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Abstract
Ecosystem services encompass the tangible human benefits that ecosystems provide. Past efforts to maintain ecosystem 
services have focused on conserving and rehabilitating natural ecosystems, but there is growing consensus that the built 
environment must contribute these services as well. The field of regenerative design seeks to create infrastructure that con-
tributes to and enhances local ecosystems, but a key challenge has been the development of baseline standards that reflect 
ecosystem health as opposed to business-as-usual design. To address this challenge, we draw on work by Biomimicry 3.8 
and project partners to outline a framework for ecological performance standards (EPS) that can be applied to regenerative 
projects. While current sustainability frameworks quantify negative impacts of proposed designs and seek to reduce those 
impacts, EPS specifies positive-impact performance standards based on local ecosystems. The EPS process involves four 
steps: (1) identifying a local reference ecosystem, (2) quantifying ecosystem services at the reference ecosystem to develop 
EPS metrics, (3) designing to meet or exceed EPS metrics at the building site, and (4) implementing and assessing the pro-
posed design. We outline these steps in detail and provide three case studies that highlight implementation successes and 
challenges at the city, development, and building scale.

Keywords Ecosystem services · Regenerative design · Green building · Biomimicry · Ecosystem metrics · Sustainable 
architecture

Introduction

The livability of cities is entirely dependent on ecosystem 
services—benefits that include climate regulation, atmos-
pheric cleansing, water storage and purification, pollination, 
soil building, and nutrient cycling (Boyd and Banzhaf 2007; 
Costanza et al. 1997; Fisher et al. 2009). These services are 

largely provided by ecosystems outside of cities, but there is 
increasing acknowledgment that cities must begin to provide 
ecosystem services themselves to maintain healthy drinking 
water, clean air, and stable ecological communities (Bolund 
and Hunhammar 1999; Elmqvist et al. 2015; Pickett and 
Cadenasso 2008; Tratalos et al. 2007). To achieve the sus-
tainable development goals outlined by the United Nations 
(Lu et al. 2015), cities must contribute to ecosystem services 
provided by healthy, local ecosystems. Buildings, infrastruc-
ture, and surrounding ecosystems should work together to 
contribute to annual per hectare goals for clean air, clean 
water, healthy soil, sequestered carbon, nutrients cycled, 
erosion reduced,heat reduced, and biodiversity supported.

Incorporating ecosystem services into urban infrastruc-
ture is a central focus of regenerative design, which seeks to 
move beyond damage reduction and towards built environ-
ments that deliver positive benefits (Cole 2012; El-Sayed 
and Cloutier 2022; Lyle 1996; Mang and Reed 2015). A 
challenge for regenerative design is the development of 
standards that translate ecosystem performance into metrics 
that apply directly to the built environment (Pedersen Zari 
2012). Current green building standards, such as LEED and 
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Net-Zero, have been vital for reducing the negative impacts 
of buildings and infrastructure on the environment (Berardi 
2012; Marszal et al. 2011; Zuo and Zhao 2014), but they 
do not require positive, contributive performance. Built 
environment sustainability frameworks typically begin by 
assessing the negative impacts of business-as-usual design 
and then set targets to reduce those impacts. For projects that 
seek to create or enhance local ecosystem services, current 
standards do not provide an adequate baseline (Olgyay and 
Herdt 2004; Pedersen Zari 2018).

To deliver projects that are truly regenerative, we outline 
an approach to define baseline sustainability goals based 
on how a native healthy ecosystem would operate on that 
site, which we term Positive Performance or ecological per-
formance standards (EPS). This approach was developed 
through more than a decade of work by Biomimicry 3.8 
(B3.8), a US-based nature-inspired consultancy, and their 
project partners (Table S1). EPS translates functions and 
services generated by local ecosystems into tangible design 
targets for the building sector (e.g., kilograms of carbon 
sequestered per  km2, pounds/year of airborne particulate 
matter removed, etc.). The EPS approach is biomimetic in 
nature by creating goals based on the performance abilities 
of local ecosystems in which cities are embedded (Benyus 

1997; Pedersen Zari 2018). Some technologies for achiev-
ing goals of EPS already exist, including bio-swales, green 
roofs, carbon-sequestering cement, shading structures, pol-
linator corridors, architecture that provides biodiversity sup-
port (habitecture), and wetland-assisted water purification 
(Oberndorfer et al. 2007; Pataki et al. 2011). While these 
technologies are not new, when used in combination with 
EPS, they can support urban development—buildings, infra-
structure, and landscaping—that provides many of the eco-
system services delivered by a healthy ecosystem.

EPS methodology

EPS requires collaboration among urban planners, ecolo-
gists, architects, engineers, designers, and operations and 
maintenance teams to develop and design for ecosystem 
services. Through the work of B3.8 and others (Pedersen 
Zari 2018; Stack 2014), a general framework for EPS has 
emerged with four steps that include (1) identifying a local 
reference ecosystem, (2) quantifying ecosystem services to 
develop EPS metrics, (3) designing to meet or exceed those 
metrics, and (4) implementing and assessing the proposed 
design (Fig. 1). These steps bridge work between those who 

Fig. 1  Design process for EPS projects from beginning of design 
phase to implementation and assessment. The process begins with 
identifying a local reference ecosystem to quantifying ecosystem ser-
vices. Those ecosystem services are then translated into EPS metrics 

and design strategies that apply directly to the building sector. The 
design must then incorporate elements to meet or exceed those met-
rics, and the final design will be assessed to determine how well those 
metrics were met ( copyright Biomimicry 3.8)
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collect ecosystem metrics and those who develop design 
interventions to meet or exceed EPS metrics and implement 
those strategies on site.

(1) Identifying a local reference ecosystem

Choosing a local reference ecosystem (or ecosystems) 
requires an understanding of which native ecosystem types 
the site would support if undisturbed. Within the context of 
EPS, a reference ecosystem is an existing, relatively intact 
and healthy site used to establish baseline EPS values. In 
most cases, this means identifying protected conservation 
areas or wildlife preserves located in the same region as 
the project site. In past projects, we have used national 
parks, forest preserves, and even the planned building site 
if the ecosystem present is relatively intact (see Table S1). 
A building site may be composed of multiple ecosystems 
(e.g., a mix of broadleaf forests, grasslands, and wetlands), 
in which case each ecosystem should be assessed indepen-
dently for the ecosystem services that they provide.

EPS prioritizes using existing ecosystems for a reference, 
but for a select number of cities, such as New York and 
San Francisco, researchers have digitally recreated histori-
cal ecosystems that existed in these places prior to intense 
human modification (Brastow 2006; Sanderson 2009). 
Historical data can provide useful insights, but they do not 
necessarily replace the need for identifying an extant refer-
ence ecosystem. For one, historical ecosystems may have 
existed under different climate scenarios or water regimes 
than those present at the site currently, which could lead to 
a mismatch in EPS metrics for current climate conditions. 
In addition, a site visit to an extant ecosystem gives design 
teams a tangible goal to design towards as well as organ-
ismal and ecosystem models for biomimetic design inter-
ventions that cannot be accomplished using historical data 
alone. For these reasons, current ecosystems serve as better 
models to derive EPS metrics and serve as inspiration under 
current climate conditions.

Contemporary challenges facing cities, such as climate 
change and the urban heat island effect, should also influ-
ence decisions in choosing a local reference ecosystem. If 
the current climate of a site is not considered when choos-
ing a local reference ecosystem, there could be mismatches 
between proposed solutions based on the ecosystem and 
the reality on the ground. For example, native plants that 
might have once thrived at a specific site may no longer 
be a good choice given current climate conditions, indus-
trial shading, or altered soil chemistry. And while we have 
tended to focus on native ecosystems in our past EPS pro-
jects, there has been wider recognition of the importance of 
novel ecosystems in conservation planning (Clement 2020; 
Hobbs et al. 2009; Seastedt et al. 2008). Novel ecosystems 
have been influenced either directly or indirectly by human 

activity, which may include lands impacted through histori-
cal agriculture or novel species communities composed of 
introduced species. Some novel ecosystems may even hold 
significant cultural value and may be prioritized for restora-
tion on site. It is, therefore, up to the research team to decide 
which aspects of an ecosystem to emulate, and for specific 
sites, novel ecosystems may be useful for collecting baseline 
values.

(2) Quantifying ecosystem services to develop EPS 
metrics

Once a reference ecosystem has been selected, the next step 
is to quantify ecosystem services provided in that system. 
The services humans receive from ecosystems are often 
divided into four categories (Reid et al. 2005): provisioning 
services (e.g., food, fuel, and medicines), regulation services 
(e.g., pollination, climate regulation), supporting services 
(e.g., soil formation, solar energy), and cultural services 
(e.g., recreation, artistic inspiration). Multiple categoriza-
tion schemes for ecosystem services exist (Carpenter et al. 
2009; Gunton et al. 2017), and recent efforts have argued for 
expanding the ecosystem services framework to include ben-
efits to ecosystems that may or may not have direct human 
benefits (e.g., maintaining biodiversity Mace et al. 2012; 
Polishchuk and Rauschmayer 2012). Therefore, it is up to 
the project team to identify the key ecosystem metrics to 
prioritize for a project or specific site.

The overarching goal of EPS is to create metrics for infra-
structure projects that match or exceed ecosystem services 
provided in a reference ecosystem, but single projects are 
unlikely to produce all ecosystem services (Pedersen Zari 
2012; Rainey et al. 2015). The project team must, there-
fore, determine which ecosystem services to prioritize, and 
in cases when there is uncertainty about the capacity of a 
design solution to deliver the desired ecosystem services, the 
precautionary decision is to prioritize retaining actual eco-
systems. Different ecosystem services, at a minimum, should 
be emphasized based on the ecosystem in which a project 
is embedded. Desert environments, for example, might pri-
oritize water provisioning, while erosion regulation may be 
more important in coastal areas. The selection of ecosystem 
services to prioritize will also depend on stakeholder needs, 
budget, and other project constraints. It is, therefore, impor-
tant to work with project partners to understand the trade-
offs associated with prioritizing one category of ecosystem 
services over another.

A combination of quantitative and qualitative metrics 
may be necessary to assess ecosystem services in a refer-
ence ecosystem. To develop quantitative metrics, a grow-
ing number of tools are available to aid in the collection of 
ecosystem services on site (reviewed in Bagstad et al. 2013). 
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These tools use a variety of spatial data for model input, 
then provide an estimate of the site’s ability to generate eco-
system services. B3.8 and partners have used two of these 
tools to aid the development of EPS metrics: the InVEST 
tool (Integrated Valuation of Ecosystem Services and Trade-
offs) by the Natural Capital Project, and the ESII tool (Eco-
system Services Identification & Inventory) and additional 
algorithms by EcoMetrix Solutions Group. InVEST uses a 
GIS interface to map and value the goods and services at a 
given site (Tallis et al. 2010), and it allows users to model 
ecosystem changes and quantify the effects on biophysical 
(e.g., kilograms of carbon sequestered) and economic (e.g., 
net value of sequestered carbon) aspects of landscape per-
formance. InVEST has the capability to create a wide range 
of models for different use-case scenarios, including carbon 
capture, water purification, habitat quality, pollination, sce-
nic quality, urban cooling, and urban flood risk mitigation 
among many others. For InVEST and similar tools, some 
basic skills in GIS or programming are required, while the 
ESII tool is designed as an iPad app and web interface that 
can be used by non-specialists after minimal training. ESII 
facilitates on-site collection of ecosystem attributes and pro-
vides estimated values for ecosystem services that include 
erosion regulation, flood mitigation, noise attenuation, and 
a range of air and water quality metrics (for detailed met-
rics, see Table S2). The user inputs estimated qualitative 
and quantitative units measured on site (e.g., percent canopy 
cover, percent ground cover, land slope, etc.), which are used 
to calculate scoring curves to estimate a site’s ecosystem ser-
vices using non-monetary, service-specific metrics (Bagstad 
et al. 2013; Snell 2016).

While tools like InVEST and ESII allow practitioners to 
gather quantitative metrics for many ecosystem services on 
site, other ecosystem services are more difficult to quantify. 
For example, aesthetic and cultural services may require 
qualitative metrics to capture reference ecosystem values 
that can be incorporated into EPS (Plieninger et al. 2013; 
Schirpke et al. 2016; Van Berkel et al. 2018). In addition, 
biodiversity support is one of the more difficult ecosystem 
services to measure. Full-scale biodiversity surveys (e.g., 
David 2005) are outside the scope of most projects, though 
a literature review can reveal information about native plants 
and animals on site, keystone species, threatened species, 
and threats to biodiversity (e.g., invasive species). Teams 
can also assess habitat features that provide habitat support 
(e.g., nesting habitat, nurse logs, food resources, etc.), con-
duct limited surveys using digital tools for plant identifica-
tion, such as iNaturalist (Unger et al. 2021), and leverage 
on-site biodiversity information that is gathered through an 
environmental impact assessment (Mandelik et al. 2005). In 
addition, there are numerous metrics that can allow teams 
to assess resources for target species, including habitat suit-
ability models and population viability metrics that can be 

used to assess the likelihood that a proposed design will 
improve the probability of the species persisting on site 
(Garrard et al. 2018).

Beyond collecting data for the creation of EPS perfor-
mance goals, a site visit also provides an immersive experi-
ence for the design team in a functioning ecosystem. Site 
visits to planned building locations are already a well-estab-
lished component of the early design process, and a site visit 
to a reference ecosystem provides similar advantages. Teams 
can observe ecological processes at work in reference eco-
systems, aided by having a knowledgeable biomimicry pro-
fessional, ecologist, or land manager on site. Reference eco-
systems contain a diversity of organisms that have adapted 
to similar climatic, physical, and ecological conditions as 
those required at the planned building site. Using biomim-
icry design methods, these organisms can serve as inspira-
tion for place-based design interventions that help meet EPS 
goals during the design phase (Hayes et al. 2020). Site visits 
with a local guide may also educate the team about com-
ponents of the environment that have cultural significance, 
which can be incorporated into the design process as well.

Finally, the same measurement process should also occur 
at the development site to assess the level of ecosystem ser-
vices, if any, that are provided. The measurement of eco-
system services provided at the development site allows the 
team to identify the performance gap between the current 
site and the reference site, which may be large depending 
on the level of previous development. While the choice 
of which metrics to prioritize may differ among projects 
due to stakeholder needs and feasibility, the comparison of 
metrics between the reference ecosystem and development 
site should be consistent. In the best-case scenario, detailed 
measurements of ecosystem services on site will allow for 
precise comparisons, but qualitative metrics can still be use-
ful when the same criteria are applied across sites.

(3) Designing to meet or exceed EPS metrics

Once EPS metrics have been selected and the performance 
gap has been quantified, the third step is to develop design 
strategies to meet or exceed EPS goals. The biggest impact 
EPS can have is often during the initial stage of the design 
process when site selection occurs. EPS metrics can be 
used to assess which areas on site should be prioritized 
for preservation or whether a new site should be chosen 
entirely. Although EPS methodology is not the same as 
ecological restoration, where the goal is to restore native 
ecosystems (Palmer et al. 2016), these two approaches can 
work synergistically to maximize on-site production of 
ecosystem services. Given that it is unlikely that even the 
most sustainable design interventions will restore all eco-
system services provided by a healthy native ecosystem 
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(Rainey et al. 2015), it is important to prioritize restoration 
of functioning ecosystems to the extent possible.

At the start of the design phase, a series of questions 
must be considered: At what scale will implementation 
take place (e.g., building, district, or city)? What are the 
economic constraints? What are the social requirements 
for the project (e.g., employee satisfaction, social equity)? 
Could the project provide opportunities for local green 
jobs and business start-ups? Recent projects in restoration 
ecology and conservation biology have applied tools from 
decision science to develop formal procedures for reach-
ing consensus among multiple stakeholders (Marcot et al. 
2012; Martinez-Harms et al. 2015). This approach follows 
a multistep process that can fit within the EPS framework 
to identify key metrics of ecosystem performance, define 
alternative management actions and evaluate the conse-
quences of those actions, assess trade-offs, and finally 
make a decision on which course of action to follow.

To aid in decision-making, B3.8 and partners have used 
the InVEST tool to build alternate scenarios so that design 
teams can compare how various approaches will affect 
ecosystem services provided. This helps clients and stake-
holders prioritize which design interventions best accom-
plish EPS goals given budget or other constraints. While 
it is theoretically possible to propose design interventions 
that exceed EPS goals, we have yet to see this situation in 
either models or reality. However, it is important to note 
that EPS metrics should not be limiting, and there are likely 
cases where EPS goals may be exceeded by proposed design 
interventions for specific ecosystem services, especially as 
technologies improve. It is also important that EPS projects 
take into account future environmental challenges to cities, 
such as those posed by climate change (Hughes et al. 2020). 
For example, a building site that uses a temperate grassland 
as a reference ecosystem will still need to include design 
interventions that mitigate extreme temperatures, such as 
including constructed shade structures or landscaping with 
shade trees that may or may not be part of the identified 
reference ecosystem.

As mentioned above, there are already a number of design 
interventions that can be deployed to meet or exceed EPS 
goals (Fig. 2). For example, the integration of bioswales, 
permeable pavement, and rainwater capture systems can be 
used to limit stormwater runoff and erosion (Li et al. 2019). 
Other common design interventions may include composting 
toilets (Anand and Apul 2014), green and blue-green roofs 
(Droz et al. 2021; Francis and Jensen 2017; Oberndorfer 
et al. 2007), carbon-sequestering cement (Gupta et al. 2018), 
and energy-efficient electrical and mechanical equipment 
(see Fig. 2 and Tables S1 and S2 for additional examples). 
It is up to the design team to decide which technologies and 
design approaches to integrate into the proposed plan and/

or to develop novel, nature-inspired design interventions to 
achieve the goals set by EPS.

To recreate the functions of a reference ecosystem, EPS 
projects must also provide habitat to support biodiversity. 
Landscaping with native plants is a common practice in 
regenerative design, and there is growing support for efforts 
that seek to incorporate animal habitat features into urban 
design plans (Apfelbeck et al. 2020). Garrard et al. (2018) 
have distilled ecosystem features that provide biodiversity 
support into five principles that can be applied to urban 
design: maintain and introduce habitat, facilitate dispersal, 
minimize threats and anthropogenic disturbances, facilitate 
natural ecological processes, and improve potential for posi-
tive human–nature interactions. The incorporation of these 
features into a proposed design is likely to benefit a wide 
range of native species. Furthermore, consideration should 
also be given to how the site is connected to other potential 
habitat through natural and constructed corridors that allow 
plant and animal dispersal (Hostetler et al. 2011; Peng et al. 
2017).

(4) Implementation and assessment

The final step of an EPS project is implementation and 
assessment. Implementation involves the construction of a 
proposed project, and may take place as short-, medium-, 
and long-term interventions based on the budget and scale 
of a project. EPS guidelines can, therefore, serve as long-
term targets for planners to build towards as they imple-
ment new construction or retrofit existing structures. A clear 
assessment strategy allows operation teams to monitor their 
progress towards closing the performance gap and meeting 
EPS goals. For corporations and communities, measuring 
the positive ecosystem services being generated by a site is 
an opportunity to celebrate how close they are to performing 
like a healthy native ecosystem, or as B3.8 says: “to being 
functionally indistinguishable from the wildland next door.” 
To achieve these goals, the final design will need a combina-
tion of habitat restoration and design interventions.

Case studies

B3.8’s methodology for EPS evolved through a series of 
pilot projects working with public and private clients at the 
building, development, and city scales. Among the nine 
EPS projects B3.8 has worked on (Table S1), we highlight 
three case studies below (Table 1). These cases were chosen 
because they span our earliest application of EPS (Lavasa) 
through our most recent completed project (Factory as For-
est). Within each case study, we highlight our methodol-
ogy and call out challenges that we encountered along the 
way. Our methodology has evolved over the course of a 
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decade—and continues to evolve with each new project—
and we point out specific examples where the adoption of 
new strategies has improved our application of EPS.

Lavasa, India: development master plan (2008–
2009)

The first pilot of EPS was conducted in collaboration with 
the architecture firm HOK to create a development master 
plan for Lavasa, a private, planned development built around 
the shores of Dasve Lake outside of Pune, India. Lavasa 
was conceived as an “eco-city” to be built for up to 200,000 
residents in the Western Ghats, one of 25 global biodiversity 
hotspots (Myers et al. 2000) and a UNESCO World Heritage 
Site. An initial goal of the project was to create a sustainable 
development that followed an environmental management 
plan focused on water conservation, rainwater management, 
and biodiversity support (Datta 2012).

Prior to development, most of the land on site had for-
est cover, though significant portions were degraded as 
a result of hundreds of years of grazing and cultivation. 
The construction of Lavasa required clearing some forest 
at proposed build sites, and EPS was used to help restore 

ecosystem services that were being provided by the exist-
ing ecosystem. For this reason, the in-tact forest surround-
ing the site—a subtropical, moist, broadleaf forest—was 
identified as the local reference ecosystem. This forest 
included several untouched sacred groves (forest patches 
dedicated to specific deities and protected by local com-
munities) that were visited by B3.8 and HOK during mul-
tiple site visits. B3.8 also conducted a literature review on 
the ecosystem type, which was used to identify relevant 
ecological dynamics and specify EPS metrics. Conduct-
ing a full literature review was an arduous process, and it 
became clear that a full assessment of the site would not 
be feasible using published literature alone—a recurring 
challenge for each EPS project. We were still able to glean 
unique characteristics about the site that were incorpo-
rated into the design plan, including an erosion-reduction 
design that mimicked the impacts of the forest canopy dur-
ing monsoon season (Wang 2006).

In this first pilot, over 20 critical ecosystem service 
metrics were identified, but these were quickly deemed 
too complex by the clients and builders, a lesson that we 
learned for future projects. Beginning at Lavasa, the team 
grouped EPS metrics into simple categories that aligned 

Fig. 2  Comparison of ecosystem services provided by reference eco-
systems and proposed EPS design interventions for the Factory as a 
Forest project in Georgia, USA. An oak–hickory–pine forest served 

as the reference ecosystem, and services focused on air quality, water 
performance, and nutrient cycling
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with client goals, which were represented as “water” 
(water retention and evapotranspiration), “light” (climate-
regulating albedo), “earth” (nutrient cycling, decomposi-
tion rates, and erosion management), and “biodiversity” 
(habitat support). These contained nearly all of the origi-
nal 20 metrics we developed, but grouping them into easy-
to-understand categories improved communication with 
the clients and builders. Without the aid of assessment 
tools, it was outside of the scope of this project to directly 
measure precise metrics on site. As such, baseline values 
of each metric were estimated using ecological literature, 
and proposed design interventions were qualitatively 
ranked as meeting, falling below, or exceeding baselines.

Ultimately, these metrics guided the design of the 
development master plan by HOK, which received three 
awards from the American Society of Landscape Archi-
tects. Notable interventions included in the master plan 
were roof designs that enhanced evaporation, road modi-
fications to address erosion challenges, and increased 
buffer zones along intermittent waterfalls (nalas). Due to 
the scope of the project and limited feasibility, we did not 
directly measure biodiversity on site, though the proposed 

design included restoration of 70% of deforested land on 
site to provide biodiversity support, which included land 
previously cleared for agriculture and areas that would 
need to be cleared for construction. Wherever feasible, 
we recommended protecting existing forest, as forest res-
toration projects take significant time before ecosystem 
services fully return (Lamb 2018). For that reason, protec-
tion of natural ecosystems should be prioritized whenever 
feasible.

Lavasa was the first application of EPS to a large-scale 
project by B3.8, and it revealed several challenges that 
needed to be addressed in future projects, namely finding 
assessment tools to quickly estimate ecosystem services 
and to evaluate proposed designs. Lavasa also highlighted 
the synergistic benefits of a site visit with the design team, 
which led to bio-inspired solutions incorporated into the 
design plan, such as a polymer product that stiffens soil to 
create the same stabilizing effect as a cliff swallow mix-
ing saliva with mud to create a mortar that adheres their 
nests to buildings. These lessons were carried over into 
subsequent projects.

Table 1  EPS case studies

Location Years Reference ecosystem(s) Tools used EPS categories

Lavasa, Maharashtra, India 2008–2009 Subtropical, moist, broadleaf 
forest

Peer-reviewed journal articles
Site visits

“Water”—water retention, 
evapotranspiration

“Light”—climate-regulating 
albedo

“Earth”—nutrient cycling, 
decomposition rates, erosion 
management

“Biodiversity”—habitat support
Durban, KwaZulu-Natal, 

South Africa
2014 Kwazulu Natal-Cape coastal 

forests
Southern Africa mangroves

Peer-reviewed journal articles
InVEST
B3.8’s Life’s Principles

Water yield  (mm3)
Flood index (%)
Carbon storage (tC)
Sediment yield (t/year)
Nitrogen and phosphorus export 

(kg/year)
LaGrange /West Point, Geor-

gia, United States
2016–present Oak–hickory–pine forest Peer-reviewed journal articles

Site visits
ESII tool

Water—watershed consumptive 
use, runoff rate, evapotran-
spiration rate, infiltration, 
total suspended solids (TSS) 
removal/concentration

Atmosphere—mean sum-
mer surface temperature, 
ground-level ozone threshold, 
particulate matter removal, 
atmospheric  CO2

Carbon cycle—carbon seques-
tration

Soil—soil depth, soil organic 
matter, nutrient recycling

Habitat and biodiversity—habi-
tat enhancement, non-native 
invasive species, view quality, 
natural light enhancement



2638 Sustainability Science (2022) 17:2631–2641

1 3

Durban, South Africa: resilient development plan 
(2014)

B3.8 joined a consortium working with the government of 
Durban, South Africa—one of the first international cities 
to be included in the 100 Resilient Cities Program (Suther-
land et al. 2019)—to create a development plan that did not 
compromise ecological integrity or biodiversity of the build-
ing site. An initial challenge encountered during the first 
three EPS projects was quantifying ecosystem metrics in 
values that would permit benchmarking of proposed design 
interventions against measured baselines. For Lavasa, we 
estimated EPS metrics using ecological literature and then 
developed a qualitative ranking system for comparing pro-
posed design interventions to baseline values. For the Dur-
ban project, B3.8 used the InVEST tool to quantitatively 
model ecological performance of the current ecosystem and 
compare across proposed design interventions.

The planned development at Durban was largely under 
sugarcane cultivation, so the team identified two reference 
ecosystems outside the proposed building site: (1) Southern 
Africa mangroves, and (2) Kwazulu Natal-Cape coastal for-
est, a subtropical moist broadleaf forest that represents the 
southernmost distribution for tropical forest in Africa with 
a high number of endemic species. Two reference ecosys-
tems were chosen because both forest types would have been 
present on site prior to sugarcane cultivation, and the loss of 
natural mangrove habitat was a major concern for the site. In 
particular, risk assessment models of Durban identified that 
water yield and flood attenuation were the ecosystem ser-
vices most at risk in the development area so these metrics 
were prioritized when generating EPS metrics.

Working at the proposed building site and reference habi-
tats, the B3.8 team generated EPS metrics using the InVEST 
tool to model current performance (sugarcane fields), his-
torical performance prior to cultivation based on reference 
ecosystems, and business-as-usual performance options. 
EPS metrics were used to develop high-level design princi-
ples informing the resilience framework focusing on carbon 
storage (tC), water yield  (mm3), flood index (%), sediment 
yield (t/year), and nitrogen and phosphorus export (kg/year). 
The high-level principles and proposed design solutions 
included four Life’s Principles taken from the work of B3.8: 
(1) adapt to changing conditions, (2) integrate development 
with growth, (3) be locally attuned and responsive, and (4) 
be resource and energy efficient (Baumeister et al. 2013). 
For example, under "Adapt to Changing Conditions,” the 
team suggested designing villages with decentralized net-
works for water, energy, wastewater, and food production to 
embody resilience through diversifying how these services 
are supplied and ensuring functional redundancy. Another 
design recommendation from this work included rehabili-
tating wetlands and estuaries under sugarcane cultivation 

to restore ecosystem services lost during the transition to 
agriculture. Using InVEST to estimate ecosystem services 
provided by the sugarcane fields relative to those expected 
from a partially restored ecosystem predicted that this would 
increase water yield by 3–10% and carbon storage by two-
fold. In addition to restoration efforts, the plan included 
infrastructure inspired by mangrove trees to provide storm 
surge protection where mangroves would not be present. The 
Durban project identified the utility of tools like InVEST to 
aid in the collection of EPS data and for alternative scenario 
planning, but the scale of the project remained a challenge 
for implementation. Ultimately, we developed a plan that 
would allow decision-makers to roll out proposed design 
interventions in stages to prioritize main concerns, such as 
water management.

Interface, Inc.: factory as a forest (2015–2020)

The Factory as a Forest project was piloted over multiple 
locations in Australia and the United States for Interface, 
Inc., a global manufacturer of commercial flooring. Com-
pared to the case studies described above, the Factory as 
a Forest project was deployed on a smaller scale (a fac-
tory), which allowed for stronger integration of EPS into 
the design plan. In addition, sustainability had been a long-
term priority for Interface, whose vision and mission state-
ments refer to “cherishing nature, restoring the environment, 
and maximizing the satisfaction of all stakeholders” (Stubbs 
and Cocklin 2008). EPS was selected as a methodology to 
help Interface achieve its sustainability objectives as well 
as build and retrofit factories that would promote the health, 
safety, and well-being of its employees. Thus, the develop-
ment team considered both ecological and social metrics for 
the application of EPS to Interface factory and headquarters 
projects.

Focusing on the existing factory site in LaGrange, Geor-
gia (USA), B3.8 collaborated with Terrapin Bright Green 
to measure baseline metrics from the existing facility to 
compare with EPS metrics from the reference ecosystem 
(Table S3). The factory was located in an oak–hickory–pine 
forest in the southern piedmont region of Georgia. In addi-
tion to a site visit to the intact forests surrounding the fac-
tory, the initial quantification of performance metrics for the 
LaGrange site was conducted through analysis of ecological 
literature as in previous projects. This approach, while thor-
ough, was time-consuming and had a significant administra-
tive burden. In ongoing work at LaGrange, B3.8 partnered 
with EcoMetrix Solutions Group to apply the ESII tool, an 
open-access tablet-based field application, to develop per-
formance goals on site. The ESII tool improved efficiency 
of obtaining the ecosystem performance metrics, and tools 
of this nature will arguably be integral to scaling the EPS 
approach across industries and locations. After inputting on 
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site landscape features into the ESII app, the model provided 
a range of quantitative metrics, including air particulate mat-
ter removal (lbs/year), British thermal unit reduction pro-
vided by shade (BTU/h), total suspended solids removal in 
water systems (mg/l), water provisioning (gallons), water 
quantity runoff (gallons/min), as well as others that were 
primarily related to air and water quality, temperature, and 
erosion control.

Because Interface had initiated a strategic focus on water 
and carbon storage across their company, those metrics were 
given the highest priority. Terrapin Bright Green compiled 
a range of potential design solutions to reduce the perfor-
mance gap, including carbon sequestration in mass timbers, 
and water harvest and storage interventions. The Interface 
team invested approximately $3 million USD in design inter-
ventions aimed at reducing the gap between the reference 
ecosystem EPS metrics and the performance of their sites. 
The implementation phase of this project is ongoing, and 
design interventions are planned to be rolled out in stages 
to meet short-, medium-, and long-term goals. Application 
of the ESII tool allowed for better quantitative metrics col-
lected on site from the reference habitat than previous met-
rics, and compared to other EPS projects, the collaboration 
between the EPS team and Interface has lasted long enough 
to see beyond the design phase and into implementation and 
assessment. Interface’s manufacturing facility at LaGrange 
employs more than 1000 people, and internal surveys dur-
ing the EPS process revealed that employees were highly 
engaged with learning about their local ecosystems, and the 
fact that the company was using this information to create 
a better work environment proved to be a large driver for 
employee support (Mathew 2018).

Conclusions

The EPS projects completed to date have demonstrated both 
the feasibility and interest in incorporating ecosystem ser-
vices metrics into regenerative design. Cross-sector engage-
ment will be necessary to continue piloting EPS and to 
establish policies and programs for broader adoption of the 
methodology. Success will also depend on broader integra-
tion of EPS and similar conservation strategies to improve 
ecosystems at the landscape scale. In addition to buildings 
and sites, the authors see potential to bring the EPS meth-
odology to agriculture, forestry, transportation corridors, 
homes, and schoolyards. Factories as Forests programs 
could expand into “Backyards as Forests,” “Campuses as 
Forests” (currently in progress with Appalachian State Uni-
versity), “Highway Easements as Forests,” “Neighborhoods 
as Forests,” etc., accomplishing regeneration of lands in an 
incremental fashion.

We have identified two notable lessons from past pro-
jects to help implementation of EPS in the future. First, we 
found that it is important to work with major stakehold-
ers from the beginning to determine the EPS metrics of 
interest. If EPS metrics do not align with the goals of the 
project team or a company’s mission, then those metrics 
are less likely to be incorporated into the final design. 
These may include a mix of quantitative and qualitative 
goals, as well as complementary social goals. These met-
rics must align with overall project performance goals, 
and the earlier in the process that alignment is achieved 
the better. For example, determining that a planned devel-
opment site should be elsewhere within a mixed habitat 
parcel to maximize ecosystem performance potential is 
best identified before a master plan is finalized. Second, 
tools that allow practitioners to easily collect ecosystem 
metrics on site, such as ESII, provide quantitative metrics 
that are near impossible to glean from literature reviews 
or without substantial on-the-ground research efforts when 
those tools are lacking. Further improvements in these 
tools, as well as alternate scenario planning features in 
tools like InVEST, will help streamline EPS procedures 
in the future.

Moving ahead, we see multiple opportunities to acceler-
ate the implementation of EPS. There is a need for increased 
collaboration between ecologists and built environment pro-
fessionals to identify, design, and evaluate methods for deliv-
ering ecosystem services through built environment design 
(see Pedersen Zari and Hecht 2020). Practitioners also need 
to further develop ecosystem services modeling tools that 
support conversion to building-specific metrics that allow 
designers to evaluate how well their designs meet EPS goals. 
Ideally, these are available as early in the process as possi-
ble. Beyond the scientific challenges of creating verifiable 
models of ecosystem services, many questions remain about 
how various design interventions will work synergistically 
over time to produce positive ecosystem services. Numer-
ous long-term case studies with sufficient measurement 
protocols will be essential. And finally, practitioners must 
document EPS pilot projects and case studies, such as those 
shared above, to inform a set of best practices that comprise 
design for ecosystem services. This can be challenging for 
projects that are delivered for private clients, for which pro-
ject details may be confidential. Pushing for more openness 
about project details, successes, and failures will be required 
so that practitioners can share best practices with the broader 
community. Project outcomes, if shared, could eventually 
create a global ‘atlas’ of ecosystem services metrics, per-
formance targets, and biomimetic design interventions that 
would streamline EPS adoption.
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