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Abstract 

Restoration ecology is a rapidly growing field of research. The statistical analyses and 

experimental designs used in this field have likely also expanded. In this review, the 

statistical scope of the restoration ecology of invaded grasslands will be investigated. A 

systematic review was conducted on 103 articles to examine the types of statistical 

tests used and how they changed over time, if assumptions are tested, and how the 

number of statistical tests and the experimental design influence both the citation rate of 

articles and the impact factor of journals where these articles are published. ANOVAs 

have consistently been the dominant test. Statistical test diversity has increased since 

the year 2000. Most articles did test the assumptions of statistical analyses. The 

number of tests, and sample size of experiments are both positively correlated with the 

average citation rate of articles and the impact factor of the journal while the number of 

factors was negatively correlated. GLMs are recommended as a statistical test to be 

used more frequently in the future over ANOVAs. There is room for improvement in 

terms of reporting statistics accurately, including testing assumptions. When possible, 

sample sizes should be increased to both increase the quality of data, and the citation 

rate and the journal impact where articles are published. When possible and 

appropriate, sample sizes and the number of statistical tests should be increased. 

Adding factors in experimental designs should only be done so without compromising 

sample size as it has been shown to hinder the citation rate and journal impact.  

 

Keywords: grassland, invasion, PRISMA, restoration ecology, statistics, synthesis, 

systematic review 
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Introduction  

The field of restoration ecology is a relatively new field that has rapidly developed within 

the last decade (Young et al. 2005).  Restoration ecologists have a number of decisions 

regarding planning an effective experimental design, and the appropriate statistics for 

both the design and the type of data that is collected. A study by Michener (1997) 

described the kinds of statistical tests that could be used depending on the type of 

restoration experiment. These include ANOVAs and regressions for comparing the 

results of experimental designs such as testing the effect of a treatment, and ordinations 

for analyzing changes in community structure or species distributions, and finally time 

series analyses for examining pre and post restoration sampling. Since Michener’s 1997 

paper, there has not been a review of the types of statistical analyses used. A review of 

this kind is important to identify what statistics are being done and how in order for to 

identify potential weaknesses and give recommendations for future directions important 

to the advancement of this field.  

Within the broader field of ecology and evolution there has been a push to incorporate 

more variables in experiments to better explain systems (Albert 2010) and there is a 

movement away from ‘classical’ statistical tests such as towards Generalized Linear 

Models and Generalized Linear Mixed Models (Bolker 2009).  These movements have 

likely impacted the experimental designs, statistics and even the citation rate of 

restoration studies. The purpose of this review is to look at the statistical scope of 

restoration ecology. As the types of tests are likely to vary among this vast field, this 

review will focus on studies restoring invaded grasslands. Here, I will examine the type 

of statistical tests being used and how these have changed over time, whether 
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statistical assumptions are being tested, and how statistical tests and the experimental 

design of studies might influence the citation rate of articles and the impact of the 

journal where these articles are published.  

Literature Search  

A systematic literature search was conducted using ISI Web of Knowledge on October 

2, 2014 using the following search terms: (restor*) AND (grass* OR savanna) AND 

(non-native* OR invas* OR invad* OR alien). The search results were refined to the 

Web of Science category ‘Ecology’ and resulted in 340 articles. Each article was 

individually screened to exclude reviews and irrelevant articles. This resulted in 103 

retained articles for the systematic review (Liczner 2014). A PRISMA flow diagram 

(Moher et al. 2009) was produced to outline the literature selection process (fig.1).   

The publication year and the types of statistical tests performed were extracted from 

each study to analyze what statistical tests are used, and how this has changed over 

time.  In this field, there is a high diversity of statistical tests, so, tests were grouped into 

broader categories to reduce variation and maximize the ability to visualize trends (table 

1).  The proportion of articles that tested the assumptions of their statistical analyses 

was recorded. It was assumed that assumptions were not tested if it was not reported in 

the article. To determine if the number of statistical tests or the experimental design  

influences the citation rate of articles or the impact of the journal where the articles are 

published  the number of unique statistical tests, number of factors, and the sample size 

(per factor, n=) was extracted from each article. The average citation rate of each article 

was obtained from Web of Science. The journal impact factor was obtained from each 
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journal’s website (impact factor as of 2014).  If more than one sample size was 

reported, the smallest sample size was extracted to be conservative.  

Results 

Diversity of statistical tests over time  

All articles included some form of statistical analysis. ANOVAs are the most commonly 

used statistical test comprising more than half of all tests (fig. 2). Linear models and 

Generalized Linear Models (GLMs) are also frequently used in this field. T-tests, non-

parametric tests, and tests classified as ‘other’ (see table 1) are used less often.  

ANOVAs have consistently been the most common statistical tests (fig. 3). ANOVAs, 

linear models, GLMs and ordinations were the only tests used from 1992-2000. After 

2000, the diversity of tests increased to include t-tests, non-parametric tests and tests 

categorized as other.  

Frequency of assumption testing  

The majority of studies (60.9% versus 39.1%) tested the assumptions of the statistical 

tests used in their analyses.  

Influence of statistics and experimental design on citation rate and impact factor  

Articles that performed more statistical tests have a higher average citation rate per 

year compared to studies with fewer statistical tests (fig. 4a).  These studies are also 

published in higher impact journals. 

Increasing the number of factors tested has a negative impact on both the average 

citation rate per year and these articles were published in lower impact journals (fig. 4b).  
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The sample size of studies is positively correlated with both the average citation rate of 

the article (fig. 5a) and the impact of the journal where the article was published.  

Discussion 

 Statistical analyses are included in all studies looking at restoring invaded grassland. 

ANOVAs are still the most common statistical tested used, although the diversity of 

tests has increased. ANOVAs may dominate because they are an appropriate test for 

most experimental designs in this field. The majority of articles tested the assumptions 

of the statistical tests included in their analysis. However, the proportion of studies that 

test assumptions may be underestimated because assumptions may have been tested 

but not reported.  Both increasing the number of unique statistical tests and sample size 

positively influence the citation rate and impact of journal. This effect may be 

underestimated as recently published articles likely have a lower citation rate simply 

because there has not been enough time for them to be cited.  This effect may also be 

underestimated as we citing a smaller proportion of studies then in the past with seminal 

articles receiving the most citations compared to other articles on the topic (Seglan 

1997).  Conversely, the effect on the impact factor of the journal may be inflated as the 

impact factor of journals generally increases over time (Chew et al. 2007, Lee et al. 

2011) and high impact journals tend to publish studies with large effects (Barto and 

Rillig 2012) and studies that confirm hypotheses (Leimu and Koricheva 2004) 

regardless of the statistics or study design.  There was a negative relationship between 

the number of factors and the citation rate of the article and the impact factor of the 

journal. This may be because samples size decreases with increasing factors (A1) and 
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sample size may be a more important factor determining citation rate and impact of 

journal.  

Future direction for statistical analyses of restoration studies  

Although the experimental designs used in restoration ecology commonly require the 

use of ANOVAs, I am recommending a shift from ANOVAs towards Generalized Linear 

Models (GLMs). The types of experiments commonly used in this field of restoration 

ecology examine the response of a species, community, etc. to a set of categorical 

treatments (A2) (see some sample papers: Rinella et al. 2009; Robertson et al. 2013; 

Hill and Fischer 2014). Thus, ANOVAs are an appropriate test but, the data associated 

with these experiments (abundance, plant traits, environmental data, community 

composition etc.) usually violates one of the assumptions of ANOVAs which is the data 

are normally distributed (Bolker et al. 2009). To solve this, the data are transformed to fit 

a normal distribution, or non-parametric statistics are used. Recently, there has been 

rapid increased use of GLMs in the ecology and evolution literature (Bolker et al. 2009).  

GLMs may be a more useful analyses for ecologists as they do not require the data to 

be normally distributed and can handle random effects (though Generalized Linear 

Mixed Models or GLMMs), better than ANOVAs (Bolker et al. 2009). As GLMs have 

increased in popularity within the ecological and evolution literature, it is predicted that 

this trend will soon pass over to the restoration ecology literature and the ratio of 

ANOVAs to GLMs will decline.   

There is another trend in ecology towards studies that include more explanatory 

variables in their models in order to better describe the systems ecologists are working 
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in (Albert et al. 2010). As restoration ecology will likely follow this trend, the proportion of 

data reduction techniques such as ordinations will likely increase. Ordinations are 

powerful explanatory tools when trying to look at how multiple variables are influencing 

a system and restoration ecologists should consider designs appropriate for ordinations 

when trying to explain large scale changes or influences of multiple variables (see for 

examples Marrs et al. 1998; Garcia-Palacios et al. 2010; Kulmatiski 2011).  

Statistical reporting needs improvement  

Although the majority of articles did test the assumptions of their statistical tests, the 

number of articles that did test assumptions is still high, work must be done to ensure 

accurate reporting and testing is done. Without assumption testing, it is difficult to 

determine if the results and interpretations presented by a study are valid as the results 

obtained may be due to the fact that the data was inappropriate for the particular 

statistical test (Van Horn et al. 2012). There appears to be a large portion of statistical 

errors (including not testing assumption) reported in published articles, even in articles 

published in very prestigious journals such as Nature (McGuigan 1995)  

Statistical and experimental design influences citation rate and journal impact  

Although increased number of unique statistical tests can positively influence citation 

rate and impact of journal it is not recommended to do more statistical tests, unless the 

data and research questions warrant it and it would better explain or reveal data trends.  

There should be a push towards quality and not quantity in statistical tests in terms of 

appropriateness and reporting.  Increasing sample size also had a positive relationship 

with citation rate and journal impact factor. Usually, logistical constraints limit sample 
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sizes, but if it is feasible future studies should consider increasing sample sizes not only 

to increase the citation rate of articles and the impact of journal articles are published in, 

but also to increase the quality of data and experimental designs within this field.  It is 

not recommended to increase the number of factors at the expense of the sample size 

as increasing factors alone has been shown to decrease the citation rate of articles and 

these articles are published in less impactful journals. This is likely due to the fact that 

overall, studies with more factors had smaller sample sizes (A2) and thus a lower 

citation rate and are published in less prestigious journals.  

Conclusion: 

Currently, ANOVAs are the most common statistical test used in restoration of invaded 

grasslands. It is recommended that GLMs and GLMMs be used more frequently in 

ecological studies. As GLMs have increased in popularity in ecology they will also likely 

increase in popularity in restoration ecology. Data reduction techniques such as 

ordinations will likely also increase over time as experimental designs begin to 

incorporate more variables to better explain systems.  Although the assumptions of 

statistical tests were reported in the majority of the articles, there is still room for 

improvement in testing assumptions and properly reporting statistics. Increasing the 

number of tests will influence the citation rate and the type of journal articles are 

published in, redundancy among tests should be avoided. Sample size also positively 

influenced citation rate and journal quality and sample sizes (when possible) should be 

increased not only to improve citation rates and get into higher impact journals, but also 

to improve the quality of data. This is more important than increasing the number of 
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factors at the expense of sample size as sample size is shown to be more important at 

determining citation rate and journal impact.   
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Tables and Figures  

Table 1: All statistical tests were grouped into their broader groups to reduce the 

variation in tests and to improve the visualization of trends 

Group Statistical tests included within each group   

ANOVA ANOVA, ANCOVA, RM-ANOVA, permutated ANOVA, 
MANOVA, RM-MANOVA 

Linear model Regression, correlation, logistic regression, multiple linear 
regression,  

GLM GLM, GLMM 

Ordination PCA, CCA, NMDS, polar ordination 

t-test t-test, paired t-test 

Other Bayesian statistics, power analysis, Chi-Square, Fisher's exact 
test, Friedman's block test 

Non-parametric Mann-Whitney U test, Wilcoxin, Spearmann’s rank correlation  
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List of figures: 

Figure 1: PRISMA flow diagram showing the systematic literature selection process for 

determining relevant articles for retention in the systematic review.  

Figure 2: The percentage each statistical test was reported over all articles  

Figure 3: The types of statistical tests used over time (years). Data is shown as 

proportions of articles using each test over all tests used for each year.  

Figure 4:  The relationship between a) the number of statistical tests and b) the number 

of factors tested within each study on the average citation rate of the article and the 

impact factor of the journal where the article was published. The impact factor reported 

is the journal’s 2014 value.  

Figure 5: The effect of the sample size reported in a study on a) the average citation 

per year of the article and b) the impact factor of the journal where the article was 

published. This is the sample size per factor. If more than one sample size was 

reported, the lowest sample size was used to be conservative. The impact factor 

reported is the journal’s 2014 value.  
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Figure 3 
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Figure 4:  
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Figure 5 
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Appendix 

 

 

 

 

 

 

 

 

 

 

A1: The influence of the number of factors included in the experimental design on the 

mean sample size (per factor) for each article.  
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A2: The types of factors tested in the restoration of invaded grasslands. Factors were 

separated into five broad groupings and the restoration goals associated with each were 

described. Each factor within the groups as well as the frequency of each factor is 

listed.  

Factor group Factors included in group Frequency 

Removal 
technique 

Mechanical removal 

Herbicide application 

Grazing 

Fire 

54 

24 

17 

10 

Plant responses 

Seed additions 

Site 

Species identity 

Functional group 

Plant density 

Competitor presence 

Plant age 

27 

24 

11 

6 

4 

5 

2 

Resource 
manipulations 

Nutrient addition 

Water addition 

Light manipulation 

Mycorrhiza inoculation 

16 

7 

4 

1 

Timing 
Seasonal 

Annual  

15 

6 

Soil disturbance 

Soil modification 

Litter modification 

Soil depth 

8 

3 

2 
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A3: The mean number of tests and factors included in studies over time (from 1992-

2014) 
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