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Abstract 18 

Insects are commonly used as bioindicators for assessing ecosystem restoration, but such 19 

assessments are potentially influenced by sampling intensity. Uncommon species are often late 20 

colonisers of sites undergoing restoration, so that sampling that is effective for only common species 21 

can under-represent differences between rehabilitation and reference sites. We found that 22 

differences in observed ant species richness and composition between rehabilitation and reference 23 

sites at a northern Australian uranium mine increased markedly with increasing sampling intensity 24 

(through repeat sampling), reflecting differences in the numbers of uncommon species. Ensuring 25 

appropriately high sampling intensity is important in assessments of restoration success using insect 26 

bioindicators. 27 

 28 

Keywords 29 

Environmental rehabilitation, insect bioindicator, mine-site assessments, repeat survey. 30 

 31 

Implications for Practice 32 

• Insects are highly informative bioindicators for assessing restoration success in terrestrial 33 

ecosystems 34 

• Sampling intensity needs to be sufficiently high to record uncommon species, ensuring that 35 

differences between reference and rehabilitation sites are accurately represented 36 

 37 
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Introduction 38 

Insects are widely used as bioindicators in land management (Andersen 1999; McGeoch 2007; 39 

Shrivastava et al. 2018), but the effects of sampling intensity on their bioindicator value has received 40 

little attention. Sampling reliability is especially important for insect assemblages because they are 41 

often highly diverse and typically comprised primarily of uncommon and, therefore, difficult-to-42 

sample species (Coddington et al. 2009; Soliveres et al. 2016). If sampling completeness is low, data 43 

may not be adequately representative (see de Solla et al. 2005), which can lead to inaccurate study 44 

conclusions and uncertainty in management and policy decisions (Driscoll 2010; Ruiz-Gutiérrez & 45 

Zipkin 2011). Sampling intensity is a particular issue when using insects as bioindicators for 46 

ecosystem restoration because sampling completeness can differ markedly between sites 47 

undergoing rehabilitation and reference sites used to assess restoration success. This is because sites 48 

undergoing rehabilitation often support the common species occurring in reference sites but lack 49 

the very many uncommon species that are characteristic of highly diverse assemblages (Andersen 50 

1993). Low sampling intensity is, therefore, likely to under-assess differences in diversity between 51 

rehabilitation and reference sites. Most studies assessing the role of sampling efficiency for 52 

restoration success target vascular plants (e.g. Viani et al. 2018; Henry et al. 2019); we are unaware 53 

of any study that has examined the effect of sampling intensity on assessments of restoration 54 

success using insect bioindicators.  55 

Ants are an ecologically important insect group globally and have been widely adopted by the 56 

mineral sector as indicators of post-mining rehabilitation success (e.g. Andersen 1997; Van Hamburg 57 

et al. 2004; Ottonetti et al. 2006; Majer et al. 2007; Schmidt et al. 2013). Most assessments of ants at 58 

mine sites have involved single surveys (Andersen & Majer 2004), with no consideration of sampling 59 

completeness.  60 

Here, we examine the effect of sampling intensity on the power of ant assemblages to discriminate 61 

natural reference sites from those undergoing rehabilitation following mining at a site in monsoonal 62 
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northern Australia. Specifically, we assess how the magnitude of differences in observed species 63 

richness and composition between reference and rehabilitation sites changes with repeat sampling.  64 

 65 

Materials and Methods 66 

Study area 67 

The study was conducted at Ranger Uranium Mine (12°41′S, 132°55′E), located 8 km east of Jabiru 68 

and 260 km south-east of Darwin in Australia’s Northern Territory (Figure 1A). Mean annual rainfall 69 

is approximately 1440 mm, occurring primarily between November and April. Ranger Mine, which 70 

commenced operation in 1980, consists of a 79 km² project area that is surrounded by (but not part 71 

of) World Heritage-listed Kakadu National Park. The overall goal of its rehabilitation is to establish an 72 

environment similar to the adjacent areas of Kakadu National Park, which are predominately 73 

eucalypt-dominated lowland savanna woodlands (Figure 1B). The study compared four trial 74 

revegetation sites at Ranger (‘rehabilitation sites’) with seven undisturbed natural sites surrounding 75 

the mine (‘reference sites’). The four rehabilitation sites (a combined area of approximately 200 m x 76 

400 m) were established in 2009 and comprise different combinations of base material (waste rock 77 

only vs waste rock mixed with laterite) and revegetation practices (planting with tubestock 78 

(established young plants) and direct seeding): tubestock and waste rock (TR), direct seeding and 79 

waste rock (SR), direct seeding and waste rock/laterite mix (SM), and tubestock and waste 80 

rock/laterite mix (TM). Establishment of canopy trees has shown good success (Figure 1C). The 81 

reference sites (2, 3, 7, 8, 9, N1 and N2) were all eucalypt-dominated savanna woodlands located 82 

within ~15 km of the rehabilitation sites (Figure 1A–B), and collectively represented the variation 83 

range within the dominant habitat surrounding the Ranger project area.  84 

Species sampling 85 
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Ants were sampled on three occasions—June, August and October 2018. This was during the dry 86 

season when there is no rain and daily maximum temperatures are high (>30°C) throughout. Our 87 

repeat sampling therefore represents a simple increase in sampling intensity rather than sampling 88 

across a range of seasonal conditions. Sampling was conducted using pitfall traps, the standard 89 

method for sampling ants at rehabilitated mine sites (e.g. Andersen 1993; Bisevac & Majer 1999; 90 

Ottonetti et al. 2006). At each site a 5 x 4 grid of 45 mm-diameter traps was installed, with traps 91 

separated by 10 m. Traps were partly filled with ethylene glycol as a preservative, buried in the 92 

ground flush with the soil surface and collected after 48 hours.  93 

Ant abundances were capped at 50 individuals per species per trap to avoid data distortions due to 94 

traps being placed close to nest entrances or foraging trails (Andersen 1991). Captures from all traps 95 

were combined for each site for data analysis. Species were named where possible by reference to 96 

named species in the CSIRO Tropical Ecosystems Research Centre (TERC) collection in Darwin. 97 

However, most ant species in northern Australia are undescribed and these were identified to 98 

species-group following Andersen (2000) and assigned code numbers that have been used in 99 

previous studies of ants in the region (e.g. Andersen et al. 2018; Oberprieler et al. 2019).  100 

Data analysis 101 

Ant species richness and composition were analysed separately for the first survey session (June), 102 

the first two surveys combined (June + August), and all three surveys combined (June + August + 103 

October), representing a gradient of increasing sampling intensity. Sampling completeness across 104 

sites was calculated for each of the three cumulative survey sessions using Chao1 species diversity 105 

estimates with sample-based rarefaction, 100 randomisations and bias-correction method. Sampling 106 

completeness was also calculated (as just described) across number of surveys to determine the 107 

sampling completeness of the species observed at the third survey session. All rarefaction analysis 108 

was conducted in EstimateS 9.1.0 (http://viceroy.eeb.uconn.edu/estimates/).Differences in mean 109 

species richness between reference and rehabilitation sites were analysed using one-way ANOVA 110 
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with Holm-Sidak method for pairwise multiple comparison in Sigma Plot 12.5. Differences in species 111 

composition were analysed in Primer-E 7.0 (Clarke & Gorley 2015) through non-metric 112 

multidimensional scaling (NMDS), using Bray-Curtis similarity based on presence/absence data. The 113 

separation of reference and rehabilitation sites was then statistically tested by analysis of similarity 114 

(ANOSIM) using the Spearman Rank method with 999 permutations.  115 

 116 

Results and Discussion 117 

A total of 108 ant species were collected across the three survey sessions (Table S1). Surveys from 118 

the seven reference sites yielded 105 species from 25 genera, while those from the four 119 

rehabilitation sites yielded 30 species from 15 genera. Mean species richness at the reference sites 120 

pooled across all survey sessions was much higher (23–26) than that at the rehabilitation sites (9–121 

13). When successively pooling the three survey sessions, the differences in mean species richness 122 

between reference and rehabilitation sites increased markedly (Figure 2), because few additional 123 

species were recorded at rehabilitation sites compared with many at reference sites. Mean species 124 

richness increased significantly across the three survey sessions at reference sites (first to second: t = 125 

3.06, P =0.013; second to third: t = 2.90, P = 0.010; first to third: t = 5.96, P < 0.001), but not at 126 

rehabilitation sites (F= 3.57, P = 0.07). Mean species richness sampled at reference sites increased by 127 

60% from the first to third survey session with successive pooling of data, compared with only 26% 128 

at rehabilitation sites. Thus, rehabilitation sites had only about a third of the mean species richness 129 

of reference sites after the third survey session, compared with a half at the first (Figure 2). These 130 

results suggest that many additional species still remained to be recorded at reference sites whereas 131 

this was not the case at rehabilitation sites, where sampling completeness across the sites was much 132 

higher (Figure S1). This is supported by rarefaction analysis, which indicates that after three surveys 133 

many more species remain to be collected at reference sites compared with rehabilitation sites (Fig. 134 

S2). 135 
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The four most common ant species at reference sites—Iridomyrmex sp. 1, Iridomyrmex pallidus 136 

Forel, Iridomyrmex sanguineus Forel and Monomorium ?fieldi Forel—were also all highly abundant 137 

at rehabilitation sites (Table S1). However, species composition was highly dissimilar between 138 

reference and rehabilitation sites (Figure 3). Seven species contributed most significantly to this 139 

separation. Five of them—Melophorus sp. 1, Melophorus sp. 10, Melophorus postlei Heterick, 140 

Castalanelli & Shattuck, Pheidole sp. 3 and Monomorium sp. 37—did not occur at rehabilitation sites. 141 

The other two—Tetramorium lanuginosum Mayr and Paratrechina longicornis (Latreille), are both 142 

invasive and were strongly characteristic of rehabilitation sites (Table S2). The degree of separation 143 

in NMDS space increased with increasing sampling intensity, from ANOSIM R = 0.77 after the first 144 

survey to R = 0.97 after the third (Figure 3). This was not only because many more new species were 145 

detected at reference sites with each additional survey, but also because the number of reference 146 

sites at which the five key species characterising these sites (Melophorus sp. 1, Melophorus sp. 10, 147 

Melophorus postlei Heterick, Castalanelli & Shattuck, Pheidole sp. 3 and Monomorium sp. 37) were 148 

detected increased with increasing sampling intensity (Table S2, Table S3). 149 

Our results show that differences in observed ant species richness and composition between 150 

reference and rehabilitation sites increase markedly with increasing sampling intensity. Results from 151 

the first survey still clearly distinguished reference from rehabilitation sites, but this was because the 152 

ant communities were so dissimilar. Such high dissimilarity is to be expected given the young age (10 153 

years) of the rehabilitation sites. However, as rehabilitation advances and sites are colonised by an 154 

increasing number of common species, results from a single survey may provide a misleading 155 

indication of similarity with reference sites if most of the uncommon species are yet to colonise. 156 

Such a need for appropriately high sampling intensity is likely to apply to any highly diverse 157 

bioindicator insect taxon that is being used to assess restoration success.  158 

 159 
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Figure 1. A: Location of Ranger Uranium Mine, the seven natural reference sites (2, 3, 7, 8, 9, N1, N2) 225 

and the four rehabilitation sites (TR = tubestock on waste rock, SR = seeding and waste rock, SM = 226 

seeding and mixed rock/laterite, TM = tubestock and mixed rock/laterite); B: eucalypt-dominated 227 

savanna woodland of reference site N2 (following a recent fire); C: established canopy trees and 228 

regrowth of understorey at rehabilitation site SM. 229 

 230 
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Figure 2. Mean (with standard error) ant species richness with increasing sampling intensity at 231 

reference and rehabilitation sites. 232 
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Figure 3. Ant species composition (Bray-Curtis) from three progressive survey sessions at reference 233 

(▲) and rehabilitation (▼) sites, based on presence-absence data. A: June; B: June + August; C: June 234 

+ August + October. ANOSIM R value close to 1 indicates high separation between factors, while R 235 

value close to 0 indicates no separation. 2D Stress refers to the level of mismatch between the 236 

underlying data and the distances between points in the ordination. 237 
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