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Edge effects on forest carbon dynamics

Forest fragmentation ispervasivethroughout the world’s forests, impacting
growing.conditions and carbon (C) dynamics through edge effects that produce
gradients in microclimate, biogeochemistry, and stand structureDespite the
majority of global forests being <1 km from an edge, ar understanding of forestC
dynamicsis largely derived from intact forest systemsEdge effects on theC cycle
vary bysbiomein their direction and magnitude, but aurrent forest C accounting
methods=and ecosystemmodelsgenerally fail to include edge effectsln the mesic
northeastern US large increases inC stocks and productivity are found near the
temperate forestedge with over 23% of the forest areawithin 30 m of an edge.
Changes.in.the wind, fire, and moisture regimes nedropical forest edges result in
decreases.irC stocks and productivity. This review explores differences irC
dynamies’observe across biomes through a tradesffs framework that considers
edge miereenvironmental changes and limiting factors to productivity.
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In a nutshell:
e Forest fragmentation is ubiquitous, altering forest growing conditions
e FEdge éectscan both degrade and enhafm@stcarbon(C) pools and
productivity,depending otbiome type
e Ecosystem models ar@giaccounting frameworks do not include edge effects
o Sysematically assessing edge effects across the globe will im@raeeounting
and yieldnewinsightsinto the impacts ofand-useand land-cover change

Forestswarldwide arancreasinglybeing fragmentethto smaller patches; at preseas,
much as 20% of glob#&brest are within 100 m of a ndiorest edgeand70%are within
1 km of anonforest edgéHaddadet al 2015).Across the northeastern UE3% of the
current.forest area is with0 m of a developed or agricultural edge, with strong
regionahgradients in the dominant lacaver type adjacent to forestadurel). The
consequences of forest fragmentation on biodiversity havevibeledescribedRieset
al. 2004), but the impacts of fragmentation and edge effects on the ¢@xycle are
just beginning to receive attentidResearch hasemonstratethat forests near edges
havedistinct growing conditions, but thgnitude of these differencesand even
whether productivity is enhanced or diminished as a function of proximity to an edge —
appeas to,varyacrosshiomes. There isthereforean urgent need to understand how
pervasive forest fragmentation is affecting the terrestrajcle.

The forest edges a “zone[that] experiences the climate buffering effects of a tree
canopy immediately above, but has lost the lateral protection afforded by trees to one
side” (Matlack 1993).From the forest edge to the interitivere aregyradients in
microclimate (Young and Mitchell 199BaviesColley et al. 2000;Gehlhauseret al
2000} biegeochemistry andesource availability (Weathees al 2001; Pohimaset al
2009;Remyet al 2016) andforest productivity and structur€lienetal. 1992;
Lauranceetal 2011; Reinmann and Hutyra 201HApwever, the aggregate response of
forestC dynamics may diffebetweerbiomes that vary in structural characteristics and
limiting factors on productivity, such as climabe tropical forestsChaplin-Krameret al

(2015)analyzedemotesensingdataand determined that biomass within 500 m of an
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edge wa25% lower than in théorestinterior. Similarly, using field observations in an
AmazonrainforestLaurenceet al (1997) found 36%elsshiomasswithin 200 m of an

edge, and in a boreal forest in Sweden, Joénssah (2007) showed thatee mortality

was cansiderably higher in fragmengsicompared timtactstandsln contrastbiomass
densities.im temperate broadleaf foregtre64% higher near the forest edge than the
forest interior scalng to a 10% increase iregionalestimates of biomagkrough
southern'New England in the US (Reinmann and Hutyra 2017), and biomass deasity in
temperateconiferous foresas31%higher near the edgelative to the interior
(Boweringet al 2006).

Edge effects creatdistinct growing conditions that vary across biomes;
nonethelessurrent foresC accounting methods and ecosystem models langgllect
theirinfluence. Thigepresentan importangap in our understanding and modeling of
the terrestriaC cycle and its response to disturbance, clinlatej-use or lanecover
changes, and lanmdanagement policieslere, we synthesize the literature related to edge
effectsonthe C cycle and posit how fragmentation affects @hdynamics of the world’s

remaining-forests.

Trade-offs at the forest edge

Microclimatic changes at the forest edge can crieatie favorable and adverse conditions
for plant growth, depending on the local limiting factors to growth and vulnerabibties
stress (Figur@). Fragmentatiomreates a mosaaf forested and noferested lad with
alteredmaterial and energy fluxesrossecological boundarie3hebiotic and abiotic
transitiors between adjacent land covers tevevariable spatiabcalegSchmidtet al
2017) andnayinduceincreases, decreas@s no change ithe factos contrdling forest
structure.and productivityith proximity to the edgéRieset al. 2004). Light, air
temperature, sotemperature, vapor pressure deficit (\/Rie difference between actual
versts _peotential moistureontent othe air, measured as atmospheric pre$sare wind
increaserbetween the forest interior adde whereassoil moisture declinesward the
edge (Figure 3Raynor 1971; Kapos 198Ritteret al. 2005). Edgesan affect
vulnerabilityto fire by enhancindlammability throughdesiccatiorof fuelsandgreater
exposure to potential human ignition sources (Cochrane and Laurance 2002; Laurance
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and Curran 2008)ut fragmentatiomlso create fuel discontinuitieshat cannhibit
wildfire spread Ageeet al 2000). In additionforest edges can be predisposed to biotic
disturbances, such as pest infestatitim®ough heightened invasion probabili§autz et

al. 2013). Nitrogerdeposition anévailability can be elevatedt the forest edgdue toa
combination of inputs from nearby vehi@missiongsfertilizer applicationsandaltered
canopy,roughnessharacteristicéWeatherset al. 2001; Remyet al. 2016).Overall
increased inciderdolar radiation is perhaps the key factor differentiating the edge’s
microenvironment fronthat ofthe interior forest (Matlack 1993).

The magnitude of the edge response varies not only with proximity to the edge
but alse aswa function of the edge as|fnet compasdirection that the edge faces)
adjacent langtover type, and the size of the forest opening. For example, in the Northern
Hemisphere, the response of variables driven by radiesioledampened near edges
with a northern exposure relative to those with a southern exposure (Burton 2002;
Heithecker and Halpern 20D Aspect alsanfluences the duration and temporal patterns
of abiotierehanges related tadiationlevels(Chenet al. 1995). The penetration depth
and intensity of edge effectseinfluenced by thdorest patch size and management
charaeteristics of adjacent land coveegilhidyet al (2006) found that increasirige
diameter of temperatedadleaf forest gaps from 124 m to 3640 m resulted ira
relative increase of 20 to 26-25%, respectively, in abowenopy light availaitity at
the edge.of the gap. In the case of linear openings in the forest, Patlalaf2009)
found that air temperature and VPD gradients were stronger aloeddks of forests
adjacentt@nthropogeniinfrastructure such apower lines and highways, than natur
edges'adjacent to streams.

Edgesenvironmentshange over time as vegetation responds to the altered
conditiens:with successivéradeoffs. When a forest edge is createygldeforestationit
producessharp spatidairansitionsn energy fluxesHowever, over timencreases in leaf
area indeXthe amount of leaf area per unit ground areamnm) and understory
vegetatiomdensity near the edge dampergradients in energffuxes (Didham and
Lawton 19991 auranceet al. 2011).Thedensity ofedge understory growih related to
time sinceedge creationspecies assemblaglge adjacency, aspeahdpotentially

management. In the tropics, the depth of penetratiomogtmicroenvironmental
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variablesat newly creatededgesan betwo to five times higher thaat older, more
denselyegetatecedges (Didham and Lawton 1999). Following edge creation in tropical
forests the abundance of clonally reproduclemas(woody vines)ncreasd by 46%
within 100 m of an edg@.auranceet al 1997). Tee seedlingecruitment andjrowth
alsoincreasd within 10 mof a newly createddge (Sizer and Tann&899).This edge
stimulationeanseal the forest edgend dampemicroclimatic changes over tin{elarper
et al"2005)."Althoughdrest edge creatidends to chang#e microenvironmernih a
predictabledirection the magnitude of the chanigehighly variable

Biogeographical variations in the relatitradeoffs influencing forest C fluxes
due tofragmentation(Figure 2) may account for tlygialitatively different impactef
edgeson‘Ceycling across forest biomesor example, in the tropicelevatedair
temperature.near agemight reducdorestproductivityas the trees at the edge become
more susceptible to heat stress and drowg¢reasn the boreal region, where forest
growthuisoftenlimited by temperature (Nemaet al. 2003), higherir temperatureat
the edgesan stimulatéorestproductivity by bringingreescloser to photosynthetically

optimal‘temperatures for a larger proportidnhe growing season.

The terrestrial C cycle

Forestsarea major C sink, offsettingnearlyonethird of anthropogenic @missions
(IPCC2014), butthe size of theéerrestrialC sink and the impacts of deforestation and
land-coversehange on thedgcleremain poorly define@Panet al 2011). Moreover,
gross primary production hégen increasing in recent decadas 1% + 5% during the
20thcentury;Campbellet al. 2017),complicating efforts t@uantifythe role of forests.
Although Cemissiondgrom land-use change havieenrelatively stablesince 1850,
variatiomsin.estimates ofhe magnitude oémissions have increasegdrecent decades
(Houghton.2010).

Carbonstocks
Currentmethods foforestC accounting do not consider spatial variation in the strength
of the forest C sink due to edge effectdgg effects omboveground pools vary

considerablyacrosdorest typeswith abovegroundhiomasseported tancrease

This article is protected by copyright. All rights reserved



(Boweringet al 2006; Bellet al.2017; Reinmann and Hutyra 201dgcreasélLaurance
et al 1997; ChaplirKrameret al. 2015;Bell et al. 2017), omremain essentially
unchangedZiter et al. 2014) with proximity to forest edges.

In the topics, abovegrounfibrestC generally declines with proximity to edges.
Using 30-mresolution satellitederivedmaps of forest coveBrinck et al (2017)
reportedthatincreasedreemortality neartropical foresedgescause an additional 0.34
Gt of C'emissionsannually, representing 31% of the currestimatedC releases
attributed taropical deforestatioriThe key mechanisms responsible for ttegluctions in
C stocks in tropical edgéncludeincreased desiccation stress, fiparasiticliana
proliferation,and blow down of large treesie togreater exposure wind (Lauranceet
al. 2007;2011). Although foreststine tropics are largely light limited, most of the forest
fragmentation has occurred in the more wditeited regions (Figure 2), for example in
the Cerrado forest along Brazil'arc of deforestatidn- the Amazonian frontier for
agricultural developmenirees in topical forestarecomparatively tal(up to 60 min
height Feldpausclet al 2011) and grow in a warm climate, makthgmparticularly
vulnerable:to increases in wind, drought, and fire. The overall negative responsedbserve
in aboveground Gtocks near tropical forest edgsgrobably due to thadverse
conditienscreated by the altered forest edge microenvironment.

Research in temperate forests suggestsdistdcks can decrease, persist, or even
increase near the forest edgethetemperate rainforestf southern Washington and
central.Oregon, Chest al. (1992)reported thatree mortalityincrease@nd stem density
decreased-amorigeeswithin 120 m of an edge. In olgrowth temperateaniferous
forests in Oregorincreases and decreases in basal area with proximity to edges were
observed in forests at l@welevations (<80@n) andat higher elevatios (>800 m),
respectively(Bell et al.2017). In the broadleaf forests of Quebec, Canada, no changes in
aboveground Gtocks vereobserved within 100 m of an edge, although stem density
increased(Ziteet al. 2014) in contrast, in broadleaf fortssof eastern Massachusetts,
Reinmann,and Hutyra (2017) found a 64% increase in forest biomass withim2én
edge. Similarly, in montane temperate lodgepole grireus contorta forests in British
Codumbia, Canada, biomass wad/@higherin edges adjaent to roads than e forest
interior (Boweringet al 2006).
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These studies suggest that the forest edge microenvironment in temperate regions
can often create conditions that resulenhanced Gtorage capacity at the forest edge
relative to the interiofn temperate broadleaf forests, trees are generally short&3Q(15
m) and haveelatively deeprroot s/stems(up to 4 m) than in the tropic€&nadellet al
1996), and. rosttrees lose their leavegasonallycharacteristicghatreduce the risk of
windthrow relative to other biomes. Thikoavs trees near edges to take advaniaigbe
increasedvailability oflight (Matlack 1993; Cheet al 1995; Pohimaet al 2009),
temperaturelatlack 1993; Young and Mitchell 199&ehlhauseret al 2000, and/or
nutrients(Weatherset al 2001; Remyet al 2016).

In temperate conifelusforeststhe response of §torage neahe edge seems to
be driven by increased wind exposureforests alower elevations andlong roadays,
where wind'gradients are likely weaker, C storage is highttre edgeBoweringet al.
2006;Bell et al. 2017) whereas tahigher elevations and alongearcut edges, where
winds are likely to be stronger, mortality apalsal areaeclinesof large treesncrease
with preximity to the edge (Chest al. 1992; Bellet al. 2017).

Researclirom borealforestsshows that tree mortality and structural degradation
increasewith proximity to edges. In an experimentally fragmented Norway spRiced
abieg.forest in Sweden, tree mortality rates in forest fragments sudrgtantiallyhigher
(1.2-3.9%) thanin intactplots (0.7%; JOonssaet al. 2007).In thesprucezone of British
Columbig the density of canopy trees at the edge decliyagph t046% relativeto the
forest interior (Burtor2002). Trees in boreal forests have shallow roots, with 80% of root
biomassaccurring inthe upper 30 cm of soil (Jacksenal 1996), increasing the rigk
uprooting associated with wind exposure near the ddlo@ever,productivity of
individual trees at the edge might be enhanced by htghgreraturedue to edge
effects.Thus, initial decreases in biomass due to windthrow coutffbet by increased
productivity;among the remaining trees andateresilience ofreauitedtreesto higher

winds.
Carbon fluxes

Understanding edge effects requires characterlantly C stocks anfiluxes across
heterogeneous landscapes. Eddy covariance measurements of net edcosssthange
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are anmportant tooffor estimatingC flux, butthe methodologyequires homogeneity
within thefootprint of the eddy covariance towethere is a profound selection bias
against fragmenteldndscapes in the distribution of eddy covariance measurements,
resulting in @ major mismatch between the landscapes we are attempting to characterize
and the flux data we are using to characterize them.

In tropical forestsgrowth rats of individual trees within 10 mof singletreefall
gaps orsimilarsized canopy openings mase following gap formation (van der Sleen
et al 2024y which theauthors attributed tenhancedight availability based of*CO,
(CO, with carbon isotopé’C) discrimination inassimilationrepresenting an opportunity
for treegrowth near gap edge$heseobservations of higher productivity near gap edges
arecontrary'to measurements of increased mortalityreducecbiomass densities near
clearcuttropical forest edgedut the scale of thesksturbances differsubstantially
The environmental changesaneanopy gaps are not as extensis¢hose near larger
clearings, allowing trees tmapitalize on reduced competition aadblitional light without
necessarilyexperiencing the adverse conditimisncreasedvind, heat stresdire, and
desiccationthat occumeartropical forest edge

More is known about forest edge effectsppaductivity in temperate forests
British-C0lumbia, lalgepole pine trees within 5 m of a roadwgi@2% fastethan inthe5
years prior to road establishment (Bowergtgl 2006). In astern Massachusetted
oak Queras rubrg growth rates nearly doublddllowing edge creation due to
urbanization Figure 4; Briberet al. 2015) In thePiedmont region of North Carolina,
growth rates ofoblolly pines Pinus taedaand tulip treesl(riodendron tulipiferg
within 5 mof a forest edge were considerably higthem the growth rates @rees within
the forest inteor (McDonald andJrban2004).In the temperate rainforests suthern
Washingtorand central Oreggomvestern hemlockTisuga heterophylleand Douglagi
(Pseudotsuga menziesgrowth increased50% and 33%espectively, near cleaut
edgegChenet al 1992).Increased growth rates near the forest edge (Figure 4) are not
surprising;foresters routinely thin stands to accelerate tree growth (Meadows and Goelz
2002), and thinning induces changes in the microenvironment, such as increased light and

reducedcompetition, that can be similar to those experienced near forest edges.
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Quantifying changes in §equestration at the forest scadquiresan inventory of
all treesgiven that ncrease in bomasswith proximity to the edgeould beattained(1)
throughfastergrowing individualtrees at the edge (2) through a highr density of trees
at the edgewith thegrowth rateof each treeequal tathe growth rates of trees withihe
forest interior.To our knowledge, the only stutlyathasexaminedorest growth rates in
an edgeo-interior context founevidence for both of these mechanistic pathways
leadingtoar8%% increase in forest growthithin 20 m of a forest edge relative to the
forest interior(Reinmann and Hutyra 2017). Furthmare enhancement aémperate
forest edge growth wageatestn yeas with cool summersandlowestin yearswith
warmerthan average summesgth absolute rates of forest growth declining nearly three
times faster at the edge than in the interior in respnearly growing season heat stress
(Reinmann and Hutyra 2017).

These findings suggest thsdtifts inthe mean climate and the frequency of
climate.extremesay trigger subsequent shifts in the responserestgrowthto edge
effects«@ontinued warming of air temperatures in combination with more extreme heat
waves and«droughts (IPCC 2014; Allenal.2015) will likely increase tree mortality
near tropical forest edgesince tropical forests as a whole are vulnerable to increasing
moisture stress (Phillipst al. 2009). In the warmer, southern portion of the temperate
region, where forest growih limited primarily by maximum temperatures (Martin
Benito'and Pederson 2015), higher maximum temperatures will likalyit forest
growthsnear the edge. In the northern latitudes of the temperate region, whdre fores
growth'is:also limited by precipitation variability (MariBenito and Pederson 2015),
there is an unclear tragdf between warmer edge temperatures stimulginogluctivity
and stress from more severe droughtghe boreal forestyarmer temperatures will
likely stimulate edge productivityiven thaincreagng temperatures have been
associated with greateruptake in the northern latitudes (Keeligigal. 1996). However,
droughtamay alsconstrainproductivity throughout much of the boreal forest (Basier
al. 2000y potentially resulting imverestimated uptake and storage

Autotrophic and heterotrophiespiratiorresponsgacross forest edge gradients
arelargely unknown for all forest biomeGiven that soil respiration rates are sensitive to
changes in botkoil moisture and temperature (Davidsgiral 1998),as well as gross
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primary productior(Janssenst al.2001) spatial gradients in sakspiration are likely.
Total soil respiration rates have been shown to increase with soil temperature up to
approximately 25C, beyond which rates begin to decl{@areyet al.2016). In the
tropical regim, where this threshold imbleto be surpassed, relative decreases in soil
respirationrates at the edge are expectedcontrast, irthe boreal regionyheresoil
temperatures.are generally below@@Careyet al.2016),warming is likelyto stimulate
respiration rateat the edgeln the temperat regionthe respiration response is unclear
and may varyith latitude. Taken as a whole, it remains uncertdintfie extent to which
warmer soil.temperatures will stimulate respiration rgi@svhether drier soils will
offset thedmpaicof warmer temperatureand @) how microbial communities will
acclimate to warmer temperatures at the edge.

Accurate assessment of the respongaehetforestC balance to edge effects
requires.inelusion of productivity measuremeatswell as measurements of mortality
and soikrespiration, but to our knowledge these variables have yet to be evaluated

simultaneously.

Dynamie-edge responses

The position and characteristics of forest edges are not necessarily stable ouéthane.
depth of penetration for microenvironmental gradients decreases over tatharfDand
Lawton,1999{ auranceet al 2011), theredge effects o€ dynamics may change in
magnitude or even sigpositive to negative or vice vers&owever, existing studies
indicatethat the edge influence on C uptake and storage is largely insensitive to long-
term recovery processes as long as the edge is prigseltkgrowth temperate
coniferous farests, no effect of harvest age was found @t & in edges between 13
and 60-years old created by cleatting (Bellet al. 2017), and edge growth
enhaneement of Douglds-and western hemlock were sustained fdeast 1615 years
following edge creation (Chestal. 1992).In the subboreal region, lodgepole pine trees
within 5’ meef an edge experienced growth enhancement for up to 20 years following
edge creation, with the largest growth response occurritinginitial 6-10-year period
(Boweringet al.2006) and n temperate broadleaf forests, edge growth enhancement

were sustained for up to 40 years (Bribeal. 2015). Finally, woody plant encroachment
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— the outward migrationof theforest edge-generally results in increased i2tptake
(Bargeret al.2011).

Althoughmuch of the world’s forested area is adjacent to an edge, not all edges
are marAmade Forest edges can be natueidmaybe formed whefforests are
interrupted.by water bodies, reach the tree line, encounter a patch of disturbedfate
so forth.However, rmanent natural forest edde®ly have a distinct edge
environment andas withmanmade edges, the magnitude of the environmental changes
will dependon the adjacent land-cover type (water, rock)aoads, efc In natural forest
edgeghat ae temporaryedge C dynamics during the recovery of the adjacent disturbed
patch aregoeorly understood. Current knowleofyedge effects is largely derived from
permanentyman-made edges, ingedge dynamics of transient and natural edges

should be exploreflrther.

Forest biome C responses

Growthrand mortalitynearthe forest edge appear to be meeasitiveto environmental
stress andwextremes thiarthe forest interionVhereaggrowth at the forest edge can be
enhaneed by higher light and nutrient availability, groistalso affected bincreases in
fire, heat, drought, and/or wind. Forest edgdy@amicsmaybe predictabléf we
considemow tradeoffs in growing conditiongouple with spatially varying limitsfo
ecosytem productivity (Figure 2).

Forest productivity is limited by light, temperature, waters@mecombination of
the threepdepending on geographic locafidemaniet al 2003).Comparing the global
extent'of fragmentation (Haddatlal 2015) and geographic limitations on productivity
(Nemaniet al 2003),we determinedhat much of the world’ forested area within 500
of an edge.is not limited by a single facbot ratherby a combination of light,
temperature, andater(WebFigure 1)Within 500m of edgesthere is a similar amount
of light-andtemperaturdimited forest,although the drivers of fragmentation may vary
across biomedn manytemperaturdimited systemgegboreal forest), much of the
fragmentation results from natufebtures on the landscapeich as lakes amdldfires
(Figureb), whereasn lightdimited systemgeg tropi@l forests) much of the
fragmentations due to anthropogenic deforestation ahdnges ifanduse.In the
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temperate region, the prevailing driver of fragmentation is the conversiorest for
development and agriculture. Consequently, differences in the impacts of fragonentat
across these biomegpend on differences in bdtie factordimiting growth and the

disturbance agent.

Conclusions
With'world“populationgprojectedo increase to betweeh6 billion and 12.3 billion
people’by 2100 (Gerlarat al 2014), human settlemergadagricultural landsvill
almost certainlycontinue toexpand intacurrently forestedreaswhichwill increase the
proportionsef the world’s forests experiencing edge conditiBrgectedncreass in
temperatures anaore frequenheat wavesnd drough{IPCC 2014) couldact
synergistically with forest fragmentation pat further pressure on forests by intensifying
edgeto-interior gradients

Forest responses to the creation of edges are dyraumieiost of our
observations of forest edgedgnamics are based on static eddesnporal and spatial
patterns insbiomass, growth, mortality, and recruitmsrd tunction of time since
fragmentationas well amdjacentand-cover types in both permanent and temporary
edgespeed to be better quantifiedritically, futureresearchmustaspireto quantify
gradients in net ecosystem exchamgerderto capture anorecomplete picture of edge

effects.on theC cycleatlocal, regional, andjlobal scales.

Acknowledgements

Datasets on global fragmentation (Hadeadl 2015) andactors limitingnet primary
productivity (Nemaniet al. 2003 wereprovided by JBexton andH Hashimoto,
respectivelyWe thank J Geddes for comments on the manuscript. Financial support for
this research wasrovided by National Oceanic and Atmospheric Administratiamig
NA140AR4310179, with additional support from Bi&ational Science Foundation

Career Award DEBL149471, MtionalAeronautics and Space Administratignant
NNX16AP23G and USDepartment of Agricultur&lIFA grant 2017-67003-26487.

References

This article is protected by copyright. All rights reserved



Agee JK, Bahro B, Finney MAgt al.2000.The use of shaded fuelbreaks in landscape
fire managementorest Ecol Manad.27: 55-66.

Allen CD, Breshears DD, and McDowell NG. 2015. On underestimation of global
vulperability to tree mortality and forest eiéf from hotter drought in the
AnthrepoceneEcosphere: 1-55.

Barber\VA,Juday GP, and Finney BP. 2000. Reduced growth of Alaskan white spruce in
the“twentieth century from temperatineluced drought stresiature405 668—73.

Barger'NN;"Archer SR, Campbell J&t al.2011. Woodyplant proliferaton in North
American drylands: aynthesis of impacts on ecosystem carbon baldnGeophys
Res116:G00KO7.

Bell DMy'Spies TA, and Pabst R. 2017. Historical harvests reduce neighboring old-
growth basal area across a forest landsdapa. Appl27: 1666—76.

Bowering M, LeMay V, and Marshall P. 2006. Effects of forest roads on the growth of
adjacent lodgepole pine tre€an J Forest Re36: 919-29.

Briber BMyHutyra LR, Reinmann ARt al. 2015. Tree productivity enhanced with
conversion from forest to urban land covétsoS ONE 10: 1-19.

BrinckeK, Fischer R, Groeneveldek al.2017.High resolution analysis of tropical forest
fragmentation and its impact on the global carbon cy&¢. Commur8: 14855.

Burton PJ. 2002. Effects of clearcut edges on trees in the sub-boreal spruce zone of
northwest—entral British ColumbiaSilva Fenr36: 329-52.

Campbell'JE, Berry JA, Seibt &t al.2017. Large historical growth in global terrestrial
grosssprimary productioMature544 84—87.

Canadell J, Jackson RB, Ehleringer 8Bal. 1996. Maximum rooting depth of vegetation
types at the global scal®ecologial08 583-95.

Carey JC, Tang J, Tepler PH et al. 2016. Temperature response of soil respiration
largely unaltered with experimental warmifgNatl Acad SCUSA113 13797-802.

ChaplinKramer R, Ramler I, Sharp, Bt al. 2015. Degradation in carbon stocks near
tropical forest edge®at Commur6: 10158.

Chen J, Franklin JF, and Spies TA. 1992. Vegetation responses to edge environments in
old-growth Dougladir forests.Ecol Appl2: 387-96.

This article is protected by copyright. All rights reserved



Chen J, Franklin JF, and Spies TA. 1995. Growaagson microclimatic gradients from
clearcut edgemto old-growth Dougladir forestsEcol Appl5: 74-86.

Cochrane MA and Laurance WF. 2002. Fire as a lacgée edge effect in Amazonian
forests.J Trop Ecol18: 311-25.

Davidson.EA, Belk E, and Boone RD. 1998. Soil water content and temperature as
independent or confounded factors controlling soil respiration in a temperate mixed
hardwood forestGlob Change Bl 4. 217-27.

DaviesColley RJ, Payne GW, and van Elswijk M. 2000. Microforest gradients across a
forest edgeNew Zeal J Ecak4: 111-21.

Didham:RKsand Lawton JH. 1999. Edge structure determines the magnitude of changes
in microclimate and vegetation structure in tropical foresjrhentsBiotropica31:
17-30.

Feldpausch TR, Banin L, Phillips Okt al. 2011. Heightdiameter allometry of tropical
forest treesBiogeoscience8: 1081-106.

Galhidy-lzpMihdk B, Hagyo Aet al. 2006. Effects of gap size and associated changes in
light'and soil moisture on the understory vegetation of a Hungarian beech forest.
Plant Ecol183 133-45.

Gehlhausen SMschwartz MW, and Augspurger CK. 2000. Vegetation and
microclimatic edge effects in two mixedesophytic forest fragmentBlant Ecol
147.21-35.

GerlandPRaftery AE, Sevéikova H, et al.2014. World population stabilization unlikely
this‘eentury Science346 234-37.

Haddad NM, Brudvig LA, Clobert &t al. 2015. Habitat fragmentation and its lasting
impact on Earth’s ecosysten&enceAdvancesl: 1-9.

Harper KA, MacDonald SE, Burton Ral,al. 2005. Edge influence on forest structure
and._composition in fragmented landscaamserv Bioll9: 768—82.

Heithecker TD and Halpern CB. 2007. Edgéated gradients in microclimate in forest
aggregates following structural retention harvests in weS¥ashingtonForestEcol
Manag248 163-73.

This article is protected by copyright. All rights reserved



Homer CG, Dewitz JA, Yang,let al. 2015. Completion of the 2011 National Land
Cover Database fahe conterminous United States — representing a decade of land
cover change informatiofhotogramm Eng Rem&3. 345-54.

Houghton RA. 2010. How well do we know the flux of €f@dom landuse change?
Tellus.B62: 337-51.

IPCC (Intergovernmental Panel on Climate Q). 2014. Climate change 2014
synthesis report. Contribution of Working Groups I, 1, and Ill to tifién F
Assessment Report of the Intergovernmental Panel on Climate Change. Geneva,
Switzerland: IPCC.

Jackson RB, Canadell J, Ehleringer 8Ral. 1996. A global analysis of root distributions
for terrestrial biomegecologial08 389-411.

Janssens IA, Lameijer H, Matteucci Get al. 2001. Productivity overshadows
temperature in determining soil and ecosystem respiration across Europetsn fores
Glob.Change Biof: 269-78.

JonssomMT, Fraver S, Jonsson BGal. 2007. Eighteen years of tree mortality and
struetural change in an experimentally fragmented Norway spruce feoesstEcol
Manag242 306-13.

Kapos-V:1989. Effects of isolation on the water status of fosgshps in the Brazilian
Amazon.J Trop Ecd5: 173-85.

KautzM, Reinhard S, and Ohser2D13. The “sun effect”: microclimatic alterations
predispose forest edges to bark beetle infesttitur J For Res132 453-65.

Keeling:€D;, Chin JFS, and Whorf TP. 1996. Increased activity of northern vegetation
inferred from atmospheric GOneasurement§cience382 146-49.

Laurance WF and Curran TJ. 2008. Impacts of wind disturbance on fragmented tropical
forests:.a review and synthestsistral Ecol33: 399-408.

Laurance WF, Camargo JLC, Luizdo R@&tCal.2011. The fate of Amazonian forest
fragments: a 33ear investigationBiol Conservi44 56—67.

Laurance WF, Laurance SG, Ferreira,le¥al. 1997. Biomass collapse in Amazonian
forest fagmentsScience278 1117-18.

Laurance WF, Nascimento HEM, Laurance, Gal.2007. Habitat fragmentation,
variable edge effects, and the landsedpergence hypothesiBLoS ONE2: e1017.

This article is protected by copyright. All rights reserved



Martin-Benito D and Pederson N. 2015. Convergence in drought stress, but a divergence
of climatic drivers across a latitudinal gradient in a temperate broadleaf frest.
Biogeogr42: 925-37.

Matlack GR. 1993. Microenvironment variation within and among deciduous forest edge
sites,in,the eastern United StatBml Consent6. 185-94.

McDonald R and Urban D. 2004. Forest edges and tree growth rates in the North
Carolina’PiedmonEcology85: 2258—66.

Meadows"JS and Goelz JCG. 2002. Foyehr effects othinning on growth and
epicormic branching in a red oak—sweetgum stand omarrstream bottom site in
west-central Alabama. Proceedings of the Eleventh Biennial Southern Silvicultural
Research Conferendénoxville, TN; 20-22 Mar 2001. Asheville, NC: US
Department of Agriculture Forest Service Southern Research Station.

Nemani RR, Keeling CD, Hashimotaq et al. 2003. Climatedriven increases in global
terrestrial net primary production from 1982 to 1996ience800 1560—-63.

Pan Y ¢Birdsey RA, Fang éf al.2011. A large and persistent carbon sink in the world’s
forestsScience333 988-93.

Phillips:OL, Aragéo LEOC, Lewis &t al.2009. Drought sensitivity of the Amazon
raipforest.Science323 1344-47.

Pohiman CL, Turton SM, and Goosem M. 2009. Terapvariation in microclimatic
edge effects near powerlines, highways and streams in Australian tropical rainforest.
AgrForest Meteorol49, 84-95.

RaynoriGSi1971. Wind and temperature structure in a coniferous forest and a contiguous
field. Forest Scil7: 351-63.

Reinmann AB and Hutyra LR. 2017. Edge effects enhance carbon uptake and its
vulperability to climate change in temperate broadleaf forBdiatl Acad SCUSA
114 107-12.

Remy ExWuyts K, Boeckx Rt al. 2016. Strong gradients in nitrogen and carbon stocks
at temperate forest edgé®rest Ecol Mana@76 45-58.

Ries L, Fletcher JRJ, Battin Jand Sisk TD. 2004. Ecological responses to habitat edges:
mechanisms, models, and variability explairsainu Rev Ecol Sy86: 491-522.

This article is protected by copyright. All rights reserved



Ritter E,Dalsgaard L.and Einhorn KS. 2005. Light, temperature and soil moisture
regimes following gap formation in a sematural beectdominated forest in
Denmark.ForestEcol Manag206 15-23.

Schmidt M, Jochheim H, Kersebaum K&t ,al 2017. Gradients of microclimate, carbon
and_nitrogen in transition zones of fragmented landscapes: a ré\geWworest
Meteorol232 659-71.

Sizer N'and Tanner EVJ. 1999. Responses of woody plant seedlings to edge formation in
a lowland tropical rainforest, AmazonBiol Consen®1: 135-42.

van der SleeP, SolizGamboa CC, Helle (et al. 2014. Understanding causes of tree
growthsresponse tgap formationA**C-values in tree rings reveal a predominant
effeet of light. TreesStruct Func28: 439-48.

Weathers KC, Cadenasso Mand Pickett STA. 2001. Forest edges as nutrient and
pollutant concentratorsopential synergisms between fragmentation, forest canopies,
andithe atmospher€onserv Bioll5: 1506-14.

YoungAvand Mitchell N. 1994. Microclimate and vegetation edge effects in a
fragmented podarp-broadleaf forest in New Zealar8iol Consen67: 63-72.

Ziter Cy.Bennett EM, and Gonzalez A. 2014. Temperate forest fragments maintain
abeveground carbon stocks out to the forest edge despite changes in community
compositionOecologial76. 893-902.

Supportinguinformation
Additionalywebonly material may be found in the online version of this article at

Figurel.(a).Of the 54 million ha of fast cover in the northeastern US, 1206 is

within 30m.of an agricultural fieldand(c) an additional 11% is within 30 m of a r