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ABSTRACT 

 
 
Stormwater bioretention cells (BRCs) are a variety of green stormwater infrastructure with 

the potential to restore pre-urban water balance, provided they can be tailored to infiltrate 

and evapotranspire (i.e., harvest) urban runoff in proportions consistent with pre-urban 

hydrologic conditions. This paper evaluates their capacity to do so, focusing on 

evapotranspirative harvest, which is relatively understudied, and the capacity of CSR 

(Competitve, Stress-tolerant, and Ruderal) functional type to serve as an overarching 

framework characterizing the water use strategy of BRC plants. The goal is to determine if 

harvest (and therefore the ratio of urban runoff infiltrated to harvested; the I:H ratio) might 

be fine-tuned to meet pre-urban values in BRCs through informed manipulation of plant 

community composition. This study focuses on 3 critical plant water use traits, the turgor 

loss point, the point of incipient water stress, and maximum stomatal conductance. A global 

plant traits meta-analysis identified degree of plant competitiveness and stress tolerance as 

significant determinants of all three water use traits, with stem type (woody vs herbaceous) 

also being significant, but only for turgor loss point. Based on these results, six water use 

scenarios appropriate for plants with different CSR type/stem type combinations were 

developed. BRC plants spanning the range of CSR types necessary to actionize these 

scenarios were determined to be available in eight major climate zones of the coterminous 

US, suggesting that regulating plant water use in BRCs using CSR is likely feasible. 

Hydraulic simulations (Hydrus 1D) were conducted for each scenario in all eight climate 



  

zones and revealed significant differences in evapotranspirative harvest and I:H ratios in 

simulated BRCs. Competitive woody plants had the highest evapotranspiration and lowest 

I:H ratios; 1.5-1.8 times more evapotranspiration and a 1.6-2 times lower I:H ratio than 

stress tolerant herbaceous plants, on average, across climate zones. Despite these 

significant differences, no simulated BRC in any climate zone was capable of reproducing 

pre-urban I:H ratios, regardless of plant type. More water was infiltrated than harvested in 

all scenarios and climates with the inverse being true for all pre-urban conditions. This 

suggests that absent additional sources of harvest (e.g., use of BRC water for nonpotable 

purposes such as toilet flushing and outdoor irrigation, or adoption of novel BRC designs 

that promote lateral exfiltration, stimulating “extra” evapotranspiration from nearby 

landscapes), BRCs will be unable to restore pre-urban water balance on their own. If true, 

then using BRCs in combination with other green technologies (particularly those biased 

towards harvest), may be the best path forward for balancing urban water budgets. 
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GENERAL AUDIENCE ABSTRACT 

 
 
The increase in paved surfaces in urban areas has led to a dramatic increase in the 

amount/speed of stormwater runoff entering natural waterways. Stormwater bioretention 

cells (BRCs) are a variety of green infrastructure designed to manage urban stormwater 

that can dramatically reduce the amount of runoff conveyed from paved surfaces to natural 

waterways. They do this redirecting or removing water from the system through infiltration 

– slowly filtering water down to the water table – and evapotranspiration – letting plants 

capture and transpire water back to the atmosphere, which is considered a form of water 

harvest. Harvested water is water that is captured locally (by plants or people) but not 

returned to local waterways. This thesis evaluates the extent to which different plant types 

(1. fast growing, competitive plants, 2. slow growing, stress tolerant plants, and 3. short-

lived, weedy plants) can be used to regulate rates of infiltration and evapotranspiration in 

BRCs and bring urban flow conditions closer to pre-urban ones. Competitive plants, stress 

tolerant plants and plants with strategies between the two were found to significantly 

influence water use; higher transpiration was positively associated with competitiveness 

and negatively associated with stress tolerance. Current BRC vegetation guidelines in 8 

major US climate zones include plants that possess this range of strategies, suggesting it 

may be possible to manipulate water use in BRCs by varying plant type. This was formally 

evaluated using model simulations where water use in BRCs was assessed under six plant 

scenarios falling along the competitive to stress tolerant plant strategy gradient. These 



  

simulations revealed significant differences in the ratio of water infiltrated to 

evapotranspired in BRCs, illustrating that plant type meaningfully effects water use. The 

magnitude of this effect may be insufficient to return urban flow conditions to pre-urban 

ones, however. All BRCs infiltrated too much water suggesting that without additional 

water harvest, BRCs will be unable to restore pre-urban conditions. If true, then using 

BRCs in combination with other green infrastructure forms that prioritize harvest may be 

the best path forward for balancing urban water budgets.
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1. INTRODUCTION 

Green stormwater infrastructure such as bioretention cells (BRCs), also called biofilters or rain 

gardens, are an increasingly prevalent low impact development solution employed by 

municipalities to mitigate urban drainage problems [Walsh et al., 2016, McPhillips and Matsler, 

2018, Bell et al., 2020]. BRCs capture overland flow from impervious surfaces and reallocate it to 

1) subsurface drainage (i.e., shallow or deep groundwater – infiltrative BRCs), 2) plant 

uptake/evapotranspiration or human use – harvesting BRCs, or 3) some combination of the two - 

hybrid BRCs [Askarizadeh et al., 2015]. In the absence of reallocation by green infrastructure, 

most rainfall on impervious surfaces becomes overland runoff, which is routed (at high volumes 

and velocities) to formal drainage systems and eventually urban waterways, contributing to a slew 

of hydrologic, ecological, morphological, and water quality problems, known “collectively” as the 

urban stream syndrome [Walsh et al., 2005, Walsh et al., 2016, Askarizadeh et al., 2015]. While 

it remains unclear whether retrofitting urban catchments with green stormwater infrastructure can 

reverse the urban stream syndrome in its entirety [Shuster and Rhea, 2013, Roy et al., 2014, Li 

et al., 2017], retrofits have shown promise for mitigating some of its hydrologic symptoms 

(particularly peak flow rates and overland runoff volumes; Bell et al., 2020, Jefferson et al., 

2017). However, restoring urban catchment hydrology is as much about managing how water from 

urban catchments is reallocated as it is about managing overall volumes and frequencies. 

Substantially less is known about the former, sometimes expressed as the capacity of green 

infrastructure to mimic “pre-urban water balance”, which is increasingly recognized as a gold 

standard for urban catchment restoration and a key principle of urban stormwater management 

[Askarizadeh et al., 2015, Walsh et al., 2016, Eger et al., 2017, Tavakol-Davani et al., 2019]. 
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 When evaluating the capacity of a green infrastructure element to “mimic” pre-urban water 

balance on an annual basis, it is useful to consider the ratio of rainfall volume it infiltrates and 

harvests (the I:H ratio) at some acceptable level of overall runoff capture (i.e., few rainfall events) 

generate runoff in excess of the storage capacity of the system, limiting the production of overflow 

water that is not subject to reallocation or treatment [Walsh et al., 2012, Askarizadeh et al., 2015, 

Eger et al., 2017]. Using a simple annual bucket model for an urban catchment with Low Impact 

Development, LID, (based on Walsh et al., [2012]), Askarizadeh et al., [2015] illustrated that the 

ratio of I:H by green infrastructure required to maintain pre-urban water balance depended on only 

two catchment-level variables, mean annual rainfall (MAR) and pre-urban fraction of forest (fF). 

For most combinations of MAR and fF, more water needed to be harvested by green infrastructure 

than infiltrated to maintain (or restore) pre-urban flow regimes, which elevates the importance of 

harvest-based or hybrid green infrastructure elements like BRCs (which have the potential to 

mimic desired I:H ratios, exactly) as candidate stormwater management solutions [Askarizadeh 

et al., 2015]. Unfortunately, our understanding of the harvest (evapotranspirative) component of 

hybrid green infrastructure water budgets is limited, presently lagging our understanding of the 

infiltrative component [Ebrahimian et al., 2019, Feng et al. 2016]. This complicates efforts to 

evaluate the capacity of these systems (or in the future, pro-actively tailor them) to restore pre-

urban catchment hydrology.  

Although somewhat rare, mesocosm (and in some cases field-scale) studies of 

evapotranspiration by green stormwater infrastructure, suggest that harvest can be a significant 

component of green infrastructure water budgets, particularly in green roofs, where 30-88% of the 

stormwater volume reduction is attributable to evapotranspirative losses [Di Giovanni et al., 2013, 

Embrahimian et al., 2019]. Less is known about evapotranspiration in BRCs. However, because 
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the catchment area to BRC area ratio tends to be quite large (i.e., the surface area available for 

evapotranspiration is small relative to the area of catchment BRCs receive inflow from), they might 

be expected to infiltrate more water than they evapotranspire, which could limit their capacity to 

restore pre-urban water budgets [Brown et al., 2011]. This would be consistent with work by 

Hamel et al [2011] and Li et al., [2009], where evapotranspirative harvest was the fate of only 2-

19% of captured runoff volume. Some studies indicate, however, that evapotranspiration by BRCs 

can be substantial (responsible for >70% of their stormwater volume reduction in the growing 

season; Wadzuk et al., 2015, Nocco et al., 2016, Embrahimian et al., 2019), making it somewhat 

unclear where they fall on the infiltration to harvest spectrum.  

 Meteorological variables, catchment ratio, filter media depth and composition, ponding 

zone height, and vegetation type have all been shown to significantly influence evapotranspiration 

by BRCs, with the effects of vegetation type being among the least well characterized [Carson et 

al., 2013, Meng et al., 2014, Nocco et al., 2016, DiGiovanni-White et al., 2018, Payne et al., 

2018, Lundholm et al., 2015, Embrahimian et al., 2019]. While it is recognized that 

evapotranspiration differs significantly among BRCs with different plant communities (see, for 

instance, Nocco et al., 2016), there is presently no agreed upon framework for translating a given 

BRC plant community composition into an expected evapotranspiration profile such that 

evapotranspirative harvest might be manipulated by engineers and landscape planners through 

careful plant selection at the design stage. In agricultural settings with monoculture crops we might 

use the Pennman Monteith equation and a species-specific crop coefficient to estimate 

evapotranspiration given measured meteorological variables [Allen et al., 1998], but the diversity 

of plant species used in BRCs across the continental US makes this approach daunting for green 

infrastructure. In effect, we require some kind of framework for classifying BRC plants into water 
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use functional types such that we can account for the effect of functionally meaningful differences 

in BRC plant composition on evapotranspiration (and therefore I:H ratios) without necessitating 

species-level information on water use characteristics.  

One likely possibility is universal adaptive strategy coined by Grime [1977], which 

recognizes 3 major plant functional types (C – competitive, S – stress tolerant, and R – ruderal), 

that have fundamentally different resource allocation strategies and above/below ground plant 

traits that reflect those strategies. Although originally framed in terms of nutrient (particularly 

nitrogen) allocation, work by Reich [2014] recognized that universal adaptive strategy theory can 

be considered part of a broader fast-slow plant economics spectrum that encompasses issues of 

water resource allocation (and therefore evapotranspiration) in addition to nutrients. In this 

framework, stress tolerant and competitive plant functional types are expected to exhibit traits that 

lie on opposing poles of the fast-slow plant economics spectrum, with plants that are more stress 

tolerant (slow) exhibiting traits that minimize water use and therefore maximize drought tolerance 

(e.g., low wilting point, low incipient water stress and low maximum stomatal conductance), and 

plants that are more competitive (fast) exhibiting traits that favor growth and are expected to 

maximize water use, such as high stomatal conductance (Reich., 2014, Volaire, 2018). Because 

C, S, and R functional types are associated with variation in plant water use, and it’s relatively 

easy to classify plants to these functional types using simple leaf trait measurements and a series 

of globally calibrated equations developed by Pierce et al. [2017], CSR seems like an ideal 

candidate framework for exploring the relative capacity of different BRC plants to contribute to 

evapotranspirative harvest, and up or down regulate I:H ratios, in a way that could be meaningful 

for engineering practice.  
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 In this paper we aim to do exactly this: evaluate the utility of CSR strategy as a framework 

for classifying common BRC plants into water use functional types that can be used to design for 

evapotranspiration (and help meet pre-urban I:H ratios) using green infrastructure. The paper is 

organized into three sections each of which addresses a possible feasibility barrier to moderating 

I:H ratios using CSR. Section 1 (Is it theoretically possible?) presents the results of a formal meta-

analysis designed to determine if common plant-associated variables that regulate 

evapotranspiration in BRCs (for instance, wilting point, the point of incipient water stress, and 

maximum stomatal conductance) differ significantly by CSR strategy such that evapotranspirative 

harvest by these functional types might reasonably be expected to differ. Section 2 (Are the tools 

available?) takes a broad look at CSR types of recommended BRC plants in ~16 county and state 

BRC design manuals spanning eight Koppen-Geiger climate zones of the conterminous US. The 

intent is to determine what plant functional types are most common in BRCs and whether the raw 

material - e.g., range of functional types necessary to manipulate I:H ratios through CSR - is 

actually available across most climate regions. Finally, Section 3 (Is the effect meaningful?) takes 

the results of the meta-analysis from Section 1 and uses them as a basis for a series of scenarios 

featuring BRC plants with different CSR types and evapotranspiration-associated variables, 

including wilting point, the point of incipient water stress, and maximum stomatal conductance. 

These scenarios are used to evaluate the effects of different BRC plant choices on 

evapotranspirative harvest and I:H ratios in simulated BRCs from the 8 above-mentioned Koppen-

Geiger climate zones using Hydrus-1D. We determine if 1) manipulating plant functional type 

significantly alters evapotranspirative harvest and/or I:H ratios, and 2) if any of the plant scenarios 

evaluated (in any climate zone) result in I:H ratios that mimic pre-urban water balance (estimated 

in accordance with the simple catchment bucket model proposed by Askarizadeh et al., [2015]).  
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2. METHODS 

2.1. Is it theoretically possible?  

2.1.1 Plant-associated variables that regulate evapotranspiration 

Several key plant-associated variables regulate evapotranspiration (ET) in BRCs, including 

maximum stomatal conductance at full plant turgor, leaf area index (LAI), plant height, albedo, 

the turgor loss point (TLP), and the point of incipient water stress (IWS). The first three variables 

are themselves plant traits whereas the remainder are co-regulated by both plants and soil media. 

The TLP, sometimes referred to as the wilting point, is defined as the soil water potential where 

plants can no longer draw water to transpire (Bartlett et al., 2012, 2014, 2016). Plant species with 

the most negative TLPs are able to maintain evapotranspiration under the driest conditions. 

Beyond the TLP, water loss from a soil-plant system is primarily through evaporation (Laio et al., 

2001, Brodribb et al., 2003). IWS lies at the other end of the spectrum, representing the soil water 

potential where plants first begin to reduce evapotranspiration as soils dry (Laio et al., 2001, Daly 

et al., 2009). Operationally, IWS is defined as the soil water potential where stomatal conductance 

is 90% of maximum (Manzoni et al., 2014); at less negative water potentials plants transpire at 

their maximum rate and at more negative water potentials transpiration declines, ceasing entirely 

once the TLP is reached. The maximum rate of evapotranspiration that can potentially be achieved 

(pET) depends on both plant-regulated variables (albedo, stomatal conductance, leaf area index, 

and plant height) as well as climatic variables (temperature, wind speed, relative humidity, and 

solar radiation), and can be described using the Penman-Monteith equation (Allen et al., 1998), 

                                                 𝑝𝐸𝑇 = 	 !
"#!

∆(&"'()*##+$
(&'(&#)

*#

∆*,-!**'*#
.

    EQ 1 
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where 𝑅/ = net radiation (a function of albedo), 𝑟0 = surface resistance (a function of stomatal 

conductance and LAI), 𝑟1 = atmospheric resistance (a function of plant height),  𝐺 = the soil heat 

flux, ∆ = the slope of the saturation vapor pressure temperature relationship,  𝑒0 − 𝑒1= the pressure 

deficit of the air, 𝜌1 = the mean air density at constant pressure, 𝜌2 = the mean water density at 

constant pressure, 𝑐3 = the specific heat of air, 𝛾 = the psychometric constant, and λ = the latent 

heat of water. Plants that are tall and have low albedo, high stomatal conductance, and high LAI 

have higher ET than plants that are herbaceous with high albedo, low stomatal conductance and 

low LAI. 

Of the above-mentioned plant variables that regulate ET, we expect maximum stomatal 

conductance, TLP, and IWS to vary by plant functional type (C, S, or R), in accordance with the 

fast-slow plant economics spectrum described above [Reich., 2014, Volaire, 2018]. Albedo, LAI, 

and plant height are less likely to vary strictly by CSR type as they principally reflect non-resource 

related constraints (for instance growth form, in the case of plant height; Moles et al. 2009), rather 

than the resource-related ones pertinent to CSR (e.g., availability/allocation of nutrients and 

perhaps water; Pierce et al. 2013). For this reason, we will limit our assessment of relationships 

between CSR type and ET-associated variables to wilting point, incipient water stress and 

maximum stomatal conductance. Our formal meta-analysis procedure and Classification 

Regression Tree (CART) approach for identifying instances where plants of a given functional 

type exhibit significant differences in their ET-associated variables are described below. 

 

2.1.2. ET-trait and CSR type Meta-analysis  

Previously published data on wilting point (a.k.a. turgor loss point; TLP) was compiled using a 

Web of Science search (search date: 3/10/2020) for the terms “turgor loss point” and “leaf water 
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potential”. This search returned 97 articles, the majority (59) of which had been collated previously 

in other meta-analyses (e.g., Bartlett et al. 2012, 2014, and 2016), and were therefore redundant. 

Twenty-one articles that did not provide species-specific TLP information in an accessible form 

(i.e., a table, digitizable figure, or supplemental data file) were also excluded from analysis. The 

final 17 (including the Bartlett et al., meta-analyses) were compiled into a master datafile 

containing TLP values for 585 unique plant species. 130 of these species were classified by CSR 

type allowing variability in TLP as a function of CSR to be explored (Table S1). Two main 

approaches were used to classify plant species by CSR type: 1) species-specific reports of CSR 

type in the literature or 2) species-specific leaf trait measurements (i.e., leaf dry matter content; 

LDMC, specific leaf area; SLA and leaf area; LA), either from the literature or made by the 

authors, which were used to calculate CSR type in accordance with a series of globally calibrated 

equations developed by Pierce et al., [2017]. All leaf trait measurements made by the authors 

followed standard methods detailed in Corneilissen et al., [2003]. 

A similar meta-analysis approach was used to gather data on maximum stomatal 

conductance and incipient water stress (IWS). This time, the Bartlett et al., meta-analyses were 

used as a starting point. Because the Bartlett meta-analyses emphasize woody plants and are only 

current up to 2016, a Web of Science search was performed to gather additional publications for 

herbaceous plant species (search terms: “stomatal conductance”; “water potential”; “herbaceous” 

– 41 publications total) and woody plant species evaluated post 2016 (search terms: “stomatal 

conductance”; “water potential”; “woody” – 40 publications total). From this search 17 studies 

describing new datasets for leaf (or soil) water potential and stomatal conductance were identified 

and combined with those from the Bartlett meta-analyses. Maximum stomatal conductance values 

and IWS (expressed in terms of soil water potential) were either sourced directly from published 
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tables or estimated using the following approach; Stomatal conductance (y) and leaf water potential 

(x) data were digitized, and linear, exponential, logistic and sigmoid curves were fit to the data 

using R statistical software. The best-fit curve for each species (i.e., the one with the smallest AICc 

value) was used to calculate maximum stomatal conductance (the theoretical maximum 

conductance at a leaf water potential equal to 0 MPa; see Henry et al., 2019) and IWS (leaf water 

potential at 90% of maximum stomatal conductance, subsequently expressed in terms of soil water 

potential using E2 (2)); 

                                𝛹0 = 𝛹4 −	0∆𝑠, 𝑟 +	∆𝑟, 𝑥 + ℎ3(∆𝑥, 𝑙)9                                     EQ 2 

where 𝛹0 = the soil water potential ~ 10mm from the root, 𝛹4 = leaf water potential, ∆𝑠, 𝑟 = the 

change in water potential between 𝛹0 and soil adjacent to the root (-0.2 MPa), ∆𝑟, 𝑥 = the change 

in water potential between soil adjacent to the root and the root xylem (-0.1 MPa), ℎ3= plant height 

in meters, and ∆𝑥, 𝑙 = the change in water potential per meter plant height (-0.02 MPa). Each delta 

in EQ (2) represents a component of the soil-plant-atmosphere continuum, with representative 

values drawn from Nobel, [2009]. The median correction (𝛹0 −𝛹4) resulting from EQ (2) was 

0.36 MPa, with a maximum of 0.900 MPa (30 m tree) and a minimum of 0.303 MPa (dwarf shrub). 

CSR functional type information (compiled as described above) was available for a total of 91 

plant species where stomatal conductance and incipient water stress were also known (Table S2). 

This dataset was used to explore variability in stomatal conductance and incipient water stress as 

a function of CSR type using Classification and Regression Trees (CART), getting at our first 

principle question: is it theoretically possible to manipulate these traits (up or down regulating 

water use in a consistent manner) through changing CSR type? 
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2.1.3. CART Analysis and CSR Scenario Development 

CART was used to identify “split points” about which plants with more/less of a specific CSR 

strategy differed significantly in their water use variables. Separate regression trees were built for 

each variable (TLP, IWS and maximum stomatal conductance). Growth form (tree, shrub, forb, 

graminoid), and stem type (woody vs herbaceous) were included alongside C, S, and R in all 

analyses in the event that these common classification schemes were more predictive of differences 

in water use traits than plant functional type. For IWS and maximum stomatal conductance two 

additional variables were also included: 1) the method used to measure stomatal conductance 

(porometry or infrared gas analyzer), and 2) study age. These variables were included to check for 

artifacts in our meta-analysis approach; measurement method has been shown to influence 

estimates of stomatal conductance in other studies (see Murray et al., 2019) and rising CO2 levels 

(approximated here using study age) are expected to influence stomata number and function, 

impacting both max stomatal conductance and timing of stomatal closure (Engineer et al., 2016). 

Explicitly accounting for both ensures that any patterns they generate in our combined dataset are 

not misattributed to other factors.  

CART was employed for this analysis in lieu of alternative approaches such as multiple 

linear regression because it builds models using a binary series of if/else decisions. This makes it 

useful for scenario development as the model structure itself identifies both the significant 

independent variables that should be considered in scenarios, and the split point where differences 

in those variables lead to maximally different outcomes in a dependent variable of interest; in 

effect, the value ranges that should be explored for each independent variable to generate an 

exhaustive set of divergent scenarios are explicitly provided by the model. 
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CART models were constructed in R software using the package rpart (Therneau and 

Atkinson, 2015). Trees were grown to their full depth using mean squared error as the splitting 

criterion and then pruned using leave-one-out cross validation to a depth within 1 standard 

deviation of the minimum mean squared error (smallest tree method – Therneau and Atkinson, 

2015). Pruned trees were used to develop 6 unique plant water use scenarios (featuring divergent 

maximum stomatal conductance, TLP and IWS values) for plants with different functional types. 

To ensure that BRC plants actually take on the full range of functional types included in these 

scenarios, a survey of “recommended vegetation lists” from published BRC design manuals was 

performed, classifying as many recommended plant species to CSR type as possible (detailed 

methods in section 2.2). 

 

2.2. Are the tools available?  

The coterminous US contains 17 distinct Koppen-Geiger climate zones, where each zone is 

defined based on seasonal temperature and rainfall [Beck et al., 2018] (Fig. 1). Six of these zones 

are only minimally present (covering less than 100,000 km2). Of the remaining 11, BRC design 

manuals (county or state), complete with recommended vegetation lists, were available for 8. 

Attempts were made to identify at least 2 BRC vegetation lists per climate zone, although this was 

not always possible. Notably, some climate zones have many more vegetation lists than were 

evaluated here, as our intent was to conduct a representative (but not exhaustive) sampling of 

existing manuals to establish the average (and range) of CSR functional types present in each zone. 

County level design manuals were preferred over state (or regional) manuals as many 

states/regions span multiple climate zones (Fig. 1). In instances where state/regional design 
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manuals were used, the climate zone for those manuals was determined to be the dominant climate 

zone for the respective state/region estimated using ArcGIS Pro 2.5.2 (ESRI, 2020).  

The following climate zones (and state/county BRC design manuals) were evaluated in this 

study; 1) hot desert (Bwh), with design manuals from Pima and Maricopa counties in AZ [Tucson 

LID, 2015, Conner et al., 2019], 2) cold semi-arid (Bsk), with design manuals from Placer County 

CA, Salt Lake City UT, Denver CO, and Eastern WA State [Utah LID, 2018, Carlson et al., 

2013], 3) hot-summer Mediterranean (Csa), with design manuals from San Diego CA, Placer CA, 

and the Southern CA Coast [SDDM, 2016, Tahoe BMP, 2014, SoCal LID, 2010], 4) warm 

summer Mediterranean (Csb), with design manuals from the Central CA Coast, Multnomah OR, 

and King WA [Central Coast TAM, Olympia BMPs, 2016, SWMM, 2016], 5) humid 

subtropical (Cfa), with design manuals from the states of AL, NC, SC, and FL as well as St. Luis 

MO, and Austin TX [Dylewski et al., 2016, Ward and Banhunyadi, 2019, Ellis et al., 2014, 

Waickowski et al., 2018, Missouri GI, 2012, Austin ECM, 2014], 6) hot summer humid 

continental (Dfa), with design manuals from the states of IN and WV [Fishers SW TSM, 

Tabassum et al., 2012], 7) warm summer humid continental (Dfb), with design manuals from the 

states of MI, MN, PA and VT [Michigan LID, 2008, MSM Wiki, 2003, PA BMP, 2006, 

Vermont RGM, 2011], and 8) warm summer Mediterranean continental (Dsb), with a design 

manual from Boise ID [Ogle and Hoag, 2000] (Table S3). Each county, state or region where a 

BRC design manual was sourced is highlighted in dark grey in Fig. 1.  

Plant species from each design manual were classified by CSR type using the same 

approach detailed in section 2.1.2. Table S4 provides a comprehensive list of these CSR 

classifications, organized by design manual and climate zone, that includes any references for leaf 

trait measurements used to calculate CSR in accordance with Pierce et al., [2017]. On average, 
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32% of recommended plant species were classified to CSR type in each climate zone (min of 9% 

in Bwh, max of 50% in Dfb; Table S3). As a check on the representativeness of these classified 

CSR subsets, the relative proportions of plant growth forms (graminoid, forb, shrub, tree) and stem 

types (woody, herbaceous) in each subset were compared to those from the full dataset for each 

respective climate zone, the idea being one form of subsample bias (over or under-representation 

of growth forms/stem types) can serve as a warning that other forms (e.g., pertaining to CSR type) 

may have occurred. 

 

2.3. Is the effect meaningful?:  

2.3.1 Hydrus Simulations:  

The six plant water use scenarios developed in section 2.1.3 were evaluated using Hydrus-1D 

(which dynamically solves the Richard’s equation for variably saturated flow), for a series of 

simulated BRC elements (one per climate zone; section 2.2), in order to determine if changes in 

water use variables that occur in response to shifts in CSR type significantly effect 

evapotranspirative harvest or I:H ratios in BRCs. All simulated BRCs had a surface area to 

catchment area ratio (CR) of 4.5% (consistent with reported catchment ratios on both the west and 

east coasts of the US; Waller et al., 2018, Ambrose and Winfrey, 2015), and a runoff coefficient 

(Ce) of 0.9, appropriate for simulating runoff from a paved surface such as a parking lot (Nicklow 

et al., 2004 and 2006). Filter media depth and ponding zone depth were set to 1 m and 0.3 m, 

respectively, reflecting typical design guidelines [MSDM, 2000, Ellis. et al., 2014]. Filter media 

composition was 55% sand, 35% silt, and 10% clay (e.g., sandy loam – selected based on [MSDM, 

2000]). The Rosetta Lite Dynamically Linked Library (neural network option in Hydrus) was used 

to translate these values into water retention parameters and saturated hydraulic conductivity for 
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use in the van Genuchten-Maulem soil hydraulic model in Hydrus. Model parameters include, the 

residual soil water content: θr = 0.042 [-], saturated soil water content (i.e., porosity): θs = 0.390 [-

], bubbling pressure: α = 1.84 [1/m], pore size distribution index: n = 1.430  [-], saturated hydraulic 

conductivity: Ks = 0.0131 [m/hr], and pore connectivity parameter: l = 0.5 [-]. All BRCs were 

initialized with saturated filter media. 

BRC inflow (I) varied by climate zone and was estimated using the Rational method, 

   𝐼(𝑡) = 	(CR/𝐶5 + 1)𝑃(𝑡)CR'!𝐶5                         EQ 3 

where P(t) is precipitation (m), and the other variables have been described previously. 

Precipitation data were sourced from eight US Climate Reference Network meteorological stations 

(1 per climate zone; see black dots in Fig. 1). Stations were selected based on proximity to 

counties/states where BRC plant lists were sourced, and frequency/temporal coverage of station 

records (goal of four years of coverage between 2016 and 2020, with measurements reported at an 

hourly timestep).  

Inflow into each BRC had three possible fates: 1) overflow: whereby inflow volumes 

accumulate in the ponding zone and exceed its capacity, 2) drainage: whereby inflow infiltrates 

into filter media and drains to an underdrain, typically a perforated pipe (seepage face boundary 

condition, pressure head = 0 m [Meng et al., 2014, Pan et al., 2020]), or 3) evapotranspiration: 

whereby inflow infiltrates into filter media and is subsequently taken up by plants and transpired 

or evaporated from the soil surface. Evapotranspiration in Hydrus is specified with pET as an upper 

bound, with the minimum allowed surface pressure head (hCritA) constraining the amount of water 

actually evaporated, and root water uptake functions constraining the amount of water actually 

transpired [Simunek et al., 2013].  



 15 

In our simulations, hCritA was set to -500 m (lower than the wilting point across all water 

use scenarios but higher than the filter media’s residual water content, expressed in units of 

pressure head (m), consistent with [Daly et al., 2009, Simunek et al., 2013]). Uncompensated 

root-water uptake was modeled as a function of pressure head using Feddes linear root-water 

uptake model [Feddes et al., 1978, Simunek and Hopmans, 2009]. This model was 

parameterized differently for each water use scenario evaluated. These, and all other scenario-

specific differences were guided by our plant trait meta-analysis (section 2.1.2), and will be 

described in section 3.1. From full saturation to the point of IWS (scenario dependent), root water 

uptake was allowed to occur at its maximum possible rate (the max transpiration rate; scenario and 

climate zone dependent). After the point of IWS, root water uptake declined linearly, reaching zero 

at the TLP, another scenario-dependent parameter [Laio et al., 2001, Daly et al., 2009]. The max 

transpiration rate for each scenario was determined by partitioning pET (estimated using the 

Penman Monteith equation; EQ 1) into transpiration (Tp) and evaporation (Ep) according to Beer’s 

Law [Qin et al., 2016], 

𝑇3 = 𝑝𝐸𝑇(1 − 𝑒'6789)	                EQ 4a 

𝐸3 = 𝑝𝐸𝑇(𝑒'6789)                  EQ 4b 

and identifying the maximum Tp, where k is a constant governing radiation extinction by the 

vegetation canopy (set to 0.5 as in Rechid et al., 2009), and LAI is the leaf area index. 

Meteorological input variables for Penman Monteith (temperature, relative humidity, solar 

radiation, and wind speed; EQ 1) were sourced from the same meteorological stations as 

precipitation (Fig. 1). Plant trait inputs to Penman Monteith (maximum stomatal conductance, 

plant height, albedo and LAI; see section 2.1.1) varied by water use scenario and/or climate zone. 

Traits varying by climate zone (i.e., albedo and LAI) are described in brief below.  
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Albedo was modeled as a function of snow cover, soil type, the type of plant community 

being simulated, and LAI. Snow hydrology was simulated directly in Hydrus using surface 

temperature from the above-mentioned meteorological stations as the upper boundary condition, 

a zero gradient lower boundary condition, and default values for snow melting and sublimation 

(0.43 m/h/°C and 0.4 [-], respectively) [Simunek et al., 2013]. When snow was present, albedo 

was set to 0.6 [Jin et al. 2002]. Otherwise, albedo was expressed as a function of vegetation 

phenology and characteristic plant and soil albedo following the recommendation of Rechid et al. 

[2009],  

𝑎 = 	𝑎0:;4𝑒'6789 + 𝑎+1/:3<(1 − 𝑒'6789)      EQ 5 

where asoil is the average soil albedo for each climate zone (estimated in ArcGIS using ESRI’s US 

Soils Albedo layer; 30m resolution), and acanopy is set to the typical albedo value for herbaceous or 

woody species, depending on the height of the plant community being simulated (a = 0.25 for 

simulations with short (0.5 m tall) herbaceous communities and a = 0.165 for taller (5 m) woody 

plant communities [McEvoy et al. 2003, Barry and Chambers 1966, and Brovkin et al. 2013]). 

The phenological (seasonal) component of albedo is due to LAI. Seasonal patterns in LAI were 

determined for each climate zone by 1) estimating average monthly mean LAI in ArcGIS Pro using 

the Global Monthly Mean Leaf Area Index layer by ORNL DAAC [Mao and Yan, 2019], 2) 

fitting eight Gaussian curves to the data (one per climate zone), and 3) scaling the fitted curves to 

reflect herbaceous (max LAI of 2) or woody (max LAI of 3) species for different water-use 

scenarios ([Guo 2011], Fig. S1). 
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2.3.2 Significance Testing – Evapotranspirative harvest and I:H ratios:  

Hourly drainage and evapotranspiration timeseries from each Hydrus simulation were used to 

calculate annual I:H ratios, and cumulative annual evpotranspirative harvest for each water use 

scenario in every climate zone. A total of 36 I:H ratios and annual harvest estimates were made 

per scenario (one for each possible 12-month window in the 4-year timeseries of meteorological 

inputs described above), generating a distribution of possible I:H and annual harvest values for 

each scenario. A nonparametric bootstrap-based comparison of means (with correction for 

multiple comparisons) was used to identify scenarios with significantly different (p < 0.05 level) 

average I:H ratios or annual evapotranspirative harvest in each climate zone [Manly, 2007, 

Westfall, 2011] .  

 

2.3.3 Comparison to pre-urban estimates:  

The I:H ratio that BRCs must achieve to return the hydrology of an urban area to its pre-urban 

condition (I:Hpu) in each climate zone, was estimated as described in Askarizadeh et al [2015], 

 

I:H=> = 1/ C
0.230 + 0.206log!?(MAR)
𝑓@ETA + (1 − 𝑓@)ETB

Q 																																																										EQ	6a 

ETA = MARC
1 + 2(1410/MAR)

1 + 2(1410/MAR) + 	MAR/1410Q 																																												EQ	6b 

ETB = MARC
1 + 0.5(1100/MAR)

1 + 0.5(1100/MAR) + 	MAR/1100Q 																																									EQ	6c 

 

where MAR is the mean annual rainfall (the volume of rainfall per catchment per year), and 𝑓@ is 

the pre-urban fraction of forest. Average MAR and 𝑓@ were estimated for each climate zone using 
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ArcGIS Pro; MAR was estimated using a USGS layer of average annual rainfall for the period 

between 1971 and 2009 [O’Donnell and Ignizio, 2012], and 𝑓@ was estimated using a USDA layer 

representing historical woodland density of the conterminous US in 1873, a digital representation 

of the William H. Brewers Map from the 9th US census [Liknes et al., 2020].  

 

3. RESULTS and DISCUSSION 

3.1. Section 1: Is it theoretically possible? – Do plant-associated variables that regulate 

evapotranspiration differ significantly by CSR functional type? 

TLP, IWS, and stomatal conductance were all observed to significantly differ among plants with 

different CSR functional types (Fig. 2). This indicates that it is theoretically possible to manipulate 

plant water use (and therefore evapotranspiration) in engineered systems such as BRCs through 

manipulating the CSR type of landscape vegetation. The best CART model for TLP explained 

40% of observed data variance (mean squared error upon leave one out cross validation of 0.34). 

The first split (i.e, the variable that best distinguished plants with high vs low TLP), was stress 

tolerance (% S); plants that were ≥ 62% S had significantly lower (more negative) TLPs than those 

that were less stress tolerant (Fig. 2a,b). Stem type (woody vs herbaceous – 2nd split) and plant 

competitiveness (%C – 3rd and 4th splits) were also significantly associated with TLP, whereas 

growth form and ruderal type strategy were not. The lowest TLPs (average of -2.6 MPa, 

significantly below other groups – see yellow pdf, Fig. 2b) was observed for plants that were ≥ 

62% S and < 30% C (i.e., plants with a principally S type functional strategy). The highest TLPs 

(average of -1.1 MPa, significantly above other groups – see dark red pdf, Fig. 2b) was observed 

for plants that were < 62% S, ≥ 24% C and herbaceous (i.e., graminoids and forbs with CS to C 

type strategies). Other plant types (high S with some C - light orange symbols, Fig. 2ab; lower S, 
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but woody - orange symbols, Fig. 2ab; and lower S and C, herbaceous - red symbols, Fig. 2ab) 

had statistically comparable, intermediate, TLPs of ~2MPa.  

 The above-noted association between stress tolerance and negative TLP is broadly 

consistent with the drought tolerance literature, where it has been shown that LDMC (a principal 

leaf trait associated with stress tolerance; Pierce et al., 2017) significantly covaries with TLP for 

both herbaceous and woody plant species [Griffin-Nolan et al., 2019, Majekova et al., 2020, 

Bartlett et al., 2012a, Petruzzellis et al., 2019]. This association could reflect a more fundamental 

relationship between TLP and osmotic potential at full hydration [Bartlett et al., 2012b, 

Marechaux et al., 2015]; plants with lower TLP tend to have more negative osmotic potentials, 

reflecting a higher concentration of osmolytes such as non-structural carbohydrates, which 

contribute to LDMC [Griffin-Nolan et al., 2019]. However, vulnerability to cavitation (i.e., the 

ability a plant to continue transpiring at low water potentials -low TLP- without risking xylem 

failure) is also often negatively correlated with LDMC, reflecting high cell investment in structural 

carbohydrates. Such investment tends to coincide with other traits that decrease tissue vulnerability 

such as wood density [Markesteijn et al., 2010]. This appears consistent with the second principal 

split in our CART analysis (about stem type), where lower TLP was observed for woody than 

herbaceous species on average (-1.9 MPa vs -1.4 MPa; Fig. 2a). However, the TLP range for 

herbaceous species was large, with some (~30% of evaluated species) exhibiting TLPs as low as 

their woody counterparts (red pdf, Fig. 2b). This suggests that while woody tissue is associated 

with lower TLPs, its absence does not preclude them, consistent with the host of alternative 

strategies herbaceous plants have for withstanding low water potentials [Touchette et al. 2007, 

Rafi et al. 2019]).  
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 Like TLP, IWS (Fig. 2c,d) and stomatal conductance (Fig. 2e,f) varied significantly among 

plants with differing CSR strategies, particularly along the S to C continuum (note significant splits 

on %S and %C; Fig. 2c-f). The best CART model for IWS explained 34% of observed data 

variance (mean squared error upon leave one out cross validation of 0.13). The best fit CART 

model for maximum stomatal conductance explained significantly less variance (~16%; mean 

squared error upon leave one out cross validation of 0.05). Growth form, stem type, percent R-

type strategy, and measurement method (porometery vs infra-red gas analysis) were not significant 

drivers of either water use trait (note the absence of significant CART splits on these plant variables 

in Fig, 2c-f). However, study age (included in our models as a proxy for increased atmospheric 

CO2 over the 25-year period our meta-analysis spans) did explain variability in IWS, with lower 

IWS reported in older studies (e.g., those conducted prior to 2002; Fig. 2c). This finding likely 

reflects stomatal sensitivity to CO2, with today’s higher CO2 levels triggering early closure (across 

a broader range of soil water potentials) than CO2 levels prior to 2002 [Engineer et al., 2016, 

Murray et al., 2019]. Unlike IWS, maximum stomatal conductance was not sensitive to study 

age, suggesting that stomatal responsiveness (e.g., timing of closure) may be more sensitive to 

changes in CO2 than absolute conductance, for the studies evaluated here (Fig. 2e). Given the 

above-noted association between study age and IWS, care should be taken when pooling studies 

across decades to make inferences about stomatal water-use traits and their drivers [Murray et 

al., 2019]. Subsequent discussion of CSR effects on IWS considers only more recent studies 

between 2002 and 2017 (significant split at 73% S in Fig. 2c,d). Because stomatal conductance 

was age-insensitive, CSR effects across the full study range (1991-2017) are interpreted. 

 For studies conducted post 2002, IWS was more negative for plants possessing an S-type 

strategy (≥ 73% S) than for plants that did not (average of -0.6 MPa and -0.23 MPa, respectively 
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– significant at a p < 0.05 level); Fig. 2c,d). This is consistent with the above-noted link between 

S-type strategy and lower TLP, and suggests that both wilting and stomatal closure begin at lower 

water potentials for stress tolerant species (e.g., S-type plants appear to be drought tolerators rather 

than drought avoiders; Du et al., 2019). Stomatal conductance, in contrast, was significantly lower 

in plants that were more stress tolerant (≥ 50% S) or less competitive (< 36% C) (211 mm H2O  

m-2s-1 and 330 mm H2O m-2s-1, respectively; p < 0.05 level, Fig. 2 d,e). These two splits were 

statistically indistinguishable, reflecting a strong inverse relationship between stomatal 

conductance and competitive or stress tolerant plant strategies (note significant linear relationship 

between log transformed stomatal conductance and %C (positive) or %S (negative) in Fig. S2a,b). 

The trade-off we observe between maximum stomatal conductance and the ability to maintain it 

at low water potentials has been coined the stomatal safety-efficiency trade-off [Henry et al., 

2019], a concept that resonates conceptually with the fast-slow plant economic spectrum proposed 

by Reich [2014]. The idea is that plants can either be “safe” (i.e., capable of withstanding drought 

by maintaining stable, low conductance’s at negative water potentials – our slow, S-type strategy) 

or “efficient” (i.e., capable of rapid conductance and growth when conditions are favorable, but 

incapable of maintaining them long term – our fast, C type strategy) [Henry et al., 2019]. One 

consequence of this tradeoff for plant water use (applicable to BRCs as well as other planted 

systems) is that plants exhibiting the most extreme trait scenarios (for instance, the ultimate water 

waster; -2.6 TLP, -0.6 IWS, and max conductance of 300 mm H2O m-2s-1, Fig. 2) don’t exist in 

practice because physiological constraints prevent it. This limits the range of potential plant water 

use scenarios that need to be explored in BRCs. 

Based on the results above, we developed 6 plant scenarios featuring different, 

physiologically realistic, combinations of water use traits to evaluate the capacity of plants with 
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different CSR types to influence BRC water balance (Table 1). Each scenario was guided by the 

significant decision points identified in our CART analyses, including splits along the C to S 

functional type continuum (all water use traits) and stem type (TLP only). The first set of scenarios 

was for S-type woody and S-type herbaceous plants (S1w and S1h). Both scenarios had the same 

TLP, IWS, and maximum stomatal conductance (-2.6 MPa, -0.6 MPa, and 211 H2O m-2s-1, 

respectively; Fig. 2, Table 1), but differed in stem type, which influences average plant height (5 

m for woody, 0.5 m for herbaceous), LAI (max of 3 for woody, 2 for herbaceous) and albedo 

(0.165 for woody, 0.25 for herbaceous), as described in section 2.3.1. The second set of scenarios 

(S2w; woody and S2h; herbaceous) was for plants that were predominantly S, but also C or R (for 

instance, CS with high S or SR functional types). S2 plants had lower conductance, but higher 

IWS and TLP, than S1 plants (211 H2O m-2s-1, -0.23 MPa and ~ -2.0 MPa, respectively; Fig. 2, 

Table 1). Plant height, LAI, and albedo varied by stem type, as described above. The final set of 

scenarios (S3) was for plants that were more competitive than stress tolerant (for instance CS with 

high C, CR, or CSR functional types). Both woody and herbaceous S3 plants had elevated stomatal 

conductance and IWS (211 H2O m-2s-1 and -0.23 MPa, respectively), with TLP (-1.9 MPa for 

woody, -1.1 MPa for herbaceous), plant height, LAI, and albedo all varying by stem type (Fig. 2, 

Table 1).  

The capacity of each water use scenario to meaningfully impact evapotranspiration and I:H 

ratios in BRCs is presented in section 3.3. First, however, we discuss whether recommended BRC 

plants in different US climate zones actually exhibit the CSR types characteristic of each water 

use strategy. This will determine if manipulating BRC water balance using CSR type is not only 

possible, but practically feasible (section 3.2, below).   
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3.2. Are the tools available? – Do BRC plants in different US climate zones span the range of 

CSR types necessary to make manipulating water use traits through CSR, feasible? 

BRC plants consistent with each principal water use scenario (S1-S3) were identified across all 8 

climate zones (i.e., the range of CSR types necessary to manipulate green infrastructure water 

balance via these scenarios, appears available; Fig. 3). Although we were only able to classify a 

subset of each zone’s BRC plant list to CSR type, these subsets had comparable growth form 

compositions to respective full plant lists (compare solid and dashed lines for % forbs, graminoids, 

shrubs and trees in each climate zone; Fig. S3). While this does not preclude bias in our CSR 

subsamples, it does suggest a degree of representativeness, as obvious biases due to over or under-

representation of specific plant morphologies appear unlikely.  

Forbs were found to be significantly more abundant in recommended BRC lists (subsample 

and full) from eastern US climate zones (Cfa, Dfa, and Dfb; 38-50% of species) than western US 

zones (Csb, Csa, and Dsb; 10-21% of species), whereas shrubs were significantly more abundant 

in plant lists from Bwh (hot desert climate; 57% of species) (Fig. S3). Graminoid and tree 

abundance was more stable across zones, with all 8 exhibiting good representation of both 

herbaceous and woody species, making water use scenarios keyed to either stem type equally 

plausible. 

Although each climate zone had recommended BRC plants with CSR types consistent with 

S1-S3, not all types were equally prevalent. Across all biomes, BRC plants were significantly more 

stress tolerant than competitive or ruderal (Fig. 3, Fig. S4), which likely reflects pre-selection of 

BRC plant communities by landscape planners to survive common stressors such as high pollutant 

loads and transient inundation [Fletcher et al. 2007, Gong 2019, Hunt 2015]. The geometric 

median for each biome was between 42 and 79 %S (18-34 %C), with Bwh and Csa (the two hottest 
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and driest biomes; Fig. 4a,e) clustering in S1 and S2, respectively, and all other biomes falling 

between S2 and S3 (Fig. 3). Most biomes exhibited significantly more plants with stress-tolerant 

S1 and S2 water-use strategies than expected due to chance (exceptions being Bwh for S2 and Dfb 

for S1; Fig. S5). Four climate zones (Cfa, Dfa, Dfb, and Dsb) also exhibited more plants with S3 

water-use strategies than expected due to chance. This tendency towards over-representation of all 

3 S to C type scenarios reflects systemic under-representation of predominantly ruderal plant 

functional types in BRC plant lists across biomes (note the limited number of plants in the lower 

right hand corner of Fig. 3). Low representation of ruderals likely reflects their tendency to avoid 

rather than tolerate stress, which influences their life history (many are annuals or biennials that 

complete their life cycle in 1-2 years) [Lososova et al. 2006]. This makes them less likely to be 

favored for use in BRCs, where the goal tends to be long term plant community establishment 

[Beaupre et al. (2016)]. 

In short, our results suggest that the variability in CSR strategy (C to S) within each US 

climate zone is sufficient to make manipulating evapotranspiration and the I:H ratio in BRCs using 

CSR type feasible. However, we expect that doing so will be more challenging in hotter and drier 

climate zones such as Bwh and Csa where the range of CSR types is skewed towards stress tolerant 

plants with conservative S1 and S2 water use strategies (Fig. 3). In section 3.3 (below) we 

determine whether such manipulations are likely to significantly impact BRC water balance in 

each US climate zone, progressing from ‘is it feasible?’ to ‘is the effect meaningful?’.  
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3.3. Is the effect meaningful?: Does manipulating ET traits through changing CSR functional 

type significantly alter evapotranspirative harvest and or I:H ratios in simulated BRCs?  

Across all 8 climate zones, evapotranspirative harvest and I:H ratios differed significantly in BRC 

simulations with different plant water use scenarios, suggesting that manipulating ET traits through 

CSR functional type has the potential to meaningfully impact BRC water balance (Figs. 5, 6). This 

said, no BRC (irrespective of plant water use scenario) was capable of reproducing pre-urban I:H 

ratios in any climate zone (Fig. 7). This suggests that there are practical limits to the effectiveness 

of restoring pre-urban hydrology using this approach. These results and their implications for 

urban water management are addressed in detail below: section 3.3.1 (ET and I:H ratios) and 

section 3.3.2 (pre-urban I:H targets). 

 

3.3.1 Variability in ET and I:H ratio by scenario and climate zone 

In all but the wettest climates (Dfa, Cfa, and Dfb; Fig. 4), BRCs effectively ran out of water in one 

or more plant water use scenarios, with soil water potentials falling below the TLP sometime 

within the first three years (dates noted along the lower edge of Fig. 5). This problem was most 

marked for Bwh and Bsk (hot desert and arid steppe) where TLP was reached for all scenarios, 

typically within the first 3-8 months. The water-related challenges BRCs in arid regions face are 

well recognized (and reflected in local BRC design guidelines) with supplemental irrigation often 

recommended to sustain plant communities in drier months [Houdeshel et al. 2015].  

What exactly happens when soil water potential falls below the TLP? The first thing to 

recognize is that BRC vegetation doesn’t necessarily die. Wilting occurs, and xylem embolism 

becomes more likely, but if low water potentials are transient, many plants will eventually recover 

[Bartlett et al., 2016]. Long dry periods below the TLP, however, (see for instance, Bwh, where 
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the TLP was reached between March and June; Fig. 5, but the dry period extended through August; 

Fig. 4), are less likely to be survivable without specialized plant adaptations (e.g., succulence or 

dormancy, neither of which were simulated here) or application of supplemental irrigation water 

[Houdeshel et al. 2015, Lizarraga-Mendiola et al. 2017]. Given the severe water stress present 

in at least a subset of our simulations, a second set of “irrigation scenarios” were performed. These 

scenarios were identical to the original 6 save that BRC drainage water was routed to an 

underground 1m deep storage tank for later use as irrigation water (see Edinburgh Gardens for a 

real world example of such a system; GHD, 2012). Each BRC was irrigated to field capacity 

whenever soil water potential (averaged across the filter media depth) fell below the TLP. This 

practice of irrigating BRCs with their own drainage can be thought of as a form of additional 

harvest [Askarizadeh et al., 2015], because inflow water has more than one opportunity to be 

evapotranspired, reducing the I:H ratio of the overall system.  

For all climate zones, patterns in ET and I:H ratios across scenarios were similar, with 

overall ET being higher (and I:H ratios lower) when BRCs were irrigated (compare left and right 

oriented pdfs in Figs. 5 and 6). On average, ~0.45 mm (0.09 - 1.40 mm) of evapotranspirative 

harvest was gained per 1 mm of supplemental irrigation water applied (i.e., approximately half of 

applied irrigation water was typically evapotranspired, with irrigation actually stimulating ET in 

excess of irrigation volumes in some climate zones; see Bsk, Table S5). Differences between 

irrigated and nonirrigated scenarios were largest for competitive woody plants (scenario S3w), 

which required the most supplemental irrigation to keep from wilting (70-700 mm/y depending on 

the climate; Fig. 5). Climate zones where precipitation and relative humidity was low and solar 

radiation was high required the most supplemental irrigation (Bwh > Bsk > Dsb > Csa > Csb > 

Cfa, Dfa & Dfb; Figs 4 & 5). They were also the zones capable of the highest evapotranspiration 
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(Fig. 5), reflecting the fact that a higher fraction of total precipitation becomes evapotranspiration 

in arid regions because low humidity facilitates diffusional loss of water from plant leaves, 

provided water is available [Taiz et al., 2015].  

Competitive woody plants (S3w) had higher annual evapotranspiration and lower I:H ratios 

than all other BRC plants. The inverse was true for stress tolerant herbaceous plants (S1h and S2h), 

which had consistently lower evapotranspiration and higher I:H ratios (Figs. 5, 6). Results for S1 

and S2 were always statistically comparable within a stem type (i.e., S1h and S2h grouped together 

and S1w and S2w grouped together; Figs. 5, 6), suggesting that the differences in TLP and IWS 

that distinguish these scenarios have minimal effect on overall BRC water balance at an annual 

scale. This likely reflects the limited residual water in BRC filter media at low TLPs; the difference 

in volumetric water content between the TLP for S2 (-1.9 MPa) and S1 (-2.6 MPa) was only 2.6 

mm. Relative to the total volumetric water content in each BRC at saturation (390 mm), this 

equates to a < 1% difference in plant available water. Because BRCs in our simulations either 

reached the TLP over the course of a year (e.g., Bwh; Fig. S6) or did not drop below the IWS (e.g., 

Cfa; Fig. S6), the “timing” of reduced transpiration (IWS) was also relatively unimportant; either 

most water that could be transpired eventually was or differences in the onset of reduced 

transpiration were never felt. 

The remaining plant water use scenarios evaluated (S3h, S1w, and S2w) had intermediate 

ET and I:H ratios (always significantly below S3w and above S1h/S2h; Figs. 5, 6). Their relative 

contribution to evapotranspiration (and I:H ratios) varied by climate zone, such that in three zones 

(Bwh, Dsb, and Bsk) evapotranspiration was always significantly higher (and I:H ratios, lower) in 

woody plant scenarios than herbaceous ones; S3w > S1,S2w > S3h > S1,S2h for evapotranspiration 

(opposite order for I:H ratio), and in two zones (Cfa and Dfa) evapotranspiration was significantly 
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higher (and I:H ratios, lower) in competitive plant scenarios than stress tolerant ones; S3w > S3h 

> S1,S2w > S1,S2h for evapotranspiration (opposite order for I:H ratios). In the remaining three 

climate zones (Csa, Csb, and Dfb) there was no significant difference among intermediate 

scenarios (Figs. 5, 6).  

This result begs the question, why might stem type (woody vs herbaceous) be a primary 

determinant of high vs low plant water use in some climate zones and CSR (competitive vs stress 

tolerant) in others? One likely explanation concerns the relative availability of solar radiation and 

precipitation in these different zones. Both factors emerged as significant drivers of pattern in plant 

evapotranspiration across scenarios and climate zones (see principal component analysis with 

factor projection in Fig. 8), and have the capacity to impact evapotranspiration in different ways. 

When solar radiation is abundant, more energy is available for both transpiration and evaporation. 

Because woody plants have lower albedo on average than herbaceous species in our simulations 

(0.165 vs 0.25; McEvoy et al. 2003, Barry and Chambers 1966, and Brovkin et al. 2013), they 

reflect less solar radiation, resulting in higher potential evapotranspiration. In climates where 

maximum monthly solar radiation is high, and precipitation, low (Bwh, Bsk, and Dsb; Fig. 4), this 

results in elevated evapotranspiration in woody vs herbaceous plant scenarios even if herbaceous 

species have high maximum stomatal conductance, because limited water resources keep those 

maxima from being realized (note significant factor loading of max monthly solar radiation along 

negative principal component 2 of Fig. 8 towards Bwh, Bsk and Dsb, where evapotranspiration in 

S1w and S2w exceeds S3h). Other factors that likely contribute to this “woody plant effect” include 

the elevated LAI of woody plants [Iida et al. 2020] and their taller height (lower aerodynamic 

resistance to evapotranspiration [Wang et al. 2019, Ochoa-Sanchez et al. 2020]), both of which 

tend to increase evapotranspiration overall [Allen et al., 1998].  
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The advantage of high stomatal conductance only becomes fully realized when 

precipitation is abundant and plants are capable of transpiring at their maximum rate long term 

(note significant factor loading of precipitation along positive principal component 2 of Fig. 8 

towards Cfa and Dfa, where evapotranspiration in S3h exceeds S1w and S2w) . The magnitude of 

this effect appears to exceed the “woody plant effect” such that possessing a C-type strategy 

impacts evapotranspiration more than being woody in climates where sufficient water is available. 

From the perspective of manipulating plant water use in BRCs, these results suggest that the 

primacy of CSR as a framework for selecting high vs low water use plants is limited to wetter 

climates; discriminating woody from herbaceous appears more important in drier ones. This said 

leveraging the full range of evapotranspiration and I:H ratios simulated here for use in BRC design 

requires knowledge of both stem type and CSR (Figs 5, 6). This makes considering the two 

together useful for managing BRC water balance in any climate zone. 

 

3.3.2: Failure to meet pre-urban targets  

Although the various plant water use scenarios evaluated significantly influenced 

evapotranspiration (and I:H ratios) in BRCs, no scenario successfully reproduced pre-urban I:H 

ratios in any climate zone (i.e., no scenarios crossed the 1:1 line in Fig. 7). While pre-urban I:H 

targets ranged between 0.05 and 0.80 (-1.26 to -0.10, log10) across climate zones, and were 

generally indicative of conditions where more water should be harvested than infiltrated, the I:H 

ratios actually achieved in our BRC simulations were much higher, being more appropriate for 

conditions where more water should be infiltrated than harvested; I:H ratios of 1.2 - 75.4 (0.07 – 

1.9, log10) for non-irrigated scenarios and 0.8 - 74.6 (-0.08 – 1.9, log10) for irrigation scenarios 

(Fig. 7; Table S6). Because supplemental irrigation stimulated evapotranspiration (Fig. 5), 
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irrigated scenarios came closer to pre-urban I:H targets than non-irrigated scenarios (Fig. 7). 

Similarly, because competitive woody plants (S3w) had significantly higher evapotranspiration 

(and lower I:H ratios) across all climates (Figs. 5, 6), BRCs simulated with these species came 

closer to mimicking pre-urban conditions than those sporting different plants (Figs. 7).  

 The results of our I:H comparisons highlight the difficulty inherent in harvesting more 

water than is infiltrated when evapotranspiration is the sole form of harvest. Even when extra 

harvest is stimulated by irrigating BRCs with their own drainage water, the total evapotranspiration 

achieved under the highest transpiration scenarios (S3w) falls short of that needed to balance urban 

water budgets (Fig. 7). This is not to say that meeting pre-urban I:H ratios using plant-based 

approaches is not possible, it’s just challenging given the spatial constraints in urban areas that 

limit the evapotranspirative surface of BRC elements such that the typical land area allotted for 

evapotranspiration is small relative to the size of the catchment it receives runoff from [Brown 

and Hunt, 2011, Ambrose and Winfrey, 2015, Huang et al. 2018, Li et al., 2020]. One way 

around this constraint, at least in peri-urban or rural areas with more vegetation cover, is adoption 

of BRC designs that promote lateral exfiltration, allowing the surrounding landscape to augment 

BRC evapotranspiration, enhancing harvest [FAWB, 2009, Hamel and Fletcher, 2011, Brown 

and Hunt, 2011, Parker et al., 2020]. Work by Hamel and Fletcher [2011] suggest that when 

BRCs are capped by a low permeability underlayer (but unlined at the edges), as much as 70% of 

infiltrated water can laterally exfiltrate and become available to surrounding vegetation, which 

could substantially increase harvest.  

Harvest might also be increased by manipulating physical characteristics of BRCs beyond 

their vegetation communities in ways that reduce drainage, allowing more evapotranspiration to 

take place between storms (i.e., decreasing the catchment ratio or opting for loam or silty loam 
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filter media, both of which have higher field capacity and more plant available water than sandy 

loam; Meng et al., 2014). These solutions have downsides, however. Decreasing the catchment to 

BRC area ratio is not always feasible in urban areas because land is at a premium and existing 

imperviousness constrains BRC form (i.e., the spatial constraint noted above; Li et al., 2020). 

Furthermore, because fine sediments tend to have reduced hydraulic conductivity, which increases 

the magnitude and frequency of BRC overflow events, opting for finer filter media isn’t necessarily 

a wise option either [Boadu, 2000, FAWB, 2009]. Even with the sandy loam filter media used in 

our simulations, overflow was prevalent in some climates, most notably Cfa, Dfa, and Bsk where 

23-31% of inflow volume eventually overflowed the BRC (Fig. 6); going any finer would only 

compound the problem. Other means of increasing BRC harvest, for instance collecting treated 

BRC drainage water and piping it to homes or commercial/recreational facilities for nonpotable 

uses (e.g., toilet flushing, clothes washing, or outdoor irrigation, among others), might be more 

beneficial [Askarizadeh et al., 2015, Hirschman et al., 2008]. However, the magnitude of harvest 

achieved using this approach would be highly case specific, depending on the variety of nonpotable 

end uses available at a given location [Burns et al, 2010, Askarizadeh et al., 2015], building 

occupancy (for in home uses; Burns et al., 2010), vegetation type and landscape area (for outdoor 

irrigation; WUCOLS III, 2000), the quality of BRC drainage water [Clary, 2014, Zhang et al., 

2015, NAE, 2016], and the temporal reliability of its supply [NAE, 2016], which determines if 

BRC drainage water must be combined with other nonpotable sources to be practically useful long-

term (note that reliability is expected to be low in dry climates like Bwh and Bsk, where BRCs 

frequently ran out of water; Fig. 5). 

Although many options exist that could increase the amount of harvest BRCs perform, 

bringing their water balance more in line with pre-urban I:H ratios, it’s important to recognize that 
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there are alternative paths forward. BRCs don’t have to “do it all”. The “LID universe” contains a 

vast array of green infrastructure options with different infiltration and harvest capabilities, 

allowing BRCs to be used in combination with other technologies to achieve desired I:H ratios 

[Eger et al., 2014, 2017, Askarizadeh et al., 2015]. Given that BRCs tend to be biased towards 

infiltration, using them in consort with technologies biased towards harvest (e.g.,  rain tanks and 

green roofs; Burns et al., 2011, Di Giovanni et al., 2013, Askarizadeh et al., 2015, Eger et al., 

2017), offers a flexible approach for meeting per-urban I:H targets. This flexibility comes with an 

additional management burden, however, as water budgets must be balanced across distributed 

infrastructure elements, likely operated and maintained by different entities. In this sense, 

balancing the water budget for individual BRCs is more straightforward. Either way, it’s clear that 

BRCs represent a relatively versatile tool in our LID toolbox, and that our capacity to tune their 

I:H ratios by manipulating vegetation communities (i.e., stem type and CSR) contributes to this 

versatility. Further work exploring the relative capacity of different BRC plants (e.g., CSR type 

and stem type) to regulate I:H ratios, particularly in arid climates where such information is most 

limited, will be necessary to make plant-based approaches for managing BRC water balance an 

actionable part of engineering practice. 

 

4. CONCLUSIONS 

In this paper we evaluated whether CSR functional type could be used as framework for classifying 

BRC plants into discrete water use strategies that might be leveraged in practice to balance BRC 

water budgets; bringing them more in-line with pre-urban infiltration to harvest ratios. CSR type 

was found to be a significant determinant of three plant water use traits (TLP, IWS, and maximum 

stomatal conductance), with variability along the competitive to stress tolerant continuum being 
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more important than degree of ruderalness (Fig. 2). This finding is consistent with Reich’s [2014] 

fast-slow plant economic spectrum, with C-type plants exhibiting a “fast” trait strategy (high 

growth rate, high stomatal conductance and transpiration, larger leaf area to facilitate 

photosynthesis), and S-type plants exhibiting a “slow” trait strategy (low turgor loss point and 

point of incipient water stress, reduced transpiration, high leaf dry matter content). The consistent 

significant relationships observed between CSR type and plant water use traits (Fig. 2; highest 

variance explained for TLP and lowest for maximum stomatal conductance) illustrate that using 

CSR as a framework to guide “water wise” selection of BRC plants is theoretically sound; CSR 

influences key water use traits expected to govern overall plant water use strategy in BRCs. 

Moreover, the variety of CSR types necessary to make using this theory tractable is evident for 

BRC plants across eight major climate zones of the coterminous US (Fig. 3).  In drier climates 

there is a slight bias towards S-type plants that might make leveraging the full C to S continuum 

slightly more difficult (and perhaps unwise if some form of supplemental irrigation isn’t available), 

but not impossible; BRC species with C or CS functional types were present even in dry climates. 

Furthermore, irrigating BRCs with their own drainage water may make dry climate systems more 

survivable across a broad range of plant water use types (Fig. 5); below-ground tanks sized to the 

same depth as the BRC itself provided sufficient irrigation in our simulations, with BRCs never 

needing supplemental irrigation when water was not available. No attempt was made to optimize 

tank size for different climate zones or water use scenarios in this study, however. Such 

information would be valuable (indeed requisite) if this approach were to be implemented in 

practice.  

 Our hydraulic simulations (Hydrus 1D) revealed significant differences in 

evapotranspirative harvest and I:H ratios across various plant water use scenarios in different 
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climate zones (Figs. 5, 6). The highest water use plants (competitive woody species) had 1.7 times 

more evapotranspiration on average (min: 1.4, max: 2.1) and a 1.8 times lower I:H ratio on average 

(min: 1.5 max: 2.7) than the lowest water use plants (stress tolerant herbaceous species) across all 

climate zones. The relative importance of CSR type as a determinant of overall plant water use 

also varied by climate zone, being most important in wetter climates, where C-type plants could 

take full advantage of elevated stomatal conductance, resulting in all competitive plant scenarios 

having higher evapotranspiration and lower I:H ratios than stress tolerant plant scenarios (Fig. 5, 

6). In drier climates, being competitive was of secondary importance to being woody, illustrating 

that the best strategies for managing BRC water balance have climate-specific nuance.  

Looking across all hydraulic simulations, two things are clear: First, plants with different 

CSR types and stem types exert meaningful influence over BRC water balance such that CSR 

principles could be leveraged to help design BRCs for evapotranspirative harvest and manage I:H 

ratios. However, the amount of harvest provided by our “standard configuration” BRCs (4.5% 

catchment ratio, 1m deep sandy loam filter media, with or without additional harvest stimulated 

by irrigation with BRC drainage water) is clearly inadequate to meet pre-urban I:H ratios (Fig. 7), 

where more water needs to be harvested than infiltrated. While this does not mean that individual 

BRCs cannot be tailored to meet pre-urban I:H ratios (see discussion above), it does suggest that 

implementing BRCs in consort with technologies biased towards harvest is likely to improve our 

ability to meet pre-urban water balance targets. This is particularly true in the urban core where 

opportunities for large biofilter area to catchment area ratios are few [Li et al., 2020], the urban 

form limits the effectiveness of lateral exfiltration in stimulating additional harvest [McGrane, 

2016, Walsh et al., 2016], and perturbations to urban water balance are most extreme [King et 
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al., 2011, Jacobson, 2011, Askarizadeh et al., 2015, Li et al., 2018], which makes siting green 

infrastructure elements that can address these imbalances all the more important.
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MANUSCRIPT FIGURES: 
 

 

Figure 1: Map of Koppen-Geiger climate zones of the coterminous US. Grey lines indicate 
regions (counties or states) where bioretention plant lists were sourced. Black dots indicate the 
location of USCRN stations where meteorological data were sourced for each of the 8 climate 
zones evaluated in this study: Bwh (USCRN 1011), Bsk (USCRN 1507), Cfa (USCRN 1122), 
Csa (USCRN 1528), Csb (USCRN 1234), Dfa (USCRN 1510), Dfb (USCRN 1113), Dsb 
(USCRN 1145). 
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Figure 2: Classification and regression tree (CART) models for turgor loss point (A: TLP, red 
tones), the point of incipient water stress (C: IWS, blue tones), and maximum stomatal 
conductance (E: gs.max, green tones) are shown along with the probability distributions for each 
terminal CART node (B: TLP, D: IWS, F: gs.max). Probability distributions are color coded to 
match terminal nodes. 95% confidence bounds about each probability distribution are shown 
using dashed lines of corresponding color. CART models are read by evaluating the equality at 
each branch point and moving to the left if the equality is not satisfied and to the right if the 
equality is satisfied. S stands for stress tolerance, C stands for competitiveness, and Woody 
stands for woody stem type. Each terminal node is defined as the union of the conditions 
satisfied at each junction (for instance, a TLP of -2.6 (pale yellow color) occurs at S ≥ 62%∩C < 
30%). The names of our six plant water use scenarios are listed below the terminal nodes with 
the characteristics they reflect. Note that degree of stress tolerance is a key determinant in all 
three models, providing connective tissue between them and the foundation for our multi-trait 
scenarios. 
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Figure 3: Ternary diagram of CSR type of bioretention plants by climate zone (top corner: 100% 
competitive, lower left corner: 100% stress tolerant, and lower right corner: 100% ruderal). 
Plants sourced from design guidelines for different climate zones are indicated using climate 
specific colors and small circles (red: Bwh, orange: Bsk, yellow: Csa, olive: Csb, lime: Cfa, 
cyan: Dfa, blue: Dfb, purple: Dsb). The geometric median CSR type of each climate zone is 
indicated using large circles of corresponding color. The range of possible CSR types for each 
water use scenarios defined in Fig. 2 are delineated by solid black lines: S1 woody and 
herbaceous (highly stress tolerant CSR zone), S2 woody and herbaceous (moderate-highly stress 
tolerant CSR zone), and S3 woody and herbaceous (moderate-highly competitive CSR zone). 
Fewer BRC plants were ruderal than any other plant type (see bare lower right corner). 
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Figure 4: Average daily timeseries (estimated using 4 years of continuous data; solid lines) for 
A: temperature (Temp; C), B: relative humidity (RH; %), C: solar radiation (SR; MJ/m2), D: 
wind speed (WS; m/s), and E: cumulative precipitation (Precip; mm) from eight USCERN 
meteorological stations, one in each climate zone. Climate zones are indicated by color (red: 
Bwh, orange: Bsk, yellow: Csa, olive: Csb, lime: Cfa, cyan: Dfa, blue: Dfb, purple: Dsb). Shaded 
regions are 95% confidence bounds about each average. 
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Figure 5: Probability distributions of average annual evapotranspiration (ET, m/year; y-axis) by 
climate zone (x-axis) and plant water-use scenario (S1h: black, S1w: white, S2h: dark blue, S2w: 
cyan, S3h: red, S3w: yellow). Distributions pointing left are for simulated BRCs with no 
supplemental irrigation. Distributions pointing right are for simulated BRCs that received 
supplemental irrigation whenever the soil water potential fell below the turgor loss point (TLP; 
see Table 1 for scenario-specific TLPs). The total amount of supplemental irrigation applied for 
each scenario in each climate is indicated by circle size (bottom of plot). The year and month 
when irrigation was first applied is noted on the left hand side of each irrigation circle (notation - 
1Mar: required irrigation in year 1 during the month of March). NA is reported for climate zones 
where no supplemental irrigation was required. The degree of overlap of each ET distribution is 
a visual indicator of differences in annual ET among scenarios (see Table S8 for formal 
significance thresholds). 
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Figure 6: Probability distributions of average annual infiltration to harvest ratios (log10 I:H; y-
axis) by climate zone (x-axis) and plant water-use scenario. Scenario color and the orientation of 
each probability distribution (left for non-irrigated right for irrigated) is the same as Fig. 5. The 
percentage of overall inflow that becomes overflow on an annual basis is shown using grey 
circles (circle size scales with overflow amount; left = non-irrigated scenarios and right = 
irrigated scenarios). The degree of overlap of each I:H ratio distribution is a visual indicator of 
differences in I:H ratio’s among scenarios (see Table S8 for formal significance thresholds). 
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Figure 7: A one to one plot of the log10 infiltration to harvest (I:H) ratio achieved in our BRC 
simulations and the pre-urban expectation in each climate zone. All simulated I:H ratios are 
biased high (i.e., simulated BRCs infiltrate more than expected under pre-urban conditions). 
Climate zones are indicated using color (red: Bwh, orange: Bsk, yellow: Csa, olive: Csb, lime: 
Cfa, cyan: Dfa, blue: Dfb, purple: Dsb). Average log10 I:H ratios for each scenario are shown 
using symbols (solid for non-irrigated and open for irrigated). The full range and shape of the 
distribution of simulated log10 I:H ratios in each climate zone is indicated using violins (shaded 
for non-irrigated, open for irrigated). 
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Figure 8: Biplot of dominant patterns in evapotranspiration (ET) across scenarios and climate 
zones. Irrigated and non-irrigated simulations were de-meaned separately prior to analysis so that 
differences in their respective ET magnitudes would not drive observed patterns. Principal 
component 1 (PC1) is on the x-axis and explains 94% of observed variance across scenarios. 
Positive PC1 scenarios have higher ET in all climates whereas negative PC1 scenarios have 
lower ET in all climates. PC2 explains an additional 5% of the variance across scenarios with 
Bwh, Bsk and Dsb, loading towards S2w and S1w and away from S3h, and Dfa and Cfa doing 
the reverse. Csa, Csb, and Dfb did not contribute significantly to PC2. Factor projection with 
meteorological variables (blue = significant and grey = insignificant factor loadings; p < 0.05 
level) illustrates that maximum monthly solar radiation clusters with Bsk, Dsb, and Bwh (more 
ET from woody than competitive plant scenarios), whereas precipitation, and to a lesser extent 
maximum monthly relative humidity, loads with Dfa and Cfa (more ET with competitive than 
woody plant scenarios). 
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SUPPLEMENTAL FIGURES 

 
 
Figure S1: Leaf Area Index by climate zone and stem type (woody: dark green, herbaceous: light green). 
Data observations (black circles) represent average monthly LAI values estimated for each climate zone 
using ArcGIS Pro and the Global Monthly Mean Leaf Area Index layer by ORNL DAAC (1981 – 2015). 
Observations were fit with Gaussian curves (black dashed lines) and these fits were scaled to a max LAI 
of 2 for herbaceous and 3 for woody plant types across all climates. These maxima are considered 
representative values for these two plant types [Mao and Yan, 2019]; maxima for each respective climate 
zone were not retained for use in our simulations because bioretention cells are expected to be more 
densely vegetated than the average landscape in dry desert biomes like Bwh and less densely vegetated 
than the average landscape in wetter regions like Dfb, making zone-specific LAI maxima inappropriate. 
 
 



 58 

 
 
Figure S2: Variability in log10 maximum stomatal conductance (gs.max; y-axis) by degree of plant 
competitiveness (%C; panel A), stress tolerance (%S; panel B), and ruderalness (%R; panel C). Data are 
from the meta-analysis for maximum stomatal conductance reported in Table S2. Confidence bounds 
about individual points are standard error assuming a coefficient of variation of 0.3 (30%). Fitted lines are 
shown for significant relationships (p < 0.05 level) between degree of expression of a particular 
functional type and log10 gs.max. Shaded regions about each fit (red for %C and green for %S) reflect 
95% confidence bounds about the slope of each line. 
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Figure S3: Percent of BRC plants in each climate zone (colors) that have each of the following growth 
forms (forbs: top panel, graminoids: second panel, shrubs: third panel, trees: fourth panel). Solid lines 
(average denoted using triangles) are for full BRC plant lists. Dashed lines (average denoted using circles) 
are for the subset of BRC plants that could be classified to CSR type. Confidence bounds (note high 
degree of overlap between solid and dashed) are reported at a 95% confidence level. 
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Figure S4: Distribution of the degree of BRC plant competitiveness (%C), stress tolerance (%S), and 
ruderalness (%R) by climate zone. Mean %C, S and R (circles) and 95% confidence bounds (triangles) 
are illustrated in color: red for %C, green for %S, and blue for %R. Box and whisker plots depict 25th and 
75th quantile (box edges), minimum and maximum (whiskers) and median (bar) values of %C, S, and R in 
each zone. Dashed lines with shaded bands depict the average %C, S, and R of BRC plants across all 
climate zones, with stress tolerance exceeding competitiveness, which exceeded ruderalness. 
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Figure S5: Percent of BRC plants that have a CSR type consistent with each scenario. Observations are 
shown using open circles: black for S1w and S1h, blue for S2w and S2h, and red for S3w and S3h. The 
percent of BRC plants expected to belong to each scenario if plants were randomly distributed by CSR 
type in each climate zone, are shown using dashed lines of corresponding color. Statistical confidence 
about this random expectation was determined by 1) randomly assigning n plants (the number classified 
in each climate zone) a CSR type, 2) estimating the percent that fell within each scenario, and 3) repeating 
the process 10,000 times, creating a probability distribution about the random expectation for each 
scenario and climate zone. Percentile 95% confidence bounds were estimated for each probability 
distribution and are shown using vertical error bars. When open circles lie above the 95% bounds for a 
given scenario, it indicates that more BRC plants had a CSR type consistent with that scenario than 
expected due to chance. 
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Figure S6: Changes in volumetric water content (m) in the driest (Bwh) and wettest (Cfa) climate zones 
for each plant water use scenario (colored lines) over time. The turgor loss point (TLP) and point of 
incipient water stress (IWS) are illustrated using black and grey horizontal lines, respectively, with line 
type (solid, dashed, dot, or dash and dot) being used to indicate which TLP’s and IWS’s are associated 
with each water use scenario. Water levels frequently fall below the IWS and TLP in Bwh, but not Cfa. 
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Table S3: Climate Zone Planting Guides

Climate Zone Design Manuals
Number [percent] 
plants classified by 
CSR type

East WA LID, 2013 50 [30.49%]
Utah LID, 2018 27 [25.23%]
Denver GI Guidelines, 2016 16 [28.57%]
Tucson LID, 2015 7 [14.58%]
Phoenix GI Handbook, 2019 13 [7.22%]
Alabama LID, 2016 88 [23.66%]
Austin ECM, 2014 32 [22.86%]
NCDEQ, 2018 39 [28.06%]
LID SC, 2014 32 [56.14%]
Walton LID, 2019 11 [20.00%]
Missouri GI, 2012 16 [51.61%]
Tahoe BMP, 2014 40 [30.08%]
SDDM, 2016 10 [37.04%]
SoCal LID, 2010 31 [21.38%]
SWMM, 2016 46 [32.39%]
Olympia BMPs, 2016 20 [26.32%]
Central Coast TAM 15 [57.69%]
Fishers SW TSM 105 [56.45%]
WVA SWM, 2012 73 [31.06%]
Michigan LID, 2008 83 [45.60%]
Vermont RGM, 2011 68 [45.64%]
MSM Wiki, 2003 73 [57.03%]
PA BMP, 2006 62 [56.88%]

Dsb Boise SW Resource Guide, 2000 52 [43.70%]

Dfb

Dfa

Bsk

Bwh

Cfa

Csa

Csb
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