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Abstract 

To mitigate biodiversity loss, ecological restoration has been promoted as an effective 

tool. Governments from around the world have made many commitments to restore previously 

degraded habitat to meet their domestic and international conservation goals and address the 

biodiversity crisis. In this systematic review and meta-analysis, I compile and analyze 

information on the effects of ecological restoration on reptiles, a relatively understudied group of 

organisms in the field of restoration ecology. Restored habitats had a significantly higher reptile 

population density compared to degraded habitats, but there was no difference in species 

richness. Most of the studies captured by my review were from Australia and the United States 

of America and examined restoration sites that were between 0-9 years old. A diversity of 

restoration interventions were implemented, but the most common were prescribed burning, 

vegetation thinning, passive regrowth, invasive control, or some combination of the above. My 

review highlights the need for longer-term restoration monitoring data, better data reporting, and 

increased global representation of studies. It would also be of great benefit to the research 

community to collaborate with governments, private sector companies, and not-for-profit 

organizations to compile restoration project monitoring data and further improve our 

understanding of the effects of ecological restoration on biodiversity. 
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Introduction 

To mitigate biodiversity loss, ecological restoration has been promoted as an effective 

tool (Aronson et al., 2006). Ecological restoration can partly reverse the environmental 

degradation caused by humans and increase ecosystem biodiversity (Benayas et al., 2009).  

habitat restoration Notably, however, restoration is often incapable of sustaining the same levels 

of biodiversity and ecosystem services as an intact habitat (Wortley et al., 2013). The mitigation 

hierarchy, an international standard for managing impacts to biodiversity, gives lower priority to 

restoration measures compared to avoidance measures (which prevent impacts from occurring at 

the outset) and minimization measures (which reduce the duration, intensity, and extent of the 

impacts) (Arlidge et al., 2018). Nonetheless, restored habitats provide a means to recover 

benefits such as improved soil quality, cleaner water, and ecotourism that have been lost in 

degraded ecosystems due to the pursuit of short-term economic gain, for example (IPBES, 2019). 

As such, ecological restoration has been supported as a promising practice in areas where 

preliminary habitat protection has failed (Wortley et al., 2013). 

The practice of ecological restoration is an attempt to return a habitat to pre-settlement 

conditions by assisting the recovery of a degraded, damaged, or destroyed ecosystem (Gann et 

al., 2019). Restoration projects aspire to achieve the highest level of recovery possible to 

reestablish the native biota and ecosystem functions, and restore the habitat to a state that is self-

sustaining and resilient in the long-term (Gann et al., 2019). Restoration projects can also be 

designed with the primary goal of reestablishing or enhancing populations of specific plants and 

animals (Thompson and Donnelly, 2018; Volis, 2019). Examples of common restoration 

practices include the removal of invasive species, seeding and planting of native flora, the 

reintroduction of natural grazers, and passive rewilding (Wortley et al., 2013). The field of 
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restoration ecology is relatively young, but is growing quickly as demand from decision-makers 

for this research increases (Suding et al., 2015). 

Governments from around the world have made many commitments to restore previously 

degraded habitat (Suding et al., 2015). At an international level, ecosystem restoration has been 

integrated within the Strategic Plan for Biodiversity 2011-2020 as part of the multilateral treaty 

of the Convention on Biological Diversity (which now has 196 signatories; United Nations, 

2010). Included within the plan are the Aichi Biodiversity targets 14 and 15 that “ecosystems 

providing services are restored and safeguarded” and “15% of degraded ecosystems are restored” 

(Convention on Biological Diversity, 2013). The rationale for these targets was explained 

through the capacity of restored landscapes and seascapes to address biodiversity loss through 

habitat creation as well as increase ecosystem resilience to future perturbations (Convention on 

Biological Diversity, 2013). Restoration continues to be a key theme within the Post-2020 

Global Biodiversity Framework as the 2050 vision is stated as, “By 2050, biodiversity is valued, 

conserved, restored, and widely used, maintaining ecosystem services, sustaining a healthy 

planet and delivering benefits essential for all people” (CBD, 2020). The Bonn Challenge, a 

global goal to restore 350 million ha of degraded and deforested habitat by 2030 has gained 

international traction since its launch in 2011 with 210 million ha having been pledged by 61 

countries, surpassing past commitment projections (IUCN, 2020). In addition, habitat restoration 

is an important practice for fulfilling several of the 2015 United Nations’ Sustainable 

Development goals (IPBES, 2019) with 2021- 2030 declared the United Nations Decade on 

Ecosystem Restoration (United Nations, 2021). Unilaterally, several countries have established 

national policies involving habitat restoration. For instance, the government of Canada has 

recently proposed to invest CAD$ 631 million over 10 years to restore and enhance degraded 
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habitats (Government of Canada, 2019). In China, more than US$ 379 billion has been invested 

in ecological restoration projects from 1979 to 2015 (Li et al., 2021). As countries mobilize 

restoration efforts in the coming decades, it will be important to research the efficacy and 

potential of ecological restoration as a conservation strategy for Earth’s biodiversity and 

ecosystems. 

My study focuses on the impact that ecological restoration has had for reptile 

conservation. Despite being one of the most speciose groups of terrestrial vertebrates (Pincheira-

Donoso et al., 2013), reptiles are consistently understudied in ecology and conservation 

(Fitzgerald et al., 2017). In addition, reptiles currently face a severe decline in numbers (IUCN, 

2016). Using a random sample of 1500 species of reptiles, roughly one in five species is facing 

extinction (Böhm et al., 2013). Indeed, there is a need for more research on reptile conservation 

(Roll et al., 2017). The field of restoration ecology is no exception to this plea as only 0.4% of 

ecological restoration studies in Brazilian biomes had some indicator of restoration success for 

reptiles (Guerra et al., 2020). The majority of systematic reviews and meta-analyses on 

ecosystem restoration success either focus on the impacts for biodiversity in general (Benayas et 

al., 2009; Shimamoto et al., 2018), impacts on vertebrates as a whole (Meli et al., 2017) or, when 

distinctions are made between taxa, data on reptiles and amphibians are combined and presented 

under herpetofauna (Atkinson and Bonser, 2020; Crouzeilles et al., 2017). Notably, a recent 

meta-analysis on passive secondary forest restoration concluded that population density and 

species richness recovery is less pronounced for reptiles, suggesting a reduced effectiveness of 

restoration for reptiles compared to amphibians, leading the authors to conclude that reptiles and 

amphibians should be considered separately for restoration ecology research (Thompson and 

Donnelly, 2018). There is a lack of information regarding the efficacy and impact of ecological 
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restoration as a tool for reptile conservation. If countries are committed to including ecological 

restoration as a major tool to meet conservation goals, it will be important to understand how 

most principal taxa will respond to these efforts. 

In my study, I tested the hypothesis that the restoration of ecological attributes provides 

benefits to reptiles living in relatively degraded habitats. Thus, I predicted that reptiles should 

increase in population density and species richness in restored habitats compared to degraded 

habitats. 
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Material and Methods 

 

Literature Search and Data Extraction 

 I searched Web of Science (Clarviate Analytics, 2022) from January 17th, 2022 until 

February 1st, 2022 to identify relevant studies. I used the following string of terms:  

First Line (Topic): reptile* OR snake* OR lizard* OR turtle* OR crocodile* OR tuatara* OR 

herpeto*; 

Second line (Topic): (restor* OR rehabilit* OR reclamat* OR revitaliz* OR renatur* OR 

regenerat* OR  habitat enhanc* OR habitat management*). 

The string of terms captures all major groups of reptiles in the first line and all variation of 

wording for restoration in the second line. The search includes all years prior to and including 

2022. I did not apply restrictions or filters. The search yielded 4986 results. I evaluated all the 

search results by reading the title and abstract of the article to determine its relevance. I took a 

conservative approach when excluding articles in the first level of screening. The first scan 

eliminated articles that were not relevant to the inclusion/exclusion criteria (Table 1) since the 

article search had a low specificity to avoid excluding relevant studies. If there was any doubt 

about whether to include a study, I retained the study for the second scan. At the end of the first 

scan, there were 306 studies after I removed any duplicates. 

 This search does not follow the guidelines published by the Collaboration for 

Environmental Evidence (Collaboration for Environmental Evidence, 2018) primarily due to 

time constraints. I did not include a pre-review or a publication of the protocol, nor an explicit 
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strategy for searching the “grey literature” (unpublished government reports, etc.). I conducted 

the search in English only and I did not review the bibliographies of included studies for relevant 

studies. 

Table 1. Inclusion/Exclusion criteria designed for the systematic review. 

Criteria Include Exclude 

Ecosystem Any ecosystem where reptiles are present Ecosystems unsuitable 

for naturally-occurring 

reptiles 

Location Global None 

Project objectives Restoration, rehabilitation, mitigation None 

Progress Implemented Planned 

Monitoring design Before/After, Control/Impact, or BACI No monitoring data or 

only data after 

restoration 

Monitoring data Quantitative data on at least one biological 

metric of one organism group that is a 

measure of abundance or species richness 

No quantitative 

biological data or 

biological data that are 

not a measure of 

abundance or species 

richness 
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Environmental data Basic ecosystem and project characteristics 

reported (e.g., location and restoration 

technique used) 

Irrelevant or missing 

details 

Effects Irrespective of effects (i.e., negative, non, 

and positive effects) 

None 

Data Empirical data based on a set of sampling 

units (e.g., experimental replicates) and 

sufficient statistical information (e.g., 

mean with some estimate of precision) 

 

 

 The second scan consisted of a full text review. If I excluded a study during the second 

scan, I had to provide a reason (see Supplementary Material – M2 for the second scan database 

and rationales for exclusion). If I included a study, I extracted the data into a separate database 

(see Supplementary Material – M1 for the data extraction database). If a study only presented its 

results in a figure, I extracted the data using PlotDigitizer which allows users to extract 

numerical data from images such as XY plots (pOrbital, 2022). By the end of the second scan, 

fifty-four studies met the inclusion criteria (Table 1). I extracted: geographic location, ecosystem 

type, target population, restoration intervention, age of restoration, study design type, general 

methodology, sample size, mean abundance and/or richness, and a measure of variance from 

each study if available (see Supplementary Material – M1). I conducted counts for the country of 

study, age of restoration, and restoration intervention for each data point. For studies that 

provided a range of values for the age of restoration, I classified the study based on its youngest 

restoration age. 
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Calculation and analysis of effect sizes 

 Data analysis was carried out using OpenMEE, an open-source, cross-platform software 

for ecological and evolutionary meta-analysis (Viechtbauer, 2010; Wallace et al., 2012; Wallace 

et al., 2017). I organized data from the data extraction database, and I inserted into OpenMEE. 

For studies with multiple categorical treatments, I inserted multiple datapoints, comparing each 

test variable (e.g., prescribed burning and herbicide treatment, etc.) to the degraded and/or 

reference (relatively intact) condition. If a study used a before/after control/impact study design, 

I used separate datapoints for comparisons of control (after) to impact (after) and impact (before) 

to impact (after). The effect sizes across studies were calculated using the log-transformed ratio 

of means (Hedges et al., 1999) using the mean, sample size, and standard deviation. I calculated 

effect sizes using the natural log of the ratio of mean species richness or mean abundance in 

degraded or reference habitats to the mean species richness or mean abundance in restored 

habitat. I also calculated effect sizes for degraded versus reference habitats if a study provided 

richness or abundance measures for comparable, degraded and reference sites.  

 I conducted a subgroup meta-analysis using the log ratio of mean species richness and 

mean abundance, respectively, using OpenMEE. I classified the subgroups as “degraded” 

(comparing degraded sites to restored sites), “reference” (comparing reference sites to restored) 

and “degraded vs reference” (comparing degraded sites to reference sites). For abundance there 

were: degraded habitats, n = 87; for reference habitats, n = 50; for restored sites n = 119; for 

degraded vs reference, n = 18. For richness there were: degraded habitats, n = 34; for reference 

habitats, n = 38; for restored sites n = 59; for degraded vs reference, n = 13. 

 All statistical analyses were conducted using the package metaphor (Viechtbauer, 2010) 

in OpenMEE (Wallace et al., 2017). For each response variable (abundance and richness), a 
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continuous random-effects model (DerSimonian-Laird method) compared subgroups. A funnel 

plot (a scatter plot of effect sizes against a measure of variance) for each subgroup meta-analysis 

evaluated whether publication bias significantly influenced the dataset. I calculated Rosenberg’s 

weighted fail-safe number (Rosenberg, 2005), an estimate of the number of unpublished studies 

with an effect size of zero that would need to be added to make the observed effect size non- 

significant (p > 0.05). 
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Results 

Characteristics of included studies 

 

Figure 1. Histogram of datapoints per country for abundance and richness datasets. Total 

datapoints: Abundance = 141; Species Richness = 87. 

 An overwhelming majority of the studies in the meta-analysis were from the United 

States of America (USA) and Australia (Figure 1). Studies from the USA were more likely to 

include only measures of mean abundance compared to studies from Australia which were more 

likely to include both measures of mean abundance and mean species richness (Figure 3). 
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Figure 2. Age distribution of restored sites studied in the articles included in the meta-analysis. 

Three studies did not provide information on the age of restoration. For the studies which 

provided a range of values for the age, the youngest age of restoration was tallied; therefore, this 

table provides an underestimate of the actual average age of restored sites for this meta-analysis. 

Approximately 50% of the studies included in the meta-analysis examined restored sites 

which were between 0-4 years, around 75% were between 0-9 years old, and 5% of studies 

examined sites that were 20+ years old (Figure 2). 
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Figure 3. Histogram of datapoints per restoration intervention for abundance and richness 

dataset. More than one restoration intervention used per datapoint was classified as “Multiple”. 

Total datapoints: Abundance = 137; Richness = 72. 

 

Most studies examined the effects of a single restoration intervention, but a sizable 

portion studied the effects of multiple restoration interventions within a single site (Figure 3). 

Studies which implemented multiple techniques either used a combination of the single 

interventions presented in Figure 3 or a combination of impact-specific interventions (see 

Supplementary Material – M1 for details on restoration interventions). Studies that implemented 

prescribed burning, thinning, invasive control, or passive regrowth were more likely to only 

measure reptile abundance, whereas studies that implemented planting were more likely to 

measure reptile species richness (Figure 3).  

Most studies included within the meta-analysis examined lizards, snakes and/or turtles 

(see Supplementary Material – M1). There were a few studies which included tuatara and there 

were no studies which included species from the order Crocodylia. 
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Many studies had to be rejected due to flawed study designs (see Supplementary Material 

– M2). Several studies had insufficient or missing controls, had no replicated sites, and/or did not 

provide a measure of variance. Incomplete reporting was also an issue, with several studies 

omitting sample sizes, raw data, or missing key methodological details. 

Effect of restoration 

 

Figure 4. Forest plot showing the mean effect sizes (ln response ratio) and 95% confidence 

intervals for the comparison of mean abundance in degraded and reference habitats (relatively 

undisturbed sites), in reference and restored habitats, and degraded and restored habitats. The 

points represent the mean effect size for all studies within the group based on a continuous 

random-effects model (DerSimonian-Laird method). Response ratios were calculated as the 

natural log of the ratio of the average abundance in a restored habitat to the average abundance in 

a degraded or restored habitat. A positive value means that abundance was higher in restored 

habitats or that abundance was higher in reference habitats. For degraded habitats, n = 87; for 

reference habitats, n = 50; for restored sites n = 119; for degraded vs reference, n = 18. 

 

 Restoration had a positive effect on reptile population density compared to degraded sites 

(Figure 4; n = 87, mean effect size = 0.335, 95% CI 0.192 to 0.479, p < 0.001) and restored sites 

showed no difference in reptile abundance compared to relatively pristine reference sites (Figure 

4; n = 50, mean effect size = -0.002, 95% CI -0.172 to 0.168, p = 0.985). Degraded sites had a 

significantly lower abundance compared to reference sites (Figure 4; n = 18, mean effect size = 

0.707, 95% CI 0.184 to 1.229, p = 0.008).  
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Figure 5. Forest plot showing the mean effect sizes (ln response ratio) and 95% confidence 

intervals for the comparison of mean richness in degraded and reference habitats (relatively 

undisturbed sites), in reference and restored habitats, and degraded and restored habitats. The 

points represent the mean effect size for all studies within the group based on a continuous 

random-effects model (DerSimonian-Laird method). Response ratios were calculated as the 

natural log of the ratio of the average richness in a restored habitat to the average richness in a 

degraded or restored habitat. A positive value means that richness was higher in restored habitats 

or that richness was higher in reference. For degraded habitats, n = 34; for reference habitats, n = 

38; for restored sites n = 59; for degraded vs reference, n = 13. 

 Restoration had no effect on reptile species richness compared to degraded sites (Figure 

5; n = 34, mean effect size = 0.073, 95% CI -0.015 to 0.162, p = 0.104) nor compared to 

reference sites (Figure 5; n = 38, mean effect size = -0.020, 95% CI -0.117 to -0.078, p = 0.694). 

Degraded sites did not differ in reptile species richness compared to reference sites (Figure 5; n = 

13, mean effect size = 0.112, 95% CI -0.050 to 0.274, p = 0.175). 

Publication Bias of ecological restoration studies on reptiles 
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Figure 6. Funnel plot showing the mean effect sizes (Observed Outcome) plotted against the 

standard error (95% confidence intervals delineated by the dotted lines) for the comparison of 

mean abundance in degraded and restored habitats, and in reference (relatively undisturbed sites) 

and restored habitats. Response ratios were calculated as the natural log of the ratio of the 

average abundance in a restored habitat to the average abundance in a degraded or restored 

habitat. The overall mean effect size was calculated using a random effects model encompassing 

all studies from all subgroups and is represented by the solid black line in the middle of the 

funnel. For degraded habitats, n = 87; for reference habitats, n = 50; for restored sites n = 119; 

for degraded vs reference, n = 18 (total number of datapoints = 155). 
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Figure 7. Funnel plot showing the mean effect sizes (Observed Outcome) plotted against the 

standard error (95% confidence intervals delineated by the dotted lines) for the comparison of 

mean richness in degraded and restored habitats, and in reference (relatively undisturbed sites) 

and restored habitats. Response ratios were calculated as the natural log of the ratio of the 

average richness in a restored habitat to the average abundance in a degraded or restored habitat. 

The overall mean effect size was calculated using a random effects model encompassing all 

studies from all subgroups and is represented by the solid black line in the middle of the funnel. 

For degraded habitats, n = 34; for reference habitats, n = 38; for restored sites n = 59; for 

degraded vs reference, n = 13. 

 

Funnels plots display the spread of the datapoints and evaluate data asymmetry. The 

funnel plots for both the mean effect size for population density (Figure 6) and richness (Figure 

7) displayed a symmetrical spread and suggest that publication bias did not significantly skew 

the mean effect size for either meta-analysis. The fail-safe N calculation using the Rosenberg 

Approach indicated that 7282 studies with null effects would render p = 0.05 from p < 0.001 for 

the effect of restoration on mean population density (when compared to degraded sites). 
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Therefore, this positive effect of restoration is robust to the possibility that the systematic review 

did not capture all relevant studies or the possibility of publication bias. 

Discussion 

I compiled current research on the effects of ecological restoration on reptiles, which 

have been relatively understudied compared to other vertebrate groups (Fitzgerald et al., 2017). 

My hypothesis was supported: restoration interventions can significantly improve the abundance 

of reptiles within degraded sites and can allow to achieve population densities similar to that of 

relatively intact reference sites. In a meta-analysis on the efficacy of restoration on reptiles in 

forested habitats, by Thompson and Donnelly (2018), there was no difference in reptile 

population density between passive secondary forest succession and human-modified land or old 

growth forest. Although I included passive regrowth in my meta-analysis, many more active 

restoration interventions were also included. Perhaps active restoration interventions that are 

applied to benefit populations of reptiles specifically are more effective at increasing abundance 

compared to less targeted approaches such as passive regrowth. Further, there were fewer studies 

captured by the systematic review of Thompson and Donnelly (2012), with a sample size ranging 

from n = 5-10, and the authors note that there was variation in the reptile abundances reported in 

the studies. It is also possible that the lack of effect noted by Thompson and Donnelly (2012) is 

specific to forest succession and forested habitats since the scope of the present meta-analysis is 

much broader.  

Contrary to my hypothesis, there were no significant differences in reptile species 

richness between degraded, restored, and reference sites. Crucially, there was no difference 

between the mean species richness of degraded and reference sites meaning that it is unlikely 
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that restored sites would have an effect given this result. Compared to population density, reptile 

species richness has a lower sensitivity since there is a narrower range of values. As well, 

population density for a given species would have to reach zero before richness was affected. 

Furthermore, only a minority of studies included within the meta-analysis provided richness data 

for both degraded and reference sites (n = 13) and amongst these studies, degraded sites varied 

from highly disturbed such as a heavily urbanized site (Banville et al., 2012) to less disturbed, 

such as sites which had lost fire regimes (Steen et al., 2013). Thompson and Donnelly (2012) 

also found no difference in the reptile species richness of secondary forest succession compared 

to old-growth forest or human-modified habitat. Acevedo-Charry and Aide (2019) found that 

reptile species richness was significantly lower in early succession and young secondary forest 

compared to mature tropical, an effect that was absent in mid-successional forest secondary 

forest and old secondary forest. In contrast, reptile species compositional similarity in all four 

secondary successional stages never reached the same level as mature tropical forest. Although 

there exists other meta-analyses on habitat restoration, reptile-specific data are combined with 

amphibians (Atkinson and Bonser, 2020; Crouzeilles et al., 2017), other vertebrates (Meli et al., 

2017), or lumped into biodiversity generally (Benayas et al., 2009; Shimamoto et al., 2018); 

therefore, comparisons will not be made between the present meta-analysis and those which are 

not reptile-specific. 

 As reported in this study and others dealing with ecological restoration (see review by 

Wortley et al., 2013), most restoration projects lack long-term monitoring and so, data are often 

limited to the first few years of a project when the restoration has not been fully developed and 

populations may not have had the chance to respond. Conversely, it is possible that the 

restoration intervention fails post-monitoring and the positive short-term benefits are lost. Longer 
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term monitoring and monitoring made accessible to the public and the private sector is needed to 

test effectively the efficacy of mitigation measures for conserving biodiversity. 

Study design limitations 

 Perhaps the most significant limitation of this study is that there is considerable 

heterogeneity within the data. Each study varies in the target population of reptile, the 

geographic location, the habitat type, the restoration intervention applied, and the age of 

restoration. Certainly, the needs of a lizard will vary from that of a freshwater turtle. 

Heterogeneity of data in meta-analyses on ecological restoration leads to an overestimation of 

restoration success (Lilian et al., 2021). Despite this, there are simply not enough data in the 

literature to isolate the effect of each variable appropriately. This study attempts to improve upon 

the currently available meta-analyses on the effects of ecological restoration, which have not yet 

isolated reptiles as a study group. For a smaller scope analysis, there are a few meta-analyses 

dealing with the effects of habitat restoration on reptiles in specific habitats (Acevedo-Charry 

and Aide, 2019; Thompson and Donnelly, 2018) and indeed there are many reptile species-

specific articles (see Appendix for list of studies included in this meta-analysis). 

The skewed global representation of the studies within this meta-analysis is possibly an 

effect of restricting the search language of the systematic review to English only. It is 

unsurprising that most of the included studies are from primarily English-speaking countries 

such as the USA and Australia. Despite this, there were no studies from Canada, England, and 

many other English-speaking countries meaning that there is likely a gap in published studies on 

the effects of ecological restoration on reptiles. With more time, the bibliographies of reviews 

from other countries could be searched to expand global representation. An English-only review 

on ecological restoration also found a skewed global representation (Wortley et al., 2013) while 
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two other reviews which did not specify the search language, but focused on tropical forests, 

found a more diverse global representation (Acevedo-Charry and Aide, 2019; Crouzeilles et al., 

2017).  It would be of benefit to collaborate with researchers from other countries to capture a 

more representative picture of the data on reptiles and habitat restoration. Until then, the results 

of this study are largely restricted to the ecosystems found within the USA and Australia. 

I did not perform a grey literature search, but it is likely that there exists a significant 

amount of data on ecological restoration and reptiles due to the applied nature of the topic. 

Indeed, countries such as the USA, Australia, New Zealand, South Africa, and Brazil have 

developed government-led offsetting programs that require ecological restoration. It is also 

possible that data exist in the private sector and with not-for-profit institutions. To date, there is 

no central directory or database for the public to access data on ecological restoration monitoring 

and, so, it would demand considerable effort to track down this information in a systematic 

fashion.  

I acknowledge that abundance and species richness are limited in their representation of 

the effects of habitat restoration on reptiles. Including measures of reproductive success, 

survival, and growth would provide a more complete story but these measures would still be 

closely tied to population density. Measures of community composition and similarity are more 

sensitive to age of restoration and could provide a more detailed analysis of the effect of 

ecological restoration (Crouzeilles et al., 2017) but may not reveal major changes due to a 

reduced sensitivity from a limited pool of potential species (reptiles-only). Lilian et al. (2021) 

advocated for separating actions that aim at increasing an ecosystem attribute such as native tree 

planting from actions that aim to decrease an ecosystem attribute such as invasive species cover. 

Failing to do so can lead to an overestimation of restoration success (Lilian et al., 2021). Due to 
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the limited availability of data and the heterogeneity of the study populations, it was not possible 

to include the aforementioned variables in this meta-analysis.  

The calculated effect size in this study represents a measure of “what remains to be done” 

in the comparisons between reference sites only. Lilian et al. (2021) explained that this presents 

an interpretation bias since the initial degree of degradation of each site is likely to be different 

and so, the degree of “what has been done” is neglected in those studies which present data for 

only reference sites and not for degraded sites. If more time was available, the Achieved 

Restoration Index presented in Lilian et al. (2021) would be calculated to mitigate the 

interpretation bias. 

Conservation Implications 

 This study provides support for the use of restoration interventions to increase reptile 

population density, but not for increasing reptile species richness. It is quite possible that based 

on the study results, limited conservation resources may be better spent on more aggressive 

pursuits of avoidance and minimization measures than on-site restoration measures. Land 

managers will have to continue evaluating case-specific needs of reptile populations as the scope 

of this study is far too broad to be applied on a local scale. Most importantly, this study adds to 

the narrative that data on restoration interventions are still lacking for long-term applied 

effectiveness, global representation, and species representation. The greatest source of 

restoration monitoring data compiled by governments and private sector companies remains 

inaccessible to the public and would be an invaluable resource to the research community. 
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Supplementary Material 

M1. Data Extraction Database. Contains all extracted information that was used in the meta-

analyses. 

M2. Level 2 Screening Database. Contains bibliographic information on included studies (also 

see Appendix) and reasons for excluding studies which passed the Level 1 screening. 
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Figure S1. Forest plot showing the mean effect sizes (and 95% confidence intervals in brackets) 

for the comparison of mean abundance in degraded and restored habitats (Subgroup Degraded), 

in reference (relatively undisturbed) and restored habitats (Subgroup Reference), and degraded 

and reference habitats (Subgroup Degraded vs Reference). The diamonds represent the mean 

effect size for all studies within the group based on a continuous random-effects model 

(DerSimonian-Laird method).  Response ratios were calculated as the natural log of the ratio of 
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the average abundance in a restored habitat to the average abundance in a degraded or restored 

habitat. A positive value means that abundance was higher in restored habitats (for Subgroups 

Degraded and Reference) or that abundance was higher in reference habitats (for Subgroup 

Degraded vs Reference). The random effects model encompassing all studies from all subgroups 

is represented by the blue diamond and the red dotted line. For degraded habitats, n = 87; for 

reference habitats, n = 50; for restored sites n = 119; for degraded vs reference, n = 18. 
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Figure S2. Forest plot showing the mean effect sizes (ln response ratio) and 95% confidence 

intervals (in brackets) for the comparison of mean richness in degraded and restored habitats 

(Subgroup Degraded), in reference (relatively undisturbed) and restored habitats (Subgroup 

Reference), and degraded and reference habitats (Subgroup Degraded vs Reference). The 

diamonds represent the mean effect size for all studies within the group based on a continuous 

random-effects model (DerSimonian-Laird method). Response ratios were calculated as the 

natural log of the ratio of the average richness in a restored habitat to the average richness in a 

degraded or restored habitat. A positive value means that richness was higher in restored habitats 

(for Subgroups Degraded and Reference) or that richness was higher in reference habitats (for 

Subgroup Degraded vs Reference). The random effects model encompassing all studies from all 

subgroups is represented by the blue diamond and the red dotted line. For degraded habitats, n = 

34; for reference habitats, n = 38; for restored sites n = 59; for degraded vs reference, n = 13. 
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