©

10
11
12
13
14
15
16
17
18
19
20
21

22
23

24
25
26
27
28
29

Received Date: 12/05/2015
Revised Date: 28/10/2015
Accepted Date: 01/12/2015
Article Type: Article

Mail id: weurrie@umich.edu

MULTI-SCALE HETEROGENEITYIN VEGETATION AND SOL
CARBON IN\EXURBAN RESIDENTIAL LAND OF SOUTHEASTERN MI

WIiLEAM S.CURRIE,! SARAH KIGER,* JOAN I. NASSAUER ! MEGHAN HUTCHINS,! LAUREN

L. MARSHALL, DANIEL G.BROWN,' Rick L. RIOLO,? DEREK T. ROBINSON’, STEPHANIE K. HART!
School of Natural Resources and Environment, University of Michigan, Ann Arbor Ml

48109 USA
“Center/for theStudy of Complex Systems, University of Michigan, Ann Arbor MI 48109
USA
3Department of Geography and Environmental Management, University of Waterloo,
Waterloo ON N2L3G1 Canada

Running head: Carbon storage in a residential landscape

ABSTRACT
Exurban residential land (1 housing unit per 0.2 to 16.2 ha) is growing in importance as a
humandominated land use. Carbon storage in the soils and vegetation of exurban land is poorly
known, as are the effects on C storage of choices made by developers and residents. We studied
C storage in exurban yards in Southeastern MI, U$Agss a range of parcel sizes and different
types of neighborhooda/Ve divided each residential parcel into ‘ecological zones’ (EZ)
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characterized by vegetation, soil, and human behavior such as mowing, irrigation, and raking.
We found a heterogeneous mixture of trees and shrubs, turfgrasses, mulched garélefts, old-
vegetation, and impervious surfaces. The most extensive zone type wasstwighasparse
woody vegetation(mean 26% of parcel area), followed by ‘dense woody vegetation’ (mean
21% of parcel,area.) Areas of turfgrass with sparse woody vegdtatiainees in larger size
classes (>G.cm dbh than didareas oflense woody vegetation. Using aerial

photointepretaton, we scaled up C storage to neighborhoods. Varying C storage by
neighborhoodtypeessulted fromdifferences in impervious ar¢d@% to 26% of parcel area) and
area of dense woody vegetation (11% to 28%).

Averaged and multiplied across areasliifering neighborhood types, exurban
residential’land contained 5,240 + 865 g &imvegetation, highly sensitive to large trees, and
13,800 + 1,2901g C tin soils (based on a combined sampling and modeling approach). These
contentsare greater thafor agricultural land in the region, blawer thanfor matureforest
stands.Compared with mature foresesxurban land contained more shrubs lasd downed
woody debrissand had similartree sizeclass distributions up to 40 cm dltdut far fewer treg
in larger size elasses. tHe trees continue to grow, exurban residential land could sequester
additional€ for decades. Patterns and processes of C storage in exurban residential land were
driven by.dand management practices that affect soil and vegetafilecting the choices of
designers, developers, and residents. This study praadesample of humamediated C
storage in‘a coupled humaatural system.

Keyswords:Carbon storagecarbon sequestratigrsoils; human dominated; urban;
exurban;treeseoverjandscape; land usescaling spatial heterogeneity.

INTRODUCTION

Thebalance of carboaxchange between the atmosphere and ahttee terrestrial
surface hasong.been a key focus of ecosystem and global change science. Land use /land
cover (LULC) change is a major cause of changes in terrestrial sources afsiakson (C) to
and from the atmosphere (Houghton 1999, Caspersen et al. 2000, Watson ef) alCafin
storage can be altered not only during conversion from one land use or land cover to another, but
also by changes in land management practiédtered dynamics in both vegetation and soil C
pools can occur for decades to centuries, caudingre rising or falling trajectory of ecosystem
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C storage. On prior forest land or abandoned agricultural land, trees can re-griowy,|atge
amounts of C in woody biomass (Casperson et al. 2000, Rhemtulla et al. 2009). For many types
of land conversion or land use changgangesn rates of soil C storage can occur as a result of
altered annual inputs of foliampot, and woody litter, changes in soil management resulting in
altered decemposition rates, or both (Watson et al. 2000). These psdtagsdeen studied at
decade to century time scaleglimerse examples of LULC change suchiasst regrowth
following harvest (Yanai et al. 2003), conversion of agricultural land to for€atsi¢ and
Nadelhoffer2002, Hooker and Compton 2003, Lagar#610), and reclamation of mineland to
grassland (Simmons et al. 2008).

An adgditional type of LULC change occurring in the US is low-density exurban
development of residential parcels (Brown et al. 2005). The phenomenon of many sidenti
householdghoasing to livdarther from urban centers, together with widespread conversion of
agricultural land to residentialrd in the20" century, led to an expansion of residential land at
the urbarrural fringe. In the conterminous U.S., exurban residedéiatl usgdefined for this
purpose as*I*hdusing unit per 0.2 to 16.2 ha) grew from ca. 271,600 k850 to 1.39 million
km? in 2000 (Brown et al. 2005). By 200and settled aéxurban residentialensities
accounted:for 15 timeke area of land ##ed atsuburban or urban densities (1 housing unit per
< 0.2 ha)arthe United States (Brown et al. 2005). comparison to suburban land use, exurban
development contributes to sprawl that reaches much farther from urban cedteit® a
previously-rural land use.

Relatively little work has addressed changes in carbon pool sizes that oceur in th
decades thatfollowhe conversion of lanftom other types of land use and coverdsidential
usein exurbanandscape (Churkina et al. 2010). To account for C in human-dominated
residential landscape®gional to gbbal scale udgets have needed to rely on extrapolations
from wildland, systems includinfprests and grasslandshich have been more widely studied
by ecologists (e.g. Botkin et al. 1993, Houghton 19%%owever measurements made in
wildlands ordightly impacted ecosysteia® likely to poorlyrepresenexurban residential land.
The mixturesf grasses, shrubs, and treegether with the soils or plasbil assemblages the
residential landscapesult in large part frohuman activities and human preferences (Nassauer
1995). In SoutheasteMichigan, residentiabubdivisionsaredesigned and constructed by firms
(hereatfter, “developers”) that choose whether to cut trees or leave trees in place, grade the soll
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using heavy machinery to improve access and manage drainaghoasdvhether toestablish
horticulturalplants, including turf grass. Within the constraints of planning policies (e.g.
wetlands protectioh zonind), landscape designers adelvelopers determe parcel sizes and
shapesand whether small wetlands, pondsssy and shrubby ofteld areasor other natural-
like areas ar@corporated into subdivisioridlassauer et a014). Outside of developer
subdivisions, ther parcels in the landscape are developaddiyidual households that
purchase prioragricultural or forested land directly @acidewhether to keep trees, wetlands,
or old fields'during bme construction (we refer to suplrels asrural lots; Brown et al. 2008).

Over the time scale of decades, residential landownakenumerous househotthoices
that affect.vegetation armbils: whetherto plant, prune, or remove treésthe case of either
endemiocor-horticultural trees; whether tertilize, irrigate, or seed lawnsjow lawns, bag and
remove cut turfigass or mulch it with the mowemhether to rake aneémove, compost, or burn
fallen leavesand whether to burn falldrees and large branch@sassauer et al. 201¥isscher
et al.2014), Theseactions produce humatominated vegetation communitiasd alter C
cycling (Kayewet al. 2006, Luck et al. 20@3lis and Ramakutty 2008, Hutchins 2010).

Here we'report the resultd an empirical study of Gtorage in the exurban residential
landscape-Qur study region focuses on 10 counties in Southeastern Michigan, USA that include
the DetroityAnn Arbor, and Flint metropolitan areas. The number of householdstamthis
county region increased from 1.92 million to 2.08 million from 1990 to 2000 (US Bureau of the
Census 2001), with much of the expansion occurring aslkvegity, exurban development
(Brown et al"2005, 2008). Exurban expansion is part of a national trend; its r&28%vas
greater thamhe‘rate opopulation growth between 1980 and 200@ationwide this has teto a
cumulative total of 11.8% of land area occupied by exurban residential development and only
1.6% occupied by suburban and urban development (Theobald 2005). In our study region, much
of the development has occurred on prior agricultural land, like much of the exurban @xpansi
in the easterklnited States (Brown et al. 2005, 2008). Aerial photointerpretation has shown a

significant.increase in tree cover in townships undergoing exurban expangisregion

! Michigan Department of Environmental Quality, Land and Water Management Divisgns al
state and federal wetland protection regulations under the state Protestt{®AN451 of 1994,
which stipulates the conditions that could be imposed on development due to potenttd impa
on wetlands.

2 The Michigan Zoning Enabling Act (Act 110 of 2006), stipulates the laws that locslafnit
government can use in the regulation of development and the use of land.
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(Brown et al. 2008, An et al. 2011). Remote sensingadggyprimary production (GP) our
regionhas demonstrated a strong association between GPP and incieasgdof housing
units at the exurban fringe. Over the period 1991 to 189®increases average@3g C m?
y™, a 6.5% increasieom aninitial 1,930g C m?y*, following densification of a census block
group from.rural (1 housing unit per > 16.2 ha) to exurban densities (Zhao et al.\2@07).
expectedhat C/storagen exurban land in this region should be greater than that of agradultu
land, but belowthat demperate forests

This'research was conducted as part of a larger collaboration, the SLUCE project (Spatial
Land Use Change and Ecological effects, Brown et al. 2008). In the SLUCE projeet we a
taking the perspective oftetying a coupled humamatural systenm which human choices and
behaviors alter'ecosystem structure and function, which then affects the delivery of ecosystem
services to societfLiu et al. 2007, Walsh and McGinnis 200&esults oflhe present studgre
beingused to parameterize the linkage of ecological models to-ageatl mode|sn which
developers.and residents are explicitly simulated as human agents with environmentaldecision
making funetions, to understand social-ecological drivers of lam#s€abalanc€éRobinson et
al. 2013).

METHODS
Ste selection

We measured C pools in vegetation and soils in 26 residential parcels ovarglamusi
approach that allowed us tige remotely sensed maps of vegetation across different types of
neighborhood designs szale our results up to regionatigpresentative exurban residential
land. To ineerporate human actions in an over-arching conceptual and modeling framework, our
stating peint.for site selection was a set of ca. 600 respondents to an inteewsbasey of
residential fandscape preferencesdiacted in prior work in this ten-county regidwaSsauer et
al. 2009). Of theinternetsurvey respondenfsom across theegion, we selected Gildresseef
residential parcels (ownership lotBat were located in exurban areathin 13 particular
townshipsselectedo cover the stages of residential development in the region. Subsequent
analysis of developmedecade and prior landse history (see belowpnfirmed thaparcels in
thesubset of thes&6 chosen for field sampling were regionalgpresentative

Soil textures range widely in our region depending on surficial geology, with rotdy-
soils a minoity (Kahan et al2014, National Resources Conservation Service)200& also
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likely that disturbance by residential developers created additional sobdeteity(Raciti et
al. 2011) Because soil organic matter generaltyrelateswith clay content (Homann et al.
2007), the inclusion of a minority of clay soils in our study could confound comparisons of soil
C among vegetation patches. We excluded parcels that were likely to have high clay content
using three.complementary methods. We excldldese that fell in the Erieluron Lake Plain
category for surficial geology (NationResource€onservation Service 20Q0&s well as those
where soildiadclay or clay loam texture in STATSGO data (Natural Resources Conservation
Service 1995).“Finally, because lake-plain and other clay-rich soils ir¢iirtend to occur in
lowland, relatively wet topography, we calculated the topograpéinessndex(TWI) across
the region(Roedhe and Seib&899) at30 m resolution and excluded areas with TWI > 10.
Fromthe heuseholds that remained (n = 53)raguestedoluntary participation inrmon-site
interview andsite survey. Twentpne households agreed to participate. To include a greater
number ve systematically locateatiditionalhouseholds nearby and requested voluntary
participation,yielding five additional households for a total of 26 in rim&nships. Parcel sizes
that we studied ranged from 0.090 to 2.190 ha (median 0.257, mean 0.574 ha).

Ourprevious reseeh in this region has divided @sban residentigbarcels ito four
typesbased,omarcel size, road acceasd subdivision layout, the amowfttree coverand
other facter§Brown et al. 2008, An et al. 2011Jhis typology includedhree types of
subdivisions constructed by developers, plual lots, which are not subdivided by developers,
but are individually subdivided parcels wiirect accesto a public road Rurd lots range
widely in size*Qf the other threg/pes remnantsubdivisions tentb have large patches of trees
left by the developehorticultural subdivisions tendo have curved internal roads and planted
trees and shrubs; acduntrysubdivisions have mainhnear internal road systemanaller
parcel sizesand. fevertrees We samplednultiple sitesfrom each of the four typedwWVhile land
use history.was, not part of the site selection, we sampled parcels that had been converted to
residential land us@ each decade from the 1960s to 2000&ta@sdetermined by historical
aerial photeinterpretation (see below).

Site surveys and sample collection

At each of the 26 participating households we conduetedtlosely integrated stlies:a
detailedinterview ofresidens focused on household behaviors preferenceseported by
Nassauer et al. (201dndan ecological survey of soils and vegetati@ported hereWe
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adapted ecological methods that had been designed to measure vegetation and soihC pools i
wildland sites (e.g. Huntington et al. 1988, Harmon et al. 1996, Minnesota Dept. of Natural
Resources 2007) to accommodate study of the human-dominated environment. We avoided
intensive or destructive sampling vegetation and designed field surveys to be conducted
rapidly. Sinee landowners were asked to participate voluntarily, intensive repeat visits or
destructive,sampling would be likely to reduce partitgraand result in a norepresentative
sample"The"ecological surveysere conducted between June 20 and August 5, 2009. Prior to
eachsurvey-all'buried utility lines (telephone, cable, power lines) were marked

Interviews with residents, aerial photierpretation, and our knowledge of the region
allowed usstadentify, within each yarddiscrete areasf mixed vegetation type§Ve termed
these discreterareasological zoes (EZs). Zones wedefined by the types and densities of
vegetation in all vertical layers (herbaceous, shrub, understory and overstgranickesident
soil characteristics such as standing water or the presence of nivdctieveloped one region-
wide set of seven EZ definitions that wereused across all parcefsie EZs weredominated by
vegetationytogether with zone typegperviouscover andvater (definitions and characteristics
are given in Table 1). The purpose of this approach was to allow rapid identificatiicorete
zones bywaorkers in the field asdmping of soil and vegetation by zone, followed by upscaling
using aerial'photointerpretation.

Prior to field sampling, crews pidentified the types and extents of EZs using high-
resolutionaerial photographs. iéld crews emphasized zone types that mgat least 5% of
the parcel aret avoid overdividing yards. EZ types and boundaries were ground-truthed by
field workersat‘each sitewith corrections made on printed aerial phdtydater digitizing.
Field crews then used adlaptedelevémethal (Barbour et al. 1999, Minnesota Department of
Natural Resources 2007) within each EZ for sampling and field measuremertig aNiEZ,
workers chose.a typical area as a center ptiiahestablished a transect with a random compass
heading extending in both directigmgth maximum length 50 m (shorter if it reached the edge
of the EZorthe parcel). Ongansect was established per iB4Awo to fourof the EZs in each
site (excluding,impervious and water) depending on their importance. Across $ite26
(parcels) 80 EZ transects were established overall with lengths ranging from 6.6 to 50 m

(median 25.1 maverage 3 per sjte
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Each EZ transec¢hen defined the longitudinal ceritae of aplot 5 m wide and the
length of the transecfTheseEZ plots ranged in area from 33 to 256 (median 125.5 A).

These and nested splots were used to quantify vegetation cover in multiple vetiyars
(Barbour et al. 1999). To quantify overstory and understory trees and tall shrubsiréhE£2nt
plot area was.usedeEach woody stem with dbdiémeterat breast height} 2.5 cm whose

center point lay within thplot was tallied For each multi-stemmed large shrub, the number of
stems>2.5"¢m'was recorded together with diameter of the median sized stenon the individual
shrub For‘each talliedtem, workers recorded dhplant functional type (PFT), genispecies
(where feasible)condition, canopy position, and height usingiaometer. PFTs were defined

as decidugusstree, deciduous shrub, coniferous evergreen tree, and coniferous eveudreen shr
Distinction‘between tree and shrub was based on typical growth habit for thes sfhese
understory treeisaplings were counted as treeshmobs. About 12% of trees and shrubs were
not easily identifiable to species because horticultural varieties were encountered ¢Kaha
2014, Balmford et al. 1996).

Subplots were established to assess herbaceous vegetation cover, and herbaceous
vegetation‘anditter were sampled quantitatively by area. Within eactplZ, two 2 x 2 m
subplots'were established in areas judged to be representative (n = 160 overall across the study;
Rutkowskisand Stottlemeyer 1993). In each, the proportidvediaceuscover was recorded
for later scaling. In each subplat25 x 50 cm template was pladaderbaceous cover (n =
160 overall) andlhliving and standing dead herbaceous biomass was clipped to the surface of
the soil and"placed in a paper bag for later determination of dry mass and C c@ntgatden
zones, herbaceous vegetation was not clipped; these were judged to be negligiblations to
carbon and residents preferred not to have their flowers clipped.) In each 25 xlgipech
area, tle litter layer (Oi horizon) was sampled quantitatively by cutting around a 15 x 15 cm
square template withkanife and byplacing the litter layer in a paper bag for later determination
of dry mass.and Content. Directly beneath the first litter sampalleen from each Eglot (n =
80), a bulk.density soil corer designed to quantitatively remove a specified volume(6fell
diam., 15 cm depthFirst we samplthe upper soil from the top of the Oe horizon (where
present) into the mineral soligk et al. 2002, Zak et al. 2008) to 15 cm depéneafter referred
to as asurfacesoil core. We took a second bulllensity soil core from 565 cm depth.Soll
from 15 to 50 cm depth was returned to the hole made by samjlagelected five sitesif
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two repeat visit$o the same plots, yielding 20 additionalksdensitysurface soil coresAfter
laboratory analysis,alawere aggregated oveurfacesoil cores from the same site gridt.
Overall, 180 soil cores were collected and reported here.

EZ transects were used for several additional purposes. First, threegetation cover
categories_embedded within the EZ (bare soil; rock or pavement; and water) were recorded as
lengths along the transect centerline. Second, downed woody debris was quantified. Along the
full EZ transect centerline, for each piece of downed woody delXscm diameterthat
crossed the'vertical plane defined by the transect, workers recorded the diameter, angle with the
horizontal, and degree of decomposition using standard “decay classes” of sound, medium
decy, andJrotten for pieces <5 cm diater,and from 1 (sound wood) to 5 (highly decomposed)
for pieces>'5 cm diameter(Currie and Nadelhoffer 2002; Sollins 1982). Standard methods were
used to scale these data to pools of biomass contained in downed woody debris for each zone
(Harmon and Sexton 1996), including wood densities that varied by size and dec&@wlass
and Nadelhoffer 2002)Transects were also used to sample woody brarmdhies trees and
shrubs at random (n = 26 overall) for use in dry mass to carbon conversions for woody biomass.

On'many parcels, woodpiles and compost piles were encountereztipilés were
generallysstacked wood intended for burning; compost piles generally included prunings, gras
clippingsstwigs and branches, and leaves. These piles were not observed consistently enough in
any one EZ category in the field to be included in the definition of a particular EZ gat&ger
measured the volumes of all woodpiles and compost qiled| 26parces.

Laboratory analysis

Vegetation, litter, and soil samples were returned to the University diiddia for
analysis. (Soil coresere weighed in their fielthoist state then aniried and re-weighed (for
gravimetric moisture determinatioriye roots discarded, soils sievé&imm) and re-weighed.

From each . sample, a subsample was té&ieaven-dry (105° C) weight correctipandher (ca.

10 g) was remaved for pH measurement in a 1:1 slurry of 0.01 MxCa@l another (ca. 50 g)
wasgroundsto aihe powder in a ball mill for @nalysis. Vegetation and litter samples were air
dried (55° €C),.weighed, and chopped completely in a food processor. Subsamples (ca. 5 g) were
ground to a fine powder in alb mill for analysis of C We measured C concentrations in each

vegdation, litter, and soil sample individualby dry combustion using a NC 2500 elemental
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analyzer (CE Elantechakewood, NJ, USA) interfaced to a Delta Plus isot@i® mass
spectrometer (Thermo Finnegan, San Jose, CA, USA).
Scaling of C pools to Ecological Zones

Soil bulk densities were calculated based on corer volume using total samplesweight
after correctia.for moisture and coarse fraction (> 2 mm). Bulk densities together with
measured C concentrations were used to calculate Gieslin 615 and 50-65 cm depths. In
summaries‘of'soil C used by the Intergovernmental Panel on Climate Change ARCD)!
depth is usedas a benchmark for comparison of soil C pools among biomes (Watson et al. 2000).
We used a singlexponential model of soil C with deptih estimate the total sall pool to 1 m
depth. Thississsimilar to the loginear model that watind by Jobbagy and Jackson (2000) to
be significant in explaining distributions of soil C with depth in 76% of soil profiasyaed.
To further explare the validity of using this simple model of soil C with depthevaealyzed
the resultsor soil organic C(%) with depth, in which complete soil cores were sampled to 1 m
depth, reported by Raciti et al. (2011) in a study of residential yaRstimore, MD We
found thatassinglexponential model fit the data of Raciti et al. (2011) ith0.032 and¥=
0.99. We thusfit curves of exponential decline in soil C with depth towausoil C
measurements fro®15 (which included the Oe horizon) and 50-65 cm depthesaicin EZplot
individually'and integrated eacl these curvet a depth of 1 min nine of 80 casethe deeper
soil sample had a higher C concentration than the shallow sample; in these cases we applied the
average of.the two C measurements adtes®ntire 1 m depth.

Vegetation biomass was summed in herbaceous and woody categories for each of our 80
EZ plotsseparately. We scaled herbaceous bgsmg from clipped suplots. Herbaceous
scaling included two quantitative correctidns nonvegetation cover (basoil, rock or
pavement, water): (1) cover estimates from our representative 2 x 2plogiand (2)
recorded proportions of these cover categories along the EZ trandértssedoublished
allometric equations to convert tree diameters to aboveground biomass per aldiveit
Mikaelianand"Korzukhin 1997). For shrub biomass, we used our own allometric equations
developedby.harvesting 44 shrubs locally (data not shown). Belowground (root) biomass was
included in vegetation pools, based on abovegytdiomass and using broadly estimated
shoot:root ratios that differed among woody plants (4:1), shrubs (1.5:1), and gras&¢s (1.5:
(Leemans 1997)To correct for the fact thaany trees in our study were in open environments
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as opposed to closed-candpyest, we multiplied allometricalkgzalculated biomass values by a
factor of 0.8, empirically measured by McPherson et al. (1994) for urban environments
applied this factor to all trees (excluding shrubs) in all EZ tgmespt dense tree covdn
addition, for standing dead treasd shrubsbhiomass valuewerereduced by 15%0o accounfor
loss of wood.density (Harmon 1982), included in vegetation pools and amounted to 16.8% and
6.6%, respectively, of tree and shrub poMé¢e used the area ofdaEZplot to expressvoody
vegetation"biomass per unit area. To convert herbaceous, litter, add/sodass to C, we used
our own analytical measures of C concentratmmneach sapie individually. These values
averaged, on an air-d¢g5° C) ashincludedbasis (0.44 g C d) for herbaceous vegetation,
(0.45 g C @) for.woody biomass and (0.33 g C)dor fine litter samples (which contained some
mineral grainy!
Scaling to the landscape

We scaled C pools in vegetatiand litter modeled C pools in soils, and frequency
distributions of tree and shrub stem counts up to the heterogeneous landscape surrounding each
study parceli(n= 26), using the data from our 80 EZ plots, through a series ofFstspserial
photographs were obtainewin the National Agriculture Imagery Program (NAIP) for 2005 at
ca. 2 mreselution. These were used to determine neighborhood types (rural lots or sabdivisi
types) containingach fieldsurveyed parcel, based on criteria in Brown et al. (2008) and An et
al. (2011). Within a 1 km radius of each study parcel and only within the same neighborhood
type as the study parcel at its center (i.e. excluding other neighborhood types withas IMeth
asother land use / land cover such as golf courses, school fields, agricultural fidlds, @n),
we then digitizedand visually interpreted the areaghiese aerial photographs into traditional, or
Andersonbasedand cove (LC) classificationgAnderson 1976, Cadenasso 2007). These
includedtree cover, maintaied, impervious cover, open natural, water, wetlamdicrop with
ca. 2 m reselution (Robinson 201For each fielésurveyed parcel, EZs mapped in the field
were digitized.into our five EZ categoriasd overlaid with the Andersdrased.C
classificatimsin ArcGIS. This overlaycreatel a matrixto map ouffield-identified EZ
categories ont&ndersonbased_C categoriegor scaling to the landscape

Individual pools of vegetation, litter, and modeled soil C padswell as frequency
distributions of trees and shrulvggre averagedcross the entire study by the five types of EZ.

(Data were not deemed adequataltow separation of individual C poats stem frequencies
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by combined EZ type and neighborhood typEheareas of each Andersdrased_C category

at the landscape scale (1 km radius) surrounding each parcel were thenedddjiurmatrix

to produce landscagseale areas for each EZ category within 1 km. These wayashen
multiplied by our cr@sstudy averages of vegetation, litter, and soil C padsvell as frequency
distributions.ef trees and shrubs, by EZ category. In this madifferential frequencies and
areas of EZ categories (such as turfgrass versus dense trees and shrupsydocdd
differences‘in‘scaledp C estimates in vegetation and saisd frequency distributions of trees
and shrubs,fordifferent neighborhood¥e did not measure C pools beneath impervious cover,
which included driveways, paved footpaths, atrdcturesfor these arease used zero
vegetationsandhlitte€ and 3300 g C rAfor mineal soil C (Pouyat et al. 2006).

Woodpiles and compost pilestered our landscape scaling calculations on the basis of
their masses per parcel area, not associated with any EZ areas. We measured volumes and
biomass, using certified springades, of material selected from sepresentative pilesField-
moist to alkdry mass corrections were determined on subsamplesinAio ovendry mass
correctimsyansash content correction for compost (9.6%), and C concentrations were used from
prior studies of'similar materials from forests (Currie and Nadelhoffer 2002, Currie 2003).
Observations of woodpiles and compost piles were not deemed sufficierietertdifite these C
pools by.neighborhood type. Thedian parcel aredasedoool ofC in woodpiles and compost
piles when presentyere164 and 3 C ni?, respectively.(Mediars were used because there
was one Outlier parcel for woodpilesith 2,660 gC m? averaged wer thesingleparcel)

Median valuesywermultiplied by the observedverall frequenciesf parces having a woodpile
(0.42) andaseompost pile (0.19), producingaaaragdandscape contribution of piles in
residential neighborhoods (G1C m?) that we applied across all neighborhood typEsese

piles were not included irtier or soil pools in EZ @otals, but were included in total ecosystem
C sums when, scaled to the landscape.

Although 26 parcels were sampledakng calculations producexhly 22 landscape
scale sets.ef @ools for further analysisin one case, aerial photointerpretation identified the
neighborhoed,as urban based on housing density so the site was excluded from further analysis
In three othecases, the parcels were close to one anothlbe isame neighborhood, so in the

landscape scaling, the sites were merged.
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In upscaling C pools to the landscape, we included a formal analysis of uncertainty
propagation. Wherey, x,, ... % arerandomvariables with sample varianes:?, s,%, ... $%,
such as variances in the set of C pools we measured at the EZ sdatbeeef(x1, X2, ... %) IS

a functionwe used in upscalingye calculated: as the upscaled uncertainty (Arras 1998):

. j(;_;y.slu () 524t (2] 5 ®

Finally, for each of the 22 neighborhoods, we establiietime since&onversion to

residentialdan@nd theprior land use historysing a series of aerial photographs, one set per
decade, taken+#from the 1950s to 2005 (Brown et al. 200&jegories oprior land use history

were defined as (a) agricultuceopland if there was any evidence in any aerial photograph of
plowing or.row crops prior to development; (b) agricultpessture / old field fithere was never
evidence of plowing or row crops; (c) continuous tree cover; and (d) tree farm /dorétar
EZ-scaleand landscapscale results, statistical analyses were performed in Stata 11.0 (College
Station, TX).“Diferences amongpil and vegetation C pools BZ category subdivision type,

and category gbrior land use history were tested using ANOVA followed by Bonferroni mean-
comparison tests. We also tested whether soil C stocks in surface soil cores, deep soil cores, and
mineral soll totsm depthcorrelatedwvith physiographic variablesaterholding capacity
(WHC),ltexturexclass, and surficial geolo@yatural Resources Conservation Service 1995), and

topographionvetnessndex(TWI). For all tests, p < 0.05 was considered significant.

RESULTS
Vegetation

By/larea, the dominamiZ type in the 26esidential yardghat we surveyed and sampled
wasturfgrass with sparse woodjfollowed bydense woody, old fieldndturfgrasszone types
(Table 1). Carbon pools in trees, shrubs, dmtbaceous vegetation differed amdag types
(Table 2a).For trees,hiedense woodyone type contained the mosp€r areafollowed by
turfgrass with"sparse woodyFor shrubs, thdense woodyold field, andgardenzone types
contained more @er areahan other zone types. The mosp& arean herbaceous vegetation
was found irold field, followed byturfgrass Total vegetation C storag@summed across trees,
shrubs, and herbaceous vegetat@xpressed per unit areaC m™) alsodiffered by EZ (Fig. 1),
driven mainly by the differences trees(Table 2a). Thedense woodyone type had thgreatest
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total vegetation (per area Theturfgrass with sparse woodpne type had greattatal
vegetation (per aredhan theurfgrasszone type, but less than tiense woodtype. Old field
andgardenzone types had intermediate amountotdl vegetation (per aregTable 2aFig. 1).

Thetree speciewe encountered most frequently in exurban yavedse (in descending
order)Fraxinus, americana, Acer rubrum, Ulmus rubra, Carpinus caroliniaaredPrunus
serotina Additional genera that were important but were not in the topsfreeies because they
containéd 'multiple speciesithin eachgenus include®opulus,QuercusandPicea Other tres
that were lessfrequent but interesting to note for historical and horticutasans included
Juglans nigra(black walnut), present in five different yards, andlusspp. (apple and crab
apple), present,in seven yards.

Trees rangedn diameterfrom 2.5 cmto 85.0 cm dbh. Frequency distributions of stem
size classes showed important differences aniahtypes (Fig. 2). Theld field zone type had
only 30 stems / ha in sizes <5 cm dbh and no trees larger than 35 cm dbh, gheleashad
138tree stems / ha in sizes < 5 cm dibld gome individual trees recorded up to the 60-65 cm
size class#*Thdense woodyone type had the highest frequency of small trees, with 810 stems /
ha in sizes'<'6«cm dbh. Thklense woodygone had > 100 stems / ha in eé&etm size class up to
30 cm, but.no trees larger than 50 cm dibbrfgrass with sparse woodhwadmuch fewer tree
stems gverall (< 100 stems / ha in all size clggbesndense woodyones, but contained trees in
several ge classs larger thab0 cm, i.e. larger thainees recordeth dense woodyones. The
species of these largest treesurigrass with sparse woodyereLiriodendron tulipifera, A.
saccharinum;"A. platanoides, Q. rubra, and J. nigra.

Highsnumbers of shrubs were recordedrticularly indense woodyold field, andgarden
zone types (453, 347, and 296 shstdms / ha, respectively, in sizes < 5 cm dbh; FigT8e
most frequently.encountered were (in descending o&lgmga vulgaris, Lonicerapp, Picea
spp, andThuja.occidentalis.Shrubs often had multiple stems (range 1 to 11, median 3).
Infrequent but worth notingrasthe presence dlaeagnus umbellattautumnolive, an invasive
speciesand. Nfixer). Among a cluster of multiple stems that formed a shrulmedianstem
diametemgreater than 10 cm wascorded overall, and no median stéiaameter greater than 5

cm waspresent in théurfgrass with woodyr gardenzonetypes(Fig. 3)
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Soils

Soilshad 14% coarse fragments (>2 mnBulk densities (overry, coarse fragments
included) were.85¢ / cnt for surface soil cores arid02 g / cm for deep soil coresAverage
values of soil pH were neutral, 6.94 in surface soil cores and 7.08 in desp bbneral sil
organicC coneentratiog were3.4%b + 0.24% (mean = SHip surface cores (@5 cm depth,
which included/the thin Oe horizpand 1.41% * 0.12% in deep cores (50-65 cm depth). In
sevenofiour80transects (9%g9pil organic C concentratiomas greater in the deep soil core
than the surface soil cordhis indicategprior soil disturbance thamixed soils down to 65 cm
depth, buried prexisting surface soil horizanor that fill wasplaced on top of existing soil,
most likely.duringresidentiadevelopment; one of these cases occurred in rural lots.

Soil'and‘litter showed few significant differencesGrstocks among EZ types (Table 2b).
Thegardenzone type stored more C in litter than other zone types, due to the presence of
humanaddedmulch, while thedense woodyone stored more C in downed woody debris than
other zone.types. Tothtter + modeled soilC to 1 m showed no significant differences among
EZ types (Figel). Across the study, pools of mahaoil organic C (surface soil Oe +16 cm,
subsoilcore50=65 cm, and modeled &t0-100 cn) alsoshowed no correlations with
physiographic variables (WHC, texture class, surficial geology, and TWI).

Landscapescaleecological zones and C pools

In mapping our grountasedEZ types onto Andersohasedand-cover(LC) categories
assessed through aerial photointerpretationdense woodynapped mainly ontthe LC
categorytree‘cover’, followed bythe LC categoryopen natural’ (Tabl&\1). Ourturfgrass
mapped primarily onto ‘maintained,’ while orfgrass with sparse woodyapped onto a
mixture of ‘tree cover’ and ‘maintainedNo areas irthe yards we studied were identified as
‘crop’ through agrl photointerpretation (Tablgl). The tradtional ‘impervious’ areas
identified through aerial photointerpretation mapped only 69% iomgerviousarea identified
on the ground, while we identifigde remaindeasa mixture ofturfgrass with sparse woogdy
dense woodyandgardens

In our upscked resultsturfgrass with sparse woodyas consistently one of the dominant
EZ types in altypes of exurban neighborhoo@able 3. OtherEZ typesvaried. Turfgrass
coverwas greatesh Country subdivisions and lowest in Remnant subdivisamtsRural lots,
while densenvoodyshowed the opposifmttern greatest in Remnant subdivisions and Rural
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453 lots, lowest in Country subdivisior{¥able 3. Horticultural subdivisions contained the highest
454  areas obld fieldand showed the most eveflalanced distribution of areacross all types of

455 EZs.

456 Country subdivisions held less C in total vegetation than did either Remnant Sohdivis
457  orRural lots(Rig. Al), driven mainly by lower frequencies of trees (data not sho®mhilarly,

458 litter andmedeledsoil Cto 1 m as well agotal ecosystem C, were significdy lower in country
459 subdivisions'than both Remnant subdivisiand Rural lotgFig. Al). Differences in

460 imperviouscover weramportantcontributorsto differences in upscaled soil Cpuntry

461 subdivisions had the highastperviouscover at 25.7%, whil®ural bots had the lowest at 8.3%.
462  Country subdivisions also had lakense woodgreas.

463 The'pre=residential land use histories of our individual parcels were 55% croplé&nd, 18
464 pasture or old field, 18% continuous tree cover, and 9% tree farm or ordtee were no

465 significant differences by land use history in C storage in surface soil cores, deep soil cores, litter
466 and soil totals (including modeled mineral soil to 1 m), vegetdfidotals, o ecosystem C totals
467 (TablesA24A38): Regressions of upscaled neighborhood C pools against time since development
468 showed risingitrends in C storage for vegetation and for ecosystem totals, bobtvere

469 significantfor soil C totals alone (Fi§2). To further scale up C storage spatially, we used the
470 proportiopal‘areas of the four neighborhood types across SE Michgb¥ Country, 25.2%

471  Horticultural, and 42.2% Remnant subdivisions, and 24.6% Rural lots (An et al. 20&1)sed
472 these to calculate areeeighted values of C in vegetation and soil poolofarallexurban

473 residentialdand,iroutheastern Michigan, 19,000 + 1,550 g C (Table 9.

474 DiscussION
475 C storage in exurban land compared to forests
476 In"Southeasrn Michigan, temperate forests were the dominant vegetation prior to

477 European settlement, logging, and clearing for agriculture. The exurban expansion ofia¢sident
478 land over the past half-century has occurred on land thatveagsicultureor remnants of

479 seconegrowth forest (Brown et al. 2005, An et al. 20libgluding the parcels studied here

480 (TableA2). Exurban expansion in recent decallas been accompanied with a generalease

481 intree cover (Zhao et al. 2007, An et al. 201@)r scaledup estimates oéxurban residential

482 ecosystem C storageeremuch lowerthan that of matureforest stands, buh some respects

483 approaching that of regionglaveragedoress (Table 9.

This article is protected by copyright. All rights reserved



484 Our patches aflense woodyegetation stored C in trees (13,910 g CY an levels that

485 approached, bwrere17%below, tre average for sommature northern hardwoddress in our

486 biome {Table 4. The frequencies and siodassdistributions of treeand shrubs in exurban

487 yardswere very differenfrom mature forestsDense woodygonesin exurban yardbhad tree

488 size distribution$ighly skewed tavardsmallerdiametes (Fig 2). Shrubwerevirtually absent

489 from old-growth forest (Rutkowski and Stottlemeyer 1993), but present at more than 500 stems
490 ha in ourdense'woodyone type and more than 250 stems / ha in exurban yards overalld(Fig. 3
491 3e). Howevershrubs stored substantially less C than trees (Tablea&yestinglywhen scaled
492  up to exurban neighborhoodke tree sizelass distributions wergmilar to that of mature

493 forestin the size classes < 40 cm dbfhe major difference from mature forest was that

494  exurban yardsnanyfewer trees were presegit sizegreater thad0 cm dbh(Fig. 2e, 2).

495 Downedwoody debris stored much less C in exurban land than in typical forests. In
496 northern hardwood forests in the Great Lakes region, Lorimer and Goodburn (1998) reported
497 average C.pool sizes DWD of 1,435 g C / riin old-growth forest, 735 g C /%in select

498 harvesteddforest, and 300 g C7im65-75 year old second-growth foreSorest inventory data
499 for the US'North Central region reported a regionaitgragegool size of 1,250 g C /mBy

500 comparisen, exurba@ pools inDWD werequitesmalleven in thedense woodyones: 183 g C
501 /m?(Table®). Judging by the tree size-class distributions we found, these small DWD pools
502 may reflect the retavely young age of these forgsatches As the treesn dense woodygones

503 age and undergo self-thinning, unless trees are remayadse of DWD is likely to occur

504 (Harmon etal»1986, Currie and Nadelhoffer 2002). Averagedtbgeagsidential landscape,

505 pools of DMD-wWeresmaller stillat49 g C / m. A slightly greater C pool, 71 g C Pnwas

506 present inlwoodpes and compost piles (the latter includioiage and grass clippings), unique
507 to the residendl landscape.

508 Characterizing heterogeneity in human-dominated residential land

509 As other ecologists working in humaoeminated areas have ndté€Cadenasso et al.

510 2007), Anderson-basadC caegories were insufficient tdescribe th multiscaleheterogeneity.
511 Our ecologieal.zone (EZ) approach allowed us to characterize highly heterogeneoatsoreget
512 associationat the sukparcel scale, whildefining zone types that could beusedacross

513 different types of neighborhoods. It also allowed us to work quickly, wencburageanore

514 landowners to participateBecause our colleagues had conducted a resident behavioral interview
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(Nassauer et a014 beforehand, we were able to speed the procadigiding each yard into
EZ typesand to better define amdterpret those zone types in terms of hurpagferences and
practices

Our EZ approach had similarities and differences to other recentaapps The
ecotope approach (Ellis et al. 20@D0§ was similar to ours in that it identified splarcel scale
landscape .componeritsat were raused systematically across the landscdpets early
development, Ellis et al. (2000) combined aerial photointerpretation with local éahgsyl
ground observations, and household surveys, as did our methods development. The ecotope
approach/addressedtirel knt grid cellsand included more physiographic information than
our EZs TheHERCULES approach (Cadenasso et al. 2007) sought to quantify heterogeneity in
human settlements from urban to exurban, with a greater emphasis on distingyistsnof t
impervious cover for use in densely populated ardasad based completelyn@erial
photointerpretation, with no field observations or household interviews. It definedespocas
of cover (2,building types, 2 surface types, and 2 vegetation categuoiitbsjliscrete ranges in
each categorys Landscape patches arose bafpanom differences in any categoryhis
approach could be systematically applied to large areas and upscale directly from parcels to
landscapes,, butt introducesuncertainty in theise of categoricabnges of cover.

Fissoe et al. (2012) conduatdieldwork on randomlyselected residential parcels in the
Minneapolis (MN, USA) area with homeowner permissi@m eachargeparcel (> 0.1 ha)
comparable to ours, they established five, 8 m diameter plots at random witjardttethe
type of vegetatiomnd scaled thetree measuremedhtta directly to the parcel. Our approach
first dividedwparcels into a set of zones that differed in veigetagoil, and management and that
were reused from one neighborhood to the next, similar to theopecappoach (Ellis et al.

2006. This enabled us to discover differengesegetation C storage betwedense woodgnd
turfgrass with woodygategories, which miglitave beemore difficult to discover if we had
usedrandom_plots. Knapp et al. (2012), also working in the Minneapolis area, used landscape-
level data tesassign housing-density values to each yard, somewhat similarge otir u
neighborhoed,typologies. Where yawdsre too large to idsify all vegetation, Knappt al.

(2012) established transed2 m wide) in either lawns or woodlots. These transects were similar
to our EZ plots and the lawns and woodlots were similar to our zones, but our approach
identified a greater variety of ecological zones.
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546 The identification oturfgrass with sparsevoodyvegetation as a distinct zone typas a

547  success that came out of our approaclecdurred in more parcels and covered more area

548 overall thardense woodyones (Table 1). It contained far fewer trees and shrubs in small size
549 classes than didense woodybut contained occasional large trees (>50 cm dbh), absent from
550 dense woaodgoenes (Fig. 2). Downed woody debris was virtually absetuirigrass with sparse
551 woody in this zone typeresidents removed fallen trees and large branches to composirpiles
552  burnedthem asfirewood or yard waste.

553 Uncertainty in measuring and upscaling C pools

554 Several sources of uncertainty entered into our upscaling methods for soil and megetati
555 C. Inthe EZ plet approach, individual large trees could be included or excluded depending on
556 the randomfplacement of a transe@ur modeling of mineral soil C to 1 m depllso generated
557 uncertainty.Wejcompared our exponential model of soil C decline with degaimsiow and

558 highassumptionbased orinear extrapolatins from our surface and subsoil corésall cases,

559 the exponential model fell between thigh and lowlinearestimatesthe average absolute

560 differencewasi8%.

561 Choices'made in site selection contributed to uncertainty. We excluded neighborhoods in
562 topographically lowlying areas or with clayich soils toavoid confoundinghe analysis of C

563 pools in different neighborhood types. Tpercelswe thus avoided could hold higherineral

564 soil C. Another uncertainty lies in soil organic C beneath impasvsurfaces. The value we

565 used from'the literatur®,300 g C rif (Pouyat et al. 2006)yasonly 16% to 26% of the average
566 values wegsmeasured in other EZ types (Tab)e Recent literature reports a wide range of

567 variation inseil C beneath imperviossrfaceEdmondson et al. 2012, Raciti et al. 2012,

568 ZongQianget al. 2014).Future research could include the effects on mineral soil C of

569 developer,practices used in grading the land and in construction of structures nbasanae

570 road beds.for.roadmd driveways.

571 Assignng discrete categories of prior land ugenerated uncertainty. Our review of

572 historical aerial photographs revealed s$@ine parcal had multiple land use transitions, e.g.

573 row crops, fallowed by old field, then shrub cover before being converted to residential land.
574  Our regressionsf upscaled neighborhood C pools against time were also highly uncertain

575 because our set of sites was not desigrseal chronosequenféanai et al. 2003). Differing

576 amounts of tree cover were present in each neighborhood at the time of conversauarart
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among different neighborhood types. Developer practices may also have changed over time,
affecting parcel sizes and the amount of impervious area (house sizes, driveway sizes, and
roads), which could strongly affect patterns of C storage (Robinson 2Z0A)ack of
significant differences in mineral soil C pools in different EZ types may alsarésult of
differencesn.neighborhood vegetation or agred possibly the need for decadesnore for soll
C staks to.show a significant differencesC storage following vegetation change. More
explicit ‘attention to temporal changes in soil C could be an area for futeseales
Effects of human choices on C storage

The largest trees we encountered (>50 cm dbh) are too large to have been planted by
residents or developers and thus pre-date the conversion to residentididaicdltural land in
SoutheasterMichigan has scattered trees outside of woodlots: trems atong roads and
windbreaks, they surround farmhouses and farm buildindare left as shade trees for animals.
When agricultural land is converted to resitdalthese legacyreessometimesemain
depending.upon design and development choices, and become part of gandsanThe largest
trees we observed wefeund in theurfgrass with sparse woodpne type, indicating that
developersantesidents have allowed these large trees to remain in a maintained area or “zone
of care”(Nassauer el. 2014,Visscher et al2014 within the parcels Our prior work has
shown thattree cover has increased in exurban land of SE Michigan since conversion to
residential land (Zhao et al. 2007, An et al. 2011). Our current finding of a positive ttezel in
C over time since devgdent (FigA2) is corroborated bg landcover change analysihich
determinelthat,above-ground §torage increasealer time in exurbaparcelsin this region
(Huang et'al=2014).

The differences in sizelass frequencdistributions between our results for exurban land
and mature fores{ig. 2) indicate thathee is greapotential foradditionalcarbon storage in
the exurban landscaffeesidentpreferences and ecologicanditionsallow trees irexurban
yards to grow.larger. In an unmanaged forest undergoing succession from oak-hickory to a
sugar-maplerdominated forest in Indiana, as the forest aged and the overall@buyégymass
increased from 7,700 to 10,550 g C7and the bulk of the woody biomass went from being in
the 4555 cm dbh size classes in early succes&idhe 7595 cm dbh size classes in later

succession (Spetich and Parker 1998). Among forest ecosystem Gffiosés, are not
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harvested, tree growth is likely to be the most rapidly changing component of a C storage
trajectory (Fahey et al. 2010).

Temporal banges in tree C storageregional forest land awdifficult to detectpartly
because regional forests are highly heterogeneous, but also because many forestslare acti
managedind:harvestedBased on 185 FIA (Forest Inventory and Analypis}s in theUS
North Central regiomver the most recelt year period, Woodall (2010) foustight decreases
in living"'weod;"standing dead, and downed CWD totaling -38 g’ This isa small change
over time and'was not significantly different from zero. In contrast, in the catboarding
study conducted by Fissore et al. (2012)réwmidentialand in Minnesota, accumulation of C in
trees was thesmain change in C storage oves, tamounting to 189 g Cfiy’. Thus, if trees in
the exurban"environment are allowed to continue to grow or, if additional tree plantimgascc
is typical in thisisettingNassauer et al. 201¥isscheret al.2014), the woody vegetation in
exurban land couldequester more @ver time than managesecondary forests in the region.

Turfgrass with sparse woodly a vegetation association that is an entirely human
constructigngrittwould not exist in its present form without human design and manageément
the way that its«combines trees and grasses it is like a savanna. Some savanna existed in the pre
settlement.vegetation of the upper Midwest, howevetwigrass with sparse woodpne
contained«20-fold greater C storage per unit area in woody vegetation than did sbélpreent
savanna of Wisconsin (Rhemtulla et al. 2009, Tables 2a, 4). Researchers studyingi@ fluxes
residentialyards in the Minneapol Paul, Minnesota metropolitan area also found that the
mixture of grasses and trees in the landscape was key to determining C storage (Fissore et al.
2012). Usingsa C accounting model and results from a household survey, Fissore et al. (2012)
found the major sources of C to residential yards was grass growth, wood producties,in tre
and leaf litter from trees. A small proportion of yards (13%) contained areaswlgingrees,
similar to our.identification of 22% of parcel areaslaase woodyegetation.

Other.choices made by residential landowners can potentially affect sofla@estin
our study areapliar litter from coniferous evergreen trasdypically not removed and isome
areas deciduous leaf litterngt removedin some cases the mulamowing of foliarlitter, a
common practice, may contribute to C stor@gescher et al2014. In theirstudy of urban
residential land in Minnesota, Fissore et al. (2012) estimated that soil C was slowly increasing
over time inresidential yard25 g C nf y%), due toC inputs from grass litter artoeefoliar
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litter. In astudy of urban residential yards in Maryland, Raciti et al. (2011) found that a
chronosequence regression for soil C against housingeagaled a significant increase over

time insurfacesoil C (humus layer anahineralsoil to 10 cm depth). In our regictevelopers

and residets plant or cultivate turfgrass leave some areas in dieéld vegetatiorthatincludes
grasses. Grasses typically allocate high proportions of NPP belowground (Boh&9@8a
Grasses are not the natural vegetation mriagion because there is ample moisture for trees
(Kuchler 1964),"but human preferences and activities maintain large areas of grasses, which are
then highly proeductive witthe high moisture, Nich soiland warm growing season in
Southeastern Michigamjlesi et al. 2005).Irrigation and fertilization of yards may contribute

to grass preduction (Hutchins 2010, Fissore et al. 2012, Visscher et al. 2014), andljyotenti
shrub or tree NPP. Nassauer et al. (2014) found that in 17 of par@és, ragents applied
fertilizer in at least part of the parcdEcological studies have shown that nitrogen addition
increases NP .in nitrogerAimited vegetation including both trees and grasses across a wide
range of biomes (LeBauer and Treseder 2008). Kbéyleffects of these human choices and
activities amilandscape C storage illustrate that C storage in the exurban landscape arises as a

result of coupled humanatural processes.
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DESCRIPTION OFECOLOGICAL ARCHIVES MATERIAL
Appendix A" Carbon by neighborhood type and land use history. This appendix containgiébles a
figures that provide additional results for carbon pools in the exurban landscape asdaicategory

of land use history and by neighborhood type.
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Table 1. Description and importance of ecological zones (EZ). Mean proportions of parcel areas are across the entire study for each

EZ. n = number of parcels (of 26 total) that contained each EZ zone type. The impervious category comprised structures (n = 26,

mean parcel.area proportion = 6.4%) and pavement (n = 26, mean parcel area proportion = 4.4%). Mean proportions of parcel areas

sum to 100%:

Ecological Zone (EZ)

Mean proportion

Description n
Type of parcel area
Turfgrass present and managed. Trees or shrubs present, but gaps present between
Turfgrass with sparse
canopies. Edges of zone defined as where edges of woody vegetation shadows fall at 24 26.3%
woody vegetation
mid-day in summer.
Managed turfgrass generally absent. Trees and/or shrubs present and dense. Foliar
Dense woody.
canopy of woody vegetation is closed so that little direct light reaches the herbaceous 8 22.1%
vegetation
layer.
Managed turfgrass absent. Tall herbaceous vegetation present. Trees or shrubs
Old field 6 20.5%
sometimes present, but with gaps between canopies.
Turfgrass Turfgrass present and managed. No woody vegetation present. 24 16.6%
Mixed shrubs;forbs, Managed turfgrass absent. Trees sometimes present. Shrubs sometimes present,
herbaceous, with generally pruned. Managed herbaceous vegetation sometimes present. Managed 18 2.7%

mulch?

mulch layer often present.
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Impervious Structures and pavement 26 10.8%

Water Standing or moving water without significant emergent vegetation 4 1.0%

Note: * Hereafter referred to as ‘gardens.’
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Table 2. Carbon pools per unit area in (a) vegetation and (b) litter and soil components for each type of ecological zone (EZ).
Vegetation pools include above and below ground (root) C. Statistics are calculated across the entire study for each EZ, listed as mean
(standard error). Within a carbon pool, values followed by the same lower-case letters are not significantly different (p < 0.05). n.d. =

not determined.

a. Carbon poolsin vegetation within each ecological zone (g C m™)

Ecological_zone Trees Shrubs Herbaceous

Turfgrass with' sparse

] 6,163 (1,445) a 10 (7)a 80 (12) a
woody vegetation
Dense woody
_ 13,910 (3,170) b 235 (224) ab 41 (8) a
vegetation
Old field 735 (649) ac 394 (252) b 338 (93) b
Turfgrass 4(4)c 0(0)a 148 (30) c
Gardens 2,514 (1,766) ac 71 (20) ab n.d.
b. Carbon poolsin litter and soil within each ecological zone (g C m™)
Oe and Surface _ ~ Oe and modeled
_ o Downed woody _ _ Deep mineral soil _
Ecological zone Oi horizon ) mineral soil (015 whole mineral
debris (50-65 cm) .
cm) soil (0-100 cm)
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Turfgrass with sparse

woody vegetation

Dense woody.

vegetation
Old field
Turfgrass

Gardens

125 (14) a

621 (209)ab

320 (132) a
108 (12) a

1,146 (254) b

2(2)a

183 (56) b

24 (24) ab
0(0)a

71(71) ab

3,352 (278) a

4,397 (699) a

3,420 (475) a
3,298 (256) a

4,046 (475) a

1,653 (351) a

2,433 (930) a

1,884 (927) a
1,510 (251) a

1,969 (207) a

12,850 (1,757) a

20,410 (6,160) a

13,890 (4,626) a
12,640 (1,474) a

16,190 (1,633) a
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Table 3. Average areas of ecological zone (EZ) types by neighborhood type, expressed as a percentage of total area of residential
neighborhoods at the landscape scale. Within a neighborhood type, average areas sum to 100% (within rounding).

Ecological zonetype

Neighborhood type Turfgrass Turfgrass with  Old field Gardens Dense trees Impervious Water
sparse woody and shrubs

Country 24.4% 24.5% 9.9% 3.6% 11.3% 25.7% 0.6%

Horticultural 17.6 22.7 24.4 2.5 17.1 13.8 2.0

Remnant 11.6 284 15.0 2.3 28.3 13.1 1.3

Rural lots 11.0 26.9 22.3 19 28.2 8.3 15
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Table4. Carbon pools (g C 1) in exurban residential land compared with other ecosystems and landscape C pools from the

literature. O hor= surface organic horizon of soil including fine litter.

organic C. Soil depths are to 1 m unless otherwise noted. Vegetation C includes above and below ground tissues unless otherwise

DWD = downed woody debris. Min. soil = mineral soil

noted. Piles'=.compost piles and woodpiles, a pool that is unique to residential land. Herb. = herbaceous vegetation; Veg. =

vegetation. Shrub and tree categories generally exclude stems < 2.5 cm dbh (diameter at breast height, 1.4 m). All values rounded to
3 significant'digitstotal soil, vegetation, and ecosystem sums may differ from individual pools due to rounding

, _ _ Soil Veg. Ecosystem
Ecosystem type Ohor. Piles DWD Min. Sail Herb.  Shrubs Trees Ref
Total Total Total
This study
Exurban residential land ir 281 71 49 13,400 13,800 119 138 4,980 5,240 19,000 )
Southeastern Ml +50 +6 +12 +1,290 +1,290 +18 + 65 + 846 + 865 + 1,550
M atur eferestssites
Mature noerthern hardwooc
2,970 - 468 12,800 16,200 - - 12,800 12,800 29,100 (2)
forest, NH
Mature northern hardwooc
- - - - 1.4 0.2 16,600 16,600 - 3)
forest, northern Ml
Mature sugar-maple
614 - - 8,810 9,420 - - 20,600 20,600 30,000 (4)
forests, northern Ml
Regional average forests
Pre-settlement temperate 500 to 500 to 5)
deciduous forest in WI 10,000 10,000
Pre-settlement savanna ir - - - - - - - <500 <500 - (5)
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10
11
12
13
14
15
16
17
18
19

Wi

Forest inventory, US Nortl

- 1,250 10,900 13,050 200 5,850 6,050 19,100 (6)

Central Region averag:

Forest inventary, Lake

1,700 - - 12,400 14,100 - - 8,140 8,140 22,200 (7
states.average
Agricultural land
Sites in OHUSA and
) - - - 8,450 8,450 - - - - - (8)
Ontario, Canada
Average ceropland in Ml - - - 6,060 6,060 - - - - - (9)

Citations:

(1) Thiszstudy. An area-weighted average for exurban residential land was calculated using areal proportions of neighborhood types in
the study-region (An et al. 2011). Note that impervious areas are included in these C pools scaled to the landscape. Ecosystem total
includes ‘piles’ (woodpiles and compost piles) in addition to soil and vegetation totals. For O horizon, only Oi is included. Mineral

soil includes Oe horizon (where present). Uncertainties are upscaled standard deviations from a formal analysis of uncertainty
propagation;

(2) Fahey et al. (2005); Johnson et al. (1991) provides detail on soil sampling methods: Mineral soils sampled to bedrock or start of C
horizon«/Treés category here includes living (12,000 g €),/standing dead (657 g C Pjnand dead roots (188 g C Aim

(3) Rutkowski and Stottlemeyer (1993). Vegetation C included above-ground only (13,3003 Gitiplied here by 1.25 to
estimate.above + belowground C (roots).

(4) Pregitzeret al. (2008). Average of four control sites. Vegetation C included above-ground only (16,508, qr@ltiplied here

by 1.25 to estimate above + belowground C (roots). Mineral soil depth 70 cm.
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20
21
22
23
24
25
26
27

(5) Rhemtulla et al. (2009). Vegetation C pools include above-ground woody vegetation only. Some small areas of pre-settlement
forest in Wisconsin had vegetation C >10,000 g G./ m

(6) Turneretal. (1995).

(7) Grigaland. Ohmann (1992).

(8) Paul et al. (2003), average of three sites in row-crop agriculture. Includes mineral soil horizons only.

(9) Mitchell et al. (1997). Results of a database meta-analysis of croplands in Michigan; soil depths vary among sites and can be up to

2m.

This article is protected by copyright. All rights reserved



2

eap_1313_fl.docx

Fig. 1.

gC/m2

FIGURES
30000
a
o=l Vegetation total
250004 w1 Soil + litter total
20000 y a a
1 c
15000+ a i
10000 4
i b
5000 - ab
i i
ol 2 i
Turfgrass Dense
Turfgrass with sparse 0Old field Gardens ;
woody woody

1
This article is protected by copyright. All rights reserved




eap_1313_f2.docx

1000 1000
(a) Old field EZ (b) Turfgrass with woody EZ
100
o
=
~
n
2 10
b3
%)
1
01 T T T T T .
0 20 40 60 80 100 120 0 20 40 60 80 100 120
1000 1000
(c) Gardens EZ (d) Dense trees and shrubs EZ
100 100
©
o
~
n
2 10 10
2
%)
1 1
01 T T T T 01 T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
1000 5 1000 5
(e) Exurban land scaled up 1 (f) Old-growth forest
100 3 100 4+ (111
< 7 = _
< N =
~ B Tl
(] | 4
2 10 ] 10 5 )
D ] ] e
n 1 M
1 M-~
14 1
0.1 T T T T T T 0.1 T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Size class (cm dbh) Size class (cm dbh)

1
2 Fig.2.

1
This article is protected by copyright. All rights reserved



Stems / ha

11

eap_1313_f3.docx

(a) Old field EZ (b) Turfgrass with (c) Gardens EZ (d) Dense trees (e) Exurban land
woody EZ and shrubs EZ scaled up
1000 5 1000 1000 5 1000 5 1000 5
100 100 5 100 100 100
10 10 o 10 10 10 o
1 \ 1 \ 1 \ 1 \ 1 \
0 5 10 0 5 10 0 5 10 0 5 10 0 5

Size class (cm dbh)

Fig. 3.

1
This article is protected by copyright. All rights reserved

10



