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Chapter 1: Introduction

1.1 Motivation and Background

Forests have a prominent role the carbon balance as theequester
approximately 30% of annual foss$ilel emissions and contain roughly 80% of the
above groundarbon(Bonan, 2008; Gulden et al.1996) Anthropogenic ércing is
expected to change climate at igreatest rate in the next centyioughton &
Woodwell, 1989; Vitousek et al., 1997) An anticipated consequence of
anthropogenic climate change is the redistribution of forests, and henceatffx@in
sequestration potential, as supported by paleoclimatology reftordsollen studies
(Davis, 1969; Davis & Botkin, 198%:irbas & Losert, 1949) The transient response
of vegetationto climate changes an underrepresented process in large domain
simulations as it is computationally prohibitive to simulate this fine scale process
above the landscape, or subcontinemies@). S. Clarket al., 2011b; Lischket al.,
2006; McKenney et al.2007)

The equilibrium response is predicted with climaosystem relationships
and the use of dynamic global vegetation mo@@ISVMs). Emanuekr al. used a
Holdridge LifeZone Clasdication scheme with elevated G@ simulate global
changes in temperatungrovided by a General Circulation Model (GCMand
predicted forest expansion noxtlith increased grassland and desgfower latitudes
(Emanueket al.,1985) GCMs combined with plant functional types (PFTs) were use
to map thespatialfraction of treetypesunder current climate and with doubled £O

(Brovkin et al.,1997) To move beyond mapping predicted stdbution patterns



and fractions of treesDGVMs are useé as they include representations of
establishment, mortalityand competitior{Pitelka, 1997) Bacheleter al. used both
an equilibrium model (the Mapped Atmosph&lantSoil System, MAPSS, model)
and a DGVM(MC1) under 7 different GCM climate change scenaitoshe USto
track changes in forest and biomé&Bachelet et al.2001)and found small increases
in temperature res@d in increased carbon sequestwatiwhile larger changes
producel loses. Schapo# al. used one emission scenario with five GCMS and the
LPJDGVM and found global changes in carbon by the end of the century ranged
from -106 to +201 PgCwith three scenarios producing a land carbon source, one
neutral, and one a sinlSchaphoff et al., 2006) The magnitude and sign of these
experiments supports, and calls for, the impact that the transient response of
vegetation migrating will have on the total carbon sequestration pot@viddon et
al., 2005; Pereira et al., 2010; Pitelka, 198%yapid climate changeeedsrapid
migration or the predicted equilibrium sequestration potential is altered

The transient response depends on fine scale pescessh as competition,
disturbance, landscape characteristics, dispeasdipther processe¢Kuchler, 1973;
Collingham & Huntley, R0O; Plotnik & Gardner, 2002; Renton et al., 2013)
Transient dynamics of the forest communiych as landscape heterogeneity and
disturbance regimesnfluence migration rate€Sykes & Prentice, 1995; Thomas et
al., 2008). Disturbance and landuse lust are closely linked asigration rates are
confined by both natural and human induced changes in land (¢twetet al.,1998;
Medvigy & Moorcroft, 2012)and have been shown to both accelerate and impede

migration rates(J. S. Clark et al., 1998; Dakt al., 2001; Ndgley et al.,2007;



Theoharides & Dukes, 2007 SORTIE is a mechanistic model thabntainssub
models that predict growth, probability of survival, production of regruatsd
resource availability for individuals ia standRibbens et al., 1994)Ten tree species
charactestics with different recruitment characteristics were examined and changes
in species abundandéem climate chang&ere observed. DISTRIB and SHIFT are
two other models that when combined simulate migraéind consider landscape
fragmentation(lversonet al.,2004) DISTRIB is astatistical model that simulates
future suitable habitat under climate change while SHIFT is a cellular automata
model that estimates migrati based on the abundance of a species near a boundary.
Results showed a potential lag in species establishment.

Currently, the two main approaches to simulate the transient response over
large domains are to use a @wn approach or a representatieeest. The Joint
UK Land Environment simulator (JULES) is a procbased model that simulates
land surfaceatmospherenteractions(D. B. Clark et al., 2011a; Fisher et al., 2010)
and uses the Tegown Representation of the Interaeti¥oliage and Flora Including
Dynamics (TRIFFID) for its vegetain dynamics(Cox, 2001) Top-down means it
uses lanesurface characteristics such as vegetated fraction ahdidea index to
model vegetation dynamicg a site Hence, it is driven by a number of empirical
equations and can be used at large scales while not being computational intensive, but
is not individually based so explicit migration between cells doesamir. Rathera
portion of everyplant functional type always exists in every cell and the resident

vegetation impedes establishment of new species.



For explicit migration, forest gap models are usedap modelssimulate
complex interactions but thespatially explicit nature often limits their domain size.
One of the moreadvanced gap models is TreeMig, which operates at the stand to
landscape (subcontinengcale (Lavorel et al., 1997; Lischke et al., 2006) It
accounts for withircell heterogeneity of the 30 most important Central European
species and includes such fordghamic aspects as growth, competition, mortality,
seed production, seed bank dynamics, dispersal, germipatidrsapling developing.

It operates with dispersal kernels that allow for short and long distance dispersal and
its shading mechanism genemi® height based heterogenic landscape within each
cell. However, the fact that it is spatially explicit and generally operates on a 1km by
1km scale means it is computationghiohibitive to move beyonthe subcontinent
scale.

Extensive studies havaso been performed in the US using gap models.
LANDIS-II is a spatially explicit landscape model that simulates successional
processes, including disturbance and seed disp@saknecket al.,2014; Scheller
et al., 2007) It was used to study climate change effects on thatGeke forests in
regards to preserving diversity under three climate change scenarios andhfaund
maintaining diversity is important in enabling the adaptive capacity of forests. Its cell
size ranges from a few meters up to a kilometeANDIS PRO & from the same
family of models and has been used in the North&2shtral Appalachian, and
Central Hardwood regions of the |Mith a planned study in the Gulf Coastal Plain

(Wang et al., 2004 The model can be directly initialized, calibrated, and validated



with FIA data and explores successional dynamics, but again is limited to the
landscape scale as its resolution is typicalh230m.

To make use of the desired mechanistic propettiese models contain while
also moving to a larger domain a representative forest can be Geating upan
explicit forest to a representatiaeeato simulate migration over a larger domasa
procesamost recently undertaken in the 8EIDGVM model (Sato& Ise, 2012; Sato
et al.,2007) The model uses a 30m x 30m spatially explicit forest similar to the one
in TreeMig but extrapolates the results to a 0.5 x 0.5 degree Asethe explicit
forestis orders of magnitude smaller than the domain itesgntsdispersal kernels
are removed and thmaximum dispersal distance in the literature, which is 100km
per centuryWoodall et al., 209), used Disturbance wasound to be necessafgr
rapid gant migration as resident speclasgely pevent the establishment of species
presumed to be bettadapted to the new environmeredicted byclimate change
scenarios(Sato et al., 2007) But by scaling the explicit forest, more complex
dispersalstrategies need to be discarded and only unlimited or no migration was
simulated.

An alterative methodo simulating the transient response ofjetation and
carbon to climate change, but at larger domain sizes, is pssidespatialmodel,
such as th&cosystem Demography (ED) modelurtt et al., 1998; Moorcroft et al.,
2001) ED is an individual tree based model that uses a size anrstragteired
approximation for the first moment of the stochastic (gap) ecosystem model. It
contains integrated swuhodels of plant growth, mortality, phenology, biodiversity,

disturbance and soil biogeochemisivigh plants, represented as PFTs, competing for



light, water, and other nutrients. By scaling up physiological processes through
individuatbased vegetation dynamics to ecosystem scailesreduces the
computational requirements of large domain simutetiolt has been implemented in
South, Central, and North America, as well as the US, and will be used in the
upcoming NASA GEDImission(Albani et al., 2006; Hurtt et al., 2002; Moorcroft et

al., 2001 Flanagan et al., 2036 The driving question then becomes: How do we
represent the spatially explicit process of dispersal in a psspat@l frameworland

then what is plant migrations impact on potential vegetation and carbon redistribution
from climae change at large domain sc&lesThe end result is the first model we
know about capable of doing large domain simulations of plant migration using an

individual based model that is necessary for dispersal characteristics.

1.2 Research Overview

Thus the ultimate goal of my researetasto analyzehow plant migration
from climate change impacted vegetation distribution and carbon sequestration
potential over continental scaleslo do so, | calibratk the ED model to match
remote sensing data on ttestribution of dominant PFTs in northern North America
under current climate conditions. A future climatolaggsthen used to predict the
potential equilibrium vegetation and carbon distribution from climate change. A
theoretical function for pseuekpatial migrationwas developed and validated with
the use of idealized simple simulators. The migration funstiagimplemented in

ED, and various scenariagererun to determine the impact tife transient response



of plant migration on future vegetatiomnd carbon redistribution from climate

change.

The major objectivewere

* Calibratel the ED model to match remote sensing data on the current
distribution of dominant PFTs in northern North America andl @séuture
climatology to predict the equilibrium response of vegetation and carbon.

* Developdand validatd a theoretical equation for pseudpatial migration.

* Usd the pseudespatial migration submodel in ED and ran a model
experimental design with défent dispersal rates, dispersal modes, and
disturbance rateand prediced the potential impact oplant migrationon
vegetationdistributionand carborsequestration potentifdlom future climate

change.

The three research components of the dissemtatmmbinel to present a
method for exploring the transient response of vegetation from migration at
continental scalesand the corresponding impact thisdhan carbonsequestration
potential. First, in Chapter 2, | explodethe equilibrium response of getation to
climate change. found that large changesliocal vegetation and carbatistribution
resulted inmodest net gains in carbon sequestration potentidhe size of the
domain predicted to change dominant PE&iid thetrends of northern expans of
the boreal forest and deciduous migration into habitat currently classified as

evergreendemonstrate the transient response should simulated Therefore, in



Chapter 3, | uskidealized simulators of explicit and psetsjmatial migration to
devdop an intuitive theoretical representation of migration in a psepdtal
environment and testl that it producd reasonable resulfer unoccupied habitat in

ED. In Chapter 4, | useED with the developed migration sufodelto conduct a
model experimntal design with various dispersal distances, dispersal modes, and
disturbance ratesnd determined the potential impact that plant migration from future
climate change had on vegetation distribution and carbon sequestration potential
Finally, in Chaper 5, thegeneral resulissummary of findingsand future research

areasare addressed.



Chapter 2: Potential Vegetation and Carbon Redistribution

in Northern North America from Climate Change

2.1 Abstract

There are strong relationships betwedimate and ecosystems. With the
prospect of anthropogenic forcing accelerating climate change, there is a need to
understand how terrestrial vegetation responds to this change as it influences the
carbon balance. Previous studies have primarily addregssdquestion using
empirically based models relating the observed pattern of vegetation and climate,
together with scenarios of potential future climate change, to predict how vegetation
may redistribute. Unlike previous studies, here we use an advaneeuhnistic,
individually based, ecosystem model to predict the terrestrial vegetation response
from future climate change. The use of such a model opens up opportunities to test
with remote sensing data, and the possibility of simulating the transieonsesfo
climate change over large domains. The model was first run with a current
climatology at haHdegree resolution and compared to remote sensing data on
dominant plant functional types for northern North America for validation. Future
climate data we= then used as inputs to predict the equilibrium response of
vegetation in terms of dominant plant functional type and carbon redistribution. At
the domain scale, total forest cover changed by ~2% and total carbon storage
increased by ~8% in response tomate change. These domain level changes were

the result of much larger gross changes within the domain. Evergreen forest cover



decreased 48% and deciduous forest cover increased 77%. The dominant plant
functional type changed on 58% of the sites, whd&lt carbon in deciduous
vegetation increased 107% and evergreen vegetation decreased 31%. The percent of
terrestrial carbon from deciduous and evergreen plant functional types changed from
27%/73% under current climate conditions, to 54%/46% under futlineate
conditions. These large predicted changes in vegetation and carbon in response to
future climate change are comparable to previous empirically based estimates, and
motivate the need for future development with this mechanistic model to estimate the

transient response to future climate changes.

2.2 Introduction

Previous research has demonstrated a strong relationship between climate and
the distribution of terrestrial ecosystem@oldrige, 1947 KSppen, 1900;
Thornthwaite, 1931; 1948and anthropogenic forcing is expected to change future
climate at its greatest rate in the next cen{rgle et al., 2001; Gruber & Galloway,
2008; Houghton & Woodwell, 1989; Mateaet al., 2010; Vitousek et al., 1997)
Forests have important biophysical and biogeochemical properties relevant to climate
and, contain roughly 80% of above ground carbon and sequester approximately 30%
of annual fossil fuel carbon emissioBonan, 2008) Therefore, how terrestrial
ecosystems respond to future climate and the carbon consequences associated with
this change are important research togBsnan, 2008; Goetz & Dubayah, 2011,

Gouldenet al., 1996)
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The potential equilibrium response of vegetation to climate change has
previously been eshatedusing empirically derived climatecosystem relationships
(KSppen, 1900; Thornthwaite, 1931948) KSppen used a classification system
based on temperature, evapotranspiration rate, seasonality of precipitation, and
severity of dryseason to predict ecosystem tyK&ppen, 1900)HoldrigeOs diagram is
considered the most iconic climateosystenctlassification scheme and produced an
ecosystem classification key based on temperature, precipitation, and
evapotranspiratior{Holdrige, 1947. Thornthwaite used theariables precipitation
effectiveness and temperature efficiency, based strongly on transpiration, to generate
eight major climate regiongThornthwaite, 1931; 1948)When given a climat
change scenario, these empirical schemes have been used to map potential future
ecosystem distributiongNeilson et al., 2005; K. C. fntice & Fung 1990)
Moreover, using two climate data sets, Prentice found that they coulchtept80%
of the observed land surface before predicting future distribution from climate change
(K. C. Rentice 1990)

While equilibrium response of vegetation to climate is important, the transient
response is also important, potentially introducing lags in response, novel
communities, and other patter(s S. Clark eal., 1998; Pacala & Hurtt, 1993
Estimation of these transient responses requires the use of mechanistic models able to
predict the consequences of limitaad varied dispersal, plant competition, and other
factors. Generally, progress applying such models to this problem is limited. TreeMig
is one of the more advanced mechanistic gap modasehke et al., 2006)It

accounts for withircell heterogengéy of the 30 most important Central European
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species and includes such forest dynamic aspects as growth, competition, mortality,
seed production, seed bank dynamics, dispersal, germination, and sapling
development. TRIFFID is a proceBased model that uses a-pvn approach ideal
for large domain simulationand can simulate larslrface interactions when coupled
with JULES (D. B. Clark et al., 2011a; Cox, 2001$3EIB-DGVM is a spatially
explicit forest model that scales up to a larger domain to research the transient
responsdgSato et al., 2007; Sato & Ise, 201Pkespite this progress, additional wor
is needed to examine the transient response mechanistically over large domains.
Here we used an advanced individually based mechanistic ecosystem model that
is formulated to overcome many of these limitations, and applied it to predict the
response of \getation and carbon to future climate over northern North America. As
implemented, the model is pseusipatial, which decreases computation time while
retaining individually based formulation. Specifically, this study (1) validated model
predicted dominantplant functional type (PFT) distribution in northern North
America under current climate conditions through a @mmspn with remote sensing
dataand (2) used a future climate change scenario as input to simulate the equilibrium

response of the expectestistribution of dominant PFTs and carbon.

2.3 Methodology

2.31 Model

The Ecosystem Demography (ED) mogeurtt et al., 1998; Moorcroft et al.,
2001) is an individual tree based model that uses a size anestagéured

approximation for the firsmoment of the underlying spatial stochastic process of

12



vegetation dynamics. ED differs from most terrestrial models by using aggze
structure approximation of the first moment of the stochastic simulator to scale. Thus
it is an individualbased model fovegetation dynamics with submodels of growth,
mortality, water, phenology, biodiversity, disturbance, hydrology, and soil
biogeochemistry. Individual PFTs compete mechanistically for water, nutrients, and
light. It has been successfully implemented imtSand Central America, the United
States, and is currently being used in NABACarbon Monitoring Systekugtt et

al., 2015 and the upcoming NASA mission GEDI.

Plants in ED are represented by PFTs, which partition vegetation into discrete
classes defied by physiognomy, leaf habitat, photosynthetic pathway, leaf form, and
other characteristiocg-oley et al., 1996; Haxeltine &réntice 1996; I. C. IRenticeet
al., 1992) Following Hurtter al. 2002 (Hurtt et al., 2002)trees in North America
were represented by two dominant types, cold deciduous and evergreen. ED was
modified from its previous implementation over the U.S. for high latity&eQ.
Thomas et al., 2008)and to improve dowmegulation of carboxylation rates as
available light decreases descending the vertical canopy for each PFT. The maximum
carboxylation rate for evergreen was set to 9 pmdissrh and deciduous to 7
pmas!m?!s® which is consistent with literature valu@aemmerer & Farquhar, 1981;
Farquhar & Sharkey, 1982; Foley et al., 1996)

ED was then run for 500 years with current climate data in the domain of
northern North America (40iN to 75jN and 165jW to 50jW) to establish the
predicted currendominant PFT. The average year of the entire datasetE200Q)

was used as the driver. Dominant PFT was determined by applying the National Land
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Cover Dataset 1992 (NLCD92(Vogelmann et al., 20Q1forest classification
definitions of deciduous, evergreen, and mixed forests to the output. These definitions
call for 25% of a site to have tree cover to be classified a forest, and greater than 75%
of that cover to be apecific type to not be considered a mixed forest. ED was then
run with a future climatology over the same domain using the average of the last five
years of the dataset (2@ 70). The model was run for 500 years and the NLCD92
classification applied as the previous part. A comparison between current and
future dominant PFT showed the percentage of sites expected to convert type and the
specific conversionsi.¢., evergreen becomes deciduous forest-fooest becomes

evergreen).

2.32 Climate Data

Two climate datasets were used. A current climate dataset to initialize the model
to contemporary conditions and compare model predictions of dominant PFT against
remote sensing data, and a future climate dataset for use as input to simulate future
ecosystm dynamics and redistribution of dominant types. Increases in resolution
improve the ability to adequately capture all aspects of foygsimics(Hurtt et al.,

2010) so the highest resolution climate change data set available with the inputs
necessary to drive ED was chosene Timate attributes that drive ED are specific
humidity, surface temperature, precipitation, and photosynthetically active radiation.
Though new climate change datasets are constantly produced they often do not
contain the specific humiditgata ED requas. For contemporary conditions, the
North America Carbon Program (NACP) data set from the Midtlle Synthesis and

Terrestrial Model Intercomparison Project (MsTMIRgs used(Wei et al., 1994;
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2013. This data is referred to as CRUNCEP and is a combination of the Climate
Research Unit (CRU) and National Centers for Environmental Prediction (NCEP)
climatologies. CRUNCERP is a global 0.5 # 0.5 degree climatology with a 6 h daily
time step from 19CGER2010in a WGS84 projection.

For the future, the North American Climate Change Assessment Program
(NARRCAP) producesnultiple future climatologies with required attributes at ~50
km resolution(Mearns et al., 2009 NARCCAP provides climate change projections
by coupling a set of regional climate models (RCMs) driven by a set of atmosphere
ocean general circulation models (AOKS) that are forced with the Special Report
on Emission Scenarios (SRES) A2 scenario for th& @dntury, which has
atmospheric carbon increasing to 575 ppm by-oeidtury. The combination of the
Community Climate System Model (CCSM) as the driving mashel MM5I as the
regional model was used. It contains future climate data forE20ZD at ~50 km
resolution with 3 h daily times steps in a Lambert Conic Conformal projedtien.
NARCCAP climatologywas converted to hatfegree resolution with a WGS84

projection to match the CRUNCEP climatology.

2.3.3 Remote Sensing Data

Remote sensing and field data have provided a valuable resourasstracong
ecosystem model@urtt et al., 2004) To determine PFT distribution from remote
sensing data the AVHRR Continuous Fields Tree Cover Product (CFTCP) produced
by Global Land Cover Facility (GLCF) was us@akeFries et al., 1992The product
contains percent deciduous, coniferous, and total tree cover layers at 1 km resolution.

CFTCP was averaged to 0.5 # 0.5 degree resolution to match the resolution of the
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climatologies and the NLCD92 classification that was applied to the model outputs
used to generate a dominant PFT distribution from remote sensing under current
climate conditions. The PFT distribution from current climate predicted by the model

was validated agast the remote sensing distribution.

2.4 Results

2.41 Dominant Plant Functional Type Distribution

The comparison of the distribution of the dominant PFT (evergreen or deciduous)
in northern North America between remote sensing data and model prediction is
presented in Figur@.l. Despite considerable agreement, differences arise in this
comparison bease of fundamental difference between the remote sensing product
(actual) and ED (potential) treatment of forest. To gain the fairest comparison, we
restricted our analysis to sites determined to be forest by remote sensing data. In 76%
of the 3064 forestesites that met this criteria, model prediction of dominant PFT and
remote sensing data were in agreement (Figuhe By remote sensing, this area was
comprised of 77% evergreet6% mixed, and 7% deciduous. Model prediction over
this area was 74% eveegn, 26% deciduous, and less than 1% mixed. ED supported
mixed forests sites, and a cluster exists around 45jN 110jW, but typically produced a
prevalence of one dominant PFT per site. Therefore, the mixed forest boundary
between deciduous and evergreerests that appears in the remote sensing data was
under represented in the model output. However, when mixed forest was considered a
transition zone in the model, essentially combining the deciduous and mixed PFTs, the

agreement increased to 82% (Figu®.2
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Figure 2.1. Dominant PFT distribution from remote sensing de#)( and model
prediction (ight) from current climate.

Without transition zone With transition zone

Incorrect

LATITUDE
~
LATITUDE

Match

130°% 10w 0w 70 S0°W 130°W 10w 90°W 70 S0°W
LONGITUDE LONGITUDE

Sites Matched Sites Matched

Figure 2.2. Areas of agreement (blue) and disagreement (red) withedtjtgnd with
(right) the mixed forest consideredransition zone.

2.4.2 Predicted Dominant Plant Functional Type Redistribution from

Climate Change

The predictions of dominant PFT distributions based on current climate were

next compared to thosased on future climate (Figure 2.3
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Figure 2.3. Contemporary and future predictions for mixed, deciduous, evergreen,

and nonrforest PFTs.

Under future climate conditions, total forest cover increased from 4764 sites to
4839 sites, a 2% increase. Deciduous sites increased from 1223 to 2159 sites, a 77%
increase, while evergreen sites decreased from 3497 to 1811 sites, a 48% decrease.
Overall,58% of the domain changed dominant PFT (Figud. All the transitions
between PFTs and ndarest were tracked, but evergreen expansion and withdrawal
accounted for ~90% of the predicted change (T2Ulg The transitions are shown

with a dominant PFThange map (Figur25).

18
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Figure 2.4.Sites that switch dominant PFT (gray) and remain unchanged (blue).

Dominant plant functional type change

Percentage of sites in domain

Evergreen turns into deciduous 21
Evergreen turns into mixed 15
Non-forestturns into evergreen 8
Evergreen turns into nefiorest 7
Deciduous turns into evergreen 2
Mixed turns into evergreen >1

Table 2.1. Percentage of sites in the domain that had either evergreen
expansion or withdrawal. These changes accounted for 58% of the total 60%

change in dominant PFT predicted.
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Figure 2.5.Predicted evergreen transitions of dominant plant functional from climate
change.

2.4.3 Implications for Carbon Redistribution and Change

The predicted redistribution of PFTs has implications for carbon stocks (Table

2.2) and fluxes (Tabl@.3).

Carbon (Tg)

Carbon Type Current Future Difference Percent Change

Total 54 58 4 8
Deciduous 15 31 16 107
Evergreen 39 27 "12 "31

Table 2.2.Carbon amount, difference, and percent change predicted by ED
for current and future climate.
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Percentage ofTotal Carbon

Scenario  Deciduous Evergreen

Current 28 72

Future 54 46

Table 2.3.Percentage of total carbon comprised of deciduous and evergreen
from current and future climate.

In response to climate change, total carbon across the domain increased 8%. This
aggregate increase was a combined result of an increase in deciduous carbon and
decrease in evergreen carbon. Total terrestrial carbon increased 4 Tg (8%), deciduous
carbon icreased 16 Tg (107%), and evergreen carbon decreased 12 Tg (31%). In
terms of percentage of carbon by PFT, deciduous carbon increased from 28% to 54%,
and evergreen carbon decreased from 72% to 46%. Though regional total carbon
increases are relatively mest, the underlying gridded changes were larger and had a

wide distribution (Figure.6), and differed by PFT (Figuée7).
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2.5 Discussion

This study used an advanced mechanistic ecosystem model and future climate
scenario to estimate the potential diguum response of vegetation and carbon to
future climate change over North America. Results suggest a relatively modest net
domain level change in both forest cover and carbon, with much larger underlying

gridded changes in both the distribution of wagjen and carbon stocks. Total forest
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cover expanded 2% and total carbon storage increased 8% (4 Tg). Underlying these
regional net changes, deciduous cover expanded by 77% and gained 107% carbon (16
Tg), while evergreen cover was reduced by 48% andligt carbon (12 Tg). In all,

nearly 60% of the domain was shown to expect to change dominant PFT, with the
percentage of terrestrial carbon attributed from evergreen and deciduous PFTs to
change from a 1:3 to 1:1 ratio with wide ranges

in carbon storag#uctuations at the site level. Such changes have potentially large
climate, biogeochemical, and other implications.

Like previous studies, this work focused on estimating the-temg equilibrium
response of vegetation and carbon to climate change. Howaulike previous
studies based on empirical climategetation models, this study used an advanced
mechanistic, individually based ecosystem model. The use of such a model allowed
for large domain validation of dominant PFT distribution from remoteirsgrdata
(Figure 2.2), and potential future opportunities to utilize additional remote sensing
data as well as simulating the transient response of vegetation and carbon to climate
change over large domains. Our results here are comparable to previoes stud
vegetation and terrestrial carbon equilibrium response to climate change. For
example, Schaphotit al. (Schaphoff et al., 2006)sed the LRIDGVM model with
five different climate change projections and foundetation carbon to increase
7.7% on average globally, but with differing response in vegetatioarpattSolomon
and Kirilenko (Kirilenko & Solomon, 1998)doubled CQ globally and found a
relatively modest response in net carbon gains with underlyiognébichanges

exhibiting larger changes, similar to the findings we present.

24



For the northern hemisphere, the predicted underlying changes are evergreen
forest replaced by deciduous forest at the southern boundary but expanding at the
northern boundary. Rdefit er al. (Rehfeldt & Tchebakova, 2002; Rehfelelt al.,

2006; Rehfeldet al., 1999)provides anumber of empirical based studies on multiple
species under altered climate change scenarios in the western United States that are
consistent with theseesults. Sykes and Prenti¢®8ykes & Prentice 1995)doubled

CO, and found that boreal species withdraw northward as temperate deciduous
species dramatically expand into boreal tracts. Additional studies have focused on
transitional zones, regionsahare expected to change ecosystem type from climate
change. These studies inclugsgions such as those at high latitudes where boreal
forest zones are replaced by cool temperate forest or cool temperate(Eteppeel

et al., 1985)taiga to tundra migratiofMontesancet al.,2009; Ransomt al.,2004)

and deciduous forests northward expangiGhapin et al.,, 2010)Based on these
studies, boreal forests are projected to temporarily become a carbon source as
deciduous forests are exjpped to move northward, but only after evergreen
withdrawal (Ranson et al., 2004hile the artic becomes @nk as boreal species
migrate into regions previously classified as tun@hapin et al., 2010; Emanuel et

al., 1985; Montesano et al., 2009; Ranson et al., 2@4) results project evergreen
forests moving into higher latitudé&race 2002; Ranson et al., 2004; Soja et al.,
2007) and deciduous forests moving into areas previous ifidgssas evergreen
(Goldblum & Rigg, 2005) These changes at the PFT level (Figoifg likely mask

larger and more complex underlying changeshe species level. As the functional

type representation of biodiversity is aggregated, it does not track species level shifts.
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Large potential changes in response to climate change has lead scientists to
examine the transient respor{Bachelet et al., 2001; Iverson et al., 2004; Medvigy &
Moorcroft, 2012; Montesano et al., 200%ildonet al., 2005; Sato & Ise, 201Z)he
transient response of vegetation to climate change may introduce -daginte
equilibrium as species have withdrawaasion interactions dependent on the
climate change rate that can influence terrestrial carbon stBdsearch on the
transient esponse must include additional submodels of landscape characteristics,
disturbance rates, dispersal properties, and how these factors might be altered with
climate changgBailey, 1983; Collingham & Huntley, 2000KYchler, 1973; Lavorel
et al., 1997; Pitelka, 1997; Plotnick &ardner, 2002; K. C.rentice 1990; Ykes&
Prentice1995) Disturbance has been foutwlbe necessary for rapid plant migration
as resident species largely prevent the establishment of spessesned to be better
adapted to the new environment ¢icted by climate change scenar{@ato et al.,
2007) but too much disturbance prevents new species establisfiDerglow, 1980;
Sykes& Prentice 1995) Landscape hetogeneity and habitat fragmentation can both
accelerate and retard plant migration rai@sllingham & Huntley, 2000; Fahrig,
2002; KYchler, 1973; Pitelka, 1997; Svenning & Skov, 208d)l dispersal kernels
should be used to vary the speed of dispersal and migration dependpeacies type
to account for ReidOs paraddxS. Clark et al., 1998; Ket al.,1996; Lischke et al.,
2006; Peelet al.2007) With rapid climate change rapitree migration rates must
occur or species face extinction and alter the expecteion balance as the
equilibrium state does not have enough time to esta@ilishson et al., 2004; Lenoir

et al.,2008; Mdgleyet al., 2007; Milsonet al., 2005; Pe—uelas al.,2007)
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The computational requirement for simulating theses interactions often limits the
domain size to the subcontinent scélavorel et al., 1997; Lischke et al., 2006)
Extensive work on the risk and vulnerability of forests to climate change has been
done for the eastern United Statd@3uveneck et al.,, 2014; Iverson et al., 2004,
Iversonet al., 2011; Iverson et aRP07; Matthewst al.,2014; Zolkos et al., 2015)

Two models, DISTRIB and SHIFT, wereombined & estimate the potential
migration offive tree species in the eastern U.S. from climate change in the next 100
years(lverson et al., 2004 DISTRIB used astatistical aproach to predict suitable
habitat from climate while SHIFT provided the probability of colonization and
coupled they showed the proportion of new habitat colonized within a century was
low for all species under multiple climate change scenarios. Subsemqsearch
illustrated largegpotential changes in suitable habitat for northeastern species, mostly
gaining potential suitable areas of habifiserson et al., 2011)and incorporated
habitat, dispersal, and disturbarfbeerson et al., 2007)he vulnerability andisk for
individual species under multiple climate change scenarios has also shown potential
for substantial changéuveneck et al., 2014; Zolkos et al., 201Bn extensive
study was performed on central hardwood ecosys{@randt et al., 2041lusing

three different models: Climate Change Tree Atlas, LANDIS PRO, and LINKAGES.
All showed significant changes in species composition. Of these, LANDIS PRO was
the most similar to ED, but ilomain was limited to Missouri.

This study has made important advances in using a mechanistic ecosystem model
to project future change in vegetation in response to climate change over large

domains. In addition to an assessment of transient respontsag, Wwork should
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prioritize the inclusion of additional relevant processes, and assessment of additional
climate scenarios. Boreal forests are vulnerable to climate warming which can change
the fire regimes that control dominant PEGrace 2002; Kasischke et al., 2010;
McGuire et al., 2010)Climate change induced disturbance rate changes can alter

successionDenslow 1980; Medvigy & Moorcroft, 2012pas these changes hot

impede and accelerate migratigdhapin et al., 2010). Permafrost warming alters
the terrestrial carbonabtance(Beck et al., 2011; Ciais et al., 2010; Turetsky et al.,

2010) which addsanother estimate to the net carbon storage change. Nitrogen
limitation may also alter species composit{@ietze et al., 2011; Fisher et al., 2010)
Future studies should incorporate these processes while also utilizing additional
climate change scenarios, increasing remote sensing data use for validation, and
expanding the number of PFT& finterspecies reaction to climate change. Additional
climate change scenarios should be evaluaidte NARCCAP is producing
numerous future climatologies fromsat of regional climate models (RCMs) driven

by a set of atmospheeean general circulatiomodels (AOGCMSs). These can be
used as inputs to models for a sensitivity analysis on transient predictions of carbon

and vegetation redistribution from climate change over large domains.

28



2.6 Conclusions

This study used an advanced mechanistidividually based, ecosystem model
to predict the potential response of terrestrial ecosystems to climate change in North
America. There are three major conclusions: (1) There are large potential changes to
the distribution of plant functional types insgonse to future climate change; (2)
There are large potential changes to the distribution of terrestrial carbon stocks in
response to future climate change. These changes are largest at the grid scale, and
tend to compensate at the domain scale; (3) &@hgel potential changes warrant
additional future studies on the transient response of ecosystems to climate change,

and the sensitivity to alternative climate scenarios.
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Chapter 3: A Pseudo-spatial Method for Predicting Future
Continental Scale Plant Migration and Carbon in Response

to Climate Change

3.1 Abstract

The distribution and carbon balance of ecosystems are strongly influenced by
climate. W.ith projections of climate change, it is important to understand how
terrestrial vegetation will redisbute. Numerous previous studies have developed
methods to estimate the potential equilibrium response to future climate change over
large domains, however the transient response has proven more difficult. Plant
migration ultimately depends on local ptaesponses and spatially explicit dispersal,
but the large domain of interest presents a computationally prohibitive challenge.
Here, we present a new method for projecting future continental scale plant migration
and carborredistribution The essercof the method is a theoretical approach for
estimating fine scale dispersal in a large domain psspdbtal modeling framework.

First we compared explicit migration to a psetgfmtial stochastic migration
simulator and derived the functional formtbé equation for the stochastic simulator,
then we implemented the equation in an idealized simulator, and finally we
implemented in the advanced mechanistic, individual based, Ecosystem Demography
(ED) model. We first present an intuitive theoretical atgun for pseudespatial
migration, he implementation in the simple simulator suggests the method produces

reasonable migration rates in an idealized environment, and the initial ED results
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demonstrates the method can be incorporated into most advanciiis.maorhis
method provides a new way to bridge the required local scales of plant migration to
larger domains of interest in a computationally efficient way and can be used in

realistic future scenarios for the transient response.

3.2 Introduction

Ecosystems are strongly influenced by climate and this relationship is used to
produce climateecosystem classification schem@ox, 1996; Brovkin et al., 1997;
Emanuel et al., 198 Holdrige 1947; KSppen, 1900; Thornthwaite, 1931; 1948)
Paleoclimatology records obtained from pollen studies show that ecosystem
reorganization is an anticipated consequence of climate cliBages, 1969; Davis
& Botkin, 1985; Firbas & Losert, 1949)Climate is expected to change at its greatest
rate in the n&t century from anthropogenic forcir{gloughton & Woodwell, 1989;
Vitousek, 1997)and how terrestrial ecosystems respond to the changing climate has
important carbon consequences as forests contain roughly 80%owd gbound
carbon and sequester approximately 30% of annual fossil fuel carbon emissions
(Bonan, 2008; Goetz & Dubayah, 2011gukdenet al., 1996) With rapid climate
change, rapid tree migration rates must also occur or species face extinction that can
alter the expected equilibrium terrestrial carbon baléNedsonet al., 2005)

The equilibrium response is simulated with empirical clinetesystem
relationships or dynamiglobal vegetation models (DGVM§&Brovkin et al., 1997; I.

C. Rentice et al.,, 1992; TianGangt al., 2012)and shows relatively small net

changes in carbon balance. However, this is the product of much larger underlying
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grid changes in species and carbon distributidnch supports additional research of
the transient respong&chaphoff et al., 2006; Solomon & Kirilenko, 1997Yhe
transient response requires simulation with mechanistic models that account for
species competition, landscape characteristics, dispersal properties, and disturbance
rates(Bailey, 1983; Denslow1980; Hurtt & Pacala, 1995; KYchler, 1973; Plotnick &
Gardner, 2002) The computational requirements of simulating these interactions
often limits the domain size to the swbntinent scalgJ. S. Clark et al., 2011b
Lischke et al., 2006; Mennesat al., 2007)

The transient responsd larger domainss currently simulated with either a
top-down approackiD. B. Clark et al., 2011a)r with forest gap mode[®uveneck et
al., 2014; Goldhim & Rigg, 2005; Iverson et al., 2007; 2004; Pe—uelas et al., 2007;
Rehfeldt et al., 2006; Svenning & Skov, 2004ké& & Prentice 1995) The top
down approach, used imodels likeJULES (D. B. Clark et al., 2011la)eaves a
portion of its seed bank in every grid cell, with no geall interaction, and tracks
species richness of a grid cell as climate changes but does not explicitly simulate
migration.  For explicit migration simulations, individual based, mechanistic forest
gap models are used. TREEM(Gschke et al., 2006} one of the more advanced
forest gap models, but is limited to the subcontiwssade from computational
requirements of simulating at tree gap siz&€ ANDIS PRO is a spatially and
temporally dynamic process model that has been used to simulate onigBatindt
et al., 201, but it too is limited to the subcontinent scale. For simulation of larger
domains a representative forest can be used for sq@eig et al., 2007) SEIB

DGVM (Sato et al., 2007; Sato & Ise, 201@e a 30m x 30m representative forest in
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each 0.5 x 0.5 degree grid cell for Africa to simulate migration, but only at the
unlimited versus nanigrationlevel.

In between these two methods is psespatial, or implicitly spatial,
modeling. These anmodels that are nespatial but driven with spatially structured
data (Uban 2005). For continental scale simulations of plant migration, the
Ecosystem Demography (ED) modElurtt et al., 1998; Moorcroft et al., 200difers
a potential way to simulatine transient response of plant migration. ED has sub
models of plant growth, mortality, phenology, biodiversity, disturbance, hydrology,
and biogeochemistry that other forest gap models use, and are necessary, to simulate
migration. However, ED usessize and agstructured approximation for the first
moment of the stochastic (gap) ecosystem model. Thus, the model is-ppatidb
which decreases computation time and allows for large domain, individually based,
simulations.

The question then becomé$ow do you represent a spatially explicit process
in a pseudespatial framework? To address this we examined the behavior of explicit
migration versus stochastic psetgfatial migration and developed a theoretical
function to represent the stochastrogess of pseudspatial migration, applied the
function to an idealized simulator and validatedgainst an explicit simulatpand
initialized the ED modelwith our derived pseudspatial migration functian
Specifically, this study used the (1) stashc process of pseudpatial migration and
(2) developed an intuitive theoretical function for psespatial migration, (3) used
an idealized simulator and validated that the pseypddial migration rates were

reasonable, @ah(4) implemented the funoh in the advanced mechanistic ED model.
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3.3 Methods

Dispersal is a fine scale process that is approached by laying a grid over a
forested area. To represent the scale of this process, the grid cell size is typically that
of a large canopy tree (~15rahd the fate of individuals is determined by stochastic
processes representing competition for water, light, and nutiBatala &Hurtt,

1995 Wright, 2003. Large domain simulations are computational prohibitive with
grid cells at this scale. A way to bridge the required local scales of forest dynamics
to a large domain of interest in a computationally efficient way isate stmodel to

be pseudspatial. Pseudspatial simulation works by laying a larger grid over the
forested areaFjgure3.1) and deriving partial differential equations that reproduce the
ensemble average of the equations that govern the stochastiodaf(urtt et al.,

1998; Moorcroft et al., 2001)Rather than simulating the stochastic processes at what
is now the sulgrid, or explicit gap model scale, the individuals are grouped with a
size and agstructured approximation. Thus, the total numiifeindividuals within

the larger grid cells similar tothe number of individuals the stochastic simulator
would produce if the sufrid were aggregated to the larger grid cell size, but the
model goes from being spatially explicit to psewpatial by gouping similar
individuals. This greatly reduces the computational intensity for large domain
simulations, but at the cost of explicit location, which introduces difficulties in
simulating between grid cell interactions. Therefore, to simulate psgatal
dispersal between grid cells we (1) compared explicit migration to pspadial
stochastic migration and (2) derived a theoretical representation of our findings, (3)

built an idealized simulator to validatieeoretical pseudepatialmigration rags, (4)
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inserted the simulatagquationinto the ED model and verified that the results in a
norridealized environment were reasonablsed on our understanding of the soll

and climate gradients at our test sites

Grid
A—) - Area within d of

Between grid neighboring grid cells

cell dispersal

d - Dispersal distance

I ‘ S -Size of the side of
I Sub grid agrid cell

| |

Figure 3.1. To get between grid celllispersal pseudspatially (grid scale) the
individuals in the spatially explicit (sedprid) gap model are grouped by size and age
structured. Relationships between dispersal distance (d) and the size of the grid (S)
are used to determine the proportidrseeds that disperse between cells.

3.3.1Explicit vs. Pseudespatial Migration

Explicit migration was compared to pseusjmatial migration rates by using a
simple simulator. The simulator represented an idealized environment that had a sub
grid (explicit migration) and larger grid (pseudpatial). The sugrid size of a side

was €t equal to the dispersal distance (d) and the grid cell size of a side (S) was set to
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a multiple of the dispersal distance. For simplicity in validating, the dispersal
strategy was set to e four directionsNSEW. The center of the syid (one sub

grid cell) within a grid cell was occupied and dispersal occurred at each time step.
With the subgrid size set to the dispersal distance that meant at thgrisulevel if

a cell was occupied during a time step its four neighbors became ocdupied
dispersal This produced a diamond pattern of spread at thegysdbscale Figure

3.2). For pseudaspatial migration, if a grid cell was occupied the relationship
between d and S was used to determine the probability of dispersal to an adjacent grid
cell. A coin flip based on the relationship between site sizedispersaldistance

used this probability to determine if dispersal to an adjacent cell occurred. After a
number of simulation years, the sghd was aggregated to the grid size and used as a
control to determine the number and location of sites the psspat@l simulator
should have occupied. As the psewgatial simulator is stochastic, a single run is
not expected to match the control case so a large number chvereged together

wereneeded to replicate tlexplicit dispersal pattern
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Figure 3.2 The subgrid cell scale used in the explicit simulator with the grid scale it
gets aggregated to overlaying it.

3.3.2 Equation Development

The mean of a large ensemble of runs of the stiah pseudapatial
simulator matched the explicit result but defeated the purpose of using a {seudo
spatial framework to simulate migration as it also is not computational efficient.
Therefore, we developed a theoretical representation of the probalpkseude
spatial migration. We derived the fraction of dispersal that would occur at each time
step rather than the irger approach of dispersal or no dispersal

Between grid cell dispersal depends on the relationship between dispersal
distance (d) and the linear side of a grid cell (S) previously discussed, as well as the
number of seeds produced by individu&llg) of a species (i) in a grid cell, and the
fraction of the grid cell they exist ofyz). Thus, the proportion of seedB) that

disperse to adjacent grid cells has the functional form:
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P = f(x(t),N;(t),d,s) 1)

The final form of the theoretical equation was derived by assuming (1) a uniform
dispersal kernel, (2) grid cells were square in size, and (3) d << s so dispersal only
occurred to adjacent cells.

Dispersal kernel shapes influences migration rates, specifically with cases of
apparent rapid plant migration supported by paleoclimataleggarch{J. S. Clark et
al., 1998; J. S. Clark, Lewis, & Horvath,@0 Davis, 2001; Davis & Botkin, 1985;
Moorcroft, Pacala, & Lewis, 2006; Renton et al., 2013hough previous research
has focused on the sensitivity of exponentially versus leptokurtic bound dispersal
kernels in regards to rapid plant migrati@n S. Clark et al., 1998; Moorcroft et al.,
2006; Renton et al., 201,3)e went simpler and made the dispersal kernel uniform.
A uniform dispersal kernel aided validation of the psesiatial migrabn rates. A
uniform dispersal kernel meant that for etimensional dispersal on average $ the
seeds produced within the dispersal distance of the edge of a cell go off site. This rate
varies when twalimensional dispersal is implemented but the unifeemel aided
in validation.

Two-dimensional dispersal assumed that grid cell size was square to relate
dispersal distance (d) to linear grid cell sided&)ally on all sidesand that dispersal
occurred in four directions, NSEW. The area of the geidl that is within dispersal

distance (d) of the edge is algebraically representeleigiaé3.1):

4(d xs —d?) (2)
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This is the area within the site that can disperse. We then accounted for corners
dispersing in two directions, as pairrachosen dispersal strategy, and divided by the

total area of the site to get the fraction of the grid cell area that can disperse.

4y
3)
The proportion of seeds that go off site then has the form:
| M
Pl —xx(t) = N(t) (4)

when the factor of $ from the uniform dispersal kernel has been applied.

3.3.3 Implementation in Ideal Simulator

The simulator was then updatéal represent the theoretical function rather
than the stochastic process. Titealized conditions remaingdith growth at each
time step but now the user specified d, S, and initi@ andN(). For the explicit
componentN subgrid cells at the center of the domauere initialized with one
individual, and for the pseuespatial component ongrid cellwith N individuals was
initialized to represent the difference between spatially explicit and pspadial.

The starting number of individuals was chosen to represent 25% of thauothaér

of individualsa grid cell could contain. Both versions of the simulator were then
iterated through time where each individuglproduced four seeds that dispersed in
a NSEW direction. An individual in the explicit component therefore gave and

received $ of a seed to its four neighlbp growing by that amount where an
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individual was aleady present and establishing in a new grid i€efiot already
present For the pseudspatial component, equation 4 was used to calculate the total
number of individuals thalisperseand then baskon our chosen dispersal strategy
of NSEW, % of that amount moved @achadjacentgrid cell The pseudspatial
equation meant that some fraction of seeds, however small butzeon would
disperse to adjacent cells at every time step. To correttti$pa minimum threshold

for movement was established and set to 5% of thertataber of individuals grid

cell can contain. If the minimum threshold was not reached the fraction of
individuals determined to disperse was stored in a seed bank, weésctontinuously
added to during each time step, until the threshold was exceeded and then dispersal
occurred. For each case, when a grid rEdiched or exceeded 100% capaaiky

new individuals were allowed to establish on that site. To compare iexates of
migration to the pseudspatial rates, the individuals in the explicit syrid were

aggregated to the pseudpatial grid size.

3.3.4Application in ED

The scaling mechanism of ED has each grid cell comprised of a number of
patchesrepresenting the age since last disturbance, and the patches contain cohorts of
individuals of plant functional typegPFTs)that are similar in size. Patches and
cohorts with sufficiently similar composition are merged. Reproduction is calculated
monthly at the patch level and only occurs if there is a net positive carbon balance.
When this is the case, the fraction going to reproduction is a fixed fraction that a

survivorship probability comprised of germination and seedling survivorship is
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applied to. These rates are 30% of positive net production applied to reproduction
with a 5% seedling survivorship probability (for additional details(8&morcroft et

al., 2001) appendix E). Thus, ED calculates the number of individuals to reproduce
per species typ#;(z) and the area of the site they were reproduced@n for each
monthly time step.

To simulate pseudspatal migration in ED two regions were chosen based
on previous researdfirlanagan et al., 201&yhere the dominarPFT under current
climate condition was primarily one of the tWA%Ts used in birth America (kgure
3.2). Evergreens test range was 53 tBN6&ind-124 to-114 W, and deciduous test
range was 4@ 5F N and-100 to-90° W. Only the centragrid cell in each test
rangewas initialized to replicatethe simulators initial conditian Both test ranges
include some grid cell sites with water to verdigpersalonly spreads to available
habitat. The rate of migration to adjacent cellsdach species was examinedD
has a built in termination function where if a cohort falls below 5% cover it is
removed, so the threshold for movement to an adjapehtell was set to this limit.

If the number of individuals determined to disperse into an adjacent grid cell did not
exceed the threshold, the individuals were again stored in a seedrizhokntinue

to accumulate at each time step until the threshold mvasand thendispersal
occurred The range of new cells colonized was evaluated by relating dispersal
distance to the size of a side of a grid cell and compared to the expected distance

covered by explicit dispersal.
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Figure 3.3 Regions used to simuapseudespatial migration for eachFT.

3.4 Results

3.4.1 Simulator

The pseudespatial simulator was run stochasticalgnd the probability of
dispersal calcualted frorthe relationship between dispersal distance and grid cell
side length. In this case, between grid cell dispersal occurred as a Orandom walkO
with random numbers predicting if there was dispeisan adjacent grid cedind in
what directionbased on tprobability. To approach thepatially explicit simulators
number ofgrid cellscolonizedwith the desired spatial distribution a large numiier
runsof the pseudepatial simulated needéd beaveraged togethéirable 3.). The
converstion from thisprobability based approach to our theoretical function

eliminated this need.

42



# of 2 10 100 500

runs
Yr | Exp | Pseudo| Abs | Pseudo|Abs | Pseudo|Abs [ Pseudo| Abs
Avg Error | Avg Error | Avg Error | Avg Error
% % % %
6 5 6.5 30 4.85 -3.02 | 5.15 292 |5.06 1.12
10 |13 15.5 -
19.23 | 11.33 12.82 | 12.44 -4.34 112.72 -2.14
14 |25 24 -4 23.72 -5.11 | 23.75 -4.99 |24.08 -3.66
18 |41 37 -
-9.75 | 40.73 -0.64 | 39.51 3.634 | 40.26 -1.80
22 |61 55 -9.83 | 63.10 3.44 |60.51 -0.80 | 61.80 1.30

Table 31. The number of grid cells that would be colonized by a given year
(Exp), the average number of sites the psespmidial simulator has colonized
(Pseudo Avg) and thebsolute error this represents. Error is reduced as the
numbers of simulations averaged together increases.

Conversion to the theoretical representation of psapdtial migration
matched the rate of spread of Smatially explicit simulator. The rate of spread to
additional grid cellsis similar for the explicit and pseudpatial simulator when
compared at the grid cell scale (figusd), but varies in the spatial digtution of
individuals from sulgrid cell scale progrties of the explicit simulator and the use of

a threshold (figur&.2).
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Figure 3.4. The spatial extent and number of individuals that the explicit simulator
predicts when aggrageted to the grid cell s¢l#) and pseudspatial simulator
predics (right). Slight disbration can occur depending on the time step the explicit
simulator is aggregated to the psewspatial scale but the general trend is observed.
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Though the total number of individuals were conserved, the use of a threshold
with a ®ed bank, and our chosen dispersal strategy, altereghditialdistribution d
individuals. The NSEW strategy of dispersal increases the number of individuals on
the horizontal and vertical lines in the pseudo spatial simulation (maroon on the right
side of Figure 34). The use of a threshold with a seed bank delays establishment
between these lines (green on the leftigure 3.4). The size of the threshold, initial
conditions, and time step observed alters the final pattern buhitration extent

remains similar.

3.4.2ED Model

The theoretical equatiorvalidated with an idealized simulatowas then
implemented in ED for the two North American PRt domairthey dominateand
verified for reasonable ratesidgbre 3.5). As with the simulato the central grid cell
in each test rang®as initiated and the rate of spread in real environmental conditions
examined. Though there are a wide range of potential dispersal raeslispersal
distance chosen was 1km to match the maximum literaturéoateprevious studies
(Sato & Ise, 2012) and the grid cell side length was 50km to approximately match

the half degree climate data usedun the mode{Flanagan et al., 2016).
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Figure 3.5. Migration (dark) of deciduous (left) and evergreen (rigPETs into
unoccupied habitat (light) and water (blue) at time steps of 150 years when migration
only occurred if newly occupied grid cells would have 5% tree cover.

Times steps of 150 and0@ years were chosen because they represented

spread rates of 3 and 6 grid cells respectively, in each NSEW direction, if a spatially

explicit modelwithout soil and climate gradienigere used with our chosen dispersal
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distance and grid cell size. Weoved from andealized environment to one witwil
and climate gradiestso deviations werexpected Evergreen spread in tlexpected
diamondpattern but slightly slower than thexplicit rate of 1km per year, while
deciduous rapidly spread to the SEhe environmental conditions produced slower
growing forests in the northausing slower migration for the evergreen Pé&iid
previous work showed the SE end of or decidutass areato be high biomass

deciduous forest, so accelerated growth leattekrated migration

3.5 Discussion

This study compared explicit dispersal to stochastic psepdtial dispersal
and developed a theoretical function to represent psepatal dispersal, validated
the function with an idealized simple simulator inuaiform landscape, and
implemented the function in an advanced mechanipBeudespatia] ecosystem
model. Future studies will be able to use this method to examine the transient
response at continental to global scales, rather than the local scategamosodels
are limited to from computational requirements.

The theoretical function is derived from the mean ensemble of the stochastic
pseudespatial simulator. Rather than determine if dispedlsals or does not ocgur
the function determines thergportion of seeds that should dispetsased on
dispersal distance, site size, area occupied, and seeds prodinezdfore, as long as
the value is notzero rapid spread across the landscape, however small, is expected.
To prevent rapid spread acroke fandscape a threshold for movement must be used

in combinationwith a seed bank to conserve seeds that do not meet the threshold, and
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hence do not disperse to adjacent grid cells. These methods can distort the spatial
distribution of individuals Figure 3.4) but predict thegeneral patterrof spread to
new grid cells. We set the threshdtw ~5% tree cover imewy colonizedcells
because although rapid dispersal across the lands@paot desired, neither was a
potentially large time-lag to establismentthat would influence transient response
evaluation Thethreshold for movement to prent instantaneous dispersehs low
enough to not change establishment time by more than a few y@angarison of
the rate of migration irboth the explicit simlator and theoretical pseudpatial
simulator demonstrated this is a viable method for large domain migration simulation.
Thethreshold came adjustedlepending on simulation requirements

Application of the equation in the ED modelthvdispersal ditance set to the
maximum literature value of 1 km/yegfato & Ise, 2012; Solomon & Kirilenko,
1997)anda grid cell size of ~50knpredictedmovement to adjacent grid cells in a
environment with soil and climate gradientBhe test aredsr the model Figure 3.3)
were chosen because they consisted ofaitemt PFT, but also because puevious
research showed them to be transition zoneBFdrs on their northern extesfor the
equilibrium response to climate chan@#anagan et al., 2016)With the threshold,
deciduous disperses north at grid cell per 50 year time step, similar to what
spatially explicit migration would predict For deciduous, the SE is an area where
they dominate andeproduce quickly (largeN(?)), so rapid dispersal occurs in this
direction but would not change the mdimant PFT or carbon redistribution from
climate change associated with transient response simulatimsevergreen their

rate is slightly slower bueéxpected fronthe shorter growing seasaoat this higher
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latitude The threshold can be altered dependent on the needs of the sdautario
these are reasonable results for the environmental gradients at the test areas.

This study focused on the develogpmh of a method to simulate the transient
response of vegetation over large domains. Mechanistic, individually based
ecosystem models are necessary to capture the local climate and soil properties, as
well as competition for resources and establishméat, influence migration rates
(Bachelet et al., 2001; e\lson et al., 2005; I. C. fntice et al.,, 1992) The
computational requirements to simulate these process often lends itgsiéaoch at
the landscape scal@randtet al., 2014 Iverson et al., 2007; 2004; Zolkos et al.,
2015) The ED model uses a size and -aggactured approximation for the first
moment of the forest gap ecosystem model so it decreases computation time and
allows for large domain simulatipbut presents challenges when simulating spatial
processes in its pseudpatial environment. Here wedeveloped ad validated a
method to represent migration psetgpatially in ED

For future research, we plan to alter the disturbance rates, dispetsgiss;a
and migration rates in ED to determine migrations influence on the carbon balance
and dominanPFT distribution in northern North America. Now that ED has been
modified to include a pseuekpatial function for migration, and our research on the
equilibrium response showed large underlying grid changes, it is the ideal model for
large domain simulation of the transient respoos&egetation to climate change
Transient dynamics of the forest community such as landscape heterogeneity and
disturbane regimes influence migration ratgykesk Prentice 1995; C. D. Thomas

et al., 2004) Disturbance and landuse history are closely linked and have been
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shown to both accelerate and impede migration r@ete et al., 2001; Ntgley et

al., 2007; Theoharides & Dukes, 200 Disturbance ratesontrol the probability of

new species estidhment as some disturbance is needed for new species to enter an
ecosystem but too much prevents establishniehslow, 1980; Emanuel et al.,
1985) The functionality of the model to change grid cell size and disturbance
distance will allow us to account for ReidOs Paradox of long distance dispersal events
(J. S. Clark et al.,, 1998; Moorcroft et al.,, 2006; Raupach & Canadell, .2010)
Mechanistic, individually based, forest gap models are necessary to simulate these
interactions and the size and agricture approximation of the sirmoment of a gap
model utilized in ED will allow for large domain simulation of the transient response
now that acomputationally efficient method to simulate pseggatially migration

has been developed
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3.6 Conclusion

This studydeveloped a theoretical equation to represent the stochastic pseudo
spatial dispersal process. Implementation of the equation in an idealized environment
verified the general pattern of spatially explicit dispersal could be replicated with the
intuitive theoretical equation. Application in an advanced ecosystem model produced
expected resultsvith prior knowledge of the soil and climate gradients of the test
area which opens numerous possible studies on the impact of the transient response
of migrationon vegetation and carbon redistribution from climate change. Fine scale
characteristics such as dispersal, disturbance, and competition often limit the domain
of simulations of the transient response of migration to the subcontinentsdéaiee
method derived in this research will allow futunesearchto examine thesen

continental and potentially larger, domains
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Chapter 4: Potential Transient Response of Terrestrial
Vegetation and Carbon in Northern North America from

Climate Change

4.1 Abstract

Terrestrial ecosystems are closely coupled with climate. Anthropogenic
forcing has the potential to accelerate climate change, altering terrestrial vegetation
and carbon distribution. Previous studies have empirically estimated both the
equilibrium and tansient response of terrestrial carbon to climate change at scales up
to globally, but research on the transient response of vegetation to climate change is
often limited to the susontinent scale. Estimation of the transient response of
vegetation regues the use of mechanistic models to predict the consequences of
competition, dispersal, landscape heterogeneity, disturbance, and other factors, where
it becomes computational prohibitive at scales larger tharcauninent. Pseudo
spatial models are esl to reduceomputational intensitybut present challenges in
representing spatially explicit process, such as migrationa ipseudespatial
framework. Here, we use an advanced mechanistic, individually based, pseudo
spatial ecosystem model that redgrtad a pseudspatial migration submodel
developed, to predict the transient response of vegetatdncarbonto climate
change in northern north America. The model was first run with a current
climatology at haHdegree resolution for 1000 years tstablish current vegetation

and carbon distribution. The climate was then abruptly changed to a future
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climatology and run for an additional 2000 years with different combinations of
dispersal rates, dispersal modes, and disturbance rates for 18 tosaiascef 36000
simulation years. The average effect that each independent variable had at the end of
the simulation when compared to the predicted equilibrium response of total carbon
and dominant plant functional type were: disturbance on carbon #7.222%,
disturbance on PFT distribution 7.812.73%, dispersal rate on carbon 6153.19%,
dispersal rate on PFT distribution 14.431.75%, dispersal mode on carbon 944
4.3%, dispersal mode on dominant PFT 3&#2.3%. Percerge of predicted
equilibrium carbon ranged from 94% to 116% with a mean value of 107%, and
percenage of predicted equilibriumdominant plant functional typelistribution
matched ranged from 60% to 86% with a mean of 74%. Other findings sifasted
migrationwith increased disirbancemaintenance diorests anorthern latitudes that

are not seksustaining without migratignand an initial increase in above ground
biomass before migration occurs. This work illustrates that large domain simulations
of the transient responseegossible in advanced, mechanistic ecosystem models and
continued research should further explore the interactions between competition,

dispersal, and disturbance, particularly in regards to changes in vegetation type.

4.2 Introduction

Ecosystems are strongly influence by clim@teldrige, 1947, KSppen, 1900;
Thornthwaite, 1931; 1948@nd these relationships are used to forecast the
redistribution of ecosstems from climate chang@ox, 1996; Emanuel et al., 1985)
Redistribution under elevated climate change was explored by Emanuel with the use

of a map of the Holdge Life-Zone Classification under increased £#Dd found the
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largest changes occur in boreal forest zoffemanuel et al., 1985) As forests
contain ~80% of above ground carbon and sequester ~30% of annual fossil fuel
emissions they have a prominent role in the carbon balgoedale et al., 2002;
Houghton, 2005) The equilibrium change in terrestrial carbon from ecosystem
redistribution is found using Dynamic Global Vegetation Mod8Ishaphoff et la
2006; Solomon & Kirilenko, 1997) Schaphofkr al. used the LRDGVM with five
different climate change scenarios and found global change in carbon storage
ranged from-106 to 201 PgC by the end of the cent(®¢haphoff et al., 2006)
Solomon and Kirilenko used multiple climate change scenarios with the BIOME 1
model and found that instantaneous redistribution versus no redistribution decreased
terrestrial carbon from 7 to 34 PgSolomon &* Kirilenko, 1998). The magnitude
and response of these findings supports research into the transient response of
vegetation to climate change.

The transient responsg vegetationrequires the use ahechanistic models
that capture plant competition, dispersal ategies, landscape characteristics,
disturbance regimes, and other fine scale proc€3s&s Clark et al., 2001; Dietze et
al., 2011 Medvigy & Moorcroft, 2012; Soja et al., 2007; Van Minneal.,2000)
Long distance rapid dispersal is governed by, and sensitive to, the tail of the dispersal
kernel(J. S. Clark et al.,@L1b; Davis, 2001; Renton et al., 20HE3)d accourstfor
ReidOs Paradox of rare long distance dispersal e@itsk et al., 1998Bailey,
2004; Kot et al., 1996) Disturbance rates can both impede and accelerate migration
(Sykes & Prentice 1996)as some disturbance is needed for new spegiesiter a

mature forest but too much prevents establishrieahslow 1980) Some species
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may Owin by forfeitO due to recruitment limitagielurtt & Pacala, 1995hat slows
population and community dynamics and can enable the persistence of a species that
would otherwise be out competed. Landscape heterogeneity can produce corridors
that aid migrationRenton et al., 2013) These are all fine scale prgses that are
captured by mechanistic modetgd should be addressed when simulating the
transient response of vegetation to climate change

The computational time to simulate these processes often leads to studies at
the local to sufzontinent scal¢Duveneck et al., 2014;ischke et al., 2006; Rehfeldt
et al., 2006) To simulate the transient response of migration at large scales there are
two major approaches, top down and representative fide®. Clark et al.2011a;
Sato et al., 2007; Sato & Ise, 2012)he top down approach, used in JUL{ES B.
Clark et al., 2011a leaves a portion of its seed bank in every grid and the dominant
plant functional type can change over time but there is no between cell migration.
Forest gap models suchs aTIREEMIG (Lischke et al., 2006) LANDIS PRO
(Sturtevantet al, 2004 Wang et al., 2014 and SEIBDGVM (Sato et al., 20073l
simulate migration bt at the subcontinent scale. To move to a larger domain, a
representative forest can be scalea@ farger grid sizehut with the los of some of
the underlying fine scale processes (Sato et al., 2012).

Here we used an advanced individually based mechanistic ntbdélis
pseudespatial, which decreased computational timevercome thecale limitation,
and prediced the transient response of vegetation and carbon to climate change in
northern North AmericaThe modelcontains arecently developed suiodel of

pseudespatial migrabn that was used to evaluatBe transient response of
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vegetation and carbofiom climate change. Specifically, this study predicted the
impact of (1) dispersal distance, (2) dispersal mode, and (3) disturbance rate on the
potential redistribution of terrestrial vegetation and carbon from climate change in

northern North America.

4.3 Methods

4.3.1 Model

The Ecosystem Demography (ED) mogeurtt et al., 1998; Moorcroft et al.,
2001)is a mechanistic model that uses a size andstigetured approximation for
the first moment of the spatial stochastic process of vegetation dynairhessize
and agestructured approximation means it is an individoased model of vegetation
dynamics that is pseuekpatial instead of spatigl explicit. Individuals compete
mechanistically for water, nutrients, and light governed byrsabdels of gowth,
mortality, water, phenology, biodiversity, disturbance, hydrology, and soil
biogeochemistry. Plants in ED are represented by plant function types (PFTs), which
group vegetation into classes dependent on physiognomy, leaf, form, photosynthetic
pathway, and other characteristiffsoley et al., 1996)and are adjusted for the region
of study. Following Hurter al. 2002 (Hurtt et al., 2002)trees in North America are
represented by two dominant types, cold deciduous andgree®, with the
modifications made by Flanaganal. 2016 (Flanagan et al.,(®6). ED has been
successfully implemented in South, Central, and North America, as well as the United
states. It is currently being used in NASA&arbon monitoring Systeni(rtt et al.,

2019 and the NASA planned mission GEDI.
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ED wasrun for 1000years with current and future climate data in the domain
of northern North America4QiN to 75iN and 165;W to 50jJto establish
equilibrium PFT and carbon distribution for each climate. The average year of the
entire current climate data set (192010) was used as the driver for current
distribution, and the average of the last five years of the future climate data set (2065
2070) used for future distribution. Future anthropogenic climate change and
migrations response is a concern in magnitude and(phaeee et al., 2009; Zolkos et
al., 20b). Ecologically, climate changes faster than ecosystems redistribute. To
evaluate the upper limit of this we changed clenétst, followed by migration,
though future studies can consider jointly.

A model experimental design evaluated the imgpactors of dispersal rate,
dispersal mode, and disturbance rate. Eighteen cases were considered; dispersal rates
of 0.1km, 1km, and 10km; disturbance rates atnioglelsstandard 1.2%, doubled
and tripled; ad directed or even dispersalafile 4.1). Directed dispersal had
individuals migrate to recently disturbed areas and even dispersal prasds
proportionally across grid cell. Each scenario started with the results from the 1000
years run of the current climatology for initial biomass and PFTilalision, and was
run for anadditional 2000 years with the future climatology for a total of 36000
model simulation years. The transient response results were evaluated by percent
total carbonand percent dominant PFT type of the equilibrium case phegicted
Dominant PFT of a grid cell was determined by applying the National Land Cover

Dataset 1992 (NLCD92)(Vogelmann et al., 200) classification for forest
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compaition of 75% cover of a particular type, deciduous or evergreen, otherwise the

forest was classified as mixe&ites below 25% cover are considered-fanest.

Disturbance Rate | Dispersal Distance| Dispersal mode
(1x, 2x, 3X) (.2km, 1km, 10km) | (even,directed)
1x .1 km Even
1x .1 km Directed
1x 1km Even
1x 1km Directed
1x 10 km Even
1x 10 km Directed
2X .1 km Even
2X .1 km Directed
2X 1km Even
2X 1km Directed
2X 10 km Even
2X 10 km Directed
3X .1 km Even
3X .1 km Directed
3X 1km Even
3X 1km Directed
3X 10 km Even
3X 10 km Directed

Table 4.1. The 18 scenarios used to determihe impact ofmigrationon
vegetation and carbon redistributiofhree different disturbance rates with
three dispersahtes and two dispersahodes.

4.3.2 Climate data

Two climate data sets were used. A current climate data set established
contemporary carbon and PFT distribution as supported by remote sensing data
(Flanagan et al., 20)6and a future climate datetfor the model experimental

design and equilibrium response. The current climate data set wash&dvulti-
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Scale Synthesis and iTestrial Model Intercomparison Project (MsTMIP) conducted
by the North America Carbon Program (NAC@Yei et al.,, 1994; 2013 It is a
combination of the Climate Research tU{ICRU) and National Centers for
Environmental Prediction (NCEP) climatologies at 0.5 x 0.5 degree global resolution
from 1901D 2010 in a WGS84 projection at 6 hourly daily time steps. The future
climate data set was from the North American Climate Caaggessment Program
(NARCCAP), which produces multiple future climatologies at ~50km resolution
(Mearns et al., 2009 Future climate projections are provided by coupling a set of
regional climate models (RCMs) driven by a set of atmospbezan general
circulation models (AOGCMs) forced with the Special Report on Emission Scenarios
(SRES) A2 scenario for the 2tentury. The combination of the Community Climate
System Model (CCSM) as the driving model and MM5I as the regional model were
used and contained future climate daten 20412070 at 3 hourly daily time steps in

a Lambert Conic Conformal projection. @MNARCCAP climate data setvas
converted to halflegree resolution with a WGS84 projection to match the current

climate data set

4.4 Results

4.4.1 Effect of Independent Variables

Each disturbance scenario alters fghredictedpotential equilibrium cdron
and dominanPFT distribution so three future equilibrium scenarios were run that 6
of the 18 scenarios were compared to, along with the current dominant PFT

distribution that eachcgnario was initialized with (§ure4.1). At the end of the
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2000 yea simdation the percent of predicted totahrbon and dominant PFT
distributionwhen compared to thequilibrium predictions ranged from; 94% to 116%
total carbon with a mean value of 107%, and 60% to 86% dominant PFT sites

matched with a mean of 74%gdfie 4.2).

Mixed

3

Deciduous

2

Evergreen

130°W 110°W 90°W 70°W 50°W 130°W 110°W 90°W 70°W 50°W
LONGITUDE LONGITUDE

Mixed

LATITUDE

LATITUDE

Deciduous

2

Evergreen

130°W 110°W 90°W 70°W 50°W 130°W 110°W 90°W 70°W 50°W
LONGITUDE LONGITUDE

Figure 4.1 The current dominant PFT distribution (#)at each scenario started
from and the predicted future equilibrium distributions of dominant PFT with the
standard disturbance rate (B), and with disturbance doubled (C) and tripled (D).
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Scenario % carbon % PFT

Direct .1km 107 68
Direct 1km 104 81
Direct 10 km 103 86
Even .1km 110 67
Even 1km 109 74
Even 10km 106 83
Direct .1km, disturbance x2 108 65
Direct 1km, disturbance x2 103 76
Direct 10 km, disturbance x2 110 80
Even .1km, disturbance x2 116 60
Even 1km, disturbance x2 113 69
Even 10km, disturbance x2 112 78
Direct .1km, disturbance x3 98 68
Direct 1km, disturbance x3 94 73
Direct 10 km, disturbance x3 106 74
Even .1km, disturbance x3 114 68
Even 1kmdisturbance x3 111 75
Even 10km, disturbance x3 112 76

Table 4.2. The percentage of predicted equilibrium carbon and dominant
PFT sites matcheébr each scenario at simulation year 2000. Different rates
of disturbance were compared didferent final equilibrium conditiongs
shown in kgure4.1.

To isolate the magnitude of the effects, the average RM&meen the
equilibrium and scenario predictions for each independent vanadie calculated
(Figure4.2). The magnitudes werdisturbance on carbon 7.42.22%, disturbance
on PFT distribution 7.8% 2.73%, dispersal rate on carbon 6:58.19%, dispersal
rate on PFT distribution 14.18 4.75%, dispersal mode on carbon 9:041.3%,

dispersal mode on dominant PFT 3#/2.3%.
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20 Effect of independent variables

XA PFT
71 Carbon

15) 1

N 7

Average effect (%)

Dispersal Rate Disturbance Rate Dispersal Mode

Figure 4.2. The RMSE of the average effect that each independent variable has on
the percent of equilibrium carbon and dominant PFT distribution matched in the

scenarios.

The dispersal mode has the largest effect on the percentage of equilibrium
carbon matched, with the greatest contribution from the direct mode of tripled
disturbance. The only two scenarios where the percentage of equilibrium carbon
matched was less than 100 percent occurred fiedele 2) The combination of
lower total over b carbon and with directed dispersal lead to an increased number of
sites with biomass, but fell below the defined cutoff of 21i@to be considered a
forest (Fkgure 4.3). The checkerboard pattern is an artifact of being a snapshot of a

single year. Diected migrates faster so it has a higher northern extent than even
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dispersal, but without continuous migration intermediate sites loss their biomass so at

any given yearly snapshot different sites may show very low biomass or no biomass

at all.
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Figure 4.3. Sites that contain biomass but are not included in the carbon calculation
because they fall below the threshold of forest classification for directed (left) and
even (right) dispersal at 0.1km per year with a tripled disturbance rate.

Dispersal ratdad the largest effect on the percentaggitet that matched the
predicted equilibrium distribution adlominant PFT with values always lower than

100%. To evaluate, we compared the 0.1km rate verses the 10km under standard

disturbance for directed diersal (kgure4.4):
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Figure 4.4. Sites that match the predicted equilibrium dominant PFT distribution for
directed dispersal under standard disturbance with a dispersal rate of 0.1km (left) and
10km (right).
Directed dispersal at 0.1km matched 68f4he predicted equilibrium sites
and at 10km matched 86% of the sites, but the inability to reach 100% thffeesch
case. Comparison tadgure 4.1 parts A and B showed that 0.1lldspersal isnot a
large enough dispersal rater either evergreen odeciduous tomigrate tothe
predictedequilibrium locations Deciduous forests have not migrated NW into an
area they were predicted to become the dom@in (Figure4 4A, gray in the middle)
or evergreen expand to its furthest extent ndftufe 4A,gray at top). For 10km
dispersal, enough simulation years had passed for the majority of the domain to match
the predictecquilibrium PFT distribution (igure 4.4B, blue), butmigrationactualy
maintains forested area further north than the equilibsaemario predicte(Figure
44B, gray at top).Migration ofadditional individuals preventddrest collapse.
Disturbance rate had the intermediate effect on both the percentage of carbon

and dominant PFT distributiomatchedof the predicted equilibriumesponse. This
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is because increased disturbance decdetis®e time it bok the deciduous PFT to
migrate (kgure 4.5) and decreaskethe northernevergreen range when compared to
Figure 1 parts C and D, but nas$ far south because of the additiomaithen forest

maintenance from new individuals migratinggire 4.6).

LATITUDE
LATITUDE

Figure 4.5. The extent that deciduous forest migrates at 1km a year with directed
dispersal at the standard disturbance rate (left) and when the disturbance rate is
doubled (right) witithe increase in the wave front highlighted.

Not a match

Match

Figure 4.6. Sites that match thpredictedequilibrium dominant PFTdistribution
under doubled disturbance for 1km (left) and 10 km (right) directed dispersal.
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Directed dispersal at 1km with disturbandeubled was closer to matching total
carbon than the same scenario at 10km from being an intermediate effect.
Fluctuations in biomass were masked out betw2kg/m2 and 2kg/m2 and the total
biomass for 1km directed migran with disturbance doubled iffure 4.7A) had
compensating high and low zones with respect to the equilibrium case, with the high
zone coming from evergreen biomass that had not yet been replaced bpebtiedx
deciduous dominant PFTiffare4.7B). For 10 km, there is less compensa#srthe
dominant PFTs have established and the persistence of northern forest is responsible

for the increased total carbondéres4.7C and4.7D).
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Figure 4.7. Areas where the amount of biomass is 2 kg/m2 higher or lower the
predicted equilibrium vale for directed dispersal with disturbance doubled for 1 km
(A) and 10 km (C), and the amount that comes from evergreen (B) and (D). 1km
migration, though faster with disturbance doubled, still has not finished muys
evergreen forest persist anarea that will become deciduous dominant (B), while
10km migration has established but produces more above ground carbon than the
equilibrium case as migration sustains northern and edge forests that otherwise would
become non forest (D comparedtaC)
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Plotting Table4.2 as percent of equilibrium carbon and dominant PFT obtained by
each scen# visually highlights these findings {fure4.8).
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Figure 4.8. The 18 scenarios as the percentage of predicted equilibrium carbon and
dominant PFT theyachieved after 2000 simulation years divided into plots by
standard (A) doubled (B) and tripled (C) disturbance rates.

68



4.4.2 Temporal Response

Total carbon and the percent that came fasuiduous and evergreen PFTs
weretracked with time. Each case showed the evergreen PFT increase in total carbon
at the start of the simulatidiffigure 4.9). This causes total carbon to overshoot the
predicted equilibrium total carbon before approaching, but did not equaling, future
predicted total carbon. The predicted future equilibrium decidwmminant PFT

range was only approached with dispersal s&0kmn per year.

Carbon w.r.t. time for directed dispersal at 10km/year
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Figure 4.9. Total carbon, and the portion from deciduous and evergreen PFTs, with
respect to simulation yeare shown in white. Black represents predicted future
equilibrium carbon.
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To evaluate the upper limit of climateimpact,it was changed before
migration started. The dominant PFTs did not have time to redistribute. The
difference of the total carbon a¢ar 100 of the directed dispersal case with standard
disturbance and the predicted equilibrium carbon showed that totainchybsite
increased modestly igure 4.10A). The difference of evergreen total carbon at year
100 and the predicted equilibriumrban highlighted that the lack of a change in
dominant PFT is the causd.1(B). The increase in carbon is a result of the
evergreen PFT not being replaced by the deciduous PFT at this simulation year. The
evergreen PFT, though not predicted to exist herthe equilibrium response, can
grow 1-2kg/m? larger with the future climate. We also see a deficit in carbon at the
northern boundary as not enough time has passed for migration to thie acearr
By simulationyear 2000, the dominant PFTs haedistrbuted and the total carbon
(4.10C) mostly matches the predicted equilibrium carbon with the exception of the
northern forestswhich expanded farther north than the predicted equilibrium future

scenariq4.10D)
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Figure 4.10. After 100 years the difference between the total carbon of a scenario
and the predicted equilibrium carbon (A) is moderately higher except for the expected
northern migration that hasnOt occurred (purple). The difference between the
scenarios evergreenrban at year 100 and the predicted equilibrium value shows this
is a consequence of tipeedictedfuture dominant PFT not having migrated yet (B).

By simulation year 2000 total carb@@) mostly matches equilibrium carbaxcept

at the northern extent wheemigration supports forests that are unsustainable in the
equilibrium scenaripand dominant PFT has been established as the evergreen total
carbon (D) matches the total carbon (C) difference
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4.5 Discussion

This study used an advanced mechanistasystem model that is pseudo
spatial, with a theoretical pseudpatial migration suinodel, and future climate data
to perform a model experimental design on the effect of dispersal distance, dispersal
mode, and disturbance rate d¢ime transient responsef vegetation and carbon
redistribution over North America. Results suggest modest changes in total carbon as
a result of larger changes in dominant PFT distribution. Future climate caused total
carbon to overshoot the predicted equilibrium carbon beé&pproaching, but
remaining elevated, the predicted equilibrium response. This is caused by modest
increases in biomass at evergreen sites that are predicted to switch dominant PFT to
deciduous. High dispersal strategies correct forntwost of this effect but toal
carbon remains elevated framigration supportinghorthern foresten areas thathe
equilibrium response would otherwise classify as-fovast as they are not self
sustaining Percentage ofotal carbonin the scenarioss typically higherthan the
predicted equilibrium total carbpmanging from 94% to 116%f the equilibrium
response with a mean value of 107%/lhis isfrom the combination of dominant
PFTs not establishing at the equilibrium predicted extent from low dispersal strategies
and expansion of the northern extent of fore3isis combination also suppressed the
percentage of sites whose dominant PFT matchepréuictedequilibrium response,
with sites matchedangingfrom 60% to 86% with a mean of 74%. The RMSE of
the averge effect for total carbon was relatively constant with dispersal mode at 9.04
+ 4.3% disturbance rate at 7.492.22%, and dispersal rate at 658.19%. The

average effect for dominant PFT establishment exhibited a wider range in effect with
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dispersarate at 14.13 4.75%, disturbance rate at 7.82.73, and disturbance mode
at 3.77+2.3%.

This study, to our knowledge, is one of the first to examine the transient
response of vegetation with an advanced mechanistic model at continental scales with
multiple dispersal rates, dispersal modes, and disturbance rates. The computational
requirement of simulating these interactions often leads to studies at the landscape to
subcontinent scale, but the psetgiatial approach implemented here removed that
redriction. Though novel in approach, our results are comparable to previous studies
of the effects of dispersal, disturbance, and competition on carbon and vegetation
redistribution from climate change.

Modest net changes in total carbon with éargndelying grid changes were
found by Schaphofér al. (Schaphoff et al., 2006)Using the LP<DGVM with five
different general circulation models (GCMs) foclanate change scenario produced
an average increase of 7.1% in vegetation carbon. However, they had boreal forests
as a source whereas we find it to be a temporary sink. This could be a result of the
climate chage scenario they used, the 1S92a. @tmosphericCO, value used for
this research was 575ppm while they used 703pp. Bacdhietét (Bachelet et al.,
2001)used an guilibrium model, MAPSS, and a dynamic model, MC1, to simulate
changes in potentiaquilibrium vegetation and carbon distribution in the US and
found that moderate temperature increases prodaceincrease in carbowith
limited redistribution but higher temperature changegroducel widespread
redistribution and carbon loss. Solomon and Kirile(®&olomon & Kirilenko, 1997)

used three climate scenarios to predict future equilibrium distribution carbon with and
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without migration and found modest total gains in carbon were the profllazger
underlyingredistribution of ecosystems.

Disturbancecan both accetate and impede migratiorDisturbance rates
control the probability of new species edigliiment as some disturbance is needed
for new species to enter an ecosystem but too much prevents establidhemsidw
1980; Emanuel et al., 1983)Vith increased disturbance we see the deciduous PFT
migrate and establish fastendbre 4.5) butalsoa decrease in ¢hrange of northern
expansion (Fures 4.4 and 4.6). The MIGRATE model investigates how available
habitat impacts migration rates and shows that increased suitable habitat increases
migration rategCollingham & Huntley, 2000) And FORSKA, a gap model, also
showed increased disturbance lead to faster redistribution in the mixed
conifer/northern hardwoods zone abrthern Europe(Sykes & Prentice 1995)
Species are only so resilient to disturbance so increased disturbance in low biomass
areas cammpede mgration(lverson et al., 2011)

Migrations greatest influence will occur at plant functional type (PFT)
transition zones, where evergreenekis are expected to migrate from the taiga into
the tundra(Ranson et al., 2004and deciduous forests are pexted to move
northward (Goldblum & Rigg, 2005) Northward migration of boreal species into
regions previously classified as tundra is aseaccurring(Chapin et al., 20103s
remote sensing supports tree line advaj@mce 2002) Both of these trerslare
represented, and boreal forest exists further north in scenarios with digpensads

4.3, 4.10).
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This study has made important advances in using an individual based
mechanistianodel to predict the potential transient response of vegetation and carbon
to climate change over large domains. Future work should prioritize expansion of the
scenarios used and incorporate additional metrics. Only one climate change scenario
was usedwith a staic value of CQthat is high, but not the highest presentetha
SRES. The NARCCAP is producingiumerous current and future climatologies
with coupled RCMs and GCMs. As they are all forced with the A2 scenario a
sensitivity analysis on theansient response can be performed. The atmosphesic CO
concentration used in our mechanistic plant growth calculations can be increased.
The pace of the change can be simulat€de disturbance rate can be PFT specific
rather tha equal for all types Climate change is causing increased insect outbreaks
that are damaging boreal forefaurz et al., 2008%0 the disturbance rates here could
be increased Fire is also increasing and altering species distribf@sischke et
al., 2010) ED has a fire model stihodel, as well as a lantipe submodel, that
would impact the transient response An increased disturbance rate for only the
evergreen species may allow deciduous establishment of dominant PFT in a shorter
amount of time. A static dispersal distance was used but long distapeesdisis
governed by the tail of dispersal kern@savis, 2001; Renton et al., 201&)d can be
implemented. Additional PFTs can be used. To initialize and validate against remote
sensing data deciduous and evergreEiiswere used, but this can be expanded on.
ED currently has seveotal plant functional types, the others being two grasses and
three tropical treesl'he climatologies were at haliegree but could be downscaled

and if future climatologies for other regions are generated they could be explored in a
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similar fashion. Th research presents a novel method to simulate the transient
response of vegetation and carltonclimate changen large domainsand future
research should replicate many of the studies that have been conducted at smaller

scales on disturbance, dispersalmpetition, and landscape characteristics.

4.6 Conclusion

This study predicted the potential impacts of dispersal distance, dispersal
mode, and disturbance rate on the transient response of vegetation and carbon to
climate change inorthernNorth America. The major conclusions afé) Relatively
similar impact factoron carbonfor dispersal rate, dispersal mode, and disturbance
rate with nodest net gains in total carbon for the majority of scenarios from (a) an
increase in the northern extertt forests as sites that are not self sufficient under
equilibrium conditions are maintained by continued migration into the site and (b) a
slight increase ircarbonat sites predicted to switch dominant PFT from evergreen to
deciduous before the transition occurs. (2) PFT redistribigistnongly impacted by
dispersal rate, moderately impacted by disturbaate and limitedly impacted by
dispersal mode. These rdasukupport continued research on the impact of plant
migration on vegetain and carbon redistribution from climate change at large
domain scalesvith regards to additional climate change scenarios, PFT specific

disturbancs, fire, dispersal strategiesy@other finescale processes.
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Chapter 5: Conclusion

5.1 General Results

The objective of this research was to expand on previous resefatble
response oplant migrationto climate change and the potential impact this dvas
vegetatiorredistibution andcarbonsequestration potentiut at continental scales.
Previous work on thesquilibrium response has beawne with both climate
ecosystem classification schemes and the use of DGAdshows a wide range in
potential terrestrial carboredistributionand sequestration potentidependenton
boththe model anctlimate change scenario usdduch less attention has been given
in modeling studies to model validation of these estimates, and to the transient
response, particularly at largeases With growing national/international interest in
carbon, and potentially accelerating climate change, the need to address these issues
is high

There are many challenges to addressing these questions with models. Perhaps
most importantly, is the isg of scale: the domain of interest is large, but the detall
and processes influencing the response are small/léasn with advanced
computers,brute force simulation of thendividual plant processes of growth,
mortality, dispersal, is prohibitivat large scalesThe use of ED and its novel
approach to scaling was essential to this rebedseudespatial modeldike ED
operate by laying a larger grid over the fine scale grid of the forest gap model and
then combining the individuals of the underlyifagest gap grid by size, age, and

structure. This decreases computatiotiale, which allows for larger domain
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simulations and the model is still individually baseddgpersal andnigration can
be simulatedHowever, for spatially explicit processekel dispersal this presents a
challenge given thexplicit location of individual tregwithin the larger grid cedlis
no longer known Therefore a method to simulate the spatially explicit process of
dispersal in a pseuekpatial frameworkvas essentidb be developed.

Threemajor objectives emerged that became the basis of the chapters in this
dissertation. (1)he current distribution of dominant PFTeeded to bealidated
with remote sensingada and a future climatologysed to verify that thegailibrium
response warranted further research into the effects of the transient res@nse.
method for simulating the spatially explicit process of dispersal in a pspatial
framework was derived and inserted into an advanced, mechanistic {spauidd
model (ED) that allowed for large domain simulatioit3) The transient response of
plant migration was then observed under varying dispersal distances, dispersal modes,
and disturbance rates to determine the potential impact on vegetation aod carb
redistribution from climate change. A detailed review of each component is provided

in the following section

5.2 Summary of Findings

This research examined the impact of plant migrdtiom climate changen
vegetationdistributionand carborsequestration potentiiom climate changeEach
chapter builds off of the previous one to achieve the ultimate goal of large domain
simulation of the transient response of vegetation to climate and the impact this may

have on potential carbon sequestira The major findings were:
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As the result ofcalVal, ED model predictions of dominant PFT distribution
over North America matched remote sensing classificatiof6% of 3064
sites classified as forest by remote sensing (Chapter 2).

The equilibriumforestresponseto afuture climate change scenahad total
net forested area in northern North America increase by a2 thenet
carbon sequestration potential increase by 8% (Chapter 2).

The net equilibrium forest response to a future climate charggesc had
large underlying gross changesediuous cover expanded by 77% and
gained 107% ofts current carbon sequestration potential while evergreen
cover decreased by 55% atabst 31% of its current carbon sequestration
potential.60% of northern Noht America was predicted to change dominant
PFT and the percentagetefrestrialcarbon sequestration potential attributed
from evergreen and deciduous PFERsingedrom a 3:1 to a 1:1 ratio with a
wide range in site level fluctuations (Chapter 2).

The spéaally explicit process oplantmigration can benodeledin a pseudo
spatial environmentusing atheoretical equatiordependent ordispersal
distance, site size, area of the site occupied, and the numbseeds
produced Chapter 3).

The theoretical equi@an for pseudespatial plant migration produced
expected results in the nasealized environment of an advanced
mechanistic model (ED) with prior knowledge of the said aclimate

gradients at theest sites (Chapter 3).
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After 2000 simulation years witharied dispersal modes, dispersal satend
disturbance rates, percentage of total carbon sequestration potential with
respect to the equilibrium scenario ranged from 94% to 116% with a mean
value of 107%and dominant PFT distribution ranged from 60% &&68with

a mean of 74%Chapter 4).

Carbon sequestration potential tended to be dnigthan the predicted
equilibrium valueas (1) sites classified as evergreen under current climate
but predicted to switch dominant PFT to deciduous under future climate
supported slightly higher biomass before the switch occurred and (2) the
northern extent of f@sts increased as sites tharanot self sustaining were
instead supported by additional individuals migrating (Chapter 4).

Dominant PFT distribution tended to be lower than the predicted equilibrium
value as (1) only 10km dispersal was a high enough dispersal rate for the
deciduousPFT to migrate into the entire predicted range and (2) the
expansion of the northern evergreen extent of forests (Chapter 4).

The time scale for vegetation redistribution to reach the predicted equilibrium
response is on the order of centuaesl stronglydependent on dispersahd
disturbance ratgChapter 4)

Increased disturbance accelerated migration in high biomass areas but
reduced forest extent in low biomass areas (Chapter 4).

Plant migration from climate change had a high impact on the rediginbut

of vegetation but a moderate impact on the carbon sequestration potential

(Chapter 4).
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5.3 Future Research

Future research is needed to extend the gains from this thesis and advance on
the goal of this research. Are&w future work fall into twobroad categories
additional modebhdvancesand evaluatig of additionalclimate scenarios. For ED
much of thework that has been conducted at the-saobtinent scale by foresfap
modelsshould be replicated at this increased domain to provide a vafiestimates
on how plant migration from climate change impacts vegetation distribution and
carbon sequestration potentiallhis can include additional PFTs, speesggcific
disturbance and dispersal rates, and the impact of fire and landscape frigmenta
migration rates. For climate additional scenarios should be evaluatddditional
scenarios are available from the NARCAAP that would allow for a range of
alternative future climate conditions to be considered and expandethetter
understand he CQO, concentrations effect vegetation distribution and carbon
sequestration potentialThe inherent difficulty in calibrating and validating a future
prediction means a robust range of scenarios should be run to bracket potential
effects. This researclilemonstrate the ability to simulate the transient response of
plant migrationat continental scalesnd future research should attempt to replicate
many of the studies that have been cateld at the landscape scalethis increased
domain size¢o determine a robusange forthe potential impact of plant migration on

vegetation and carbon redistribution from climate change.
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