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A first look at the impediments to forest recovery in bracken-dominated
clearings in the African Highlands
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A R T I C L E I N F O

Keywords:
Afro-tropical forest
Arrested succession
Bwindi
Competition
Forest-bracken edge
Invasive species
Pteridium aquilinum
Regeneration

A B S T R A C T

Areas dominated by bracken, Pteridium aquilinum, occur on every continent except Antarctica. These fern
thickets appear to retard forest recovery and thus reduce forest diversity and carbon values. We examined how
bracken inhibits forest recovery in the Bwindi Impenetrable National Park, Uganda. We established 40 50 × 5-m
transects across the forest-bracken interface. On average, we recorded 596 ± 64 large trees (stems ha−1 ± 1
SE), 1440 ± 159 saplings, 33580 ± 8860 large seedlings and 31003 ± 8854 small seedlings in the forest and
45 ± 16 large trees, 114 ± 28 saplings, 7015 ± 2268 large seedlings and 6317 ± 2240 small seedlings in
bracken. All bracken clearings had been affected by fire. The density of bracken was 4.9 ± 0.3 fronds m−2. Our
results suggest that distance limitation, lack of perches, damage by vertebrates and suppression by climbers all
offer potential explanations of impeded regeneration in bracken. The sparser woody vegetation that occurred in
bracken typically had smaller-seeded and thicker-barked tree species than the nearby forest and also included
more pioneers and fewer animal dispersed species. Interestingly we detected a negative relationship between
proximity to bracken plants and woody regeneration within the forest. Several key explanatory variables in-
cluding canopy cover, litter depth, distance to forest and bracken density are correlated and hard to separate.

1. Introduction

Areas dominated by bracken Pteridium aquilinum (L.) Kuhn occur on
every continent except Antarctica and appear to impede forest recovery
(Der et al., 2009; Marrs and Watt, 2006; Marrs et al,. 1997, Page 1976).
In the East African Highlands such fern thickets tend to result from
droughts, fires and other disturbance processes (landslides, abandoned
cultivation etc.), and already cover hundreds of square kilometres of
previously forested habitat (DS pers. obs., Holm et al., 1997; TGC,
2011; Verdcourt, 1999). Bracken thickets are likely to expand in tro-
pical Africa in future as droughts and fire are predicted to increase
(IPCC, 2014).

Temperate studies indicate that common bracken, Pteridium aqui-
linum (L.) Kuhn, interferes with forest regrowth (Den Ouden, 2000;
Dolling, 1996; Facelli and Picket, 1991; Gaudio et al., 2011; Priewasser,
2013). However, various interference mechanisms have been suggested
and it is unclear which of these, if any, are involved in the highlands of
equatorial Africa. In the Bwindi Impenetrable National Park (Bwindi), a
UNESCO World Heritage site, bracken thickets are already locally
abundant and appear persistent: retarding forest recovery and reducing
forest biodiversity and carbon values.

There have been few ecological studies of how bracken and forest

interact in the tropics. Most publications relating to bracken in Africa
focus on taxonomy or control (Masozera, 2004; Thomson et al., 2005;
TGC, 2011, but see Adie et al., 2011). Even outside Africa, forest
boundaries adjacent to bracken-dominated clearings have received
little attention despite a considerable literature on forest-edge dynamics
(see Haddad et al., 2015; Harper et al., 2005; Porensky and Young,
2013 for reviews). In this paper, we examine how bracken interferes
with forest recovery at the forest-bracken interface in and around
Bwindi in the equatorial highlands of Western Uganda. To our knowl-
edge, this is the first ecological study of bracken in tropical Africa.

Our objectives were to: (1) describe vegetation structure across the
forest-bracken boundary, (2) determine the potential factors affecting
the ability of woody species to re-colonise bracken, and thus (3) provide
an initial exploration of mechanisms that might explain how bracken
slows forest regrowth. Our observations and review of the literature
suggested many mechanisms might be operating and that bracken
might be both the cause or the consequence of impeded forest recovery
(Fig. 1; see also Marrs and Watt, 2006 for a review). Crucially, these
mechanisms might be operating alone or in combination so we sought
to avoid misleading simplifications (see Evans et al., 2013; Hilborn and
Stearns, 1982). For this exploratory investigation, we developed simple
hypotheses, and predictions, associated with a subset of the candidate
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mechanisms. If seed dispersal (seed limitation i.e. failure of seeds to
arrive in bracken) is involved we expect a decline in regeneration with
distance from seed sources, while if this limitation reflects perching
animals as dispersal agents, regeneration will vary with perch avail-
ability (Saavedra et al., 2015). If bracken plants directly interfere with
seed survival or germination, or with seedling establishment and
growth, then we expect a negative relationship between the density of
bracken and the density of woody species (den Ouden, 2000;
Priewasser, 2013). If a thick litter layer impedes seedling establishment
and survival (Xiong and Nilsson, 1999), we expect larger-seeded species
to be relatively better represented than smaller-seeded species in the
seedling population in bracken. We knew that some bracken areas had
burned previously and wondered if fire was responsible for generating
these areas and for keeping them open. If fire generates these areas we
expect confirmation that they had all burned. If it maintains them we
would expect that time since the last fire would be positively correlated
with the density of woody species, and that given this rate of recovery
fires would be sufficiently frequent to explain the low abundance of
woody stems. Furthermore if fire plays a major role we predicted that it
would be selective and that thicker-barked species would be relatively
more common than thinner-barked species in affected areas due to their
better survival (Pausas, 2015; Pellegrini et al., 2017). If stem damage is
involved, we expect greater damage (per stem) in bracken than in forest
due to higher incidence of damage in more open habitats (Ssali et al.,
2012). If interference from climbers is involved (Schnitzer et al., 2004;
Tobin et al., 2012), we expect stems in bracken to suffer a greater
burden of climbers than those growing in forest.

2. Methods

The study took place in the Bwindi Impenetrable National Park a
UNESCO World Heritage site “Bwindi” in South-West Uganda. The park
is one of the most important forests for biodiversity conservation in East
Africa, containing many endemic and threatened species (Butynski,
1984; Hamilton et al., 2000). Bwindi spans a range of elevations
(1160–2607 m asl) and is located 0 °53′–1 °08′ S, 29 °35′–29 °50′ E near
the equator and has been included in various larger regions including
the “Kigezi Highlands”, the “Greater Virunga Landscape” and the

“Albertine Rift Valley” (Butynski, 1984; Butynski and Kalina, 1993;
Plumptre et al., 2007; Taylor, 1990). Bwindi’s vegetation is classified as
moist lower montane forest (Hamilton, 1982; Howard, 1991). The
forest is home to half of the world’s critically endangered mountain
gorillas Gorilla beringei beringei Matschie. The objective of park man-
agement is the protection, restoration and improvement of the forest’s
conservation value, which was affected by logging, fire and mining
before it became a National Park in 1991 (Uganda Wildlife Authority:
BINP General Management Plan 2014-2024).

Fieldwork was conducted between July 2015 and January 2016. We
selected 40 bracken-dominated clearings with abrupt and noticeable
changes in woody vegetation along the forest-bracken boundary and
accessible from the ITFC research station at Ruhija (2355 m asl, see
Fig. 2). To select a clearing, we searched for open areas within a day’s
travel from the research station using satellite images and experienced
local guides. In total we surveyed 40 bracken patches and in each we
placed one 50 × 5-m transect across the forest-bracken boundary with
the 25-m point at the interface and 25 m extending into both the
bracken patch and forest.

In each transect, we recorded all woody stems and the number of
bracken fronds in 1-m2 quadrats established every 5 m along the
transect. We also measured site data and interviewed local informants
who had worked in these forests for many years about the history of
each site. The site data measured were: (1) litter depth (cm, using a
ruler in the centre of a 1-m2 quadrats placed every 5 m along the
transect), (2) canopy openness (%, using a densiometer in the middle
and at each end of the transect), (3) basal area (m2 ha−1, using a ‘re-
lascope’ in the middle and at each end of the transect), (4) density of
herbaceous plants (number m-2, visually estimated every 5 m along the
transect), (5) elevation (m, using a GPS in the middle and at each end of
the transect), (6) inclination (°, using a clinometer in the middle and at
each end of the transect), and bracken patch size (ha, visually estimated
for each transect). Site history data collected per transect were: oc-
currence of past logging, landslides and fire (we also asked the key
informants to estimate the first and last years when each site was
burnt).

In our initial exploration of the data, we determined the 25 most
abundant tree species. For each of these species we subsequently

Fig. 1. Mechanisms and factors that might explain the in-
fluence of bracken on tree regeneration at different life
stages. The mechanisms and factors examined in this study
are denoted in bold.
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collected, dried and measured ten seeds (longest seed dimension, mm,
using a caliper). To determine bark thickness, we extracted portions of
the bark from four stems of each of these species (two stems 2–10 cm
dbh and two that are larger than 10 cm dbh). We used a chisel at 1.3 m
height and measured the fresh-cut thickness (mm) with a caliper. We
used linear regressions of bark thickness versus stem diameter for each
species and used this to estimate bark thickness at a reference diameter
of 10 cm (see Appendix 4). We omitted one species that does not attain
a diameter over 10 cm (Clutia abyssinica).

2.1. Analyses

Woody plants were categorized as large trees (dbh ≥ 10 cm), sap-
lings (dbh 2–9.9 cm), large seedlings (basal diameter< 2 cm and>30
cm tall) and small seedlings (< 30 cm tall). We also assigned the 25
most abundant tree species to successional guild (here pioneer versus
non-pioneer) and dispersal types (animal dispersed “zoochorous”
versus non-zoochorous) following Protabase (www.prota.org) with
some additions from other references (Hamilton, 1991; Katende et al.,
1995, Sheil et al., 2000). Data were analysed using R (R Core Team,
2016). Using non-parametric tests we examined stem abundance in
each third of a 50-m transect, i.e. forest (40 83.5-m2 plots), edge (40
83.5-m2 plots) and bracken (40 83.5-m2 plots) and also estimated
patterns over each 25 m2 5 m-transect segment. During data char-
acterisation and checking, we performed various graphical examina-
tions, including scatter graphs, correlations, regressions and multi-
variate analyses. The purpose was to characterise patterns and identify
suitable analyses (Zuur et al., 2010). Given the variation in the accuracy
and precision of our explanatory variables we avoided multivariate
approaches that are known to be sensitive to these differences (Biggs
et al., 2009). As our study is primarily exploratory rather than

hypothesis-driven, we quote uncorrected P-values (Nakagawa and
Cuthill, 2007).

3. Results

3.1. Clearings, stem densities and litter depth

Our bracken-dominated clearings ranged from about 0.1 ha to over
700 ha and their slope ranged between 6° and 44°. According to local
informants all 40 clearings had been affected by fire, two had been last
burned as recently as 2008, 14 in the 1990s, and the remainder (24) up
to four decades previously (1970s and 1980s). Out of 40 clearings, 37
had been impacted by timber cutting and extraction, nine by landslides
and seven by other human activity (settlements and related). On
average (± 1 SE), bracken canopy in the clearings was 1.9 ± 0.05 m
in height.

We recorded 21,807 woody plants comprising 19,233 small seed-
lings, 1617 large seedlings, 680 saplings and 277 large trees of 83
species in the 50-m transects (n = 40, Appendix 1). Dividing the 50-m
transect into thirds: forest, edge and bracken (open bracken-dominated
areas), on average (± 1 SE) we recorded 0.3 ± 0.1 bracken fronds m–2

in the forest, 2.8 ± 0.2 fronds m–2 at the edge and 4.9 ± 0.3 fronds
m–2 in the bracken-dominated areas. Litter depth averaged 5.8 ± 0.4
cm in the forest, 9.7 ± 0.6 cm at the edge and 14.0 ± 1.1 cm in the
bracken. The density of large trees, saplings and seedlings decreased
with increasing distance from the forest, increasing bracken density,
and increasing litter depth (Fig. 3). In bracken, seedling density was
generally greater in transects where large trees occurred (nine of 40)
than those without them though this was not significant (i.e.
11,590 ± 8543 versus 4787 ± 1556 small seedlings ha−1; Mann
Whitney test, W = 130, P = 0.771). Much of the difference was due to

Fig. 2. (a) The 40 transects in Bwindi Impenetrable
National Park, Uganda; (b) A landscape view of a bracken-
dominated clearing; (c) bracken-dominated clearing tram-
pled by elephants.
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the animal-dispersed species which comprised the majority of seedlings
when larger trees were present, though again there was no significant
difference in our small sample (9940 ± 8539 versus 2163 ± 884
small seedlings ha−1; W = 163, P = 0.443). Most seedlings of animal-
dispersed species observed in bracken where larger trees occurred
(eight transects) were not the same species as these trees
(10,240 ± 9696 versus 629 ± 629 small seedlings ha−1; W = 10.5,
P = 0.015).

We were interested to examine whether the clearings were ex-
panding or contracting, and hypothesised that this would be apparent
from the stem-sizes in the forest edge communities, but we found no
relationship between the last time a clearing had burned and the den-
sities or size of stems in the forest edge community (for small seedlings:
Kendall’s correlation, τ = 0, P = 1; large seedlings: τ= −0.04,
P = 0.733; saplings: τ= −0.04, P = 0.757; large trees: τ= −0.1,
P = 0.435). But interestingly when we examined animal-dispersed
species alone we did detect a significant negative correlation between
the last time a clearing had burned and the density of small seedlings
(but not of large seedlings, saplings and large trees, i.e. for small
seedlings: τ= −0.29, P = 0.022; large seedlings: τ= −0.02,
P = 0.861; saplings: τ= 0.05, P = 0.707; large trees: τ= −0.13,
P = 0.379). We detected no significant relationship between the last
time a clearing had burned and the mean bark thickness of the most
abundant species though all relationships were positive (data not
shown).

3.2. Species characteristics

Common species (i.e. the ten most abundant species in each seg-
ment) represent more than two thirds of all seedlings and large trees
and at least 40% of saplings per segment (Table 1). The density of
common woody species (all individuals included) differed substantially
among the forest, edge and bracken segments. Compared to the forest
and edge, fewer seedlings were present in bracken. Among the species
occurring in each of the three segments, Rytigynia ruwenzoriensis (De
Wild.) Robyns declined most between forest and bracken (i.e. a more
than twenty-fold difference) while Macaranga capensis (Baill.) Sim de-
clined least (i.e. a two to three-fold difference). On average, there were
557 ± 29 (stems ha−1 ± SE) saplings of common species in the
forest, 174 ± 12 saplings at the edge and 57 ± 6 saplings in bracken
compared to 1015 ± 49 large seedlings in the forest, 973 ± 43 large
seedlings at the edge and 587 ± 43 large seedlings in bracken.

We explored the ratios among life stages as a potential indicator of

differences in relative transition rates. Considering all stems in the 40
transects (see Appendix 1), the ratio of small to large seedlings in forest
versus bracken was similar (1.08 versus 1.11), that from large seedlings
to saplings was about a third (0.043 versus 0.016) and from saplings to
large trees was again similar (0.414 versus 0.395).

Of the most abundant species (Appendix 2), bracken typically had a
lower proportion of stems of larger-seeded species (for small seedlings:
Mann Whitney test, W = 1000, P = 0.0003; large seedlings:
W = 895.5, P = 8.3 × 10−6; saplings: W = 368, P = 0.025; large
trees: W = 202, P = 0.021), a lower proportion of stems of thicker-
barked species (for small seedlings: W = 741, P = 0.839; large seed-
lings: W = 475, P = 0.01; saplings: W = 326, P = 0.043; large trees:
W = 81, P = 0.092) and fewer animal-dispersed species (for small
seedlings: W = 1271, P = 6.5 × 10−8; large seedlings: W = 935,
P = 4.7 × 10−7; saplings: W = 127, P = 0.004; large trees: W = 229,
P = 0.001) than those in the forest (Fig. 4). They also had more stems
of pioneer species (for small seedlings: W = 1049, P = 0.002; large
seedlings: W = 609, P = 0.417; saplings: W = 411, P = 0.001; large
trees: W = 165, P = 0.269), a higher proportion of damaged stems (for
large seedlings: W = 1132, P = 0.0009; saplings: W = 1225,
P = 5.0 × 10−6; large trees: W = 897.5, P = 0.087) and a higher
proportion of stems with climbers (for large seedlings: W = 881,
P = 0.236; saplings: W = 1122, P = 0.0002; large trees: W = 880,
P = 0.041).

3.3. Relationships between variables

Various relationships occur among site variables and plant densities
in the forest, at the edge and in bracken (Table 2). Notably, there were
significant correlations between bracken density, canopy openness,
basal area, litter depth and herbaceous plant density (Table 3). An ex-
amination of scatterplots and residuals (i.e. observed values subtracted
from mean values per transect segment) of seedlings versus bracken
density, litter depth and bracken proximity generally failed to indicate
clear relationships. However, we noted that seedling and sapling den-
sities declined with increasing litter depth in forest, edge and bracken
(though only saplings in forest declined significantly) and that they also
show a decline with bracken density in forest (only saplings in forest
and edge had a significant decline) and have no relationship in bracken
(Fig. 5; Table 2). We also found that the density of saplings per 25 m2

5 m-segment of each transect in the forest was positively rank-corre-
lated with distance from the nearest 25 m2 5 m-segment containing any
bracken plants indicating a negative relationship between proximity to

Fig. 3. Density of trees (stems ha−1 ± 1 SE),
density of bracken (fronds ha–1 ± 1 SE) and litter
depth plotted relative to the edge between the
forest and bracken. Distance classes are successive
25 m2 5 m-transect segment with the forest dark
grey, the edge grey and the bracken-dominated
area unshaded.

F. Ssali et al.



bracken plants and woody regeneration (Kendall’s tau Appendix 3).

4. Discussion

Our data show that bracken-dominated clearings are persistent with
some being older than 40 years. Compared to nearby forest, bracken
thickets had substantially lower densities of woody plants at all life
stages (i.e. seedlings to large trees). When considering the life-cycle of
woody plants (Fig. 1), the low density of seedlings in bracken versus
forest indicates that progression from seed production to seedling es-
tablishment is impeded. Some size class ratios appear roughly similar in
forest and bracken (i.e. large versus small seedlings at 1.1, and larger
trees to saplings at 0.4 in both): notably however, the ratio of saplings
to large seedlings is much lower in bracken than in forest (0.016 versus
0.043) suggesting an increased mortality to growth ratio, in bracken.

Our exploratory evaluations supported several predictions, though
in each case further research would be required to verify the implied
mechanisms. The decline in regeneration with distance from the forest
indicates that dispersal limitation is involved. The increased regenera-
tion of animal-dispersed species where trees are present suggests that
perches and perching animals are potentially important too.

We found that all our bracken clearings had been affected by fire. In
Bwindi many areas were burnt before the forest became a National Park
in 1991 (Butynski, 1984). Since gazettement, fire occasionally occurred
following droughts especially due to numerous activities near the Park
boundary (Olupot et al., 2009). Bracken rhizomes survive fire and
produce a dense, low canopy soon after fire (Marrs et al., 2000; Roos
et al., 2010). We found that large trees regenerating in bracken (Fig. 4b)

had marginally thicker bark than those in the forest, suggesting tree
species that are better protected against fire are favoured over those
that are less well defended (Pausas, 2015; Pellegrini et al., 2017).
Furthermore, we found that, rather than increasing, the density of an-
imal dispersed seedlings declined with time since burning—we lack an
explanation though it may indicate that seed predation for these species
increases with time. While fire has impacted all the bracken clearings
fires appear too infrequent to make fire alone a plausible mechanism for
impeded regeneration and the limited woody vegetation observed in
our transects.

We see that seedlings and saplings in bracken and at the forest edge,
suffer a greater burden of climbers than stems growing in forest
(Fig. 4f). Climbers compete for light, water and nutrients, suppress
growth and are known to increase mortality and retard forest succes-
sion (Schnitzer et al., 2004; Tobin et al., 2012). From this we infer that
regeneration in bracken, and at the forest edge, is likely hindered by
climbers.

Woody species present in bracken, and at the forest edge, had a
greater proportion of damaged stems than those in the forest (Fig. 4e).
We believe that this is due to animals. In African rain forests, various
large herbivores, including elephant Loxodonta africana Blumenbach,
bush pig Potamochoerus larvatus F. Cuvier, black-fronted duiker Ce-
phalophus nigrifrons Thomas, yellow-backed duiker Cephalophus silvi-
cultor Afzelius, gorilla Gorilla beringei beringei Matschie and monkeys
damage trees (Laws, 1970; Plumptre, 1993; Sheil and Salim, 2004;
Struhsaker et al., 1996; Ssali et al., 2012; Tweheyo et al., 2013). Studies
show that trees in more open habitat tend to suffer greater damage
(Laws et al., 1975; Ssali et al., 2012). The reasons for such impacts are

Table 1
List of the 10 most common woody species (all individuals included) in the forest, at the edge and in bracken showing mean density (stems ha−1 ± 1 SE) of their seedlings, saplings and
large trees as recorded in 40 50 × 5-m transects between 2085 and 2538 m asl in the Bwindi Impenetrable National Park.

Species Small seedlings Large seedlings Saplings Large trees

Forest
Olea capensis L. 15694 ± 8393 51 ± 19 21 ± 9 21 ± 9
Rytigynia ruwenzoriensis (De Wild.) Robyns 2886 ± 1055 252 ± 71 198 ± 47 18 ± 8
Psychotria mahonii C.H.Wright 2626 ± 667 66 ± 18 42 ± 20 63 ± 29
Macaranga capensis (Baill.) Sim 1386 ± 977 69 ± 15 54 ± 22 84 ± 32
Galiniera saxifraga (Hochst.) Bridson 1329 ± 474 54 ± 39 12 ± 6 15 ± 10
Clutia abyssinica Jaub. & Spach 1012 ± 800 228 ± 90 24 ± 11 0
Psychotria kirkii Hiern 799 ± 261 201 ± 56 153 ± 56 0
Allophylus abyssinicus (Hochst.) Radlk. 964 ± 462 57 ± 20 33 ± 13 18 ± 11
Faurea saligna Harv. 731 ± 447 9 ± 9 0 27 ± 16
Syzygium guineense (Willd.) DC. 572 ± 335 30 ± 13 21 ± 10 18 ± 8
% All species in the forest 92.7% 43.4% 42.6% 53.8%

Edge
Olea capensis L. 6060 ± 3346 21 ± 9 3 ± 3 9 ± 7
Galiniera saxifraga (Hochst.) Bridson 3461 ± 2454 111 ± 46 6 ± 4 21 ± 11
Rytigynia ruwenzoriensis (De Wild.) Robyns 2503 ± 1802 99 ± 26 42 ± 19 3 ± 3
Psychotria mahonii C.H.Wright 2395 ± 625 96 ± 39 0 12 ± 7
Macaranga capensis (Baill.) Sim 2138 ± 1268 153 ± 48 57 ± 23 27 ± 18
Clutia abyssinica Jaub. & Spach 1243 ± 461 434 ± 96 39 ± 17 0
Faurea saligna Harv. 434 ± 246 6 ± 4 0 3 ± 3
Olinia rochetiana Juss. 305 ± 233 0 6 ± 4 12 ± 9
Psychotria kirkii Hiern 183 ± 90 36 ± 12 6 ± 6 0
Polyscias fulva (Hiern) Harms 177 ± 88 0 0 3 ± 3
% All species at the edge 95.5% 63.5% 40.4% 60.3%

Bracken
Olea capensis L. 2126 ± 1915 0 3 ± 3 0
Macaranga capensis (Baill.) Sim 635 ± 275 216 ± 113 12 ± 7 6 ± 6
Psychotria mahonii C.H.Wright 805 ± 255 24 ± 11 15 ± 8 6 ± 4
Faurea saligna Harv. 793 ± 667 0 0 6 ± 6
Clutia abyssinica Jaub. & Spach 335 ± 99 299 ± 75 3 ± 3 0
Polyscias fulva (Hiern) Harms 554 ± 530 0 0 6 ± 6
Maesa lanceolata Forssk. 273 ± 190 3 ± 3 3 ± 3 3 ± 3
Rytigynia ruwenzoriensis (De Wild.) Robyns 117 ± 52 30 ± 16 12 ± 9 3 ± 3
Croton macrostachyus Hochst. ex Delile 117 ± 74 0 0 12 ± 7
Ekebergia capensis Sparrm. 123 ± 120 0 0 0
% All species in bracken 96.2% 82.4% 39.5% 73.3%
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uncertain but it has been suggested that animals visit open areas and
use them as social spaces (Midgley et al., 2005; Ssali et al., 2012). Few
animals eat bracken, but elephants and bush pigs are both known to
excavate and eat bracken rhizomes (Babaasa et al., 2004; Seydack,
2013). Our own observations suggest that feeding elephants do not kill
the ferns, which regenerate from remaining rhizome fragments, but the
behaviour does break and clear other plants. Pigs also cause extensive
disturbance and soil turnover which leads to local clearings that are
readily (re)colonised by bracken (F.S. pers. obs. similar to the processes
reported with feral pig, Sus scrofa, in Australia, Choquenot et al., 1996).
Such damage appears to impede regeneration of trees in bracken.

One prediction that we failed to confirm was that larger-seeded
species would become better represented than smaller-seeded species
due to the selective impact of shade and deep litter on establishment

and initial survival. We found no such response. Indeed we found a
decline in mean seed size from smaller to larger seedlings, and that this
trend was also present in the forest (where we would also expect large
seeds to increase survival). Nonetheless, the thick litter layer associated
with bracken, which is almost three times thicker than the litter in
forest, remains striking and is, we believe, likely to interfere with seed
germination and survival though this influence remains undemon-
strated.

Our data also show that some woody plants, especially pioneer
species, do establish in bracken (Fig. 4). This again suggests that dis-
persal is involved but also indicates that species with longer seed dor-
mancy and greater growth potential (Ghazoul and Sheil, 2010) are
better suited to progress through stages vulnerable to bracken inter-
ference. This may indicate that occasional short-lived opportunities for

Fig. 4. Mean seed size (± 1 SE), mean bark thickness (± 1 SE) and proportion of zoochorous species, pioneer species, damaged stems and stems with climbers at each life stage in the
forest, at the edge and in bracken for common species (a–d) and all species (e–f). From (a) to (d), the number of stems are: 9908 small seedlings in the forest, 6607 small seedlings at the
edge, 2060 small seedlings in bracken, 505 large seedlings in the forest, 412 large seedlings at the edge, 202 large seedlings in bracken, 314 saplings in the forest, 114 saplings at the edge,
25 saplings in bracken, 144 large trees in the forest, 48 large trees at the edge and 11 large trees in bracken. From (e) to (f), the number of stems are: 861 large seedlings in the forest, 523
large seedlings at the edge, 233 large seedlings in bracken, 481 saplings in the forest, 161 saplings at the edge, 38 saplings in bracken, 199 large trees in the forest, 63 large trees at the
edge and 15 large trees in bracken.
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woody plants to establish do occur. We note that pioneer species pre-
dominate in the forest areas studied. This may indicate recent dis-
turbance or that late successional species have problems in establishing
perhaps due to a lack of seed sources in the nearby forest.

Our results show that regeneration is not just limited in the open
clearings, but that sapling density declines markedly with proximity to
such clearings and is still increasing with distance at 25 m into the
forest (Fig. 3). This is in contrast to what is expected at most forest
edges where increased light typically results in denser woody vegeta-
tion (Didham and Lawton, 1999). We have no ready explanation for this
spatial pattern. Possibilities include the influence of climbers and da-
mage from animals. One interesting suggestion is that an increased
density of seed predators may be associated with the ground cover
provided by bracken, and that these predators will range into the
neighbouring forest as observed in bracken in Netherlands (den Ouden,
2000). Such a relationship is also supported by our observation that
per-transect sapling density tends to increase with distance from

bracken plants.
There is a perception among our local informants that some bracken

clearings are being colonised by forest at the forest edge, and are thus
reducing in size, yet our data show no evidence of such a general spatial
process, i.e. we detect no relationship between time since the last fire in
the clearing and the structure and density of woody vegetation at the
forest edge. We note that all our clearings had to be of sufficient size to
contain a transect and that this eliminated the smallest bracken clear-
ings which are also those that people report seeing reduce in extent
(various local informants pers. comm.).

Shade remains a plausible explanation for impeded regeneration in
bracken-dominated areas. We know from studies in other parts of the
world that bracken is an aggressive competitor that shades out other
vegetation (George and Bazzaz, 1999; Hartig and Beck, 2003;
Priewasser, 2013). While observations in the Neotropics have suggested
that bracken can sometimes facilitate the regeneration of woody species
(Gallegos et al., 2015) we found no indications of such

Table 2
Kendall’s correlations between main response and explanatory variables for tree regeneration in the forest, edge and bracken. Significant values (P < 0.05) are denoted in bold.

Segment Small seedlings Large seedlings Saplings Large trees All size classes

τ P τ P τ P τ P τ P

Bracken stem density
Forest −0.16 0.191 −0.21 0.090 −0.39 0.002 −0.40 0.002 −0.2 0.117
Edge 0.11 0.342 0.07 0.549 −0.24 0.039 −0.14 0.244 0.11 0.342
Bracken 0.03 0.788 0.02 0.879 −0.13 0.284 −0.10 0.441 0.03 0.762

Percentage canopy openness
Forest −0.11 0.305 −0.19 0.086 −0.21 0.060 −0.12 0.295 −0.14 0.208
Edge 0.30 0.006 −0.02 0.843 −0.36 0.002 −0.18 0.144 0.26 0.018
Bracken 0.12 0.289 −0.07 0.565 −0.25 0.044 −0.28 0.027 0.06 0.616

Local basal area
Forest 0.12 0.889 0.12 0.299 0.21 0.055 0.32 0.006 0.03 0.762
Edge 0.16 0.136 0.07 0.521 0.27 0.018 0.65 6.6e−8 0.19 0.087
Bracken 0.12 0.293 0.31 0.007 0.66 1.0e−7 0.56 1.5e−5 0.18 0.113

Mean litter depth
Forest −0.16 0.19 −0.19 0.090 −0.29 0.011 −0.08 0.488 −0.25 0.027
Edge 0.11 0.342 −0.14 0.199 −0.08 0.480 −0.19 0.117 −0.19 0.089
Bracken −0.15 0.180 −0.03 0.814 −0.09 0.494 −0.18 0.163 −0.13 0.234

Herbaceous plant density
Forest −0.18 0.103 0.221 0.046 0.07 0.513 0.04 0.698 −0.14 0.192
Edge 0.09 0.395 0.10 0.363 −0.09 0.445 −0.18 0.126 0.09 0.428
Bracken 0.01 0.963 0.03 0.796 −0.02 0.857 0.004 0.974 −2.6e−3 0.981

Table 3
Pairwise correlation coefficients and p-values of explanatory variables for tree regeneration in forest, edge and bracken. Significant values (P < 0.05) are denoted in bold.

Segment Bracken density Canopy openness Local basal area Litter depth Herbaceous plant density

τ P τ P τ P τ P τ

Forest
Bracken density 1.0
Canopy openness 0.25 0.048 1.0
Local basal area −0.25 0.047 −0.13 0.243 1.0
Litter depth 0.24 0.054 0.19 0.088 −0.12 0.263 1.0
Herbaceous plant density 0.1 0.441 0.08 0.499 −0.1 0.385 0.06 0.592 1.0

Edge
Bracken density 1.0
Canopy openness 0.22 0.054 1.0
Local basal area −0.13 0.270 −0.12 0.289 1.0
Litter depth 0.1 0.366 −0.02 0.852 −0.19 0.087 1.0
Herbaceous plant density −0.07 0.549 0.15 0.176 −0.16 0.159 −0.19 0.089 1.0

Bracken
Bracken density 1.0
Canopy openness 0.15 0.187 1.0
Local basal area −0.13 0.233 −0.27 0.014 1.0
Litter depth 0.32 0.004 −0.04 0.701 −0.11 0.333 1.0
Herbaceous plant density −0.12 0.294 −0.02 0.880 0.04 0.744 −0.29 0.008 1.0
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interactions—i.e., no positive relationship between bracken and sapling
densities.

Overall, our results are consistent with forest regrowth in bracken
being impeded in multiple ways including distance limitation, lack of
perches, damage by vertebrates and climber interference. Many other
potential factors, including seed predation, allelopathy, competition,
fire, litter and pathogens are not ruled out.

That multiple factors impede forest recovery in the presence of
bracken is important given that several potential explanations are as-
sociated with correlated variables (Freckleton, 2002). In our case, dis-
tance from seed sources, bracken density, canopy cover, litter depth and
the densities of woody plants cannot be separated readily. Since these
variables underlie established ecological mechanisms determining re-
generation (Ghazoul and Sheil, 2010), and these variables have been

assessed with differing accuracy, simple analyses appear inadequate to
weigh and assess additional mechanisms related with these variables
with confidence (Biggs et al., 2009). Additional studies are needed.
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Appendix A

A.1. Appendix

Number of stems of the 25 most abundant woody species (of a total of 83) in all transects regenerating in the forest (FO), the edge (ED) and
bracken (BR).

Species Small seedlings Large seedlings Saplings Large trees

FO ED BR FO ED BR FO ED BR FO ED BR

Olea capensis L. 5242 2024 710 17 7 0 7 1 1 7 3 0
Psychotria mahonii C.H.Wright 877 800 269 22 32 8 14 0 4 21 4 2
Rytigynia ruwenzoriensis (De Wild.) Robyns 964 836 39 84 33 5 66 14 1 6 1 0
Galiniera saxifraga (Hochst.) Bridson 444 1156 27 18 37 4 4 2 1 5 7 0
Macaranga capensis (Baill.) Sim 463 714 212 23 51 72 18 19 4 28 9 2
Clutia abyssinica Jaub. & Spach 338 415 112 76 145 100 8 13 1 0 0 0
Faurea saligna Harv. 244 145 265 3 2 0 0 0 0 9 1 2
Psychotria kirkii Hiern 267 61 0 67 12 1 51 2 1 0 0 0
Allophylus abyssinicus (Hochst.) Radlk. 322 38 7 19 5 1 11 4 1 6 1 0
Polyscias fulva (Hiern) Harms 5 59 185 0 0 0 0 0 0 4 1 0
Syzygium guineense (Willd.) DC. 191 25 3 10 1 0 7 3 0 6 0 0
Maesa lanceolata Forssk. 73 21 91 4 6 1 1 2 1 6 5 1

Fig. 5. Residuals of seedlings and saplings versus bracken density and litter depth for each third of a 50-m transect segment. Open squares and solid lines represent the forest, crosses and
dotted lines represent the edge and open circles and long dash lines represent the bracken-dominated area.
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Olinia rochetiana Juss. 89 102 2 1 0 0 1 2 0 1 4 0
Allophylus africanus (Gilg) Verdc. 109 11 0 63 7 4 1 0 0 0 0 0
Xymalos monospora (Harv.) Baill. 80 14 0 23 23 0 18 8 0 13 2 0
Chrysophyllum pruniforme Pierre ex Engl. 82 52 0 15 3 0 7 1 0 8 0 0
Rytigynia kigeziensis Verdc. 51 45 8 13 9 3 19 3 0 4 2 0
Bridelia micrantha (Hochst.) Baill. 42 8 10 32 31 6 4 4 4 0 0 0
Gymnosporia acuminata (L.f.) Szyszyl. 80 2 1 37 9 0 7 2 0 1 0 0
Neoboutonia macrocalyx Pax 5 8 10 18 8 1 36 28 5 5 6 0
Vepris nobilis (Delile) Mziray 38 8 1 28 5 0 25 3 1 7 0 0
Symphonia globulifera L.f. 44 9 1 24 11 1 15 3 0 4 0 0
Podocarpus latifolius (Thunb.) R.Br. ex Mirb. 33 8 1 29 1 0 14 2 0 8 0 0
Croton macrostachyus Hochst. ex Delile 1 42 39 0 1 0 0 0 0 0 2 4
Ekebergia capensis Sparrm. 21 15 41 1 0 0 3 3 0 0 0 0

Total for abundant species 10,118 6622 2037 650 453 213 345 127 27 149 48 11
Total for all species 10,355 6768 2110 861 523 233 481 161 38 199 63 15

A.2. Appendix

Characteristics of the most abundant woody species (i.e., 23 out of a total of 83).

Species Seed size (mm) Bark thickness (mm) Successional guild Dispersal type

Allophylus abyssinicus (Hochst.) Radlk. 2.6 2.4 Pioneer Zoochorous
Bridelia micrantha (Hochst.) Baill. 5 2.8 Pioneer Zoochorous
Chrysophyllum pruniforme Pierre ex Engl. 19 2.5 Non-pioneer Zoochorous
Clutia abyssinica Jaub. & Spach 2.7 N/A Pioneer Non-zoochorous
Croton macrostachyus Hochst. ex Delile 7 4.6 Pioneer Non-zoochorous
Ekebergia capensis Sparrm. 13 5.1 Non-pioneer Zoochorous
Faurea saligna Harv. 1.1 10.1 Pioneer Non-zoochorous
Galiniera saxifraga (Hochst.) Bridson 3.9 4.8 Pioneer Zoochorous
Macaranga capensis (Baill.) Sim 4.1 2.9 Pioneer Non-zoochorous
Maesa lanceolata Forssk. 0.5 3.1 Pioneer Zoochorous
Neoboutonia macrocalyx Pax 7.6 2.9 Pioneer Non-zoochorous
Olea capensis L. 11.3 3.7 Non-pioneer Zoochorous
Olinia rochetiana Juss. 10 3.7 Non-pioneer Zoochorous
Psychotria kirkii Hiern 2.8 5.1 Pioneer Zoochorous
Podocarpus latifolius (Thunb.) R.Br. ex Mirb. 9.5 2.7 Non-pioneer Zoochorous
Polyscias fulva (Hiern) Harms 4 3.4 Pioneer Zoochorous
Psychotria mahonii C.H.Wright 3.2 3.7 Pioneer Zoochorous
Rytigynia kigeziensis Verdc. 8 2.0 Non-pioneer Zoochorous
Rytigynia ruwenzoriensis (De Wild.) Robyns 9.5 3.0 Non-pioneer Zoochorous
Symphonia globulifera L.f. 17.5 1.9 Non-pioneer Zoochorous
Syzygium guineense (Willd.) DC. 10.1 3.7 Non-pioneer Zoochorous
Vepris nobilis (Delile) Mziray 5.5 3.2 Non-pioneer Zoochorous
Xymalos monospora (Harv.) Baill. 11.9 4.1 Pioneer Zoochorous

A.3. Appendix

Kendall’s correlations between stem densities per 25 m2 5 m-transect segment and distance of the plot from the nearest 25 m2 5 m-transect
segment containing bracken. Significant values (P < 0.05) are denoted in bold.

Size class Plot τ P

Small seedlings 0–5 m 0.04 0.728
Small seedlings 5–10 m 0.25 0.036
Small seedlings 10–15 m 0.14 0.235
Small seedlings 15–20 m 0.10 0.411
Small seedlings 20–25 m 0.00 1.000
Large seedlings 0–5 m 0.07 0.573
Large seedlings 5–10 m 0.24 0.045
Large seedlings 10–15 m 0.16 0.179
Large seedlings 15–20 m 0.09 0.462
Large seedlings 20–25 m 0.01 0.913
Saplings 0–5 m 0.18 0.154
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Saplings 5–10 m 0.21 0.099
Saplings 10–15 m 0.32 0.011
Saplings 15–20 m 0.26 0.047
Saplings 20–25 m 0.40 0.005

A.4. Appendix

Bark thickness versus stem diameter of the most abundant woody species (i.e., 23 out of a total of 83).
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