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a b s t r a c t

Introduced grasses are a major threat to dryland ecosystems world-wide because of their
ability to transform plant communities and change fire regimes. These structural and
functional shifts are often assumed to impact wildlife but this has rarely been measured
directly. Likewise, evaluation of weed removal programs rarely considers benefits to fauna,
thereby limiting information that could inform management decisions. We used an
experimental approach to test the impacts of removing invasive buffel grass (Cenchrus
ciliaris), a globally significant invader of dryland systems, on reptiles, a prominent
component of the Australian desert fauna. A combination of mechanical and herbicide
treatment was applied to replicate plots in areas that had been invaded for at least two
decades and changes to ground cover and plant and reptile assemblages were monitored
over six years and compared to still-invaded control plots. Following treatment, native
plants re-established without the need for reseeding or planting, especially during a period
of high rainfall, when positive effects on reptiles also became apparent. The abundance and
species richness of reptiles increased at all plots during the mesic period, but less so in
control plots, and remained higher at treated plots thereafter, although this was only
significant at some times. Post-treatment 27 of 36 species were captured more frequently
in treated plots and only four species, all with very low captures, were captured more often
in invaded control plots. This consistent trend among species suggests negative impacts of
buffel grass on reptiles are likely caused by broad factors such as reduced prey or habitat
diversity. Together with concurrent research at the same sites, our results provide
experimental evidence that removing buffel grass from heavily invaded areas, even at
small scales, benefits a variety of native flora and fauna. Until landscape-scale options are
available, restoration of smaller areas within buffel-invaded landscapes can help to pre-
serve native seed banks and adult plants, reduce fire impacts, and provide patches of
favourable habitat for fauna. The creation of ‘islands’ of restored native vegetation deserves
further consideration as an effective intervention that could help to achieve short and
long-term conservation goals in grass-invaded dryland ecosystems.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Invasion by non-native plants is one of the biggest threats to biodiversity world-wide (IUCN 2000). The most harmful
invaders are those that become dominant, transform the structure and composition of the invaded ecosystem, and alter key
ecological processes (Gaertner et al., 2014). These high impact species are often the focus of management programs, especially
where serious adverse impacts of the invader are known or predicted, but weed control is often difficult and time intensive
and requires long-term commitment (Quirion et al., 2018). Decisions about management should balance the effort required
with likely benefits (Firn et al., 2015), but for most invasive plant species there is little or no direct empirical evidence linking
management effort to biodiversity gain. Evaluation of weed management programs is usually restricted to monitoring
changes in abundance of the weed species and, less often, to the recovery of native plants; the response of animals to weed
removal is rarely considered (Reid et al., 2009). These shortfalls are compounded when there is an absence of pre-invasion
baseline information on ecological communities and a lack of understanding of invader impact. Better integration be-
tween plant and animal focussed research is required to maximise the potential for long-term, cost-effective restoration of
functional ecosystems for diverse components of biodiversity (McAlpine et al., 2016).

Introduced grasses are among the most successful and therefore also most damaging plant invaders world-wide, espe-
cially in tropical and desert regions (D’Antonio and Vitousek, 1992, Knapp 1996; Williams and Baruch 2000; Godfree et al.,
2017). In low rainfall environments invasive grasses can transform understorey vegetation with relatively sparse structure
and diverse composition into dense, single species dominated grasslands (Germano et al., 2001; Franks 2002; Clarke et al.,
2005). Once established at high density, more frequent and intense fire is promoted with further impacts on native flora
including long-lived over-storey plants (D’Antonio and Vitousek, 1992, Knapp 1996; Brooks et al., 2004; McDonald and
McPherson 2011; Brooks 2012; McDonald and McPherson 2013). In combination, these processes lead to long term change
in plant assemblages and structure (Franklin and Molina-Freaner 2010). These transformations are often easily observable,
especially when an invader becomes dominant over a short time, but indirect impacts on wildlife and more complex
ecological interactions are difficult to detect, and the extent and causes of these impacts are not well understood (Adair and
Groves 1998; Grice et al., 2013).

Buffel grass (Cenchrus ciliaris L. ¼ Pennisetum ciliare L.), native to some regions of Africa and Asia, is a significant invader
world-wide and has become widespread particularly in south-western North America and inland Australia (Friedel et al.,
2011). In Australia, buffel grass probably poses the biggest threat to biodiversity of any invasive grass because of its
comparativelymuchwider distribution (Godfree et al., 2017) and ability to establish and become dominant in diverse habitats
(van Klinken and Friedel 2017). Over 70% of the Australian mainland is climatically suitable for the establishment of buffel
grass, and this range is predicted to increase further with climate change, especially in southern coastal areas (Lawson et al.,
2004; Scott 2014; Martin et al., 2015). The semi-arid and arid inland regions of Australia are one of the last and largest
remaining terrestrial wilderness areas of the world and are of global significance for conservation (Watson et al., 2018); yet
buffel grass already dominates many areas within this region and, left unchecked, will continue to substantially transform
Australia’s dryland ecosystems within upcoming decades. Ranked among the most serious environmental weeds in Australia
(Grice 2006; Martin et al., 2015), buffel grass is listed as a likely threatening process for threatened flora (e.g. Palm Valley red
cabbage palm, Livistona mariae) and fauna from diverse taxonomic groups including reptiles (e.g. Slater’s skink, Liopholis
slateri), mammals (e.g. central rock rat Zyzomys pedunculatus), birds (e.g. Carpentarian grasswren Amytornis dorotheae) and
invertebrates (e.g. desert sand skipper Croitana aestiva and several species of land snails) (Northern Territory Government,
2020); however, direct evidence of impacts on fauna, in particular, is limited. Similarly, in dryland ecosystems in North
America, the risks to native flora and fauna from buffel-fuelled fires is considered to exceed the risk from any other non-native
grass because of the higher and more constant fuel loads buffel grass produces (McDonald and McPherson 2013). However,
despite major concerns about transformation of Sonoran desert ecosystems, including the potential loss of the keystone
saguaro cactus (Carnegiea gigantea) (eg. Rodríguez-Rodríguez et al., 2017), there has been little research on the impacts of
invasion on fauna, except on Sonoran desert tortoises (Gopherus morafkai) (Gray and Steidl 2015).

Despite widespread concern about negative biodiversity impacts of buffel grass, development of legislation to control or
limit spread has been constrained because of its value as pasture (Friedel et al., 2011), although this is changing in some
jurisdictions. Notably, buffel grass is now declared aweed in Arizona, where there is widespread distributionwithin protected
areas, and in the state of South Australia, where buffel has invaded relatively recently and increasing detrimental impacts on
fire patterns, productive native pastures, and the cultural values of local Aboriginal peoples are anticipated (Read et al., 2020).
Resistance to similar legislation continues across the northern states and territories of Australia, where buffel grass is of most
value to pastoralism. Consequently, in these regions, investment into managing buffel grass in invaded areas has been un-
dertaken mostly at small scales within conservation reserves and on private land. Although the scale and nature of impacts of
introduced grasses world-wide necessitates investigation into long-term, broad-scale solutions for managing grass-invaded
landscapes, restoring native vegetation in small areas may have significant conservation value in the shorter term (Hulvey
et al., 2017). Knowledge of the effort required to establish and maintain restored ‘islands’, and whether benefits extend to
diverse taxonomic groups of flora and fauna, is required to inform management. Information gained from monitoring
restoration efforts can also contribute to understanding how ecological systems are being transformed by invasion.

Reptiles are a prominent component of desert faunal communities, especially in Australia, which has the highest diversity
of lizards compared to other deserts globally (Morton and Emmott 2014). Because of their small home ranges and terrestrial
habits, reptiles, and especially lizards and small insectivorous snakes, can potentially benefit from small-scale restoration and
2
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comprise a useful case for testing the outcomes of weed removal for vertebrate biodiversity. Relatively few studies worldwide
have investigated the impacts of introduced grasses on reptiles, but the extant literature suggests impacts at community,
population, behavioural and physiological levels, including reduced richness and abundance (Abom et al., 2015), avoidance of
invaded areas (Hacking et al., 2014) and reduction in body condition (Gray and Steidl 2015). The magnitude of impact of
introduced plants on reptiles is predicted to be greatest where habitat structure is dramatically transformed and the invasive
species is widely distributed (Martin andMurray 2011). Conversion of open diverse structures to dense grasslands potentially
reduces thermoregulatory opportunities (Garcia and Clusella-Trullas 2019), obstructs movement or visibility thereby altering
predator prey interactions and intraspecific interactions (Germano et al., 2012) and is also likely to have direct impacts on
prey populations.

Premised upon the likelihood that buffel grass invasion is negatively affecting many reptiles in invaded areas in Australian
dryland regions, we predicted that restoring native plant structures and communities would be beneficial for reptiles and that
positive effects would become evident gradually after initial weed control, coinciding with the re-establishment of native
plant communities and structures. To test these predictions and evaluate potential positive outcomes from weed removal
against costs, we removed buffel grass from a series of replicated plots and monitored the response of vegetation and cor-
responding changes in reptile assemblages in comparison to paired adjacent invaded control plots where buffel grass was left
unmanaged.
2. Methods

2.1. Study location and experimental design

The study was located in the MacDonnell Ranges bioregion in central Australia at two sites; Simpsons Gap in the Tjoritja
West MacDonnell National Park (approximately 12 kmwest of Alice Springs; 23�430S, 133�430E); and the Alice Springs Desert
Park (on the western edge of Alice Springs; 23�420S, 133�490E). Both areas are broadly classified as alluvial flats but have
different soil and plant communities. The Desert Park site comprised kandosols (alluvial soils) with lowmoisture onmoderate
slopes, supporting a sparse open woodland of ironwood (Acacia estrophiolata), bloodwood (Corymbia opaca) and ghost gum
(Corymbia aparrerinja), with scattered fork leafed corkwood (Hakea divaricata), witchetty bush (Acacia kempeana), and dead
finish (Acacia tetragonophylla). The Simpsons Gap site was characterised by alluvial sands and silts with moderate to high
water holding capacity, supporting sparse corkwood (H. divaricata) trees, an abundance of bramble wattle (Acacia victoriae)
with emu bush (Eremophila longifolia) and colony wattle (Acacia murrayana) prominent in the shrub layer. When we
commenced our study, buffel grass dominated the ground-storey at both sites but was notably taller and denser at Simpsons
Gap. Buffel grass at the Desert Park had occasionally been mown to reduce fuel loads, but was otherwise unmanaged, and at
Simpsons Gap was completely unmanaged.

The MacDonnell Ranges region has a continental, arid climate featuring large seasonal and diurnal temperature variations
(average 4.0 �Cmin to 19.9 �Cmax in July/mid-winter and 21.6 �Cmin to 36.5 �Cmax in January/mid-summer at Alice Springs
airport over 79 years; http://www.bom.gov.au). Mean annual rainfall is 283 mm and there is very high variability among and
within years; rain can occur at any time of the year, while being most likely in summer. Growth of buffel grass and native
perennial and ephemeral understorey plants is closely tied to rainfall.

The experiment was set up as a randomised block design with three blocks nested in each of the two sites (Simpsons Gap
and Desert Park) and two plots, one treated (actively managed to remove buffel grass) and one left as an unmanaged control,
within each block (see Young and Schlesinger 2014 for a map). In total there were six treated plots and six adjacent control
plots which represented the surrounding buffel-invadedmatrix. Plots were 50m� 70m and paired plots within a block were
separated by a buffer zone (invaded by buffel grass) of approximately 20m. Damagewas caused to one block at Desert Park by
fire-fighting vehicles in 2011 making it unsuitable for further use; hence, only five replicate blocks were available from
October 2011.
2.2. Management of buffel grass at treated plots

Treated plots were mown in February 2008 with a Kubota L5030 tractor with a Howard HD-B Series slasher avoiding trees
and shrubs - including detectable seedlings, large logs and fallen trees. Mowing was undertaken to reduce dead standing
material which, following rain, would promote new growth and improve the uptake of herbicide.

Herbicide treatment commenced in late 2008 after the first substantial rain event and was continued intermittently, when
needed, for five years. Glycophosphate herbicide was applied to individual buffel tussocks using backpack spray kits, while
avoiding regenerating native plants. Spraying was implemented by officers from the Northern Territory Parks and Wildlife
and the Alice Springs Desert Park, and decisions about when to spray were based on their prior experience managing weeds
and work schedules. Time (person hours) spent onmanagement and the quantities of diluted chemical used (as dilution rates
varied among brands) were recorded.
3
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2.3. Monitoring changes in understorey plants and ground cover

Buffel grass, native plant, and other ground cover within plots was measured periodically, to coincide with fauna surveys.
The exception was February 2008, just after the mowing treatment, when un-mown control plots at Simpsons Gap were not
re-measured becausewe assumed there had been negligible change in the threemonths since the previous survey. Cover was
measured along three permanently located 50 m transects within each plot using the line-intersect method (Mueller-
Dombois and Ellenberg 1974). Ground cover was categorised as; buffel grass, other grass (Family Poaceae), chenopod
(Family Chenopodiaceae), all other native plants, grass litter, leaf litter, logs and >5 cm branches lying on the ground, grass
stubble (where only the root and base of a grass remained with no foliage), ant pavement or other bare ground. Plant cover at
the level of species or genus (where species were not distinguishable in the field) was recorded from the fourth sampling
period onwards, once native plants started to substantially recover, to enablemore detailed comparisons of plant composition
across treatments. These data for plant taxa were pooled into the defined categories for the main analyses. Other than buffel
grass, all plants recorded were native to the region. Along the length of each 50 m transect the ground cover type was
recorded to the nearest cm (using projected cover for plants) and converted to percent cover. The average percent cover of
each type across the three transects was used as the cover estimate for each plot.
2.4. Monitoring the response of ground active reptiles

Within each plot (n¼ 6 treated and 6 control), we installed 14 pit traps arranged along two parallel, permanent trap lines.
Each trap line comprised 50 m of aluminium fly-wire drift fence (approximately 50 cm high) and seven 20 l plastic bucket
pitfall traps, one at either end of the fence, and the others spaced at approximately 8 m intervals in-between. Shelter for
trapped animals was provided inside the trap (thick curved pieces of bark) and outside (by leaning bucket lids against the
fence over the bucket on the side corresponding to the dominant sun direction). When not in use pitfall traps were sealed.
Drift fences were left in place throughout the study, but small animals were able to cross from one side of the fence to the
other when the traps were not in use via gaps in the fence above each bucket (approx. 20 cm high and the width of the bucket
lid).

Traps were operated seven times; November 2007 (pre-treatment), February 2008 (immediately after mowing) and then
five times after herbicide treatment had commenced, approximately annually, between January 2009 and November 2012
(n ¼ 6 treated and 6 control plots for five sampling periods; and n ¼ 5 treated and 5 control plots for the final two periods).
Trapping was always undertaken during the warmer months (SeptembereMarch) when temperatures are predictably high
and reptiles were most likely to be active. Traps at all sites were opened at the same time for four consecutive days and nights
(representing 56 trap-nights of effort per plot). Captured reptiles were identified to species and lizards were temporarily
marked with white paint so that individuals could be identified if they were re-captured within the same period. All reptiles
were released close to the point of capture within 12 h.

Captures across the two trap-lines within each plot and across the four nights were pooled to derive a single number of
captures for each reptile species at each plot for each sampling period. For lizards, known recaptures within a trapping
episode were excluded, but it is possible that some individual snakes were counted more than once as they were not marked.
2.5. Analyses

2.5.1. Ground cover
PRIMER-e v7 Ltd and PERMANOVAþ (Quest Research Limited, New Zealand) were used for all uni- and multivariate

analyses. An advantage of using semiparametric PERMANOVA also for univariate dependent variables is that p values are
generated by permutations with no assumptions of data distributions (Anderson et al., 2008). Bray-Curtis similarity matrices
were generated on square root transformed data. The dependent variables used in ground cover analyses were (a) buffel grass
cover, (b) native ground cover (the summed cover of native grasses, chenopods and other native plants) and (c) the multi-
variate measure relative ground cover (i.e. the proportional cover of soil surface incorporating all plant and other cover
categories listed in section 2.3). We used permutational multivariate analysis of variance (PERMANOVA) with type III sums of
squares to test for significant effects of management on ground cover. Fixed factors were time, treatment and site, and the
random factor block was nested in site. Principal coordinate ordination (PCO) was used to visualise the relatedness of the
ground cover compositions between the samples. Pearson correlation vectors were added for those cover variables most
strongly associated with the first two PCO axes.

Species richness comparisons were made on plant taxa (for sampling rounds 4 to 7) and we tested for differences in
composition with PERMANOVA as described above. We then used the similarity percentages procedure (SIMPER; Clarke
1993) on the square root transformed plant taxa abundances to identify the main plant taxa responsible for the observed
significant dissimilarity between treatments.
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2.5.2. Reptiles
We tested for effects of treatment and time on the composition of the reptile assemblages (multivariate dependent

variable incorporating individual abundances of all species) as well as on the univariate dependent variables total abundance
and species richness. For each of these, the same procedure was followed as for ground cover i.e. Bray Curtis similarities were
generated on square root transformed data, prior to PERMANOVA and PCO. Fixed factors were time, treatment and site, and
the random factor block was nested in site.

A permutational distance-based linear model e an extension to distance-based redundancy analysis (dbRDA) - was
conducted to determine how well ground cover variables (square root transformed and normalized) could explain the
multivariate reptile assemblage (Anderson et al., 2008). A stepwise selection procedure was used to determine the best fitting
multiple regression model using the Akaike Information Criterion c (AICc) as selection criterion.

We also tested for effects of temperature and rainfall on lizard assemblages, again using a distance-based linear model and
the same procedure. Variables considered in the model were average maximum and minimum temperatures for trapping
days, and antecedent rainfall over 30, 60, 90, 180 and 270 days. Variables were tested for multicollinearity and average
minimum temperature was excluded as it showed strong correlation with maximum temperature. Rainfall after 60 and 180
days were also excluded due to collinearity, and because they each explained <3% of the reptile assemblage in marginal tests.

3. Results

3.1. Effort expended and timing of management in relation to rainfall and site

Except for initial mowing, the timing of management depended on rainfall. By far the greatest effort required (in time and
volume of herbicide) was in the first summer, following the first substantial rainfall after mowing. Much less effort was
required thereafter, even though one of the strongest La Ni~na events on record caused rainfall in the second and third
summers to bemuch higher than average, and triggered substantial regrowth of buffel grass at treated sites (Table 1: Fig.1 a&
b).

Management effort also varied substantially between sites. At Simpsons Gapmowing took longer (~8 h/ha) because denser
shrubs and sandier soil made it more difficult to manoeuvre (SG~ 8 h/ha; DP ~ 5 h/ha) and the volume of herbicide used was
more than double because buffel grass tended to re-establish more quickly and tussocks grew larger at this site (SG: 175 h,
2249 L; DP: 77 h, 863 L, per hectare over 5 years; Table 1).

3.2. Effect of the treatment on buffel grass and native plant cover

Slashing in February 2008 temporarily reduced standing cover of buffel grass at treated plots. Re-growth was vigorous
following the first major rainfall in summer 2008/2009 but, after herbicide treatment commenced, buffel grass cover was
maintained at a low level (Fig. 1 c). There were strong effects of treatment (Pseudo-F1,22 ¼ 70.6, P¼ 0.002) and the interaction
between treatment and time (Pseudo-F6,22 ¼ 13.0, P ¼ 0.001) on buffel grass cover reflecting the reduction in cover over time
at treated plots. At Desert Park buffel grass cover was initially lower (~25%) compared to Simpsons Gap (~40%) but increased
over time at invaded control plots, especially coinciding with high rainfall in 2010 and 2011, peaking at around 45% by the last
sampling period. At Simpsons Gap buffel grass cover was consistently high at control plots (about 40% and up to 60%) except
when it was temporarily reduced following two fires that affected this site in 2011 (Fig. 1 c). Buffel grass cover recovered close
to pre-fire levels within a year. Native plant cover at treated plots was also reduced by the fire, but not to the same extent, as
the intensity and extent of burn in these plots was reduced (for details of how the fires affected the experimental plots see
Schlesinger et al., 2013).

High rainfall in summer 2008/2009 triggered modest germination of native grasses and forbs at all plots. Native ground
cover then increased substantially at plots where buffel grass was treated, coinciding with mesic conditions and peaking in
2010 (at Simpsons Gap) and 2010/2011 (Desert Park). No corresponding major growth-pulse of native plants was evident at
control plots (Fig. 1 d). Reflecting this, PERMANOVA on native plants showed strong effects of time (Pseudo-F6,22 ¼ 50.6,
P ¼ 0.001) and the interaction between time and treatment (Pseudo-F6,22 ¼ 9.1, p ¼ 0.001). Pairwise tests of the interaction
term showed no differences in the relative abundance of native plants between control and treated plots for the first three
Table 1
Quantity of diluted herbicide used to treat buffel grass per year (JulyeJune) in relation to rainfall at Desert Park (DP) and Simpsons Gap (SG). Average annual
rainfall for Alice Springs is 282.8 mm

Year Rainfall (mm) Herbicide (l/ha)

DP SG DP SG Mean

2008/2009 228 311 354 1071 712
2009/2010 554 450 161 377 269
2010/2011 725 774 184 318 251
2011/2012 217 275 163 243 211
20012/2013 147 185 0 239 144

5



Fig. 1. Timelines showing (a) monthly rainfall (Alice Springs airport); (b) time spent on management (Simpsons Gap e grey, Desert Park-black); and changes in
mean (±se) cover of (c) buffel grass and (d) other ground-storey plants. Plant cover (circles at Simpsons Gap and triangles at Desert Park; control plots black and
treated plots grey) was measured at times coinciding with fauna trapping. In (c) and (d) n ¼ 3 for each site/treatment/time, except n ¼ 2 at Desert Park un-
managed and managed plots for the last two sampling times (Oct 2011 and Nov 2012).

C.A. Schlesinger, M. Kaestli, K.A. Christian et al. Global Ecology and Conservation 24 (2020) e01325
sampling rounds (pre and early treatment) followed by significant differences from sampling round four, coinciding with the
rainfall triggered growth pulse, which persisted up to round seven (P < 0.05 for each).
3.3. Effect of treatment on the composition of the ground cover

Ground cover composition changed through time and in response to treatment and there was a strong interaction be-
tween treatment and time (Table 2). The impact of treatment also differed between sites and there was a significant inter-
action between site and time. Within sites ground cover and composition at unmanaged control plots and pre/early-
treatment plots was similar as indicated by their clustering (Fig. 2 a), but distinct from treated plots which separated out
along the first PCO axis. This axis explained 36.5% of the ground cover variance. Control and pre-treatment plots were,
6



Table 2
PERMANOVA results on the effects of treatment, site and time on groundcover with block as random factor nested in site. All permutations were above 970
except for site (60 permutations only). ECV is the estimated square root of components of variation which estimates the effect size as % species dissimilarity.
The residual unexplained ECV was 8.0. Results for distance-based tests for homogeneity of multivariate dispersions (PermDISP) are shown for the main
factors. *P < 0.05; **P < 0.01; ***P ¼ 0.001.

Factor Pseudo-F (df) P value ECV PermDISP P value

Treatment 59.0 (1) 0.006** 12.1 0.006**
Time 25.5 (6) 0.001*** 11.9 0.61
Site 8.7 (1) 0.058 13.3 0.003**
Block (random factor) 14.2 (4) 0.001*** 8.0 0.007**
Time x Treatment 11.4 (6) 0.001*** 10.9
Time x Site 7.9 (6) 0.001*** 9.0
Treatment x Site 7.6 (1) 0.027* 5.8
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predictably, correlated with high buffel grass cover (Pearson correlation > 0.8; Fig. 2 a). Sites tended to separate along the
second PCO axis which explained 34.1% of the variance.

Distances between centroids through time by treatment and site (Fig. 2 b) show that pre-treatment and after slashing
(times 1&2) ground cover at each sitewas distinct while treated and control plots within each sitewere similar. Ground cover
composition in treated and control plots began to diverge from time three at Simpsons Gap and time five at Desert Park,
reflecting regeneration of the native plants at treated plots. Changes in composition were more pronounced in the treated
plots compared to the controls which showed relatively little change across times three to seven along the first PCO axis. By
the end of the study (times 6& 7), the ground cover at the control plots, which had still been distinct across sites in 2007, had
converged. In contrast, the composition of ground cover in managed plots remained distinct across the two sites.

The richness of the plant taxa, measured from February 2010 (sample 4) onward, was significantly higher at treated plots
with average 10.5 taxa (sd 3.3) compared to 6.0 taxa (sd 3.1) at control plots (Pseudo-F1,88 ¼ 27, P ¼ 0.005). A total of 49 plant
taxa were detected in control plots compared to 53 species in the treated plots showing that diverse plants were still present
in invaded plots albeit at much lower abundance. There was an average 72% dissimilarity in plant taxa between the treated
and untreated plots. Apart from more buffel grass in the control plots, the main taxa contributing to this dissimilarity were
Salsola kali, Enneapogan polyphyllus and Calocephalus platycephalus, which were all more abundant in the treated plots.

3.4. Effect of treatment on the abundance and species richness of reptiles

Over five years we captured 30 lizard and seven snake species and 1125 individual reptiles (excluding lizard recaptures).
Lizards were biased toward smaller, predominantly terrestrial species of Gekkonidae, Scincidae, and Pygopodidae, with some
primarily arboreal species from these families also captured. The most common species were the beaked gecko Rhynchoedura
ornata (290 captures) and the fat tailed gecko Diplodactylus conspicillatus (273 captures). Agamidae and Varanidae were
captured only occasionally. The unbanded shovel nosed snake Brachyurophis incinctus (Elapidae) and Centralian blindsnake
Ramphotyphlops centralis (Typhlopidae) made up the majority of snake captures with just a few individuals of other larger
species captured.

Time, treatment and the interaction between treatment and time were significant factors in explaining reptile total
abundance and species richness (Tables 3 and 4). Therewere no differences in the average total abundance or species richness
of reptiles between treated and control plots pre-treatment (time 1), or after mechanical reduction in grass cover (pre-
treatment time 2) or just after herbicide treatment began (time 3) but differences began to become apparent thereafter,
coinciding with high rainfall and regeneration of native plant structures at treated plots (Fig. 3). The highest abundances and
number of species were recorded in February 2010, coinciding with the beginning of the 2010 La Ni~na event. The mesic
conditions continued beyond the next sampling period, but reptile abundance had dropped off by late 2010, especially at
invaded control plots, and remained low in the drier period that followed. The trend for decreasing abundance and richness of
reptiles at control plots relative to treated plots from February 2010 persisted through subsequent trapping events although
total abundance only differed significantly in the fifth (late 2010) and sixth (late 2011) trapping interval (pairwise tests:
P ¼ 0.009 and P ¼ 0.045 respectively), and differences in species richness were only significant in late 2010 (P ¼ 0.037), with
some weak evidence of difference for late 2011 (P ¼ 0.051).

3.5. Effect of treatment on the composition of reptile assemblages

We did not detect a significant interaction between treatment and time on reptile composition. Time and site, and in-
teractions between these factors, best explained the composition of reptile assemblages (Table 5), as visualised in Fig. 4 a by
clustering of pre-treatment samples (times 1& 2) toward one end of the first PCO axis and general separation between Desert
Park and Simpsons Gap samples. Reptile composition was also significantly affected by block, reflecting the high spatial
variability of assemblages, even at small scales. Overall, the factors used in the PERMANOVA did not explain reptile
composition as well as they explained plant cover composition; 34% of the residual dissimilarity in reptiles could not be
explained by our statistical model compared to 8% residual dissimilarity for plants.
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Fig. 2. Principal component ordination of ground cover (square root transformed) at Desert Park (DP) and Simpsons Gap (SG) with first and second sampling
times shown as pre-treatment; (a) with vectors indicating the strength and direction of cover categories most correlated with the PCO axes (Pearson correla-
tion > 0.8) and; (b) representing the distance between centroids of ground cover composition between treated and control plots at each site through time with
numbers (1e7) corresponding to times when sampling occurred from November 2007eNovember 2012. Triangles mark the DP and circles the SG site. Open
symbols are treated and filled symbols control plots. Grey stars mark pre-treatment samples (t1-2) at SG and grey crosses pre-treatment samples at DP.
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Table 3
PERMANOVA results on the effects of treatment, site and time on the total abundance of reptiles with block as random factor nested in site. All permutations
were above 970 except for location (60 permutations only). ECV is the estimated square root of components of variation which estimates the effect size as %
species dissimilarity. The residual unexplained ECV was 19.9. Results for distance-based tests for homogeneity of multivariate dispersions (Perm DISP) are
shown for the main factors. *P < 0.05; **P < 0.01; ***P ¼ 0.001.

Factor Pseudo-F (df) P value ECV PermDISP P value

Treatment 15.3 (1) 0.006** 13.6 0.003**
Time 8.3 (6) 0.001*** 17.7 0.034*
Site 2.9 (1) 0.151 5.9 0.816
Block (random factor) 1.8 (4) 0.098 5.1 0.517
Time x Treatment 2.9 (6) 0.018* 11.8
Time x Site 1.2 (6) 0.053 9.0
Treatment x Site 1.3 (1) 0.301 2.9
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The plot of distances between centroids shows the interaction between the main factors in our analytical model with
respect to reptile composition (Fig. 4b). Differences between sites are evident and were maintained through the study but
there was no conclusive trend with respect to increasing or decreasing similarity between treated and control plots within a
site.

The absence of compositional changes in reptile assemblages between treated and control plots, despite significant dif-
ferences in total abundance and species richness in some post-treatment trapping periods, suggests possible broad impacts
across species. To check for such trends, we pooled data across all treated and control sites for pre-treated (times 1 & 2) and
post-treated (times 3& 7) periods and used a nonparametric paired sign-test to assess the null hypothesis that the proportion
of positive signs (more captures) and negative signs (fewer captures) in treated sites compared to untreated sites was 0.5,
with each species representing a sample, paired across treatments. Consistent trends among species were apparent post-
treatment (Fig. 5). Pre-treatment, 13 species were captured more often at plots allocated to the treated group, and 10 were
captured more often in the control group with three species captured in equal numbers; that is there was no significant
difference between treatment and control plots (sign test, n ¼ 23, p ¼ 0.14). In contrast, post-treatment 27 species were
captured more often at treated plots compared to only four species with higher captures at control plots where buffel grass
remained, while five species had equal captures across treatments (Fig. 5; sign test, n¼ 31, p < 0.0001). Although therewas no
evidence that removal of buffel grass impacted the most frequently captured species post-treatment, the gecko Diplodactylus
conspicillatus, all the other abundant species (�10 captures) were captured more often in treated plots (Fig. 5).

3.6. Environmental variables associated with reptile abundance

A distance-based linear model with ground cover categories as explanatory variables showed that bare ground best
explained reptile composition accounting for 11% of variation (P ¼ 0.001). The presence of buffel grass stubble (5.5%,
P ¼ 0.001) and native grasses (4.8% P ¼ 0.004) also contributed significantly to the model although explaining only a small
fraction of the variation.

A distance-based linear model on climatic variables independent from our experimental factors showed that temperature
and rainfall explained some of the temporal patterns in the reptile data. Marginal tests showed that average T max explained
10.0% of the variation in reptile assemblages (P ¼ 0.001) and rainfall for the last 30, 90 and 270 days each explained 3.5e6%
(P < 0.02 for all). The multivariable model with average maximum temperature and rainfall for the last 30 and 90 days proved
the best fit but explained only 16.1% of the total variation in reptile assemblages.

4. Discussion

4.1. Response of native plants and reptiles to weed removal

Our results support the prediction that weed management would have overall positive outcomes for reptiles coinciding
with the re-establishment of native plants and provide direct and indirect evidence of negative impacts of buffel grass in-
vasion on this group. Typically, the response of reptiles to habitat change, and especially to changes in plant cover, depends on
life history traits and foraging and thermoregulatory behaviour of each species. For example, in spinifex (Triodia sp.) grass-
lands that dominate much of the Australian arid zone, different lizard species are associated with different levels of cover,
often related to successional stages post-fire (Masters 1996; Schlesinger 1997; Dickman et al., 1999; Letnic et al., 2004; Daly
et al., 2008). In contrast to what might be expected where there is progressive divergence in the structure and composition of
ground cover, we did not detect significant changes in composition of reptile assemblages between treated and control plots.
Instead, in the post-treatment period, differences in total abundance and species richness between treated and control sites
reflected a trend among most species for fewer captures in still invaded sites.

The similarity in composition of reptile assemblages between treated and control plots may also be accounted for, in part,
by a lack of colonisation opportunity, especially if species particularly sensitive to buffel grass invasion had already dis-
appeared from the local area. In the absence of deliberate replanting and re-seeding, or re-introduction of animals, the
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Table 4
PERMANOVA results on the effects of treatment, site and time on the species richness of reptiles with block as random factor nested in site. All permutations
were above 970 except for location (60 permutations only). ECV is the estimated square root of components of variation which estimates the effect size as %
species dissimilarity. The residual unexplained ECV was 17.66. Results for distance-based tests for homogeneity of multivariate dispersions (Perm DISP) are
shown for the main factors. *P < 0.05; **P < 0.01; ***P ¼ 0.001.

Factor Pseudo-F (df) P value ECV PermDISP P value

Treatment 23.5 (1) 0.009** 9.3 0.068
Time 3.5 (6) 0.002** 9.7 0.011*
Site 1.9 (1) 0.054 3.4 0.021*
Block (random factor) 1.5 (4) 0.204 3.3 0.412
Time x Treatment 2.2 (6) 0.039* 8.2
Time x Site 0.4 (6) 0.957 0
Treatment x Site 3.7 (1) 0.084 4.6

Fig. 3. Timeline showing mean (±se) number of (a) individual reptiles and (b) reptile species captured at treated (grey) and control (black) plots (n ¼ 6 treated
and control plots for the first five sampling periods and n ¼ 5 for last two periods). Buffel grass cover was mechanically reduced in January 2008 and herbicide
treatment of re-sprouting buffel grass commenced in February 2009. Significant differences from pair-wise tests are indicated * P < 0.05; **P < 0.01.

Table 5
PERMANOVA results on the effects of treatment, site and time on the reptile assemblage with block as random factor nested in site. All permutations were
above 970 except for location (60 permutations only). ECV is the estimated square root of components of variation which estimates the effect size as %
species dissimilarity. The residual unexplained ECV was 34.4. Results for distance-based tests for homogeneity of multivariate dispersions (PermDISP) are
shown for the main factors. Block was a random factor nested in Site. *P < 0.05; **P < 0.01; ***P ¼ 0.001.

Factor Pseudo-F (df) P value ECV PermDISP P value

Treatment 2.0 (1) 0.178 6.8 0.272
Time 5.1 (6) 0.001*** 23.9 0.007**
Site 8.0 (1) 0.041* 22.0 0.001***
Block (random factor) 2.3 (4) 0.003** 10.8 0.519
Time x Treatment 1.4 (6) 0.090 9.4
Time x Site 1.7 (6) 0.006** 14.4
Treatment x Site 1.9 (1) 0.175 9.0
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composition of restored communities is constrained by species still occurring in the pre-restoration landscape and by op-
portunities for recolonization from more distant areas. The re-establishment of native plants at our treated plots indicates
that a diverse native seed bank had persisted post-invasion. Further replenishment of the seedbank likely occurred as the
experiment progressed, through increased local production of seed, or from dispersal by wind or animals. For reptiles, given
the small home ranges of most species, and the unlikelihood of their dispersal over long distances (Stow et al., 2001;
Kanowski et al., 2006), the species captured at treated plots were almost certainly limited to those present in the invaded
landscape at the start of the study. Hence, the higher abundance of reptiles at these plots most likely reflected selection for
10



Fig. 4. Principal component ordination of reptile abundance data (square root transformed) at Desert Park (DP) and Simpsons Gap (SG) with first and second
sampling times shown as pre-treatment; (a) with vectors indicating species most correlated with the PCO axes (Pearson correlation >0.6); and (b) representing
distances between centroids of the reptile assemblage composition at treated and control plots at each site through time with numbers (1e7) corresponding to
times when sampling occurred from November 2007eNovember 2012. Triangles mark the DP and circles the SG site. Open symbols are treated and filled symbols
control plots. Grey stars mark pre-treatment samples (t1-2) at SG and grey crosses pre-treatment samples at DP.
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Fig. 5. Total number of captures of reptile species in control (black) and treated (grey) plots post-treatment (trips 3e7). Species are ordered from most abundant
to least abundant.
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restored native habitat - or against invaded habitat - by individuals with nearby home ranges, and possibly lower repro-
duction and survival in still invaded compared to restored plots.

4.2. Impacts of invasive grasses on reptiles

From 2010, following the initial boom of reptile activity, total abundance and richness of reptiles declined in control plots
to below levels recorded at commencement of the study, whereas at treated sites, abundance and species richness returned to
levels similar to those in the pre-treatment period. Although background variability in captures among years precludes
definitive conclusions, this pattern suggests that the evident positive impacts of weedmanagement on reptiles may reflect, at
least in part, ongoing decline in invaded areas. Despite having been invaded for at least two decades, transformation of the
plant community in invaded plots was ongoing during our study, especially at the Desert Park where buffel grass cover
continued to increase. At Simpsons Gap buffel grass had probably reached maximum density a decade prior to our research
(Clarke et al., 2005) and no obvious further change in cover was apparent. However, ongoing changes in the abundance and
12
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composition of shrubs and trees were observed in invaded areas at this site, including the loss by fire of several corkwood
(Hakea divaricata) trees estimated to bewell over 100 years old. This gradual decline in abundance of large trees and shrubs in
buffel-invaded areas, mirrored by the loss of long-lived, fire sensitive cacti in Sonora (Rodríguez-Rodríguez et al., 2017), is
expected to continue as mature plants are repeatedly impacted by more intense fire and new recruitment is constrained
(Miller et al., 2010; Schlesinger et al., 2013; Edwards et al., 2019). These changes will progressively reduce the availability of
microhabitats important to certain reptiles, including perch sites for semi-arboreal sit-and-wait predators, and crevices under
bark, logs, or leaf litter. If reptiles were continuing to decline at control plots and the surrounding invaded areas during our
study, then this suggests invasion impacts were ongoing and may foretell further negative effects on this group in buffel-
invaded areas as plant communities continue to transform.

Because no comparable uninvaded areas remain in our study region, and there are limited baseline data on reptile
communities in openwoodland habitats in arid Australia, it is no longer possible to assess the full effect of change associated
with buffel grass invasion in this habitat. This challenge is common in highly modified landscapes (Jellinek et al., 2014).
However, weed-removal experiments can provide evidence of the impacts of an invasive species on biodiversity (Adair and
Groves 1998; Lambert et al., 2017), and are less likely to be confounded by site differences than multisite comparisons be-
tween invaded and uninvaded areas. The relatively consistent response of reptile assemblages to weed removal and re-
establishment of native plants in our experiment suggests a broad mechanism by which buffel grass affects most reptiles,
rather than nuanced impacts on individual species resulting from their habits and life history.

Mechanisms bywhich invasive grasses affect reptiles are obscure (Abom et al., 2015; Carter et al., 2015) but the importance
of habitat structure, especially for lizards, is long established (Sexton 1958, 1959; Heatwole 1966; Pianka 1966) and change in
the thermal environment appears to be a proximal cause of detrimental impacts when habitat structure is altered (Garcia and
Clusella-Trullas 2019). However reduced richness and abundance of reptiles in grass-invaded areas can occur evenwhere the
thermal environment is unchanged (Abom et al., 2015). Most small terrestrial vertebrates of arid environments are adapted to
sparsely vegetated habitats (Germano et al., 2001), such that the dense cover of an invasive grass is likely to be problematic.
Once dense swards develop, there may not only be a reduction of thermoregulatory opportunities but also obstruction of
efficient movement (Germano et al., 2012), and diminished visibility which reduces detection of prey or predators (McKinney
et al., 2015). Similar to many other invasive grasses, the cover and height attained by buffel grass is usually much greater than
that of the replaced native plant communities. Our finding that bare ground was the cover variable that best explained
variation in the reptile community, despite ground cover being impacted bymultiple factors including treatment, rainfall and
fire, is consistent with the importance of open spaces for many arid-adapted species. Overall, the experimental treatments
and the variables in our analyses explained only a small proportion of the temporal and spatial variation of the reptile
community, reflecting both complexities in design and the challenges of determining the mechanisms driving changes in
faunal assemblages in desert environments of high temporal and spatial variability (Germano et al., 2012).

In addition to altered habitat structure, the most plausible explanation for negative impacts of buffel grass in multiple
reptile species is reduced prey availability. Indirect trophic links between plant diversity and insectivorous reptiles can be
difficult to untangle, especially where temporal variation in invertebrate abundance and diversity is extreme. Nevertheless,
the importance of prey availability in determining activity, growth and reproduction of arid zone lizards is long-established
(Ballinger 1977; Dunham 1978, 1981; Schoener and Schoener 1978) and direct measures of available prey have been found to
better explain regional differences between lizard communities than rainfall and habitat (Pastro et al., 2013). Buffel grass
invasion is associated with reduced abundance and diversity of invertebrates (Binks et al., 2005; Smyth et al., 2009; Bonney
et al., 2017) although existing research has mostly focussed on ants. Conclusive assessment of the impact of buffel grass on
prey for insectivorous reptiles would require analysis of a broader array of invertebrate groups and consideration of temporal
patterns in their abundance in relation to season and rain.

In the arid environments of the southern hemisphere long dry spells punctuated by big rains, the latter often linked to the
La Ni~na phase of the El Ni~no southern oscillation, are the norm. The fundamental importance of these rainfall patterns in
regulating plant growth and animal activity is evident throughout our results, affecting the efficacy of buffel grass man-
agement, the restoration of native plants in treated areas and reptile captures at different times. Unlike somemore ephemeral
and mobile fauna, reptiles tend to persist in low numbers throughout the landscape during drier periods (Pastro et al., 2013),
although seasonal reproduction is delayed and activity and body condition reduced (Dickman et al., 1999; Greenville and
Dickman 2005; Schlesinger et al., 2010). Activity and reproduction then quickly resume when prey becomes more abun-
dant. High rates of reproduction, juvenile survival and recruitment during resource booms are almost certainly crucial to the
local persistence of reptile populations during more pervasive dry times. However, our results suggest that buffel grass may
disrupt these temporal patterns, limiting the opportunities associated with big rain events.

During the La Ni~na rain event, there was a strong growth pulse of diverse native plants at treated plots but not at buffel-
dominated control plots. If extrapolated to the wider landscape and over time, this suggests that the abundance and diversity
of native plant-based food resources associatedwith high rainfall is substantially reduced in heavily invaded areas. This can be
expected to impact directly on primary consumers including many invertebrates and, in turn, on higher order consumers.
Consistent with this expectation, differences in abundance and species richness of reptiles between treatments first became
apparent at the beginning of the mesic period, when activity increased in both treated and control plots, but not as much in
the latter. Significant differences in reptile abundance between treatments were detected for the following two years,
coinciding with a decrease in captures, especially at control plots. This negative trendmay indicate that the expected increase
in invertebrate abundance and diversity associated with the mesic conditions was not only reduced, but also did not persist
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for as long at the invaded plots. The response of plants to rainfall pulses is heterogeneous in space and time according to the
ability of different species to access soil moisture of varying depth and duration (Schwinning and Sala 2004). Because native
plant communities are substantively replaced by a single species in areas invaded by buffel grass, the variety and timing of
growth responses to soil moisture pulses and associated plant resources are inevitably suppressed. We think it likely this
reduces both the variety of consumers that can benefit, and the time over which resource availability remains elevated. The
consequent reduced ability of primary and higher order consumers to benefit from sustained high rainfall periods may prove
to be one of the most serious consequences of buffel grass invasion for reptiles and other native fauna in arid Australia.

4.3. Management implications and conservation benefits of weed removal

Our research has demonstrated direct benefits of small-scale grassy weed removal for native fauna, coinciding with
restoration of native plant structure and composition. The natural re-establishment of native grasses and forbs as a result of
management shows that a diverse native seed bank was still present and, in areas where this is the case e including
potentially throughout much of central Australia, restoration of native plant communities in buffel-invaded areasmay require
relatively low effort. That a diverse suit of reptiles was still present within the invaded landscape was also encouraging for
restoration, and consistent with findings at another Australian site (Dittmer and Bidwell 2018). Less positively, our research
suggests that reptiles are detrimentally impacted by buffel grass invasion, and that invaded areas may experience ongoing
decline even after two decades. Other research at the same experimental sites has documented higher species richness and
abundance of ants (Bonney et al., 2017) and increased foraging by birds (Young and Schlesinger 2014) in plots where buffel
grass was removed. Together, these results provide strong evidence of the value of buffel grass management for diverse
components of the native flora and fauna even in heavily invaded areas and where management can only be undertaken at a
small scale. They also lend further weight to calls for buffel grass to be recognised world-wide as being among the most
pressing environmental issues in the regions it has invaded, and for management to be better supported (Brean 2019; Read
et al., 2020).

A direct but unplanned outcome of weed removal and native plant regeneration at our treated plots was reduction in
grassy fuel and lower impacts of wildfire (Schlesinger et al., 2013). The potential for small, restored areas to act as fire refugia
could be a significant co-benefit of restoration. For example, trees that survive in unburned or low-severity burn patches can
function as refugial seed sources for regeneration of surrounding areas (Downing et al., 2019). Green firebreaks are strips of
vegetationwith low flammability grown at strategic locations in the landscape and are increasingly being used world-wide to
manage fire (Cui et al., 2019). The use of restored native vegetation as native green firebreaks to disrupt fire invasion feedbacks
in invaded dryland environments is a more novel concept (Porensky et al., 2018) that has the advantage of simultaneously
supporting the persistence of native plant communities and providing resource ‘islands’ for native fauna. In areas invaded
with buffel grass, experimentation with green breaks of similar size to standard fire breaks would be worthwhile, with
priority given to areas with significant natural and cultural heritage, and areas where long-lived trees with high habitat value
may be at risk (Schlesinger and Judd 2019; Westerhuis et al., 2019).

The negative economic, social and environmental costs of high impact invasive grasses (Grice et al., 2013; Setterfield et al.
2013, 2018; Godfree et al., 2017; van Klinken and Friedel 2017; Read et al., 2020) point to the need for innovative, sustainable,
cost-effective, landscape scale management approaches (Sutton et al., 2019). However, for some species, including buffel
grass, prospects for broad scale management are still constrained in many jurisdictions because of their continued economic
value for pastoral industries (Grice et al., 2012). While these conflicting values remain unresolved, the creation and main-
tenance of smaller areas where native vegetation has been restored offers multiple benefits, and over the longer term may
provide repositories for diversity. We concur with Longland and Bateman (2002) and Hulvey et al. (2017) that the creation of
restoration islands should be given further consideration as interventions to help achieve long and short-term conservation
goals in dryland ecosystems.

At a practical level, low moisture availability and extreme variability in weather pose challenges for restoration of arid
ecosystems. Uptake of herbicides requires active plant growth and is therefore dependent on season and rainfall, and re-
establishment of native plant communities is similarly dependent on the amount and timing of rainfall after weed treat-
ment. On the positive side, re-incursion by the invader is restricted to wetter times so minimal management is required for
long periods. The effort required for management will vary substantially with topography and soil type, as was evident at our
sites, and this precludes precise estimates of costs. Nevertheless, our results show that upkeep takes much less effort than
initial weed treatment, even when high rainfall encourages re-incursion, and highlight the widely recognised need for
sustained effort in weed management to capitalise on the original investment. Some pre-treatment actions, such as slashing,
are not weather dependent, can improve uptake of chemicals by plants during the growth phase, and significantly improve
the effectiveness of treatment. Whereas herbicide application is not a viable option for managing buffel grass over large
scales, especially in areas already heavily invaded, our research shows that at smaller scales, when spraying can be targeted to
avoid native species, it can be effective in restoring native plant communities, with positive local impacts on fauna. However,
where spot spraying is not an option, the detrimental effect of herbicide on native species is problematic (Farrell and Gornish
2019). Investigations into buffel-specific bioherbicides which show a much lower or nil toxicity compared to synthetics and
minimise damage to native vegetation (Marsico et al., 2019; Masi et al., 2019) are of particular importance as these products
would significantly improve the efficiency and safety of future restoration endeavours in the regions of the world where this
pervasive invader now dominates.
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