these forests, and requires further study.

4.1 Selective logging impacts on forest structure:

4.1.1 Adult density and basal area

The low intensity of selective logging in this forest concession was reflected in the fact that adult
stem density and basal area were similar across logged and unlogged areas. These results support
the claim that low-intensity logging does little to affect tree basal area, and thus selective logging
has the potential to foster economic development while maintaining carbon stocks in tropical

forests (Gourlet-Fleury et al., 2013; Putz et al., 2012).



424 Consistent with the results for adult tree density and basal area, mean canopy openness
425 was similar in logged and unlogged forests. However, there was higher spatial variation in

426  canopy openness in recently logged forest due to the patchiness of logging effects. This

427 increased spatial heterogeneity in light seems to disappear a decade after logging, indicating a
428 rather short-term change in the forest canopy. Logging gaps can be ephemeral and recovery can
429  happen quite quickly, for example within one year (Asner et al., 2004), though higher numbers
430 of canopy gaps (after 8 years, Rangel Pinagé et al., 2019) and higher light levels (after 45 years,
431 Osazuwa-Peters et al. 2015) may persist in forests for a long time after selective logging has
432 occurred. These contradicting results may depend on logging intensity in the studied

433  concessions, pointing to the importance of characterizing the intensity, frequency, and extent of
434 selective logging using quantifiable metrics when carrying out studies on its impacts on forests.
435

436 4.1.2 Seedling and sapling densities

437  As with adult trees, seedling densities were similar across logged and unlogged forests in this
438 concession. In contrast, sapling density was lower in recently logged forests.

439 Logging gaps can increase light levels in the forest understory and can drive an increase
440 in seedling density, since understory plants are typically light limited in tropical forests (Chazdon
441 & Pearcy, 1991). This effect is commonly noted immediately after logging (de Carvalho et al.,
442 2017), although it may be ephemeral, with subsequent declines noted as soon as 10 months after
443 logging has occurred (Duah-Gyamfi et al., 2014). As the canopy recovers, gaps fill in, saplings
444 and lianas grow to block light, and the available light for seedlings will quickly be reduced and

445  both light levels and seedling density levels will return to be similar to pre-logging levels.
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Because our plots were measured approximately one year after logging, it is possible that our
study did not capture this temporary effect.

In contrast to seedlings, saplings had lower stem density in recently logged forest. Direct
damage to saplings from logging activities, such as damage from falling timber trees, or the
creation of skid trails, is likely to be the driver for this change. However, this decline seems to
have been ephemeral, as stem density was similar between older logged and unlogged forests.
Other studies have noted that the understory structure of logged forests can recover quickly, in as
little as 6-7 years (Rangel Pinagé et al. 2019). The rapid recovery of sapling stem density in the
decade after logging is likely due to a release of saplings from competition with larger neighbors
for both light and below-ground resources (i.e., water, nutrients) (Hubbell et al., 1999). Thus,
damage from logging activity can decrease understory plant density in the short term, but also
promote subsequent rapid recovery through increased resource availability. Consistent with this
scenario, we saw a reduction in sapling density immediately after logging that recovered to pre-

logging levels in the older logged forest.

4.1.3 Liana relative abundances

Lianas are an important structural component of tropical forests, and shifts in the prevalence of
lianas can have consequences for forest structure, dynamics, and function (Marshall et al. 2020).
In our study, we found that sapling-sized lianas had higher relative abundances in the older
logged forest as compared to unlogged forest, but did not find any other differences in relative
liana abundances in the different size classes across different ages of logged forests. Lianas are
resilient, fast-growing woody plants that are able to thrive by growing quickly and also by

growing quickly in high-light environments, such as tree-fall gaps and forest edges (Barry et al.,
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2015; Campbell et al., 2018; Schnitzer et al., 2021) and resprouting after they are damaged
(Schnitzer et al., 2004). A pattern of clonal stem proliferation of lianas in canopy gaps has been
found in other tropical forests (Schnitzer et al., 2021). Because we only see increases in sapling-
sized lianas but not in seedlings, this may be a clue that vegetative resprouting is a driver of
increased relative liana abundances in logged forests.

The higher relative abundance of lianas in the sapling layer of the decade-old logged
areas may have profound implications for this forest. Increasing prevalence of lianas may have
cascading effects on future forest communities. Lianas can modify the recovery trajectory of
logged forests—and larger lianas can also increase canopy cover and restrict understory light
(Schnitzer and Bongers, 2002), making it more difficult for some tree species to germinate,
survive, and recruit. Increasing liana abundances can also diminish the ability of forests to
accumulate and store carbon over time (Durén & Gianoli, 2013; Berenguer et al., 2018), as well
as reduce the economic value of forests by causing damage to valuable timber species (Estrada-
Villegas and Schnitzer, 2018), making liana densities an important factor to consider and manage
in order to protect forest function and value. Indeed, liana removal is a common practice in
Reduced Impact Logging (RIL) to deter lianas from colonizing gaps and thriving to the detriment
of other tree species (Estrada-Villegas and Schnitzer, 2018), particularly if it is due to vegetative
resprouting of damaged larger-sized lianas (e.g., Schnitzer et al. 2021). Following RIL practices
that incorporate liana removal from timber trees before or after cutting timber species can protect
future timber from damage and reduce the propensity of liana regeneration after the forest is

logged (Estrada-Villegas and Schnitzer, 2018; Marshall et al., 2017).

4.2 Selective logging impacts on diversity
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Due to the low timber extraction rate, selective logging is unlikely to impact adult tree
diversity. However, logging-related changes to understory conditions (namely increased
patchiness of light availability and altered biotic interactions, such as neighbor competition and
insect herbivory) may result in changes to the diversity of seedlings and saplings. Consistent
with this, we found no detectable effect of selective logging on adult diversity but higher
seedling species evenness and higher sapling species richness and evenness in older logged
forest compared to unlogged forests. These results were consistent in both our plot-level analyses
(Fig. 5) and treatment-level analyses that estimated community-level species richness and
evenness separately for recently logged, older logged and unlogged forests (Fig. 6). These results
are in line with other studies that have found that shifts in understory species diversity and
evenness can occur after selective logging (Baraloto et al. 2012, De longh et al. 2014).

Selective logging can modify both the abiotic and biotic environment, which can affect
the success of understory species and explain the higher understory richness and evenness found
in older logged forests. After logging, as light heterogeneity increases, light-demanding pioneer
species in the understory may be more successful than the shade-tolerant later-successional
species that usually dominate the low-light understory environment in tropical forests (Gaui et
al., 2019). When timber trees are removed and the forest is disturbed by skid trails and road
creation, selective logging can heterogeneously change the biotic environment and reduce
crowding pressure from other trees. Additionally, at least one study has reported changes in
insect herbivory in selectively logged forests (Darrigo et al. 2018). Both of these altered biotic
interactions may have consequences for diversity (Uriarte et al. 2004, Forrister et al. 2019).

How the simultaneous effects of increased light heterogeneity and altered biotic

interactions will play out over time is unclear. Studying understory tree species responses to
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these phenomena should be prioritized in future studies to better understand how mechanisms of
understory diversity are impacted by selective logging. It is important to understand whether
changes to understory diversity represent an ephemeral response to short-lived environmental
and biotic changes or if they will persist to shape the future adult community in logged forests.
With this information, we can predict what future forests will look like and make management

decisions about tropical forests.

Impacts on diversity were negligible or slightly positive in our study. Other studies of
selective logging have noted inconsistent effects of selective logging on diversity, including
positive, negative, and negligible effects (Gibson et al., 2011; Martin et al., 2015; Putz et al.,
2012). These differences are likely because of differences in specific management plans and
logging intensity (Putz et al., 2019), the spatial scale of the study (Berry et al., 2008), or time at
which diversity is assessed (Clark and Covey, 2012), or because of pre-existing differences in
forest type (Surendra et al. 2021). Additionally, logging may play out differently in forests with
different land-use histories. Studies have found that past land uses and disturbances can have
compound effects on plant communities (Comita et al., 2010), further complicating
generalizations about selective logging’s impact on biodiversity. Generally, diversity is expected
to be reduced at higher logging intensities, smaller spatial scales, and immediately after logging
occurs, due to the direct impacts of damage from selective logging. However, diversity is
expected to be higher at lower logging intensities, larger spatial scales, and timescales further out
from when logging occurs, due to the indirect impacts of increased environmental heterogeneity

from selective logging.
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4.3 Caveats and limitations

Our study used space-for-time substitution to explore how selective logging affected
forests. This approach has several limitations (Damgaard, 2019). First, it assumes that space is an
appropriate approximation for time and that the two different areas in different places are
otherwise identical. However, there can be differences in the natural environment and land-use
history that affect forest structure and diversity. We believe that our treatment areas are similar
because they have similar topographic habitats, no observed signs of differing land-use history,
and other studies have noted that soil type is similar across our study area (Chatelin and
N’Zoghet, 1964; Gaél et al., 2021). We also tried to address this issue by sampling two unlogged
control areas of unlogged forest in order to capture more of the potential natural variation across
the landscape. The spatial separation of treatments was limited by the logistics of how logging is
carried out; i.e. in spatially-separated yearly logging blocks that must be adhered to according to
management planning specifications. Second, space-for-time substitutions use snapshots that do
not capture dynamics as well as multi-census studies, because they may miss ephemeral changes
over time. Observational studies of change are preferable when possible, particularly long-term
studies that document the full range of changes that occur in a logged forest over time. Given
that post-logging recovery trajectories play out over the course of several decades and perhaps
centuries, such data are unsurprisingly rare.

The use of tree size as a proxy for life stage to determine an individual’s likely
contribution as adults is an approximation. Because different tree species have different life
histories, not all understory trees (seedlings and saplings) will become emergent trees; some will

stay as understory trees (e.g. shrub species). Another caveat is that our data on species diversity
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suggest that we did not observe all species in the community, indicated by the fact that the
observed diversity curves did not level off (Fig. 6). This suggests that additional sampling may

be needed to capture all species for more robust treatment-level comparisons.

5 Conclusions

We found that low intensity selective logging in this evergreen tropical forest concession
had minor impacts on forest structure and diversity in the short term: more variable understory
light conditions and lower sapling density in recently logged forests suggest that logging
activities did cause some changes to understory conditions. While these changes themselves
appear to be short-lived, they likely underlie the higher understory diversity and higher relative
abundance of liana saplings observed in forest logged 10 years prior. These changes to the forest
understory may lead to long-term shifts in forest taxonomic and functional composition.
Increases in the prevalence of lianas, in particular, can reduce carbon storage and timber values,
and suggest the potential need for management strategies to prevent the ‘lianification’ (Perring et
al., 2020) of forests. Our study is the first that we know of in Gabon to simultaneously consider
the effects of selective logging across different life stages and ages of logged forest. Our study
highlights the need for long-term studies, combined with data on site-specific selective logging
thresholds, cutting diameters, and cutting cycle lengths, to better assess the impacts of selective
logging on tropical forests. Better understanding of selective logging impacts is needed to predict
what logged forests will look like in the future and to make management decisions that are in
line with goals for continued success in protecting both the ecological and economic viability of

the forest.
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611 Appendix - Supplemental information

Common name family scientific name minimum cutting diameter
Acajou | Meliaceae Khaya ivorensis 80
Agba/Tola | Fabaceae Prioria balsamifera 80
Aiele | Burseraceae Canarium schweinfurthii 80
Alen/Mambode | Fabaceae Detarium macrocarpum 70

Alep | Irvingiaceae Desbordesia glaucescens
Alone/Kondroti | Bombacaceae =~ Bombax brevicuspe 70
Andoung 66 | Fabaceae Bikinia grisea 70
Andoung Durand | Fabaceae Bikinia durandii 90
Andoung Heitz | Fabaceae Aphanocalyx heitzii 70
Andoung Pellegrin | Fabaceae Bikinia pellegrinii 80
Andoung Testu | Fabaceae Bikinia letestui 90
Azobe | Ochnaceae Lophira alata 80
Bahia/Abura | Rubiaceae Hallea ledermannii 60
Béli | Fabaceae Julbernardia pellegriniana 70
Bilinga | Rubiaceae Nauclea diderrichii 80
Bosse clair | Meliaceae Guarea cedrata 60
Bosse fonce | Meliaceae Guarea thompsonii 70
Dabema | Fabaceae Piptadeniastrum africanum 70
Diania | Ulmaceae Celtis tessmannii 70
Dibetou | Meliaceae Lovoa trichilioides 70
Douka | Sapotaceae Tieghemella africana 90
Doussie blanc | Fabaceae Afzelia pachyloba 70
Ebiara = Fabaceae Berlinia bracteosa 70
Ebiara minkoul | Fabaceae Berlinia confusa 60
Ekop | Fabaceae Tetraberliniatubmanian 70
T.bifoliolata

Ekoune | Myristicaceae =~ Coelocaryon preussii 60
Faro (grandes feuilles) | Fabaceae Daniellia klainei 70
Igaganga | Burseraceae Dacroydes igaganga 60
llomba | Myristicaceae ~ Pycnanthus angolensis 70
Iroko | Moraceae Milicia excelsa 80
Izombe | Ochnaceae Testulea gabonensis 70
Kevazingo | Fabaceae Guibourtia tessmannii 90
Limbali | Fabaceae Gilbertiodendron dewevrei 70
Longhi abam/rouge | Sapotaceae Gambeya lacourtianum 70
Longhi mbebame/blanc | Sapotaceae Gambeya africanum 70




Moabi | Sapotaceae Baillonella toxisperma 90
Movingui | Fabaceae Distemonanthus 70
benthamianus
Niové | Myristicaceae  Staudtia kamerunensis 60
Oboto | Clusiaceae Mammea africana 70
Okan | Fabaceae Cylicodiscus gabunensis 90
Okoumé | Burseraceae Aucoumea klaineana 70
Olon | Rutaceae Zanthoxylum heitzii 60
Ossabel | Burseraceae Dacroydes normandii 60
Ovengkol | Fabaceae Guibourtia ehie 70
Ozigo | Burseraceae Dacroydes buettneri 70
Padouk | Fabaceae Pterocarpus soyauxii 80
Pau Rosa | Fabaceae Bobgunnia fistuloides 60
Tali | Fabaceae Erythrophleum 70
ivorense/suaveolens
Tchitola | Fabaceae Prioria oxyphylla 70
Tiama blanc | Meliaceae Entandrophragma angolense 80
Tiama noir | Meliaceae Entandrophragma congoense 80
612 Table A1: List of timber species with minimum cutting diameters
613
614
10years 1lyear before control
Precipitation mean (mm) | 1059.0 1068.1 1066.0 1080.0
Precipitation SD (mm) 0 5.1289 0 0
Temperature mean (degrees C) | 28.100 28.385 28.4 28.3
Temperature SD (degrees C) | 0 0.0366 0 0
615 Table A2: Mean and standard deviation values of climate variables (mean annual temperature and mean
616  annual precipitation) across treatments (data: worldclim, Fick & Hijmans 2017)
617
618

619
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Figure Al (A) Mean elevation and (B) slope for in 2020 m forest plots in unlogged areas (blue)
compared to areas logged 1 year (green) and 10 years (orange) prior to sampling in the SEEF concession, Monts de
Cristal, Gabon. Boxes represent inter-quartile range (IQR), lines in the center represent the median. Whiskers
correspond to the largest/smallest value less/greater than upper/lower quartile minus 1.5 times IQR. Points
correspond to 20x20 m forest ampling plots. *** denotes pairwise comparisons that were significant at the P<0.001
level, and **** denotes pairwise comparisons that were significant at the P<0.0001 level based on Dunn’s tests.
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Figure A2 Absolute liana abundances for (A) seedlings (B) saplings and (C) adults, in 20x20 m forest
plots in unlogged areas (blue) compared to areas logged 1 year (green) and 10 years (orange) prior to sampling in
the SEEF concession, Monts de Cristal, Gabon. Boxes represent inter-quartile range (IQR), lines in the center
represent the median. Whiskers correspond to the largest/smallest value less/greater than upper/lower quartile minus
1.5 times IQR. Points correspond to 20x20 m forest sampling plots. *** denotes pairwise comparisons that were
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significant at the P<0.001 level, and **** denotes pairwise comparisons that were significant at the P<0.0001 level
based on Dunn'’s tests.
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Figure A3 Observed species richness for (A) seedlings (B) saplings and (C) adults, and Shannon diversity for (D)
seedlings (E) saplings, and (F) adults, in 2020 m forest plots in unlogged areas (blue) compared to areas logged 1
year (green) and 10 years (orange) prior to sampling in the SEEF concession, Monts de Cristal, Gabon. Boxes
represent inter-quartile range (IQR), lines in the center represent the median. Whiskers correspond to the
largest/smallest value less/greater than upper/lower quartile minus 1.5 times IQR. Points correspond to 20x20 m
forest sampling plots. *** denotes pairwise comparisons that were significant at the P<0.001 level, and ****
denotes pairwise comparisons that were significant at the P<0.0001 level based on Tukey’s HSD tests.

A) Seedlings
Site Index Observed Estimated Estimated  95% lower  95% Upper
Richness  Asymptote s.e. confidence  confidence
interval interval
10years | Species richness 113 218.551 38.777 165.553 324.998
lyear Species richness 87 141.963 23.054 111.969 207.986
control Species richness 139 203.071 21.79 172.501 261.538
10years | Shannon diversity 72.297 103.007 7.739 87.839* 118.175*
lyear Shannon diversity 37.486 47.059 3.959 39.3 54.818
control | Shannon diversity 44.033 51.047 2.966 45.234 56.86
10years | Simpson diversity 46.758 54.588 5.973 46.758* 66.295*
lyear Simpson diversity 17.867 18.803 1.919 17.867 22.563




control ‘ Simpson diversity 17.649 18.042 1.372 17.649 20.731

651
652 B) Saplings
Site Index Observed Estimated  Estimated  95% lower  95% Upper
Richness  Asymptote s.e. confidence  confidence
interval interval
10years | Species richness 206 312.895 33.638 264.533 401.216
lyear Species richness 141 244.272 37.352 192.944 346.322
control |  Species richness 183 231.773 17.278 207.861 278.686
10years | Shannon diversity — g4.141 93.617 2.989 87.759* 99.476*
lyear | Shannondiversity 38647 43.105 2.469 38.647 47.944
control | Shannondiversity 38573 40.332 1.285 38.573 42.85
10years | Simpson diversity 46,917 48.331 2.442 46.917* 53.117*
lyear | Simpsondiversity 15003 15.186 1.06 15.003 17.263
control | Simpson diversity 13,978 14.042 0.552 13.978 15.123
653
654 C) Adults
Site Index Observed Estimated Estimated  95% lower  95% Upper
Richness  Asymptote s.e. confidence  confidence
interval interval
10years | Species richness 101 144.903 17.748 121.48 195.115
lyear | Species richness 95 250.56 68.342 163.283 449.393
control | Species richness 129 175.011 17.525 151.365 223.657
10years | Shannon diversity 57062 71.249 4.68 62.076 80.422
lyear | Shannondiversity 45314 64.809 6.985 51.119 78.5
control | Shannon diversity 54.234 62.693 3.617 55.604 69.782
10years | Simpson diversity 33307 36.561 3.88 33.307* 44.166*
lyear | Simpson diversity 21.17 22.624 2.923 21.17 28.352
control | Simpson diversity 23316 24.118 2.476 23.316 28.972
655

656 Table A: Summary of species diversity estimates for (A) seedlings, (B) saplings, and (C) adults. * = CI does not
657  overlap with other Cls of the same index.
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