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1 ABSTRACT 

This paper presents a new web-based planting design tool for assessing urban pollinator habitat quality and 
resiliency. Worldwide, pollinator populations are crashing. This decline is due primarily to habitat, and plant 
diversity losses resulted from land development and management practices, homogenous planting design, 
and climate change. While emerging planting design and site management efforts support pollinators, they 
often only focus on foraging opportunities and replicate historical plant communities, which are potentially 
vulnerable to changing climates. Design computing and geospatial analyses can facilitate a better 
understanding of existing habitat quality and the effectiveness of proposed planting schemes, assisting 
designers in creating healthy, connected, and resilient landscapes in the face of climate change.  
Based on existing, paper-based pollinator habitat assessment guides for agrarian and rural landscapes, our 
protocol identifies four critical assessment categories - foraging, nesting, water, and landscape 
management. It evaluates planting resiliency with the measures of plasticity, ecological resilience, and floral 
diversity, emphasizing bloom phenology, biodiversity, and plant responses to extreme events. The app 
integrates RShiny and databases, including the United States Department of Agriculture (USDA)’s plant 
database, from which we derive plant characteristics. 
The prototype shows significant potential in allowing designers to rapidly iterate planting design 
assessments across multiple resiliency factors and visually present biodiversity and resiliency deficiencies. 
However, observations also suggested substantial gaps in the USDA plant database concerning plant climate 
resiliency characteristics. Future research may expand the app to include plant structural diversity and 
explore using citizen science to augment the habitat assessment database.  
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2 INTRODUCTION
 
2.1 Background 

Worldwide, pollinator populations are crashing. This decline, in large part, is due to habitat and 
biodiversity losses from industrial agriculture practices, land development, homogenous residential and 
commercial planting design, and climate change (Browers et al., 2002; Pennsylvania Game Commission, 
2015). Landscape management practices such as pesticide and herbicide use, repeated mowing, and 
inappropriate timing of prescribed fires have also contributed to the decline (Goulson, Nicholls, Botias, & 
Rotheray, 2015; Young, Schweitzer, Sears, & Ormes, 2015). For example, the Monarch butterfly (Danaus 
plexippus) has lost approximately 90% of its population due to the loss of milkweed (Asclepius app.) in the 
United States and Canada, as well as the illegal logging in Mexico (Browers et al., 2002). Indeed, Pleasants 
(2017) estimates that between 1999-2014 milkweed habitat in agricultural fields in the Midwest declined by 
40%, corresponding to a loss of potential monarch support capacity of 71%. While in Mexico, illegal logging 
has degraded over 60% of the overwintering forest in the Biosphere Reserve. This 59,259-ha sanctuary 
protects eight of the fourteen overwintering colony habitats, estimated to contain 70% of the total 
overwintering Monarch population (Vidal, López-García, Rendón-Salinas, 2014). Bee populations are facing 
similar losses. Although exact numbers of native bees are hard to come by because of their solitary nesting 
nature, Cameron et al. (2011) reported sharp population declines of multiple bumble bee (Bombus) species 
at the national level. Samson and Knopf (1994) estimated that the United States had lost 82-99% of its 
tallgrass prairie, a critical bumble bee habitat. Pennsylvania, specifically, has only ten known remnant xeric 
limestone prairies totaling < 1 hectare, a once more significant landscape in Central Pennsylvania (Laughlin 
and Uhl, 2003). These pollinator population crashes and habitat losses are critical because pollinators 
provide life-supporting ecosystem services that include agricultural production—a $260 million value to 
Pennsylvania’s economy (Penn State Center for Pollinator Research, 2018).  

To address these declines, many pollinator-centric design initiatives have been developed to 
conserve or restore pollinator habitat quality. However, they often focus solely on foraging habitat, 
neglecting that rich pollinator habitats require interconnected systems of foraging, nesting habitat, and 
water, without harmful land management practices. Additionally, these studies focus broadly on all 
pollinators or heavily emphasize honeybee health, not native bees. Yet, native bees are facing similar levels 
of declines. The lack of research and design efforts focused on native bee health is concerning since they 
are more efficient pollinators and cover a more comprehensive range of diverse systems (Vicens & Bosch, 
2000). Moreover, many of the research efforts are rural or suburban in nature due to their agricultural 
interests (Kaluza, Wallace, Heard, Klein, & Leonhardt, 2016). Finally, current design interventions often 
replicate past plant communities, which are not adaptable to changing climatic conditions (e.g., changing 
USDA plant hardiness zones) or responsive to extreme weather events (e.g., drought or flooding) 
(Maschinski & Haskins, 2012). 

With these limitations in mind, our pollinator site assessment tool helps landscape architects to 
more efficiently design healthy, connected, and resilient landscapes. It sets itself apart in three ways. First, 
it focuses on urban settings. Second, it evaluates urban, native pollinator habitat. Third, it evaluates the 
resiliency of both existing and future habitat quality. Landscape architects can play a critical role in ensuring 
urban communities provide pollinator habitat because research has shown that small-scale, diverse, and 
interconnected habitat is a valuable strategy in stabilizing and even increasing pollinator populations (Hall 
et al., 2017). By incorporating critical native bee habitat requirements (e.g., foraging, nesting, and water) as 
well as potential responses to extreme weather events and climate change, this tool can help designers 
better understand the effects of planting designs on pollinators while ensuring that habitats can assist the 
species movement necessary for their survival of significant disturbances. Additionally, understanding the 
patterns of deadly land management (e.g., pesticide use, over mowing, and pesticide-laced genetically 
modified organisms) can help landscape architects avoid creating habitat adjacent to unhealthy landscapes. 
Sections 2.2 and 2.3 will discuss gaps in existing site-scale habitat assessment protocols and how our 
proposed tool incorporates critical habitat requirements and evaluate habitat resiliency under climate 
change.  
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2.2 Site-scale pollinator habitat assessment

2.2.1 Existing protocols

There are two types of site-scale pollinator habitat assessment protocols identified in the literature. 
The first type is a species- or guild-specific assessment guide created due to the unique life-cycle 
requirements of each pollinator. They often focus on the larger, showy, and endangered pollinators (e.g., 
the Monarch Butterfly and the Rusty Patch Bumble Bee) or honeybees due to their agricultural importance. 
Examples of the species-specific guides include Hatfield, Jepsen, Jordan, Code, and Carpenter (2017) and 
Jordan et al. (2015). Despite their importance, it is worth noting that wild bees, particularly ground-nesting 
bees, are underrepresented in the habitat conservation and assessment guide literature. This absence is 
concerning given their pollinator services extend across a host of natural and agricultural vegetative 
communities (Hall et al., 2017; Kammerer, Biddinger, Joshi, Rajotte, & Mortensen, 2016; Koh et al., 2016; 
Winfree, Williams, Gaines, Ascher, & Kremen, 2008). The second and more common type of assessment 
guides is general in nature and focuses on land use typologies, primarily rural and agricultural landscapes. 
A majority of these guides were developed by or with the support of the Xerces Society, often in collaboration 
with state agencies and universities. As the leading science-based conversation organization in the United 
States regarding pollinator initiatives, they have been engaging scientists, land managers, educators, 
policymakers, farmers, and communities for nearly 50 years. The protocols they developed by land-use type 
include agricultural hedgerows (Neumann, 2016); agricultural landscapes (Jordan et al., 2015); and natural 
areas and rangelands (Jordan et al., 2014). However, protocols that assess urban pollinator habitats remain 
mostly absent.  

The two types of assessment protocols share some commonalities. First, all protocols assess the 
four categories of connectivity, foraging and nesting habitat, access to clean water, and landscape 
management practices. The primary intent is to protect or enhance the quality of suitable nesting habitat, 
where pollinators spend most of the year and nest adjacent, early-, and late-season foraging habitat. The 
details of each category are dependent on the guild or individual species of concern. These protocols also 
exhibit several common gaps. First, despite their species-specific nature, they often lack the identification 
or scoring of key-indicator floral resources. For example, protocols usually do not identify critical plant 
materials necessary for specific pollinator life-cycles (Xerces Society’s Pollinator Conservation Program & 
Pennsylvania NRCS, 2014). Second, due to the rural and agricultural focus of most protocols, landscape 
management emphasizes pollinator-friendly agricultural practices such as no-till, cover crops, and 
harvesting regime timing (Jordan et al., 2015; Ward et al., 2014). However, such agricultural practices and 
associated assessment protocols do not apply to urban environments.  Therefore, input for urban landscape 
management has often been distilled to a simple question of whether or not the site uses pesticides.  

Nearly all of the existing protocols are paper-based, which do not leverage the citizen science 
potential a digital application and database could provide in assessing habitat. To the authors’ best 
knowledge, the only digital tool currently publicly available is the Beescape web application developed by 
Penn State’s Center for Pollinator Research (2019).  It is an online tool for beekeepers, gardeners, growers, 
and land managers to assess landscape quality for supporting managed honeybees and wild bees.  While 
this tool is appropriate for rural landscapes, it is not ideal for urban areas because the primary dataset is the 
USDA-NASS Cropland Data Layer (CDL) and only details four levels of developed or urban areas: 
developed/open space, developed/low intensity, developed/medium intensity, and developed/high intensity. 
Additionally, the resolution of the Beescape data is 30 or 56 meters depending on the state and year of the 
CDL data. This resolution is inadequate for medium to high-density urban areas because multiple parcels 
could have drastically different landscapes but read as a single pixel. However, Beescape can provide an 
assessment of habitat connectivity at landscape scales. It also allows citizen scientists to supplement 
remotely sensed data with on-the-ground bee health assessments such as mite infestations in honeybee 
hives. In summary, substantial efforts are required to improve emerging digital and online tools toward 
broader applications, especially in urban areas.   
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2.2.2 Critical habitat requirements 

To address the critical gap in protocols that focus on solitary ground-nesting bees, we selected 
mason bees (Osmia spp.) as the species of concern for this pilot study.  Below we explain the significance 
of mason bees and highlight their critical habitat needs.  Compared to honeybees (Apis spp.), mason bees 
are stingless but very efficient pollinators, providing an excessive amount of ecosystem services for their 
size and habitat demands. First, their body size and shape allow for a large amount of contact between 
pollen carried by the bee and the flower’s stigmas, thus enhancing the chance of pollination. Indeed, a single 
mason bee visit to an apple (Malus spp.) flower is enough for pollination, and females may visit more than 
22,000 flowers during a 15-day flowering season (Vicens & Bosch, 2000). Second, mason bees forage for 
longer during a single day and across a broader range of temperatures (Young, Schweitzer, Sears, and 
Ormes, 2015). They also promote pollination in trees that need cross-pollination by switching between rows 
of trees in an orchard (Young et al., 2015). Additionally, mason bees can pollinate plants grown in 
greenhouses, whereas honeybees cannot (Young et al., 2015). Finally, while some mason bee species 
remain relatively abundant, 27% of the 139 native North American species are at risk, including 14 that have 
not been recorded for several decades (Young et al., 2015). While exact numbers are hard to collect, others 
estimate moderate to severe decline (Centrella, 2019; Young, et al, 2015), including the local extinction of 
certain species of concern such as the Osmia lignaria (Orchard Mason Bee) (Bartomeus and Winfree, 
2013). Next, we elaborate on the critical habitat requirements, including foraging, nesting, water, and 
management, for mason bees (Table 1).    

Table 1. General mason bee habitat requirements. 

Theme Description 

Foraging 

The site shall contain at least five blooming species for the 
following seasons: spring, summer, and fall. In particular, ensure 
early spring blooming species, as mason bees can emerge in 
early spring.  

Nesting 

The site shall contain areas of well-drained, non-flooding bare 
sandy or sandy-loam soil. 
The site shall contain areas of undisturbed and free of compacted 
soils. 

Water 
Pollinators shall have access to clean water free of all pesticides, 
herbicides, insecticides, and urban runoff. 

Management
The site shall be free of all petrochemical herbicide, fungicide, or 
insecticide use. 

First, creating and managing mason bee habitat requires managing floral resources, also known as 
foraging. For foraging requirements, site assessment needs to account for not only the abundance and 
diversity of spring-blooming plants but also the co-evolution of pollinator, flower morphology, and pollen 
chemistry. First, mason bees require an abundant diversity of spring-blooming plants for foraging, especially 
those from the Berberidaceae (barberry family), Ebenaceae (ebony family), Ericaceae (heath family), 
Fabaceae (pea family), Fagaceae (oak family), Grossulariaceae (currant family), Rhamnaceae (buckthorn 
family), Rosaceae (rose family), and Scrophulariaceae (figwort family), in addition to early blooming fruit 
trees and shrubs (Young et al., 2015). Second, flower morphology and pollen chemistry limit mason bees. 
It appears that mason bees forage for nectar from a broader range of plants than they do for pollen. For 
example, research has shown that over half of the mason bee species, unless specialized, almost 
exclusively avoid the Aster (Asteraceae) plant family due to the chemical properties that interfere with their 
digestion by the larvae (Haider, Dorn, Sedivy, & Müller, 2013). 

Additionally, flower architecture plays a pivotal role in shaping the host plant preferences of certain 
species, such as the O. ribifloris (Young et al., 2015). For example, the Ericaceae, Berberidaceae, 
Ebenaceae, or Grossulariaceae play a predominant role as pollen hosts even though they all have their 
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anthers concealed inside bell-shaped flowers of a relatively small size. Research has shown that each 
season (i.e., spring, summer, and fall) should have five or more blooming species, with a variety of flower 
colors and morphological types to ensure foraging floral resource diversity (Xerces Society’s Pollinator 
Conservation Program & Pennsylvania NRCS, 2014). 

Second, protecting nesting habitat is essential because it is where bees spend most of the year 
(Everaars, Strohbach, Gruber, & Dormann, 2011; Gruber, Eckel, Everaars, & Dormann, 2011). Mason bees 
have been known to use a wide range of nesting sites. For example, they have used abandoned beetle 
tunnels in living trees, other insects’ abandoned nests under shrubs or tree bark, underground, under rocks, 
mud, in sand or dunes, in hollow reeds or other plant stems, and even in snail shells (Young et al., 2015). 
Despite this wide variation of nest types, there are similarities. Most females chew leaf pulp and mix it with 
mud, sand, and other plant fibers to cap their nest entrances (Cane, Griswold, & Parker, 2007). Indeed, 
certain species, such as the Acanthosmioides spp., prefer a range of sand and sandy-loam soils and the 
Helicosmia spp. prefers clay banks (Cane et al., 2007).   
 Third, access to clean water is crucial to pollinator life cycles. Clean water provides supplemental 
macro-nutrients and assists digestion, bathing, and nest building. The literature defines clean water as free 
of all pesticides, herbicides, insecticides, and urban runoff; however, current assessment protocols often do 
not clearly define clean (Xerces Society’s Pollinator Conservation Program & Pennsylvania NRCS, 2014). 
Defining clean is particularly crucial in urban environments because urban runoff is often a toxic 
amalgamation of pesticides, herbicides, insecticides, and petrochemicals that in high concentrations can 
cause acute toxicity. Managing these pollutants is essential because they are disruptive to bee 
development, digestion and can lead to intoxication in the short-term (Young et al., 2015), with permanent 
and lethal effects in the long-term. 
 Last, the site should manage their landscapes to avoid mowing or burning on potential nesting habitat 
or alternate these management activities annually to avoid the mortality of larval, pupal, and dormant life 
states (Young et al., 2015). Protect nesting areas from extreme weather events such as flooding to promote 
breeding by cavity-nesting species (Cane et al., 2007). Avoid spraying pesticides on spring-bloom crops 
and avoid using systemic pesticides at any time of the year because they are highly water-soluble and can 
persist for months in aerobic soil, degrading pollinator health (Samson-Robert, Labrie, Chagnon, & Fournier, 
2014).  
 While bees may fulfill all their needs within a single location, habitats should be interconnected to 
ensure resiliency in needs and genetic diversity. Hence, each urban habitat element, i.e., foraging, nesting, 
and water, should be interconnected, which for small solitary bees is defined as no further apart than 91.44 
meters (300’) (Gathmann & Tscharntke, 2002; Greenleaf, Williams, Winfree, & Kremen, 2007). However, 
the challenge in evaluating urban habitat needs at such high resolution is data availability. Current urban 
soils and vegetation datasets are inadequate to assess solitary, ground-nesting bee habitat at landscape 
scales. Yet, ongoing citizen science efforts, such as the Beescape mentioned above, could be combined 
with the application proposed here to create higher resolution assessments of urban pollinator habitat 
connectivity. 

2.3 Evaluating planting design resiliency 
 
The cascade of urban planting design effects caused by climate change necessitates new 

approaches for evaluating planting design resiliency. Warmer average temperatures and greater 
temperature and precipitation extremes have contributed to changes in seasons, phenology, and the 
geographic distribution of plants (Hunter, 2011). Phenology shifts can cause bees to emerge from their 
winter nests before the availability of floral resources. Likewise, floral resources can bloom before bee 
emergence, only to be killed by a late frost. These differential responses among plants and pollinators will 
disrupt networks of community interactions, including pollination. Indeed, fruit trees have been observed to 
bloom weeks earlier than pollinators have emerged for the season (Forrest, 2015).  Despite these 
challenges, planting design climate adaptation guidance remains limited, and designers are only just 
beginning to address the need for protocols to assess planting design resiliency. To the best of the author’s 
knowledge, all existing protocols adopt overly simplistic measures of resiliency. Resiliency measures were 
embedded by asking if five or more blooming species were present during each bloom season to ensure 
only functional redundancy. However, no protocols assessed existing habitat resiliency to climate change 
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or associated changes in extreme weather events. Nor did they evaluate the specific resiliency of each plant 
species.  

Planting designs should help ensure the plants we choose create climate-compatible foraging and 
nesting habitat to support the shift pollinators will need to track their favored climates and foraging resources 
(Young et al., 2015). To address the resiliency of foraging resources to climate change and associated 
extreme events, we have adapted Hunter’s (2011) planting design strategy, which is based on the ecological 
concepts of plasticity and resilience.  

Plasticity is defined as how well species perform across a range of environmental conditions 
(Hunter, 2011). The greater the plasticity, the greater the species’ ability to persist under diverse 
environmental conditions and changes. Specific to pollinator foraging resources, plasticity is expressed 
through a plant’s ability to respond to broad hardiness zone and soil moisture changes. For example, 
between the two species in the Fagaceae family that mason bees frequently visit, the White Oak (Quercus 
alba) has greater temperature plasticity because it grows in USDA hardiness zones 3-9, while the Scarlet 
Oak (Quercus coccinea) only grows in zones 4-8. Thus, if a site only contained a Scarlet Oak that is unlikely 
to survive the hardiness zone shift, then mason bees would be left without a key plant species.  

Ecological resilience is the “ability of an ecosystem to maintain function in the face of environmental 
disturbance.” Designers and researchers have operationalized ecological resilience through the concepts 
of functional redundancy and response diversity. Functional redundancy is defined as the number of species 
contributing to an ecosystem function (Lawton & Brown, 1994), whereas response diversity is defined as 
the variety of reactions to environmental change among species contributing to the same ecosystem 
function (Elmqvist et al., 2003). In the case of pollinators, to achieve functional redundancy, plant palettes 
must include species with multiple overlapping bloom times to ensure numerous foraging resources at any 
given time throughout the pollinator season. For mason bees, it is also incredibly important to ensure early-
season foraging functional redundancy due to the bees’ early emergence, lower temperature foraging 
tolerance, and the uncertainty of spring bloom times (Stubbs, Drummond, & Allard, 1997; Young et al., 
2015). To ensure response diversity, plants must collectively exhibit a broad range of tolerance to extreme 
events (i.e., drought, fire, and flood) within a single season, while still achieving functional redundancy in 
foraging resources. Plant choices should also ensure that if climate change or extreme events favor certain 
species at the expense of others, there will still be a diversity of nectar and pollen resources provided 
throughout the pollinating season.  

3 RESEARCH OBJECTIVES 

   Landscape architects, through planting design, can positively impact and reverse pollinator decline 
by ensuring the conservation and design of resilient quality habitat. Thus, the objectives of this research are 
to create a web-based application that serves two purposes. First, to assess and archive the ecological 
health (e.g., redundancy and diversity) of site-scale, urban pollinator habitat. This assessment will inform 
the designer of current habitat quality. The archival information stored in this database can be used to track 
trends of habitat quality through time. Second, to evaluate and provide a visual record of the resiliency of 
proposed site-scale planting palettes considering extreme weather events, climate change, and changing 
USDA plant hardiness zones. 

4 METHODS 

4.1 Pilot study site 

We selected a 791-ac area of downtown State College, PA, familiar to the researchers as the pilot 
site (Figure 1). This area contains multiple urban and suburban parcels of varied size, land use, ownership, 
and habitat types. Penn State is the largest single landowner, including the golf course. The remaining 
parcels are moderately dense, small residential single-family and multi-family, student housing, and small-
scale commercial development. Note, since this paper was a proof-of-concept pilot study, we focus on 
demonstrating the application development process instead of presenting a full assessment of the study 
area’s pollinator habitat. 
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Figure 1. Pilot site location and land use map. Map by authors. 

4.2 Assessment protocol descriptions

The completed tool includes two assessment protocols for both the site and the planting.  The site 
assessment protocol consists of nine questions in three themed tabs. Table 2 outlines its tab themes, 
questions, and associated response thresholds. The planting assessment protocol consists of three 
resiliency characteristics: plasticity, function redundancy, and response diversity. Plant plasticity was 
evaluated using the work of Parker and Abatzoglou (2016), which projects that our pilot site is moving from 
a USDA hardiness zone of 7a/b to 8a. The USDA Plant Database (United States Department of Agriculture 
& National Resource Conservation Service, 2020) was used to derive the remaining resiliency 
characteristics. Table 3 documents the operationalization of each planting design resiliency measure, 
criterion, and data source. 

March 18-21, 2020 (canceled due to COVID-19)

183



 Table 2. Pollinator site assessment protocol, questions, and response thresholds. 

Theme Question Responses 

Foraging

Enter Parcel ID User input parcel ID number 
Spring – Number of native blooming 
species 

0; 1-2; 2-4; or 5+ 

Summer – Number of native blooming 
species 

0; 1-2; 2-4; or 5+

Fall – Number of native blooming 
species 

0; 1-2; 2-4; or 5+

Nesting 

Percent of the site with untilled, well-
drained bare ground or with sparse 
vegetation 

<5%; 5-19%; or >20% 

Percent of the site with sand to sandy 
loam soil 

<5%; 5-19%; or >20%

Percent of site with non-compacted soil <5%; 5-19%; or >20% 

Water 
Is there a clean water source available 
on site 

Yes or no

Landscape 
Management 

Does the site use herbicides, fungicides, 
or insecticides? 

Yes or no

Table 3. Planting assessment protocol resiliency measures, criteria, and data sources. 

Resiliency measure Criteria Source 

Plasticity USDA hardiness zone change (Parker & Abatzoglou, 2016) 

Functional redundancy Bloom phenology times and color 
USDA plant database 
characteristics – bloom period and 
flower color 

Response diversity to 
extreme weather 
events 

Drought 
USDA plant database 
characteristics – drought tolerance  

Flood 
USDA plant database 
characteristics – precipitation, 
maximum

Wildfire 
USDA plant database 
characteristics – fire resistance and 
tolerance 

4.3 Application development 
The application was developed between January 2019 and May 2020. Two components comprise 

the application: 1) the site assessment, assess existing site-scale pollinator habitat conditions; and 2) the 
planting assessment, to assess the quality and effectiveness of proposed planting designs. R (3.6.1) within 
RStudio (1.2.1335) and RShiny (1.4.0), an open-source interactive web application development package 
created by Rstudio, was used to code the application. The databases, site assessment survey results, plant 
database, and plant schedules were created as comma-separated values (CSV). The following additional 
R packages were necessary for recording survey inputs, mapping, analysis, and computationally scoring 
habitat quality: data.table (1.12.8), digest (0.6.23), dplyr (0.8.3), DT (0.11), ggplot2 (3.2.1), leaflet (2.0.3), 
rgdal (1.4-8), shinydashboard (0.7.1), and shinyjs (1.1). Figure 2 outlines the inputs, protocols, structure, 
supporting technologies, and outputs of the application.  
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Figure 2. Schematic of application inputs, outputs, and file types. Diagram by authors. 

The site assessment component (Figure 3) has two sub-components, both of which are embedded 
within the RShiny application. The first sub-component is a leaflet map (Fig. 3, A) containing the 2018 Centre 
County Parcels data layer downloaded from the Pennsylvania Spatial Data Access (PASDA) Geospatial 
Data Clearinghouse (Barger, 2018). The data was processed to the study area boundary, reprojected to 
WGS 84 (EPSG:4326), the default Leaflet for R coordinate reference system. The second sub-component 
is the site assessment survey, created in RShiny. To complete the site assessment, the user first clicks on 
the parcel data layer to obtain a unique parcel identification number and then fills out the site assessment 
survey (Fig. 3, B-D). The survey answers are pushed to a CSV file; upon receipt, the database triggers a 
function that calculates the final scores for each assessment category and a composite score for the site, 
which is reported back to the user in numerical and chart form (Fig. 3, E).  
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Figure 3. Site assessment. Diagram by authors. 

The planting design component has three sub-components (Figure 4). The first sub-component is 
the plant database, which is embedded within the RShiny application as a CSV file. Details regarding the 
plant database attributes were outlined in Section 4.2. The second sub-component is the user-provided 
plant schedule, which is uploaded as a CSV file and must contain a column identifying each plant’s scientific 
names (see example in Table 4). The third sub-component is the planting design assessment dashboard, 
which consists of various inputs, RShiny scripts, and a table and chart assessment output. To complete the 
planting assessment, the user first uploads their plant schedule (Fig. 4, A). The RShiny application performs 
a table join via the plants’ scientific names, and the results are shown as a bloom phenology chart (Fig. 4, 
B) and plant schedule table (Fig. 4, C). The default view is all plants under current hardiness zones without 
extreme environmental events. The user is then free to choose projected hardiness zones and one of three 
extreme events: fire, drought, and flood (Fig. 4, D). Once choices are made, the application updates the 
phenology chart and plant schedule. Plants deemed not resilient to the chosen changes, or extreme events 
are identified in black on the phenology chart. Hence, the user can visually identify if their selected plant 
species still ensure functional redundancy. 
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Figure 4. Planting design assessment. Diagram by authors. 

Table 4. Sample planting schedule table for input (CSV file) into the application. 

Symbol Scientific Name Common Name
BOCU Bouteloua curtipendula Side-oats Grama 
ECPU Echinacea purpurea Purple Coneflower 
ELCA4 Elymus canadensis Canadian Wild Rye 
HEHE5 Heliopsis helianthoides Oxeye sunflower 
MOFI Monarda fistulosa Bee-balm 

5 DISCUSSION AND CONCLUSION 

   Wild pollinators are gaining increasing attention within the habitat assessment literature; however, 
existing protocols focus on mostly rural or suburban efforts and are still largely paper-based. The application 
described in this paper; adapted and improved upon previous protocols by modifying them into an urban 
context, incorporating climate change, and facilitating planting design iterations. Moreover, it began to 
transition the paper protocols into a digital database.  

 The uncertain climate future requires designers to iterate plant selections and evaluate their fitness 
for effectively achieving valuable ecosystem services under uncertainties.  Therefore, tools such as ours 
can be so important.  The iterative and rapid assessment of plant schedule designs will help ensure future 
planting designs maintain vital pollinator ecosystem services in the face of climate uncertainty. 

 Transitioning to a digital database adds the ability to leverage geospatially derived citizen science 
to inventory and analyze the landscape mosaics of urban pollinator habitat, a previously challenging task 
given the potential heterogeneity of homeowner landscape decisions. One significant improvement we plan 
to incorporate into the next iteration of this application is the use of citizen science and other input 
mechanisms to augment the database towards a long-term and large-scale record of landscape quality. The 
improved tool will be able to facilitate cross-geographic and -temporal scale analytics on habitat quality and 
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resiliency, something traditional, paper-based assessments are incapable of doing.  Moreover, landscape 
architects can take advantage of this database to identify critical gaps or leverage points for new areas of 
planting design. Knowing the habitat gaps also ensures that landscape architects are not designing 
ecological traps - places that appear attractive to pollinators, but do not have the interconnected resources 
or management practices to sustain them.  

The authors would like to note that, following the prototype’s completion, a new urban- but paper-
based habitat assessment protocol was published by Jordan et al. (2019), which addresses many of the 
issues noted in the work presented here. We intend to incorporate this new protocol in future application 
iterations. For example, we will include a broader range of pollinator species and guilds, and include 
assessment of critical life-cycle vegetation requirements (e.g., milkweed for monarch butterflies). We will 
also have a more comprehensive array of landscape management assessments, such as minimizing 
mowing and prescribed fire disturbance during critical nesting and foraging seasons. Also, we will assess 
the spatial arrangement and composition of foraging resources on-site more specifically by calculating the 
percent cover. Plant resilience will be expanded to include structural diversity assessment of bloom, plant, 
and twig morphologies. Finally, we will broaden our ecological assessment to include habitat connectivity 
beyond a single site, through the integration of Beescape.  

To broaden the application of our tool, one significant gap to be addressed in the near future relates 
to the USDA plant database. Our initial efforts attempted to rely on the USDA plant database exclusively; 
however, three issues emerged. First, many of the plants have incomplete plant characteristic data. Some 
plants have no characteristic data at all, while others are missing data. It is unclear if this data is genuinely 
missing or if it means the plant is intolerant of the documented extreme weather event. Second, the flood 
tolerance information relies exclusively on precipitation maximum, which does not adequately represent soil 
saturation or inundation. Third, obtaining, transforming, and downloading the database is time-consuming 
and inefficient, especially given its other deficiencies.   

Lastly, concerning the usability of the tool, we plan to develop a more graphic interface with an in-
application guide that assists users in defining key elements such as “clean water for pollinators.” The 
updated guide and protocol will also include visual cues to guide habitat connectivity assessment. 

While the individual application sub-components are modifications of existing research, their power 
comes from consolidating all functionalities into a single digital application. The application developed allows 
designers and landowners to iterate planting design assessments across many resiliency factors rapidly, 
produces a visual record of foraging biodiversity and resiliency deficiencies, and helps to ensure the climate 
adaptability and resilience of future pollinator habitat.  
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