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Abstract: A growing body of research indicates that urban landscapes can support biodiversity and
provide multiple ecosystem services. However, we still have limited knowledge about how specific
design and management choices impact environmental benefits within highly modified landscapes.
Furthermore, we know relatively little about the potential tradeoffs and synergies encountered
when managing for multiple ecosystem services within urban landscapes. In this study, we address
knowledge gaps in both research and practice by leveraging a ‘designed experiment’ approach
that included a diverse team of researchers and practitioners to evaluate the impacts of designed
landscapes on several focal environmental outcomes essential for urban sustainability. Specifically,
we evaluated small-scale designed-landscape research plots that varied in plant richness, origin of
vegetation, and drought tolerance, and we simultaneously quantified impacts on water conservation,
pollinators, and maintenance-related impacts, as well as their intersection with aesthetic appeal for
residents. Our results indicate that key landscape choices such as the selection of drought-tolerant
plants and a diverse native plant palette can simultaneously enhance water conservation, increase
resources for pollinators, and reduce maintenance impacts. Importantly, the designs that rated
more highly in terms of visual quality were also those that supported higher pollinator biodiversity
and required relatively little water for irrigation, indicating that synergy across multiple benefits is
achievable in designed landscapes. In urban landscapes, aesthetic appeal is often a top priority, and
our results indicate that visual quality does not need to be sacrificed in order to design landscapes
that additionally support water conservation and provide resources for pollinators.

Keywords: urban ecosystem services; designed landscapes; tradeoffs and synergies; pollinators;
water conservation; carbon footprint

1. Introduction

Cities are increasingly recognized as drivers of innovation and are often on the front
line of progress toward global sustainability [1]. With attention shifting from rural to
urban areas as model systems for evaluating sustainability practices, there is a growing
focus on the capacity of cities to sustainably integrate green and blue infrastructure and
generate locally produced ecosystem services [2], defined as the diverse suite of processes
through which natural systems support human life [3]. Indeed, urban green spaces, such
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as parks and nature preserves, can provide ecosystem services that improve the health and
wellbeing of city residents, including the regulation of water flows, the mitigation of urban
heat island effects, the support of desired wildlife species, and the provision of spaces for
recreation, mental restoration, and aesthetic value [4,5].

However, while parks and preserves are critical components of urban ecosystems,
ecologists and planners are increasingly recognizing the need to “think outside the park”
and look for opportunities to integrate key habitat resources and enhance environmental
benefits in many land-use types outside of large green spaces [6,7]. Within the field of urban
landscape ecology, the “matrix” of land uses between large habitat patches is increasingly
being recognized as an important consideration for urban conservation and management [8].
Small-scale individual management of green space, beyond park boundaries, is also very
common in urban environments; for example, residential landscapes often comprise 30–40%
of the total land area in cities and towns and provide just as much “green space” area as
city parks [7]. A growing body of research suggests that many urban sites—across distinct
sizes, management practices, and contexts within an urban ecosystem—have the potential
to contribute to ecosystem services [9,10]. For example, even small patches of vegetation
in developed areas can contribute to cooler microclimates at local scales [11], can store
and sequester carbon [12], and can provide foraging and habitat resources that support
native birds and pollinators [13]. However, despite both the potential for and complexity
of urban ecosystem benefit provision, we still have limited knowledge about how specific
vegetation design practices and management choices impact environmental benefits within
developed landscapes.

Furthermore, we also lack an understanding of potential tradeoffs and synergies
that may emerge within urban designed landscapes, given the need to manage for mul-
tiple ecosystem services [14]. In many real-world urban landscapes, outdoor spaces are
designed and developed for a particular use or function, with less attention paid to po-
tential co-benefits or tradeoffs that could be experienced at the same time, such as the
benefits to human health and wellbeing that arise from contact with nature [15], the po-
tential co-benefits to biodiversity [16], or the tradeoffs between landscape maintenance
and a green space’s carbon footprint [17]. In addition, land use demands in urban and
urbanizing areas, intensified by the housing affordability crisis, can impact ecosystem
provision [18,19], including environmental injustice implications related to location and
accessibility of vegetated urban spaces and associated benefits in highly competitive land
markets [20–22]. Hence, due to land-use constraints, urban areas require design that al-
lows for multifunctional use and associated layered ecosystem service provision [23,24].
For example, green space surrounding a school in a dense urban neighborhood can be
managed with respect to recreation (e.g., a playground, sports fields), food production
(e.g., produce gardens, orchards), habitat (e.g., a pollinator garden, riparian buffers), and
water quality (e.g., raingardens, integrated pest management). Although multi-functional
landscapes have recently been recognized as being important within urban systems [25,26],
past research efforts in urban landscapes have often focused on a single ecological function
or ecosystem service [27,28], rather than a suite of co-occurring services or outcomes (but
see [29,30]).

Here, we address gaps in past research and practice by leveraging the ‘designed
experiment’ approach [31] to address a key guiding question: How can real-world urban
landscapes be designed to provide benefits across multiple environmental and social outcomes?
Specifically, this research focuses on identifying (1) the relative importance of specific
vegetation design practices in generating environmental benefits, and (2) the potential
tradeoffs associated with those practices. The designed experiment approach “inserts
designed experiments into the urban mosaic” and combines experimental research with
real-world design and the myriad complexities of urban systems [31]. This approach
uniquely positions researchers and practitioners to evaluate the outcomes of real choices
made in urban landscapes every day and to generate knowledge applicable to enhancing
environmental benefits in urban ecosystems [32]. Furthermore, the approach is enhanced by
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a strong collaborative partnership between ecologists, landscape designers, and landscape
maintenance professionals, from project start to finish.

In this study, we strategically designed, established, and monitored a suite of small-
scale designed-landscape research plots in Fort Worth, Texas, which we utilized, along with
social surveys, to evaluate the impacts of designed landscapes on several environmental
outcomes essential for urban sustainability: water conservation, pollinators, emissions
associated with landscape maintenance, and aesthetic appeal for urban residents. Reducing
water use in urban landscapes is recognized as a critical strategy for securing future water
demands, especially in places likely to experience more frequent and extended droughts
with climate change, as is expected in Texas [33] and much of the US [34]. Increasing
resources for urban pollinators is also an important ecosystem service conservation strategy,
as high floral species richness may promote bee visitation to both wild and cultivated plant
species [35,36], potentially enhancing reproduction for ornamental and crop plants [36–38].
In addition, cities across the world are focusing on strategies to reduce their carbon emis-
sions, and while many urban landscapes store and sequester greenhouse gases [11,39],
conventional lawn and garden management practices, such as gas-powered mowing, fertil-
izer application, and irrigation, are associated with emissions of greenhouse gases that are
important to consider when evaluating environmental costs and benefits of urban green
areas [40,41]. In addition, gasoline-powered landscape maintenance equipment emits air
pollutants that can have health implications for nearby residents [42]. To comprehensively
evaluate tradeoffs and synergies across key environmental indices within designed urban
landscapes, we drew on the expertise of a diverse and interdisciplinary research team—
composed of urban ecologists, animal biologists, plant ecologists, horticulturalists, and
environmental designers—and developed a unique designed experiment approach for
evaluating the impacts of common landscape design choices on environmental outcomes.
This approach also allowed us to quantify the synergies and tradeoffs in the focal environ-
mental benefits, with an emphasis on practical application and management in real-world
urban landscapes.

We evaluated the following research questions:

1. What specific design factors are most important for environmental benefits related to
urban water conservation, increased pollinator visitor abundance and richness, and
reduced emissions associated with maintenance?

2. Are there tradeoffs and synergies between environmental benefits and aesthetic appeal
in designed landscapes?

3. What are the fundamental considerations for landscape designers, contractors, and
maintenance professionals who aim to maximize environmental benefits and increase
resilience in urban systems?

2. Materials and Methods
2.1. Study System

This research was performed across two land units in Fort Worth, Texas, a Fort Worth
federal research site managed by the General Services Administration (GSA) (32.6714,
−97.3327) and a public non-profit research site managed by the Botanical Research Institute
of Texas (BRIT) (32.7413, −97.3633). These two land units were selected due to their space
availability and willingness to participate in a landscape design experiment. Both sites
were located in developed areas of Fort Worth, with similar climatic conditions, soils, and
broader landscape characteristics; additionally, the BRIT site is open to public visitors and
has an advanced irrigation control system that supported further data collection in the form
of surveying about visual appeal and quantifying water use. For the GSA land unit, the
20 designed research plots were installed in a grassy field, with each plot measuring 15 × 7′

(105 ft2). For the BRIT land unit, the 20 designed research plots were installed in parking
bay “endcaps”, which are the vegetated beds within parking lots and which represent
a critical component of urban vegetation management [32], with each plot measuring
between 116 and 325 ft2 (Figure 1). At the GSA land unit, the research plots focused
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on quantifying two categories of environmental costs/benefits: (1) pollinator abundance
and richness and (2) maintenance-related impacts. At the BRIT land unit, given greater
public visitation rates and irrigation control, the research plots focused on quantifying
four categories of environmental costs/benefits: (1) pollinator abundance and richness;
(2) maintenance-related impacts; (3) water use; and (4) aesthetic appeal (methodological
details below). We used the imperial system for all measurements, given that this is the
dominant unit of measurement in the US. All pollinator response variables, maintenance
response variables, and water response variables were normalized per square foot to
account for plot size differences at BRIT, and land unit was included as a random effect in
all models that included data from both land units (analytical details below).
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Research Institute of Texas (BRIT) (top), and grassy field between parking area and building at the
Fort Worth federal property managed by General Services Administration (GSA) (bottom).

2.2. Plot Landscape Design: Predictor Variables

The structure and composition of the plots were outlined by the environmental de-
signer (HV) utilizing a variety of plant species that represent the specific options that
urban residents, landscape designers, and maintenance contractors consider every day.
Specifically, the plots were designed to highlight three factors that are common decision
points for urban landscape designers: origin of vegetation (i.e., native to local ecoregion
or native elsewhere); richness of vegetation; and vegetation adaptation to soil moisture
(water requirements). Plots were designed by a professional environmental designer on
the interdisciplinary research team (HV) and were intended to be aesthetically appealing
throughout the growing season, with a diversity of color and texture. All plots were located
in full sun conditions and none of the plots contained trees. The plots were intended to
represent common options and decision points for typical designed urban landscapes in
the region, which tend to focus on the management of forbs and grasses.

The environmental designer (HV) and lead ecologist (JAB) worked together to im-
plement an experimental regression design approach, which is an efficient approach well-
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suited for analysis of ecological data [43]. It allows for a full range of values for continuous
predictor variables to be evaluated, rather than artificially transforming a continuous vari-
able into a categorical variable to test only a few levels [43]. This approach required iterative
and frequent communication between the environmental designer and the lead ecologist
during the plot design phase, to ensure that the final landscape designs included a full
and uniform range of three predictor variables: (i) native plant coverage, which ranged
between 22 and 100%; (ii) plant richness, which ranged from two to seven species; and
(iii) vegetation adaptation to soil moisture (water requirements), which ranged from low to
high (described in detail below) (Table 1). These three variables reflect common decision
points for urban landscape designers, and the plots represented the range of typical design
options for the region [44]. For plots with less than 100% native plant coverage, non-native
turfgrasses were used in the remaining areas of the plot (Bermuda grass, Cynodon dactylon,
and St. Augustine turfgrass, Bouteloua dactyloides), as this is a common component of urban
landscape design [44]. The landscape designer selected the native plants for the plots using
the Native Plants of North America searchable database, run by the Lady Bird Johnson
Wildflower Center [45], which can be filtered by plant characteristics such as plant origin,
bloom color and season, benefits to pollinators, or resilience to water limitations. The
designer selected native plants for the plots that were appropriate for local site conditions.
All plots were designed to be similar in aesthetic to real landscapes installed in this region,
based on the landscape designer’s professional experiences, and provide visual appeal
throughout the growing season (Supplementary Materials File S1).

Table 1. Plot landscape design variables.

Design Variable Description Min–Max Mean (Std. Dev.)

Native plant coverage * Cover of plants native
to ecoregion (%) 22–100% 80% (18%)

Plant richness Total number of
unique plant species 2–7 4.3 (1.5)

Vegetation adaptation to
soil moisture *

Plot-level index of
soil moisture

adaptation for the
plant community in

each plot *

0.8–8.5 3.2 (2.7)

* Data sources: vegetation origin and vegetation adaptation to soil moisture were derived from the Native Plants
of North America searchable database, run by the Lady Bird Johnson Wildflower Center, as described in the text.

Research plots in both sites were constructed from March to June 2016, and existing
soils were tested and amended prior to planting in order to ensure adequate drainage and
equivalent soil conditions for the selected plant palettes across both sites. Soil tests prior
to plant installation indicated consistent texture and bulk density, with pH and organic
matter content suitable for plants native to North Central Texas [46]. Soil compaction levels
were also measured with a penetrometer after plant establishment and were typical of
landscaped beds of the region.

After establishment in June 2016, plot characteristics were repeatedly monitored.
Specifically, the identity of plant species and percent cover by each species was recorded
once every three months for each plot (March, June, and September 2017); this was accom-
plished by surveying the entire area of each plot to quantify plant species richness and
percent coverage per plot of each species [47]. We used the plant species data and percent
cover data to quantify the three predictor variables that represent common decision points
for urban landscape designers (as described above). The first predictor variable, origin
of vegetation, was represented by native plant cover, which was calculated as the average
cover of plants native to this region (as defined by [45]) across the three sampling windows
throughout the study period. The second predictor variable, plant richness, was calculated
as the sum of the unique plant species present in the plot. The third predictor variable,
vegetation adaptation to soil moisture, was represented by a soil moisture adaptation index,
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which was calculated for each plot by multiplying the percent cover of each plant species
by a soil moisture adaptation factor (1 for dry soils, 5 for moist soils, and 10 for wet soils,
as per [45]) and summing across all plants in the plot (similar to the landscape coefficient
approach in [48]); this provided a simple measure that allowed us to characterize the overall
soil moisture adaptation level for the plant community in each plot which ranged from low
to high.

2.3. Data Collection: Response Variables

We collected data in four key categories related to environmental costs/benefits:
(1) pollinators; (2) maintenance inputs; (3) water for irrigation; and (4) visual quality or
aesthetic appeal. These four categories represent key focal areas of potential human benefit
and management concern within many urban ecosystems (reviewed in [38]).

2.3.1. Pollinators

We quantified two response variables to characterize floral visitors from among Lepi-
doptera, Diptera, and Hymenoptera (hereafter pollinator visitors), which are insect orders
that often act as pollinators (e.g., [49]) and have been monitored for fine-scale pollination
service studies within urban landscapes (e.g., [37]): (a) visitor abundance and (b) visitor
morphospecies richness. During each survey, a single observer stood near the plot edge and
recorded all floral visitors within the plot for 10 consecutive minutes. Pollinator visitors
were visually categorized into morphospecies (as per [50]), either in real time or later
with photos taken of the pollinators. Such visual surveys are effective at characterizing
pollinator community composition and are particularly useful in sites where destructive
sampling is not possible [51], such as public botanic gardens. We used a range of resources
to identify pollinators, including Bees of Central Texas [52], Bee Genera of North and Central
America [53], Bumble bees of the Western US [54], Hymenoptera of the World: an identification
guide to families [55], and BugGuide [56]. Measures of both pollinator response variables
were taken once per month over 10 months between 2016–2017 (June, July, and September
of 2016; March, April, May, June, July, August, and September of 2017). All surveys were
completed between 7 a.m. and 3 p.m., with temperatures above 70 ◦F and wind speed not
exceeding 8 mph. For every site, each month, pollinator surveys were conducted on the
same day for all plots, and both sites were surveyed within 5 days of each other.

2.3.2. Maintenance Time and Associated Emissions

We used an online form to allow staff and volunteers to log the details of each mainte-
nance event, from which we summarized two response variables related to maintenance
activities for each plot: (a) time of fuel-powered equipment use per square foot, as a
proxy for the estimated emissions associated with landscape maintenance (sensu [39]);
and (b) total time dedicated to landscape maintenance per square foot, including time
spent on manual maintenance (e.g., hand-weeding, pruning) in addition to fuel-powered
maintenance. Maintenance guidelines typical of urban green spaces were followed as
prescribed by the landscape designer (HV) for the project. Such maintenance is often used
to compare vegetation management strategies, and in our study included activities such as
weeding, mowing, edging using a string trimmer, and pruning old or excess growth. All
plots were maintained weekly during the growing season, and monthly during the dormant
season. Response variables were averaged across all 15 months for which maintenance
data were collected.

2.3.3. Water

We measured two response variables to evaluate the water conservation potential for
each plot: (a) average number of consecutive days without supplemental irrigation for
which a plot could maintain high aesthetic appeal (‘dry days’), and (b) average monthly
irrigation rate required to maintain high aesthetic appeal (reported in inches for ease of local
interpretation). Both response variables integrate a visual quality rating system because
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aesthetic appeal is often a top priority in urban designed landscapes. These methods and
the visual quality rating system were adapted from a similar study evaluating aesthetic
appearance of plants with restricted irrigation levels [57]. These variables approximate
total irrigation volume and irrigation frequency, two important metrics in real-world
designed landscapes.

Our first water-related response variable, ‘dry days’, was quantified with a monthly
check in which all plots were irrigated at the beginning of the month with the same applica-
tion rate (in terms of volume per square foot). To determine the initial application rate for
each plot in each month, we used a simplified version of the Water Demand calculation by
multiplying the area of the plot (in square feet), the weekly reference evapotranspiration
rate in Dallas–Fort Worth for that time period (in inches), a plant factor of 0.3 (as suggested
for native plants in Texas [58]), and a conversion factor (0.623 to convert inches of water
per square foot to gallons) (as per [59]). The resulting water volume (in gallons) from the
Water Demand calculation was then divided by the plot’s irrigation head application rate
(in gallons per minute, or GPM, as quantified by a professional irrigation contractor on
a per-plot basis) to determine the number of minutes that each plot’s irrigation system
was turned on for the initial irrigation event each month. After the initial irrigation event
each month, plots were monitored daily for visual quality by a consistent observer while
irrigation was withheld from the plots. The visual quality of each plot was rated daily using
a scale from 1 to 5, where 1 = dead, 3 = minimally acceptable appearance in a landscape, and
5 = excellent color and optimum aesthetic appearance (as per [57]) by the same observer.
When plants in a plot showed the first indication of water stress (e.g., wilting vegetation,
brown leaves, or dropped leaves) and dropped below a visual quality rating of 5, irrigation
for that plot was resumed, and the number of days since irrigation, referred to as ‘dry days,’
was recorded.

Our second water-related response variable, average monthly irrigation rate required
to maintain high aesthetic appeal, was quantified by recording details about plot-level
irrigation requirements (as described above) in an irrigation log maintained by on-site
research staff. For the duration of the study, irrigation rates were adjusted up or down on a
per-plot basis based on the visual quality rating system described above [57]. This allowed
us to fine-tune the irrigation rates so we could better understand the water needs required
to achieve high aesthetic appeal, the primary objective for most urban landscape managers,
rather than applying consistent irrigation rates to all plots (sensu [57]). Specifically, the
date and number of minutes of irrigation applied per plot for each irrigation event was
recorded. As described above, the application rates of the irrigation heads for each plot
(in gallons per minute, or GPM) were determined by a professional irrigation contractor;
the applied minutes of irrigation were multiplied by the plot’s GPM to calculate the water
volume applied in gallons and then divided by total plot area to calculate the volume
of water applied per unit area of landscape, where we report irrigation rate in inches,
calculated using a standard conversion factor (1′′ = 0.623 gallons per square foot). For both
water-related response variables, measurements were repeated for nine months across all
four seasons: twice in autumn (October and November 2016); twice in winter (December
and February 2017); three times in spring (March, April, and May 2017); and twice in
summer (July and September 2017).

2.3.4. Visual Ratings

We developed a social survey instrument to evaluate a single response variable, a
visual quality rating of landscape design, modeled after a similar survey developed in
human–landscape interaction research [60]. The survey was designed to evaluate the visual
appeal of 12 different landscape designs, including six designs from the BRIT land unit and
six more conventional non-native landscape designs. The six landscape designs from the
BRIT land unit were selected as a random subset of the BRIT research plots (Plots B, D, G,
J, N, and O; details in Supplementary Materials File S1). The six conventional non-native
landscape designs were photographed in urban commercial areas nearby. The survey
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contained a photograph of each landscape design in front of a consistent background—a
conventional multi-story office building that is a typical setting for urban landscapes and
similar in style to the BRIT facility (Figure 2). All images were modified in Photoshop to
include an identical building in the immediate background and were similar in lighting
and scale (similar to the approach of [60]). In addition, all photographs were taken during
the same timeframe (early May) to standardize for season. This survey instrument allowed
us to evaluate the aesthetic appeal of an important subset of our experimental plots, while
controlling for built landscape background/context and seasonality, as well as making the
survey more accessible to the broader community, including those who do not typically
visit botanic gardens. We aimed to keep the survey relatively short (12 pages with one
landscape photograph per page) to be respectful of the participants’ time.
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Figure 2. Example landscape designs included in the questionnaire. The survey included photographs
of landscaping with plants native to the north Texas region from 6 of the BRIT research plots (examples
on left side), as well as photographs of conventional landscaping from 6 Texas urban commercial
sites with non-native plants (examples on right side). All landscapes were modified in Photoshop to
include an identical building in the immediate background to control for the built landscape context.

Respondents ranked the appeal of each landscape using a 7-point Likert scale, with
1 as “dislike very much” and 7 as “like very much” for the landscape in the photograph
(adapted from [61]). The questionnaire was printed on colored-paper booklets and dis-
tributed to attendees of several public events held in Fort Worth in 2017, including Prairie
Day (a family event open to the public), research presentations, and teacher training work-
shops held at the BRIT facility. We attempted to include a diverse group in our sample
population, including students from local universities and local teachers; however, we note
that public events, presentations, and workshops were inherently themed around botany,
and thus the respondents may have been more familiar with native plants than other
community members. In total, 160 individuals responded to the survey. The questionnaire
and associated research methods (Supplementary Materials File S2) were reviewed and
approved by the Institutional Review Board at St. Edward’s University in Austin, Texas.
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2.4. Analysis
2.4.1. Model Selection for Pollinators, Maintenance-Related Variables, and Water

In order to quantify the impacts of key landscape design choices on multiple categories
of environmental benefits, we developed individual models for the response variables
measured in the experimental plots (pollinators, maintenance-related impacts, and water).
Each model included the three predictor variables described above: (1) native plant cov-
erage; (2) plant richness; and (3) vegetation adaptation to soil moisture adaptation. Since
one of our primary goals was to identify the landscape design choices that result in the
greatest quantifiable impact on environmental benefits, we used the information-theoretic
model comparison approach to investigate the relative importance of the three different
predictor variables on the response variables for pollinators, maintenance-related impacts,
and water. This approach allows multiple hypotheses to be examined simultaneously in
order to identify the best-supported model [62,63]. The models for each environmental
category were ranked with Akaike’s information criterion corrected for small sample sizes
(AICc) [62], and the single best model for each is reported in the Results. We used the
MuMIn package in R for all model selection and model averaging analyses [64]. For models
where datasets from both land units were included (Pollinators and Maintenance), we
included ‘land unit’ as a random effect in linear mixed-effects models using the lme4
package in R [65], and used linear models in the R stats package for datasets where only
one land unit was included (Water). No multicollinearity was detected between predictor
variables (all variance inflation factors < 4). In order to appropriately assess the impact of
predictor variables measured in units with different magnitudes, all continuous variables
were standardized prior to modeling using the stdize function in the MuMIn package,
which scales each element of the vector by subtracting the mean and dividing by the stan-
dard deviation. The response variables were normally distributed, with the exception of
fuel-powered equipment time, pollinator visitor abundance, and pollinator visitor richness
(for which we used a square root transformation to improve normality).

2.4.2. Visual Quality Ratings

Visual quality ratings were summarized from all survey participants (n = 160). First,
we compared visual quality ratings for the research plot landscape designs (n = 6) and con-
ventional landscape designs (n = 6) using Mann–Whitney U-tests. Given that many of our
surveys were conducted at botanically themed events, we performed a follow-up analysis
focusing only on teachers attending a STEM curriculum training workshop (unrelated to
plants) and analyzed those responses (n = 32) in isolation from the other respondents.

2.4.3. Tradeoffs and Synergies

For the final portion of the analysis, we used pairwise Spearman correlations to identify
synergies and tradeoffs between the distinct environmental benefits in the BRIT land unit.
We selected a single focal indicator (to avoid collinearity) per environmental indicator
category. The goal of this analysis was to explore whether it is possible to achieve high
performance across the different indicator categories we evaluated: (a) pollinator visitors
per plot (focusing on visitor morphospecies richness); (b) water use (focusing on average
irrigation rates); (c) maintenance-related impacts (focusing on fuel-powered equipment use
associated with maintenance hours); and (d) visual quality ratings.

3. Results
3.1. Pollinators

In total, 4840 observations of floral visitors were recorded across all plots at both
study sites. A total of 112 morphospecies were recorded, 92 of which were Lepidopterans,
Dipterans, and Hymenopterans, and were therefore assumed to be pollinators. Substan-
tial differences were observed between plots, with pollinator visitation ranging from 4 to
204 visits per plot per observation period (mean = 94.3, SD = 62.4) and morphospecies
richness per plot ranging from 4 to 36 per observation period (mean = 18.9, SD = 8.7). Euro-
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pean honeybees (Apis mellifera) were the most commonly observed pollinator (n = 1361),
followed by grass skipper butterflies (Hesperiidae/Hesperiinae) (n = 513) and small sweat
bees (Halictus spp.) (n = 162).

In the model comparison, the best-supported model for pollinator visitors and pol-
linator visitor richness included plant richness (+), which had a positive impact on both
response variables (Table 2). The best-supported models explained 32% and 31% of the
variance for pollinator visitors and pollinator visitor richness, respectively.

Table 2. Model coefficients and R2 for best-supported models with response variables in the left
column and predictor variables and R-squared value in subsequent columns. All variables were
standardized prior to modeling. All pollinator response variables, maintenance response variables,
and water response variables were normalized per square foot to account for plot size differences
at BRIT, and land unit was included as a random effect in all models that included data from both
land units. Greater coefficient values indicate a greater relative role for this variable in the focal
environmental outcomes, whereas “x” indicates that this variable was not included in the best-
supported models. For mixed-effects models for Pollinators and Maintenance, the displayed R2

values are marginal values, which represent the variance from fixed effects only (i.e., site effects are
excluded). Stars indicate significance value of predictor variables, ** p < 0.01 and *** p < 0.001.

Response Variables Native Plants
(% Cover) Plant Richness Vegetation Adaptation

to Soil Moisture R2

Pollinators
Visitors x 0.22 *** x 0.32

Visitor richness x 0.07 *** x 0.31
Water

‘Dry days’ x x −2.06 *** 0.48
Irrigation rate (inches

per month) x x 0.50 *** 0.63

Maintenance
Total time x 0.01 x 0.09

Total fuel-powered
equipment time −0.03 ** 0.02 x 0.20

3.2. Maintenance Time and Associated Emissions

Plots required an average of 19.8 min of maintenance per month (SD = 7.8, min = 8.1,
max = 37.8 min per month). The majority of this time was spent on manual maintenance
tasks such as hand-weeding and pruning. In addition, the average plot required 2.3 min
of fuel-powered equipment use per month (SD = 1.7, min = 0, max = 7.1 min per month).
Seven of the plots required no fuel-powered equipment at all during the 16 months of the
study; these plots were characterized by high native plant cover (mean 87% cover of native
plants) and zero coverage of non-native turfgrasses.

In our model comparisons, the best-supported model for fuel-powered equipment time
included native plant cover (−) and plant richness (+) (Table 2). The best-supported model
for total maintenance time included plant richness (+) only. The best-supported model
for both maintenance-related response variables performed relatively poorly (R2 = 0.20 for
fuel-powered equipment time and R2 = 0.09 for total maintenance time).

3.3. Water

The mean number of ‘dry days’ per month was 19.5 (minimum = 14.3 days per month;
maximum = 24.3 days per month) and average supplemental irrigation rate required to
maintain aesthetic quality was 1.44 inches per month (minimum = 0.61 inches per month;
maximum = 2.65 inches per month).

The best-supported model for both of the water-related response variables included
only one predictor variable, vegetation adaptation to soil moisture, which was positively
related to irrigation rate (+) and negatively related to ‘dry days’ (−). In other words, plots
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with more native plants adapted to dry soils had lower average irrigation volumes and
less frequent irrigation requirements for maintaining high aesthetic quality (Table 2). The
best-supported models explained 63% and 48% of total variance for irrigation volume and
‘dry days’, respectively. Native plant cover and plant richness were not included in the
best-supported model for either response variable.

3.4. Visual Quality Ratings

Across all survey respondents (n = 160), research plot landscapes were rated signifi-
cantly higher than conventional non-native landscapes commonly found in commercial
areas (research plot mean = 4.98, conventional mean = 2.80, on a Likert scale of 1–7 with
1 indicating “dislike very much” and 7 indicating “like very much”; p < 0.0001 in Mann–
Whitney U test). As a follow-up analysis, we found that a group of teachers who took the
survey during a general curriculum training workshop (n = 32) had ratings that were consis-
tent with those of the entire group of respondents (research plot mean = 4.92, conventional
mean = 3.46, p < 0.0001 in Mann–Whitney U test).

3.5. Tradeoffs and Synergies

We documented a synergy between pollinator visitor richness per plot and visual
quality, which were strongly positively correlated (Table 3). There was also a synergy
between pollinator richness and reduced water use, where increased pollinator richness was
correlated with reduced irrigation rates. We also found a weak but significant relationship
between pollinators and fuel-powered equipment use during maintenance, in which greater
pollinator richness occurred in plots with lower fuel-powered equipment use. Furthermore,
we found a negative (but non-significant) relationship between water and visual quality,
whereby plots with lower irrigation rates had higher visual ratings.

Table 3. Tradeoffs and synergies between environmental outcomes (response variables) as indicated
by pairwise Spearman correlations. * p < 0.05 and ** p < 0.01.

Water Pollinators Maintenance
Emissions Visual Quality

Water −0.47 ** 0.35 −0.77
Pollinators −0.39 * 0.94 **

Maintenance
emissions 0.43

Visual quality

4. Discussion

In this uniquely integrative urban design experiment, we quantified diverse environ-
mental benefits and numerous synergies experienced as part of real-world urban manage-
ment decisions. Our results indicate that landscape design choices can simultaneously
have positive impacts on water conservation and pollinators, while reducing maintenance
time and carbon emissions. In total, we observed 92 pollinator morphospecies in designed
landscape plots over 10 months, and plots retained high visual quality for nearly 3 weeks
(on average) without irrigation. Importantly, we also found that designs that rated highly
in terms of visual quality also supported high pollinator species richness and required
relatively little water for irrigation. Thus, our study is one of the first to demonstrate that
residents and landscape designers can optimize multiple distinct environmental outcomes,
especially in low water urban systems, by landscaping with a diverse native plant palette
and selecting plants with targeted benefits for both water and pollinator conservation.

4.1. Broader Environmental Benefits from Decisions in Small-Scale Urban Landscapes

Our findings join a growing body of research indicating that even small-scale planted
areas, such as native plant landscapes interspersed within an impervious parking lot, can
provide benefits to urban wildlife, especially birds and bees [66–68]. For example, we
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found that pollinator visitation responded at very localized scales, where plots with just
two native plant species tended to be visited by far fewer pollinators (as few as 4 visits per
observation period) than plots with five or more native plantings (as many as 198 visits
per observation period). Although both local- and landscape-scale variables have been
shown to be important for urban pollinator community composition in previous research
(e.g., [69]), our study, which focused on fine-scale visitation, indicated that floral visitors can
respond to plantings at hyper-local scales (as seen in [67,70,71]). For landscape designers,
it may be helpful to consider planting layouts that include clumps of an individual plant
species that are at least 3 feet (1 m) in diameter, as recommended by pollinator experts [72]
and as implemented by the environmental designer in this study. These results are encour-
aging for individual land managers within the urban matrix who may wish to enhance
their own local habitats to increase pollinator visitation, regardless of landscape size or
surrounding context.

Furthermore, improving water conservation in urban landscapes is an important
long-term strategy for reducing potable water demand and managing water resources
sustainably. This is especially important in light of the increased stress on water supplies
and intensified droughts that are projected with climate change [73]. Our results indicate
that water savings resulting from targeted plant palettes is substantial—we found that
supplemental irrigation could be substantially reduced (from an average of 2.5 inches per
month to less than 1 inch per month) by choosing native plants adapted to dry soil moisture
conditions. To illustrate this with an example, September 2017 was a particularly hot and
dry month in the study region, and plots with drought-adapted plants required an average
of only 1.4 inches of supplemental irrigation during that month, while plots without
these drought-tolerant species required an average of 3.0 inches or more of supplemental
irrigation. Given that landscape irrigation comprises 31% of residential water use in cities
in Texas on average [74], our results suggest that changes in landscape plant palettes
could result in dramatic reductions in potable water consumption. In fact, the city of San
Antonio, Texas, has seen reductions in potable water use of approximately 15–25% over
the past 20 years (despite experiencing rapid growth), thanks in large part to its incentives
and educational campaigns focused on drought-tolerant landscaping and more efficient
irrigation techniques [75]. While irrigating landscapes can have local benefits in terms of
mitigating urban heat island effects [76,77], potable water also has a carbon footprint of its
own due to the embodied energy required for treatment and distribution [78]. Increasingly,
municipalities are seeking to address these tradeoffs by conserving water resources and
using non-potable water sources like rainwater, air conditioner condensate, or graywater
to meet non-drinking water needs (e.g., [79]).

4.2. Synergies in Environmental Benefits in Urban Landscapes

An important component of this research project was our evaluation of environmental
costs and benefits across multiple categories, which allowed us to examine the potential
synergies and tradeoffs in environmental outcomes. Tradeoffs in ecosystem services have
been evaluated at broad landscape scales (e.g., [80]), but rarely monitored or evaluated at
finer spatial or temporal scales, despite the relevance of both scales to the populations of
service-providing organisms and human beneficiaries (reviewed in [26,81]). Our results
highlight several important synergies between environmental benefits in real-world urban
landscapes, suggesting that design and management choices at small scales can provide
multiple desired outcomes simultaneously.

In urban landscapes, aesthetic appeal is often a top priority, and our results indicate
that visual quality does not need to be sacrificed in order to design landscapes that addi-
tionally support water conservation and provide resources for pollinators. We found a
strong positive correlation between visual ratings and pollinator richness, likely because
a diverse plant palette appeals to both humans and pollinators [82,83]. Furthermore, we
found a positive relationship between visual ratings and water conservation, in that plots
with lower irrigation rates had higher visual ratings. While some of our survey respon-
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dents may have had greater familiarity with native plants, we found similar trends when
analyzing a subset of respondents who attended workshops unrelated to botany. This
indicates that designers do not have to choose between aesthetic appeal and environmental
performance—with targeted plant palettes, multiple objectives can be met.

Our findings also highlight that landscape maintenance techniques in real-world urban
landscapes involve a different set of “tradeoffs”, specifically in terms of maintenance. We
found that plots with greater native plant cover required less fuel-powered equipment use;
however, native plant cover was not an important variable explaining total maintenance
time. These results support the conventional wisdom that native plant landscapes require
less maintenance [84] with respect to fuel-powered maintenance. While native plant
landscapes in our study required relatively little fuel-powered equipment, we note that
they still required manual maintenance, such as hand weeding or pruning.

4.3. Tools and Approaches for Urban Landscape Designers

Overall, we demonstrate that the careful selection of plants utilized in urban landscape
design can help land managers achieve multiple environmental benefits simultaneously.
There are several tools and programs that urban landscape designers may find useful early
in the design process [85]. For example, the Native Plants of North America searchable
database, run by the Lady Bird Johnson Wildflower Center, can be a helpful resource
for landscape designers during the plant selection process. This tool enables users to
conduct custom searches for plants with specific characteristics, such as plants that have
special value to native bees and plants that are adapted to dry soil moisture conditions,
in addition to many other filters (such as bloom time, bloom color, shade tolerance, and
growth pattern), which may be important to designers seeking to achieve multiple goals in
urban landscapes [45]. Our results also suggest that weighing tradeoffs and considering
long-term maintenance requirements early in the design process can help maximize the
environmental benefits of urban landscapes. To that end, the Landscape Performance
Series has compiled a “Benefits Toolkit” [86] that allows users to explore the potential
benefits associated with different landscape design and management decisions in terms of
their effects on carbon footprint, water conservation potential, stormwater management,
habitat quality, and many more. Lastly, comprehensive tools like SITES [87] can be very
useful for designers interested in a broad suite of sustainability metrics. SITES is a green
building rating system for landscapes that focuses on soils, plants, water, materials, human
health and wellbeing, and construction practices. Whether or not a project is pursuing
certification, SITES prerequisites and credits can create a framework for project planning
and design decisions that guide a site toward more sustainable outcomes [88,89]. Landscape
for Life is a sustainable garden resource website and educational program based on the
principles of SITES. The educational tool was developed specifically for homeowners
and residential garden designers [90]. These types of tools can guide and support urban
landscape designers in integrating habitat resources and environmental benefits into all
types of sites within urban landscapes, regardless of site size, type, or location—even within
parking lots.

In addition, we would also like to note that the approach we used here—in which a
landscape designer worked alongside researchers in an interdisciplinary research team—is
an important strategy for collecting relevant environmental cost and benefit data within
real-world designed landscapes. For example, without the integration of the environmental
designer as part of the research team, the methods focused on rating visual quality and
irrigation restriction would not have been included, as these are typically not incorporated
in ecological studies, even those conducted in urban landscapes [91]. Furthermore, inte-
grating the environmental designer into the research design process enabled us to develop
plots that represented realistic urban landscape designs while simultaneously including a
broad range of predictor variables to meet the requirements of an experimental regression
design. By connecting practitioners with research scientists, we extended the potential
impact of this research to integrate the interests of homeowners, gardeners, and landscape
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designers who are trying to achieve visually appealing and sustainable landscapes. Our
interdisciplinary research team was able to collect data and analyze research questions
relevant to the decisions made by multiple stakeholders in urban landscapes.

4.4. Opportunities for Municipal Policy to Shape Urban Landscape Design

At a larger spatial scale, municipal policymakers can use incentives or regulations to
shape urban landscape design, including those that encourage the use of native plants to
reduce water and fossil fuel use and increase pollinator and aesthetic appeal. Cost-sharing
incentives such as grants, technical assistance, or rebates can be used to increase the use of
native plants within residential and commercial landscapes. Incentives that are structured
as grants or technical assistance for design/implementation can be more equitable for
lower-income households and small businesses that may not have the financial capacity
to pay upfront for design/implementation and later submit paperwork for a municipal
rebate [92,93]. Other urban greening programs, such as those focused on energy efficiency
or green stormwater, have found that incentives structured as grants or technical assistance
are also more accessible to renters, who often make up a significant percentage of urban
residents and who are less likely to spend funds to benefit a property which they do not
own [94,95]. While municipalities have commonly used residential-scaled regulations for
ecosystem services such as stormwater infiltration, water quality protection, and water
conservation [96,97], municipalities in the US infrequently use regulations to enforce new
or redesigned landscape standards that support biodiversity or habitat conservation. In
addition, counterproductively, existing residential landscape regulations can reduce some
ecosystem service provisioning through prohibitions on plant height and wilder, less
visually ordered landscaping [96,98,99]. Going forward, landscape architects could work
with municipal staff to develop landscape practices that better balance a broader array
of ecosystem services, utilizing, for example, the SITES or Landscape Performance Series
toolkit mentioned above. Lastly, the co-benefits we found between native-plant landscape
management and fossil fuel reduction (even though human labor costs remained) suggest
that municipal “green New Deal” programs that seek to employ residents in activities that
reduce carbon use and/or increase climate adaptation, such as the City of Austin’s Austin
Civil Conservation Corps program [100,101], may offer a policy mechanism that produces
synergy among the establishment of urban native plant landscapes, fossil fuel reduction,
and local workforce development opportunities.

5. Conclusions

By 2030, global urban land cover is expected to increase by 1.2 million km2, which
represents a tripling of urban areas since 2000 [102]. As cities expand over the next century,
we have an opportunity to re-think the way we design and manage our urban landscapes
in order to provide important ecosystem services for city residents and to reduce the
environmental footprints of cities themselves. Our designed experiment revealed that key
landscape design factors can have simultaneous positive impacts on water conservation,
resources for pollinators, and maintenance-related emissions. Importantly, we found
synergies—rather than tradeoffs—between several key environmental categories, where
the landscapes that rated highly in terms of visual quality also supported high pollinator
species richness and required relatively little water for irrigation. Our results build on
recent research indicating that local management decisions in urban areas can “scale up” to
generate broader benefits for urban conservation outcomes [103–105]. Most importantly, we
showed that small-scale developed landscapes can make contributions to human wellbeing
via landscape aesthetics, water conservation, pollinator habitat, and reduced emissions,
illustrating the wide variety of distinct synergies possible with integrative and inclusive
perspectives in urban design.
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