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Abstract:



This study investigates small-scale variability in ecosystem services and disservices that is important for sustainable planning in urban areas (including suburbs surrounding the urban core). We quantified and valued natural capital (tree and soil carbon stocks) ecosystem services (annual tree carbon sequestration and pollutant uptake, and stormwater runoff reduction) and disservices (greenhouse gas emissions and soil soluble reactive phosphorus) within a 30-hectare heterogeneous green space that included approximately 13% wetland, 13% prairie, 16% forest, and 55% subdivision. We found similar soil organic carbon across green space types, but spatial heterogeneity in other ecosystem services and disservices. The value of forest tree carbon stock was estimated at approximately $10,000 per hectare. Tree carbon sequestration, and pollutant uptake added benefits of $1000+ per hectare per year. Annual per hectare benefits from tree carbon stock and ecosystem services in the subdivision were each 63% of forest values. Total annual greenhouse gas emissions had significant spatial and temporal variation. Soil soluble reactive phosphorus was significantly higher in the wetland than in forest and prairie. Our results have implications for urban planning. Adding or improving ecosystem service provision on small (private or public) urban or suburban lots may benefit from careful consideration of small-scale variability.
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1. Introduction


With only 2.4% of the global landmass, urban areas house more than half the global population and by 2050, they are expected to hold 70% of the global population [1]. Definitions of urban are highly variable [2,3,4]. Urban areas can be defined by administrative boundaries, density, or other criteria [3]. In the U.S., urban expansion often occurs via development of residential subdivisions sited along undeveloped edges of existing urban areas [5]. Many future “urban dwellers will live in areas that are suburban” [6]. Millington defines urban as giving individuals access to lives that would not be possible elsewhere [2]. This concept of access informs our definition of urban areas. As lower-density development of subdivisions around cities is often created for access to the urban centers, we include subdivisions in our definition of urban. Regardless of definition, urban expansion and human migration to cities and their suburbs makes understanding urban environments, and their associated natural capital and ecosystem services, increasingly important.



Natural capital is the stock of the world’s natural assets. Ecosystem services are flows from natural capital, defined as “the conditions and processes through which natural ecosystems, and the species that make them up, sustain and fulfill human life” [7]. Some urban ecosystem services, like those from urban forests and urban vegetation, have been well-quantified for various locations [8,9]. Interception of rainfall by trees, rain gardens, wetlands, and other vegetation reduces pressure on urban drainage systems by percolating and storing water [10,11]. Vegetation absorbs heat from the air through evapotranspiration, particularly when humidity is low [12], and urban trees moderate local temperatures by this process and shading [10]. Cooling by urban vegetation can buffer the impact of heat waves in cities [12]. McPherson et al. [13] calculated that an average Chicago tree was worth $15 for 0.5 GJ of cooling benefits in 1991.



Urban wetlands, or urban green infrastructure (GI) modified to serve the functions provided by wetlands, also provide ecosystem services in an urbanizing world [14,15]. Services include flood and flow control, storm buffering, sediment retention, groundwater recharge/discharge, nutrient retention, biological diversity, micro-climate stabilization, carbon sequestration, water-quality improvement, and ground water recharge [16,17,18]. Urban wetland services have been incorporated into stormwater “infrastructure” planning via work on sustainable urban drainage systems (SuDS), where natural systems are integrated into urban stormwater drainage management [19,20,21]. Since characteristics of urban areas can include polluted runoff from streets, limited species habitat, and higher property densities (and often higher property values), wetland services have a higher payoff in averted flood damages and water quality improvement services in urban areas. Indeed, Boyer and Polasky [22] found “that urban wetlands are more highly valued by nearby property owners than are rural wetlands”.



Urban green spaces also include private property, which contain a substantial portion of urban trees [23]. This is particularly true in the suburban landscape. Subdivisions, common in U.S. development, are typically lower density than the urban core and for those outside the U.S., might be better described as new greenfield housing developments where residences are associated with a private plot of green space. Gardens and private plots in residential areas provide below- and above-ground carbon stocks and water infiltration, among other services, though type and quantity of natural capital and ecosystem services on private property can vary spatially with attributes like number and species of trees. Tree carbon stock in private lots in Bloomington, Indiana averaged 2.52 kg·C·m−2 (±2.69), ranging from zero to 11.22 kg·C·m−2. Soil carbon was less variable in a Richmond, Virginia study, and averaged 4.7 kg·C·m−2 (±1.15) [24], with little difference between lawns in unoccupied and occupied residential lots [25]. Quantifying natural capital contained in urban soil carbon stocks is the subject of an increasing amount of research at various scales [26,27].



1.1. Valuing Ecosystem Services


“The concepts of natural capital stocks and ecosystem service flows are increasingly useful ways to highlight, measure, and value the degree of interdependence between humans and the rest of nature” [28]. We implicitly value ecosystems and their services every time we make a decision involving trade-offs (e.g., development versus preservation) but the values of ecosystems and their services are hidden from view during these decisions. Valuing ecosystem services allows for a more fair comparison of alternative scenarios by including all consequences, not just consequences easily measured and valued in monetary terms [22,28]. Work that quantifies and values the natural capital (stocks) and ecosystem service (flows) of urban green spaces are therefore useful to inform planning decisions involving maintenance or creation of urban green space. Indeed, substantial advances have been made in urban ecosystem valuation [29,30,31]. Ecosystem valuation, however, is not without controversy. Economic techniques cannot capture the intrinsic worth of ecosystems, are centered on human preferences [32], and may represent the commodification of global life support [33]. However, the goal of valuation lies not in conversion of non-market-values to monetary terms, but its ability to “frame choices and make clear the tradeoffs between alternative outcomes” [22], and to avoid the scenario where assigning no value to ecosystem services leads to the assumption of zero value. The role of valuation in our study is to represent (in a common unit) different ecosystem services across urban green space types to better understand small scale spatial variability.




1.2. Ecosystem Disservices


Benefits of green spaces in urban areas can be partially offset by ecosystem disservices—“functions of ecosystems that are perceived as negative to human well-being” [34]. The concept of detrimental environmental effects is not new [35]. While urban areas depend foundationally on ecosystems and their services, understanding ecosystem disservices allows for better urban planning through understanding the trade-offs (balance of ecosystem services and disservices) associated with different green space types. While there are many ecosystem disservices, we focus on two: soil soluble reactive phosphorus (SRP) and greenhouse gas (GHG) emissions.



Wetlands are often effective in removing excess nutrients, especially nitrogen and phosphorus, from surface and groundwater [36,37]. Phosphorus retention via sorption, burial, and uptake by plants contributes to water quality improvement [36,38]. However, restored or created wetlands on former agricultural lands can act as a source of nutrients to the water column as reflooding of drained agricultural areas stimulates P release [39,40]. Phosphorus from fertilizers, commonly used to increase production in agricultural areas, can accumulate in biotic ecosystem compartments due to incorporation of P into organic matter and abiotic compartments due to adsorption of P by soil and sediments [41,42]. Montgomery and Eames [43] found that the wetland at our study site, Prairie Wolf Slough (PWS), was a point source of SRP to the Middle Fork-North Branch Chicago River. This continued phosphorus release (Montgomery, unpublished data) could be a costly ecosystem disservice as it speeds up eutrophication, seen via excess algae growth [44] and seasonal hypoxia [45] in receiving waters. We therefore focus on SRP because of its site-specific importance [43]. We include GHG emissions because they can offset vegetative carbon sequestration and are rarely quantified in urban green spaces [11]. Urban wetland soils can be either a small source or sink of CH4 and N2O depending on the oxidation status of the soil [46,47,48,49].



The objective of this study is to investigate the natural capital, ecosystem services, and disservices provided by urban green spaces, using the Prairie Wolf Slough Wetland Forest Preserve (PWS) and an adjacent subdivision as a case study (Figure 1). Many studies of the natural capital, ecosystem services, and disservices provided by urban green space have been done at larger scales, like city-level studies of soil carbon [26], state-level assessments of the projected impacts of land-use change on ecosystem services [31], and national-level studies of tree and soil carbon stocks [9,27,50] and wetland ecosystem services [51]. This study provides information on small-scale variability in ecosystem services that is important for planning, especially in urban areas (including suburbs surrounding the urban core) where opportunities for creating or improving green space may focus on small public or private lots. Suburban areas often offer more potential for green space due to larger private lots, and opportunities for development that can include setting aside green space reserves, or “land sparing” [52].


Figure 1. This map represents the approximately 30-hectare study site. The area includes subdivision (residential), wetland (cattail marsh), prairie (areas of wet meadow closer to the cattail marsh are not outlined due to variability in boundaries), and forest green space types. Part of the forested area of Prairie Wolf Slough was in the process of transitioning to areas of predominantly standing dead biomass (the cross-hatched area of the forest). The East and West transects were used to sample tree carbon stocks in trees in the forested area, and soil carbon in the forest, prairie (including wet meadow), and cattail marsh. Greenhouse gas flux was measured in (from West to East) forest, prairie, wet prairie, and cattail marsh. GHG Well Sample Locations are indicated in blue.
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2. Materials and Methods


2.1. Overview


We quantified a subset of the natural capital (tree and soil carbon stock), ecosystem services (annual tree carbon sequestration and pollutant uptake, and stormwater runoff reduction), and disservices (greenhouse gas emissions and soil SRP) provided by a 30-hectare heterogeneous green space. We report tree carbon stock, annual tree carbon sequestration, and tree pollutant uptake for the forest and subdivision (Table 1). Specific quantified ecosystem services from tree pollutant uptake included annual removal of carbon monoxide, nitrogen dioxide, ozone, particulate matter (less than 2.5 microns and 2.5 to 10 microns), and sulfur dioxide. Soil carbon stock was quantified and valued in the forest, prairie, and cattail marsh (Table 1). Carbon sequestration by trees was compared with disservices from GHG emissions (CO2, CH4, and N2O) from the forest and cattail marsh. We also include GHG emissions for the wet meadow and prairie (Table 1). We modeled and valued stormwater runoff reductions from the residential lots and the wetland, and measured soil SRP, which can indicate potential for phosphorus release in runoff. We assigned monetary values to both ecosystem services, disservices from GHG emissions, and natural capital. For stocks, valuation was based on the avoided damages from conversion. All GHG emissions were converted to carbon dioxide equivalents prior to valuation.



Table 1. Ecosystem service and disservice measurements and the green space types where samples were taken.







	

	
Forest

	
Prairie

	
Wet Meadow

	
Cattail Marsh

	
Subdivision






	
Tree carbon stock

	
x

	

	

	

	
x




	
Soil organic carbon

	
x

	
x

	

	
x

	




	
Greenhouse gas flux

	
x

	
x

	
x

	
x

	




	
Stormwater runoff reduction

	
x

	
x

	
x

	
x

	
x




	
Soil soluble reactive phosphorus

	
x

	
x

	

	
x

	











2.2. Site Description and History


The study area encompassed a 30-hectare area of heterogeneous green space that included approximately 13% wetland (cattail marsh), 13% prairie (including areas of wet meadow near the cattail marsh border), 16% forest, and 55% subdivision (residential). The wetland, prairie, and forest were within the Prairie Wolf Slough (PWS) County Forest Preserve (latitude 42°11′51.53″N, longitude 87°51′13.77″W). PWS is the drainage basin for a surrounding 98 ha area, and water from the site eventually flows into the Chicago River. The PWS Forest Preserve is a restoration project on an abandoned (~25 years ago) farm field with poorly drained hydric soils [53] that has since been enveloped by suburban development [43] in unincorporated Lake County, Illinois. The farmland was drained approximately 80 years ago using tile drains. Restored ecological communities include savanna, mesic and wet prairie, and a 8.1-hectare shallow palustrine emergent marsh [43] adjacent to a low-density subdivision (Figure 1). The subdivision (Del Mar Woods) has private residential lots ranging from 0.11 to 0.2 hectares, with some lots bordering the PWS Forest Preserve. For our study, we use the following green space types to refer to each ecological community: forest, residential (subdivision), wetland (cattail marsh), and prairie (including areas of wet meadow).




2.3. Forest Carbon Stocks and Sequestration


We used two methods to estimate tree carbon stocks. For the first, we used images from ArcMap to delineate the total area of each green space type. We divided the forest into 30-m wide transects and randomly selected two of the East-West transects for our tree inventory. Transects captured a topographic and ecological gradient from forest to prairie. In each transect, we used biophysical data to calculate the total aboveground carbon pools in trees. For all trees ≥10 cm diameter at breast height (dbh), we measured tree diameter, cross-sectional canopy area (m), and tree species during fall 2014 and spring 2015. To calculate forest carbon stocks, we used dbh-dependent allometric equations [54,55,56]. Total aboveground tree biomass included stem, branches and leaves. All calculations were estimated as total kilograms of dry biomass for each of the 238 inventoried trees. Above-ground biomass was converted to whole tree biomass based on a root-to-shoot ratio of 0.26 [57]. Total biomass was summed and converted into total metric tons of carbon stored in the forest (dividing by 2), and metric tons CO2 per hectare.



In addition to the field inventory, we used the i-Tree canopy model to calculate total tree carbon stock. The i-Tree Canopy model reviews Google Maps aerial photographs at random points to conduct a tree cover assessment within a defined area [29]. Based on this tree cover assessment, i-Tree calculates gross and net carbon sequestered annually by the urban forest and additional tree benefits (e.g., annual CO, NO2, and O3 removal) [58]. Benefits were valued within i-Tree using the U.S. EPA Environmental Benefits Mapping and Analysis Program EPA [59]. Pollution removal value was calculated based on the following prices: $1469.94 per metric ton of carbon monoxide, $906.45 per metric ton of nitrogen dioxide, $4434.93 per metric ton of ozone, $201,317.75 per metric ton of particulate matter less than 2.5 μm, $336.88 per metric ton of sulfur dioxide, and $6909.77 per metric ton of particulate matter less than 10 μm and greater than 2.5 μm. Monetary values came from a study [60] that analyzed total daily tree cover and leaf area index, hourly pollutant flux to and from leaves, the effects of pollutant removal on atmospheric pollutant concentrations, and the health impacts and monetary value of the change for urban and rural areas (income and currency year 2010) in N2O, O3, PM2.5 and SO2 [59]. Carbon stock was valued by multiplying carbon stock by $40.03/metric ton of CO2 based on the estimated marginal costs of carbon dioxide emissions used by i-Tree [29]. The default value from i-Tree is based on the EPA’s social cost of carbon for regulatory impact analysis for 2015 (in 2007 dollar values) using a 3% discount rate [61] adjusted to 2014 dollar values using GDP implicit price deflator (108.289) [62]. These are marginal costs: the cost of damage from an additional metric ton of CO2 in the atmosphere. We value tree and soil carbon stocks based on the avoided damages associated with CO2 release from these stocks, though we do not expect these stocks to be released in the short term. We also calculated total biomass and metric tons of carbon dioxide equivalent stored in standing dead biomass, but since this carbon is being emitted via post-mortality decomposition, we report the current carbon stocks but do not estimate a monetary value.




2.4. Del Mar Woods Carbon Stock


Our methodology for estimating above-ground biomass at the Del Mar Woods residential subdivision lots (Figure 1) differed from that used at PWS Forest Preserve (Figure 1) due to the private vs. public nature of the two areas. As we were unable to get permission from all homeowners to inventory the trees on their property, estimates of tree carbon stocks, sequestration, and pollution reduction were only from i-Tree Canopy aerial images.




2.5. Soil Carbon Stock and Nutrient Analysis


By extending the two West–East forest transects used for dbh and adding a third West–East transect, we used a total of three transects for soil sampling (Figure 1). The soil transects traversed the forest, prairie (including wet meadow), and wetland areas of PWS (Table 1), ending at the seasonally inundated cattail marsh area of the wetland. In summer 2015, we collected one soil sample every 50 m along each transect (n = 14 in the cattail marsh, n = 29 in the prairie, and n = 20 in the forest). We sampled to a depth of 15 cm using a 14.6 cm bucket auger. We analyzed soil samples for percent soil organic matter (SOM) using loss on ignition (LOI). Percent soil organic matter (SOM) and bulk density were used to calculate soil organic carbon (SOC) [63]. We calculated soil soluble reactive phosphorus (SRP) using a Mehlich-III extractant [64] followed by ascorbic acid reduction and analysis of filtrates spetrophotometrically using an EasyChem discrete analyzer (Chinchilla Scientific, Oak Brook, IL, USA). We conducted a one-way ANOVA followed by a Tukey’s post hoc test in R [65] to determine whether there was a difference in SOC and SRP between the forest, prairie, and wetland (α = 0.05).




2.6. Greenhouse Gas Flux


During the 2013 growing season, we measured CO2, CH4, and N2O fluxes four times (June, August, September, and October) across a hydrological gradient that encompassed four green space types: forest, prairie, wet meadow, and wetland (cattail marsh) (Table 1; Figure 1). Gas sampling locations were determined based on proximity to established groundwater monitoring wells in each green space type. Within 5 m of each well, we established three gas sampling plots by inserting chamber collars (20 cm diameter, 20 cm-tall PVC chambers) 10 cm into the soil. We measured GHG fluxes using vented, non-flow through chambers [66]; while we did not estimate diurnal fluxes (day/night) or non-growing season fluxes, this method is appropriate for comparing GHG fluxes between different green space types. We measured soil-atmosphere fluxes and positioned chambers to avoid large plants such that these CO2 flux measurements did not encompass photosynthetic uptake, but autotrophic (root) and heterotrophic (microbial) respiration. Litter was not removed from inside the soil collar, but if present, vegetation was clipped to 5 cm to place the chamber cap onto the collar. Chamber caps were constructed from opaque 20-cm molded PVC caps with gas-tight rubber gaskets, a sampling port with rubber septum, and vent tube. Changes in the concentration of CO2, CH4, and N2O within the chamber were measured by withdrawing three 30 mL samples from the chamber at 0, 10, 20, and 30 min after cap placement. Gas samples were transferred to gas tight crimped vials and transported to a university laboratory for analysis using a gas chromatograph (model 8610, SRI Instruments, Torrance, CA, USA) equipped with an ECD to estimate N2O concentration and FID with methanizer to estimate CO2 and CH4. Standard gases of known concentration were periodically sampled in the field to ensure vials were properly retaining gas samples.



Measured concentrations were converted to mass units and corrected to field conditions by applying the Ideal Gas Law. Under ideal conditions, gases accumulate or are consumed linearly over time during static chamber incubations, hence, the slope of a graph of gas concentration vs. time can be used to estimate gas flux rate [67]. Flux rates are not always linear; when the concentration vs. time line was non-linear (r2 < 0.80), we used guidelines established by Morse, Ardon, and Bernhardt [68] to estimate flux rates. For each gas (CO2, CH4, and N2O), we used ANOVA to test for differences between green space types, sampling dates, and their interaction. We transformed all GHGs into CO2 equivalents by using Global Warming Potentials (GWPs). The 100-year global warming potential (a measure of the total energy a gas absorbs compared to CO2) is 23 for CH4 and 296 for N2O, indicating how much more effective these GHGs are at trapping heat relative to CO2 [69]. Ecosystem disservices from 2013 GHG emissions (averaged across sample dates) in metric tons of CO2 equivalents per hectare per year were valued (for a 1-year period) using the marginal social cost of carbon of $40.03 [59,61].




2.7. Stormwater Runoff


We modeled stormwater runoff for PWS and Del Mar Woods using the weighted average volume technique [70]. Input for the model included estimates of pervious surfaces in PWS and Del Mar Woods, precipitation data for each rainfall event, and pervious and impervious curve numbers. A curve number characterizes runoff properties based on soil and ground cover. Each curve number is based on “soil permeability, surface cover, hydrologic condition, and antecedent moisture” [71]; a high curve number like 98 for pavement causes most of the rainfall to appear as runoff.



We calculated ecosystem services from avoided runoff for each 2014 and 2015 (eight-month period from January to August) precipitation event with rainfall ≥ 0.75 cm per event using data from the Riverwoods, Illinois weather station (NOAA). We chose storms with rainfall ≥ 0.75 cm per event based on Garn’s [72] findings that runoff from Wisconsin lawns occurred for more than 50% of the storms with rainfall at or exceeding 0.75 cm. We also calculated ecosystem services from avoided runoff from one short duration (three to twelve hours) rain event. Forty short duration rain events are expected throughout Illinois in an average year [73]. Short duration rain events associated with flash floods contribute most to runoff with 4-h rainfall totals in excess of 7.6 cm, based on well-measured data from 32 such storms [73].



We used aerial images verified with ground-truthing in the subdivision to estimate impervious (roads, sidewalks, driveways, houses, etc.) and pervious (grass, gardens, etc.) surface areas at Del Mar Woods as a percentage of the total residential area. We used a Stormwater Quality Design Storm of 0.74 cm, pervious curve number (CN) = 66.8 computed specifically for PWS [74], impervious CN = 98, and the assumption that all impervious cover was connected to a stormwater conveyance system. Total runoff volume was the sum of impervious and pervious area runoff volume. We calculated ecosystem services (and valuations) based on model estimates of the avoided runoff from infiltration in pervious areas for each rainfall event ≥ 0.75 cm and one short duration storm. We used the Metropolitan Water Reclamation District of Chicago’s 2015 estimated marginal cost of collection and treatment at $0.000063 per liter [75] to calculate the avoided cost of treatment of runoff captured within vegetated areas.





3. Results


3.1. Tree Carbon Stock and Pollutant Removal


The forest areas we inventoried in this study encompassed ~16% of the 4.7 hectares of total forested area in PWS (Figure 1). The total forested area comprised approximately ~16% of the 30-hectare study area. Total carbon stock in living biomass extrapolated to the entire forest (Figure 1) was 1755.4 metric tons CO2 (373.5 t CO2/hectare): 1299 metric tons CO2 of above-ground biomass (Appendix A), and 456.4 metric tons CO2 below-ground biomass. This carbon stock was valued at $14,951 per hectare. The inventory also included areas of predominantly standing dead biomass. Tree mortality was partially attributed to rising water tables. Removal of invasive species such as European buckthorn, and the associated reduction in transpiration, combined with the loss of ash trees to Emerald Ash Borer has contributed to these areas of standing dead biomass (Figure 1). Total carbon stock in standing dead biomass for the whole forest was 164.4 metric tons CO2 (35.0 t CO2/hectare): 96.59 metric tons CO2 of above-ground biomass, and 33.9 metric tons CO2 below-ground biomass. As this biomass was in the process of decomposition, we did not include it in valuation estimates.



From i-Tree, the value of tree carbon stock was estimated at $49,899.12 ± $850.22 for the total forested area and $10,616.83 per hectare (Table 2) in 2014 dollar values [61,62], 71% of estimates of carbon stock from the field inventory. Benefits from carbon sequestration and other ecosystem services summed to an additional $1123.32 per hectare per year (Table 2). Carbon stock and related benefits associated with tree canopy in the subdivision were 63% of the per hectare values in the forest: $6727.16 and $711.78 for per hectare tree carbon stock and ecosystem services, respectively (Table 2). The subdivision had larger total benefits from carbon stock ($110,998.16 ± 2980.81) and ecosystem services ($11,744.25) (Table 2) due to the larger area (16.5 hectares in the subdivision versus 4.7 hectares of forest).



Table 2. This table indicates measured ecosystem services and disservices. Benefits from tree canopy cover were calculated for the forest and subdivision. With the exception of carbon dioxide stock, all benefits are based on annual benefits from pollutant removal (i.e., carbon monoxide removed annually) and calculated using i-Tree canopy [29]. Amounts are in kg unless otherwise noted in the table. The monetary values associated with tree carbon stock and carbon sequestration were calculated by multiplying by $40.03/metric ton of CO2 based on the estimated marginal social costs of carbon dioxide emissions. Pollution removal value was calculated based on the following prices: $1469.94 per metric ton of carbon monoxide, $906.45 per metric ton of nitrogen dioxide, $4434.93 per metric ton of ozone, $201,317.75 per metric ton of particulate matter less than 2.5 μm, $336.88 per metric ton of sulfur dioxide, and $6909.77 per metric ton of particulate matter less than 10 μm and greater than 2.5 μm. Benefits from stormwater reduction in the subdivision are also shown (see text for complete methods and explanation). Soil organic carbon per hectare in CO2 equivalents (15 cm depth) and per hectare valuation is illustrated for forest, prairie, and cattail marsh. Ecosystem disservices from greenhouse gas flux (CO2, CH4, and N2O) are also displayed for the forest, prairie, wet meadow, and cattail marsh. CH4 and N2O estimates were averaged across months and converted to CO2 equivalents in metric tons per hectare per year. Valuation for soil carbon and GHG emissions were calculated using the social cost of carbon of US$40.03 to match valuations from i-Tree.







	
Ecosystem Services from Tree Canopy

	
Forest

	
Subdivision




	
Value ($)

	
Amount

	
Value per Hectare

	
Amount per Hectare

	
Value ($)

	
Amount

	
Value per Hectare

	
Amount per Hectare






	
Carbon monoxide

	
$8.28 ± 0.14

	
5.64 ± 0.10

	
$1.76

	
1.20

	
$18.43 ± 0.49

	
12.54 ± 0.34

	
$1.12

	
0.76




	
Nitrogen dioxide

	
$38.59 ± 0.66

	
42.57 ± 0.73

	
$8.21

	
9.06

	
$85.83 ± 2.30

	
94.69 ± 2.54

	
$5.20

	
5.74




	
Ozone

	
$831.07 ± 14.16

	
187.39 ± 3.19

	
$176.82

	
39.87

	
$1848.68 ± 49.65

	
416.85 ± 11.19

	
$112.04

	
25.26




	
Particulate matter less than 2.5 microns

	
$2179.74 ± 37.14

	
10.83 ± 0.18

	
$463.77

	
2.30

	
$4848.72 ± 130.21

	
24.08 ± 0.65

	
$293.86

	
1.46




	
Sulfur dioxide

	
$5.15 ± 0.09

	
15.3 ± 0.26

	
$1.10

	
3.26

	
$11.47 ± 0.31

	
34.04 ± 0.91

	
$0.70

	
2.06




	
Particulate 2.5 microns > 10 microns

	
$380.66 ± 6.49

	
55.09 ± 0.94

	
$80.99

	
11.72

	
$846.76 ± 22.74

	
122.55 ± 3.29

	
$51.32

	
7.43




	
Carbon dioxide sequestration

	
$1836.12 ± 31.29

	
45.87 ± 0.78 t

	
$390.66

	
9.76 t/ha

	
$4084.36 ± 109.68

	
102.04 t ± 2.74

	
$247.54

	
6.18 t




	
Total annual benefit

	
$5279.61

	

	
$1123.32

	

	
$11,744.25

	

	
$711.78

	




	
Carbon dioxide storage *

	
49,899.12 ± 850.22

	
1.25 ± 0.02 kt

	
$10,616.83

	
0.27 kt/ha

	
$110,998.16 ± 2980.81

	
2.77 kt ± 0.07 kt

	
$6727.16

	
0.17 kt




	
Stormwater runoff reduction

	
-

	
-

	
-

	
-

	
$3521.57

	
55,670 m3

	
$212.62

	
3363 m3




	

	
Forest

	

	
Prairie

	

	
Wet Meadow

	

	
Cattail Marsh

	




	

	
Value per Hectare

	
Amount per Hectare

	
Value per Hectare

	
Amount per Hectare

	
Value per Hectare

	
Amount per Hectare

	
Value per Hectare

	
Amount per Hectare




	
Soil carbon storage (tons CO2 per hectare)

	
$9126.84

	
228

	
$7925.94

	
198

	
-

	
-

	
$8806.60

	
220




	
Ecosystem disservice from GHGs (CO2e)

	
−$170.53

	
4.26

	
−$209.76

	
5.24

	
−$51.24

	
1.81

	
−$72.24

	
1.28




	
CO2

	
−$55.64

	
1.39

	
−$116.09

	
2.90

	
−$24.81

	
0.62

	
−$48.04

	
1.20




	
N2O in CO2e

	
−$96.47

	
2.41

	
−$78.06

	
1.95

	
−$18.41

	
0.46

	
−$20.02

	
0.50




	
CH4 in CO2e

	
−$18.41

	
0.46

	
−$15.61

	
0.39

	
−$8.01

	
0.20

	
−$4.40

	
0.11








* This benefit is not an annual rate.









3.2. Soil Carbon Stock and Soil Soluble Reactive Phosphorus Analysis


Soil organic matter (SOM) was normally distributed, as was soil SRP following a natural log transformation. ANOVA results indicated a significant difference in SOM and SRP between green space types (forest, prairie, and cattail marsh). SOM was high across all green space types, ranging from 3.7%–6.1%. Univariate statistics indicated that there was a significant difference between organic matter by green space type (p < 0.001, df = 2, F = 11.76), with greater organic matter in the forest and cattail marsh section of the wetland than in the prairie (Figure 2). Once converted to SOC using bulk density, there was no difference between green space types (p = 0.227; forest = 6.2 ± 1.4; prairie = 5.3 ± 0.9; cattail marsh = 5.9 ± 3.1 kg·C·m-2 ± SD; to 15 cm depth). Soil carbon stock was valued between $7925.94 and $9126.84 per hectare for the different green space types (Table 2). We found high soil SRP in the wetland; SRP in the wetland soil significantly exceeded soil SRP in forest and prairie (p < 0.001 for both comparisons). Prairie soil SRP was also significantly higher than in the forest (p = 0.019) (Figure 3). Since we do not have information on phosphorus mobilization and flow into receiving water bodies, we are hesitant to attribute a monetary value to this ecosystem disservice (though, see the discussion for values of phosphorus removal in water bodies).


Figure 2. Percent soil organic matter (SOM) for the cattail marsh, prairie, and forest are shown with standard error bars. Letters at the base of each bar indicate significant differences: letters in one green space type that differ from those of other green space types indicate a significant difference in terms of soil organic matter.



[image: Sustainability 08 00853 g002]





Figure 3. Soil soluble reactive phosphorus (SRP) for the cattail marsh, prairie, and forest are shown with standard error bars. Letters at the base of each bar indicate significant differences: letters in one green space type that differ from those of other green space types indicate a significant difference in terms of soil soluble reactive phosphorus.
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3.3. Greenhouse Gas Flux Results


In 2013, CO2 flux varied significantly among months (p < 0.001, degrees of freedom (df) = 3, F = 12.17) and by green space type (p < 0.001, df = 3, F = 12.66) (Figure 4). Average CO2 was highest in the prairie (33.10 ± 7.36 (1 SE)) milligrams of carbon per meter-squared (mg·C·m−2·h−1), followed by the forest (15.84 ± 3.29 mg·C·m−2·h−1), wet meadow (13.71 ± 2.23 mg·C·m−2·h−1), and cattail marsh (7.08 ± 2.49 mg·C·m−2·h−1). ANOVA results revealed that CH4 varied by month (p = 0.006, df = 3, F = 5.725), while N2O flux varied among green space types (p < 0.002, df = 3, F = 9.850) but not by month (Table 2). This variability adds uncertainty to our ecosystem disservice estimates from GHG emissions, which were calculated using average monthly emissions (Table 2). Additionally, GHG measurements are positively correlated with soil temperatures, and therefore highest during the growing season. Our results likely captured the highest gas flux rates. This may overestimate ecosystem disservices from GHG emissions and we recommend caution if extrapolating these results.


Figure 4. Analysis of Variance revealed that CO2 flux varied significantly among months (F = 12.17, p < 0.001) and by green space (F = 12.66, p < 0.001) in 2013. Note that no GHG samples were collected from the cattail marsh in August due to chambers being vandalized.
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3.4. Stormwater Runoff Results


The total drainage area of the subdivision was 16.55 hectares, with 2.8 hectares of roads/driveways, and 2.2 hectares of houses, totaling 5 hectares of impervious surfaces (~30% of the subdivision); pervious area was 11.55 hectares (the remaining ~70% of the subdivision). Runoff from impervious surfaces from one modeled large rain event totaled 3500 m3 and runoff from pervious surfaces totaled 1696 cubic meters. Total runoff volume was 5196 cubic meters for a 7.62 cm rainfall event (assuming an annual occurrence interval and using published rainfall intensity-duration frequency curves) [71]. Avoided runoff totaled 6442 cubic meters for the subdivision, or 389 cubic meters per hectare for a 7.62 cm rainfall event. The cost associated with treating 6442 cubic meters of runoff based on operating costs (not associated capital or maintenance costs) necessary for water treatment, would total $407.57 or $24.62 per hectare for each 7.62 cm rainfall event.



While not as damaging, there is runoff from smaller storms as well [72]. In addition to ecosystem services provided during the expected one large rain event annually, ecosystem services from infiltration are also provided for more than 50% of precipitation events with rainfall ≥ 0.75 cm [72]. Total precipitation for 34 such events was 25 cm in 2014, and 17 cm for 22 events during the eight-month 2015 period (January–August). For each of the smaller storms with rainfall ≥ 0.75 cm per event that contributed to this total annual precipitation, we calculated the ecosystem service benefit of avoided runoff. The cost of treatment of avoided runoff would have been $3114 or $188 per hectare in 2014. For the eight months of 2015, the cost of treatment would have been $2216 or $134 per hectare. While the runoff from the subdivision (upper half of Figure 1) drains into storm sewers, the runoff from the PWS watershed (lower half of Figure 1) drains directly into the Middle Fork of the North Branch of the Chicago River, not the local storm sewers. Therefore, there is no treatment cost for PWS runoff.





4. Discussion


4.1. Tree Carbon Stock and Pollutant Removal


Our results indicate a substantial carbon stock and sequestration benefit from trees on residential green space. Per hectare, the value from tree carbon stock in the subdivision was approximately 63% of forest carbon stock. Tree carbon stock in both forest and residential tree cover in this study was higher than the U.S. national average carbon stock density of 92.1 t·CO2/ha, and the average carbon stock density of 114.5 t·CO2/ha for urban land in Illinois [9]. Carbon stock estimates from the field inventory were higher than those from i-Tree aerial estimates. Species-specific allometric equations may have resulted in higher values for carbon stock. Ground-based estimates may have also captured trees in the subcanopy that were hidden from view in the aerial images by taller individuals. We expected lower carbon stock in the subdivision due to lower tree densities, though the relatively high total values from subdivision trees stem from the combination of benefits from carbon stock, sequestration, and pollution mitigation (Table 2) in this human-modified area. Most homes in the subdivision were built after 1940, but whether the high tree cover is a result of land sparing during development [52] or the result of early tree planting efforts is not known. Either way, results indicate value from natural capital (carbon stock) and ecosystem services (sequestration and pollution mitigation) on both public and privately-owned lands as well as potential for maintaining high natural capital and ecosystem services from trees in privately-owned lots.



Benefits associated with particulate matter removal (less than 2.5 μm) had the highest value per hectare ($463.77) followed by CO2 sequestration, and ozone removal. This is partially due to the urban site location. The value of pollutant removal is higher in urban areas where pollutants are concentrated. Air pollution removal estimates from i-Tree were calculated based on field, pollution concentration, and meteorologic data described in-detail in other publications [50,58,60]. Open-grown, maintained trees tend to have less aboveground biomass than those in forests, and multiplying biomass by 0.8 is used to adjust for these differences [76]. We did not multiply biomass by 0.8 for the subdivision trees. Although some were open-grown maintained trees, others were small forest stands on private property. If proportions of open-grown maintained trees relative to total trees in the subdivision were high, our carbon and pollutant removal estimates may have overestimated actual benefits in the subdivision.



Benefits per hectare of tree cover are variable based on location and population density: benefits ranged from $9 in rural areas to $481 in urban areas (mean = $26) [77]. BenMap values are based on human health (i.e., mortality, morbidity, reductions in respiratory symptoms) which is dependent on population density [59]. Additional limitations of the approach are detailed in Nowak [60]. We emphasize the limitations of the monetary valuation to stress that these numbers are not precise estimates of value, rather “a first-order approximation” [60] of these benefits. Additionally, these are conservative estimates of monetary value for pollutant reduction, including only human health values from four of the six criteria air pollutants, and only human health values [60].




4.2. Soil Carbon Stock


We found high SOC across all green space types (Table 2), though percent organic matter did differ significantly between green space types (Figure 2). Like other studies [78], we saw high SOC in wetland soils. Our results add to research illustrating the importance of natural capital from urban soils [8]. Small-scale urban green spaces can provide substantial carbon reserves: Mestdagh et al. [79] found that SOC of “grassy roadsides, waterways and railways” in urban areas totaled 10%–15% of the toal SOC stocks in Flemish grasslands, though they do not report what percent of the urban area was covered by these small-scale urban green spaces (nor their relation to total urban SOC). Our results for SOC (38.4 ± 11.5 SD·kg·C·m−2 extrapolated to a 1-m depth) are comparable to other results for Chicago urban soils. Scharenbroch (unpublished research) found mean SOC of 36 kg·C·m−2 to a 1-m depth with a range of 4–132 kg·C·m−2.




4.3. Soil Soluble Reactive Phosphorus


We found that soil SRP in the PWS wetland was significantly higher than soil SRP in forest and prairie (Figure 3), which indicates continued potential for P mobilization. Cleanup of phosphorus can be expensive. Dunne et al. [80] looked at the cost of using a constructed treatment wetland to remove external P load to a eutrophic lake as well as to reduce P already in the lake. They included construction, maintenance, and labor costs of the treatment wetland as part of their analysis. The constructed treatment wetland resulted in costs of $177 (in 2012 $) per kg of P removed, with an estimated cost of $191/kg P removed over 25 years (via forecasting future costs and benefits). The median cost for other large-scale treatment wetland systems (based only on operation and maintenance for P removal) was $277/kg [81,82,83]. At PWS, diverting outflow to the stormwater conveyance system might be a lower-cost solution. We are hesitant to attribute a monetary value as this would require information on phosphorus mobilization and flow into receiving water bodies.




4.4. Greenhouse Gas Flux across the Wetland-Forest Gradient


The anoxic conditions of wetlands make them optimum natural environments for sequestering and storing atmospheric carbon [84]. The ratio between carbon stock (in soil and trees) and annual release (via carbon equivalents from CO2, CH4 and N2O emissions, Table 2) was 117:1 in the forest, the green space type with highest GHG emissions. The ratio in the cattail marsh was 121:1, though we do not assume that stock and flux are in a steady state for any of the green space types. We did not measure vegetative carbon storage for the cattail marsh. For the forest, tree carbon sequestration (9.76 metric tons CO2 per hectare) slightly exceeded greenhouse gas emissions (4.26 metric tons CO2 equivalents per hectare per year). However, our GHG measurements are likely overestimates. GHG emissions are positively correlated with soil temperature making them highest during the growing season when we conducted flux measurements. We also noted variability in emissions: we did not detect CH4 or N2O fluxes during later measurements in the 2015 growing season. Aerobic soil conditions may reduce GHG emissions below the average used in our valuation calculations. Evaluation of GHG flux at larger spatial and temporal scales within each green space type at PWS would improve our inter-green space comparisons. There was variability within green space types that may not have been captured in our sampling methodology. For instance, the portion of the forest where we sampled typically had standing water, while wet meadow with hydric soils typically did not.



While there is still debate on whether it is beneficial to restore a wetland based on the net carbon balance [85], wetlands provide many ecosystem services in addition to carbon sequestration. Therefore, it is shortsighted to suggest that wetlands should not be created or restored because of GHG emissions.




4.5. Stormwater Runoff


Our calculations likely underestimate potential stormwater runoff. In the Chicago-Joliet-Kankakee region, which includes the study area, two-year, 24-h rainfall amounts increased by over 20% during 1941–1980, as compared with the previous 40-year period. Increases were coupled with increasing storm recurrence intervals attributed to climate change [86,87]. We also do not calculate the costs of damaging less-frequent storms in Illinois which occur, about once every two years in the state, “generally last from 12 to 24 h, produce extremely heavy rainfall over a 3219 to 8046 square-km area, and typically create 25–30 cm of rain at the storm center” [88]. Depending on whether and how much these storms increase in the future, there may be additional value of ecosystem services from infiltration during these events.



While our calculated marginal treatment costs of avoided runoff were low for any one storm, ranging from $0.49 to $16.89/ha for the Del Mar Woods subdivision in 2014, there are additional non-marginal costs to consider, including avoided infrastructure. Large infrastructure projects can be minimized or precluded by a network of small-scale water management projects. If modifying urban areas to create green space for runoff reduction can be done at lower cost than large infrastructure projects, this is further justification for additional urban green space. Maintaining current green space already provides runoff reduction at little or no cost. Because of climate change, increasing disturbance, and continued population growth and urban development, we cannot assume that maintaining urban green spaces will be the default option [89]. It may, however, be the lowest cost method of maintaining certain urban services (e.g., flood and flow control), and is therefore an extremely important consideration in urban planning.




4.6. Water Quality Improvement/Wetland Co-Benefits


While trees and urban forests are often part of green space planning, wetlands have historically been filled in urban areas. Their contribution to urban ecosystem services is increasingly acknowledged [15,90] and considered in urban planning of greenways and other urban green spaces [21,91]. This is beneficial not only for carbon, but also due to the importance of wetlands in providing ecosystem services that are lost or degraded during urban development, including flood and flow control, groundwater recharge/discharge, nutrient retention, biological diversity, micro-climate stabilization, and water-quality improvement [16,17,18,92].



Wetland services like water quality improvement are only realized where water quality has been altered [93]. Brander et al. [16] found that of the various wetland services that they identified, water quality improvement was valued the highest. Urban wetlands have the ability to realize water quality improvement due to their location in human-dominated landscapes where salt-laden road runoff and other sources of water contamination are concentrated. Compiled results from 190 wetland valuation studies with 215 value observations indicated mean wetland value of $2800 ha–1·year–1 for all associated ecosystem services, though median value was $150 ha–1·year–1 (the distribution was skewed with a long tail of high values) [16]. Another study found a median value of $1490 ha–1·year–1 for US wetlands [51]. If we used published median and mean dollar values for the PWS wetland, the total value of ecosystem services ranges from between $150 and $2800 ha–1·year-1. However, “value transfer may result in substantial ‘transfer errors’, particularly when the characteristics of the site to which values are being transferred are not well represented in the data underlying the estimated value function” [94]. We think that the lower bound ($150 ha–1·year–1) is an underestimate for the PWS wetland. Brander et al. [16] found that community GDP per capita and population density variables were both significant and positive in predicting wetland values. A 10% increase in GDP per capita resulted in a 12% increase in wetland value, perhaps related to income elasticity (with higher income increasing demand for wetlands). This relationship was based on a regression of GDP per capita and wetland value (from each study in a meta-analysis) [16]. Highland Park is an affluent area with a median household income of $107,537 in 2013 (Citydata.com), well above the maximum value of US$35,000 GDP per capita modeled by Brander et al. [16]. When median household income was divided by a family of 4, Highland Park GDP per capita is still at the high end of GDP per capita used by Brander et al. [16]. More recent results from Brander et al. [51] indicated a mean value of $1490 ha–1·year–1 for U.S. wetlands only focused on flood control, water supply and nutrient cycling. Including benefits from soil carbon stock would further increase the per hectare value of U.S. wetlands.




4.7. Expanding Urban Green Spaces


Quantifying the potential value of small-scale urban green spaces is important for landscape planning and improvement of existing ecosystem services. Indeed, recent research highlights the importance of “land sparing: intensive and extremely compact urbanization alongside separate, large, contiguous green space” [52], but also highlights the necessity of land sharing—development typical of residential land where development and natural space are interspersed. The prevalence of vacant lots in some cities [95] could provide sites for expansion of urban green spaces: Wang and Medley [96] found opportunities for increasing green spaces in patches/lots smaller than five hectares. However, this requires public investment at a time when cities often face deficits and cuts in service. A complementary approach entails innovative projects that work to increase the functionality of residential areas for species habitat and ecosystem services (especially in suburbs with more expansive green space than the urban core). One example is the National Wildlife Community Habitats Certification Program where communities commit to certifying individual backyards, school grounds, and public and private areas as NWF Certified Wildlife Habitat [97] to create wildlife corridors. There are both local opportunities and justification to expand and connect existing urban green spaces. The City of Chicago’s stormwater management ordinance mandates multi-modal runoff prevention measures, including green insfrastructure (GI) products, practices and technologies [98] as part of an effort to protect Lake Michigan’s drinking water supply. Parcel-scale GI as part of larger networks to connect urban green spaces can also provide an important opportunity to expand urban green spaces in a way that can provide habitat to slow species decline in urban areas [99]. Increased tree cover or GI on private lands can add to public investment in GI, further increasing connectivity of urban green spaces.





5. Conclusions


We found spatial and temporal variation in natural capital (tree carbon stocks), ecosystem services (tree pollutant removal, tree carbon sequestration, and stormwater runoff reduction), and disservices (greenhouse gas emissions and soil SRP) within a 30-hectare heterogeneous green space. Soil carbon stocks were not significantly different between green space types (though the highest in the forest), indicating the value of soil carbon even in human-modified areas. Tree carbon stocks, sequestration, and pollutant removal varied spatially with tree cover, but were high in human-modified areas: approximately 63% of the neighboring forest. Both the wetland (~14% of the 30-hectare area) and subdivision (~55% of the 30-hectare area) reduced runoff and associated water treatment costs at the Metropolitan Water Reclamation District to varying degrees. GHG flux from soil had significant spatial and temporal variation, as did phosphorus (with higher SRP in the wetland). The fact that this restored wetland is still a source of SRP more than 20 years after restoration may be worth considering in wetland restoration projects on previous agricultural land. Phosphorus is a limiting nutrient for eutrophication and mobilization of soil P near water bodies may contribute to eutrophication potential and result in unintended cleanup costs. Incorporating knowledge of small-scale variability in ecosystem services and disservices on parcel-size lots (private or public) may improve sustainable planning in urban areas.
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Appendix A. Sum of the Aboveground Biomass (kg) for Each Tree Species





	
Tree Species

	
Sum of Biomass (kg)




	
American Elm

	
1264




	
Ash

	
504




	
Beech

	
38




	
Ash




	
Black Ash

	
866




	
G/B Ash

	
469




	
Green Ash

	
2721




	
Red Ash

	
195




	
Black Cherry

	
93




	
Box Elder

	
162




	
Elm

	
495




	
Hickory

	
679




	
Kentucky Coffee Tree

	
70




	
Linden

	
696




	
Mockernut Hickory

	
151




	
Norway Maple

	
301




	
Oak




	
Chestnut Oak

	
4568




	
Chestnut White Oak

	
145




	
Red/Black Oak

	
72,110




	
Swamp White Oak

	
11,700




	
White Oak

	
21,162




	
Peachleaf Willow

	
1660




	
Scotch Pine

	
550




	
Shagbark Hickory

	
545




	
Silver Maple

	
209




	
Slippery Elm

	
3343




	
Swamp Cottonwood

	
155




	
White Poplar

	
1695




	
Walnut




	
Black Walnut

	
1166




	
White Walnut

	
2242




	
Unidentified

	
7390
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