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Abstract

Invasive Acacia species are known to modify soil properties, although effects are often site-
specific. We examined the impact of Acacia species on the soils of intact and invaded habitats
of two contrasting tropical lowland rain forest types in Brunei Darussalam: heath forest (HF)
andmixed dipterocarp forest (MDF). Impacts on soil properties differed between the two forest
types. Overall, Acacia-invaded HF soil recorded significantly higher gravimetric water content,
pH and total P, K and Ca compared to the intact HF soil. In contrast, invaded MDF soil exhib-
ited significantly higher organic matter content and total soil N, P, K and Mg compared to its
intact habitat.Acacia-invadedMDF soils weremore nutrient-enriched thanAcacia-invadedHF
soils by the addition of threefold, threefold and fourfold total soil P, K andMg, respectively. The
positive effect of addition of total soil Ca was, however, fourfold greater in HF soil than MDF
soil, indicating that the magnitude of impact on soil properties was strongly site-specific.
Overall, Acacia invasion significantly impacted soil properties in nutrient-rich MDFmore than
those of nutrient-poor HFs, indicating a potential vulnerability of MDFs to invasion.

Introduction

Many plant invasion studies focus on the impact of invasive plants on ecosystem functions, such
as nutrient and hydrological cycles (Morris et al. 2011, Yelenik & D‘Antonio 2013). Invasive
plant species can alsomodify edaphic properties, including soil pH (Kourtev et al. 2003), organic
matter content and nutrient concentrations (Inagaki et al. 2011, Koutika et al. 2014), and their
impact on soil properties vary due to inherent soil differences even at small scales. Studies have
reported increased soil nutrients availability in invaded areas (Liao et al. 2008), the opposite or
no change patterns (Tanaka et al. 2015) or the same invasive species may have different impacts
depending on local conditions (Dassonville et al. 2008). Further, modifications in soil properties
in invaded areas are influenced by the composition of invasive species and pre-invasion state of
the soil (Ehrenfeld 2003).

Among invasive plants, the genus Acacia contains some of the top plant invaders worldwide
(Richardson & Rejmanek 2011). Exotic Acacia species have spread and established in tropical
Southeast Asia, where they were widely utilised in timber plantations (Koutika & Richardson
2019, Peh 2010). The ability of Acacia to fix atmospheric N (Nsikani et al. 2018, Perreira et al.
2018) enable them to grow and establish in acidic soils with poor nutrient conditions (Peh 2010).
Invasive Acacias alter soil nutrient availability (Wang et al. 2015), enriching resources in
nutrient-poor invaded habitats (Marchante et al. 2009, Nsikani et al. 2018), resulting in a com-
petitive advantage over native species.

Acacia invasion often increase organic matter and total N concentrations and elevates inor-
ganic N availability in soils (Yelenik et al. 2007). Although most Acacia-invaded habitats have
nutrient-poor soils characterised by low pre-invasion levels of N (Marchante et al. 2009),
nutrient-rich soils can also become prone to invasion (Witkowski 1991, Zefferman et al.
2015). In nutrient-rich soils, invasive species preferentially utilise available resources first rather
than manufacturing their own nutrients through N-fixation and Rhizobium or microbes do not
initiate N-fixing as the plants are not nutrient-deprived (Morris et al. 2011, Witkowski 1991).

In Brunei Darussalam, Northwest Borneo, Acacia species were introduced in the 1990s and
currently have an established population, often present as the dominant tree species alongmajor
highways and roadsides (Osunkoya et al. 2005). Since this initial introduction, Acacias have
spread into degraded, burnt areas and secondary forest habitats in both tropical heath andmixed
dipterocarp forests (Jambul et al. 2020, Osunkoya &Damit 2005, Tuah et al. 2020). Heath forests
(HFs) and mixed dipterocarp forests (MDFs) are two lowland tropical rain forest types in
Borneo, with the latter comprising the main forest type in Brunei Darussalam (Ashton et al.
2003). Heath forest soils are sandy, well-drained with low nutrient and organic matter content
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and poor water-holding capacity (Jaafar et al. 2016, Metali et al.
2015). In contrast, mixed dipterocarp forest soils are clayey, poorly
drained with high nutrient content and water-holding capacity
(Jaafar et al. 2016, Sukri et al. 2012).

Investigating the impacts of invasion on soil properties is a key
first step into quantifying Acacia invasion effects on these two dis-
tinct tropical forests. Within Brunei Darussalam, most studies to
date focus on the impact of Acacia invasion on HFs (Ibrahim
et al. 2021, Jambul et al. 2020, Le et al. 2018, Osunkoya et al.
2005, Suhaili et al. 2015, Tuah et al. 2020, Yusoff et al. 2019) which
are highly vulnerable to fire and drought and are increasingly dis-
turbed for urbanisation (Din et al. 2015). However, the spread of
Acacia mangium into disturbed MDFs in Brunei (RS Sukri,
unpubl. data) indicate an urgent need to study the effects of inva-
sive Acacias on MDF soils. Our study therefore aimed to assess the
impact of Acacia invasion on soil physicochemical properties of
HFs and MDFs in Brunei Darussalam. We formulated two
research questions:

1. Does Acacia invasion alter soil physicochemical properties
(gravimetric water content, organic matter, bulk density and
concentrations of total N, P, K, Ca and Mg) in heath and mixed
dipterocarp forests?

2. Does the magnitude of changes in soil properties caused by
Acacia invasion differ between heath and mixed dipterocarp
forests?

Methods

Study sites

Four habitat types within the Andulau Forest Reserve
(4°37’60.00”N, 114°31’60.00”E) in Brunei Darussalam were com-
pared: heath forest (HF), Acacia-invaded heath forest (AHF),
mixed dipterocarp forest (MDF) and Acacia-invaded mixed dip-
terocarp forest, (AMDF; Figure 1). The Andulau Forest Reserve
primarily contains MDFs with undulating topography and eleva-
tion range of 2.7° – 27.6° (Sukri et al. 2012) with pockets of HFs
(Davies & Becker 1996). The climate of Brunei Darussalam is asea-
sonal with mean monthly rainfall of 162.6 mm and mean monthly
temperature of 28.2°C recorded at the Sungai Liang Agricultural
station (c. 2 km away from Andulau) in 2016 (Department of
Agriculture and Agrifood, unpubl. data).

Intact forest (HF and MDF) plots represented areas with no
Acacia invasion and were selected fromwithin primary forest areas
with no previous history of logging or man-made disturbance
(Forestry Department, pers. comm.). The Acacia-invaded (AHF
and AMDF) plots were selected based on the presence of Acacia
trees inside and outside the study plots. Both AHF and AMDF
plots selected showed comparatively similar degree of invasion,
with similar density and total number of Acacia trees (n= 4 to 7
trees) of the same estimated age (≤ 20 years) in all the established
plots. AHF and AMDF plots had more open canopies than HF and
MDF plots (SM Jaafar, pers. obs.). Plots within the same forest type
(i.e. MDF and AMDF plots and HF and AHF plots) were located
c. 1 km apart.

Soil sampling

Fieldwork was carried out in February until March 2016 during the
wet season (rainfall ≥ 100 mm, Becker 1992). To investigate hab-
itat variation in soil physicochemical properties, six 20 × 20 m

plots were randomly set up within accessible locations in each hab-
itat type. Distances between plots within the same habitat range
from c. 50 to 100 m. The 20 × 20 m plots were further subdivided
into 10 × 10 m subplots. Within each subplot, one soil core was
sampled at a random position using a soil auger at two depths: top-
soil (0 – 15 cm) and subsoil (30 – 50 cm). The litter layer was
cleared prior to soil sampling. A total of 192 soil samples were col-
lected (n= 96 subplots × 2 depths) from 24 plots at the four hab-
itat types.

Measurements of soil parameters

Fresh soils were analysed for pH in distilled water, gravimetric
water content (GWC) and bulk density (Allen et al. 1989). The
remaining fresh soil samples were air-dried, ground and passed
through a 2.0 mm sieve and stored at room temperature. Air-dried
soil samples were analysed for concentrations of total N, P, K, Ca
and Mg as well as organic matter (OM) content (Allen et al. 1989).
Total N and P concentrations were determined using the Kjeldahl
method by digesting each soil sample in concentrated H2SO4 and
analysed using a Flow Injector Analyser (FIAstar 5000, Hoganas,
Sweden). For analysis of total K, Ca and Mg concentrations, air-
dried soil samples were acid-digested using a block digestor with
70% H2SO4 and H2O2, following a procedure modified from
Allen et al. (1989) and measured using a Flame Atomic
Absorption Spectrophotometer (AAS; Thermo Scientific iCE
3300, Sydney, Australia).

Statistical analyses

All statistical analyses were conducted in R 3.5.1 software
(R Development Core Team 2018). The effects of forest type, hab-
itat type and sampling depth on nine soil physicochemical proper-
ties (GWC, OM, bulk density, pH and nutrient concentrations;
total N, P, K, Ca and Mg) were tested via a linear mixed-effects
(LME) model using the nlme version 3.1-137 package (Pinheiro
et al. 2018). Where necessary, soil physicochemical variables were
either arcsine or log10-transformed prior to analysis. Forest type,
habitat type and sampling depth were modelled as fixed-effects,
the transformed values of soil physicochemical properties were
modelled as response variables and sampling points were modelled
as random effects. Each response variable was tested using separate
LME models. In each LME model, pair-wise comparisons between
habitat type within each forest type were performed by obtaining
the least-square means using the lsmeans version 2.3 package
(Lenth 2018).

All nine soil physicochemical variables (GWC, OM, bulk den-
sity, pH and nutrient concentrations; total N, P, K, Ca and Mg) for
only the topsoil depth (0 – 15 cm) between the four different hab-
itat types were then subjected to a principal component analysis
(PCA) to determine which variables account for most of the varia-
tion in the data set. Since most soil nutrients accumulate in the first
15 cm of soil depth (Jaafar et al. 2016), only the topsoil variables
were subjected to PCA and presented.

The changes in soil physicochemical properties (Δ GWC,
Δ OM, Δ bulk density, Δ pH and Δ nutrient concentrations; total
N, P, K, Ca and Mg) were calculated by subtracting mean values of
the intact habitat from mean values of the invaded habitat for each
soil physicochemical variable. The variable Δ thus represents how
different the invaded habitat was from the intact habitat in terms of
mean values of soil variables, as a way of expressing the change in
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soil properties caused by the presence ofAcacia in invaded habitats
while taking into account potential variation in localities, age range
and vegetation type, followingMajalap (2000). Similarly, the effects
of forest type and sampling depth on changes in soil physicochemi-
cal properties were tested separately using LME models.
Transformed values of changes in soil physicochemical properties
were modelled as response variables, forest type and sampling
depth as fixed effects with sampling points included as random
effects. All LME models’ selection followed Pinheiro and Bates
(2004) and Zuur et al. (2009). In each of the LMEmodel, pair-wise
comparisons between forest type and between sampling depth
were performed by obtaining the least-square means. Although
sampling depth was included in the LME models, most soil
physicochemical variables did not show significant effects for sam-
pling depth (Supplementary Table 1), and so we focussed on pre-
senting and discussing findings on the main effects of forest and
habitat types.

Results

Soil physicochemical properties

Acacia invasion either increased or decreased soil physicochemical
properties in both forest types. Significant effects of forest type

were detected on soil OM, bulk density, pH and concentrations
of total N, P, K and Mg (P< 0.05; Supplementary Table 1).
Habitat type significantly influenced GWC, bulk density and con-
centrations of total P, K, Ca and Mg (P < 0.05; Supplementary
Table 1). Soil OM, pH and concentrations of total N, K, Ca and
Mg displayed significant forest type by habitat-type interactions
(P< 0.05; Supplementary Table 1).

Within HF, regardless of sampling depth, AHF plots
recorded significantly higher GWC, pH and concentrations of
total P, K and Ca than plots in the intact habitat (P < 0.05;
Table 1), while the intact habitat plots exhibited significantly
higher OM content than the invaded habitat plots (P < 0.05;
Table 1). In contrast, within the MDF, also regardless of sam-
pling depth, AMDF plots recorded significantly higher soil
OM and concentrations of total N, P, K and Mg compared to
its intact habitat plots (P < 0.05; Table 1). The intact habitat,
however, recorded significantly higher values of soil bulk den-
sity and pH than its invaded habitat (P < 0.05; Table 1).

Topsoil (0 – 15 cm) variation in physicochemical properties
created a clear separation of plots from HF and MDF into two dis-
tinct clusters (Figure 2). The MDF plots were strongly influenced
by PC2 (pH), while the HF plots were strongly influenced by PC1
(Bulk density) and PC2 (OM; Supplementary Table 2). In contrast,
AHF and AMDF plots were scattered within the biplot (Figure 2),

Figure 1. Locations of the study sites consisting six plots in the intact heath forest (HF 1-6), six plots in Acacia-invaded heath forest (AHF 1-6), six plots in intact mixed dipterocarp
forest (MDF 1-6) and six plots in Acacia-invaded mixed dipterocarp forest (AMDF 1-6), within compartments 7 and 8 of the Andulau Forest Reserve in the Belait District, Brunei
Darussalam. AHF plots were set up along the Jalan Empangan Kargu roadsides, whereas AMDF plots were set up along Jalan Labi roadsides and both AHF and AMDF plots were
invaded by Acacia trees. Distances between plots within the same habitat type range from c. 50 to 100 m. A represents the inset of plots MDF 1-6 and AMDF 1-6 and B represent the
inset of plots HF 1-6 and AHF 1-6.
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indicating that Acacia-invaded plots were equally influenced by
most of the topsoil physicochemical variables.

Changes in soil properties (Δ) in each forest type

Acacia-invaded HF and AMDF soils showed significant changes in
all soil properties (Δ OM, Δ pH and, Δ total N, P, K, Ca and Mg
concentrations; P< 0.05) except for Δ GWC and Δ bulk density
(P> 0.05; Supplementary Table 3). Changes in soil properties
(Δ) in both forest types were either positive or negative (Table 2).
Heath forest, when invaded by Acacia species, decreased in OM, bulk
density and total N concentration (negative change; Table 2), but
increased in GWC, soil pH and total P, K, Ca and Mg (positive
change; Table 2). In contrast, MDF decreased in bulk density and soil
pH (negative change; Table 2) but increased in GWC, soil organic
matter and total N, P, K, Ca and Mg (positive change; Table 2) when
invaded by Acacia. The positive changes of total P, K and Mg were
greater in MDF than HF by threefold, threefold and fourfold, respec-
tively, while only positive change of total Ca concentrationwas greater
in HF than MDF by fourfold (Table 2).

Discussion

Effects of Acacia invasion on heath forest soils

For HF soils, Acacia invasion significantly increased soil pH, GWC
and concentrations of total P, K and Ca and significantly decreased
soil OM content. Increased soil pH was similarly recorded in
invaded coastal HF in Brunei (Ibrahim et al. 2021). The significant
increase in soil pH in our AHF plots may reflect the impact of
Acacias on the balance between soil nitrification and ammonifica-
tion processes in tropical heath soils, resulting in changes to soil pH

Figure 2. Biplot of principal component (PC) axes 1 and 2 from principal component
analysis (PCA) of nine topsoil (0 – 15 cm) physicochemical variables (gravimetric water
content, organic matter, bulk density, pH and nutrient concentrations; total N, P, K, Ca
and Mg) across 24 plots from heath forest (HF), Acacia-invaded heath forest (AHF),
mixed dipterocarp forest (MDF) and Acacia-invaded mixed dipterocarp forest
(AMDF). PC1 and PC2 accounted for 41.7% and 23.4% of the total variation, respec-
tively. The arrows show the loadings of each variable on the first two PC axes.
GWC, OM, nulk density, pH, N, P, K, Ca, Mg are gravimetric water content, organic mat-
ter, bulk density, pH, total N, P, K, Ca and Mg concentrations, respectively. Note the
overlapping arrows for the loadings of K and P.
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(Xiong et al. 2008). Our AHF plots recorded higher soil GWC,
which is inconsistent with findings of Yusoff et al. (2019) and
Ibrahim et al. (2021) in coastal HF in Brunei. Acacia typically
reduce soil GWC (Ibrahim et al. 2021, Le Maitre et al. 2011,
Matali &Metali 2015), as their large aboveground biomass requires
more water from soil (Morris et al. 2011). Here, we suggest that
instead of an effect caused by Acacia invasion, our finding was
more likely due to waterlogged conditions at three out of six plots
during our wet season sampling (SM Jaafar, pers. obs.). It is crucial
that future studies should consider sampling soils during both the
dry and wet seasons, as these can impact soil properties (Xiong
et al. 2008).

Regardless of sampling depths, intact HF recorded significantly
higher OM content compared to AHF. The PCA biplots clearly
showed a separation of the HF and AHF plots due to the high
influence of bulk density and organic matter. Bulk density
and OM content are interrelated (Shiri et al. 2017), and lower
OM content in AHFmay be due to changes in the physical struc-
ture of these invaded soils caused by the extensive Acacia root
systems. These changes could have impacted soil texture and
porosity, resulting in further modifications to bulk density
and OM content.

Our findings of significantly higher soil nutrient concentrations
(total P, K and Ca) in AHF are consistent with observations of soil
nutrient enrichment within Acacia plantations or Acacia-invaded
habitats (e.g. Castro-Diez et al. 2014, Perreira et al. 2018, van Bich
et al. 2018). However, our findings of no difference in total N con-
centrations and higher total Ca concentrations contradict those of
Matali andMetali (2015) who compared soil properties at the same
intact HF site as our study, versus soil properties in an adjacent A.
mangium plantation, located approximately c. 500 m away from
our AHF plots. TheirA.mangium plantation soils recorded signifi-
cantly higher total N concentrations and reduced total Ca concen-
trations (Matali & Metali 2015). These contradicting results could
be attributed to tree abundance and diversity differences between
the two habitats, as A. mangium trees dominated the plantation
(about 80%), while the AHF showed a mix of A. mangium and
native shrub HF tree species (RS Sukri, unpubl. data). Elsewhere
in Brunei, no significant differences in soil properties between
coastal HF and AHF were reported, except for increased topsoil
available P and subsoil exchangeable Ca concentrations (Yusoff
et al. 2019). Heath forest soils or soil solutions are typically richer
in total Ca (Jaafar et al. 2016) and exchangeable Ca concentrations
(Metali et al. 2015) than other nutrients. Here, we reported that
Acacia invasion increased Ca concentrations in HF soils, which
could further impact these forests.

Interestingly, our study did not record increased soil total N
concentration when the HF was invaded by these N-fixing
Acacia species. Similarly, no significant increase in total soil N con-
centration was recorded inAcacia-invaded coastal HF (Yusoff et al.
2019). We suggest the absence of soil total N increase was because
our invaded HF plots contained young Acacia seedlings and sap-
lings, rather than older andmore established trees. Uptake of soil N
by Acacia trees is generally higher during the first three years after
planting (Huong et al. 2015), possibly contributing to the lack of
elevated soil N. Pre-invasion soil nutrient status of heath soils
could have further affected the N-fixing ability of invasive
Acacia (Ehrenfeld 2003). Additionally, allelochemicals produced
by invasive Acacia species (Ismail & Metali 2014, Lorenzo et al.
2013) may inhibit activities of soil decomposer organisms, affect-
ing soil mineralisation (Xiong et al. 2008), thus further reducing N
release from litter into soil in invaded HF habitats.Ta
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Effects of Acacia invasion on mixed dipterocarp forest soils

Acacia invasion effects on MDF soils contrasted with those
observed on nutrient-poor HF soils. InvadedMDF soils were more
acidic with decreased bulk density and increased organic matter
content and total N, P, K and Mg concentrations. The biplots of
PCA also supported this result and clearly showed a separation
of intact MDF plots from the AMDF plots.

Acacias increased soil nutrient (total N, P, K and Mg) concen-
trations in invaded MDF plots, consistent with soil nutrients
enrichment following Acacia invasion (Pereira et al. 2018, van
Bich et al. 2018). The increase in total soil N concentration in
MDF was expected due to the N-fixing ability of Acacia, leading
to the production of N-rich litter and elevated total soil N concen-
tration (Jeddi & Chaieb 2012, Morris et al. 2011). Increased total P
concentrations in invaded MDF are important as these forests are
P-limited (Paoli et al. 2006, Sukri et al. 2012), and Acacia invasion
can potentially impact their P balance. Increased total soil K con-
centrations in the AMDF may be due to leaching of this highly
mobile ion via throughfall from Acacia foliar biomass, accumula-
tion of K-rich leaf litter and K deposition into soil (Ampitan et al.
2021, Dent et al. 2006). AMDF soil also recorded higher total Mg
concentrations than its intact habitat. Decomposing materials are
usually high in total Mg (Powers et al. 2009), and the presence of
several dead and fallen Acacia trees in our AMDF plots, coupled
with the naturally nutrient-rich soil, could have resulted in high
Mg accumulation.

Bulk density ofMDF soil was decreased byAcacia invasion. The
increase in organic matter content in the AMDF soil likely contrib-
uted to lower bulk density (Lindsay & French 2005). Further, faster
leaf litter decomposition in AMDF than invaded HF (Jaafar 2020)
could have released more OM into the soil. This increase in OM
could further elevate total N concentrations (Lindsay & French
2005) as seen in our AMDF soils. Additionally, higher accumula-
tion of OM content often occurs in nutrient-rich soil, such as MDF
soil, due to high abundance and diversity of decomposer organisms
(Tsukamoto & Sabang, 2005).

Contrasting magnitude of impacts of Acacia invasion on soils

We found that Acacia invasion either positively or negatively
impacted several soil variables, as quantified by changes in soil
properties (Δ) for OM, pH, total N, P, K, Ca and Mg concentra-
tions. Themagnitude of changes differed between forest types, with
up to 1.4-, 1.6-, 1.9-, 3.2-, 1.3- and 2.7-folds increase inOM, total N,
P, K, Ca and Mg concentrations, respectively, for MDF soils and
the magnitude of changes for HF soils were up to 1.8-, 22.7-,
3.0- and 1.3-folds increase in total P, K, Ca andMg concentrations,
respectively, and up to 1.3-fold decrease in OM.

Consistent with the significantly higher mean pH values in
AHF than in AMDF, we recorded increased pH for the former
but decreased pH for the latter. Habitats with the lowest bulk den-
sity often show lower soil pH (Lindsay & French 2005), and MDF
soils are generally less sandy, and thus have lower bulk density,
than HF soils (Jaafar et al. 2016). Further, nitrification process that
generates Hþ can affect soil acidity (Li et al. 2001, Majalap 2000),
and increased soil acidity for our AMDF could be caused by rela-
tively high nitrification processes (Yamashita et al. 2008). Indeed,
nitrification process in our MDF soils was 45-fold higher than in
our HF soils (Jaafar 2020).

Acacia invasion consistently increased total P, K, Ca and
Mg concentrations in both forest types, but the positive effects
of total soil P (threefold), K (threefold) and Mg (fourfold)

additions were greater in MDF soil than in HF soil. In contrast,
the positive effect of addition of total Ca concentration was four
times greater in HF soil thanMDF soil. Plant invasions often result
in elevated nutrient levels (Keet et al. 2021). Additionally, tropical
lowland rain forest soils are strongly P-limited (Paoli et al. 2006,
Sukri et al. 2012), and Acacia may overcome this limitation by
enriching soils with P.

Interestingly, Acacia invasion showed contrasting effects of
increased OM and total N concentration for AMDF, but
decreased OM and total N for AHF. This may be linked to slower
litter decomposition rates in HF compared to MDF, which
remained slower in the presence of invasive Acacia (Jaafar
2020). Notably, we detected a significant decrease in total N
(as measured by Δ total N) for AHF compared to the intact
HF, despite not recording a significant difference in mean values
of total N concentrations between intact and AHF. This suggests
that Acacia invasion did cause a decrease in total N concentra-
tions for HF in our study. We highlight that this finding illus-
trates the importance of quantifying Δ change in soil properties
as a direct measure of the impact of Acacia invasion on soil
properties, rather than only relying on comparing mean values
between intact and invaded habitats.

The greater magnitude of nutrient increase in MDF than HF
soils might reflect differences in pre-invasion soils (Stock et al.
1995), with MDF being inherently nutrient-rich compared to
HF soils (Jaafar et al. 2016). The three- to fourfold increases in
nutrients for MDF soils may reflect higher litterfall production
and nutrient release triggered by Acacia invasion. Further, low
resource utilization by native HF species adapted to nutrient-poor
conditions could have benefitted nutrient uptake by invasive
Acacia species (Werner et al. 2010).

The higher magnitude of changes in soil nutrients recorded for
the nutrient-rich MDF soils compared to the nutrient-poor HF
soils provides further evidence that nutrient-rich sites may bemore
impacted by plant invasions than nutrient-poor sites (Witkowski
1991, Zefferman et al. 2015). This is an important finding as it is
often presumed that nutrient-rich MDF are more resistant to
Acacia invasion because of differences in species diversity, soil
physicochemical properties, topography and underlying geology
compared to HF. We suggest that Acaciamay be able to easily uti-
lise the readily available nutrients in nutrient-rich MDF soils, and
in the process, significantly modify soil properties to facilitate their
own growth, to the detriment of native plant species.

Conclusion

Our study provides evidence of distinct impacts of Acacia invasion
on soil properties at two contrasting lowland forest sites in north-
west Borneo, which appear to be influenced by pre-invasion soil
nutrient status as well as by inherent pre-invasion differences in
other soil properties. Associated differences include elevated gravi-
metric water content, pH and total P, K and Ca concentrations in
AHF and higher organic matter content and concentrations of
total soil N, P, K and Mg in AMDF. We detected stronger effects
of Acacia invasion in the MDF soil via higher magnitude of
nutrient additions (except for total Ca), compared to HF soil, indi-
cating that nutrient-rich forests may be more vulnerable to inva-
sive Acacia. With increasing urban development and extensive
road networks where invasive Acacia can readily establish, intact
MDFs in Brunei and elsewhere in Borneo face increasing pressure
from Acacia invasion and subsequently may be more affected than
the nutrient-poor HFs.
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