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Expansion of human settlements is an important driver of global environmental change that causes land use and
land cover change (LULCC) and alters the biophysical nature of the landscape and climate. We use the state of
Massachusetts, United States (U.S.) to present a novel approach to quantifying the effects of projected expansion
of human settlements on the biophysical nature of the landscape.We integrate nationally available datasets with
the U.S. Environmental Protection Agency's Integrated Climate and Land Use Scenarios model to model albedo
and C storage and uptake by forests and vegetation within human settlements. Our results indicate a 4.4 to
14% decline in forest cover and a 35 to 40% increase in developed land between 2005 and 2050, with large spatial
variability. LULCC is projected to reduce rates of forest C sequestration, but our results suggest that vegetation
within human settlements has the potential to offset a substantial proportion of the decline in the forest C sink
and may comprise up to 35% of the terrestrial C sink by 2050. Changes in albedo and terrestrial C fluxes are
expected to result in a global warming potential (GWP) of +0.13 Mg CO2–C-equivalence ha−1 year−1 under
the baseline trajectory, which is equivalent to 17% of the projected increase in fossil fuel emissions. Changes in
terrestrial C fluxes are generally the most important driver of the increase in GWP, but albedo change becomes
an increasingly important component where housing densities are higher. Expansion of human settlements is
the new face of LULCC and our results indicate that when quantifying the biophysical response it is essential to
consider C uptake by vegetation within human settlements and the spatial variability in the influence of C fluxes
and albedo on changes in GWP.
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1. Introduction

Human alterations to land use and land cover are important drivers
of global environmental change by invoking large perturbations to the
terrestrial carbon (C) cycle and surface energy dynamics (Barnes and
Roy, 2010; Georgescu et al., 2014; Houghton et al., 2012). Fortunately,
global rates of deforestation have stabilized or are declining (Keenan
et al., 2015), however, human settlements are rapidly expanding (Seto
et al., 2012) and becoming the new face of land use and land cover
change (LULCC). The spatial extent of many of the world's largest cities
increased 16-fold during the 20th century (Angel et al., 2011) due to
rapid population growth andmigration of people from rural areas to cit-
ies (Grimm et al., 2008). Urban lands now cover ~3% of the global land
area (Liu et al., 2014) and are expanding twice as fast as their popula-
tions (Angel et al., 2010, 2011). The extent of urban land cover is expect-
ed to triple between 2000 and 2030 (Seto et al., 2012), but declining
densities of metropolitan areas may expedite growth rates (Angel
et al., 2011). The United States (U.S.) has the largest urban extent of
any country (112,000 km2; Angel et al., 2011) and developed land is
its most rapidly expanding biome (Sleeter et al., 2013; USDA, 2013).
While urban areas have more than doubled between 1950 and 2000,
the extent of exurban development (i.e., just beyond the urban fringe)
has increased five-fold (Brown et al., 2005). Following these trends, by
2025 developed land is projected to comprise 9.2% of the contiguous
U.S., an area nearly the size of Texas (Alig et al., 2004).

Expansion of human settlements is of growing concern because it
results in complex patterns of intermixed vegetated and impervious
surface areas and ecosystem fragmentation that introduce large, and
often permanent, shifts in the biophysical composition of the global
landscape. For example, human settlements can convert landscapes
from a sink to source of C to the atmosphere by reducing biogenic C
uptake and increasing fossil fuel combustion (Imhoff et al., 2004;
Hutyra et al., 2011). Similarly, shifts in albedo following expansion
of human settlements can alter the energy balance and climate at
local, regional and even continental scales (Menon et al., 2010;
Oke, 1973).

Human settlements are increasingly being recognized as an impor-
tant part of the terrestrial C cycle (Churkina et al., 2010; Hutyra et al.,
2014; Pataki et al., 2006), but their effects can be difficult to quantify
due to the heterogeneous nature of development and associated im-
pacts on biogenic C fluxes. In mesic environments, expansion of
human settlement tends to reduce vegetation biomass and C storage.
For example, Raciti et al. (2014) found that biomass C in the City of Bos-
ton, Massachusetts was 75% lower than an intact forest, but there was
considerable spatial variation within the city driven by variations in de-
velopment intensity. Similar effects of development on C storage were
observed in the Seattle, Washington where biomass declined over
time and with proximity to the urban core (Hutyra et al., 2011). In con-
trast, expansion of human settlements in arid environments can in-
crease C storage when native vegetation is replaced with trees and
lawns (e.g., Golubiewski, 2006).

Growing conditions are also often altered as a landscape is devel-
oped. Cultural practices such as watering (Mini et al., 2014) and fertili-
zation as well as increased nitrogen deposition (Rao et al., 2014), CO2

fertilization (Idso et al., 1998) and a longer growing season associated
with the urban heat island effect (Yang et al., 2013) can potentially in-
crease productivity of vegetation in developed landscapes. In contrast,
elevated exposure to pollutants such as ozone can reduce productivity
(Gregg et al., 2003).While little is known about how these factors inter-
act to affect tree growth, recent work suggests that the productivity of
trees can double when the surrounding land is developed (Briber
et al., 2015). Across large geographic areas, vegetation biomass and C
assimilation generally decrease with increasing development intensity
(Zhao et al., 2012) and urbanization has been estimated to reduce U.S.
national annual net primary productivity (NPP) by 1.6%, compared to
the pre-urban era (Imhoff et al., 2004).
As human settlements expand, vegetation and other natural land
covers are replaced with roads, sidewalks, buildings and parking lots.
This process creates a mosaic of surfaces with differing albedo charac-
teristics, which in aggregate, can change the surface energy dynamics
of the landscape (e.g., Georgescu et al., 2014; Sleeter et al., 2013). For ex-
ample, LULCC between 1973 and 2000 was estimated to reduce the al-
bedo of the contiguous U.S. (Barnes and Roy, 2010). However, albedo
values across the continuum of surfaces that exist within a developed
landscape can vary by 50% (Barnes and Roy, 2010; Sailor, 1995). As a re-
sult, expansion of human settlements can warm or cool the local or re-
gional climate depending on the relative abundance and distribution of
different surfaces (Kong et al., 2014).

While the expansion of human settlements clearly affects the terres-
trial C cycle and surface energy budgets at local to global scales, most of
the developed land that will exist by 2050 has yet to be built.While this
may mean that the largest impacts of development are yet to come,
there is also the opportunity for scientists, policymakers and land man-
agers to shape the form and magnitude of these impacts (Georgescu
et al., 2014; Lawler et al., 2014). In recent years, several studies have
improved our understanding of the potential impacts of future human
settlement expansion on U.S. land covers across a range of development
trajectories obtained from the IPCC Special Report on Emissions Scenar-
ios (Bierwagen et al., 2010; Nakicenovic and Swart, 2000; Sohl et al.,
2012, 2014), econometric models (e.g., Radeloff et al., 2012), projec-
tions of cropland demand (e.g., Lawler et al., 2014) and recent patterns
of development (e.g., Thompson et al., 2011). However, these studies
did not explicitly project changes in C fluxes, surface energy dynamics
and global warming potential (GWP) associated with expansion of
human settlements. Seto et al. (2012) projected changes in the global
extent of urban areas, but primarily focused on the C implications of ur-
banization in tropical regions.

The objectives of this study are to a) present an approach to quanti-
fying the effects of projected changes in human settlements on terres-
trial C storage and fluxes, and surface albedo at a spatial resolution
sufficient to aid in policy decision making at the municipal scale, and
b) assess theGWPof these biophysical changes to the landscape.We in-
tegrate nationally available datasets on land cover and forest biometrics
with the U.S. Environmental Protection Agency's (EPA) Integrated Cli-
mate and Land Use Scenarios (ICLUS) model (Bierwagen et al., 2010).
The state of Massachusetts located in the northeastern U.S. is used as
an initial case study to develop this approach because of the existence
of high quality data sets, rapid rates of development in recent history
and its high proportions of both forested and developed land covers,
Massachusetts is simultaneously the eighth most forested and third
most densely populated state in the U.S.

2. Methods

2.1. Study area and land use and land cover history

Massachusetts has a population of 6.7 million people and five cities
with more than 100,000 people with Boston being the most densely
populated city (5151 people km−2; U.S. Census Bureau, 2015). Massa-
chusetts has a humid, continental climate characterized by warm sum-
mers and cold, snowy winters with seasonal temperature ranges
generally increasing from east towest. The capital city, Boston is located
on the east coast of the state has mean monthly temperatures of
−1.7 °C in January and 23.3 °C in July and receives approximately
1100 mm of precipitation, evenly distributed throughout the year
(National Climatic Data Center, 2014). Mixed-deciduous temperate for-
est is the dominant natural land cover type.

Massachusetts, similar to most of the eastern U.S., was nearly entirely
forest prior to European colonization (ca. 1600), but rapid agricultural
expansion reduced forest cover to b30% of the land area by the middle
of the 19th century (Foster and Aber, 2004; Jeon et al., 2014; Fig. 1).
Agricultural abandonment allowed forest cover to increase during the



Fig. 1. Historic and projected future changes in forest cover and population (inset) in
Massachusetts. Note, data presented here from the Continuous Change Detection and
Classification (CCDC) algorithm represent the area of forest lost to development and not
the net change in total forest area. Light gray shading highlights the time period modeled
and the dark gray shading spans the projected range in change in forest area and population
across the development trajectories.
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latter half of the 19th century, in parallel with population growth, until
it peaked at nearly 70% of the land area in 1970. A newwave of defores-
tation began around 1970 as expansion of human settlements began to
directly compete with forests for land. Between 1971 and 1999 forest
cover declined by ~4000 ha year−1 (U.S. Forest Service Forest Inventory
and Analysis Program; FIA), almost entirely for development of residen-
tial housing (Thompson et al., 2014). This trend continued in the 1990s
and 2000s; Jeon et al. (2014) estimated the rate of forest loss driven by
residential and commercial development to be 3100 ha year−1 between
Fig. 2. County-level 2005 population density (a), 2005 forest cover (b) and loss of forest area b
trajectories. Rural Berkshire County and rapidly developing Norfolk County are outlined in bol
1990 and 2000, and 1700 ha year−1 between 2000 and 2005. Currently,
the dominant land cover types (as a proportion of total land area
excluding water) are forest (65%) and developed (26%), with forest
cover declining fromwest to east, inversely related to population density
(Fig. A.1; Fig. 2a,b). Agricultural land comprises 7% of total land area.

2.2. Historical and projected changes in human settlements

We used rates of forest lost to development estimated from satellite
data and reference observations as independent sources for comparison
with the ICLUS-based projections in land cover change. Time series of
Landsat data at 30 m resolution covering Massachusetts were analyzed
using the Continuous Change Detection and Classification (CCDC)
algorithm (Zhu and Woodcock, 2014) to map the annual rate of forest
loss and residential development between 1986 and 2012 (data through
2010 are used in the present study; Olofsson et al., submitted for
publication). Themapwas used to stratify a sample of reference observa-
tions from which rates of land cover change were estimated using
stratified estimation (Olofsson et al., 2013, 2014).

Development through 2050wasmodeled using the U.S. EPAs ICLUS;
ICLUS is freely available online (www.epa.gov/ncea/global/iclus) and
has been previously described by Bierwagen et al. (2010). This model
uses county-level population growth projections from the U.S. Census
Bureau, standard demographic approaches and the Spatially Explicit
Regional Growth Model to develop five different scenarios to project
changes in housing density in the U.S. at a 1 ha resolution. These scenarios
follow the main storylines of the IPCC's Special Report on Emissions
Scenarios (Nakicenovic and Swart, 2000). The model blocks out land
that is considered undevelopable due to legal (e.g., parks and conserva-
tion land) or land cover (e.g., water) restrictions (area modeled by
ICLUS covers 73% of Massachusetts and is hereafter referred to as ‘ICLUS
domain’) and divides the rest of the country into 13 different housing
density categories broadly designated as ‘rural’ (categories 1–4), ‘exurban’
(categories 5–8), ‘suburban’ (categories 9–10) and ‘urban’ (categories 11–
13). Using the ICLUS tools for ArcGIS (v.10.1; ESRI, 2012), we ran the
model from 2005 to 2050 using the baseline growth (BC), high growth
etween 2005 and 2050 for the B1 (low growth; c) and A2 (high growth; d) development
d orange and blue lines, respectively.

http://www.epa.gov/ncea/global/iclus
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(A2) and low growth/sustainability focused (B1) development trajecto-
ries, which together encompass the range in housing density projections.
The first projected year is 2010 andwe ran at 10-year time steps thereaf-
ter. All projected changes in land cover andCpools/fluxes refer to only the
land area within the Massachusetts ICLUS domain, unless otherwise
noted.

2.3. Inferring land cover change from ICLUS housing densities

Using ArcGIS, we intersected the 2006National Land Cover Database
(NLCD; Jin et al., 2013) 30 m resolution land cover layer with the 2005
ICLUS housing density layer to empirically define land cover composition
for each of the 13 different ICLUS housing density categories (Fig. A.2a,b).
NLCD uses the Anderson Land Cover Classification System to define 20
land covers,whichwe consolidated intofive categories: forest, agriculture
(i.e., grassland, pasture and cropland), urban/developed, water and other.
Land cover composition of eachhousing density category (i.e., coverage of
each land cover as a proportion of land area, excluding water) was quan-
tified separately for each of the 14 counties in Massachusetts. Land cover
proportions within a given housing density were assumed to remain
static over time and future changes in land cover were inferred by apply-
ing these land cover proportions to ICLUS projected changes in housing
density. This approach tended to underestimate the annual rate of forest
lost to development obtained from the NLCD 2001 and 2006 land cover
layers. To adjust for this bias we multiplied the ICLUS-based projected
changes in forest area using county-specific scalars (Table A.1) that
were calculated by dividing the NLCD-derived rate of forest lost to devel-
opment by the ICLUS 2005 to 2010 estimate.

2.4. Terrestrial carbon pools and fluxes

We developed an empirically based bookkeeping approach, similar
to those used by Houghton et al. (1983, 1999), to model the effects of
Fig. 3. Expansion of human settlements ca
timber harvesting and projected changes in land cover on aboveground
terrestrial C storage and fluxes. Themodel tracks 10 different C pools in-
cluding C accumulation in biomass of forests and human settlements
and C losses associatedwith timber harvesting and conversion of forests
to human settlements (Fig. 3). Conversion of agricultural land to human
settlements comprises a small proportion of the land developed andwe
assume no net decline in aboveground C storage from this land conver-
sion trajectory following Hutyra et al. (2011).

Forest aboveground live tree biomass density (Mg C ha−1) was
obtained for each county using the Carbon OnLine Estimator tool
(COLE v. 2.0; www.ncasi2.org/GCOLE/gcole.shtml; Van Deusen and
Heath, 2015), which is a web suite of applications that uses FIA plot-
level data to generate a range of user-defined forestry statistics and C
estimates (Heath, 2012; Proctor et al., 2005). The COLE output includes
means, sample size, and standard error for each county. Rates of C accu-
mulation in live aboveground forest biomass between 2005 and 2050
were projected using forest growth curves that were calculated using
a space-for-time substitution approach and quantifying the relationship
between stand age and aboveground biomass from data extracted with
the COLE tool. To account for differences in forest type and area-
weighted site-indices between the 11 counties comprising Mainland
Massachusetts (hereafter ‘Mainland’) and the three counties comprising
Cape Cod and adjacent islands (hereafter ‘Cape and Islands’) we devel-
oped a separate growth curve for each of these two regions. The FIA
forest growth rates (Table A.2) were linear for both the Mainland and
Cape and Islands for the projected ranges in forest age acrossMassachu-
setts. Site indices varied widely among the three counties comprising
the Cape and Islands. Therefore, forest growth rates for each county
were adjusted based on how that county's site index deviated from
the Cape and Islands area-weighted site index (Table A.2). For each
county and time step, C density of forest aboveground live tree biomass
and growth rates were multiplied by forest area to quantify changes
in forest C storage and uptake, respectively. Forest biomass removed
rbon bookkeeping model framework.

http://www.ncasi2.org/GCOLE/gcole.shtml;
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during expansion of human settlement was quantified bymultiplying C
density by the area of forest lost between time steps. InMassachusetts it
is generally not economically viable to commercially harvest and
process timber from parcels being developed and biomass removed is
generally burned or chipped (D. Kittredge, personal communication).
For our bookkeeping model, it was assumed that half of the biomass
removed during development was burned as firewood and half was
left to decompose as slash and wood chips.

Timber harvesting annually affects a small percentage of the forested
area in Massachusetts (b1.5%; McDonald et al., 2006), it was included
for completeness and comparison with expansion of human settlements.
We assume the area harvested, intensity of harvest, and composition and
fate of removals follow the patterns reported by McDonald et al. (2006).

Carbon emissions associated with biomass removed during develop-
ment and harvesting were quantified for each county and time step
using unique C mineralization rates for each C pool. We assumed all C
in burned biomasswas emitted into the atmospherewithin one year. Bio-
mass thatwas left onsite to decompose (i.e., slash andwood chips) aswell
as softwood products, hardwood products and pulp (i.e., paper) were
assumed to lose mass following decay functions described by Russell
et al. (2014) and Hoover et al. (2014), respectively. For all C pools that
were not burned, it was assumed that two-thirds of the C was emitted
into the atmosphere while the remaining one-third was converted to a
long-term turnover pool (Nakane et al., 1996) that was stable for the
duration of the model run.

While the expansion of human settlements removes forest biomass,
some biomass remains onsite as remnant trees and planted ornamen-
tals (Raciti et al., 2012). We assume that the developed proportion of
each housing density category within a county has a biomass C density
proportional to that county's forest biomass C density that is commensu-
rate with those reported by Raciti et al. (2012) for a range in residential
development intensities along an urban to rural gradient in Massachu-
setts. For example, the residential biomass density proportions that we
applied to the 13 different ICLUS housing density categories are: 0.44 ±
0.01 for rural and exurban residential (i.e., b0.5 housing units ha−1;
ICLUS categories 1 to 8), 0.36 ± 0.01 for suburban residential (i.e., 0.5 to
4 housing units ha−1; ICLUS categories 9 and 10) and 0.16 ± 0.04 for
urban residential (i.e., N4 housing units ha−1; ICLUS categories 11 to
13). While the effects of human settlement on the growth rates of
remnant trees is poorly understood, we explored the likely range in resi-
dential tree biomass growth scenarios: a) intensive management of trees
(i.e., pruning and mortality) offsets growth and results in no net C
accumulation in trees of residential areas (hereafter ‘No Urban Tree
Growth’ scenario) and b) no intensive management coupled with
enhanced growing conditions in residential areas (e.g., increased light
and nitrogen availability and a longer growing season) doubles the rate
of net C accumulation in remnant trees relative to forest trees (hereafter
‘2× Urban Tree Growth’ scenario; following results from Briber et al.,
2015).

2.5. Fossil fuel emissions

County-level emissions for off-road, residential and commercial
sectors were calculated using data from the US EPA 2011 National
Emissions Inventory version 1 (U.S. EPA, 2013). Off-road CO2 emissions
are estimated directly and residential and commercial CO emissions
were converted to CO2 using emissions factors from theUSEPAWEBFire
database and the Vulcan 2.0 Methodology Documentation (Gurney
et al., 2009). On-road emissions were obtained from Gately et al.
(2015). Emissions from these four sectors comprised 91% of the total
2010 fossil fuel emissions in Massachusetts and were combined into
one per capita value for fossil fuel emissions for each county. Fossil
fuel CO2 emissions were then projected out to 2050 as a function of
population growth. We include emissions from only these four sectors
because we assume they scale with population at a county-scale while
emissions from other sectors such as industrial, energy production
and air/sea travel do not. The net result is likely a conservative estimate
of emissions, although it assumes no changes in efficiency.

2.6. Albedo

The 500 m resolution MODIS albedo product (MCD43A3) was used
to quantify growing season (June 1 to August 31) albedo of eachhousing
density category. Because ICLUS (100 m) is at a higher resolution than
the MODIS albedo product we only used MODIS pixels that had at
least 66% coverage of a single ICLUS housing density category to calculate
mean and standard error of the albedo value for each housing density
category. Changes in albedo between 2005 and 2050 were converted to
radiative forcing using incoming global solar radiation data measured
from 1991 to 2005 at Harvard Forest in central Massachusetts
(Fitzjarrald and Sakai, 1999). We assumed no geographic variation
in incoming solar radiation.

2.7. Global warming potential

We used the BC (baseline) trajectory to calculate a first approxima-
tion of the GWP from biophysical changes to the landscape associated
with projected expansion of human settlements. Following the
approach in Muñoz et al. (2010) we first calculated top-of-atmosphere
radiative forcing (RFTOA) based on the change in surface albedo from
2005–2050 (Δα), the average solar radiation as measured at Harvard
Forest (158.529 W m−2 for whole-year average, 232.386 W m−2 for
June–August), and assuming an average global atmospheric transmit-
tance factor of 0.854. We then calculated the global CO2 equivalent emis-
sions based on the area of land affected (m2) andRFTOA, assuming a global
airborne fraction of 0.48 (100 year time horizon) and 0.908 W kg CO2

−1

marginal radiative forcing of CO2 emissions at current atmospheric
concentrations. Emissions were normalized to the area of land affected
(Mg CO2–C-eq. ha−1) and to the time horizon of the land-use change
(Mg CO2–C-eq. ha−1 year−1).

2.8. Uncertainty

The ICLUS model itself does not report uncertainty in projected
changes in housing density, but rather provides a series of development
trajectories.We quantified the uncertainty in our conversion of changes
in housing density to changes in land cover, C fluxes and albedo associ-
atedwith each development trajectory. Briefly, 95% confidence intervals
for aboveground biomass C from the COLE tool and Raciti et al. (2012)
were calculated using a normal distribution and the reported means
and standard errors of these variables. Confidence intervals for land
cover proportions and albedo values for each housing density category
were obtained by bootstrapping 1000 times from the full sample of
each housing density category. A root mean square approach was
used to propagate uncertainty for each projected variable. All analysis
was conducted in R version 3.0.2 (R Core Team). Unless noted other-
wise, all reported errors represent 95% confidence intervals.

3. Results

3.1. Recent trends in expansion of human settlements

Expansion of human settlements has resulted in a decline in forest
cover in Massachusetts since the 1970s. The CCDC algorithm suggests
that 3.4% (42,926± 8883 ha) ofMassachusetts' forestlandwas converted
to residential development between1986 and2010 (Fig. 1). However, the
rate of land conversion was not constant over time and more than
doubled from 1,180 (±244) ha year−1, between 1986 and 1998, to
2,397 (±496) ha year−1, between 1998 and 2010. By comparison, our
projections using the ICLUS model indicate slightly higher rates of forest
conversion to development of 2,620 to 2,902 ha year−1 between 2005
and 2010 (Fig. 1). Forest conversion to residential development generally
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increased fromwest to east. For example, between 1986 and 2010 b 0.02
(±0.004)% year−1 of the forest area was converted to residential
development in sparsely populated Berkshire County in western Massa-
chusetts, while 0.31 (±0.06)% year−1 of the forest area was converted
in densely populated Norfolk County in eastern Massachusetts.

3.2. Projected future changes in population, housing density and land cover

Massachusetts population is projected to increase from 6.4 million
people in 2005 to 7.2 (0.3% year−1 increase) and 7.9 (0.5% year−1

increase) million people by 2050 under the BC (baseline) and A2
(high growth) trajectories, respectively (Fig. 1). However, under the
B1 (low growth) trajectory, the population is projected to peak at 6.8
million people by 2030 before slowly declining to 6.6 million people
by 2050. Within the state, the population of Berkshire County in
western Massachusetts is projected to decrease by up to 44% (54000
people;−1% year−1) while the population of Norfolk County in eastern
Massachusetts is projected to increase by up to 10% (70,000 people;
0.2% year−1).

In 2005, most of the land area within the ICLUS domain of Massachu-
setts was comprised of exurban housing densities (61%) followed by sub-
urban (20%), rural (12.8%) and urban (4.8%) housing density categories
(Fig. 4a). The distribution of housing densities varies across the state
and the rural and exurban categories are most prevalent in western
Massachusetts (Fig. 4b), while suburban and urban categories dominate
in eastern Massachusetts (Fig. 4c). Eastern Massachusetts is projected to
develop more rapidly than western Massachusetts between 2005 and
2050.
Fig. 4.Distribution of 2005 ICLUS housing densities inMassachusetts (a), Berkshire County (b, o
projections in the ICLUS model are indicated in white.
3.3. Projected changes in land cover

Development associated with expansion of human settlements
between 2005 and 2050 is expected to reduce forest cover within the
Massachusetts ICLUS domain by 4 to 14% across the development trajec-
tories (Fig. 1; Table 1). Rates of forest loss and development for the B1
(low growth) and BC (baseline) trajectories are projected to be highest
between 2005 and 2030, but moderate thereafter. In contrast, rates of
forest loss under the high growth A2 trajectory are projected to be linear
from 2005 to 2050. Because we modeled forest loss only associated with
expansion of human settlements, the increase in developed land area
(34% of 2005 ICLUS domain)was commensuratewith forest loss reported
here.

Similar to patterns of changes in housing density, the highest rates of
forest loss are projected to occur in eastern Massachusetts with little
change in western Massachusetts (Fig. 2c,d). Counties in eastern Massa-
chusetts are projected have light tomoderate forest loss (b10%) between
2005 and 2050 under the B1 trajectory, but high rates of forest loss
(N20%) under the A2 trajectory. In particular, Norfolk County is projected
to lose 13% (3,861 ± 444 ha) to 56% (16,959 ± 1,952 ha) of its forested
land (Fig. 2c,d). In contrast, forest area in Berkshire County is projected
to decline by b0.5% (530 ± 41 ha).

3.4. Effects of expansion of human settlements on terrestrial C cycle

At the start of the model run in 2005, 86% of aboveground C storage
within the ICLUS domain in Massachusetts was in forest biomass
(63.3±4.4 TgC)while the remaining 14%waswithinhuman settlements
utlined in bold) and Norfolk County (c, outlined in bold). Land excluded from development



Table 1
Changes in forest cover and aboveground biomass within the ICLUS domain between 2005 and 2050. Values are means ±95% confidence intervals associated with the conversion of
projected changes in housing density to forest area, urban area and biomass. Parenthetical values represent the mean annual rate of change between 2005 and 2050.

Change from 2005 to 2050

Scenario Forest cover (ha) Forest biomass (Tg C Urban biomass (NG⁎; Tg C) Urban biomass (2×⁎⁎; Tg C)

Massachusetts B1 −39,118 ± 670 (−0.09% year−1) +31.1 ± 2.6 (+1.1% year−1) +1.21 ± 0.10 (+0.3% year−1) +13.3 ± 3.40 (+2.8% year−1)
BC −70,955 ± 1,240 (−0.18% year−1) +27.8 ± 2.3 (+1.0% year−1) +2.13 ± 0.20 (+0.5% year−1) +13.9 ± 3.50 (+3.0% year−1)
A2 −122,630 ± 2,233 (−0.31% year−1) +22.4 ± 1.9 (+0.8% year−1) +3.48 ± 0.40 (+0.7% year−1) +14.7 ± 3.70 (+3.1% year−1)

Berkshire County B1 −297 ± 2.7 (−0.01% year−1) +4.9 ± 0.5 (+1.1% year−1) +0.01 ± 0.001 (+0.05% year−1) +0.54 ± 0.19 (+2.3% year−1)
BC −551 ± 5.0 (−0.01% year−1) +4.9 ± 0.5 (+1.1% year−1) +0.01 ± 0.002 (+0.05% year−1) +0.54 ± 0.19 (+2.3% year−1)
A2 −530 ± 4.8 (−0.01% year−1) +4.9 ± 0.5 (+1.1% year−1) +0.01 ± 0.002 (+0.05% year−1) +0.54 ± 0.19 (+2.3% year−1)

Norfolk County B1 −3,860 ± 158 (−0.2% year−1) +0.8 ± 0.2 (+0.8% year−1) +0.12 ± 0.04 (+0.25% year−1) +1.3 ± 0.30 (+2.7% year−1)
BC −7,259 ± 320 (−0.5% year−1) +0.4 ± 0.2 (+0.4% year−1) +0.23 ± 0.07 (+0.48% year−1) +1.4 ± 0.31 (+2.8% year−1)
A2 −16,958 ± 1,101 (−1.0% year−1) −0.7 ± 0.4 (−0.7% year−1) +0.51 ± 0.15 (+1.06% year−1) +1.5 ± 0.32 (+3.1% year−1)

⁎ ‘NG’ refers to the No Urban Tree Growth scenario.
⁎⁎ ‘2×’ refers to the 2× Urban Tree Growth scenario.

Fig. 5. 2005 and 2050 annual rates of C uptake by aboveground biomass in forests and
human settlements and C emissions from fossil fuel combustion and decomposition of
biomass removed during harvesting and development. Panel (a) includes only biogenic
fluxes to highlight changes associated with land cover change from development. Panel
(b) also includes C emissions from fossil fuel combustion,which are 1–2 orders ofmagnitude
larger than biogenic fluxes. Values are fluxes ±95% confidence intervals associated with the
conversion of projected changes in housing density to C fluxes.
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(10.5 ± 0.8 Tg C). Aboveground biomass within human settlements
comprised a substantial proportion of aboveground C storage in eastern
Massachusetts, but played only a small role in aboveground C storage in
rural western Massachusetts. For example, in Norfolk County, 32 ± 1.3%
of the 3.3±0.5 Tg Cwas stored in aboveground biomass of human settle-
ments compared to 5.1± 0.1% of the 10.1±1.1 Tg C in Berkshire County.

Our analysis indicates a net increase in forest aboveground biomass
within the ICLUS domain of 35 ± 0.9% to 49 ± 2.9% between 2005 and
2050 across all development trajectories and that accumulation of forest
biomass from tree growth will outpace losses in forest biomass from
land conversion (Table 1). Rates of aboveground C sequestration by
forest biomass are projected to decline from 0.53 ± 0.01 Mg C ha−1-

land year−1 in 2005 to between 0.46 ± 0.01 (A2) and 0.50 ± 0.01
(B1) Mg C ha−1 land year−1 in 2050 (Fig. 5a). High forest cover and
slow rates of forest lost to development in Berkshire County are
projected to result in a strong C sink relative to the more rapidly devel-
oping Norfolk County (Fig. 5a).

Aboveground biomass C storage within human settlements is
projected to increase by 11.5 ± 0.01 to 140 ± 35% across develop-
ment trajectories and urban tree growth scenarios (Table 1) with
rates of biomass C sequestration within human settlements increas-
ing from 0.18 ± 0.01 Mg C ha−1 year−1 in 2005 to up to 0.24 ±
0.02 Mg C ha−1 year−1 for the 2× Urban Tree Growth scenario
(Fig. 5a). There was considerable geographic variation within the
state, which followed both spatial patterns of development and
amount of aboveground biomass within human settlements at the
start of the model run. Low rates of development and a small area
of human settlements resulted in low rates of C sequestration by
aboveground biomass in human settlements of Berkshire County
compared to Norfolk County, which had both high area of human
settlements and rates of development (Fig. 5a).

Between 2005 and 2050, forestland is projected to remain the largest
C sink and reservoir of aboveground C under all development trajectories,
but vegetation in human settlements is expected to comprise up to 35% of
the annual aboveground terrestrial C sink under the 2× Urban Tree
Growth scenario (Table 1; Fig. 5a). Across development trajectories,
state C emissions associated with the burning and decomposition of
aboveground biomass removed during development are projected to be
equivalent to 3 ± 0.001% to 34 ± 0.02% of the aboveground forest C
sink (Fig. 5a). By 2050, C emissions associated with land cover change
are projected to be negligible relative to the mean annual forest C sink
in Berkshire County, but will be up to nearly three times the annual forest
C sink in Norfolk County (Fig. 5a).

The net terrestrial biogenic C flux (i.e., sequestration in forest and
human settlement aboveground biomass minus emissions from land
cover change) in Massachusetts is projected to decline from 0.63 ±
0.03 in 2005 to as low as 0.54 ± 0.04 Mg C ha−1 year−1 under the
2× Urban Tree Growth scenario. Expansion of human settlements
is projected to have little effect on terrestrial C sequestration in
rural western Massachusetts, and Berkshire County is expected to
continue to be a strong C sink between 2005 and 2050 (Fig. 5a). In
contrast, under the A2 (high growth) development trajectory Norfolk
County in eastern Massachusetts is projected to become a weak C
sink. For comparison, fossil fuel CO2 emissions in Massachusetts are
projected to increase from 7.4 Mg C ha−1 year−1 in 2005 to up to
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8.7 (A2) Mg C ha−1 year−1 by 2050 based on population growth
trajectories (Fig. 5b). Geographic variability in projected fossil fuel
emissions follows patterns in population density and growth (Fig. 5b).

3.5. Global warming potential of biophysical changes to the landscape

The MODIS albedo data indicate a decline in growing season albedo
from 0.1471± 0.0008 (housing density category 1) to 0.1001± 0.0018
(housing density category 13; Table A.3)with increasing housing density.
Massachusetts land surface albedo was 0.1389 ± 0.0008 in 2005 and is
projected to decline by 0.3 ± 0.002 to 0.8 ± 0.006% across development
trajectories by 2050. The land surface albedo of Norfolk County in 2005
was 0.1302 ± 0.0011 and is projected to decline by 0.21 ± 0.003 to
0.97 ± 0.01% by 2050 across development trajectories. In contrast, the
land surface albedo of Berkshire County in 2005 was 0.1428 ± 0.0005
and is projected to decline by less than 0.001% by 2050.

The mean growing season incoming global solar radiation was
206.3 W m−2 resulting in absorption of 176 ± 0.9 to 185.6 ±
3.3 W m−2 for housing density categories 1 and 13, respectively.
Massachusetts land surface absorption of incoming solar radiation
during the growing season was 177.6 ± 1.0 W m−2 in 2005 and is
projected to increase by 0.14 ± 0.001 to 0.23 ± 0.002 W m−2 by
2050. Absorption of incoming solar radiation in 2005 was higher in
Norfolk County (179.4 ± 0.4 W m−2) than Berkshire County
(176.8 ± 0.5 W m−2). Absorption in Norfolk County is projected to
increase to up to 0.26 ± 0.003 W m−2.

Expansion of human settlements in Massachusetts reduced the
strength of the forest C sink, provided a source of C emissions to the
atmosphere from biomass removals and reduced land surface albedo.
For the BC (baseline) trajectory, these biophysical changes to the land-
scape resulted in a GWP of +0.13 Mg CO2–C-eq. ha−1 year−1 between
2005 and 2050 (Fig. 6). There was large geographic variability within
the state ranging from negligible change in Berkshire County to a
GWP of +0.3 Mg CO2–C-eq. ha−1 year−1 in Norfolk County (Fig. 6).
These GWPs are equivalent to 17% and 70% of the GWP associated
with the projected increases in fossil fuel emissions in Massachusetts
and Norfolk County, respectively. While reductions in the forest C sink
and C emissions associated with biomass removals often made the
largest contributions to GWP, declines in albedo made significant
Fig. 6.Globalwarming potential associatedwith expansion of human settlements between 2005
Values reflect the changes in GWP relative to a scenario without land use and land cover change
potential.
contributions across much of the state and comprised the entire GWP
associated with expansion of human settlements in Suffolk County
(i.e., Boston; Fig. 6).

4. Discussion

Expansion of human settlements is a globally important driver of land
cover change that occurs at twice the rate of population growth (Angel
et al., 2010, 2011). During the 20th century these changes in land cover
have reduced the strength of the terrestrial C sink (Imhoff et al., 2004)
and increased absorption of incoming solar radiation (Barnes and Roy,
2010). This study presents a novel approach to projecting the biophysical
changes in the landscape associated with population growth and expan-
sion of human settlements using nationally consistent and available
data sets. Our results indicate strong geographic variability in the
projected changes to the biophysical nature of the landscape in response
to development, evenwithin a small state likeMassachusetts.While rates
of land cover change are projected to be most rapid in tropical regions
(Seto et al., 2012), we show that even in temperate regions with modest
projected rates of population and urban growth, expansion of human set-
tlements can significantly weaken the forest C sink. However, our results
also suggest that vegetation within human settlements can be an impor-
tant C sink in developed and rapidly developing landscapes and mitigate
declines in the terrestrial C sink associated with forest loss. Further, we
demonstrate that expansion of human settlements canmake a significant
contribution to changes in the total GWP (biophysical + fossil fuel) asso-
ciated with population growth.

4.1. Historical and projected patterns of land cover change

During the latter half of the 20th century, themost important compo-
nent of the terrestrial C sink in the conterminous United States was
regrowth of eastern forests following agricultural abandonment
(Birdsey and Heath, 1995; Goodale et al., 2002). Forest cover in Massa-
chusetts has been declining since the 1970s and our results indicate that
nearly all of the land that was developed between 1986 and 2010
displaced forest. Further, rates of development have been increasing
over time, which is similar to patterns observed throughout the eastern
U.S. (Drummond and Loveland, 2010). Our estimate of forest loss
and 2050 inMassachusetts and each county for the BC (baseline) development trajectory.
between 2005 and 2050. Pie charts indicate the composition of increased global warming
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between 1986 and 2010 is about 40% lower than the FIA estimate, but this
is likely due to differences in methodologies and definitions of
“forest” (see discussion by Drummond and Loveland, 2010).

The most rapidly expanding housing densities in Massachusetts
are projected to be suburban followed by urban categories between
2005 and 2050, which parallels projections for the entire U.S.
(Bierwagen et al., 2010). Throughout Massachusetts, forest cover
comprises nearly all of the land that is currently undeveloped. Fol-
lowing recent trends in Massachusetts (Nowack et al., 2005) and
the eastern U.S. as a whole (Drummond and Loveland, 2010), our re-
sults indicate that forests will continue to be the land cover most im-
pacted by expansion of human settlements between 2005 and 2050.
However, similar to Thompson et al. (2011), our projections suggest
large geographic variability in the rate and extent of forest loss that
follow patterns of population growth. Rates of forest lost to develop-
ment projected here for Massachusetts are 3 to 11 times lower than
rates projected by Nowack and Walton (2005), but differences be-
tween these estimates are due to different definitions of ‘forest
loss’. We defined forest loss as forestland that is converted to a devel-
oped land cover, while Nowack andWalton (2005) broaden this def-
inition to include forestland that becomes engulfed by an urban
census block as defined by the U.S. Census Bureau, (i.e., N195
people km−2).

4.2. Biophysical implications of land cover change

4.2.1. Carbon
As the dominant land cover type, it was not surprising that forests

comprised the largest pool of aboveground biomass in Massachu-
setts in 2005. Our estimate of 63.3 ± 4.3 Tg C for forests within the
ICLUS domain is proportionally consistent with previously reported
biomass estimates for the entire state (Thompson et al., 2011).
While C stored in the aboveground biomass of human settlements
is often omitted from estimates of aboveground C pools, recent stud-
ies have found that these developed areas can make significant con-
tributions to aboveground C storage (e.g., Raciti et al., 2012).
Similarly, we found that omitting biomass within human settle-
ments would have underestimated the terrestrial aboveground C
pool by 14%.

All of the development trajectories presented here are expected to
reduce the total forest area of Massachusetts, but forest aboveground
biomass is projected to increase between 2005 and 2050 (this study;
Thompson et al., 2011), indicating that tree growth in the remaining
forest will outpace reductions from land conversion. However, forest
aboveground biomass accumulation is expected to be nearly 50% higher
under the B1 (low growth) trajectory than the A2 (high growth)
trajectory. Therefore, although the forests ofMassachusettsmay contin-
ue to be a net C sink through 2050, expansion of human settlements
may reduce the strength of this sink by up to 12%, compared to the
18% reduction projected by Thompson et al. (2011). Carbon emissions
associated with forest lost to development are projected to result in
important reductions in the net terrestrial C sink of Massachusetts,
particularly under the A2 (high growth) trajectory. Reductions in the
forest C sink between 2005 and 2050 are projected to be larger than
the increase in fossil fuel emissions under the B1 (low growth) trajecto-
ry andmaybe equivalent to nearly one-third of the increase in fossil fuel
emissions under the A2 (high growth) trajectory.

Few studies have considered the potential of biomass in residen-
tial areas to contribute to the terrestrial C sink (e.g., Briber et al.,
2015; Imhoff et al., 2004). While landowner management is un-
doubtedly an important driver of aboveground biomass accumula-
tion, our 2× Urban Tree Growth scenario, which provides an upper
limit of the C sequestration potential of human settlements, suggests
that these areas comprise an important component of the Massachu-
setts terrestrial C sink. Similarly, trees in urban areas of Greater Bos-
ton have been shown to grow faster than forest trees (Briber et al.,
2015) and Imhoff et al. (2004) found that NPP of urban areas in the
northeastern United States (405 g m−2) is only 20% lower than
non-urban areas (500 g m−2). Human settlements become an in-
creasingly important component of the terrestrial C sink as their pro-
portion of the landscape increases and we found that by 2050,
vegetation within human settlements may comprise 75% of the ter-
restrial C sink in rapidly developing counties of eastern Massachu-
setts. Further, C sequestration by vegetation within human
settlements can more than offset C emissions associated with losses
of forest biomass during development under the B1 (low growth)
trajectory. These results suggest that while deforestation associated
with expansion of human settlements could substantially reduce
the strength of the forest C sink, vegetation within human settle-
ments can play an important role in mitigating overall reductions
of the total terrestrial C sink.

Soil C pools comprise about half of the C stored in the forests of
Massachusetts (Van Deusen and Heath, 2015). Perturbations to soil
C pools from human settlement expansion can have large implica-
tions for the terrestrial C balance, but characterizing the response
of these pools is inherently complicated because of the heteroge-
neous nature of land use and land cover in urban ecosystems. Previ-
ous research indicates that soil C storage beneath impervious
surfaces is 66% lower than adjacent open areas (Raciti et al., 2012).
However, physical soil disturbances, anthropogenic inputs of fill ma-
terials with varying C content, and land management practices
(e.g., lawn mowing) also associated with human settlement expan-
sion interact to create open area soils with highly variable C storage
that can be higher or lower than in forest soils (Pouyat et al., 2002).
Currently, there is limited data to develop reliable models that char-
acterize the response of soil C pools to human settlement expansion.
Developing empirically derived constants defining the rate of change
in these C pools in response to human settlement expansion would
greatly advance the sophistication of urban C cycling models and
should be the focus of future research.

4.2.2. Global warming potential of expansion of human settlements
Urbanization and expansion of human settlements can alter cli-

mate by changing terrestrial C fluxes and land surface albedo. We
show that the projected conversion of forested to developed land
covers with a lower albedo could increase growing season radiative
forcing in Massachusetts up to 0.23 ± 0.09Wm−2 by 2050, a forcing
1.5 times as large as that associated with global N2O emissions
(0.15 ± 0.10 W m−2; IPCC, 2013). Similarly, land cover change be-
tween 1973 and 2000 in the ecoregion that includes most of Massa-
chusetts has resulted in up to a 0.004 W m−2 year−1 increase in
snow-free radiative forcing (Barnes and Roy, 2008), which is in the
range of the development trajectories explored in this analysis, BC
(baseline; 0.003 W m−2 year−1) and A2 (high growth;
0.005 W m−2 year−1).

Previous studies have treated radiative forcing due to changes in
surface character as directly comparable to radiative forcing due to
increased atmospheric greenhouse gas, with both expressed on the
scale of C emissions (Akbari et al., 2009; Schwaab et al., 2015). How-
ever, climate modeling studies have shown that the climate impacts
from surface-change radiative forcing can diverge unpredictably
from similar sized forcing due to greenhouse gas emissions (Jones
et al., 2013), potentially hampering their comparison. As such, the
estimated radiative forcing and CO2 emissions equivalence calculat-
ed for the projected decreases in albedo in our study can be used as
an indicator of the sign and relative scale of climate disturbance con-
tributed by expansion of human settlements in the region, but are
subject to uncertainty in their global and regional effects on climate
in comparison to CO2 emissions.

Numerous studies have quantified shifts in albedo or terrestrial C
storage associatedwith LULCC (e.g., Barnes and Roy, 2010; Houghton
et al., 2012; Jones et al., 2015). However, to our knowledge no studies



B
B
B
D
E
Fr
H
H
M
N
N
P
Su
W

M
C
B
D

1
2
3
4
5
6
7
8
9
1
1
1
1
M
N

521A.B. Reinmann et al. / Science of the Total Environment 545–546 (2016) 512–524
have compared the relative contributions of these effects of LULCC to
the GWP of human settlement expansion. Our projections indicate
that reductions in forest aboveground biomass, the forest C sink
and albedo from expansion of human settlements result in net
warming and can make a substantial contribution to the change in
total GWP (biophysical + fossil fuel) associated with population
growth in Massachusetts between 2005 and 2050. These findings
compliment those of Georgescu et al. (2014) who found that reduced
vegetation cover and evapotranspiration associated with human set-
tlement expansion can also impart warming that is a significant frac-
tion of anticipated warming from fossil fuel emissions. Interestingly,
although changes in C fluxes associated with forest loss resulted in
the largest increase in GWP associated with expansion of human set-
tlements, we found strong spatial variability in the relative contribu-
tion made by the underlying drivers of GWP. Reductions in albedo
are expected to be an important driver of GWP in densely developed
regions such as Suffolk County (i.e., Boston) where shifts towards
high housing densities are projected to be the dominant biophysical
change to the landscape. Further, while we use GWP as a means to
compare the climate perturbations associated with shifts in C fluxes
and albedo, the effects of changes in albedo on local climate are likely
to bemuchmore profound than their GWP in CO2-eq. might indicate.
These results highlight the importance of accounting for themultiple
facets of climate disturbance associated with expansion of human
settlements, particularly when considering spatial scales of rele-
vance to municipal policymakers.

5. Conclusions

Using Massachusetts as a case study, we provide a framework for
integrating nationally consistent datasets to quantify spatially ex-
plicit biophysical implications of land cover change associated with
projected expansion of human settlements. Our results indicate
that expansion of human settlements can be an important driver of
land cover change even in states with only moderate rates of popula-
tion growth and result in positive GWP from significant changes in
radiative forcing and the forest C sink. Further, by incorporating veg-
etationwithin human settlements into themodeling framework, this
study imparts new insight into the role of urban vegetation in the
terrestrial C cycle. In particular, our findings highlight the potential
of vegetation within human settlements to mitigate declines in
aboveground C storage and uptake associated with forest lost to
development.

Developed land is the most rapidly expanding biome in the
United States (Sleeter et al., 2013; USDA, 2013) and is projected to
continue to displace large areas of forestland and other land covers
throughout the 21st century (Bierwagen et al., 2010). By 2025, the
extent of developed land in the contiguous U.S. is projected to com-
prise an area equivalent to nearly half of the countries forestland
(Alig et al., 2004). As such, our results indicate that not only will ex-
pansion of human settlements likely reduce the strength of the forest
C sink, but vegetation within developed areas will become an in-
creasingly important component of the terrestrial C sink in the U.S.
Further, our findings suggest that managing vegetation within
human settlements as well as declines in the forest C sink and land
surface albedo associated with expansion of human settlements
can play an important role in the climate change mitigation strate-
gies of states and municipalities experiencing even moderate rates
of population growth.
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Appendix A. Appendices

Table A.1
County-level rates of forest loss obtained from NLCD (2001 to 2006) and the unadjusted
ICLUS BC (baseline) development trajectory projection (2005 to 2010). Scalars applied
to county-level ICLUS estimates of forest lost to development were calculated by dividing
the NLCD estimate by the ICLUS estimate. Note, the largest adjustments imposed by the
scalars occur in counties with low rates of forest loss (b25 ha year−1).

Forest loss (ha year−1)
County
 NLCD
 ICLUS
 Scalar
arnstable
 84.3
 20.9
 4.0

erkshire
 23.9
 0.1
 224.3

ristol
 447.1
 128.7
 3.5

ukes
 0.1
 0.4
 0.1

ssex
 276.0
 106.2
 2.6

anklin
 5.7
 0.2
 34.3

ampden
 81.8
 157.7
 0.5

ampshire
 19.3
 63.3
 0.3

iddlesex
 480.5
 125.2
 3.8

antucket
 0.1
 6.4
 0.0

orfolk
 351.1
 36.4
 9.6

lymouth
 525.5
 81.7
 6.4

ffolk
 3.7
 4.1
 0.9

orcester
 485.6
 161.9
 3.0

assachusetts
 2784.7
 889.2
 3.1
M
Table A.2
Forest biomass growth rates and 95% confidence intervals used tomodel changes in forest
biomass between 2005 and 2050 for the Mainland and Cape and Island regions of Massa-
chusetts. Note, growth rates used for each county comprising the Cape and Islands were
derived by adjusting the Cape and Islands growth rate up or down based on the site index
of each county relative to the area-weighted mean of the region.
Region
 Growth rate
(Mg C ha−1 year−1)
r2
ainland
 0.9 ± 0.03
 0.96

ape and Islands
 0.6 ± 0.12
 0.82

arnstable County
 0.7 ± 0.14
 –

ukes County
 0.4 ± 0.08
 –

antucket County
 0.2 ± 0.03
 –
N
Table A.3
Albedo and absorption of incoming solar radiation for each housing density category.
Area-weighted values from 2005 for Massachusetts, Norfolk County and Suffolk County
are also included. Values are means ±95% confidence intervals.
Housing density or
spatial extent
Albedo
 Absorption of incoming solar
radiation (W m−2)
0.1471 ± 0.0008
 176.0 ± 0.9

0.1455 ± 0.0010
 176.3 ± 1.2

0.1474 ± 0.0006
 175.9 ± 0.7

0.1444 ± 0.0004
 176.5 ± 0.5

0.1443 ± 0.0004
 176.5 ± 0.5

0.1421 ± 0.0002
 177.0 ± 0.2

0.1402 ± 0.0002
 177.4 ± 0.2

0.1356 ± 0.0004
 178.3 ± 0.5

0.1315 ± 0.0014
 179.2 ± 1.9
0
 0.1272 ± 0.0027
 180.1 ± 3.9

1
 0.1236 ± 0.0025
 180.8 ± 3.7

2
 0.1206 ± 0.0018
 181.4 ± 2.7

3
 0.1001 ± 0.0018
 185.6 ± 3.3

assachusetts
 0.1389 ± 0.0008
 177.6 ± 1.0

orfolk County
 0.1302 ± 0.0003
 179.4 ± 0.4

erkshire County
 0.1428 ± 0.0004
 176.8 ± 0.5
B



Fig. A.1. Distribution of land covers within Massachusetts in 2006 (NLCD, 2006).

Fig. A.2 Land cover composition of each ICLUS housing density category. Values aremeans±95% confidence intervals for Berkshire County (a) in rural westernMassachusetts and rapidly
developing Norfolk County (b) in eastern Massachusetts.
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