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ABSTRACT

Psidium guajava L. has been documented as an exotic invasive species in many parts of the world, but little is known
about its interactions with native woody species during secondary forest succession in tropical forests. Its invasion
and interactions with native species in different stages of secondary forest succession were assessed in Kakamega
Rainforest in western Kenya. The study covered three forest blocks each with five different forest types, namely:
open fields, young secondary forest, middle-aged secondary forest, old-growth secondary forest and disturbed pri-
mary forest, which served as the control. Open fields that were subjected to frequent clearing to control the spread
of Psidium guajava remained under a thicket of the species two decades later. On the other hand, open fields where
Psidium guajava was ignored, either due to lack of resources or sheer neglect, transformed into young secondary
forest stands within a decade. The transformation increased woody species richness from 2.0+0.0 to 5.0+0.0 ha™,
and the Shannon diversity index from 0.30+0.33 to 1.10+0.01. It reduced the dominance of Psidium guajava from
80.5+22.7 to 62.26+0.84% and changed the canopy structure. The change in canopy structure led to the mortality of
Psidium guajava stems in the sub-canopy and understory layer, which significantly reduced its stem density from
1,1114313 to 639.4+45 stems ha'. The pattern was repeated in middle-aged secondary forest stands with woody
species richness increasing to 26.0+8.2 ha'', and Shannon index to 2.72+0.32. Psidium guajava’s dominance and
stem density decreased further to 30.44% and 400.57 stems ha™!, respectively, due to mortality attributed to shading
by native tree species. In the old-growth secondary forest, only snags of Psidium guajava were recorded. The spe-
cies was not represented in the disturbed primary forest. The results indicate that Psidium guajava facilitates second-
ary forest succession by allowing shade-tolerant native tree species to recruit and grow in its shade. It is thereafter
eliminated when the native species close the forest canopy. The species can be ecologically manipulated to facilitate
post-disturbance forest regrowth and thereafter removing it when the forest canopy begins to close.

Keywords: Guava, forest regrowth, tropical forests, ecological manipulation.
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benefits [Simberloff, 2011; Ricciardi & Ryan,
2018; Urquia et al., 2019]. Other studies, how-
ever, state that most exotic species invasions
do not lead to harmful effects, but provide use-
ful products such as timber, fuel wood and food
[Sagoff, 2005, 2007; Davis et al., 2011]. Empiri-
cal data on the population dynamics of exotic in-
vasive species and their interactions with native
species may provide useful insight on how to
control their spread and minimize their ecologi-
cal and economic impacts. Tropical forests are
some of the habitats that have come under a great
deal of invasion by exotic invasive woody spe-
cies for several decades, but have received little
attention in terms of invasion species research
[Fine, 2002; Brown et al., 2006; Dawson et al.,
2008; Junaedi et al., 2018]. Psidium guajava L.,
the common guava, an exotic invader with a great
ability to spread and outcompete native species
in its new habitats, has become one of the most
aggressive exotic invasive plant species in these
forests [Global Invasive Species Database, 2015;
Adhiambo et al., 2019; Urquia et al., 2019]. Ef-
forts of forest managers to control its spread have
not recorded much success, making it a suitable
candidate for invasion research.

P guajava, a native of tropical America, par-
ticularly southern Mexico and Central America,
was introduced to most tropical and sub-tropical
locations of the world for its edible fruit [Gupta
et al.,, 2011; Global Invasive Species Database,
2015; Kidaha et al., 2015; Omayio et al., 2019].
Its high nutritional value, ability to grow in a wide
range of eco-climatic zones and ease of cultiva-
tion have made it an important commercial crop
in North America, Asia, Africa, Oceania and parts
of Europe [Sakai et al., 2001; Pereira et al., 2016;
Global Invasive Species Database, 2015]. The
species, which belongs to the Myrtaceae family,
thrives in tropical humid and sub-humid zones
at an elevation range of 0 to 2740 m above sea
level and an annual rainfall of 1,000 to 2,000 mm
[Global Invasive Species Database, 2015; Pereira
et al., 2016; Chiveu et al., 2019]. It prefers full
sunlight, but also grows under partial shading
[Pereira et al., 2016]. It is a shallow-rooted, ev-
ergreen shrubby tree that grows to 6 — 10 m in
height, occasionally growing beyond 20 m, with a
trunk diameter of about 30 cm [Orwa et al., 2009].
It tends to have a crooked trunk with a boney ap-
pearance. It prefers well-drained soils with a pH
of 5 to 7, but can grow in most soil types, includ-
ing temporarily waterlogged conditions [Gupta et

al., 2011; Orwa et al., 2009]. However, it cannot
tolerate salty soils. It is mostly self-pollinated,
but also exhibits cross-pollination by the honey-
bee and other pollen-carrying insects [Pereira et
al., 2016]. Its fruit is highly nutritious with a very
high content of vitamin C, vitamin A and zinc
[Kidaha et al., 2015; Omayio et al., 2019]. It is
mostly eaten raw, but can also be processed indus-
trially to produce packed juice and jam or sliced
and used in salads and desserts [Global Invasive
Species Database, 2015; Omayio et al., 2019;
Chiveu et al., 2019]. Its ripe fruit is also used as a
source of ascorbic acid in many foods and drinks.
P guajava wood is highly valued in carpentry,
and also as fencing posts and handles for various
household implements [Global Invasive Species
Database, 2015]. It is also a useful source of fire
wood and charcoal. Its leaves and bark have high
tannin content, useful in tanning hides. Guava tea,
made from its leaves or bark, has many medicinal
uses, such as cure for diarrhoea and dysentery,
stomach upsets, vertigo and regulating menstrual
periods in women [Ojewole et al., 2008]. Its seeds
are dispersed by several animal species, includ-
ing frugivorous birds, monkeys, rats and feral
pigs, which feed on it due to its high nutritional
value [Ojewole et al., 2008; Naseer et al., 2018].
It grows mostly from seeds, which can remain vi-
able in the soil for several months [Global Inva-
sive Species Database, 2015]. Its seeds take two
to three weeks to germinate, but this can last up
to 8 weeks. The species also grows by vegetative
propagation through root cuttings.

Like other invasive species, P guajava es-
tablishes dense local populations and exhibits a
rapid range of expansion once it occupies a habitat
[Sakai et al., 2001]. The species tends to overun
open fields and pastures with its dense thickets,
which in most cases end up excluding native scrub
that occupied such sites prior to its emergence
[Global Invasive Species Database, 2015; Urquia
etal., 2019]. Despite being highly invasive in some
parts of the world, P. guajava is not so noxious in
others. In such areas, attention has been focused
on its desirable economic attributes [Ojewole et
al., 2008; Kawawa et al., 2016]. Such positive at-
tributes have made some countries to downgrade
it to a category two invader, which means that it
is allowable under managed conditions. Visual ob-
servation indicates that the species tends to thrive
for decades in open fields particularly if repeat in-
cidents of site disturbance upset the process of nat-
ural forest recovery. Some of the repeat incidences
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of site disturbance include efforts by forest manag-
ers to control its spread by cutting its stems in open
fields. Conversely, if left uncut, shade-tolerant na-
tive woody species quickly emerge in its shade and
end up outgrowing it and the species gradually dis-
appears as the open fields develop into secondary
forests. In locations outside forests, it aggressively
colonizes road sides and farmlands that are left fal-
low for a period of time, but it is easily eliminated
when the farms are cultivated.

In Kenya, forest managers have struggled
to eliminate P. guajava by clearing it from open
fields for the past two decades, but this has always
promoted a more vigorous regrowth than the initial
situation. Most of these clearings are often driven
by forest restoration interventions, which basically
entail tree planting. However, P. guajava always
overruns the planted trees within one year. In open
fields where P. guajava has remained undisturbed
for close to a decade, early successional native spe-
cies have appeared and grown alongside the exotic
invasive species. This has made some studies to
suggest that the species has a facilitative role in
secondary forest succession [Berens et al., 2008].
The objective of this paper was to investigate the
invasion pattern and ecological interactions of P,
guajava with native tree species along the second-
ary forest succession trajectory in Kakamega Rain-
forest in western Kenya. The study followed the
species from its point of emergence in open fields
through to young, middle-aged and old-growth
secondary forest stands. The primary forest served
as the control for the study. The study relied on
data obtained through a chronosequence approach,
which assumed that secondary forest succession in
all the different secondary forest stands began from
open fields created through clear-felling of the
primary forest. Findings of this study hold great
promise in improving our understanding of the
role of P. guajava in forest regrowth and how this
can be used to ecologically manipulate its spread
within tropical forest ecosystems.

MATERIALS AND METHODS

Study site

The study was carried out in Kakamega For-
est in western Kenya between February 2018
and March 2019. The forest is an eastern relic of
the African equatorial rainforest [Farwig et al.,
2009; Kituyi et al., 2018]. It lies 0° 10’ N & 0°
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Figure 1. A map showing Kakamega Rainforest
in western Kenya and some of its blocks

21’ N and 34° 47" E & 34° 58’ E at an elevation
of 1,600 to 1,700 m above sea level (Figure 1)
[Fashing & Gathua, 2004]. The area experiences
a hot and wet climate with a mean temperature
of 25°C and an annual precipitation of 1,500 to
2,000 mm [Otuoma et al., 2014; Adhiambo et
al., 2018]. The forest ecosystem has 986 species
of vascular plants, including 112 woody spe-
cies, 300 bird species and about seven endemic
primate species [Fischer et al., 2010; Otuoma et
al., 2016]. The vegetation within the rainforest
comprises a disturbed primary forest, secondary
forests in different stages of development, several
plantation forests and open fields that are used
by locals are grazing areas [Tsingalia & Kassily,
2009; Adhiambo et al., 2018]. The old-growth
natural forest stands are dominated by evergreen
tree species such as Funtumia africana (Benth.)
Stapf, Strombosia scheffleri Engl., Trilepisium
madagascariense DC., Antiaris toxicaria Lesch.,
Ficus exasperata Vahl, Croton megalocarpus L.
and Celtis gomphophylla Baker [Glenday, 2006;
Lung, 2009]. The forest supports an adjoining
human population of about 300,000 people who
are distributed in surrounding farmlands and mar-
ket centres [Kenya National Bureau of Statistics,
2019]. The forest is an important source of tim-
ber, fuel wood, construction poles, herbal medi-
cine, fiber, pasture for livestock, wild fruits and
traditional vegetable for the local community and
also for Kenya’s economy [Kituyi et al., 2018].
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Study design

The assessment was carried out in three forest
blocks, namely: Isecheno, Kibiri and Yala. Each of
the forest blocks had five different natural forest
habitat types, which comprised the treatments of
this study. These included a disturbed primary for-
est (exposed to mild extraction of trees by locals
in the 1990s, but never subjected to commercial
logging nor significant human disturbance), old-
growth secondary forest (primary forest stands that
were clear-felled during the gold rush of 1920s and
1930s and thereafter regrew into secondary for-
est), middle-aged secondary forest (primary forest
stands that were clear-felled much later for com-
mercial hardwood and thereafter regenerated into
secondary forest), young secondary forests and
open fields. The treatments served as sub-blocks,
which were nested within each of the three forest
blocks. The treatments were delineated using for-
est compartment registers [Kenya Forest Service,
2010]. Data were collected from the five sub-blocks
using a variable area technique, which ensured that
trees of different stem sizes were assessed in sam-
pling plots of different sizes to enhance the prob-
ability of obtaining tree data in equal proportions
[Nath et al., 2010; Otuoma et al., 2016]. The sam-
pling unit comprised a concentric sample plot of
30 m radius as well as sub-plots with radii of 15 m,
10 m and 5 m. The sub-plots were nested within
the sample plot each beginning from the center of
the sampling unit. There were five sample plots in
each of the five sub-blocks, which gave a total of
75 sample plots in the three forest blocks. The first
concentric sample plot was located in the middle
of a sub-block. Subsequent sample plots were lo-
cated away from the centre in a Cartesian approach
in a clockwise fashion [Otuoma et al., 2016]. The
distance between the first sample plot and each of
the other four sample plots was 200 m. The study
employed a nested experimental design [Kuehl,
2000; Onwuegbuzie & Leech, 2007].

Data collection

Stratified systematic sampling was employed
to collect data on woody species names, tree
height, stem diameter at breast height (DBH) and
canopy stratification within sample plots in each
of the five habitat types [Gregoire & Valentine,
2007; Coe, 2008]. The sample plots were sys-
tematically located from the center of sub-blocks,
while tree assessment was stratified on the basis of
size of stem DBH. Woody species were identified

by their botanic names with the assistance of a
plant taxonomist. Those species that could not
be identified in the field had their specimens col-
lected and taken to the herbarium for identifica-
tion using previous collections. The data on tree
DBH were obtained by measuring tree diameter
in centimetres at 1.3 m above the ground using a
diameter tape. The DBH of trees with a buttress
was measured above the buttress. Tree height was
measured in meters using a suunto clinometer. The
canopy location of the crown of each individual
tree was also recorded. The possible canopy cat-
egories were emergent, main, sub-canopy, under-
story and shrub layer. The information on the age
of secondary forest stands, cause of disturbance
and post-disturbance land use was obtained from
forest compartment registers at the Kenya Forest
Service office in Kakamega Forest [KFS, 2010].

Data analysis

Woody species richness was derived as a
count of individual species in a forest habitat
type. Woody species diversity was calculated us-
ing the Shannon diversity index [Pena-Claros &
De Boo, 2002; Magurran, 2004; Newton, 2007].
Woody species dominance was calculated as im-
portance value index, which is the mean of rela-
tive frequency, relative abundance and relative
basal area [Guariguata et al., 1997; DeWalt et al.,
2003; Lu et al., 2010]. Stem density was calcu-
lated by converting the data on stem counts from
sample plot level to hectare level. The variations
in species diversity, species dominance and stem
density among the five forest habitat types were
analyzed using analysis of variance in Minitab
Version 19 at 5% significance level [Minitab®
Statistical Software, 2019]. Post hoc tests were
carried out to separate means using the Tukey test
at 5% significance level [Sokal and Rohlf, 2012].

RESULTS

Woody species richness and diversity

A total of 1,823 woody plants from 32 fami-
lies and 73 species were recorded. Species rich-
ness ranged between 2.0+0.0 and 34.67+3.53 per
ha, which resulted in a significant variation in
woody species richness among the five vegeta-
tion types (F(1,4) = 28.09; p < 0.0001). Post-hoc
analysis indicated that the variation was caused
by significantly lower woody species richness in
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open fields and young secondary forest stands
(Table 1). The variation in the woody species
richness among middle-aged secondary forest,
old-growth secondary forest and the disturbed
primary forest was not statistically significant
(Table 1). Shannon diversity index indicated a
significant variation in woody species diversity
(Fc1,4) = 44.31; p < 0.0001). The variation was
caused by significantly lower woody species di-
versity in open fields and young secondary forests
(Table 1). These results suggested a strong posi-
tive correlation between increase in stand age and
increase in woody species richness and diversity
during the first three decades of secondary forest
succession. Beyond thirty years, however, stand
age did not appear to have a significant influence
on species richness and diversity (Table 1).

Occurrence and dominance of P. guajava

P. guajava was recorded in all the vegetation
types except the disturbed primary forest. It oc-
curred in the old-growth secondary forest as snags
only. In the middle-aged secondary forest and
young secondary forest, it was represented both
as live stems and snags. Analysis of its dominance
status across the four vegetation types in which it
was represented showed mixed results. In open
fields, for instance, it had a dominance value of
80.5+22.7%, but it was not statistically dominant
(F1,1) = 3.85; p = 0.145) over Vernonia lasio-
pus O. Hoffm. (40.7+21.2%), which was the only
other woody species in this vegetation type (Table
2). In the young secondary forest, P. guajava was
statistically more dominant than all the other four
woody species found in this vegetation type (F(1,4)
=1,865.61; p < 0.0001). However, its dominance
value had reduced to 62.26+1.45% down from the
80.5+22.7% in the open fields. The dominance

value of the other four species in the young sec-
ondary forest ranged between 15.28+0.12% and
56.56+1.12%, which was quite high, considering
that these species were new recruits. In the middle-
aged secondary forest, P. guajava was recorded in
only one out of the three replicates. This replicate
had the lowest stand age of 27 years. The two rep-
licates that did not have the species had stand ages
of 30 and 43 years. There was no significant varia-
tion in woody species dominance in this vegeta-
tion type (F(1,43) = 0.88; p = 0.658). Moreover,
P guajava was not the most dominant species in
the vegetation type (Table 2). In the old-growth
secondary forest, the variation in the dominance
value of woody species was insignificant (F1,57)
=1.06; p=0.423). However, P. guajava was repre-
sented in this vegetation type only as snags, which
we considered to have had no effect on the occur-
rence and dominance of other woody species. The
P guajava snags were recorded in only one out
of the three replicates of the old-growth second-
ary forest. These results suggested that the occur-
rence and dominance of P. guajava decreased with
progression in secondary forest succession, up to a
point where it was completely eliminated through
shading by native species.

Apart from the observations about the varia-
tion in P. guajava occurrence and dominance with
stand age, the results brought to light an interest-
ing phenomenon. As the abundance of P. guajava
was decreasing with progression in secondary
forest succession, another exotic tree species,
Bischofia javanica Blume — commonly referred to
as Bishop Wood, was emerging. This is a highly
invasive early successional shade-tolerant species,
which seemed to have utilized the shade provided
by P. guajava to recruit in this tropical rainforest.
The source of its recruits in the natural forest was
seed from its plantations, which were established

Table 1. Woody species richness and diversity in five natural forest vegetation types with different stand ages in

Kakamega Rainforest in western Kenya

Vegetation type Mean stand Spem_es nchnesi Shannon diversity index*
age (years) (species per ha)
Open field 5 2.00 + 0.00° 0.30 £ 0.33°
Young secondary forest 10 5.00 + 0.00° 1.10 £ 0.01°
Middle-aged secondary 33.3 26.00 + 8.192 272 £0.322
Old secondary forest 63.3 34.67 £ 6.11° 2.85+0.382
Disturbed primary forest (control) 150 29.00 + 3.612 2.61+0.302
Fi14) = 28.09; Fiyq) =44.31;
p < 0.0001 p <0.0001
LSD =4.84 LSD =0.30
*Means that do not share a letter are significantly different.
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Table 2. A list of five most dominant woody species in different forest vegetation types in Kakamega Rainforest in

western Kenya. Open fields had only two woody species

Vegetation type Dominant woody species IVI** Mean height (m)

Open field Psidium guajava 80.5 £ 22.72 3.26 £ 0.28

Vernonia lasiopus 40.7 £21.22 3.04 £0.04

Young secondary forest Psidium guajava 62.26 + 0.842 10.33£0.23

Bischofia javanica 56.56 + 0.67° 11.72 £ 0.31

Bridelia micrantha 39.75 £ 0.20° 18.79 £ 0.23

Markhamia lutea 19.52 £ 0.10¢ 6.38 £ 0.07

Maesopsis eminii 15.28 £ 0.07¢ 2.33+0.08

Middle-aged secondary Bischofia javanica 32.61 + 13.85° 1211 £6.23
Psidium guajava 30.44 + *a 724+

Sapium ellipticum 30.15 £ 10.67% 25.97 + 0.63

Spathodea campanulata 29.69 + 9.54% 20.38 + 3.50

Funtumia africana 27.40 £ 11.17% 16.46 + 3.05

Old secondary forest Funtumia africana 34.23 £10.702 20.49 £ 0.86

Trilepisium madagascariense 27.32 £ 10.44%° 29.01+£2.30

Antiaris toxicaria 26.88 + 10.15%0° 30.32+£2.10

Celtis africana 26.03 + 10.632¢ 26.5+11.5

Strombosia schefflerii 24.5 + 14 5% 23.06 + 0.94

Disturbed primary forest Funtumia africana 38.68 + 1.30° 29.87 £ 6.06
Craterispermum scheinfurthii 37.95 + *ab 870+~

Trilepisium madagascariense 32.09 + 5.2230° 25.15+8.25

Antiaris toxicaria 30.82 + 8.44abd 33.19+0.71
Rinorea brachypetala 29.41 4 *abode 9.32+*

**Means that do not share a letter are significantly different.

*Data was available in only one replicate.

in this rainforest in the early 1960s to assist in re-
habilitating clear-felled primary forest sites.

Contribution of P. guajava to stem density

A comparison of the abundance of P. guajava
stems against the overall stem density of each of
the vegetation types in which the species was rep-
resented reported a significant variation in stem
density (F1,7) = 5.27; p = 0.006). The post-hoc
test indicated that the variation was caused by
the availability of significantly more stems of
other woody species in young secondary forest,
middle-aged secondary forest and old-growth
secondary forest than P. guajava stems. The open
fields did not record a significant difference be-
tween overall stem density and P. guajava stems.
This is because a greater proportion of their stem
density was contributed by the latter (Figure 2).
The results suggested that the emergence of new
species along the secondary forest successional
pathway lead to a gradual reduction in the stems
of P. guajava, a situation which became signifi-
cantly greater with increase in stand age.

Distribution of P. guajava in
forest canopy layers

The stand structure of the open fields was ba-
sically made of shrubby life-forms, most of which
comprised P. guajava. In the young secondary
forest, the species occupied the shrub, understory,
sub-canopy and main canopies. In the middle-aged
secondary forest, it occupied the shrub, understo-
ry, sub-canopy layers. It was missing in the main
and emergent canopy layers. In the old-growth
secondary forest, it occupied the understory and
sub-canopy layers (Table 3). These results sug-
gest that the species tended to shift from the main
canopy to the sub-canopy, understory and shrub
layers as secondary forest succession progressed.
All the stems of P. guajava in the old-growth sec-
ondary forest were snags and they occupied the
understory and sub-canopy layers. In the young
secondary and middle-aged secondary forests,
6.0% and 8.7% of the stems were snags, respec-
tively, and they belonged mainly to P guajava.
The snags occupied the understory and sub-cano-
py layers in the young secondary and middle-aged
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Figure 2. A comparison of overall stem density against P. guajava stems only in each vegetation type
in Kakamega Rainforest in western Kenya. The comparison is intended to illustrate the observed
reduction in the species’ stem density along the secondary forest succession trajectory. Only live

tree stems were considered. Means that do not share a letter were significantly different

secondary forests (Table 3). The presence of snags
in the understory and sub-canopy layers of the
young, middle-aged and old-growth secondary
forests suggested that native recruits that emerged
in these vegetation types ended up occupying the
main and emergent canopies, which shaded P,
guajava in the process and led to its mortality.

DISCUSSION

P. guajava invasion and interactions
with other woody species

The results of this study suggest that P. gua-
java thrives better in open fields than in closed

canopy stands. This points to a light-demanding
early successional species that takes advantage of
the opportunities presented by forest disturbance,
particularly disturbance incidences that result in
full penetration of sunlight to the ground level.
The observation suggests that the species is likely
to spread more rapidly under conditions of repeat
incidences of disturbance in a forest ecosystem.
This partly explains the reason why forest man-
agers have been unsuccessful in their efforts to
eliminate the species through cutting of its stems
in open fields. It also explains the reason the spe-
cies is able to easily outcompete most of the na-
tive woody species in open fields. As illustrated by
other studies, some of the features that enable P,

Table 3. Distribution of P. guajava in canopy layers of secondary forests of different stand ages in Kakamega

Rainforest in western Kenya

Vegetation type Mean stand age (years) Canopy layer Status Stems (ha™)
Old secondary forest 63.3 Sub-canopy Snag 531+~
63.3 Understory Snag 53.1+*
Middle-aged secondary 33.3 Sub-canopy Snag 142+*
33.3 Understory Snag 319+*
33.3 Understory Live 1274 +*
33.3 Shrub Live 5945 + *
Young secondary forest 10 Main Live 28.3+14.2
10 Sub-canopy Snag 59.8 £ 22.6
10 Sub-canopy Live 484 +7.7
10 Understory Snag 43.4 +20.3
10 Understory Live 730.1 £ 33.0
10 Shrub Live 283.1+28.3
Open fields 5 Shrub Live 1111.1 £ 543

*P. guajava was represented in only one replicate.
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guajava to spread rapidly in open fields and over-
run native light-demanding species include fast
growth, high survival rate, self-pollination, prolific
fruiting, having a large number of seeds in an in-
dividual fruit, a highly versatile mode of seed dis-
persal and the ability of its seeds to remain viable
in the soil for a fairly long period of time [Sakai
et al., 2001; Urquia et al., 2019]. With these attri-
butes, loss of woody vegetation cover in tropical
forests as a result of clear-felling and/or repeat dis-
turbance events is likely to serve as an enabler of
site invasion and rapid spread by this species. The
results suggest that when the species is ignored
and allowed to grow, its bushy growth facilitates
the emergence of early successional shade-tolerant
species, which end up transforming the open fields
into young secondary forest stands.

The aspect of facilitating secondary forest
succession tends to contradict observations by
some studies that have reported that P guajava
exerts allelopathic effects on other woody spe-
cies, which may inhibit their recruitment and
growth [Chapla & Campos, 2010; Kawawa et al.,
2016]. On the contrary, our results suggest that
the species is an extremely aggressive colonizer
of open fields, but it easily facilitates the recruit-
ment and growth of shade-tolerant native species,
which emerge from its shade and grow along-
side it. The emergence of four different woody
species during the transition from open fields to
young secondary forests, over a period of only
five years, points to a facilitative role rather than
an inhibitory one. Moreover, a light-demanding
native woody species, such as Vernonia lasiopus,
which is normally among the first woody species
to colonize the open fields of this tropical rain-
forest, was still the same woody species that was
recorded alongside P. guajava in the open fields
in this study. Thus, our results suggest a kind of
facilitative rather than an inhibitory role for P
guajava in secondary forest succession in tropi-
cal forests, in which shade-tolerant native species
rely on the shade of this exotic invasive species
to recruit and grow. This view supports the ob-
servation of Berens et al. [2008] that P. guajava
facilitates secondary forest regrowth. Although P,
guajava does not seem to suffer any harm from
this relationship at this stage of secondary forest
succession, largely because it occupies the main
canopy, it loses space as more native species re-
cruit in its shade. This perhaps explains the reduc-
tion in its dominance during the transition from
open fields to young secondary forest.

Although the facilitative role of P. guajava
appears like a desirable attribute in aiding second-
ary forest succession [Berens et al., 2008], these
results suggest that it portends a great ecologi-
cal risk to this forest. One of the shade-tolerant
woody species that emerges at the young second-
ary forest stage and features prominently all the
way to the middle-aged secondary is Bischofia
Jjavanica Blume, a highly invasive exotic woody
species [Kituyi at al., 2018]. The results point to
a relay of exotic species invasion in the second-
ary forest succession process, in which a light-
demanding exotic invasive species facilitates the
recruitment of a shade-tolerant exotic invasive
species. The elimination of P. guajava together
with B. javanica from the forest at old-growth
secondary forest stage and their total absence in
the disturbed primary forest supports the general
belief that undisturbed tropical forest stands are
generally resistant to invasion by exotic tree spe-
cies [Foxcroftetal., 2010; Rejmanek et al., 2013].

Disappearance of P. guajava from
secondary forest stands

The presence of P. guajava snags in the sub-
canopy and understory layers of young second-
ary forest stands suggests that the species begins
to die off the moment it is shaded by early suc-
cessional shade-tolerant species. This obser-
vation is supported by the fact that P. guajava
stems that were located in the main canopy and
shrub layer were all alive. A scrutiny of the other
four woody species in the young secondary for-
est, suggests that Bischofia, javanica and Bride-
lia micrantha (Hochst.) Baill may have contrib-
uted more to the elimination of P. guajava stems
in the sub-canopy and understory layers than
Markhamia lutea (Benth.) K.Schum and Mae-
sopsis eminii Engl. The two species were taller
than P. guajava, while Markhamia Ilutea and
Maesopsis eminii were significantly shorter. In
fact, B. micrantha was almost twice as tall as P,
guajava, while B. javanica was marginally taller.

As more shade-tolerant native species emerged
and the overall tree height increased, particularly
in the middle-aged secondary forest, the role of P,
guajava in facilitating woody species recruitment
appears to have become marginal because its stem
density had significantly decreased at this stage of
the secondary forest succession. Moreover, it was
no longer occupying the main canopy, and only had
snags in the sub-canopy. The native woody species

217



Journal of Ecological Engineering Vol. 21(7), 2020

that had recruited earlier at the young secondary
forest stage may have played a much greater role
in the recruitment of the new native species in the
middle-aged secondary forest. The results suggest
also that an increase in the number of native woody
species at the middle-aged secondary forest stage,
enhanced interspecific competition leading to
niche differentiation in regard to light interception,
as exemplified by the development of distinct can-
opy layers. For instance, an emergent canopy was
created alongside the main canopy, sub-canopy,
understory and shrub layer. P. guajava appeared
to struggle at this stage given that its mean height
was just 7.2 m against a main canopy mean height
of 29.5 m, while its relative dominance reduced to
30.4%. This partly explains the increase in its snags
in the sub-canopy and understory layer. The results
indicated that all P guajava stems were snags in
the old-growth secondary forest, an illustration
that it had been totally eliminated at this stage of
secondary forest succession by being shaded out
by significantly taller, multilayered canopies of
native tree species. This result is consistent with
findings of other studies on exotic species inva-
sion in tropical forest ecosystems, which have
indicated that their resistance to invasion is not
their high woody species diversity, but the struc-
tural arrangement of the species in multilayered
canopies that shade off exotic invasive species
[Rejmanek, 1996; Sakai et al., 2001]. The resis-
tance to invasion is attributed to the fact that most
exotic invasive species are not shade-tolerant and
therefore become eliminated within the first 10
to 20 years as secondary forest succession leads
to canopy closure [Rejmanek et al., 2013]. This
same fate appeared to have befallen Bischofia ja-
vanica, the shade-tolerant exotic invasive species
whose relative dominance reduced significantly
as a result of being shaded by significantly taller
native species in the old-growth secondary forest.
Both P. guajava and B. javanica were missing in
the disturbed primary forest. These observations
suggest that native woody species have adapted
to shading over the years by having functional
traits that enable them to occupy different canopy
layers of tropical forests based on their varied
light requirements.

Ecological and economic impacts
of P. guajava invasion

The results of this study suggest that P. guaja-
va is a highly aggressive exotic invader in tropical
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forests. Its preference for open fields and the abil-
ity to facilitate secondary forest succession and
thereafter die off due to canopy closure illustrate
that it is not a noxious invader. From an ecologi-
cal perspective, the species’ negative impact on
the forest ecosystem is not easily noticeable.
However, this does not mean that it is not impact-
ing adversely on the forest’s fauna and flora or
may not do so in the future. Studies have noted
that the impact of some invasions on biodiversity
may take several decades to be detected [Simber-
loff, 2005; Rejmanek et al., 2013; Adhiambo et
al., 2018]. For instance, Simberloff [2005] men-
tions the Brazilian pepper as a non-native plant
species that was of little consequence for about
a century before it began to dominate southern
Florida. Moreover, the advent of climate change
may alter the behaviour of some of the seemingly
non-harmful invasive species. One of the indi-
rect ecologically adverse impacts of P. guajava
in this forest ecosystem, is its facilitation of the
emergence of B. javanica, a more dangerous ex-
otic invasion species. Nonetheless, the facilita-
tion of secondary forest succession is a positive
ecological effect of P. guajava. Most of the open
fields that were invaded by the species, which
transformed to the young secondary forest stands
when left uninterrupted, had gobbled up hundreds
of dollars through failed forest restoration efforts
by both governmental and non-governmental for-
est restoration actors. Most of these efforts often
failed due to poor choice of forest restoration
approaches and the misconception that clear-
ing P. guajava from the open fields could con-
trol its population [Adhiambo et al., 2018]. In
spite of demonstrating the capacity to facilitate
natural forest recovery in this forest ecosystem,
the prolific growth of P. guajava in open fields
suggests that it is likely to become a menace in
private lands that do not possess the capacity to
transform into secondary forests. If native species
fail to recruit in such areas, P. guajava is likely to
persist and overrun the landscape. In the process,
it may eliminate light-demanding native species
that lack the capacity to compete with it or shade-
tolerant species that lack the capacity to shade it
off and eliminate it.

From an economic perspective, the invasion
of open fields of this forest by P. guajava led to
economic losses by excluding local communi-
ties from areas where they graze their livestock,
and also the Kenya Forest Service from generat-
ing revenue from grazing permits. In farmlands,



Journal of Ecological Engineering Vol. 21(7), 2020

however, private land owners have the opportu-
nity to benefit from the species by using it as a
source of fuel wood, construction material and
fruit. It has been demonstrated that its fruit can
be processed into juice, jam, salads and des-
serts [Global Invasive Species Database, 2015;
Omayio et al., 2019], which have the capacity to
lift rural households out of poverty.

Ecological manipulation of P. guajava
to control its further spread

Since P. guajava is already established in this
tropical forest, its management can only focus on
controlling its further spread. The results of this
study suggest that this can be done through four
key approaches. First, the existing open fields
and other disturbed habitats that currently har-
bor the species should be left undisturbed to en-
able them transform into young secondary forest
stands. Second, the exploitation of tree resources
in closed canopy forest stands should be well
planned to avoid a significant loss of tree cover,
which would end up facilitating the recruitment
of more P. guajava stems in the resulting open
spaces. Third, P. guajava stems can be removed
from young secondary and middle-aged second-
ary forest stands as part of silvicultural opera-
tions to check its spread by reducing its source
of seed. The removed stems can be used for fuel
wood and light construction work. Fourth, for-
est managers can be assisted to rehabilitate ex-
isting degraded sites and open fields through
enrichment planting. Such planting should tar-
get light-demanding aggressive native species,
such as Harungana madagascariensis Lam. ex
Poir and Bridelia micrantha, which would eas-
ily eliminate P. guajava by shading it off. Some
of these measures fall within the mechanical and
physical control strategies suggested by Simber-
loff [2014]. They can be enriched by developing
standard operating procedures for managing ex-
otic invasive plant species in tropical forests to
assist forest managers to act in time.

CONCLUSION

The results of this study show that P. guajava
is a highly aggressive exotic invader in tropical
forests with preference for open fields and de-
graded sites. Its ability to facilitate the recruit-
ment of native tree species during secondary

forest succession and thereafter face elimina-
tion when the native species close the forest
canopy can be ecologically exploited to control
its spread. This may involve removing its stems
when the canopy begins to close in order to re-
duce its ability to stay longer and produce seed
that would aid its further spread. Although this
management strategy is likely to work in tropi-
cal forests, the species will probably remain a
menace in private lands that lack the capacity to
transform into secondary forests.
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