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Effects of green roof
management, age, and
substrate on plant and
invertebrate communities
Reilly A. Swanson and Michael L. McKinney*

Earth, Environmental and Planetary Sciences, University of Tennessee, Knoxville, TN, United States
Introduction: As roofs can represent up to 32% of horizontal surfaces in a typical
urban setting, they are ideal candidates for green infrastructure. But despite their
potential and growing implementation globally, green roofs are poorly
researched, particularly regarding management practices.
Methods: This study examines biodiversity found on green roofs in 13 urban
locations across three states in the Southeastern United States: Asheville, NC;
Atlanta, GA; Chattanooga, TN; Knoxville, TN; and Nashville, TN. Samples were
collected over the course of 6 months from March to August 2024.
Results: We �nd evidence that plant diversity is positively in�uenced by: soil
temperature, roof size, replanting and age. It is negatively in�uenced by: substrate
moisture, roof elevation, irrigation and chemical treatments. Plant frequency
(cover) is positively in�uenced by: substrate temperature, moisture, and
elevation. Invertebrate diversity is also positively in�uenced by soil temperature
and age, and negatively in�uenced by irrigation. Invertebrate abundance is
positively in�uenced by the presence of management and negatively in�uenced
by: replanting, weeding, and substrate depth.
Discussion: As green roofs in the Southeastern United States are sparsely
researched, this study helps examine the complexity of green roof ecosystems
and provides preliminary insight about the best green roof features and
management practices to promote biodiversity.

KEYWORDS

ecology, ecosystem services, green infrastructure, management, nature-based
solutions, sustainability, urban environments, urbanization
1 Introduction

With roofs representing up to 32% of the horizontal surface of urban or built areas
(Oberndorfer et al., 2007), roofs are prime locations for green infrastructure. Green roofs are
specially designed roofs planted with several different vegetation types on top of a substrate,
or growth medium (Sha�que et al., 2018). Green roofs offer a wide range of bene�ts
compared to a conventional roof, including environmental, social, and economic bene�ts
(Nguyen et al., 2021). In terms of ecosystem services, green roofs provide habitats for
pollinators, thermal regulation of cities, and can provide a sense of social cohesion within a
community (Langemeyer et al., 2020). In this context, green roofs can be understood as a
form of nature-based solution, functioning as designed urban ecosystems that support
biodiversity and ecosystem services; while not explicitly focusing on unmanaged vegetation,
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they also offer insights relevant to re�ned wilding and urban
rewilding within highly managed urban landscapes.

A review of the green roof literature found that many challenges
in green roof implementation can be traced to research gaps
involving costs, insuf�cient knowledge about construction
mechanics, maintenance, and a lack of coordination between
different disciplines (Sha�que et al., 2018). Indeed, green roofs are
a relatively understudied topic of the urban ecosystem (Langemeyer
et al., 2020), with much of the research being done from small test
plots in controlled environments and not on large established green
roofs (Snodgrass and Mcintyre, 2010).

To study green roof bene�ts in a rigorous and quanti�able way,
bioindicators, or proxies of green roof ecosystem services can be
used (Roeland et al., 2019). For example, a review of 77 studies
showed that many papers utilized taxonomic diversity, species
richness and diversity as indicators for various kinds of ecosystem
services (Schwarz et al., 2017). Invertebrates are often used as a
proxy for ecosystem services because they provide a key ecological
role in terrestrial ecosystems such as economic and non-economic
bene�ts in crop production (Noriega et al., 2018). Ecosystem
services for invertebrates include: pollination and pest control,
and many �nancial, food and health bene�ts to humans (MacIvor
and Ksiazek, 2015; Noriega et al., 2018). Invertebrates can also
provide ecosystem services such as soil turnover, decomposition
and nutrient cycling and they play an important role in local food
webs (Gill et al., 2016).

Recent studies document hundreds of species on green roofs
indicating how green infrastructure can contribute to regional
biodiversity by providing resources to a variety of species
(MacIvor and Ksiazek, 2015). Invertebrates such as mollusks and
annelids also have key ecological roles as they �ll many niches and
are globally abundant and diverse, and their acute responsiveness to
weather helps us monitor and evaluate the rate of climate change
(Prather et al., 2012). Terrestrial mollusks and annelids provide
such ecological services as seed dispersal, pollination,
decomposition, nutrient cycling, among many others (Prather
et al., 2012). Quantifying diversity and abundance of these groups
can thus provide key insights into the many bene�ts of green roofs.

In addition to invertebrates, plants can provide information as
proxies for ecosystem services (Robinson and Lundholm, 2012;
Buchanan et al., 2020; Walston et al., 2021). For example, plant
diversity has been shown to provide improvements in: regulating
urban climates (Lehmann et al., 2014), food production, raw
materials, medicines, and aesthetics (Robinson and Lundholm,
2012) and above ground biomass increases which, in turn,
provides more ecosystem services (Quijas et al., 2010). Plant
diversity can also provide erosion control, resistance to plant
invasions, regulation of plant pathogens, pollinator supply (Quijas
et al., 2010; Walston et al., 2021), and nutrient cycling (Buchanan
et al., 2020). Importantly, ecological succession often alters
biodiversity and biomass through time on green roofs, especially
where roof ecosystems have little to no management (e.g., Madre
et al., 2013; Catalano et al., 2016; Ksiazek-Mikenas et al., 2018;
Zhang et al., 2021). This can have important implications for
changing ecosystem service provisioning over time.
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Thus, by analyzing green roof invertebrate and plant
communities through time and among different green roofs,
conclusions can be drawn about ecological succession and how
green roofs can provide bene�ts relative to a natural ecosystem. We
can also compare community changes between green roofs to study
the effects of different roof features and management practices.

Speci�cally, this research aimed to answer the questions
outlined below.
1. How does invertebrate and plant biodiversity vary between
management practices (e.g., high or low maintenance)
among 13 green roofs in �ve major US cities?

2. How does green roof age and physical variables (e.g.,
soil temperature and moisture) affect biodiversity in
these locations?
2 Methods

2.1 Study area & sample size

In January 2024, 35 roofs were selected in �ve Southeastern US
cities: Asheville, NC, Atlanta, GA, Chattanooga, TN, Knoxville, TN,
and Nashville, TN. These cities were chosen due to their drivable
proximity of 2–3 hours from the University of Tennessee,
Knoxville. Also, these are the largest nearby cities and thus have
the highest concentration of green roofs (McKinney et al., 2019).
Access for research was secured through cold calls to each building,
resulting in 13 of 35 contacted roofs accepting the research proposal
to participate in this study.

The 13 chosen locations are illustrated in Figure 1, with red
points indicating their locations across the �ve cities. The speci�c
green roof location details including acronyms and coordinates are
outlined in Supplementary Table S1.
2.2 Sample determination

Each of the 13 roofs vary in size, ranging from 191,000 ft2 to
100 ft2. To ensure proportional sampling across the different roofs, a
systematic approach was adopted. Pitfall traps were set at intervals
of one every 200 ft2. For every 400 ft2, 20 total teabags were buried,
one plant survey was taken, and one soil sample was collected.
Given the variability in roof sizes, samples were collected up to a
maximum area of 4,800 ft2 per roof. This was done to ensure a
feasible workload. Speci�cally, sampling was done with a minimum
of two traps, two plant surveys, two soil collections and twelve
teabags per roof. There was a maximum of twenty-four traps, twelve
plant surveys, twelve soil collections, and one hundred-twenty
teabags for the large roofs. For roofs exceeding 4,800 ft2, only
4,800 ft2 total was sampled to ensure manageable data collection.
Roofs exceeding 4,800 ft2 were randomly sampled from across the
entirety of the roof.
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2.3 Roof features data collection

Each green roof was surveyed regarding structural attributes.
These independent attributes are: soil temperature, soil moisture,
age (years), elevation (stories), substrate depth (inches), irrigation,
replanting, weeding, substrate addition, chemical treatments, and
management classi�cation. Each management attribute is
de�ned below:

• Irrigation was described as whether the roof used any sort of
irrigation system and how often the roof was irrigated.

• Replanting asked whether the roof had ever been replanted
at any point in time.

• Weeding patterns were described by asking if routine
weeding was conducted throughout the year.

• Substrate additions were de�ned as whether the roof had
ever had extra substrate added or substrate replaced since
being built.

• Chemical treatment asked if the roof uses any chemical
treatments such as herbicides and pesticides.

Each of these independent attributes are collected through �eld
surveys and questionnaires. Substrate temperature and moisture
were collected each month during roof visits by utilizing a handheld
probe. Using this probe, measurements were collected at the
beginning of the visit, ensuring they were measured around the
Frontiers in Ecology and Evolution 03
same time of day for each collection. The age, elevation, substrate
depth, and various management strategies were collected using a
questionnaire sent to each roof manager. These questions are found
in Supplementary Table S2, and the responses are found in Table 1.
The questionnaire was designed to classify each roof into one of two
management classi�cations: high or low. High management is
de�ned as regular irrigation of more than once a month and
weeded every 3–12 weeks and low management when the roof
has less than those frequencies or no regular irrigation or weeding
throughout the year. This detailed categorization was the
foundation for analyzing the impact of different management
practices on the ecosystem services provided by the green roofs.

2.4 Vascular plant collection

Random sampling of vegetation was completed during the
growing season at each location every 50 days from March until
August utilizing 0.7m x 0.75m plastic quadrat frames on the roof,
with the same sampled location being surveyed each collection
(Bagella et al., 2020). Quadrat size and shape can vary with
vegetat ion; with herbaceous vegetat ion, quadrats are
recommended to be 1-2m2 (Higgins et al., 1996). For this study
the quadrat size was smaller due to the size restraints of many green
roofs. These quadrats were placed at random locations across the
roof, marking the location to ensure the same spot was sampled
each time. Vegetation frequency was estimated visually through
FIGURE 1

Locations of 13 studied green roofs, denoted by a red dot in each of �ve cities: Asheville, Atlanta, Chattanooga, Knoxville, and Nashville. Locations
adapted from McKinney et al., (2019) and found through internet searches (e.g., www.greenroofs.com). Roof locations are denoted by red points.
Figure also found in Swanson & McKinney 2025.
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15cm x 15cm grids in each quadrat (Lönnqvist et al., 2021).
Occurrence of each plant species was used to estimate percent
frequency. For example, where if there were 12 squares and one
species occurs in 6 of them, the frequency would be 6/12 x 100, or
50% (Higgins et al., 1996). Thus, plant frequency is a rough estimate
of how widespread the occurrence of each species is.

Plant identi�cation followed keys or online databases such as
wild�owersearch.org. Problematic identi�cations were made by
botany faculty at the University of Tennessee. All the plants
identi�ed within the quadrat were recorded to genus or species
and number of occurrences of each species within the grid (Zhao
et al., 2009; Wang et al., 2015; Lönnqvist et al., 2021). Diversity was
then calculated using the Shannon Index, Equation 1, to evaluate
the diversity, using richness, of the sampled areas (Wang et al.,
2015). This diversity index was calculated on each roof for each
collected quadrat.

Equation 1 The Shannon Index (Wang et al., 2015).

H
0

e = � o S
i� 1Pi � ln Pi (1)

Where pi is the number of individuals of the ith species and S is
the total number of species (Lönnqvist et al., 2021). The Shannon
index, H’, ranges from 0-3.5 with lower number indicating less
diversity. This index was calculated between green roofs to
compare diversity.

2.5 Invertebrate collection

To study invertebrate diversity and abundance, pitfall traps
were used. These were chosen as they are very commonly used.
Pitfall traps were used in almost 90% of �eld studies on ground
beetles from 2008 to 2010 (Knapp and Ruzicka, 2012; Knapp et al.,
2016). They were used in over 200 studies in 2014 alone, remaining
one of the most popular sampling techniques (Knapp and Ruzicka,
2012; Knapp et al., 2016). Typically, on each of the roof’s traps were
set randomly, keeping each trap a minimum of about 4 meters apart
(MacIvor and Lundholm, 2010; Fabia�n et al., 2021). Trap design is
variable between studies and has been shown to affect catch size,
where traps with no lid obtained higher catches than lidded traps
and traps made with a smoother material showed higher catch
ef�ciencies as well (Knapp et al., 2016). Samples have also been
shown to be affected by trap size (Knapp et al., 2016), trap color
(Buchholz et al., 2010), and preservative �uid (Knapp and Ruzicka,
2012). When choosing the preservation �uid, it is important to
consider the ef�ciency as well as the environmental impact and risk
(Knapp et al., 2016). Compared to other options propylene glycol is
low in toxicity and has a slower evaporation rate maintaining its
capture ef�ciency and preservation (Martin and Murphy, 2000).
Knapp and Ruzicka, 2012 and Knapp et al., 2016 showed
propylene glycol to have a higher trapping ef�ciency than the
compared preservatives.

For this study, pitfall traps were made from 9 oz smooth plastic
beverage cups, with one cup buried, lip �ush with the ground, and a
second cup placed inside it, covered about 5cm above with a white
plastic lid sized 15cm x 15cm (MacIvor and Lundholm, 2010; Jacobs
et al., 2023). The lidded design was used due to the longer collection
intervals to keep the traps free of debris and rainfall. The cup is then
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�lled with about 2 oz of propylene glycol (Jacobs et al., 2023). Pitfall
traps are typically collected every ten days to three weeks for �ve
months (MacIvor and Lundholm, 2010; Jacobs et al., 2023). Due to
scheduling restraints and distance from the University of
Tennessee, Knoxville campus, traps were collected every 25–30
days. The propylene glycol and captured invertebrates were drained
through a coffee �lter in efforts to reuse the propylene glycol. After
the invertebrates from each pitfall trap were collected in the coffee
�lter, they were washed with clean water, air dried, sorted, and
stored in 99.9% ethanol to be later be counted and identi�ed
(MacIvor and Lundholm, 2010; Fabia�n et al., 2021; Jacobs et al.,
2023). The invertebrates were identi�ed using dichotomous keys
and online databases such as bugguide.net to the family level and
genus where applicable (MacIvor and Lundholm, 2010; Fabia�n
et al., 2021). Questionable identi�cations were made by
entomology faculty at the University of Tennessee.

Invertebrate’s richness and abundance metrics were used to
determine diversity in the sampled area by using the Shannon index
outlined in Equation 1 (MacIvor and Lundholm, 2010; Wang et al.,
2015). Invertebrate abundance was calculated by the total
invertebrates found in each individual trap during any given
sample collection.
2.6 Statistical analyses

Statistical analysis of these data was carried out with the
statistical software package IBM SPSS Statistics Version 29.0.2.0
(20) (Phoomirat et al., 2020). A Principal Component Analysis
(PCA) was implemented to identify covarying components and
create groupings of the independent variables that explain much of
the variance in the data set. These independent variables are: soil
temperature, soil moisture, age (years), elevation (stories), substrate
depth (inches), irrigation, replanting, weeding, substrate addition,
chemical treatments, and management classi�cation. Within the
analyses each data set was checked for normality. For non-normal
distributions, a logarithmic transformation was used to produce
normality. If the transformation did not work, nonparametric tests
were used utilizing the Spearman correlation. The normal values
were compared via the Pearson correlation.

Linear mixed models were then produced for each ecosystem
service proxy variable against each of the independent variable
groupings. Linear mixed models were utilized over a univariate
ANOVA or other test as it considers the location and sample dates
of each data point. Using a univariate ANOVA does not account for
location differences and uses an in�ated sample size, leading to
misleading results. The linear mixed models were completed using a
manual stepwise regression to determine which of the independent
variables showed the highest signi�cance. Statistical signi�cance
was evaluated using two alpha levels (a = 0.05 and a = 0.10) to
re�ect differing levels of stringency in hypothesis testing. The
conventional a = 0.05 threshold was used to identify strong
evidence of effects, while a = 0.10 was applied to highlight
marginal trends that may warrant further investigation. To
complete the stepwise regression, each time the model was run,
the least signi�cant variable was removed until the �nal variables
showed the most statistical signi�cance.
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Since the independent variables in the groupings found during
the PCA were compared to the proxy’s using covariance, this
provides a better view of what is in�uencing each proxy while
holding all other variables constant. This was done to �nd the
statistical signi�cance and effect of the environmental,
management, and site characteristics on the dependent ecosystem
service proxy variables (e.g., invertebrate and plant diversity).
Finally, to check the assumptions of statistically signi�cant
in�uences of each component a linear mixed model was carried
out using the component scores found from the PCA.
3 Results

Table 2 shows the PCA analysis for each of the independent
variables. Extraction numbers represent the proportion of each
variable’s variance that can be explained by the principal
components. PCA values range from 0 to 1, where values closer
to 1 represent higher communality meaning the variable is well
represented by the components and a signi�cant portion of its
variance is captured. Based on the values in Table 2, variables with
high communalities and are thus well represented by the extracted
components include: soil moisture, soil temperature, age, size,
elevation, irrigation, replanting, chemical treatment, and substrate
addition. Management classi�cation variance is very highly
captured with an extraction of 0.966. Variables that show
moderate communalities are substrate depth and weeding. In
sum, the PCA shows all variables to be well represented by the
selected components with communalities above 0.70, indicating
that the principal components capture most of the variance in
each variable.

Table 3 shows the total variance explained, including the proportion
of variance each principal component captures in the data set. The
initial eigenvalues show the amount of variance in the data each
component explains indicating the percentage of the total variance for
each individual component. Only the �rst 5 components have
TABLE 2 Extraction results from the completed PCA.

Independent variable Extraction

Substrate Moisture (%) 0.831

Substrate Temperature (°C) 0.731

Age (yrs) 0.885

Size (ft2) 0.890

Elevation (stories) 0.899

Substrate Depth (in) 0.774

Irrigation (Y/N) 0.896

Replanting (Y/N) 0.878

Weeding (Y/N) 0.756

Chemical Treatments (Y/N) 0.807

Substrate Addition (Y/N) 0.884

Management Classi�cation (high/low) 0.966
Values closer to 0 represent higher communality.
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signi�cance, with eigenvalues over 1. These 5 components explain
84.983% of the total variance, indicating a strong representation. A
Varimax rotation was applied to the PCA to help separate the variables
by redistributing the variance more evenly across the components.
Rotation sums of squared loadings show the total variance explained by
each component after rotation, leading to a more balanced solution.
Based on these �ndings, component 1 explains about 23% of the
variance, component 2 explains about 18% of the variance,
component 3 explains 17% of the variance, component 4 explains
14% of the variance and component 5 explains 11% of the variance.

The varimax rotation yielded the component matrix in Table 4.
High loadings, with values over 0.50, indicate that variable is
strongly associated with a component. High loadings on
Frontiers in Ecology and Evolution 06
component 1 are: irrigation, replanting and management
classi�cation. We thus summarize this group of loadings as the
management practice component. Component 2 shows a high
loading by soil moisture and temperature which we summarize as
the substrate condition component. Component 3 has high loadings
on: roof size, elevation, and substrate additions, summarized as the
roof features component. Component 4 has high loadings on age
and chemical treatment, labelled simply as the age and chemical
management component. Finally, component 5 shows high loading
on weeding and substrate depth, labelled as the substrate and
vegetation management component.

In summary, based on the �ndings of the varimax rotated PCA
it is convenient and helpful to use these 5 components as groupings
TABLE 4 Rotated component matrix results from the PCA.

Rotated component matrix

Variable Component 1 Component 2 Component 3 Component 4 Component 5

Substrate Moisture (%) 0.141 0.889 � 0.099 � 0.078 0.68

Substrate Temperature (°C) 0.197 � 0.792 � 0.156 0.068 0.189

Age (yrs) � 0.177 � 0.283 � 0.058 0.851 0.214

Size (ft2) 0.200 0.251 0.795 0.390 0.063

Elevation (stories) 0.182 0.555 0.698 0.233 0.127

Substrate Depth (in) � 0.319 � 0.154 � 0.232 � 0.221 0.739

Irrigation (Y/N) 0.825 0.396 0.143 � 0.164 � 0.108

Replanting (Y/N) 0.855 � 0.205 0.117 0.080 0.291

Weeding (Y/N) 0.35 0.061 0.149 0.220 0.747

Chemical Treatments (Y/N) 0.200 0.097 0.251 0.813 � 0.185

Substrate Addition (Y/N) 0.138 � 0.259 0.866 � 0.141 � 0.167

Management Classi�cation (high/low) 0.953 � 0.055 0.179 0.102 � 0.11
Highlighted values indicate the most signi�cant variables (>0.50). These variables are then grouped together for the corresponding component by their communalities.
TABLE 3 The results of the PCA, outlining the explained variance from each component.

Initial eigenvalues Extraction of squared loadings Rotation sums of squared
loadings

Component
number Total % of

variance Cumulative % Total % of
variance Cumulative % Total % of

variance Cumulative %

1 3.790 31.587 31.587 3.790 31.587 31.587 2.766 23.053 23.053

2 2.186 18.219 49.806 2.186 18.219 49.806 2.175 18.122 41.175

3 1.812 15.099 64.905 1.812 15.099 64.905 2.112 17.598 58.774

4 1.382 11.519 76.423 1.382 11.519 76.423 1.763 14.694 73.468

5 1.027 8.560 84.983 1.027 8.560 84.983 1.382 11.515 84.983

6 0.658 5.483 90.466

7 0.476 3.967 94.433

8 0.295 2.460 96.894

9 0.229 1.905 98.798

10 0.131 1.092 99.891

11 0.009 0.076 99.967

12 0.004 0.033 100
Note that components 1–5 are the only ones that have a total eigenvalue over 1, indicating more signi�cance.
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for linear mixed models using the variables in each component as
covariant groups. This analysis thus reduced data complexity by
identifying �ve key components, each representing a unique aspect
of the independent variables. This will, in turn, indicate the
in�uence of these groups of green roof management and physio-
chemical variables on the proxy variables (e.g., invertebrate and
plant diversity).

Temporal trends in roof substrate moisture and temperature
over the course of the study are outlined in Figure 2. There is a
generally inverse pattern: as mean roof temperature increased
throughout the season; moisture tended to decline. Both
maximum substrate temperature and minimum substrate
moisture approximately occurred in late June/early July.

3.1 Vascular plant community

For each collection cycle, 87 vegetation surveys were conducted
across the thirteen roofs. At the end of the four collection cycles 348
total surveys had been conducted. Of the vascular plants in the
Tracheophyta phylum, a total of 102 different species were
identi�ed. The most common families across the roofs found
were: Crassulaceae, Poaceae, Fabaceae, and Asteraceae. All found
species can be found in the supplemental materials. Figure 3
illustrates the plant frequency (i.e., number of grids occupied) and
diversity found at each roof throughout the study. The trend in
frequency and diversity are similar in that they increase until June
and then start to decline in July, which is in line with the seasonality
from March until August.

Table 5 outlines the signi�cance of each of the highly correlated
variables found in the PCA. Regarding management practices,
irrigation is highly signi�cant (0.05 and 0.10) as a covariate effect
on plant diversity. Interestingly, the effect of irrigation on diversity
is negative. Although it is only near signi�cant (0.124), there is some
indication that replanting, as a covariate, has a positive effect on
plant diversity. Management intensity appears to have no effect on
plant diversity. For plant frequency, none of the management
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practice variables are even near-signi�cance. For substrate
condition effects on plant diversity, soil moisture and temperature
alone are each statistically signi�cant to the 0.05 level. Soil moisture
shows a negative effect on plant diversity and temperature shows a
positive effect on plant diversity. For plant frequency effects, we �nd
that soil temperature and moisture both have a signi�cant positive
effect on frequency when considered together but not alone.

Regarding roof feature effects on plant diversity, elevation is
signi�cant at the 0.10 level when all of component 3 variables (roof
size, elevation, and substrate additions) are utilized as covariates.
When the least signi�cant variable, substrate additions, is removed
elevation and size gain stronger statistical signi�cance with
elevation becoming signi�cant at the 0.05 level and size becoming
signi�cant at the 0.10 level. Elevation has a negative effect on plant
diversity whereas roof size as a covariate has a positive effect. For
plant frequency, the only evidence of an effect is for elevation which
shows a signi�cant positive effect when substrate additions are
included and a near-signi�cant positive effect (0.112) when
analyzed alone. Age and chemical management both show a
signi�cant effect on plant diversity. Chemical treatments have a
strong negative impact alone and even when age is a covariate. Age
has a signi�cant positive effect as a covariate with chemical
treatment. For plant frequency, neither age nor chemical
treatments show any signi�cant or near-signi�cant effect.

Neither weeding nor substrate depth have a signi�cant effect on
plant diversity or frequency, with or without covariance. However,
there is a near-signi�cant positive effect (0.125) of weeding alone on
plant frequency.

3.2 Invertebrate community

There was a total of six sample collection points, where the
pitfall traps collected data on the abundance and diversity of
Arthropods, Mollusks, and Annelids on each roof. Of the 160
total pitfall traps set out in March, an average of only 135 traps
were collected at each sample interval. This occurred as some traps
FIGURE 2

Collected soil (substrate) moisture and temperature from March until August 2024. The blue points and line indicate the collected moisture levels (%)
and the red points and line indicate the collected temperature levels in Celsius. The quadratic trend line represents the mean with a 95% con�dence
interval.
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could not be sampled for various reasons including human and
animal disturbance of traps, bad weather, and vegetation
overgrowth. By the end of the six collections, a total of 807 traps
were retrieved, capturing a total of more than 136,500 individuals
from three respective phyla and 193 different genera. The number of
individuals captured, by phyla, were: 13,296 Mollusca, 123,194
Arthropoda, and 22 Annelida. Within these phyla are multiple
ground dwelling orders, the most notable of which are: 5,273
Coleoptera, 2,778 Araneae, 38,666 Entomobryomorpha, 5,107
Polydesmida, 4,887 Orthoptera, and 180 larvae and caterpillars.
Notable �ying orders within these phyla were 24,665 Hymenoptera
and 4,727 Diptera. All discovered genera can be found in the
supplemental material. Figure 4 illustrates the trends of the
invertebrate community throughout the duration of this study.
Interestingly, invertebrate abundance on green roofs began to
decline in May but diversity increased until June before beginning
to decline.

Table 6 outlines the signi�cance of each highly correlated
variable in the PCA. Of the management practice variables
(Table 6), invertebrate diversity is signi�cantly negatively
in�uenced by irrigation when replanting is a covariate at the 0.05
level. Indeed, irrigation has a near-signi�cantly negative effect at the
0.10 level on diversity by itself (-0.112). All other management
practices (management intensity and replanting) show no statistical
signi�cance on invertebrate diversity. For invertebrate, both
replanting and management are signi�cant to the 0.10 level when
included as covariates of each other, i.e., removing irrigation as an
in�uence. Interestingly, replanting shows a negative in�uence and
management shows a positive in�uence on invertebrate abundance.

Regarding the two substrate condition variables, temperature
and moisture, temperature alone is statistically positively signi�cant
(0.05 level) for invertebrate diversity (Table 6). However, moisture
alone does have a near-signi�cant negative effect (-0.123) on
invertebrate diversity. For invertebrate abundance, neither
substrate moisture nor temperature is found to be statistically
signi�cant or even near signi�cant. Of the roof feature variables,
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when all three variables are compared to diversity, elevation is
found to be the most signi�cant with a p-value of 0.138 and
becomes more (near- signi�cant) with a p-value of 0.110 when
substrate additions are removed. In all cases, the effect of roof
elevation on invertebrate diversity is negative, indicating a general
trend of less diversity with increasing roof height. Interestingly,
none of the three roof features (elevation, size, and substrate
additions) examined here show any signi�cant or even near-
signi�cant effect on invertebrate abundance. Regarding age and
chemical treatments, age has a signi�cant and positive effect on
diversity as a covariate at the 0.05 level. Chemical treatment values
imply a negative effect on diversity, but their statistical signi�cance
is too low to be con�dently interpreted. Age and chemical
treatments have no evident impact on invertebrate abundance.

For substrate depth and weeding, there is no evidence for a
signi�cant or even near-signi�cant effect on invertebrate diversity.
Interestingly however, there is apparent evidence for a strong (0.05
level) negative effect of substrate depth on abundance, both alone
and as a covariate. Weeding also has a signi�cant (0.10) negative
effect on invertebrate abundance when analyzed as a covariate.

3.3 Overall component score analysis

A PCA was completed for an overall component score analysis
to compare each of the independent variables as a whole while
utilizing the other scores as covariates (Table 7). This was done for
both the plant and invertebrate communities. This gives us insight
onto how the components as a whole effect the plant and
invertebrate communities, whereas the above analyses dive into
how each individual variable affects these communities.

When all other variables are held the same, we found that only
component 2, substrate conditions, shows signi�cance to the 0.10
level for plant diversity. Indicating the substrate conditions to have
an overall negative effect on plant diversity. These �ndings indicate
that substrate conditions are moderately signi�cant and account for
a substantial portion of the variance in plant diversity. Although the
FIGURE 3

Plant diversity and frequency on each roof from March until August 2024. The blue points and line indicate the vascular plant frequency found at
each roof and the red points and line indicate the diversity of the vascular plant community found atop each roof. The quadratic lines represent the
mean with a 95% con�dence interval.
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