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Abstract

Male and female dioecious tropical trees are subjected to distinct demands that may influence
their ecology. An example is Myrianthus holstii Engl. that produces persistent fruit eaten by
elephants and other large mammals that frequently damage the trees. Myrianthus holstii pop-
ulations were assessed with 24 2-km transects, spanning an elevation range of 1435-2495 m in
the Bwindi Impenetrable National Park in Uganda. Of 1089 stems > 5 cm diameter 449 were
female, 383 were male and the rest were non-fertile. We also noted one apparently monoecious
individual. Males produced flowers at smaller sizes than did females (minimum recorded diam-
eters 5.5 cm and 6.8 cm, respectively). Both sexes had similar distributions, favouring moder-
ately closed forest and mid-slope locations. Female trees were more frequently damaged and
typically slightly shorter than males at large diameters. Seedling densities were positively asso-
ciated with the presence of larger female trees. Our results are consistent with a life history
where both sexes have similar requirements, but fruiting females experience a greater frequency
of severe damage.

Introduction

The prevalence and life history characteristics of dioecious plants remain incompletely under-
stood despite considerable attention from evolutionary and ecological theorists and researchers
(Bawa 1980, Charlesworth & Charlesworth 1987, Givnish 1982, Thomson & Brunet 1990).
Dioecy occurs in an estimated 5-6% of angiosperm species spread over 987 genera and 175
families, with phylogenetic estimates suggesting dioecy has arisen from non-dioecious ancestors
between 871 and 5000 times (Renner 2014). Dioecious tree species are especially common in
tropical forests (Ohya et al. 2017).

Dioecious plant species exhibit male-biased (Matsushita et al. 2016, Ortiz et al. 2002,
Queenborough et al. 2013), female-biased (Gauquelin et al. 2002, Ueno et al. 2007, Wang
et al. 2013) and balanced populations (Morellato 2004). Our overall knowledge and understand-
ing of the form, physiology and ecology of dioecious plants remains incomplete and in all but a
few cases the causes and implications of imbalanced sex ratios remain poorly characterised
(Galfrascoli & Calvifio 2020, Juvany & Munné-Bosch 2015, Randriamanana et al 2015,
Retuerto et al. 2018). Nonetheless, some patterns are apparent. For example, while female-
biased populations are often associated with clonal and herbaceous growth forms and with abi-
otic pollination and dispersal mechanisms, male-biased populations appear more common
among longer-lived animal dispersed taxa (Field et al. 2013, Sinclair et al. 2012).

One area of interest is how dioecious species interact with herbivores (Ashman 2002, Avila-
Sakar & Romanow 2012). Various studies, and several overviews, suggest male plants are often
less well defended and tend to suffer higher levels of herbivore related damage (e.g., Cornelissen
& Stiling 2005, Jing & Coley 1990, Obeso 2002, Tonnabel et al. 2017). Nonetheless, female plants
sometimes attract greater attention leading to greater damage (Avila-Sakar & Romanow 2012,
Hemborg & Bond 2007, Romero-Pérez et al. 2020, van Blerk et al. 2017). Such patterns and their
implications have practical as well as theoretical implications as the need to maintain two life
histories means that dioecious species may be particularly vulnerable to rapid climate change
and other threats (Hultine et al. 2016, Petry et al. 2016, Tognetti 2012).

Mpyrianthus holstii Engl. is a distinctive palmate-leaved hollow-stemmed dioecious tree that
can reach 20 m tall (Iversen 1991, Katende et al. 1995). The male staminate flowers are small
green and packed together in bifurcating ‘stag horn’-like inflorescences, the clustered female
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pistillate flowers comprise more compact but still irregular inflo-
rescences, the fruit are hard, segmented, roughly globular, variable
in size, and they ripen from green to yellow to reddish brown over
several months. The fruit itself is 5-10 cm diameter and long-lived:
a tough yellow exo-carp ‘rind’ surrounds a pulp around each of sev-
eral (typically around 10) hard seeds of 1-2 cm diameter. The pulp
is sour (acidic) but sweet when sufficiently ripe (Fedrowitz et al.
2014). Taxonomists have moved the genus Myrianthus among
three families: from Moraceae to Cecropiaceae and more recently
to Urticaceae (Berg 1978, Wu et al. 2013). While mechanisms
governing sex determination are unknown for Myrianthus, phylo-
genetic evidence indicates descent from a sex chromosome pos-
sessing dioecious ancestor (see e.g., Prentout et al. 2020, Zhang
et al. 2019). Myrianthus holstii occurs in mountain forests across
Central and East Africa where its fleshy fruits are sought by various
wildlife (Kissa & Sheil 2012, Stanford & Nkurunungi 2003). In the
Bwindi Impenetrable National Park (henceforth ‘Bwindi’), the
fruits are also valued by people. While park authorities permit local
people access to certain resources (Bitariho et al. 2016) and
M. holstii fruits have long been requested in negotiating such access
(Wild & Mutebi 1996), collection of these fruits remains illegal
though not uncommon in accessible locations (pers. obs. all
authors).

Little is known about the ecology of this species, so our study
was broad and primarily exploratory. We assessed and compared
the form, structure and distribution of M. holstii populations. We
considered sex ratios, size classes, densities and environmental fac-
tors in three landscapes spanning a range of elevations. We recog-
nised that male and female trees may be subjected to distinct
pressures and requirements that might influence their distribution
and form (Barrett & Hough 2013, Chen et al. 2010). Specifically, we
knew that several large mammals, including elephants Loxodonta
africana Blumenbach appear to break M. holstii stems to access the
foliage and the fruits (Ssali et al. 2013; and pers. obs. all authors).
Noting that the fruits are sought by certain large mammals
we anticipated that female trees may suffer a different pattern of
damage (more severe and frequent) than male trees.

Study area

We conducted our study in the Bwindi Impenetrable National
Park (‘Bwindi’), a 331-km?> UNESCO World Heritage Site
(0°53'-1°08" S, 29°35'-29°50' E, Figure 1). Terrain is generally
steep with elevation ranging from 1190 m to 2607 m asl. The cli-
mate is equatorial with annual rainfall averaging between 1,130
and 2,390 mm with two rainfall peaks from March to May and
September to November (Ssali et al. 2019).

Bwindi was managed as a production forest from 1942 and gaz-
etted as a National Park in 1991. Past timber extraction, fires, land-
slides and other processes mean that areas of advanced secondary
regrowth are common. Field work is challenging given the rugged
and steeply sloped terrain and the often densely vegetated under-
storey (Sheil 2012). Land outside the forest is agricultural and
densely populated (around 150 people per km? https://www.
ubos.org/explore-statistics/20/ checked December 2020). The for-
est fauna includes gorilla Gorilla beringei Matschie, chimpanzee
Pan troglodytes Blumenbach and bush elephant Loxodonta afri-
cana Blumenbach—all of which feed on M. holstii fruit (Kissa &
Sheil 2012, Stanford & Nkurunungi 2003).

In order to cover a range of contexts, we studied three land-
scapes with different but overlapping elevation ranges spanning
over 1000 m in total (A = Buhoma, B = Rushaga and C =
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Figure 1. Map showing the location of Bwindi Impenetrable National Park within
Uganda (0°53'-1°08' S, 29°35'-29°50' E) and the location of the three study landscapes
within the park. A, B and C represent areas near Buhoma, Rushaga and Ruhija
respectively.

Ruhija; see Figure 1). Elevation ranged from 1450 m to 1850 m
at landscape A, 1800 m to 2250 m at landscape B and 2100 m
to 2500 m at landscape C.

Data collection

At each of the three sampling locations, M. holstii were sought and
assessed along eight 2-km transects, originating from the park
boundary to the interior, and placed parallel to each other 700
m apart approximately perpendicular to the mean park boundary
in that region. The location and direction of the first transect in
each location were predetermined using random coordinates to
avoid selection bias (Kissa & Sheil 2012). During field work,
between October 2009 and April 2010, two sampling procedures
were used: (1) a conventional belt transect approach with a fixed
width of 10 m (5 m to either side of the centre line); and (2) a
visual-detection-based distance approach or ‘Distance’ method
(Buckland et al. 2001, Kissa & Sheil 2012). It is the Distance derived
data that are the focus of the analyses presented here.

Along each transect, M. holstii trees over 1.3 m tall were
searched for and recorded by one assigned observer moving along
the transect centre focusing on complete coverage within 5 m
either side (for the 10 m-wide belt transect). Both horizontal dis-
tance along the transect and the nearest horizontal perpendicular
distance from the transect to each detected tree were recorded.
Seedlings were recorded in a 4 m radius around any recognised
female M. holstii trees found in the belt transect approach.

The relative strengths of the two approaches, the belt transect
and Distance Methods, have been examined in detail elsewhere
(Kissa & Sheil 2012). In brief, Distance sampling was found to
be well suited to Bwindi despite the often challenging conditions
posed by the dense vegetation and steep terrain (Sheil 2012).
When compared by equivalent costs, effort or ‘per stem’, the visual
detection approach yielded superior accuracy (narrower confi-
dence intervals on the estimate) than the fixed-width transects.
As we report in detail elsewhere, our initial assumption was that
fixed-width transects provide an unbiased reference for compari-
son with the Distance approach. Our results indicated that some
stems, particularly small stems, remained undetected in the
dense understory vegetation regardless of the approach. While
both approaches have potential biases due to such omissions the
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Distance Method accounts for these omissions, as perfect detection
is only assumed for the central line of the transect. The Distance
approach also detects many more stems than the fixed width
approach, which is especially useful for larger stems that occur
at low abundance (i.e., less than 10 per hectare)—important here
as it is primarily these larger stems that are fertile and can contrib-
ute to our comparison of male versus female stems (Kissa &
Sheil 2012).

For each tree, we recorded diameter (‘dbh’ measured at 1.3 m),
height, presence of fruits, presence and form of flowers (male or
female) and signs of damage (i.e., ‘browsed’ [evidence of leaves
and twigs having been bitten off with flattened twig ends],
‘debarked’ [bark removed and showing signs of teeth or tusks
and similar], ‘top-broken’ [missing upper portion of the stem]
or ‘leaning stem’ [tree shows signs that it has been pushed force-
fully enough to result in damage to roots and or tilted, skewed
or bent growth]), distance from the transect line and location coor-
dinates along with notes on site characteristics that include soil col-
our (though we lacked a systematic reference to permit objective
classification). We considered multi-stemmed trees as one individ-
ual by assigning a diameter that was equivalent to a hypothetical
single stem with a cross-sectional area equivalent to the combined
area of individual stems assuming all stems as circular in section.
The heights of trees between 1.3 m and 2.5 m tall were measured by
tape, and those of taller stems estimated using a clinometer.
Every 100 m along each transect, we recorded elevation (m, using
a hand held Global Positioning System unit), slope (degrees®, using
a clinometer), canopy closure (%, using a mirror densiometer),
local basal area (m? ha™!, using an angle gauge relascope) and slope
position (visually determined). For some summaries and analyses,
we categorised the trees as saplings (dbh > 0.3 cm and <5.0 cm)
comprising small saplings (dbh > 0.3 cm and < 2.5 cm) and large
saplings (dbh >2.5 cm but <5.0 cm) and as adults (dbh >5.0 cm)
comprising small adults (dbh >5.0 cm but <10.0 cm) and large
adults (dbh >10.0 cm). We used ‘non-fertile’ for trees with dbh
> 5 cm which did not bear flowers or fruits when observed.

To summarise, our evaluations here focus on the set of individ-
ual trees detected and measured using the Distance Method. In one
section, we also assess seedlings around likely-mother trees
detected and measured in the 10-m wide fixed width belt transect.

Analyses

Myrianthus holstii trees were designated as male, female or non-
fertile, based on the presence of fruits or flowers. Using generalized
linear models (GLMs) with a Gamma distribution and a log-link
function, we tested whether height is related to diameter and
whether the relationship differs by tree sex in each of the three
landscapes. Height was included as the response variable, while
diameter and tree sex were explanatory variables. We also tested
for differences in the incidence of damage using negative binomial
GLMs. All analyses used R (R-Core-Team 2020). Given the abun-
dance of multi-stemmed trees, we performed analyses that
involved tree size and structure both with and without multi-
stemmed individuals.

The distance-based estimation of stem densities (hereafter
‘Distance Method’) was conducted using DISTANCE 6.1 Release
2. This software estimates density in a defined length of transect
using the equation of Buckland et al. (2001):

o n
~ 2WLPa
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where n = total number of individuals of the population of interest
(trees) recorded, Wand L = transect width and length, respectively,
and Pa = probability of observing the population of interest. Four
standard detection functions that account for the decreasing like-
lihood of detecting individuals at greater distance were fitted to
each population of interest with 30 or more stems. After visual
evaluation to check that the data are well behaved (i.e. that the like-
lihood of detection for any individual on the centre line is one and
declines with distance), the best detection function was then
selected based on possession of the lowest value 'Akaike informa-
tion criterion' or AIC (Akaike 1974). This process was previously
described, with results including the selected detection functions,
and an assessment of various uncertainties, errors and biases in an
article which uses the same populations we examine here—the
curious reader should examine that article for these details
(Kissa & Sheil 2012).

Results

Using the Distance Method, we detected and measured 1643
M. holstii trees over our 48 km of transect (1421 stems had
height > 1.3 m while 122 stems were shorter). The total number
of larger stems, dbh>5 cm <10 cm and dbh > 10 cm, was 255
and 834, respectively.

Male and female trees

Flowering was prevalent throughout the study (October-March).
Using the Distance Method, we recorded 832 fertile trees: 383
males and 449 females (Tables 1 and 2)—an exact binomial
test indicated a significantly unbalanced secondary sex ratio,
P =10.024 with the 95 per cent confidence intervals for the ‘true’
proportion of females lying between 0.505 and 0.574. Only 38 trees
had ripe fruits at the time of recording. The smallest and largest
diameters of males were 5.5 and 88.0 cm and of females were
6.4 and 84.3 cm, respectively. Multi-stemmed individuals consti-
tuted 25.8% of all individuals dbh 5 cm or greater (i.e. 281 out
of 1089 individuals; 114 females, 120 males and 47 non-fertile indi-
viduals). No stems below 5 cm diameter were fertile, while 256
stems over 5 cm diameter were non-fertile and thus remained
unsexed. Nonetheless, female trees appeared overrepresented
among smaller size classes (Figure 2b). We chose three broad cat-
egories (diameters < 10.0-20.0 cm, 20.1-40.0 cm and greater than
40.0 cm) for sex ratio analyses and found a female-biased secon-
dary sex ratio, though this tendency was insignificant for stems
dbh > 40.0 cm (Table 1). We noted one large tree (dbh 30 cm
and outside the formal sample) bearing both male and female flow-
ers. As the number of non-fertile stems exceeds the difference
between counted males and females (i.e. 66 stems), a balanced pri-
mary sex ratio remains possible. Most non-fertile trees (86.4%)
were less than 20 cm in diameter (113 of 132 at A, 76 of 90 at
B and 33 of 35 at C).

Size and damage relationships

Visual evaluations suggested that males were typically taller than
females at larger diameters (i.e. over 20 cm dbh, Figure 2a).
Gamma GLMs confirmed that while height increased with diam-
eter (P<0.001 in all cases), the inclusion of sex as a co-factor
achieved significance only at landscape C, the inclusion or exclu-
sion of damaged and/or multi-stemmed trees had little influence
on these results (see also Appendices 1 and 2).
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Table 1. Myrianthus holstii trees aggregated by diameter size classes before and after excluding multi-stemmed individuals (in brackets) in the three different
landscapes within Bwindi (A = Buhoma, B = Rushaga and C = Ruhija)

Reproductive status

Diameter size class (cm) Sites Non-fertile Reproductive Female Male Sex ratio (fraction females) I P-value
>10<20 A 41 (36) 139 (97) 87 (60) 52 (37) 1.67 (1.62) 8.8 (5.5) 0.003 (0.020)
B 39 (30) 75 (48) 34 (24) 41 (24) 0.83 (1.0) 0.7 (0) 0.419 (1.000)
C 7 (5) 29 (18) 16 (10) 13 (8) 1.23 (1.25) 0.3 (0.2) 0.578 (0.637)
A+B+C 87 (71) 243 (163) 137 (94) 106 (69) 1.29 (1.36) 40(3.8)  0.047 (0.050)
>20 <40 A 16 (14) 178 (132) 107 (84) 71 (48) 1.51 (1.75) 7.3(9.8) 0.007 (0.002)
B 10 (8) 133 (96) 74 (54) 59 (42) 1.25 (1.29) 1.7 (1.5) 0.193 (0.221)
C 2(2) 56 (40) 27(19) 29 (21) 0.93 (0.9) 0.1 (0.1) 0.789 (0.752)
A+B+C 28 (24) 367 (268) 208 (157) 159 (111) 1.31 (1.41) 6.5(7.9)  0.011 (0.005)
>40 A 2(2) 32 (27) 20 (17) 12 (10) 1.67 (1.7) 2.0 (1.8) 0.157 (0.178)
B 4 (4) 46 (41) 22 (20) 24 (21) 0.92 (0.95) 0.1 (0.02)  0.768 (0.876)
C 0 (0) 25 (22) 10 (10) 15 (12) 0.67 (0.83) 1.0 (0.18)  0.317 (0.670)
A+B+C 6 (6) 103 (90) 52 (47) 51 (43) 1.02 (1.09) 0.01(0.2)  0.922 (0.673)
>10 A+B+C 121 (101) 713 (521) 397 (298) 316 (223) 1.26 (1.34) 9.2 (10.8) 0.002 (0.001)

Note: Significant values (P < 0.05) are highlighted in bold.

Table 2. M. holstii tree density + 95% confidence interval (and stem count) in each landscape (A = Buhoma, B = Rushaga, C = Ruhija). Tree density was estimated for
each population of interest with 30 or more stems using the Distance Method

Density ha (and stem count) in each landscape

Population A B C Method used
1) Overall population (diameter > 0.3 cm, height > 1.3 m) 16.34 + 2.70 (671) 11.47 + 1.23 (509) 4,99 +2.85 (241) Distance

2) Males (diameter > 10 cm) 2.22 +1.53 (135) 1.96 £ 0.93 (124) 0.88 £ 0.32 (57) Distance

3) Females (diameter > 10 cm) 3.61 +2.22 (214) 2.01 +1.21 (130) 0.67 + 0.48 (53) Distance

4) Non-fertile (diameter > 10 cm) 1.96 + 1.53 (59) 1.18 + 0.95 (53) 0.41 +0.28 (9) Distance

5) Males (diameter >5 cm <10 cm) 1.47 £ 0.51 (33) 1.08 + 0.44 (26) 0.32 £0.14 (8) Distance

6) Females (diameter >5 cm <10 cm) 1.25 +0.32 (29) 0.79 + 0.27 (16) 0.29 £ 0.21 (7) Distance

7) Non-fertile (diameter >5 cm <10 cm) 2.17 + 1.52 (73) 1.03 £ 0.97 (37) 1.13 £ 0.22 (26) Distance

8) Large saplings (diameter > 2.5 cm <5 cm) 3.17 + 1.24 (60) 2.81 + 1.67 (59) 1.34 +0.82 (38) Distance

9) Small saplings (diameter > 0.3 cm < 2.5 cm) 3.91 +2.28 (68) 3.08 + 4.2 (64) 2.23 £ 0.75 (43) Distance
10) Seedlings (height < 1.3 m) 1.56 + 0.15 (25) 0.69 + 0.16 (11) 0.38 + 0.18 (6) Fixed width
11) Top-broken trees (height < 1.3 m) 2.63 £ 0.17 (42) 1.69 + 0.31 (27) 0.69 + 0.24 (11) Fixed width

Six-hundred and ninety-eight trees (64.1%) showed significant
damage, with the form and nature of this damage varying with size.
GLM models estimated that at 10 cm dbh the probability of overall
damage sums to 90% but decreases at larger sizes (e.g., 39% at 40
cm dbh). Female trees exhibited browsing damage more
frequently than males (80% versus 63%, and 31% versus 24%,
at 10 and 40 cm dbh, respectively, see also Table 3; Figure 3).

Densities

Based on the Distance Method estimates, the density of M. holstii >
1.3 m tall (+ 95% confidence) averaged 8.65 + 2.13 ha’!, with
differences among landscapes (Kruskal-Wallis test: H=15.7,
P <0.001, Table 2). Local (plot-based) variation in the frequency
of females was positively associated with that of males and other
sub-populations (Figure 4). Our survey of seedlings around
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likely-mother trees revealed that 73 of the 449 females had one
or more seedlings (stems < 1.3 m tall) within 4 m. The highest
number of seedlings recorded beneath a single female was 7 at
A, 13 at B and 4 at C, while the average in each case was less than
1. The number of seedlings increased with female diameter in all
three landscapes (Spearman’s rank correlation: p = 0.34, P < 0.001
at A; p = 0.40, P < 0.001 at B; p = 0.33, P < 0.001 at Cand p = 0.37,
P <0.001 for all landscapes combined).

Environmental relationships

Elevation and soils: Myrianthus holstii (diameter >5.0 cm)
were detected over nearly the entire elevation range examined
(1451-2342 m of 1435-2495 m). Detection declined significantly
with elevation for all subpopulations except saplings (Figure 5a).
GLM analysis revealed that stem damage was significantly greater
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at higher elevations, with a distinct rise in the likelihood of damage
of female trees in locations above 2000 m asl (see Appendices 3
and 4). We noted that M. holstii appeared to favour darker soils
being scarce in valleys with pale-grey soils (DK pers. obs.).

Canopy closure and basal area

Number of detections by distance travelled increased with broad
categories of canopy cover (Figure 6a). This increase was most
obvious at the transition between the 51-75% and the 76-100%
cover categories, and significant differences were exhibited by all
subpopulations in the three landscapes. Nonetheless, these detec-
tions declined where basal area was above average (Figure 6b).

Slope position

Both male and female trees were detected more on mid-slopes
than in other topographic areas, though non-fertile individuals
and saplings were most frequently detected in hilltop locations
(Figure 6c¢).

Discussion

Previous work explored the value of Distance Methods in survey-
ing M. holstii populations in Bwindi’s rugged and sometimes
densely vegetated environment—that work also highlighted the
poor results and inefficiency of standard (fixed width) transects
in detecting stems and determining local stem densities in this
environment (Kissa and Sheil 2012). The work presented here
examines the ecological value of these data while also noting their
limitations. In due time, further improvements in how the Distance
Method and analyses are being applied should permit a more locally
nuanced examination that better distinguishes the factors that influ-
ence local density from those that determine the probability of detec-
tions (Marques et al. 2007, Miller et al. 2013, Schmidt & Deacy
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eter (cm) for female and male M. holstii stems (all data
combined); (c-d) Size-class distribution of detected
and measured male and female M. holstii trees.

2021). These methods and related developments deserve greater
application and evaluation in vegetation sciences where their use
remains scarce (e.g., Dias et al. 2016, Flesch et al. 2019). Our study
shows these methods are efficient and useful.

While we recorded a significantly female-biased secondary sex
ratio, males and females were detected to a similar degree in similar
environments. Both sexes suffered frequent damage, though larger
females appeared more frequently browsed than males and were
also shorter. While the trees spanned the full range of elevations
surveyed, they appeared moderately more abundant at lower ele-
vations—an effect slightly more marked for females than males.
Detection data suggest that the species favoured relatively closed
forest but avoided (or were less noted in) the densest areas.
They also were more often detected in mid-slope positions com-
pared to valley bottoms or ridge tops. While our detection method
may confound local factors that influence abundance and detect-
ability, it does permit us to ask if the resulting detection patterns
differ—for example, among male and female trees. Taken together,
these results indicate that while both sexes have similar require-
ments (exhibit similar patterns of detection) female trees exhibit
more damage than do males.

We observed one apparently monoecious tree. One of us has
subsequently observed another monoecious individual elsewhere
(in Uganda’s Buvuma Islands, DK pers. obs.). Taxonomic accounts
describe the genus Myrianthus as dioecious (De Ruiter 1976). One
monograph that considered Myrianthus as Cecropiaceae noted
that ‘all species of the Cecropiaceae family have unisexual inflores-
cences and are strictly dioecious’ (see page 43 of Berg 1978). Our
observations of M. holstii bearing both male and female inflores-
cences are thus surprising for indicating occasional monoecy.
Further work would be required to clarify if these observations
are anomalous, perhaps due to pathology or mutation, or are
characteristic.
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Table 3. Influence of diameter and sex on stem damage based on negative
binomial GLMs. Only female and male trees with diameter>10 cm were
considered

7 df P
Debarking
DBH 1.4 1 0.007
Tree sex 0.003 1 0.958
DBH X tree sex 1.2 1 0.283
Top-breaking
DBH 49.7 1 <0.001
Tree sex 0.1 1 0.750
DBH X tree sex 0.1 1 0.808
Browsing
DBH 36.6 1 <0.001
Tree sex 5.2 1 0.022
DBH X Tree sex 0.003 1 0.955
Leaning
DBH 1.0 1 0.321
Tree sex 0.2 1 0.692
DBH X tree sex 0.9 1 0.332
Any sign of stem damage
DBH 36.1 1 <0.001
Tree sex 1.4 1 0.232
DBH X tree sex <0.001 1 0.996

Note: Significant values (P < 0.05) are highlighted in bold.

Though Bwindi includes substantial areas of open forest
(canopy cover < 50%), M. holstii is associated with more closed
locations (c.f. Hawthorne’s Shade-bearers, Hawthorne 1996,
Sheil et al. 2006) but avoids (or is less readily detected in) forest
with the highest basal area (Figure 6). Furthermore, young trees
tend to be aggregated near mother plants (see Table 2). Despite
the higher abundance of adult trees at lower elevations, saplings
around mother trees appeared more abundant at higher elevations
(Figure 5a)—we speculate that this pattern may result from more
effective seedling establishment at higher elevations due to greater
densities of suitable seed dispersers (Mugerwa et al. 2013).

Sex ratios

We found a female-biased secondary sex ratio for M. holstii. Such
unbalanced sex ratios may reflect the adaptive consequences of
differences in male and female life histories (Tonnabel et al.
2017) or may reflect relative differences in detection. In many
plot-based studies of dioecious trees, small-sized non-fertile stems
have dominated, making assessments of sex ratios dependent on a
minority of fertile stems (but see, Queenborough et al. 2007, Gao
et al. 2012, Thomas & Lafrankie 1993). Our approach, using the
Distance Method, focuses greater attention on larger stems with
the majority being fertile (~ 76%). The earlier maturation observed
for males versus females in our study (see Figure 2b) is common in
dioecious species and is normally explained by lower reproductive
costs (Opler & Bawa 1978). Though a male biased ratio only arises
for stems smaller than 10 cm dbh in our study, such maturation
differences may generate overall male-biased secondary sex ratios
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in some species when larger adult stems are poorly represented
(Gao et al. 2012, Queenborough et al. 2007, Ueno et al. 2007).

In our study, non-fertile stems predominate at small sizes and
remain sufficiently common at larger sizes that a balanced primary
ratio remains plausible. The greater representation of females at
larger sizes (> 10 cm dbh) likely reflects phenology with female
trees typically bearing recognisable flowers or fruits for a greater
period than male trees bear flowers. Drawing on observations
made in the same forest, we note that the fruiting and flowering
phenology of 12 female (20.1 to 61.0 cm dbh) and 3 male M. holstii
(16.3 to 35.6 cm dbh) trees were assessed with monthly (but incom-
plete) observations spanning 8 years (September 2004-September
2012, see, Adamescu et al. 2018). These observations indicated that
females typically lack fertile structures, revealing their sex, less fre-
quently than males (11% versus 27% of observations, respectively,
while mean values for October-March, when our survey was con-
ducted, are 13% versus 36%, and the ratios for these same months
in the specific year of the study were 7% versus 14%). These limited
observations suggest that larger infertile trees are approximately
twice as likely to be male as female, which is consistent with a bal-
anced primary sex ratio underlying our survey data (i.e., assuming
two out of three non-fertile trees are male gives a similar count for
each sex, 480-490 individuals >5 cm dbh).

Greater female representation at lower elevations, as seen in our
data, has been observed for other dioecious species in various con-
texts (e.g., Garbarino et al. 2015, Grant & Mitton 1979, Ortiz et al.
2002, Petry et al. 2016). Interestingly, this tendency for female ver-
sus male function to increase at lower versus higher elevations has
been seen for flower ratios on monoecious taxa too (Vélez-Mora
et al. 2020). This pattern is generally attributed to less favourable
conditions constraining female functions more severely than male
(Cox 1981). In our study, both the frequency of fruit removal and
tree damage may also play a role: complete fruit removal prevents a
tree being allocated a sex, while any associated increase in canopy
breakage reduces the resources that a tree can invest in producing
fruit. Thus, female trees may fruit over a more extended period—
and thus be more likely to be recorded as female versus infertile—
at lower elevations in Bwindi in part because of greater investment
in fruiting and in part due to a lower intensity of large herbivore
activity and associated fruit removal and damage at these locations
(e.g., for elephants, see, Mugerwa et al. 2013, Ssali et al. 2013).

Size and damage

Damage was common on both sexes but more frequent and severe
on females. This is unlikely to be an artefact of our method as we
would expect more damaged trees (being incomplete and thus less
visible) to be less detected than less damaged stems. Studies of ‘arti-
ficial seedlings’ in Bwindi (an area near Ruhija and overlapping our
Landscape C) show that mean yearly damage per ‘seedling’ was
59.5 + SE 2.3% with most, 45.8 + 2.1%, due to vertebrates (Ssali
et al. 2019). While we cannot identify the various sources of dam-
age to larger trees with certainty, our observations suggest that
large mammals are a major cause, unlike the case with ‘artificial
seedlings’, the animals may be attracted by these palatable food
plants for both their foliage and their fruits. We know that
elephants push down M. holstii stems while browsing (Ssali
et al. 2013), while ripe fruits attract attention from elephants
and other large mammals such as gorillas and chimpanzees
(Stanford & Nkurunungi 2003) that sometimes break stems and
branches while feeding (Neufuss et al. 2019). M. holstii fruit draw
particular attention from various larger mammals that can and do
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Figure 4. Association between females and other populations of M. holstii (detected
males dbh > 5 cm, non-fertile individuals dbh > 5 cm and saplings dbh > 0.3 cm
< 5 cm) for all three landscapes combined. Each point is the sum of detected stems
within a 200 m-transect segment. The tested relationships were positive and highly
significant (females versus males: Spearman rank correlation, p = 0.68, n = 240,
P < 0.001; females versus saplings: p = 0.35, n = 240, P < 0.001).
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Figure 3. Per-stem likelihood of a M. holstii tree being
damaged versus diameter (dbh) for each tree sex.
Females are denoted by open circles (and green shading)
and males by crosses (and blue shading). Prediction lines
and 95% confidence intervals are based on coefficients
of negative binomial GLMs (see Table 2).

cause damage to these trees—thus impacting females in particular.
We note that M. holstii stems are hollow and weak for their size
when compared to other species of trees in the same region. As seen
in other forests where elephant damage is observed, severe damage
becomes less frequent as stems reach larger sizes, crown accessibil-
ity declines and stem strength increases (Sheil & Salim 2004).
Our observations for M. holstii thus contrast with generalisa-
tions from other biomes suggesting that female dioecious plants
experience less damage from herbivores than do males—a pattern
typically explained in terms of differences in defence and palatabil-
ity (Jing & Coley 1990, Obeso 2002, Tonnabel et al. 2017). We note
that while the foliage of both sexes of M. holstii attracts large her-
bivores, we remain unsure about differences in palatability. We
could envisage female trees being worse or better defended than
males due to the differing investments made in reproduction.
For example, females may plausibly have fewer resources available
to invest in defence or may have evolved to grow slower and be
better-defended compared to males. In any case, we are confident
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that the role of the large fleshy fruit is to attract animals that can
disperse the seeds and some of the difference in damage seen
among trees results from this fruit-related attention.

The situation with M. holstii has similarities to that of the
African dioecious savanna trees Sclerocarya birrea (A. Rich.)
Hochst (Anacardiaceae). Fruiting females of this species attract
damage from elephants and tend to possess shorter, stockier stems
and less ramified branches than males suggesting adaptations to
resist such injuries (Hemborg & Bond 2007). From our data on
M. holstii, we are unable to distinguish with confidence if females
being typically shorter than males at larger diameters was an inher-
ent character, or a consequence of repeated damage, or might
reflect both. As a suggestion for future work, we note this might
be more easily clarified by also considering locations where large
frugivores are scarce or absent thus reducing associated damage. In
any case, both tree species, M. holstii and S. birrea, represent cases
where fruit or seed eating animals cause greater damage to female
plants (see also, e.g., Avila-Sakar & Romanow 2012, Romero-Pérez
et al. 2020, van Blerk et al. 2017).

The evolutionary context for these trees in terms of the nature,
intensity and variation in herbivore-related damage may not be
well represented by current conditions. The rates of animal damage
seen in Bwindi may differ from those under which M. holstii
evolved. We suspect that while some variation will always arise,
much larger differences have likely arisen in recent centuries as
densities of larger fauna, such as elephants, have fluctuated far out-
side prehistoric norms as populations have been eliminated from
some forests and restricted to others (Sheil 2020). The conse-
quences of variable conditions on dioecious populations remain
an important subject of research (Bialic-Murphy et al 2020,
Tonnabel et al. 2017).

Stem densities and distributions

Our observations show that male and female M. holstii favour sim-
ilar environments (Figure 4). Mature stems (male and female)
decreased significantly with elevation across all landscapes
(Figure 5a).

Conclusions

Male and female M. holstii trees are similarly distributed within the
landscape. The populations indicate a female-biased secondary sex
ratio, while a close to balanced primary ratio appears likely. Among
larger stems, female trees tend to be shorter and more frequently
damaged than males of similar diameters. Our observations of
M. holstii add to a handful of studies of dioecious plants in which
female plants suffer greater damage than males.
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Appendix 1:

Height and diameter (dbh) relationship for male and female M. holstii trees in each of the sampled landscapes based on Gamma GLMs
with log link. Significant values (P < 0.05) are highlighted in bold. Height was included as a response variable. Details of the GLMs are
provided in Appendix 2.

All trees included Damaged trees excluded Multi-stemmed trees excluded

7 Df P 7 Df P 7 Df P

a) Without sex
Landscape A

dbh 66.4 1 <0.001 13.2 1 <0.001 42.4 1 <0.001
Landscape B

dbh 53.0 1 <0.001 22.2 1 <0.001 47.4 1 <0.001
Landscape C

dbh 23.9 1 <0.001 0.26 1 0.612 18.4 1 <0.001
All landscapes combined

dbh 147.3 1 <0.001 26.2 1 <0.001 113.1 1 <0.001
b) With sex
Landscape A

dbh 66.2 1 <0.001 13.2 1 <0.001 42.9 1 <0.001

Tree sex 0.1 1 0.819 0.5 1 0.485 0.8 1 0.388
Landscape B

dbh 52.2 1 <0.001 22.0 1 <0.001 46.3 1 <0.001

Tree sex 11 1 0.304 0.01 1 0.927 0.6 1 0.459
Landscape C

dbh 23.2 1 <0.001 0.4 1 0.512 18.8 1 <0.001

Tree sex 5.0 1 0.026 1.0 1 0.312 2.4 1 0.119
All landscapes combined

dbh 146.2 1 <0.001 26.0 1 <0.001 112.4 1 <0.001

Tree sex 1.8 1 0.177 0.6 1 0.440 3.1 1 0.077
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Appendix 2:

Outputs from Gamma GLM:s (log link) on height and diameter (dbh) relationship between male and female M. holstii trees in each of the
sampled landscapes. Height was included as a response variable. Significant values (P < 0.05) are highlighted in bold.

All trees included Damaged trees excluded Multi-stemmed trees excluded
Estimate SE P Estimate SE P Estimate SE P

Without sex
Landscape A

Intercept 0.14 0.002 <0.001 0.13 0.003 <0.001 0.13 0.003 <0.001

dbh -0.001 0.001 <0.001 -0.001 0.0001 <0.001 -0.001 0.0001 <0.001
Landscape B

Intercept 0.14 0.002 <0.001 0.13 0.01 <0.001 0.14 0.003 <0.001

dbh -0.001 0.001 <0.001 -0.001 0.0001 <0.001 -0.001 0.0001 <0.001
Landscape C

Intercept 0.13 0.004 <0.001 0.12 0.004 <0.001 0.13 0.005 <0.001

dbh -0.001 0.001 <0.001 -0.001 0.0001 <0.001 -0.001 0.0001 <0.001
All landscapes combined

Intercept 0.13 0.002 <0.001 0.13 0.002 <0.001 0.13 0.002 <0.001

dbh -0.001 0.001 <0.001 -0.001 0.0001 <0.001 -0.001 0.0001 <0.001
With sex
Landscape A

Intercept (male) 0.14 0.003 <0.001 0.13 0.003 <0.001 0.13 0.003 <0.001

dbh -0.001 0.001 <0.001 -0.001 0.0001 <0.001 -0.001 0.0001 <0.001
Tree sex (female) 0.001 0.002 0.819 -0.004 0.002 0.088 0.002 0.002 0.388
Landscape B

Intercept (male) 0.13 0.003 <0.001 0.13 0.01 <0.001 0.14 0.003 <0.001

dbh -0.001 0.001 <0.001 -0.001 0.0001 <0.001 -0.001 0.0001 <0.001
Tree sex (female) 0.002 0.002 0.305 0.01 0.004 0.191 0.002 0.002 0.460
Landscape C

Intercept (male) 0.12 0.004 <0.001 0.12 0.004 <0.001 0.12 0.01 <0.001

dbh 0.001 0.001 <0.001 -0.001 0.0001 <0.001 -0.001 0.0001 <0.001
Tree sex (female) 0.01 0.003 0.028 0.01 0.003 0.013 0.01 0.004 0.123
All landscapes combined

Intercept (male) 0.13 0.002 <0.001 0.13 0.002 <0.001 0.13 0.002 <0.001

dbh -0.001 0.001 <0.001 -0.001 0.0001 <0.001 -0.001 0.0001 <0.001
Tree sex (female) 0.002 0.001 0.177 0.001 0.002 0.515 0.003 0.002 0.077
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Influence of location on the occurrence (with shaded 95% confidence intervals) of stem damage based on negative binomial GLMs. Each of
these five models included seven single factor variables. Significant values (P < 0.05) are highlighted in bold. Predicted effects of the

significant variables are presented graphically in Appendix 4.

Any sign of stem

Debarking Top-breaking Browsing Leaning damage
df 7 P 7 P 77 P 7 P x P
dbh 1 9.6 0.002 46.1 <0.001 32.5 <0.001 11 0.286 342 <0.001
Tree sex 1 0.1 0.784 0.4 0.523 7.0 0.008 0.3 0.611 2.6 0.107
Elevation 1 10.0 0.002 2.2 0.134 17 0.189 0.2 0.677 5.8 0.016
Edge distance 1 0.01 0.918 3.2 0.76 3.6 0.057 0.9 0.353 2.9 0.088
Canopy cover 1 0.003 0.959 0.01 0.909 0.3 0.571 5.0 0.025 0.4 0.508
Local basal area 1 0.6 0.456 14 0.242 2.1 0.147 1.0 0.327 0.6 0.437
Slope position 2 0.5 0.793 0.3 0.847 1.9 0.390 0.1 0.947 12 0.547
Appendix 4:
Debarking Leaning
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Per-stem likelihood (with shaded 95% confidence intervals) of stem damage based on negative binomial GLMs of the significant predictor variables (see Appendix 3). Females are
denoted by open circles (and green shading) and males by crosses (and blue shading).
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