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Abstract
Invasive alien trees increase native tree stress and may increase attack by herbivores and
pathogenic fungi. Alien tree removal should ameliorate such impacts. Here we compared
levels of damage by phylopathogenic fungi and folivorous insects on Brabejum stellatifolium
and Metrosideros angustifolia (native trees) and Acacia mearnsii (invasive tree species)
among near pristine, invaded and restored sites. Generally, foliar damage levels were higher
at invaded than at near pristine sites. Damage levels at restored sites were similar, or even
higher than those at invaded sites. Decreased native tree species richness did not explain these
patterns, as restored sites had similar native tree species richness levels to the near pristine
sites. Increased host abundance and leaf nitrogen content did not significantly correlate to
increased damage in most cases. Therefore, plant species richness recovers following
restoration, but native trees still experience increased pressure from folivores and
phylopathogenic fungi which may even exceed levels experienced at invaded sites, thus
impacting recovery trajectories.
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Introduction
Pest and pathogen loads in plant communities vary with plant stress levels (Gilbert & Hubbell
2002), native plant species richness (Scherber et al. 2010), host abundance (Mitchell et al.
2002; Bell et al. 2006) and plant nutritional status (Forkner & Hunter 2000; Moran &
Scheidler 2002). Fragmentation of tropical forests, for example, leads to increased plant stress
and, in turn, increased damage by pathogenic fungi and folivores (Benítez-Malvido et al.
1999). Invasive alien plants may also increase native plant stress by altering environmental
conditions such as water availability, amount of sunlight and nutrient availability (Brooks et
al. 2004). As these factors are known to affect host-plant/pest (and pathogen) dynamics
(White et al. 2006), we hypothesise that invasive alien plant’s would increase the
susceptibility of native plants to natural enemies (folivorous insects and pathogenic fungi) in
invaded systems.

In South Africa, woody invasive alien trees have been targeted for removal in riparian areas in
a 15 year old landscape level restoration initiative led by the extended public works
programme, Working for Water. Although this initiative is credited with the creation of
thousands of jobs, a body of evidence relating to the lack of effectiveness of the Working for
Water initiative for curbing the spread of invasive alien trees is emerging (van Wilgen et al.
2012). In addition, clearing of invasive alien plants results in gap formation, alters the
ecosystem microenvironment (including light, moisture, and temperature regimes) and
increases patchiness and habitat heterogeneity (Torchin & Mitchell 2004). As folivore and
plant pathogen populations may directly depend on these factors, their impact on host plants
is also likely to change in response to these altered conditions (Folgarait et al. 1995).

The influence of plant species diversity on performance of natural enemies has been a focus
of several experimental studies (Pfisterer et al. 2003; Agrawal et al. 2006; van Hezewijk et al.
2008; Scherber et al. 2010). Specifically, many studies found that altered native plant
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diversity can alter the stability, diversity and performance of their natural enemies (Mitchell et
al. 2002; Johnson et al. 2008). Two hypotheses have been proposed to explain such effects
(Root 1973). The ‘resource concentration’ hypothesis predicts that folivores, especially
specialist folivores, increase in abundance with increasing concentration of preferred
resources in more homogenous stands of host plants as compared heterogeneous stands (Grez
& González 1995). The ‘enemy’ hypothesis states that the lower folivory levels in
heterogeneous communities are a result of increased effectiveness of predators and parasitoids
in controlling insect pest densities (Bach 1980; Riihimӓki et al. 2005).

Apart from plant species diversity and leaf nutrient levels (Peeters 2002a, 2000b) host
abundance can also influence the prevalence of folivorous arthropods and phylopathogenic
fungi (Agrawal et al. 2006). Hypotheses relating to host abundance and folivore attack rates
generally predict increased rates as host abundance increases (Agrawal et al. 2006; Cook &
Holt 2006). Some studies have however found evidence that natural enemy attack is reduced
on plants in dense stands compared to plants in sparse stands (Bach 1980; Garrett et al. 2000).
Changes in host abundance might influence: (i) the quality and quantity of resources (host
plant individuals) available for pathogenic fungi or folivores (Bach 1980; Cook and Holt
2006), (ii) the spatial arrangement of host plants (Folgarait et al. 1995) where increased host
density reduces search time and increases occupation time for some folivore species (Cook &
Holt 2006) and (iii) the microclimatic conditions under which the folivore/pathogen and host
interact (Folgarait et al. 1995).

How native tree species richness, host plant abundance, and leaf nutrient levels affect plant
exposure to attack by pathogenic fungi and folivorous insects in a restoration scenario has
received little focussed attention (Covington et al. 1997). Here, we investigate whether
differences exist in levels of leaf damage caused by folivorous insects and phylopathogenic
fungi on an invasive alien plant (Acacia mearnsii DeWild (L.)) and two native plants
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(Brabejum stellatifolium (L.) and Metrosideros angustifolia (L.)) in riparian sites that differ in
invasion status. Three categories were chosen; a) near pristine (few A. mearnsii individuals),
b) heavily invaded (A. mearnsii dominated communities); and c) restored sites that were
cleared of invasive A. mearnsii more than seven years ago. The roles of variation in native
tree species richness, host abundance and leaf nutrients in explaining observed differences in
damage levels were evaluated. These data may provide tools for evaluating restoration
success in the future.

Methods
Study sites and focal species
The study was conducted in mountain stream and foothill sections of three riparian systems
within the south-western Cape, South Africa (Fig. 1). The area is characterised by a
Mediterranean-type climate with cool rainy winters (June-August) and hot dry summers
(December–February) (Deacon et al. 1992). The riparian ecosystems contain some Fynbos
vegetation (dominated by Ericaceae, Proteaceae and Restionaceae) (Mucina & Rutherford,
2006) and include a variety of tree taxa that form forest pockets (Goldblatt & Manning 2000).
Nine study sites in three different catchments were selected based on invasion status: three
near pristine sites (reference sites), three heavily invaded sites (dominated by A. mearnsii),
and three restored sites (formerly invaded sites that had been cleared of invasive plants more
than 7 years prior to this study) (Fig. 1). Site categorisation was based on visual scoring of
Acacia mearnsii cover within two transects measuring 50 m in length (parallel to the river)
and 5 m in width (perpendicular to the river crossing both wet and dry bank zones). For
heavily invaded sites A. mearnsii canopy cover was > 75% and for near pristine sites cover
was < 5%. For restored sites, site categorisation was based on historical records and cover
was < 5%. Reference sites are frequently used in restoration projects to provide direction for
restoration goals (Blanchard & Holmes 2008). Potential sites were located using information
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Figure 1. Location of the three Western Cape rivers: 1= Dwars River, 2 = Molenaars River,
and 3 = Wit River and the nine sites (circles = near pristine sites, squares = heavily invaded
sites and triangles = restored sites) identified in this study.

from previous studies (Blanchard & Holmes 2008) and through discussions with Western
Cape nature conservation managers, members of Water for Water and private landowners.

Two species native to Fynbos riparian zones, Brabejum stellatifolium (Proteaceae) and
Metrosideros angustifolia (Myrtaceae) (Crous et al. 2012), were selected. These evergreen
trees are common components of these riparian habitats and considered key species in southwestern Cape Mediterranean-type riparian systems (Galatowitsch & Richardson 2005).
Within the riparian ecosystems studied, invasive taxa include numerous Australian acacias
such as A. cyclops (A. Cunn. ex G. Don), A. longifolia (Andrew) Wild), A. saligna ((Labill.)
H.L.Wendl.) and A. melanoxylon (R.Br). However, an evergreen A. mearnsii is by far the
most abundant and was subsequently selected for comparisons with the selected native
species. It is also considered the most problematic species in these riparian systems with
individuals also commonly found scattered in near pristine areas (Dye & Jarmain 2004).

Extent of folivorous insect and pathogen damage

At each of the nine sites, five individuals of each of the three focal tree taxa were randomly
selected for comparisons of extent of damage caused by folivorous insects and
phylopathogenic fungi. Selected individuals had similar heights and stem diameters for each
species respectively across all sites (to minimize possible difference in susceptibility due to
plant age) and all were within 5 m of the water’s edge (to minimize possible differences in
susceptibility due to water stress) (Crous et al. 2012).

During August and October 2011, five small branches (about 5 cm diameter and 30 cm long)
were randomly collected from each individual tree at canopy level. All leaves were detached
from branches and mature leaves were combined into a single bulk sample per individual tree in
a brown paper bag. From these bulk samples, 100 leaves for each tree individual were randomly
chosen (blindly drawing from brown paper bag) in the laboratory. Symptom assessments were
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conducted for each leaf in the laboratory using a dissecting microscope, allowing careful
confirmation of damage type.

Leaves were assigned to one of the following damage types: (i) fungal damage alone, (ii)
folivore damage alone and (iii) intact leaves (García-Guzmán & Dirzo 2004). Wounds created
by folivorous insects are often entry points for pathogenic fungi (Agrios 2005). Therefore,
leaves with both fungal and insect damage were not included in analyses as this would bias
enumeration of leaves with fungal pathogen damage. Insect damage was categorised into two
types – that caused by insects with chewing mouthparts and those with piercing and sucking
mouthparts. Damage caused by leaf mining insects was negligible and not included in the
analyses. Leaves colonised by phylopathogenic fungi were separated according to four
predominant disease symptoms (blight, chlorotic areas, necrotic spots and black mould).
Identifications of the phylopathogenic fungi that caused these main symptoms were based on
a combination of characters including: the symptoms themselves, fungal micro-morphology
(studied with the aid of a light- and dissecting microscope), culture characteristics (as grown
for two weeks in the dark at 25ºC on Malt Extract agar, Biolab, South Africa) and published
literature (Doidge & Bottomley 1931; Morris et al. 1988; Arzanlou et al. 2007).

One leaf of each of the five sampled individual trees per tree species per site from each the
three catchments was used for DNA extraction and amplification. Therefore for each disease
type on each tree species we sequenced nine separate fungal individuals. DNA extraction and
PCR procedures followed Musvuugwa et al. (2015) without modification. Primers ITS1-f
(Gardes & Bruns 1993) and ITS4 (White et al. 1990) were used for amplification and
sequencing reactions. Preliminary identifications were confirmed by comparisons to those of
taxa published on GenBank (http://www.ncbi.nlm.nih.gov/genbank/) using standard BLAST
searches. Pathogenicity tests were not performed because repeated isolations always resulted
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in the isolation of the same fungus species from the same lesion type and we therefore
assumed that the identified fungal species were the causal agents of the necrotic lesions.

Severity of pest and pathogen damage

Damage severity was defined as the percentage of leaf area visibly infected by a pathogen or
by feeding activities of arthropods. The percentage of area lost to disease or folivory was
determined using a subjective estimate of lamina damage (1 = intact; 2 = 1–11%; 3 = 12–49%
and 4 = 50–100% of leaf area damaged) based on previous studies (Benítez-Malvido 1999;
García-Guzmán & Dirzo 2004; Eichhorn et al. 2010). Leaf damage for all tree individuals was
scored by the same person. The estimates of leaf area lost were based on comparisons with a
standard leaf of the same size as that being scored. Using these methods we could therefore
not account for leaves that were completely removed from the plants and our estimations may
therefore be lower than actual damage levels.

To test the effects of invasion status on numbers of leaves damaged (extent of damage) and
categories of damage severity, for each host tree, Generalised Linear Models were performed.
These variables were ﬁtted to a Poisson distribution model with a log-link function using
generalised estimating equations using R software (R Development Core Team 2014). The
Poisson distribution model was selected to minimize the deviance statistic. For significant
terms, the individual levels were compared using a Tukey’s HSD test (García-Guzmán &
Dirzo 2004). Signiﬁcant differences are reported where p < 0.05.

Leaf nutrient analyses
In the present study, the term ‘leaf’ denotes the primary photosynthetic organ of the plant.
Leaf nutrients were measured for B. stellatifolium, M. angustifolia, and A. mearnsii. Only
mature leaf samples were taken, and leaves were considered mature when fully expanded.
These were collected from five replicate trees of each tree species from each of the nine sites
9

selected. Samples from each tree individual were removed separately with scissors and placed
in plastic re-sealable bags with moistened paper towelling. Hands were gloved to avoid
contamination of leaf material. Samples were placed in insulated containers with ice, and
were transferred to the Institute for Plant Production, Western Cape Department of
Agriculture, Stellenbosch, South Africa for processing.

Leaves were dried, ground in a Wiley mill (Thomas Scientific, Swedesboro, New Jersey,
USA) and analysed for foliar phosphorus (P) (expressed as percentage of dry mass) using a
CE Instruments NC2100 CN Analyser (CE Elantech, Incorporated, Lakewood, New Jersey,
USA). Total nitrogen (expressed as percentage of dry mass) was determined by the semimicro
Kjeldahl method (Ofosu-Budu et al. 1992) using a Tecator Kjeltec Auto 1030 Analyser
(Tecator, Höganӓs, Sweden). Mean leaf nutrient levels (as percentage) were compared for
each plant species across sites within three different invasion treatments using analysis of
variance (ANOVA) followed by Tukey’s multiple comparison tests in STATISTICA.

Effect of native tree species richness, host abundance and leaf nutrients on host damage

At each of the nine sites, two transects were established measuring 50 m in length (parallel to
the river) and 5 m in width (perpendicular to the river crossing both wet and dry bank zones;
for description of wet and dry bank zones see Reinecke et al. (2015)). In these, native tree
species richness and host abundance were determined. Data from the two transects were
combined per site, and compared among sites with different invasion status similarly to leaf
nutrient content.

To investigate possible interactions between host species abundance, native plant species
richness and leaf nutrients on extent of folivorous insect and phylopathogen damage,
regression analyses were performed with percentage of leaves damaged by the respective
organism groups as the response variables and native tree species richness, host abundance
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and nutrient levels as predictors. Analyses were performed using STATISTICA. Unadjusted
P < 0.05 values are reported.

Results
Differences in folivorous insect and fungal damage levels

All three tree species exhibited significant differences in levels of folivory in relation to
invasion status of the site. Levels of folivory on Brabejum stellatifolium were significantly
higher at invaded sites than at near pristine sites and increased significantly from invaded sites
at restored sites (Z[2,42] = 78.53, p < 0.001) (Fig. 2a). For Metrosideros angustifolia folivore
damage showed a similar pattern, but the difference was only significant for comparisons
between restored and near pristine sites (Z[2, 42] = 72.53, p < 0.001) (Fig. 2a). Acacia mearnsii
showed a different pattern, with significantly more leaves damaged by folivorous insects at
heavily invaded sites compared to near pristine sites and restored sites (Z[2, 42] = 49.42, p <
0.001), which were statistically similar (Fig. 2a).

In addition to damage caused by folivorous insects, the only other organisms causing
significant leaf damage to the study plants were fungi. Each host species had at least one
common phylopathogenic species. Brabejum stellatifolium was infected by the biotrophic
pathogen Periconiella velutina (G.Winter) which causes black mould and the necrotrophic
pathogen Phyllosticta owaniana (G.Winter), which causes leaf spot. Metrosideros
angustifolia was infected by an Alternaria sp. that caused necrotic spots. Acacia mearnsii was
infected by the biotrophic heteroecious pathogen Uromycladium alpinum (McAlpine) that
caused chlorotic spots.

For B. stellatifolium the extent of fungal disease was significantly higher at restored sites and
heavily invaded sites (Z[2, 42] = 17.59, p < 0.001) compared to near pristine sites (Fig. 2b). For
M. angustifolia, the extent of fungal disease was significantly higher in restored riparian
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Figure 2. Mean percentage (+SE) of leaves damaged by either folivorous insects (a) or
pathogens (b) for B. stellatifolium, M. angustifolia, A. mearnsii from riparian sites with
different invasion status: near pristine (clear), heavily invaded (dark grey) and restored (light
grey). Significant differences are indicated above error bars by different lower case letters for
B. stellatifolium, different uppercase letters for M. angustifolia and differences in the number
of asterisks for A. mearnsii. (n = 15 for each tree species in each invasion status).
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Figure 3. Frequency of leaves damaged by folivorous insects with chewing and sucking
mouthparts (a, b and c) and diseases caused by four phylopathogenic fungi (d, e and f) for B.
stellatifolium, M. angustifolia and A. mearnsii at sites that differed in their invasion status:
near pristine (clear); heavily invaded (dark grey); and restored riparian zones (light-grey).
Different letters indicate a significant difference between groups within each damage type.

vegetation (Z[2, 42] = 31.82 p < 0.001) than in near pristine and heavily invaded sites which did
not differ significantly (Fig. 2b). For A. mearnsii, fungal disease was higher in heavily
invaded sites (Z[2, 42] = 80.37, p < 0.001) than in restored and near pristine sites, which were
statistically similar (Fig. 2b).
Brabejum stellatifolium mostly incurred damage caused by folivorous insects with chewing
mouthparts (Z[2,42] = 77.79, p < 0.001) (Fig. 3a), while M. angustifolia and A. mearnsii were
almost equally damaged by insects with chewing- and those with piercing-sucking mouthparts
(M. angustifolia: Z[2,42] = 53.75, p < 0.001 and A. mearnsii: Z[2,42] = 25.71, p < 0.001) (Fig. 3b
& c). Damage levels caused by both chewing and sucking insects followed a similar pattern to
those observed for the combined data presented in figure 2a. Similarly, for B. stellatifolium,
both fungal taxa showed the same pattern (Fig. 3d) as was found for their combined effect
shown in Figure 2b.

Severity of pest and pathogen damage

Severity of leaf damage is presented in Figure 4. For all three species, the proportion of
damaged leaves in each severity category varied significantly among study sites as denoted by
different letters. For B. stellatifolium and M. angustifolia, damage severity caused by both
folivorous insects and phylopathogenic fungi was higher at heavily invaded and restored sites
than at near pristine sites, but for both taxa, damage severity tended to be highest at the
restored sites. Acacia mearnsii tended to be more severely damaged by both folivorous insects
and phylopathogenic fungi at heavily invaded sites (Figs. 4c and f).
Effect of native tree species richness, host abundance and leaf nutrients on host damage

Mean native tree species richness was significantly lower at heavily invaded sites than at near
pristine sites (F[2, 6] = 6.86, p = 0.03), but returned to pre-invasion levels after alien removal.
Abundance of B. stellatifolium was highest at the near pristine sites (F[2, 6] = 16.89; p = 0.003)
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Figure 4. Frequency distributions of percentage of leaf area damaged by folivorous insects (a,
b and c) and phylopathogens (d, e and f). The darker the bars, the more severe the damage
caused by the various organisms were. Categories of leaf area damaged were as follows: 0%
(light grey); 1-11% (mid grey); 12-49% (dark grey) and 50-100% (black). Significant
differences across sites for each category are denoted by different letters.
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Table 1. Differences in native tree species richness among studied sites that vary in their
invasion status and size classes (diameter (cm) measured at breast height) and host abundance
of the three tree species considered in this study. Significant differences in native tree species
richness, host abundance and size-classes are indicated by different lower case letters for B.
stellatifolium, different uppercase letters for M. angustifolia and differences in the number of
asterisks for A. mearnsii.
Invasion

Mean native tree

status

species richness ±

Plant species

Host

Mean stem

abundance

diameter (cm) ±

standard error
Near pristine
20 ± 0.9a

Heavily
invaded

7 ± 2.3b

standard error
B. stellatifolium

25 ± 1.7

a

36 ± 1.1a

M. angustifolia

26 ± 1.0A

31 ± 2.4B

A. mearnsii

6 ± 0.3*

30 ± 1.3*

B. stellatifolium

11 ± 2.1b

29 ± 0.95 a

M. angustifolia

8 ± 2.0B

19 ± 1.1A

63 ± 30.9**

36 ± 2.4*

B. stellatifolium

15 ± 1.3b

32 ± 1.3a

M. angustifolia

17 ± 3.3AC

22 ± 2.2A

6 ± 0.3*

13 ± 0.9**

A. mearnsii

Restored
17 ± 0.7a

A. mearnsii
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with no difference detected between the restored and invaded sites (Table 1). Abundance of
M. angustifolia was highest at the near pristine sites and restored sites while at heavily
invaded sites, abundance was significantly lower (F[2, 6] = 6.31; p = 0.03) (Table 1). Acacia
mearnsii and Metrosideros angustifolia showed differences in size of individuals from sites
that differ in invasion status, with individuals at restored sites significantly smaller than those
at near pristine or invaded sites (Table 1). The size of B. stellatifolium did not vary across
sites that differ in invasion status (Table 1).

Regressions between native plant species richness and percentage of leaves damaged by
phylopathogenic fungi and insects were not significant in all cases except for damage caused
by phylopathogenic fungi on A. mearnsii (Fig 5); in this case, damage caused by
phylopathogenic fungi was negatively correlated to native plant species richness. Native host
tree densities were always negatively correlated to the number of leaves damaged by
phylopathogenic fungi or folivorous insects, although only significantly so in the case of
damage by folivorous insects (Fig. 5). The invasive A. mearnsii showed the opposite, with
both damage types significantly and positively correlated to host abundance (Fig. 5).

Leaf P content did not vary among sites for any plant species tested (Fig. 6). Leaf N varied
significantly among sites only for B. stellatifolium and A. mearnsii (Fig. 6). For B.
stellatifolium, levels of leaf N were significantly higher in restored sites compared to heavily
invaded and near pristine sites (F[2,42] = 68.12, p < 0.00001) that did not significantly differ
from each other (Fig. 6). Significantly higher levels of N for A. mearnsii were found in
heavily invaded sites as compared to near pristine sites (F[2,42] = 8.39, p = 0.0009). Leaves of
A. mearnsii at restored sites had intermediate N levels (Fig. 6). No significant correlations
were found between leaf N content and number of leaves damaged by phylopathogenic fungi
for any tree species (Table 2). However, leaf N content was significantly correlated to number
of leaves damaged by folivorous insects for B. stellatifolium and A. mearnsii. This was in
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Figure 5. The effects of host abundance on the percentage of leaves damaged by folivorous
insects (a, c and e) or phylopathogens (b, d and f) for three tree species (B. stellatifolium, M.
angustifolia and A. mearnsii) at sites that differ in their invasion status: near pristine (clear
square); heavily invaded (dark grey square); and restored (light-grey square) riparian zones.
Reported P-values are for partial regression coefficients; reported r2 is for each overall
regression. All trends were linear.

Figure 6. Mean + SE of (a) foliar Nitrogen content and (b) Phosphorus content measured as
percentage of dry mass of B. stellatifolium, M. angustifolia, A. mearnsii from riparian sites
with different invasion status: near pristine (clear), heavily invaded (dark grey) and restored
(light grey). Significant differences are indicated above bars by different lower case letters for
each tree species.
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Table 2. Correlations for foliar damage caused by phylopathogenic fungi and folivorous
insects as response variables versus native tree species richness and leaf nitrogen as the
predictors (n = 9).
Number of leaves damaged by

Number of leaves damaged by

phylopathogenic fungi
Tree species
Leaf nitrogen

folivorous insects
Tree species
Leaf nitrogen

B. stellatifolium

richness
0.21n.s

0.21n.s

richness
0.02n.s

0.51***

M. angustifolia

0.00n.s

0.03n.s

0.13n.s

-0.11n.s

A. mearnsii

0.59***

0.21n.s

0.25n.s

0.52***

Plants species

Note: Data presented are for the fitted intercept, the coefficient of determination (r2)
Significance: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; n.s p > 0.05
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contrast to M. angustifolia that showed no significant correlation between folivore damage
and nitrogen content of leaves (Table 2).
Discussion

In this study, both native and alien trees in riparian zones varied in their susceptibility towards
pathogenic fungal colonisation and folivorous insect (natural enemies) damage across sites, in
accordance with differences in invasive alien plant invasion status. For the native species B.
stellatifolium, both folivore and pathogen damage was significantly higher at invaded sites
than at near pristine sites and these levels did not return to their original levels after
restoration. In fact, folivore damage levels were even higher at restored sites than at heavily
invaded sites. Similarly, damage caused by leaf phylopathogenic fungi and folivorous insects
was also higher for the other native species M. angustifolia at restored sites than it was at
heavily invaded and near pristine sites. The pattern was different for the invasive A. mearnsii
where damage caused by both folivorous insects and phylopathogenic fungi increased at
heavily invaded sites, but returned to near pristine site levels at restored sites. The high levels
of folivory and fungal diseases on A. mearnsii could not be credited to biological control
agents since the two known biocontrol agents (Melanterius maculatus and Dasineura
rubiformis) do not damage the vegetative parts of A. mearnsii, but rather cause reductions in
seed availability (Impson et al. 2011). The lower levels of folivory and fungal disease in near
pristine sites concurs with literature which shows that higher heterogeneity in plant species
composition and structure of near pristine sites possibly explains observed lower levels of
damage by natural enemies (Bach 1980; Agrawal et al. 2006). The higher levels of damage by
folivorous insects and phylopathogenic fungi on native plants in restored areas is intriguing,
particularly because this study was undertaken seven years after restoration efforts.

After removal of invasive alien plants, host abundance of B. stellatioflium and M. angustifolia
(two native trees) was similar to near pristine sites. However, abundance of these species was
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low at heavily invaded sites. Abundance of A. mearnsii was greater in heavily invaded sites
than in restored and near pristine sites. Apart from decreased host abundance of the two native
trees in heavily invaded sites, native plant species richness was also lower than that in near
pristine sites. Results therefore support previous observations that alien plant species have a
negative impact on native species richness and abundance by replacing native plant species in
the communities they invade (French et al. 2008; Vilà et al. 2011). Most invasive Australian
Acacia spp. in south Africa are transformers, posing serious threat to structure and function of
pristine Fynbos areas by elevating soil nitrogen levels and converting them into species-poor
ecosystems (Richardson et al. 2000). Despite these severe impacts, native plant species
richness can return to its original level once the invasive alien plants are removed (Holmes &
Cowling 1997; Blanchard & Holmes, 2008; Marchante et al. 2011 and this study). The
recovery of native plant species in riparian areas referred to in these studies suggests that, in
each case, no “threshold of irreversibility’’ (as defined by Aronson et al. 1993) had been
reached (see Holmes & Cowling 1997), thereby allowing regeneration after clearing.

There is a debate over whether or not the levels of leaf damage by folivorous insects and
phylopathogenic fungi depends on native plant species richness, with homogenous tree stands
being more damage-prone than heterogeneous stands (Mitchell et al. 2002; Pfisterer et al.
2003; Haas et al. 2011). Consequently, one would expect to see decreasing levels of folivory
and fungal disease with increasing native plant species richness. However, results from this
study suggest that activities of folivores and phylopathogenic fungi in diverse riparian habitats
(near pristine and restored) and simple habitats (heavily invaded) are independent of plant
species richness, a pattern observed in other ecosystems (e.g. Scherber et al. 2010). Bach
(1980) suggested that folivore activity is linked to host abundance/density rather than plant
species richness. An area which has a high abundance/density of a preferred host favours
folivore survival more so than a diverse area where access to the preferred host is more
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limited; a phenomenon known as the ‘resource concentration’ hypothesis (Grez & González
1995).

Apart from host abundance, Mitchell et al. (2002) highlighted the importance of understorey
richness in maintaining and controlling natural enemies of plants. We have not included
understory plant species in our analyses which may have influenced results obtained for
restored and near pristine sites. Therefore, even though tree species richness was similar,
understory plant richness could have been less diverse in restored sites leading to a decrease
in natural enemies and increased levels of folivory. Future studies should therefore include
understory plant richness as an explanatory variable for altered herbivore pressure.

Several studies have tested relationships between levels of folivory, fungal diseases and the
abundance of hosts, with some studies showing positive (Mabry & Wayne 1997), some
negative (Underwood and Halpern 2012; Halpern et al. 2014) and some neutral (Rhainds &
English-Loeb 2003) effects. In this study, increased host abundance was negatively correlated
to native tree folivory and positively to the levels of both folivory and fungal diseases for A.
mearnsii. The negative relationship between folivory and host abundance for the two native
trees could be explained by dilution of folivore effects with increased abundance (e.g. see
Halpern et al. 2014). Alternatively, at low abundance, when host plants are thinly dispersed,
folivores may show fidelity to a host, as finding another host both increases energy use and
exposure to predaceous arthropods (Schuldt et al. 2010).

Levels of damage by folivores and pathogens on A. mearnsii seemed to follow a more classic
pattern as is well known in agricultural monotypic stands. Acacia mearnsii forms thick nearmonocultures that make it easy for insects to find hosts (if pre adapted) and for spores of
pathogens to land on susceptible hosts (e.g. Bell et al. 2006). It is also possible that predator
communities may have been disrupted. There is some evidence that in their introduced range,
alien plants may assemble communities of folivores as abundant and rich as those of native
23

hosts (Frenzel & Brandl 2003) especially if the invasive alien plants is closely related to
several native trees (Procheş et al. 2008). The Fabaceae are well represented in South Africa
(18 % of the 198 listed trees species in South Africa belong to the Fabaceae (Coates-Palgrave
2002)). Hence, it is possible that a rich regional pool of pre-adapted folivores is available to
counteract chemical defences of A. mearnsii (e.g. Litt et al. 2014).

Apart from the influences of host abundance and native plant species richness, the observed
higher levels of folivory and fungal diseases may be related to changes in leaf chemical
components due to high rates of nutrient inputs to the ecosystems through the presence of
nitrogen-fixing invasive alien plants (e.g. A. mearnsii is a putative nitrogen fixing legume
(Tye & Drake 2012), that are known to elevate soil nutrient levels (van der Waal, 2009). A
study by Naudé (2012), at some of the same riparian sites used in this study, showed that a
legacy effect remained after clearing invasive alien plants in that levels of available nitrogen
in soil remained high. This implies that plants in restored sites may be more vigorous than in
near pristine sites due to abundant available resources (such as was seen for the native trees in
this study). This, in turn, may make these plants more attractive to folivorous insects and/or
phylopathogenic fungi (Moran & Scheidler 2002), thereby increasing their abundance (and
causing an increase in damage) in riparian systems after alien clearing.

Recorded levels of foliar nitrogen of the host trees fell within the range of values reported for
other Mediterranean trees (Fife et al. 2008) and for other evergreen trees such as Australian
Acacia spp. (Peeters 2002b). Likewise, leaf phosphorus levels were within the lower and
upper ranges of reported values for these hosts (Fife et al. 2008). Foliar nutrient content data
confirmed that B. stellatifolium had greater levels of foliar nitrogen at restored sites, as did
Acacia mearnsii. Phosphorus levels did not vary significantly for any plant species tested
across all invasion statuses. Of the covariates tested, leaf nitrogen was the only factor that was
positively correlated with folivores and leaf chewers for B. stellatifolium and with folivores
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for A. mearnsii. This result suggests that nitrogen content is an important driver of arthropod
population dynamics for B. stellatifolium and A. mearnsii.
In conclusion, the results of this study suggest that, although plant communities often recover
after invasive alien removal, native trees continue to be damaged by folivorous insects and
pathogenic fungi resulting in damage levels in excess of those seen at invaded sites. This
implies that restoration efforts of invaded riparian zones do not remove the legacy effect of
the invasion with many unexpected and lasting ecological consequences. Of the explanatory
factors assessed, host abundance (resource concentration) and nitrogen availability (resource
quality) seemed to be the most influential on damage caused by arthropods. Neither of these
two factors explained the similar observed patterns for damage caused by phylopathogenic
fungi. Although these correlative analyses cannot ascertain the exact mechanism by which
host plant abundance affected folivory, it is highly possible that the interplay between folivore
densities, predaceous arthropod densities and/or plant nutritional status may be important (see
Forkner & Hunter 2000; Moran & Scheidler 2002). Investigating the effect of these factors on
pest and pathogen populations under controlled conditions is therefore a necessary next step
for future research.
Acknowledgments
The authors are grateful to Marno Fourie and Oliver Kambaj for field assistance, and two
reviewers for helpful comments and suggestions to improve this manuscript. We thank private
landowners and CapeNature for access to field sites. This study was funded by the DST/NRF
Centre of Excellence in Tree Health Biotechnology. We are also thankful to Dr. Kenneth
Oberlander for assistance with molecular techniques for identification of phylopathogenic
fungi isolates in this study.

25

References
Agrawal A., Lau J. & Hamback P. (2006) Community heterogeneity and the evolution of
interactions between plants and insect herbivores. Q. Rev. Biol. 81, 349-376.
Agrios G. N. (2005) Plant pathology. Elsevier Academic Press, London, United Kingdom.
Aronson J., Floret C., Le Floc’h E., Ovalle C. & Pontanier R. (1993) Restoration and
rehabilitation of degraded ecosystems in arid and semi-arid lands. I. A view from the
South. Restoration Ecol. 1, 8-17.
Arzanlou M., Groenewald J. Z., Gams W., Braun U., Shin H. D. & Crous P. W. (2007)
Phylogenetic and morphotaxonomic revision of Ramichloridium and allied genera. Stud.
Mycol. 58, 57-93.
Bach C. E. (1980) Effects of plant density and diversity on the population dynamics of a
specialist herbivore, the striped cucumber beetle, Acalymma vittata (Fab). Ecology 61,
1515-1530.
Bell T., Freckleton R. P. & Lewis O. T. (2006) Plant pathogens drive density-dependent
seedling mortality in a tropical tree. Ecol. Lett. 9, 569-574.
Benítez-Malvido J., Garcia-Guzman G. & Kossmann-Ferraz I. D. (1999) Leaf-fungal
incidence and herbivory on tree seedlings in tropical rainforest fragments: an
experimental study. Biol. Conserv. 91, 143-150.
Blanchard R. & Holmes P. M. (2008) Riparian vegetation recovery after invasive alien tree
clearance in the Fynbos Biome. S. Afr. J. Bot. 74, 421-431.
Brooks T. M., daFonseca G. S. B. & Rodriques A. S. L. (2004) Protected areas and species.
Conserv. Biol. 18, 616-618.
Coates-Palgrave K. (2002) Trees of Southern Africa. Struik, Cape Town, South Africa.
Cook W. M. & Holt R. D. (2006) Influence of multiple factors on insect colonization of
heterogeneous landscapes: a review and case study with periodical cicadas (Homoptera:
Cicadidae). Ecol. popul. boil. 99, 809-820.

26

Covington W., Fule P., Moore M., Hart S., Kolb T., Mast J., Sackett S. & Wagner M. (1997)
Restoring ecosystem health in ponderosa pine forests of the southwest. J. For. 95, 23-29.
Crous C. J., Jacobs S. M. & Esler K. J. (2012) Drought-tolerance of an invasive alien tree,
Acacia mearnsii and two native competitors in Fynbos riparian ecotones. Biol. Invasions
14, 619-631.
Deacon H. J., Jury M. R. & Ellis F. (1992) Selective time and regime. In: Fynbos: Nutrients,
Fire and Diversity (ed. R. M. Cowling) pp. 6-23. Oxford University Press, London.
Doidge E. M. & Bottomley A. M. (1931) A revised list of diseases occurring in South Africa.
Bot. Surv. S. Afr. 11, 1-78.
Dye P. & Jarmain C. (2004) Water use by black wattle (Acacia mearnsii): implications for the
link between removal of invading trees and catchment streamflow response. S. Afr. J. Sci.
100, 40-45.
Eichhorn M. P., Nilus R., Compton S. G., Hartley S. E. & Burslem D. (2010) Herbivory of
tropical rain forest tree seedlings correlates with future mortality. Ecology 91, 1092-1101.
Elser J. J., Fagan W. F., Denno R. F., Dobberfuhl D. R., Folarin A., Huberty A., Interlandi S.,
Kilham S. S., McCauley E., Schulz K. L., Siemann E. H. & Sterner R. W. (2000)
Nutritional constraints in terrestrial and freshwater food webs. Nature 408, 578-580.
Fife D. N., Nambiar E. K. S. & Saur E. (2008) Retranslocation of foliar nutrients in evergreen
tree species planted in a Mediterranean environment. Tree Physiol. 28, 187-196.
French K., Ens E., Gosper C. R., Lindsay E., Mason T., Owers B. & Sullivan N. (2008)
Management implications of recent research into the effect of bitou bush invasion. Plant
Prot. Q. 23, 4-28.
Frenzel M. & Brandl R. (2003) Diversity and abundance patterns of phytophagous insect
communities on alien and native host plants in the Brassiceae. Ecography 26, 723-730.

27

Folgarait P., Marquis R., Ingvarsson P., Braker H. & Arguedas M. (1995) Patterns of attack
by insect herbivores and a fungus on saplings in a tropical tree plantation. Environ.
Entomol. 24, 1487-1494.
Forkner R. E. & Hunter M. D. (2000) What goes up must come down? Nutrient addition and
predation pressure on oak herbivores. Ecology 81, 1588-1600.
Galatowitsch S. & Richardson D. M. (2005) Riparian scrub recovery after clearing of invasive
alien trees in headwater streams of the Western Cape, South Africa. Biol. Conserv. 12,
509-521.
García-Guzmán G. & Dirzo R. (2004) Incidence of leaf pathogens in the canopy of a Mexican
tropical wet forest. Plant Ecol. 172, 31-50.
Gardes M. & Bruns T. D. (1993) ITS primers with enhanced specificity for basidiomycetes
application to the identification of mycorrhizae and rusts. Mol. Ecol. 2, 113-118.
Garrett K. A. & Mundt C. C. (2000) Effects of planting density and the composition of wheat
cultivar mixtures on stripe rust: an analysis taking into account limits to the replication of
controls. Phytopathol. 90, 1313-1321.
Gilbert G. S. (2002) Evolutionary ecology of plant diseases in natural ecosystems. Annu. Rev.
Phytopathol. 40, 13-43.
Goldblatt P. & Manning J. C. (2000) Cape Plants: a conspectus of the Cape Flora of South
Africa. Strelitzia 7, 1-743.
Grez A. A. & Gonzalez R. H. (1995) Resource concentration hypothesis-effect of host-plant
patch size on density of herbivorous insects. Oecologia 103, 471-74.
Haas S. E., Hooten M. B., Rizzo D. M. & Meentemeyer R. K. (2011) Forest species diversity
reduces disease risk in a generalist plant pathogen invasion. Ecol. Lett. 14, 1108-1116.
Halpern S. I., Bednar D., Chisholm A. & Underwood N. (2014) Plant-mediated effects of host
plant density on a specialist herbivore of Solanum carolinense. Ecol. Entomol. 39, 217225.

28

Holmes P. M. & Cowling R. M. (1997) The effects of invasion by Acacia saligna on the guild
structure and regeneration capabilities of South African fynbos shrublands. J. Appl. Ecol.
34, 317-332.
Impson F. A. C., Kleinjan C. A., Hoffmann J. H., Post J. A. & Wood A. R. (2011) Biological
control of Australian Acacia species and Paraserianthes lophantha (Willd.) Nielsen
(Mimosaceae), in South Africa. Afr. Entomol. 19, 186-207.
Johnson P. T. J., Hartson R. B., Larson D. J. & Sutherland D. R. (2008) Diversity and disease:
community structure drives parasite transmission and host fitness. Ecol. Lett. 11, 10171026.
Litt A. R., Cord E. E., Fulbright T. E. & Schuster G. L. (2014) Effects of invasive plants on
arthropods. Conserv. Biol. 28, 1532-1549.
Mabry C. M. & Wayne P. W. (1997) Defoliation of the annual herb Abutilon theophrasti:
mechanisms underlying reproductive compensation. Oecologia 111, 225-232.
Marchante H., Freitas H. & Hoffmann J. H. (2010) Post-clearing recovery of coastal dunes
invaded by Acacia longifolia: is duration of invasion relevant for management success? J.
Appl. Ecol. 9, 1780-1790.
Mitchell C. E., Tilman D. & Groth J. V. (2002). Effects of grassland plant species diversity,
abundance and composition on foliar fungal disease. Ecology 83, 1713-1726.
Moran M. D. & Scheidler A .R. (2002) Effects of nutrients and predators on an Old-field food
chain: Interactions of top-down and bottom-up processes. Oikos 98, 116-124.
Morris M. J., Wingfield M. J. & Walker J. (1988) First record of a rust on Acacia mearnsii in
Southern Africa. Trans. Br. Mycol. Soc. 90, 324-327.
Mucina L. & Rutherford M. C. (2006) The vegetation of South Africa, Lesotho and
Swaziland. South African National Biodiversity Institute, Pretoria.

29

Musvuugwa T., Wilhelm de Beer Z., Duong T.A., Dreyer L.L., Oberlander K.C & Roets F.
(2015) New species of Ophiostomatales from scolytinae and Platypodinae beetles in
Cape Floristic Region including the discovery of the sexual state of Raffaelea. Anton.
Leeuw. 108, 933-950.
Naudé M. (2012) Fynbos riparian biogeochemistry and invasive Australian Acacias. MSc.
thesis, Stellenbosch University, South Africa.
Ofosu-Budu K. G., Ogata S. & Fujita K. (1992) Temperature effects on root nodule activity
and nitrogen release in some sub-tropical and temperate legumes. Soil Sci. Plant Nutr. 38,
717-726.
Peeters P. (2002a) Correlations between leaf structural traits and the densities of herbivorous
insects guilds. Biol. J. Linn. Soc. 77, 43-65.
Peeters P. J. (2002b) Correlations between leaf constituent levels and the densities of
herbivorous insect guilds in an Australian forest. Austral Ecol. 27, 658-671.
Pfisterer A., Diemer M. & Schmid B. (2003) Dietary shift and lowered biomass gain of a
generalist herbivore in species-poor experimental plant communities. Oecologia 135,
234-241.
Procheş Ş., Wilson J. R. U., Richardson D. M. & Chown S. L. (2008) Herbivores, but not
other insects, are scarce on alien plants. Austral Ecol. 33, 691-700.
R Core Team. (2014). R: A language and environment for statistical computing (3.1.0 ed.).
Vienna, Austria: R Foundation for Statistical Computing.
Reinecke M. K., Brown C. A., Esler K. J., King J. M., Kleynhans M. T. & Kidd M. (2015)
Links between lateral vegetation zones and river flow. Wetlands 35, 473-486.
Rhainds M., & English-Loeb G. (2003) Testing the resource concentration hypothesis with
tarnished plant bug on strawberry: density of hosts and patch size influence the
interaction between abundance of nymphs and incidence of damage. Ecol. Entomol. 28,
348-358.

30

Richardson D. M., Pyšek P., Rejmánek M., Barbour M. G., Panetta F. D., & West C. J. (2000)
Naturalization and invasion of alien plants: concepts and definitions. Divers. Distrib. 6,
93-107.
Ricklefs R. (2008) Foliage chemistry and the distribution of Lepidoptera larvae on broadleaved trees in southern Ontario. Oecologia 157, 53-67.
Riihimӓki J., Kaitaniemi P., Koricheva J. & Vehviläinen H. (2005) Testing the enemies
hypothesis in forest stands: the important role of tree species composition. Oecologia
142, 90-97.
Root R. B. (1973) Organization of a plant-arthropod association in simple and diverse
habitats: the fauna of collards (Brassica oleracea). Ecol. Monogr. 43, 95-124.
Scherber C., Specht J., Köhler G., Mitschunas N., Weisser W. W. (2010) Functional identity
versus species richness: Herbivory resistance in plant communities. Oecologia 163, 707717.
Schuldt A., Baruffol M., Böhnke M., Bruelheide H., Härdtle W., Lang A. C., Nadrowski K.,
von Oheimb G., Voigt W., Zhou H.Z., & Assmann T. (2010) Tree diversity promotes
insect herbivory in subtropical forests of South-East China. Ecology 98, 917-926.
Torchin M. E. & Mitchell C. E. (2004) Parasites, pathogens, and invasions by plants and
animals. Front. Ecol. Environ. 2, 183-190.
Tye D. R. & Drake D. C. (2012) An exotic Australian Acacia fixes more N than a coexisting
indigenous Acacia in a South African riparian zone. Plant Ecol. 213, 251-257.
Underwood N. & Halpern S. (2012) Insect herbivores, density dependence, and the
performance of the perennial herb Solanum carolinense. Ecology 93, 1026-1035.
Vilà M., Espinar J. L., Hejda M., Hulme P. E., Jarošík V., Maron J. L., Pergl J., Schaffner U.,
Sun Y. & Pyšek P. (2011) Ecological impacts of invasive alien plants: a meta-analysis of
their effects on species, communities and ecosystems. Ecol. Lett. 14, 702-708.

31

van der Waal B. W. (2009) The influence of Acacia mearnsii invasion on soil properties in
the Kouga Mountains, Eastern Cape, South Africa. MSc thesis, Rhodes University,
Grahamstown
van Hezewijk B. H., De Clerck-Floate R. A., & Moyer J. R. (2008) Effect of nitrogen on the
preference and performance of a biological control agent for an invasive plant. Biol.
Control 46, 332-340.
van Wilgen B. W., Forsyth G. C., Le Maitre D. C., Wannenburgh A., Kotzé J. D. F., van den
Berg E. & Henderson L. (2012) An assessment of the effectiveness of a large, nationalscale invasive alien plant control strategy in South Africa. Biol. Conserv 148, 28-38.
White T. J., Bruns T. D., Lee S., & Taylor J.W. (1990) Amplification and direct sequencing
of fungal ribosomal RNA genes for phylogenetics. In: PCR protocols: a guide to methods
and applications (eds. M. A. Innis, D. H. Gelfand, & J. J. Sninsky) pp. 315-322. New
York Academic Press, New York.
White E. M., Wilson J. C. & Clarke A. R. (2006) Biotic indirect effects: a neglected concept
in invasion biology. Divers. Distrib. 12, 443-455.

32

