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Abstract Invasive alien organisms can impact adversely

on indigenous biodiversity, while riparian invasive alien

trees (IATs), through shading of the habitat, can be a key

threat to stream invertebrates. We ask here whether stream

fauna can recover when the key threat of riparian IATs is

removed. Specifically, we address whether IAT invasion,

and subsequent IAT removal, changes benthic macroinver-

tebrate and adult dragonfly assemblages, for the worse or for

the better respectively. Natural riparian zones were controls.

There were statistically significant differences between

stream reaches with natural, IAT-infested and IAT-cleared

riparian vegetation types, based on several metrics: imma-

ture macroinvertebrate taxon richness, average score per

macroinvertebrate taxon (ASPT), a macroinvertebrate sub-

set (Ephemeroptera, Plecoptera, Trichoptera and Odonata

larvae; EPTO), and adult dragonfly species richness.

Reaches with natural vegetation, or cleared of IATs, sup-

ported greater relative diversity of macroinvertebrates than

reaches shaded by dense IATs. Greatest macroinvertebrate

ASPT and EPTO were in reaches bordered by natural veg-

etation and those bordered by vegetation cleared of IATs,

and the lowest where the riparian corridor was IATs. Highest

number of adult dragonflies species was along streams

cleared of dense IATs. Overall, results showed that removal

of a highly invasive, dense canopy of alien trees enables

recovery of aquatic biodiversity. As benthic macroinverte-

brate scores and adult dragonfly species richness are corre-

lated and additive, their combined use is recommended for

river condition assessments.
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Introduction

Invasive alien organisms are a major threat to biodiver-

sity, and have caused species extinctions (Tallamy 2004;

Clavero and Garcia-Berthou 2005). Invasive alien trees are

among these threatening organisms (Latimer et al. 2004),

and are an extinction threat to over 1,000 plant and animal

species (Calder 1999), including those in riparian zones and

grasslands (Water Research Commission 2001). Riparian

invasive alien trees (IATs) compete with indigenous plant

species for water, space, sunlight, and other resources, so

reducing structural diversity of indigenous vegetation, as

well as changing the functioning of the ecosystem. This, in

turn, influences the number and type of animal species that

can be supported by that vegetation (Tallamy 2004).

Reversing the impact of IATs would therefore likely be of

major benefit for biodiversity recovery.

In response to the IAT problem, South Africa has

developed a national-scale of IAT removal programme,

aiming in part to restore indigenous biodiversity (Zim-

mermann et al. 2004), as nearly one tenth of the surface

area of South Africa is infested with alien plants (Water

Research Commission 2001). IATs can form dense stands

along river banks and change local ecology (Richardson

and Van Wilgen 2004), while their removal increases,

among other things, stream flow (Dye and Jarmain 2004),

and enables recovery of population levels of certain rare

and threatened dragonfly species (Samways and Taylor

2004; Samways et al. 2005).

Benthic macroinvertebrate assemblages are sensitive

to changes in water conditions caused by various
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anthropogenic impacts (Resh and Jackson 1993; Norris and

Thoms 1999; Hawkins and Norris 2000). Macroinverte-

brate assessments are usually conducted only at family or

other higher taxonomic level. Changes in finer, species-

level composition of some invertebrate communities in

response to invasion by, and clearing of, IATs may not be

detected when using these higher levels of taxonomic

resolution. Furthermore, it is often relatively difficult to

identify the young stages of aquatic insect species. Thus

ideally, species-level, finer-resolution data should supple-

ment the higher-level taxonomic surrogates.

Adult dragonfly species are highly sensitive to the

quality of local riparian vegetation type (Chovanec and

Waringer 2001; Schindler et al. 2003; D’Amico et al. 2004;

Hofmann and Mason 2005; Butler and deMaynadier 2008),

and can be used to supplement macroinvertebrate assem-

blages for evaluating the local success of IAT removal

(Smith et al. 2007; Samways and Sharratt 2010; Simaika

and Samways 2009). Adult male dragonflies respond to

habitat quality by recognizing some intrinsic characters

that correlate with relatively high-quality sites (Orians and

Wittenberger 1991). Macroinvertebrate assemblages iden-

tified at a higher taxonomic level (low resolution) may be

sensitive enough for comparing different rivers, but are less

sensitive for specific sites, while dragonflies are sensitive to

both (Smith et al. 2007). Presence of a wide range of

indigenous dragonflies is an indication of a healthy system,

and adults react rapidly to changes in physical conditions

(Samways 1989; Samways and Steytler 1996) and have

been used as potential indicators at the species level (e.g.

Clark and Samways 1996; Bulánková 1997; Stewart and

Samways 1998; Hawking and New 1999).

The aim of this large-scale restoration study was to

assess the degree of recovery of benthic macroinvertebrate

higher taxa and adult dragonfly species assemblages at sites

heavily invaded by riparian IATs, and to compare these

sites with those cleared of riparian IATs, using natural

riparian vegetation sites as controls. This enabled us to

ascertain the extent to which removal of IATs promotes

recovery of the local stream fauna. The null hypothesis

was that natural vegetation, alien vegetation (IAT sites)

and cleared-of-aliens sites had similar assemblages, with

rejection of the null hypothesis when there were significant

differences at P \ 0.05. The value of using species-level

adult dragonfly assessments alongside higher taxon macr-

oinvertebrate assessments of riparian condition was also

determined.

Methods

Study area and sites

Invasive alien trees (IATs) are being removed on a national

scale in South Africa, and offers an opportunity for under-

taking a landscape study with considerable practical appli-

cation. The study area was in the upper reaches of the

Luvuvhu River catchment in the Soutpansberg mountains,

Limpopo Province, South Africa, which are highly infested

with IATs. Three sites were identified: Piesanghoek,

Shefeera, and Entabeni, covering a total of three streams,

each of which had native, alien (IATs) and cleared IAT

riparian vegetation zones (Table 1). All SUs were selected

from the headwaters, where there was minimal anthropo-

genic impact than the foothills that could have influenced

the results. Each sampling unit (SU) was categorized here as

(1) ‘natural’, (2) ‘alien’ (i.e. IATs), or (3) ‘cleared’ (i.e.

cleared of IATs). Spatial replication was 23 SUs in each of

the natural and alien vegetation types, and 25 SUs in cleared

vegetation. Three types of riparian treatment were studied at

each stream: (1) natural riparian vegetation, (2) dense alien

riparian vegetation, mostly Solanum mauritianum Scop.

(bugweed), Acacia mearnsii De Wild. (black wattle), Pinus

patula Schiede ex Schlecht and Cham. (patula pine),

Ceasalpinia decapitala (Roth) Alston (mauritius thorn), and

Eucalyptus gomphocephala A. DC. (bluegum tree), and (3)

completely cleared of dense IATs. Natural riparian vegeta-

tion is defined here as riparian vegetation with cover less

(mostly far less) than 15% IATs, while ‘alien riparian veg-

etation’ was cover greater than 75% IATs. Cleared riparian

vegetation was where the IATs were manually removed on a

large, commercial scale (totaling hundreds of ha in the study

Table 1 Sampling unit (SU)

distribution, across three

selected streams, which were

used for benthic

macroinvertebrate and adult

dragonfly sampling among

natural, invasive alien tree

(IAT) and cleared IAT riparian

vegetation types

Stream location GPS readings Number of natural

riparian vegetation SUs

Number of IAT

riparian vegetation SUs

Number of cleared IAT

riparian vegetation SUs

Piesanghoek S: 23.02959

E: 29.91512

7 7 8

Shefeera S: 23.01655

E: 30.07437

8 8 8

Entabeni S: 23.03002

E: 30.21182

9 9 9

628 J Insect Conserv (2010) 14:627–636

123



area, with many hundreds of ha still awaiting removal) at

least 1 year prior to sampling.

Each SU was a 10 m stretch of a stream with the 2 m wide

strip of vegetation on both banks, with an absolute 50 m

minimum distance between SUs. As point sampling of

invertebrates was involved (see below), these SUs were

considered sufficiently independent for statistical analysis.

All types of microhabitats (riffles, run, aquatic macrophytes,

etc.) were included in each SU to minimize variation

between the sites and to cover many macroinvertebrates

with different substrate preference (Ulfstrand 1967; Hildrew

and Townsend 1976; Dickens and Graham 2002).

Sampling

Benthic macroinvertebrates

Benthic macroinvertebrates were assessed using the pro-

tocol of Dickens and Graham (2002), where high sensi-

tivity scores are allocated to the most sensitive taxa, and

lowest scores to those which are least susceptible. The sum

of the individual scores is the macroinvertebrate score,

which is divided by the number of sampled taxa to give the

standardized measure of river health, the average score per

taxon (ASPT) (Dickens and Graham 2002).

Benthic macroinvertebrates (including dragonfly larvae)

were sampled once at each SU during August–October

2004, when there were high population levels of these

aquatic stages. All available microhabitats in each SU were

sampled, including stones, both in and out of current,

vegetation (marginal and aquatic vegetation), gravel, sand

and mud. Stones were kicked systematically across the SU

continuously for five min. All microhabitats available

within a SU were combined to produce a composite sample

per SU. The collecting-net was a 950 lm mesh kick net on

a 30 cm square frame, which was placed below the water

level, moving it backwards and forwards. In lentic habitats,

marginal vegetation, gravel and mud were swept. Loose

substrata were agitated for 30 s, dislodging benthic macr-

oinvertebrates into the net. Netted samples were washed

and tipped into a sorting tray, and all specimens, large and

small, identified to higher taxon (usually family), and

sampled abundances recorded by counting individuals.

Sampling was sequentially from the lowest sites (down-

stream) up to the highest sites, avoiding errors associated

with benthic macroinvertebrate drift (Dickens and Graham

2002). The final macroinvertebrate score was the sum of

sensitivity scores for benthic macroinvertebrates. Number

of taxa and ASPT (i.e. macroinvertebrate score/number of

taxa) were also obtained.

Previously available data on benthic macroinvertebrate

taxon richness and ASPT were obtained from Diedericks

(2002), using the same methodology as described in Dickens

and Graham (2002) and sites, and were incorporated into

this study to record any improvement in benthic macroin-

vertebrate diversity over the years after clearing of IATs.

Diedericks (2002) data were collected in 2001 and 2002

from stream cleared of riparian IATs (Shefeera and

Piesanghoek) in 1999, and the follow-up clearings were

made yearly.

Adult dragonflies

The same SUs for benthic macroinvertebrates were used for

adult dragonfly sampling. These adult individuals were

recorded using close-focus binoculars, and a butterfly net

used to collect voucher specimens. This method has been

used elsewhere to study dragonflies (Suh and Samways

2001; Marden and Cobb 2004) and produced reliable results.

Sampling effort was a 30 min observation period in each SU,

during December 2004–January 2005, the peak season for

adult dragonflies. Observation was from 1000 h to 1500 h

only on sunny, windless days, to ensure maximum dragonfly

activity. Only male individuals were counted and matched to

the particular riparian vegetation type (Clark and Samways

1996; Suh and Samways 2001; Marden and Cobb 2004),

because most of the time females are not associated with

water (Samways et al. 1996; Foster and Soluk 2004). Drag-

onfly individuals are highly site-faithful between days:

32.5% of the time males returned to the same oviposition site,

and 62.3% of the time males returned to within 3 m of their

previous site (Switzer 1997). Unaided visual scanning is

100% accurate for the dragonfly sub-order Anisoptera and

80% accurate for Zygoptera (Moore 1991) and even more

accurate for Zygoptera when using close-focus binoculars.

Environmental variables associated with the three types

of riparian vegetation

Physical/chemical environmental variables (EVs) (dis-

solved oxygen, pH, water temperature, electrical conduc-

tivity) were measured simultaneously at each sampling unit

(SU) using a YSI 556 Multi Probe System. Measured

habitat EVs at each SU were: vegetation type (natural,

alien or cleared), canopy cover, and number of years since

first clearing (where IATs had been cleared).

Two measurements were taken of each EV in each SU,

one at the beginning of the SU and one at the end. In total,

eight EVs were measured: elevation (in m above sea level),

temperature (10 cm under the water surface), pH, con-

ductivity, dissolved oxygen, flow (categorized into three

classes: (1) riffles (very fast-flowing, broken water on the

surface), (2) runs (flows with no broken water) and, (3)

pools (water flows slowly)), shade (canopy cover; the
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estimated percentage cover over each SU, to the nearest

10%), and microhabitat (categorized into six categories

according particle size (Dickens and Graham 2002): (1) silt

(\0.06 mm), (2) sand (0.06–2 mm), (3) gravel (2–20 mm),

(4) stones (2–30 mm), (5) boulders ([30 cm), (6) bedrock

(slabs of rock)).

Data analyses

Data collected from all streams were pooled for each of the

three riparian (natural, alien, or cleared) vegetation types for

the comparison of aquatic macroinvertebrate and adult

dragonfly assemblages. Macroinvertebrate taxon richness

was determined, then the ASPT for each SU (see above)

(Dickens and Graham 2002). Analysis of variance

(ANOVA), after log transformation of raw data, using SPSS

15.0 for Windows (SPSS Inc. 2006) was used to compare

natural, alien, and cleared riparian vegetation types in terms

of macroinvertebrate taxon richness in various SUs. Multiple

comparisons for benthic macroinvertebrates and adult

dragonfly species using Tukey HSD tests were also done.

Canonical Correspondence Analysis (CCA) and the Monte

Carlo permutation test (499 permutations) was used to ana-

lyze the macroinvetebrate assemblages and to relate the

assemblages to EVs, using the software CANOCO (Ter

Braak and Šmilauer 2002).

Average adult dragonfly species richness and abundance

per SU and per riparian vegetation type were derived and

used for further analyses. Principal component analysis

(PCA) included in PRIMER 5 for Windows (Clarke and

Warwick 2001), using Bray-Curtis similarity measures was

used to find out whether adult dragonflies from different

riparian vegetation types fall into a distinct group or not. An

ordination plot of adult dragonflies in all the SUs from nat-

ural, alien and cleared riparian vegetation type was created.

Additional analysis, to obtain a temporal perspective,

was done using three macroinvertebrate data sets, in the

years 2001 and 2002 (Diedericks 2002), and 2004 (current

study). These data were collected from SUs bordered by

riparian vegetation cleared of dense IATs. These IATs

were cleared initially during 1999, and almost yearly after

that. One-way ANOVA’s were performed using SPSS 15.0

for Windows to ascertain whether there was any significant

recovery of macroinvertebrates, specifically taxon richness

and ASPT following IAT clearing over the years. Multiple

comparisons using Tukey HSD was carried out to deter-

mine any significant change in macroinvertebrate assem-

blages over the years.

To ascertain whether adult dragonfly species richness

varied in the same direction to the same extent as the ASPT

scores, a linear regression analysis was carried out on all

the SUs, and accounting for all three vegetation types.

Results

Benthic macroinvertebrates

Highest average scores for macroinvertebrates (taxon rich-

ness, ASPT and EPTO) across all SUs were in natural veg-

etation and in cleared SUs, and the lowest in IAT SUs (Fig. 1)

sites. Overall, these differences were statistically significant

(Table 2). However, there was no statistical significant dif-

ference between different riparian vegetation types in terms

of SASS5 total scores (F = 2.497, P = 0.090).

When the earlier findings of Diedericks (2002) were

compared with our results, there was a significant difference

in benthic macroinvertebrate taxon richness (df = 72,

F = 39.972, P = 0.000), and ASPT (df = 72, F = 98.336,

P = 0.000), between 2001 and 2004. Over the years 2001,

2002 and 2004, there was a significant increase in taxon

richness and ASPT (Fig. 2). The stream bordered by cleared

riparian vegetation had an average ASPT of 4.9 in 2001,

which improved to 5.1 and 6.9 in 2002 and 2004 respec-

tively (Fig. 2). An average of 5.5 families per SU, was

recorded in 2001, while 7.5 and 10.6 were recorded in 2002

and 2004 respectively. Total SASS5 score was 80 in 2001,

145 in 2002 and 227 in 2004. Some of the most sensitive

families, Oligoneuridae, Heptageniidae, Helodidae and

Perlidae, were absent in 2001 and 2002, but present during

2004 (see Magoba 2005 for details). Although, the results
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Fig. 1 Selected analysis of variance (ANOVA) of benthic macroin-

vertebrate taxon richness; benthic macroinvertebrate average score

per taxon (ASPT); Ephemeroptera, Plecoptera, Trichoptera and

Odonata larvae (EPTO) taxon richness, and adult dragonfly species

richness among natural, invasive alien trees (IATs) and cleared IAT

riparian vegetation types. The mean difference among riparian

vegetation types is significant at the P = .05 level. Standard error

bars are displayed. Differing letters above bars show significant

differences
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indicated significant recovery of macroinvertebrate taxon

richness from 2002, there was no significant change in

stream conditions as indicated by ASPT during 2002, but

had improved significantly by 2004 (Fig. 2).

Benthic macroinvertebrate assemblages

and environmental variables

Monte Carlo tests resulted in statistically significant axes for

macroinvertebrate taxa (F = 1. 51, P = 0.028). Benthic

macroinvertebrate-EV correlation in natural vegetation was

high, with shade accounting for most of the variation in

benthic macroinvertebrates (F = 3.21, P = 0.002). Mea-

sured EVs accounted for 43% of variability in macroinver-

tebrate assemblages (Fig. 3). Similar analysis for alien

vegetation showed that benthic macroinvertebrate-EV

correlations were non-significant (F = 1.272, P = 0.058),

while for cleared sites, they were highly significant

(F = 1.734, P = 0.002), with the measured EVs accounting

for 77.4% of the variation. Microhabitats accounted for

most of the variation (F = 3.073, P = 0.01; 25%), followed

by shade cover (F = 1.683, P = 0.036; 15%). Dissolved

Table 2 Selected analysis of mean variance of benthic macroinver-

tebrate taxa richness; benthic macroinvertebrate average score per

taxon (ASPT); Ephemeroptera, Plecoptera, Trichoptera and Odonata

larvae (EPTO) taxon richness, and adult dragonfly species richness

among natural, invasive alien trees (IATs) and cleared IAT riparian

vegetation types

Dependent variable Riparian vegetation

(natural, IATs, and cleared)

Statistics

Sum of

squares

df Mean

square

F Signifcance

level (P)

Macroinvertebrate-taxon richness Among all-vegetation types 2.882 68 0.042 5.337 0.007

ASPT Among all-vegetation types 0.826 68 0.012 5.671 0.005

EPTO taxa richness Among all-vegetation types 7.971 68 0.117 5.545 0.006

Adult dragonfly species richness Among all-vegetation types 5.340 68 0.079 48.635 0.000
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Fig. 2 Selected analysis of variance (ANOVA) of average benthic

macroinvertebrate taxa, and benthic macroinvertebrate average score

per taxon (ASPT), for the years 2001, 2002 and 2004 recorded from

sites cleared of invasive alien trees (IATs) in 1999. Columns represent

average values per vegetation type and standard error bars are

displayed

1.0-0.8

-1.0

1.0

Oli

Pot Bae

Cae

Hep
Lep

Olig

Tri
Chl

Syn

Coe

Les

Pla

Aes
Gom

Lib
Ger

Not
VeliHyd 1sp

Hyd

Psy

Dyt

Gyr

Hel

Pse

Ath
Dix

Psyc

Sim

Tab

Tip

Elevation

Temperature

Conductivity

DO

pH

Shade
Microhabitats

Flow

Axis 1

Oligo, Pla, 
Vel, Dix, 
Pot, Ath 

Chl, Gom, 
Aes, Dyt, Syn, 
Tab 

A
xi

s 
2 

Fig. 3 Canonical Correspondence Analysis of macroinvertebrate

assemblages with environmental variables in natural vegetation.

Macroinvertebrates code used for analysis are Oligochaeta: Oli;

Potamonautidae: Pot; Perlidae: Per; Baetidae: Bae; Caenidae: Cae;

Heptageniidae: Hep; Leptophlebiidae: Lep; Oligoneuridae: Oligo;

Tricorythidae: Tri; Chlorocyphidae: Chl; Synlestidae: Syn; Coenag-

rionidae: Coe; Lestidae: Les; Platycnemidae: Pla; Protoneuridae: Pro;

Aeshnidae: Aes; Gomphidae: Gom; Libellulidae: Lib; Corixidae: Cor;

Gerridae: Ger; Veliidae: Vel; Hydropsychidae: Hyd; Leptoceridae:

Lep; Dytiscidae: Dyt; Elmidae: Elm; Gyrinidae: Gyr; Helodidae: Hel;

Psephenidae: Pse; Athericidae: Ath; Chironomidae: Chi; Tabanidae:

Tab; Tipulidae: Tip; Ancylidae: Anc
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oxygen, flow, elevation, temperature and conductivity had

no significant effect in cleared areas. CCA of EPTO taxa in

all three vegetation types showed that the measured EVs

(Fig. 3) were highly significant (F = 2.614, P = 0.002),

accounting for 54% of the variability.

The mean stream temperature in natural vegetation

during the study period was 14.3�C (daily ranges 3.2–

23�C), 18.1�C under IATs (daily ranges 7.4–27.2�C) and

20�C in cleared vegetation (daily ranges 6.9–31.7�C).

Adult dragonfly species richness

A total of 1,506 adult dragonfly individuals in 33 species

were recorded across all 71 SUs combined. The average

species richness per SU associated with natural riparian

vegetation SUs was eight, with alien riparian vegetation it

was nine, and with cleared riparian vegetation it was 17.

Aeshna subpupillata was recorded only in natural vegeta-

tion, whereas Orthetrum trinacria, Trithemis dorsalis and

T. stictica were localized in association with IATs. Of the

total of 28 adult dragonfly species recorded in cleared

riparian vegetation, twelve were recorded only in associa-

tion with cleared riparian vegetation.

Adult dragonfly responses to vegetation type

Different dragonfly species responded differently to each of

the three riparian vegetation types. Some species, such as

Orthetrum julia falsum, Africallagma glaucum and Elat-

toneura glauca, were remarkably tolerant of riparian veg-

etation type, being common across all three (natural, alien

and cleared). In contrast, other adult dragonfly species were

very sensitive to vegetation type, with Allocnemis leu-

costicta being abundant only in highly shaded natural

vegetation yet absent in sunlit, cleared conditions. Other

species, such as Nesciothemis farinosa, O. abbotti and

Crocothemis erythraea, were locally abundant in the sunlit

conditions where riparian vegetation had been cleared, but

scarce or absent in alien or naturally-shaded conditions.

ANOVA indicated highly significant differences (F =

48.635, P = 0.000) among riparian vegetation types in

terms of adult dragonfly species richness (Fig. 1; Table 2).

Principal component analysis (PCA) ordination of Bray-

Curtis similarity showed overall separate clustering of

dragonfly species according to natural, alien and cleared

IAT riparian vegetation, although with some overlap

(Fig. 4). When this was examined in more detail, there was

significant differences in adult dragonfly species richness in

natural versus cleared riparian vegetation (F = 6.368, P =

0.015), and in alien versus cleared riparian vegetation

(F = 13.24, P = 0.001), but not between natural and IAT

riparian vegetation (F = 0.113, P = 0.738) (Fig. 1).

Relationship between adult dragonfly species richness

and benthic macroinvertebrate taxa richness

Across all 71 SUs, adult dragonfly species richness was

significantly positively related to ASPT (r2 = 0.3044,

df = 68, P \ 0.005) (Fig. 5).

Discussion

Macroinvertebrate assemblages under riparian invasive

alien trees

Local disturbance can lead to a change in composition of

aquatic invertebrate communities (Merz and Ochikubo

Chan 2005; Sarriquet et al. 2007). Alien streamside vege-

tation threatens aquatic macroinvertebrates by altering

water supplies and sedimentation (Wittenberg and Cock

Fig. 4 Principal component analysis (PCA) ordination of Bray-Curtis

similarity between adult dragonflies from 71 sampling units (SUs)

from different vegetation types (natural, alien and cleared), in which

the placement of SUs represent the similarity in terms of adult

dragonfly assemblage composition across riparian vegetation types
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Fig. 5 Relationships between average adult dragonfly and average

score per taxon (ASPT), y = 1.8675x - 1.7357, r2 = 0.3044 per

sampling unit across all 71 sampling units associated with stream

reaches bordered by ‘natural’, ‘alien’ and ‘cleared’ riparian vegetation
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2001; Hirji et al. 2002). It is therefore not surprising that

sites here with riparian invasive alien trees (IATs) sup-

ported a lower Average Score Per Taxon (ASPT) of

macroinvertebrates than did those with natural riparian

vegetation (Fig. 2). Nevertheless, some taxa survived per-

fectly well (e.g. Gyrinidae) and others even benefited (e.g.

Dixidae and Simuliidae), apparently in preference for

shady conditions provided by the alien trees at this loca-

tion, other stream conditions being equal (Magoba 2005).

In contrast, ASPT scores were remarkably improved where

IATs were removed, although the ASPT scores did not

overall match those of natural vegetation (Fig. 2). How-

ever, the results in Fig. 1, showing differences between

cleared and natural vegetation, suggest that cleared site

assemblages were closely approaching those of natural

sites. Generally, the most sensitive taxa were the EPTO

(larvae of Ephemeroptera, Plecoptera, Trichoptera, and

Odonata), with higher average taxon richness associated

with natural than with alien riparian vegetation, but

like ASPT, were showing good recovery in all cleared

areas. The low ASPT associated with IATs was due to

loss of sensitive taxa, especially Tricorythidae, Perlidae,

Psephenidae, Protoneuridae and Oligoneuridae (Magoba

2005).

Historical recovery of macroinvertebrates after removal

of invasive alien trees

Invasion of riparian zones by exotic trees changes the

characteristics of invertebrate habitats through indigenous

plant replacement (Tallamy 2004), riverbank destabiliza-

tion, and eradication of pool-riffle sequences, together with

a reduction of the substrate mosaic heterogeneity (Boon

1988). In short, there is homogenization of aquatic habitats

and hence the associated communities. Indeed, we show

here that alien riparian vegetation type was poor in macr-

oinvertebrate taxon richness. Yet, macroinvertebrate taxon

richness significantly improved within a 2-year period after

alien tree clearing. But river quality, as measured by ASPT,

took more time to fully recover, and significantly improved

only 5 years after the initial removal of the alien trees. The

lowest number of aquatic macroinvertebrate taxa was

recorded in 2001, when the stream was first beginning to

recover following IAT removal in 1999. Low macroin-

vertebrate scores in 2001 may be attributed to the former

alien infestation. In 2001, macroinvertebrates reflected

impoverished stream conditions (very low ASPT). By 2002

and then 2004, it appears that the impact of IATs had

subsided, resulting in a significant improvement in the

aquatic macroinvertebrate assemblage.

The recovery was remarkable, and seems to be partly

due to the fact that macroinvertebrates in the region are

intrinsically adaptable to major disturbances, including

floods in the same overall region, where macroinvertebrate

recovery occurred within 1 year (Samways 1989). Thus,

the floods in 2000 were not considered to have significantly

influenced aquatic macroinvertebrate assemblage during

the study period (i.e. 18 months later). In summary,

clearing of IATs and subsequent follow-ups were beneficial

to the aquatic macroinvertebrate assemblage, with the final

results almost comparable to those associated with stream

reaches bordered by natural riparian vegetation.

Environmental variables and benthic

macroinvertebrates

Environmental variables, especially riparian vegetation

type and available microhabitats, had a significant effect on

the macroinvertebrate assemblage, a well-known phenom-

enon (Norris and Thoms 1999). Availability of microhabi-

tats can be important for macroinvertebrate diversity,

especially in savanna habitats like these here, where envi-

ronmental conditions are unpredictable and extreme

(Stewart and Samways 1998).

Different benthic macroinvertebrates show preferences

for different microhabitats, especially in natural vegetation,

where in our study here, this EV was highly significant. The

heterogeneity of microhabitats is among the most important

factors controlling the macroinvertebrate assemblage

(Sheldon 1986; Townsend and Hildrew 1994), because it

increases the diversity of resources such as substratum

characteristics (Culp et al. 1983; Rempel et al. 2000),

hydraulic conditions (Quinn and Hickey 1994) and food

availability (Hawkins et al. 1982; Dobson and Hildrew

1992) and hence macroinvertebrate diversity. Clark and

Samways (1996) showed that natural sites with an abun-

dance of macrophytes had significantly higher species

abundance by providing good oviposition sites for adult

dragonflies as well as perching sites, especially for the

smaller Zygoptera. It follows that natural vegetation

increases benthic macroinvertebrate diversity, but con-

versely when this natural vegetation is replaced by a dense

IAT canopy, there is a drop in macroinvertebrate diversity.

Adult dragonfly species composition and relative

abundance

Dragonfly species are generally very sensitive to riparian

vegetation type (Buchwald 1992; Chwala and Waringer

1996; Samways and Steytler 1996; Rith-Najarian 1998;

Samways and Taylor 2004; Foote and Hornung 2005;

Samways 2007; Samways and Sharratt 2010), with the

highest species richness and density here being associated

with cleared IAT vegetation. Interestingly, almost an equal

number of dragonfly species was recorded in association

with both natural vegetation and IATs. Shady conditions
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reduced relative abundance, whether the riparian vegeta-

tion was natural or alien, confirming the results of Kinvig

and Samways (2000).

Adult dragonfly assemblages have the potential to indi-

cate water quality, with some species being more sensitive

than others (Magoba 2005; Samways and Sharratt 2010).

Multispecies assemblages here were good ecological indi-

cators of natural or alien riparian vegetation. N. farinosa,

C. erythraea and O. abbotti benefited from clearing of

vegetation, while O. trinacria, T. dorsalis and T. stictica

were highly tolerant of IAT impact.

Environmental variables and adult dragonfly species

Like the benthic macroinvertebrate scores, adult dragonfly

scores were depressed under the alien tree canopy. Yet the

cleared vegetation, with its reduced shade and moderately

high temperature, was associated with the highest average

adult dragonfly species richness, which was almost double

that associated with natural vegetation and IATs. This

contrasted with the benthic macroinvertebrate scores,

which were highest in natural vegetation. The reason for

this is that most local dragonfly species are highly sensitive

to shade (Samways 2007), with adult assemblages at alien

tree sites often mirroring those at shady natural sites

(Kinvig and Samways 2000). Yet, when alien trees are

removed there is a surge in the sun-loving dragonfly

assemblage, which decreases again as natural, bushy veg-

etation re-establishes (Samways and Sharratt 2010).

Correlation between macroinvertebrate scores

and adult dragonflies

We found here that the ASPT is the best measure for

comparing the status of different parts of the rivers, sup-

porting earlier findings (Armitage et al. 1983; Wright et al.

1984; Metcalfe 1989; Resh and Jackson 1993; Dickens and

Graham 2002; Dinakaran and Anbalagan 2007). ASPT and

adult dragonfly species richness, responded similarly to

riparian vegetation type and can be considered mutually

supporting metrics (Fig. 5), although the adult dragonflies

were much more responsive to the sunlit conditions that

were provided when alien trees were removed. The com-

bined use of ASPT and adult dragonfly species richness

composition (especially integrated into the Dragonfly Biotic

Index; Simaika and Samways 2008, 2009) is recommended

for measuring impact of invasive alien plants on stream

faunas is justified, confirming Smith et al. (2007).

We also found that the EPTO taxa group alone was a

sensitive indicator, with the results showing a significant

difference between stretches of rivers with different ripar-

ian vegetation conditions compared to the use of overall

macroinvertebrate taxon richness. These findings confirm

others, including those of Dinakaran and Anbalagan

(2007), where aquatic macroinvertebrates, especially those

belonging to the EPT taxa, were highly sensitive to habitat

changes in the south Western Ghats.

Implications for practice

We showed here that removal of riparian invasive alien

trees (IATs) is a very positive management activity for

recovery of aquatic biodiversity. The spatial variation in

local richness of stream macroinvertebrates is affected by

IAT disturbances, and recovery and maintenance of

intact riparian vegetation is significant for the conserva-

tion of stream invertebrate faunas. Although macroin-

vertebrate assemblages started to respond remarkably

quickly to removal of dense stands of IATs, full recov-

ery of the assemblage took a few years. In summary, use

of EPTO taxon richness and ASPT, with adult dragonfly

species richness as an important supporting metric at

the species level, is recommended in river condition

assessments.
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