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* Estimated tree C uptake was 56% lower without accounting for canopy
configuration.

¢ Median C uptake was 0.5 (0-3.1) MgC ha™! yr!, Boston total was 10.9 (6.7-16.2)
GgC yrl.

* The majority (85%) of canopy area was within 10 m of an edge.

* High-Density Residential areas hosted 49% of urban forest biomass C uptake.

* Planting additional trees resulted in greater C uptake vs. preserving larger trees.
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Abstract

Ecosystem services provided by urban forests are increasingly included in municipal-
level responses to climate change. However, the ecosystem functions that generate these
services, such as biomass carbon (C) uptake, can differ substantially from nearby rural
forest. In particular, the scaled effect of canopy spatial configuration on tree growth in
cities is uncertain, as is the scope for medium-term policy intervention. This study

integrates high spatial resolution data on tree canopy and biomass in the city of Boston,
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Massachusetts, with local measurements of tree growth rates to estimate the magnitude
and distribution of annual biomass C uptake. We further project C uptake, biomass, and
canopy cover change to 2040 under alternative policy scenarios affecting the planting and
preservation of urban trees. Our analysis shows that 85% of tree canopy area was within
10 m of an edge, indicating essentially open growing conditions. Using growth models
accounting for canopy edge effects and growth context, Boston’s current biomass C
uptake may be approximately double (median 10.9 GgC yr'!, 0.5 MgC ha! yr!) the
estimates based on rural forest growth, much of it occurring in high-density residential
areas. Total annual C uptake to long-term biomass storage was equivalent to <1% of
estimated annual fossil CO; emissions for the city. In built-up areas, reducing mortality in
larger trees resulted in the highest predicted increase in canopy cover (+25%) and
biomass C stocks (236 GgC) by 2040, while planting trees in available road margins
resulted in the greatest predicted annual C uptake (7.1 GgC yr!). This study highlights
the importance of accounting for the altered ecosystem structure and function in urban
areas in evaluating ecosystem services. Effective municipal climate responses should
consider the substantial fraction of total services performed by trees in developed areas,

which may produce strong but localized atmospheric C sinks.

Keywords: urban forest, canopy fragmentation, carbon uptake, climate adaptation, street

trees, ecosystem services

Abbreviations: BAU — Business-as-usual; DBH — diameter at breast height; LULC —

land use/land cover; PL — Preserve Largest; STP — Street Tree Planting

1 Introduction
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As urban populations expand worldwide, pressure is rising on local ecosystem
services to both provide a livable environment in cities and to address the drivers and
effects of global climate change (Seto et al., 2012). Urban vegetation performs a suite of
these ecosystem services, including key regulatory functions like carbon (C) uptake and
storage, moderation of temperature extremes (McDonald et al., 2019), and potentially air
pollution mitigation through ozone and particulate matter capture (Roy et al., 2012).
Municipal authorities are increasingly assuming a role in mounting a social response to
climate change (Castan Broto, 2017), and policy-makers and researchers show growing
interest in better quantifying and managing the multiple ecosystem services provided by
green spaces and urban vegetation (Kremer et al., 2016; Lovell and Taylor, 2013;
Niemeld, 2014). Toward this end, researchers have recently called for more intensive
study of these novel and heterogeneous socio-ecological systems and their spatiotemporal
organization, both in their own right and in the interest of maintaining the well-being of
growing and at-risk urban populations (Alberti, 2015; Groffman et al., 2017; Hutyra et

al., 2014; Zhou et al., 2019).

Services related to urban vegetation and their role in climate change adaptation
and emissions mitigation have attracted particular policy interest (Gomez-Baggethun and
Barton, 2013; Larondelle and Haase, 2013;

Lovell and Taylor, 2013). In line with

several other cities and municipal alliances like the C40 coalition developing climate
responses (Broto and Bulkeley, 2013), Boston, for example, has included the expansion
of green spaces and tree canopy cover as strategies in its climate adaptation and

emissions reductions plans (Walsh, 2014). However, despite prominent campaigns in
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several US cities to plant additional urban trees, canopy cover has declined in many
urban areas (Nowak and Greenfield, 2012). And in the wake of broad-scale tree planting
and other “urban greening” proposals, researchers have highlighted persistent
uncertainties in estimating the amount and value of services, the quality and specificity of
data and modeling used to estimate services, potential tradeoffs with other disservices
such as increased water consumption and allergen production, and the capacity of
vegetation C uptake to meaningfully offset comparatively large local fossil C emissions
(Pataki, 2013; Pataki et al., 2011; Pincetl et al., 2013). There is moreover little support,
beyond fairly generalized models such as UFORE/i-Tree Eco (Nowak et al., 2008), to
help urban decision makers assess current forest services, predict the impacts of urban
greening policies on net greenhouse gas emissions, or optimize the production of multiple

services against their tradeoffs and costs (Escobedo et al., 2011).

Ecosystem services are a product of ecosystem functions, like evapotranspiration
or C uptake, that serve human wellbeing, and as such take place in a specific
spatiotemporal setting (Escobedo et al., 2011). Many of the services performed by urban
ecosystems relevant in climate change mitigation and resiliency planning are related to
the amount of live tree biomass present, its rate of growth, and canopy cover and volume
(Nowak et al., 2008; Ziter et al., 2019). These services are generated within
heterogeneous forest or “savannah-like” ecosystems, the structure and function of which
are determined by biophysical setting, human socioeconomic spatial patterns, and
inherited legacies of historic and ongoing human activity (Dobbs et al., 2017; Ossola and
Hopton, 2018; Roman et al., 2018). Given its complexity and recency as a study domain,

our understanding of urban forest function and its spatial distribution contains
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considerable uncertainty, reflected in results from urban studies that contradict
expectations derived from rural analogues. Despite some ambiguity in definition, “urban”
ecosystems can contain substantial biomass concentrations, varying widely with land
cover and use (Davies et al., 2011; Raciti et al., 2012; Rao et al., 2013). Tree canopy
morphology may differ notably in the same species grown in different cities and between
urban- and rural-grown individuals (McPherson and Peper, 2012). Growth rates in street-
and park trees can exceed or fall short of comparable trees in nearby rural settings (Briber
et al., 2015; Gregg et al., 2003; Pretzsch et al., 2017; Searle et al., 2012), while mortality
rates tend to be higher in smaller diameter- and street trees (Roman et al., 2014; Smith et
al., 2019). Tree growth in remnant urban forest fragments can be significantly enhanced
near canopy edges (Reinmann and Hutyra, 2017). Growing seasons under the influence
of the urban heat island effect may be longer than nearby rural areas (Melaas et al.,

2016).

Existing studies of urban forest growth and C uptake contain uncertainties in
accounting for local urban-specific growth rates and the spatial arrangement or extent of
tree cover. Several studies estimating services from urban trees have used the Urban
Forest Effects (UFORE) model (Nowak et al., 2008), scaling plot-level tree
measurements to the broader urban landscape using spatial proxies like mapped land
use/cover classes and applying generic corrections for urban-related growth effects
(Escobedo and Nowak, 2009; Nowak et al., 2013; Strohbach et al., 2012). A study of tree
C storage and sequestration in Los Angeles and Sacramento scaled plot-level biomass
inventories to canopy coverage as determined from 2.4 m resolution satellite

observations, but lacked error estimation and relied upon generalized growth projections
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to determine annual C uptake (McPherson et al., 2013). Other studies have only partially
estimated C storage and uptake via inventory of sub-populations of urban trees such as
street trees or greenspaces (Brack, 2002; Russo et al., 2014; van Doorn and McPherson,
2018). As part of their CO> emissions inventory for Salt Lake City Pataki et al. (2009)
used a simple age cohort-based growth model for tree biomass C uptake derived from
local tree inventory data, with forest extent determined from 30 m spatial resolution
Landsat imagery. Other research has estimated temporal change in urban C storage with
historical land conversion (Hutyra et al., 2011), and projected future functional shifts
under varying mortality and recruitment scenarios for specific tree sub-populations

(Smith et al., 2019).

Working from a photosynthetic light-use efficiency framework, several other
studies have attempted to model urban vegetation C uptake based in part on light
absorption: Miller et al. (2018) estimated gross primary productivity (a C flux not
accounting for plant respiration losses) across the city of Minneapolis, Minnesota, based
on limited sapflow and eddy covariance measurements corresponding to broad vegetation
functional groups (e.g. deciduous trees, turf). They then scaled results spatially based on
high-resolution classification maps of vegetation and land cover. Urban
micrometeorological studies have partitioned C fluxes limited to the vicinity of
measurement towers into vegetation components by adjusting for photosynthetic light
absorption (Bellucco et al., 2017; Crawford et al., 2011). Urban vegetation C uptake has
been estimated across urbanized areas via light-use models driven by coarse-scale
remote-sensing data, but without reference to local observations of vegetation C uptake

(Hardiman et al., 2017; Imhoff et al., 2004). Other research has estimated temporal



156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

change in urban C storage with historical land conversion (Hutyra et al., 2011), and
projected future functional shifts under varying mortality and recruitment scenarios for
specific tree sub-populations (Smith et al., 2019). However, a complete and adequately
spatially resolved understanding of urban ecosystem function, incorporating empirical
measures of urban forest extent, productivity, and structure, remains elusive., along with
a In addition, this knowledge gap impedes a clear understanding of the potential to

optimize urban ecosystem functions via policy.

Effective municipal climate preparedness and protection of urban environmental
quality requires a more precise understanding of the local ecosystem functions like C
storage and canopy coverage that drive critical services provision. Improved estimates of
urban ecosystem function require knowledge of the spatial distribution and growth
dynamics of the urban forest. This study combines local observations of tree growth and
its relationship to canopy fragmentation with high-resolution maps of biomass and
canopy distribution to estimate annual long-lived biomass C uptake in the urban
landscape of Boston, Massachusetts. For contrast to estimates grounded in rural forest
ecosystem function, we compare our urban-specific results to estimates based on tree
growth measured in nearby rural forests. We finally simulate three policies differentially
affecting the recruitment and mortality of urban trees to predict future potential
trajectories of C uptake, biomass, and canopy cover change through 2040. Improving
estimates of these indicators will deepen our understanding urban ecosystem functioning,
and highlight the potential effects of green infrastructure policies on climate mitigation

and preparedness, with the city of Boston as a specific test case.

2 Methods
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2.1 Study area geodata

To develop our estimate of biomass C storage in Boston’s urban trees, we
employed a 1 m resolution gridded map of aboveground woody biomass and canopy
presence for the municipal boundaries of Boston, Massachusetts, prepared using satellite
multispectral and aerial LIDAR observations in the summer of 2006-2007 (Figure 1)
(Raciti et al., 2014). We classified canopy pixels according to their pixel buffer distance
from canopy patch edges using the Expand tool in ArcMap 10.4 (ESRI, 2014), with all
pixels within 10 pixels (approximately 10 m) of a canopy edge classified as “edge”
canopy. We combined biomass, canopy, and canopy edge maps with 1 m maps of land-
use/land-cover (LULC) classification and impervious surface presence/absence prepared
from aerial photographs (MassGIS, 2005). The LULC categories were Forest, Developed
(non residential), High Density Residential, Low Density Residential, Other Vegetated,
and Water, simplified from the LULC classification scheme used by MassGIS (2005)
(Table S1). To represent tree-scale and larger ecosystem dynamics, we then aggregated
the data to generate 30 m spatial resolution gridded maps of total biomass, fractional
canopy and canopy edge area, fractional impervious area, and LULC classification by
greatest combined class area per pixel. We also examined the sensitivity of estimates to
differing spatial methods for evaluating pixel-level biomass density. We calculated
biomass density at the 30 m pixel scale (MgC ha!) as (1) the biomass C present versus
pixel area under tree canopy (canopy basis) (e.g. Nowak et al., 2013); (2) biomass C
versus total pixel area (ground basis) (e.g. Ouimette et al., 2018); and (3) biomass C

versus non-paved pixel area (pervious basis).
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Figure 1: Boston study area showing tree canopy area (green).

2.2 Tree growth data

A linear mixed-model framework was used to estimate the relationship between
stem diameter at breast height (DBH, cm) and growth rate (cm tree! yr!) for
measurements of trees growing in rural forests (Rural Forest), urban forest fragments
(Urban Forest), and open-grown street, park, and backyard trees (Street Tree) (Table S2).
The Rural Forest growth model was based on repeated stem DBH measurements (n =
6,710 stems) from 2003—-2015 in plots monitored under the USDA’s Forest Inventory
Analysis (FIA) program (USDA, 2019). The Urban Forest model was based on
measurements in 2015 from eight forested test plots (n = 425 stems) located in nearby
suburbs of Boston, subdivided based on their distance from long-lived canopy edges
(<10m, 10-20 m, 20-30 m) (Reinmann and Hutyra, 2017). Rate of DBH change for

Urban Forest was determined based on increment cores taken from a subset of stems in

10
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each plot (n = 195 cores). The Street Tree growth model was based on repeated
measurements of stem DBH obtained for healthy live trees (n = 2,592 stems) growing
along public rights-of-way in several zones across the city of Boston in 2006 and 2014
(Smith et al., 2019). Complete data collection protocols and discussion of model

construction are available in the Supplemental.

2.3 Growth modeling

We used stem growth rates taken from the Rural Forest and Urban Forest models
with the measured DBH of living stems present, via allometric equations, to determine
the relationship between areal aboveground woody biomass density per test plot (MgC
ha!) and its corresponding relative biomass gain rate (MgC yr'! per MgC-biomass)
(Tables S2 and S3; See Supplemental for allometric equations used and discussion of
areal-basis growth model estimation). We then used the areal-basis growth models to
predict annual rate of C gain in aboveground woody biomass for each 30 m map pixel by
estimating relative biomass gain rate based on pixel biomass density, then multiplying the
predicted biomass gain rate by pixel tree biomass C (MgC) to determine pixel annual
biomass C gain (MgC pixel! yr!), with 1,000 bootstrap resamples of coefficients in the
areal-basis models to estimate error. For the Urban Forest model, growth factors and
biomass gain were estimated for the canopy edge (<10m) and interior (10-30 m) biomass
component of each pixel separately, using only the per-ha-canopy areal basis for biomass

density.

Because of the sampling design of the Street Tree observations it was not possible
to directly estimate an areal-basis model for biomass growth. As an alternative, for each

pixel a collection of tree stems was simulated by randomly drawing (with replacement) a

11
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selection of stems from the Street Tree DBH measurements taken in the city of Boston
(2,592 tree records). Valid stem collections approximated biomass to within the smaller
of 100 kg or 10% of pixel total biomass (canopy area basis). Tree number per pixel was
not fixed but tree collections were constrained to a total maximum basal area of 40 m? per
ha of pixel canopy area (Reinmann and Hutyra, 2017). This simulation method was
repeated to obtain 100 valid collections per pixel, recording DBH and taxon for each tree
in each collection. (See Supplemental on simulation of pixel-level stem collections). The
Street Tree stem growth model was then applied to a randomly chosen pixel stem
collection, using urban-specific allometric equations to estimate biomass change
(McPherson et al., 2016) (Table S4). This estimation approach was repeated for every
pixel with 1,000 bootstrap resamples of the simulated stem collections and coefficients of
the stem growth model, with the same growth model applied to all pixels in each
resample. To complete the map-wide estimate of annual biomass C uptake, a composite
“Hybrid Urban” estimate was generated by combining outputs of the Urban Forest model
in pixels classed as “Forest” or containing >111 MgC ha! biomass with outputs of the
Street Tree model for all other non-forest pixel types. This cutoff corresponded
approximately to the biomass density of local rural forests (Fahey et al., 2005; Magill et
al., 2004), and the threshold past which estimation based on the Street Tree simulation
approach became computationally impractical. The Hybrid Urban results were contrasted
to the annual biomass C uptake estimated using the Rural Forest model under both the

canopy basis and ground basis for calculating biomass density.

2.4 Policy Projections

12
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Three alternate scenarios for policies affecting urban ecosystem function were
projected for 2006—2040 based on the simulated collections of street tree stems contained
in Developed, HD Residential, and LD Residential pixels with <111 MgC ha™!' (77,955
pixels total). The three scenarios were: 1) Business as Usual (BAU) in which the 2006—
2007 pixel simulations were projected to 2040 under assumptions of mortality risk and
stem growth rate described above; 2) Preserve Largest (PL), in which mortality for all
trees >40 cm DBH was reduced by 50% relative to their measured size-based annual
mortality risk (Smith et al., 2019); and 3) Street Tree Planting (STP) in which
approximately 170,000 small (5 cm DBH) street trees were added to the map total over
the first 10 projection years, the maximum plausible ceiling of new trees that could be
added based on the total non-canopied area available adjacent to Boston’s surface streets.

(See Supplemental for discussion of identifying plantable road buffer space).

For each pixel a randomly selected simulated stem collection was subjected to
annual size-based mortality risk (Smith et al., 2019) and predicted growth rate based on
the Street Tree growth model. In pixels in which a tree mortality occurred, or pixels
under the STP scenario that simulated a new tree planting, new or replacement trees were
simulated with 5 cm DBH and a taxon randomly selected from the Street Tree survey
record. The trajectory of annual biomass growth, total biomass, stem number, and canopy
area was projected for each policy for each scenario year. Each scenario timeline was run
with 100 bootstrap resamples of the stem growth model coefficients applied uniformly
across scenarios to provide an uncertainty distribution for each metric while remaining
computationally tractable (See Supplemental for discussion of on procedures used for

policy projection).
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2.5 Analysis

We evaluated the significance of fixed effects in mixed models using a drop-one
Chi-square test, with final models including the lowest-order polynomial with all terms
significant (p < 0.05) (Zurr et al., 2011). Models were selected parsimoniously to include
only significant terms and their lowest-order significant polynomials. Random effects for
available covariates were fit for intercepts, as well as for slope terms whenever possible
(Table S2). All data processing was performed in ArcMap 10.4 (ESRI, 2014) and in the R
software package (R Core Team, 2017) including the packages Ime4 (Bates et al., 2015),
raster (Hijmans, 2017), data.table (Dowle and Srinivasan, 2017), and rgdal (Bivand et
al., 2017). Due to skewed distributions, median values were reported with upper and
lower limits of the central 95% of values, and growth models were reported with

Residual Standard Deviance (RSD) as an indicator of fit.

3 Results and Discussion

3.1 Urban forest structure and distribution

Between LULC types there were distinct differences in the distribution of canopy
area, degree of canopy fragmentation, and tree biomass, all of which can be expected to
influence the annual rate of long-term C uptake to biomass. Canopy covered 25% of the
total study area, of which 85% was within 10 m of an edge, the approximate equivalent of
the width of 1-2 mature tree crowns (Pretzsch et al., 2015) (Figure 2). Developed and
High-Density Residential areas covered 38% and 39% of the study area, respectively,
containing 15% and 46% of total canopy area, of which 97% and 98% was within 10 m

of an edge (Table S5). Areas classed Forest occupied only 8% of the study area, but
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contained 26% of the total urban canopy and 32% of total biomass, of which only 50%

was within 10 m of an edge.

The distribution of biomass and canopy coverage implies that while small tracts
of Forest-classed land in Boston provide a disproportionate share of services related to
canopy and biomass, trees present in the more extensive areas of human-dominated land
cover also make a large contribution. Unlike in Forest-classed land, however, trees
distributed in these developed and residential areas are likely to function nearly entirely
under scattered open-grown condition. Additionally, 50% of biomass in even relatively
intact Forest areas still may be under the influence of canopy edge effects. The co-
occurrence of both fragments of clustered forest with extensive canopy edges and open-
canopy scattered trees suggests that both types of growing contexts need to be accounted

for in estimating urban forest ecosystem function.
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Figure 2: Land-use/land-cover and distribution of canopy area by distance from canopy edge in

Boston study area.
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3.2 Biomass gain in urban growth contexts

Local stem growth measurements showed growing context had an effect on
annual rate of biomass gain per stem, indicating that urban trees may be expected to
exhibit different C uptake dynamics depending on setting, and differing from local
closed-canopy rural forests. Tree stem growth rate was highest and most variable in
Street Trees, with median annual growth rate of 0.73 (-0.49-2.22) cm tree™! yr!
corresponding to median DBH of 25.9 (7.6-71.1) cm. The best-fit mixed model for Street
Tree stem growth (RSD = 0.59) showed a significant decline in annual DBH increment
with increasing DBH (Figure 3; Table S2). In Urban Forest trees, median DBH increment
of edge (<10 m) and interior stems was 0.45 (0.09-1.10) and 0.30 (0.06-0.71) cm tree"!
yr!, corresponding to median DBH of 18.7 (6.3-64.1) cm and 18.8 (7.3—40.7) cm,
respectively. The Urban Forest model (RSD = 0.08) predicted faster stem growth than the
Rural Forest model, and included a significant predicted increase in growth in stems
growing within 10 m of a canopy edge. Growth rates in Street Trees and Urban Forest
stems were comparable to the range observed for other trees growing along streets and in
green spaces in Bolzano, Italy, (Russo et al., 2014); Leipzig, Germany (Strohbach et al.,

2012); and Boston, USA (Briber et al., 2015).

In contrast to the urban-specific growth models, the Rural Forest model (RSD =
0.19) predicted slower stem growth than Urban Forest or Street Trees, with median
growth rate of 0.20 (0-0.64) cm tree’! yr'!, corresponding to median DBH 22.6 (13.0-
52.1) cm. The range and median of stem DBH in each growth context were similar,
except for a lack of trees 5-12 cm DBH range in the Rural Forest due to sampling design.

Unlike the Rural- and Urban Forest samples, the Street Tree sample included few
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conifers and a relatively large fraction of non-local taxa, including members of Ginkgo,

Gleditsia, Pyrus, Tilia and Zelkova (Table S4).

Rural Forest 2003-2015 Urban Forest 1989-2015 Street Trees 2006-2014
21 A 21 B Tree position 21 C
E- E- Edge <10 m \‘S-
£ £ Interior £
o o o
£ b £ b E " \_’
3 3 H]
o o 2
G / G \ s
5 0 5 04 g 04
[ o )
-1 -1 —14
0 20 40 60 8 100 0 20 40 60 8 100 0 20 40 60 80 100
Stem DBH (cm) Stem DBH (cm) Stem DBH (cm)

Figure 3: Stem DBH and DBH increment for Rural Forest (A), Urban Forest (B) and Street Tree (C)
contexts. Lines show best-fit growth model and shaded area shows 95% confidence interval, and for
Urban trees are shaded to show model fit for trees at Edge <10 m (light) and Interior (dark)

positions.

Projecting modeled stem growth rates for stems >5 cm DBH, median areal-basis
growth rate in Urban Forest plots was 0.035 (-0.009-0.062) MgC yr'! per MgC-biomass
in edge subplots (<10 m) and 0.024 (-0.010-0.054) MgC yr! per MgC-biomass in
interior subplots (10-30 m) (Table S2). In the final map calculations, pixel-level growth
growth predictions under the Urban Forest model were restricted to a range of £1 SD of
the projected maximum and minimum plot-basis growth rates estimated across stem
growth models, and estimated uptake values less than 10 kgC yr'! were set to 0
(Supplemental). These growth rates corresponded to plot biomass density of 103.7 (87.8—
292.4) and 87.5 (53.8-167.0) MgC ha™! in edge and interior subplots, respectively, based

on the total biomass in stems >5 cm DBH measured in 2015 in each plot. Both edge and
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interior subplots showed a significant negative effect of biomass density on areal-basis
growth rate, with a significantly lower intercept for interior plots. In Rural Forest plots,
areal-basis biomass growth rate was 0.018 (0.004-0.069) MgC yr! per MgC-biomass
with median plot biomass density of 86.4 (33.6-193.0) MgC ha'. Rural Forest plots
showed a significant negative effect in log-biomass growth rate with increasing plot

biomass density.

3.3 Effect of biomass density areal basis

This study used areal biomass density (MgC ha™) to predict local C uptake rate to
long-lived biomass. In non-urban forest ecosystems this areal biomass density is in part a
product of stand age and successional status, which are also predictive of the rate of net
biomass gain in the stand (Ryan et al., 1997). In the scattered canopy and mixed
impervious cover of Boston’s urban forest, however, the areal basis used in determining
biomass density for any given pixel faced potential ambiguity, making the calculated C
uptake sensitive to the areal standard chosen. An example of typical discontinuous urban
canopy in the study area shows that at moderate levels of both canopy and impervious
cover, estimates of biomass density in a given area varied from 22.4 MgC per ha-ground
to 89.0 MgC per ha-canopy to 179.3 MgC per ha-pervious (Figure 4). In the same sample
area mean Landsat 30 m NDVI was 0.40 (0.22-0.57), comparable to partially vegetated
areas, though the area contains appreciable biomass. The comparatively low biomass
density on a per-ha-ground basis stood in contrast to the per-ha-pervious density basis,
showing unrealistically high biomass density probably resulting from large areas of tree

biomass growing over impervious cover.
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Because of this areal-basis ambiguity, Rural Forest results using the ground-basis
(raw pixel area) for biomass density gave a higher total estimate for biomass C uptake
than canopy-basis calculations (Table 1). This result, while closer to the Hybrid Forest
model accounting for urban growth rates and growing context, likely does not reflect
underlying urban-affected ecosystem dynamics but is rather an artifact of the calculation
basis. The lower biomass density calculated on the ground-basis would tend to generate
higher predicted rates of relative biomass gain per pixel, with growth parameters more
akin to an early stage of forest succession containing more, smaller, faster-growing trees

rather than reflecting the true condition of fewer, discontinuous, larger trees.

South End
Canopy: 25% (100% edge)
% | Impervious: 88%

NDVI: 0.40 (0.22-0.57)
Biomass Density, MgC ha:
Ground area 20.4
Canopy area 89.0
Pervious area 179.3

w 0 2 4 -] 12;“n 03080 120 180 2-1&

| E canopy parv. - nonveg. impery r | V. per

b B canopy imperv. [ nonveg, perv. [ water

Figure 4: (A) Distribution of vegetation and cover in the study area; (B) Aerial photo of inset area in
South End neighborhood (courtesy of USDA National Agriculture Imagery Program); (C) Vegetation
and cover type in inset: Canopy over pervious, canopy over impervious, non-vegetated impervious,

non-vegetated pervious, vegetated pervious (non-canopy), and open water. Text figures correspond

to features of inset area.

3.4 Estimates of annual biomass C uptake
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Applying the combined Hybrid Urban model to tree biomass distribution across
the city of Boston, we estimated considerably higher annual tree biomass C uptake
compared to estimates based on rural growth rates (Rural Forest). The Hybrid Urban
model estimated C uptake to long-lived biomass of 10.9 (6.7-16.2) GgC yr'!, with a
median uptake rate per pixel of 0.5 (0-3.1) MgC ha™! yr! across the study area (Table 1).
The largest total biomass gains accrued to the Forest, Developed, and HD Residential
land use types. By comparison, applying Rural Forest growth factors to per-ha-canopy
biomass density showed lower biomass gain in all land use categories, with a median
total of 4.8 (3.6-6.4) GgC yr! and a greater relative fraction of total biomass gain
accruing to Forest-classed areas. This reduced estimate of C uptake, particularly in non-
Forest cover types, is partly the result of lower per-stem and per-area biomass gain in
Rural Forest context than in Urban Forest or Street Trees. In contrast to C uptake on the
basis of ground area, aggregating to the total amount of canopy area city-wide shows
annual biomass uptake figures were 3.5 (2.1-5.2) MgC per ha-canopy in the Hybrid
Urban compared to 1.5 (1.1-2.0) MgC per ha-canopy in the Rural Forest model. The
Hybrid Urban results are somewhat lower than tree C uptake per ha-canopy estimated in
Los Angeles and Sacramento (McPherson et al., 2013), but may reflect the effects of
different species present, growing season length, and climatic conditions. The California
study does, however, confirm the relatively high C uptake potential of trees present in
mature residential neighborhoods. In contrast, the C uptake estimates from this study are
generally higher than the estimate reported for the city of Boston developed under the
UFORE method of 2.3 (1.8-2.8) MgC per ha-canopy (Nowak et al., 2013). The Rural

Forest model applied to per-ha-ground biomass density produced somewhat higher map-
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wide total C uptake estimates (Table 1) and higher median estimates of C uptake per

pixel (not shown), but this was likely an artifact of the biomass density calculation.

Table 1: Estimated city-wide annual biomass C uptake, and distribution of median per-pixel rate of C

uptake (central 95%). Relative areas of LULC types are Forest: 8%; Developed: 38%; HD Resid.: 39%;

LD Resid. 2%; Other Veg.: 11%; Water: 2%; Total area: 12,455 ha (See Table S5).

Median pixel C uptake
Biomass C uptake (GgC yr') (MgC ha' yrt)

Land Rural Forest, Rural Forest, Rural Forest,

use/cover | Hybrid Urban canopy basis ground basis Hybrid Urban  canopy basis
Forest 22(1.0-5.0) 1.2(0.9-1.7) 1.4(1.1-1.9) [2.2(0.6-35) 1.3(0.3-1.6)
Developed [1.8(1.0-2.5) 0.7(0.5-0.9) 1.1 (0.9-1.4) [0.1(0-2.1) 0 (0-1.0)
HD Resid. [5.3 (2.9-7.8) 2.2 (1.7-3.0) 3.5(2.8-4.3) 0.9 (0-2.7) 0.4 (0-1.3)
LD Resid. [0.4 (0.2-0.6) 0.2(0.1-0.2)  0.2(0.2-0.3) [1.5(0.2-3.5) 0.7 (0-1.4)
Other Veg. |1.0 (0.6-1.4) 0.4 (0.3-0.5) 0.6 (0.5-0.8) 0.3 (0-3.2) 0.1 (0-1.3)
Water 0.1 (0-0.1) 0 (0-0) 0 (0-0.1) 0 (0-2.5) 0 (0-0.1)
Total 10.9 (6.7-16.2) 4.8(3.6-6.4) 7.0 (5.6-8.7) [0.5(0-3.1) 0.2 (0-1.5)
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Figure 5: Pixel median biomass C uptake rate (MgC ha! yr!) for
Hybrid Urban model (dark) and Rural Forest model, canopy basis
(light). Box width is proportional to total area of LULC (outliers

not shown).

The distribution of pixel median estimates was higher in every LULC category
under the Hybrid Urban model (Figure 5). Much of the variation among LULC categories
in per-pixel median C uptake was a result of the underlying distributions of pixel
biomass. However, persistently higher growth rates modeled for street trees and urban
forest fragments in the Hybrid Urban model also contributed to both greater overall
spread in per-pixel estimates and higher median biomass C uptake in each LULC
category. Much of the HD- and LD Residential pixel population had estimated C uptake
at least as large as Forest-classed pixels, even after accounting for higher growth in forest

edge biomass. The potential for large biomass C uptake rates in some high-biomass non-
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forest pixels implies that parts of urban Boston not recognized as forested may be

responsible for as at least as much C uptake per ha as local urban forest fragments.

3.5 Policy effects on ecosystem function

Policies for preserving larger trees (PL) and for
expanding street trees numbers in plantable roadside
areas (STP) resulted in differential gains in biomass C
uptake, total biomass, and canopy cover by 2040
relative to Business-as-usual BAU, had these different
policies been implemented starting in 2006 (Figure 6).
Median projected annual C uptake by 2040 was highest
under STP at 7.1 (3.6-11.8) GgC yr'! and rose relatively
rapidly over the initial 10 years of simulated tree
planting, but also continued to rise under PL up to 6.7
(2.8-14.1) GgC yr!, compared to BAU which declined
slowly to 5.9 (2.9-10.4) GgC yr™'. In contrast, projected
biomass and change in canopy cover change relative to
2006 both rose most mostly rapidly under PL, reaching a
median of 236 (148-343) GgC and +25% (-6-54%),

compared to more modest increases under STP to 191

Annual C uptake

Biomass C gain [(GgCiyr)

Year

Tree Biomass
2401

Standing Biomass [GgC)

Canopy Area

Scenario

04 ™ BAU

= 5TP
PL

% Canopy change vs. 2006

Figure 1: Median projections of annual net C
uptake (top), total tree biomass (middle) and
change in canopy area from 2006-2040
(bottom) in non-forested Developed, HD
Residential, and LD residential pixels.
Scenarios tested were Business-as-usual
(BAU), Preserve Largest (PL) and Street Tree
Planting (STP) from 2006-2040.

(129-257) GgC and +15% (-8-37%) by 2040, respectively. Under BAU by comparison,

2040 median projected biomass remained roughly stable at 173 (117-235) GgC, and

showed a median stable canopy cover change of 0% (-20-20%). The variability in the

projected results reflects the stochastic occurrence of individual tree mortalities in each
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pixel simulation, variability in the simulated collections of tree stems present at the pixel

level, and estimation error in the underlying Street Tree growth model.

Differential changes in urban forest demographics likely caused these divergent
policy effects on the ecosystem functional metrics. Under the PL policy, simulator results
from 2006-2040 showed the cumulative sum of mortality events was lower (487 x 10°
[473-508 % 10°]) and final 2040 city-wide number of living trees was somewhat higher
(552 % 10° [550-554 x 10°]) compared to BAU mortalities (583 x 10° [578-592 x 10°]),
and final number (546 x 103 [545-548 x 103]). These results likely reflect the reduction
in tree mortality and higher equilibrium tree population expected under PL as the
simulated tree populations matured into larger DBH classes >40 cm with lower mortality
as a result of the policy. Since the policy simulations all assumed complete replacement
of dead trees with new small trees, total mortalities could be comparable to the total
number of living trees as the result of this ongoing turnover in the tree population
(Supplemental). The greater percentage of high-biomass/high-canopy area trees under PL
is therefore likely the cause of the greater projected gains in 2040 biomass and relative
canopy change. In contrast, under the STP policy median tree number expanded to 666 x
103 (665-668 x 10%) with 126 x 103 (125-126 x 10%) new live stems installed in suitable
areas of road buffer. Though these greater stem numbers lifted total mortalities under
STP (700 x 10 [694-708 x 103]), the addition of new growing biomass also caused
median annual biomass C uptake by 2040 to exceed median uptake under PL. However,
the addition of smaller trees under STP was not sufficient to surpass the median projected
gains in live biomass and canopy cover predicted with the shift to a higher fraction of

larger trees under PL. Overall stability, or potential loss, in canopy cover and biomass C
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uptake in the absence of these policy interventions under BAU, even with prompt and
complete replanting of mortalities, could be a product of mortality losses of vulnerable
larger trees causing a demographic shift towards smaller more recently planted stems

(Smith et al., 2019).

Our assumption of no canopy overlap or other interferences on canopy area
growth may not hold in in areas with high tree or building density, and canopy area may
be less precisely estimated at the extreme upper end of the range of individual stem DBH.
The prediction of a continued strong upward trend in growth in canopy area under PL
may as a consequence somewhat overestimate the potential for continuous expansion in
canopy cover as the result of continuous canopy growth in large-diameter trees across the
city. Similarly with annual C uptake and total biomass, there is likely an upper limit to
the size and growth rate of large urban trees that would imply that the continued positive
trends in these metrics under PL may not be maintained over a sufficiently long time
scale. Conversely, the positive functional trends under STP represent the outcomes of an
aggressive program of tree expansion, simultaneous with the complete replacement of
ongoing tree mortalities. The practical efficacy of potential of tree planting programs in
Boston and elsewhere remain uncertain and the topic of study (Danford et al., 2014;
O’Neil-Dunne, 2017). The functional trends under PL and STP may therefore represent
the upper envelope for the magnitude of impacts under policies similar to these. While
marginal adjustments to the assumptions of the projections might alter the relative
performances of PL and STP, the simulation results do suggest, however, that either
policy intervention would lead to greater values in these ecosystem functional metrics

relative to BAU over time.
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4 Conclusions

The results of this study highlight the impact that altered ecosystem functions in
urbanized landscapes might have on some of the services performed by urban vegetation.
Scaling up local measurements of stem growth rate with reference to canopy
configuration, we find that estimated biomass C uptake in the city of Boston could be
substantially greater than estimates treating tree growth as similar to rural forest
analogues. Accounting for this urban growth context in C uptake requires putting
traditional ecosystem metrics like biomass density and canopy edge configuration into its
realistic spatial context, given the heterogeneity and fragmented nature of the urban
forest. These differences in function have implications for municipal policy toward
managing and optimizing their services. Projecting different urban tree policies through
2040, we find that preserving larger trees may tend to maximize the functions of canopy
cover and biomass C storage, while new tree planting may help maximize biomass C
uptake capacity. The present uncertainties in quantifying urban ecosystem function or in
predicting responses to policy call for more complete and frequent monitoring of basic
indicators of urban forest function, such as regular urban street tree census and aerial

observations of canopy extent (O’Neil-Dunne, 2017).

Though remaining forest fragments in Boston contained a relatively large fraction
of total biomass and canopy coverage given their small areas, the bulk of urban tree
biomass was present in densely developed residential areas. As such, this type of land
cover/use is likely to host to a significant portion of some of the ecosystem services
provided by the city’s urban trees. The large extent of this open-canopy “urban savannah”

dominated by trees in planters, private yards, and along streets implies that municipal-
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scale policy focused only on identifiable green spaces like parks and preserves will fail to
address services provision by a large portion of urban tree biomass and canopy extent—
particularly services like temperature moderation whose value is limited by proximity to
people (Ziter et al., 2019). The results of our policy projections offer hope that optimizing
local ecosystem services could be achieved by addressing uniquely urban factors of tree
growth and demographics, such as heightened mortality, uneven stand age structure, and
simple lack of trees in available growing space. In addition, the finding of potentially
declining functional indicators under a “Business-as-Usual” policy prescription also
underlines the reality that urban forests are dynamic systems, facing both the combined
effects of changing global climate and intensifying local urban climate effects. Even
maintaining present services may require active social intervention over the next few

decades.

Our study suggests that though biogenic C uptake in some parts of the city may be
comparable to rates in intact forest, these localized C sinks do not in sum amount to a
large overall offset to Boston’s CO: emissions, with annual tree CO2-equivalent uptake at
a maximum of 0.8% of the total 6.9 million tonnes of CO;-eq emissions for the city in
2016 (City of Boston, 2016). On the other hand, cities that have made emissions
reductions pledges also face the need to monitor progress towards these goals.
Unfortunately, atmospheric methods under development for monitoring regional urban
CO: emissions still face considerable ambiguity during the growing season due to
interference from poorly quantified and spatially resolved urban biogenic C fluxes
(Sargent et al., 2018). Resolving and contextualizing these potent but spatiotemporally

localized sinks (Hardiman et al., 2017; Miller et al., 2018), could directly benefit these
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emissions monitoring efforts. A more complete accounting of urban biogenic C flux
would estimate not only short- and long-term C uptake by tree tissues but also non-tree
vegetation C uptake, while incorporating auto- and heterotrophic respiration C release
processes that also vary in time and space and in response to specific urban conditions
(Decina et al., 2016; Wang et al., 2017). Future research should quantify these important
urban biogenic C flux components and their relationships with urban forest ecosystem
services more broadly to provide an improved spatiotemporal picture of urban
biogeochemical C cycling—one that will advance our capacity to monitor anthropogenic
C emissions and better assess progress in mounting municipal-scale climate change

responses.
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