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THESIS ABSTRACT

David M. Fisher
Master of Science
Department of Geography
June 2013
Title: Postglacial Transient Dynamics of OlympicResula Forests: Comparing

Predictions and Observations

Interpreting particular climatic drivers of localdregional vegetation change from
paleoecological records is complex. | explicitlpnsiated vegetation change from the
late-Glacial period to the present on the OlymmaiRsula, WA and made formal
comparisons to pollen records. A temporally cordimipaleoclimate scenario drove the
process-based vegetation model, LPJ-GUESS. Naeesprecies and a grass type were
parameterized, with special attention to specigairements for establishment as limited
by snowpack. Simulations produced realistic preday species composition in five
forest zones and captured late-Glacial to late e#e transitions in forest communities.
Early Holocene fire-adapted communities were nousated well by LPJ-GUESS.
Scenarios with varying amounts of snow relativeaio showed the influence of
snowpack on key bioclimatic variables and on sgecnposition at a subalpine
location. This study affirms the importance of expig climate change with methods
that consider species interactions, transient dyecgrand functional components of the

climate.
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CHAPTER |

INTRODUCTION

Climate is the most important determinant of plgpecies abundance and
distribution across broad spatial and temporalesc@f. |. Woodward 1987). Over the
past 14,000 years, dramatic changes in the seasgrialof incoming solar radiation,
ice-sheet extent and greenhouse gas concentratiaves altered global climate, including
temperature, snowpack, disturbance regimes and faibets of the climate to which
plants directly respond (COHMAP Members 1988). brtN America, local-to-
continental-scale changes in plant communitieseesrded by detailed pollen records,
are strongly associated with regional climate cleaiiRyentice, Bartlein, and Webb llI
1991; Shuman et al. 2004). However, interpretivegdarticular climatic drivers of
vegetation change is very complex and, ideallyepehdent evidence of past climate
should be compared to the reconstructed veget@ti@ib 1986). A promising avenue
exists to formalize this comparison in the applaabf dynamic vegetation models to
explicitly simulate vegetation from a given paleowtic scenario and compare the
results to observed vegetation change (Miller e2@08). Accurately predicting future
effects of climate change relies on our abilitgtorectly model the dynamics of the past.

In the maritime Pacific Northwest, vegetation chafrpm the late-Glacial period
to the present is well documented in the paleogpodd record (Whitlock 1992; Walker
and Pellatt 2008), but no study has yet attempmtedddel the dynamic postglacial
vegetation changes in this region. The low-elevaRuget trough vegetation transitioned
from tundra and open parkland to woodland and drgdt in the early Holocene and then

to temperate conifer rainforest in the middle Heloe (Cwynar 1987; Whitlock 1992).
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High elevations formerly occupied by alpine glasjevith only grasses and herbs at their
margins, became forested with subalpine tree spgitieugh tree establishment in the
highest-snow cover areas was delayed until the lmiedlocene (Gavin et al. 2001).
Snowpack plays a very important role in the el@ratl zonation of the dominant tree
species and at the alpine treeline (Henderson &08DB; Ettinger, Ford, and
HilleRisLambers 2011) For example, studies of @néslay vegetation-climate
relationships on the Olympic Peninsula, WA show thgh elevation west side tree
growth is negatively correlated with snowpack andimeastern rainshadow tree growth
responds negatively to summer temperature andiyEgito summer precipitation
(Nakawatase and Peterson 2006). For the mounthaths &acific Northwest, ongoing
climate change is likely to manifest in reducedvgpack and warmer summer and fall
seasons (Salathé et al. 2010).

In this study, we utilized LPJ-GUESS, a transiéghamic, vegetation model that
couples biogeochemical interactions among soikpiere, and atmosphere with stand-
scale gap dynamics (Smith, Prentice, and Sykes)200process-based model such as
this is ideally suited for understanding the codpéfects of climate, disturbance, and
competition among species. We utilized this modeVyen by a simulated climate
derived from a transient simulation with an AtmosgiOcean General Circulation
Model (AOGCM) (Liu et al. 2009), to explain the gtion history captured in five
radiocarbon-dated pollen records on the Olympidr3eta. The five sites span steep
elevation and precipitation gradients, and thusweapa spectrum of climate conditions
such as growing season length and summer moistar@lility, which are both

mediated by snowpack. The model is parameterizadjwell-known relative rankings



of species traits (e.g., shade tolerance). Wel paiticular attention to species
establishment limited by snowpack persistencered¢ions such as the Olympic
Peninsula with deep spring snowpack, seedling @®dgrowth is limited by the duration
of spring snowpack, providing a major control af\vational distribution of species
(Ettinger, Ford, and HilleRisLambers 2011).

This analysis provides a unique examination ofsihecies-climate relationship in
Pacific Northwest forests in that (1) 14,000 yezHrsimulated climate data are used to
drive a mechanistic transient vegetation modelfl{&)simulated vegetation changes are
validated by a temporally continuous comparisopaleoecological records, and (3)
individual species are simulated as opposed toeggded plant functional types (PFTSs),

thereby allowing species to respond individualaticto changing climate



CHAPTER Il
METHODS

Study Area

The Olympic Peninsula is a topographically com@ar heavily forested region.
Coastal plains of the southern and western peransé to the Olympic Mountains
(highest point 2430 m a.sl.) that have been shbpedseries of Pleistocene glaciations
(Thackray 2001). The mountainous terrain and predantly southwesterly onshore
flow create a very steep precipitation gradienbsstthe peninsula (Figure 1). The west
coast receives over 2500 mm of annual precipitaimhthe western slopes at high
elevation can receive over 5000 mm. In the rainghaghortheastern) part of the region,
mean annual precipitation is ca. 2000 mm at higkiaglons and drops to less than 500
mm on the northeast coast. The majority of preaffh occurs in the winter months, but
snow is rare below 800 m elevation. Glaciers pegithe highest elevations in the
interior of the peninsula.

Five lake-sediment records on the Olympic Peningldéng from the end of the
Fraser Glaciation (less than 15 ka) to present &en previously analyzed for pollen,
macrofossils, and charcoal (McLachlan and Brubaké&5; Gavin et al. 2001; Gavin,
Brubaker, and Greenwald 2013; Gavin et al. 201Bgs€ sites span the range of forest
types and reflect the spatial heterogeneity otdpegraphy and climate on the Peninsula
(Figure 1; Table 1; (Henderson et al. 2011)). Werr® each site with respect to its
elevation (low, middle or high) and occurrenceha windward (west) or rainshadow

(east) portion of the peninsula. The low-west @entworth Lake) is a 14 ha kettle lake



located in the Sitka Spruce Zone. This zone ocalarsg the Pacific coast and extends
inland along wide glacially-carved valleys, andgops some of the most productive and
massive forests in the conterminous United StdteBr(dorfer et al. 2010). The low-east
site, (Crocker Lake) is a 26 ha lake in a glacisi@sh basin in the Western Hemlock
Zone. This zone is the most widespread zone, cayareas north, south, and east of the
Olympic Mountains, and valley slopes to the wesie hiddle-west site (Yahoo Lake) is
a 4 ha cirque lake situated on a ridgetop at @resttion between the Western Hemlock
and the Pacific Silver Fir Zone, which is markedablyansition to montane forests and
increasing snowpack The high-west site (Martiakd) is a 1 ha basin on a ridge in the
Mountain Hemlock Zone. This zone comprises thédsgrelevation continuous forest
and parkland of the west and central Olympic Mounsta The high-east site (Moose
Lake) is a cirque lake in the Subalpine Fir Zofi&is zone comparises the highest-
elevation forest and parkland in the rainshadowatheastern Olympic Mountains. Two
additional zones exist on the peninsula that ateéepresented by a pollen record. A
spatially restricted Douglas-fir Zone occurs atdowd elevations in the driest locations
of the northeast Olympic Mountains, and the Sulbalptarkland Zone marked by
meadows and tree clumps occurs at the highesttelagsa Whereas this forest zonation
is well established (Fonda and Bliss 1969), indieid of any species may be found on
certain microsites outside of their zone of doma®The environmental and ecological
factors controlling tree species distributions amn to be explored (Peterson, Schreiner,

and Buckingham 1997; Nakawatase and Peterson Pijerson et al. 2011).



Table 1. Study site characteristics. MASL — meters aboweleeel; MAP — mean annual
precipitation (Wang et al. 2012); Soil Class — digsion of LPJ-GUESS soil code
transferred from USDA soil textural codes followiRgentice et al. (1992).

Site name Lon Lat MASL MAP Primary climax Seral Tree Saoll

(°E) (°N) (m) (mm) species Species Class
Wentworth Sitka spruce, Doualas-fir Medium-
Lake -124.53 48.01 47 2779  western hemlock, re dgal der’ Coarse
(low-west) western redcedar
Yahoo Pacific silver fir, .
Lake -124.02 47.68 717 3657 western hemlock, Dfe“dgzzg'rr’ Medium
(mid-west) western redcedar
Martins . slide alder,
Lake 12353 4771 1423 4gip mouninhemlock, ol Medium

. Pacific silver fir
(high-west) hemlock
o L subalpine fir .
Lake -123.35 47.88 1544 2361 subalpine fir .’ Medium
(high-east) lodgepole pine
Crocker i
western hemlock,  Douglas-fir, .

Lake -122.88 47.94 54 859 western redcedar red alder Fine
(low-east)

Figure 1. Environmental gradients of the Olympic PeninsWa. Minimum January
Temperature and Mean Annual Precipitation from RRR(Baly et al. 2008); Potential
Natural Forest Zones (Henderson et al. 2011). Winitdes represent study sites.

Minimum January 2 200 Mean Annual Potential parkland

Temperature Precipitation Natural - mountain hemlock
/ 0 (meters) 4 Forest

3 Zones [ subalpine fir

Pacific silver fir

4 - Douglas-fir
- western hemlock
- Sitka spruce



Model Description

We used LPJ-GUESS, a dynamic vegetation modsintalate the transient
dynamics of post-glacial forests on the OlympiciRema. In LPJ-GUESS physiological
processes such as carbon and water fluxes assvellemactions between soil, biosphere,
and atmosphere are taken from LPJ-DGVM (Sitch.2@03) and stand dynamics of
establishment and mortality are based on FORSHK#érest gap model (Leemans and
Prentice 1989; Prentice, Sykes, and Cramer 199%eral studies have utilized LPJ-
GUESS to understand the local and regional resgarfseegetation to climate change
and to explore ecosystem dynamics (Hickler et@d42 Miller et al. 2008; Tang,
Beckage, and Smith 2012). These studies concladd BJ-GUESS is suitable for
simulating species-level responses to climate astdrithance regimes.

LPJ-GUESS simulates the growth of cohorts of usdindd species or PFTs on a
homogeneous patch of land. The patch size, 15 hm,lapproximates the area of
influence of one mature tree (Zolbrod and Petef€$9). Establishment of a given
species on a patch is controlled by bioclimatidatsmelated to temperature, growing
season length and intensity, and moisture avaithalfifable 2). When climate allows
establishment of a species, probability of establisnt is based on the shade tolerance of
the species. Then, growth occurs annually whempmiary productivity is allocated to
leaves, sapwood, and roots based on a set of datiomsationships. Growth is limited
by competition over light and moisture (Smith, Ries and Sykes 2001; Sitch et al.
2003). For example, shade-intolerant species ledtahith greater likelihood, but
require more photosynthetically active radiatiod aigher growth rates to survive.

Mortality is induced by stress (low-growth), didgtance, and maximum longevity.



Two types of disturbance exist in LPJ-GUESS. Fgstheric patch-clearing
events occur with an annual probability equal ®itiverse of a user-specified mean
interval (750 years). Second, fire occurs probsiidally as a function of soil moisture
and fuel availability. Therefore, the fire regingedynamic, varying through time with
climate and vegetation. This is particularly catifor modeling lowland temperate
rainforest zones, where fire regimes varied overHblocene in response to large-scale
climate changes (Cwynar 1987; Brown and Hebda 200&) behavior is not modeled in
LPJ-GUESS, but a fire-resistance parameter assigneach species defines the
probability of survival (Table 2). Because manggasses in the model are stochastic
(e.g., disturbance, establishment, mortality) drad the patch size is fairly small, 30

replicate patches were simulated and annual oofpzarbon biomass was averaged.



Table 2. Species-level parameter values used in LPJ-GUBSS.TCM — Minimum temperature of the coldest month forlisgp
establishmentMlax TCM — Maximum temperature of the coldest month foirgapstablishmentylin TWM — Minimum
temperature of the warmest month for sapling estalent;PS-GDD; — Post-snow growing degree-days above 5°C foirgapl
establishmenfAWC - fraction available water content of the soitédculate water uptake and to limit sapling esihient;

k latosa— leaf-area to sapwood-area ratio used in allometuationsSLA — specific leaf are&ire Resist— probability of
surviving a fire;Max age— Maximum age allowed in simulation.

Min
. Shade
Species TCM
Group 1 (°C)*
lodgepole pine Very
: -29.3
Pinus contorta Intolerant
subalpine fir Very 15
Abies lasciocarpa Tolerant
mountain hemlock Very
; -15
Tsuga mertensiana Tolerant
Pacific silver fir Very 12
Abies amabilis Tolerant
Douglas-fir . Intolerant -16
Pseudotsuga menzies
western hemlock Very 111
Tsuga heterophylla Tolerant '
Wes.tern.redcedar Tolerant 14
Thuja plicata
red alder Very 13
Alnus rubra Intolerant
SR EPIIED Tolerant -10

Picea sitchensis
grass

* (Thompson, Anderson, and Bartlein 1999)
T (Niinemets and Valladares 2006)

Max
TCM
(°C)*

7

-1

4

4

15

8.5

10

Min
TWM
(°C)*
7
7.2

7.5

11.3
7.5

7.5

PS-GDDy

300
300
300
800
800
1400
1400
1400

1600
50

fAWC
T

0.15

0.5

0.68

0.7

0.2

0.6

0.5

0.5

0.7
0.01

k latosa
T

3500
5400
1600
5500
4200
4000
5000
4000

4500

T (Waring, Schroeder, and Oren 1982; Turner e2G00; Martinez-Vilalta, Sala, and Pifiol 2004)
§ (Kershaw Jr and Maguire 1995; White et al. 20@i@chell 2001; Duursma et al. 2005; Townend 199Bag; Radosevich, and Grotta 2003)

SLA
(m?/g C)
8

8.5
7.6
9.2

135

21
10.6
23

15
324

Fire
Resist

0.05

0.05

0.05

0.05

0.3

0.05

0.1

0.05

0.05

Max
age

250

250

400

400

750

400

1000

80

500



PFETs and Parameterization

We defined and parameterized nine “plant functiayaés” to represent the
common dominant tree species on the Olympic Pelairesud represented in pollen
records. We defined an additional functional t{gpeepresent grass or meadow
herbaceous species. Rare species and speciesaésdadth certain microsites (e.g.
western white pine, yellow cedar and slide aldezjeanot included in these experiments
because their occurrence is controlled by locabfadncluding avalanche disturbances
and topographic moisture (Franklin and Dyrness L98&h of which are not represented
in LPJ-GUESS.

We assigned species-specific bioclimatic and eccddgarameters based on
literature reviews (Table 2). We used four shaderance classes defined by Hickler
(2004) and assigned species to them based on gankilNiinemets and Valladares
(2006). Fire resistance (probability to survivira) was based on bark thickness and
observed survivorship in recent fires (Fischer Bratley 1987; Agee 1996). Probability
of surviving a fire was 30% for Douglas-fir, 10% fwestern redcedar, and 0.5% for all
other species.

Our analyses of preliminary model output revealedresistent dominance of low
elevation species at mid and high elevation sitesrevthey are absent today. This
occurred because we intitally set the growing deglays above a 5°C base (GfpBs
the threshold for establishment, with limits detigrea from the entire geographic range
of the species as reported in Thompson et al. ({1998wever, in regions of deep spring

snowpack such as the Olympic Peninsula, the groséagon experienced by seedlings is

10



limited by the duration of spring snowpack, whigbydes a major control of elevational
distribution of species. Therefore, it was necgssacustomize LPJ-GUESS to take into
account the role of deep snowpack on seedling ledtaient and persistence (Barbour et
al. 1991). We made modifications so that growingrde-days (above 5°C) began to
accumulate only after the modeled snowpack hadechédt less than 10 mm snow-water
equivalent (SWE). We term this new bioclimaticiable “post-snow growing degree-
days above a 5°C base” (PS-Gf)similarly, the fraction of the plant-availableils
water-holding capacity (FAWC) during the growingasen (Hickler et al. 2012) is
averaged only over the period when PS-GRE: accumulating. Because much snow
occurs at temperatures near the rain-snow transiti@deling accumulating and melting
snow realistically may be beyond the scope of theditine and Prentice (1996) and
Gerten et al. (2004) hydrological models. We chosain-snow threshold surface air
temperature of 1°C, which often occurs when colpeugevel air occurs above a warmer
marine-influenced surface air (Nolin and Daly 2006)

Annual PS-GDDRrequirements for establishment of the simulatestigs are not
known by empirical study. Therefore it was necessacalibrate this parameter. We
calculated annual PS-GRDalues at each study site for every year from 189508
using the daily weather generator in LPJ-GUESS impluts of monthly temperature and
precipitation from PRISM, interpolated to a 400esalution grid using the
ClimateWNA tool (Wang et al. 2012). Then, annuat®BSDs required for establishment
were assigned to each species by calibrating tevatiern species composition at each

study site (Figure 2).
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Figure 2. Post-snow growing degree days throughout 20trucgctlculated by the LPJ-
GUESS daily weather generator. Dashed lines amespeequirements for sapling
establishment

Study sites
low-west

middle-west
—  high-west
- high-east

low-east

1600 Sitka spruce

1400 w. redcedar, w. hemlock,

red alder

800 |----- L\ Doug-fir, P. silver fir

Post-snow growing degree days

m. hemlock, 1. pine,
subalpine fir

300

1890

Moisture availability controls species establishire dry sites on the peninsula
(Soll 1994; A. Woodward, Schreiner, and Silsbee5)99 herefore, we implement LPJ-
GUESS with the optional drought-limited establisimnevherein species are allowed to
establish if AWC on a patch exceeds the fAWC speparamter value. For each
species, this parameter was initially determindiddang the drought tolerance rankings
in Niinemets and Valladares (2006). Using the catibn methods used for PS-GRD
we assigned final fAWC parameter values between aed one. We confirmed the
realism of the PS-GDPand the fAWC parameterization in trial runs of EBUESS for

the last 1000 years at each site.

12



Environmental Inputs

LPJ-GUESS is forced by three sets of climate &&= monthly means of
temperature, precipitation, and percent sunshihehwis transformed from the
cloudiness variable discussed below. These vasaldéee synthesized with the following
spatial and temporal characteristics in mind ireotd provide: 1) a continuous monthly
time-series that spans the length of the longd&mpoecord in the region, with 2)
realistic interannual variability needed to elagpropriate vegetation dynamics, and 3)
variation among study sites based on the influefi¢epography.

Climate variables spanning the the last 22 ka wbtained from the TraCE-21
project (Liu et al. 2009; He 2010), which employeslynchronously coupled atmosphere-
ocean general circulation model (AOGCM, NCAR-CCSMBsimulate climatic
variation over the past 22,000 years (i.e. fromlast Glacial Maximum to present). The
available data from the transient simulation inelsideasonal averages (three-month
periods) at decadal time steps, from 22 ka to pte3éis dataset, by nature of its GCM
origin, is global in extent and coarse in spagagiaiution. One grid cell contains the entire
study area of the Olympic Peninsula. Because wanexd)climate data at a higher spatial
and temporal resolution, we downscaled these #atd, seasonal and decadal values
were interpolated to produce monthly and yearlygsal Then, monthly anomalies with
respect to a 1961-1990 base period were calculathdse monthly anomalies do not
have realistic interannual variability, which istical for simulating vegetation (Ni et al.
2006).

Realistic interannual variability was estimateahira monthly time series of 20th

century climate from PRISM for temperature and jpigation (Daly et al. 2008) and

13



from the 20th-century Reanalysis V2 for cloudin@Ssmpo et al. 2011). For each month
and each variable, the 20th century time seriesdeaended using a locally-weighted
regression (40-yr window width) (Prentice, Harrisand Bartlein 2011). Then,
anomalies with respect to a 1961-1990 base pereyd walculated. Thirty-year segments
of the 20th century timeseries of (detrended) aiemaere randomly sampled and
added to consecutive 30-year segments of the TedC&iromalies. This procedure
resulted in a 22 ka-to-present monthly timeserfeemomalies of average temperature,
precipitation, and cloudiness, with interannualafaility equivalent to that of the 20th
century.

Finally, this composite of monthly anomalies wdded to monthly long-term
mean (1961-1990) values at each of the five dtestemperature and precipitation,
PRISM long-term means were interpolated to a 40@suolution grid using the
ClimateWNA tool (Wang et al. 2012). Long-term meémscloudiness were bilinearly
interpolated from the Reanalysis V2 data. The freallt is a unique climate series for
each study site.

Along with climate data, atmospheric carbon diexadbncentration and soil
characteristics are the other envrionmental infutdPJ-GUESS. Annual CO
concentration was estimated from a spline fit ®aore records (Krumhardt and Kaplan
2010). Soil textural characteristics were acquirech the USDA Soil Survey
Geographic Database (SSURGO, http://soils.usdasgoxéy/geography/SSURGO/) and

were translated to LPJ-GUESS soil types followingfice et al. (1992).
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Simulation Protocol

LPJ-GUESS was run with 21 kyr-long transient semiohs at each site. No
additional spin-up period was prescribed, becantsggretation of results at each site
begins only at the start of the pollen record. @&bdate results, simulated biomass
averaged over the most recent 1000 years was cechpacanopy cover data from a
broad network of ecological plots (http://ecoshafe/2009/12/07/nw-washington-core-
data downloaded July 2012) to check for appropsptzies presence with respect to
elevation and precipitation gradients. To validaaéeo-simulations, each PFT’s
percentage of the total carbon biomass at a sisecampared to pollen percentages
which were first transformed by an “R-value” (Dai863) derived from a modern
pollen-vegetation comparison (Gavin et al. 200%e R-value accounts for the fact that
some species are more prolific pollen producers tthers. The relative dominance of
species at each site through time was qualitativetygpared between the simulation and
the pollen record.

To further explore the role of snowpack at the sitth the greatest snow
accumulation, we varied the rain-snow temperatureshold from -2°C to +2°C. We
examined these scenarios of varying amounts of $apeffects on PS-GD§) fAWC,

fire occurrence, and species compaosition.
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CHAPTER Il

RESULTS

Present-day Elevational Distributions

LPJ-GUESS produced realistic present-day speciapasition with respect to
elevation and precipitation gradients (Figure @n the western side of the peninsula,
western hemlock is the most abundant species atdawid-elevations but is absent at
high elevations; this pattern was captured by tbdehat the three simulation sites in this
region. Western redcedar and Sitka spruce arewaminor components of the forest
at low and middle elevations, a pattern capturethbymodel. Although Sitka spruce
appears over-predicted by the model at the low-gigst this species is indeed abundant
on the coastal plain near the low-west site, witiéeplot data in Figure 3 are biased
towards the south and eastern flanks of the Olyrivwfmantains. Douglas-fir is common
on lower south-facing slopes on the west side (Af¥6), but it is correctly simulated as
absent because neither the low-west or middle-grest occurred in such locations.
Pacific silver fir is a major component of the cap@t middle-to-high elevations and is
simulated as abundant at the middle-west siteadaimost absent at the high-west site
where this species reaches its upper elevatiandl liIMountain hemlock is also correctly
simulated at the high-west site, but lodgepole mredso simulated as present, despite

being absent in west-side montane forests.
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Figure 3. Elevational distribution of present-day observad simulated tree species.
Gray shading— percent cover of tree species in 639 ecologicds in the Olympic
National Forest (downloaded from Ecoshare.inBigick dots — simulated biomass of
tree species averaged over the last 1000 yeaeshts#te and scaled by a factor of 10 in
order to use the same scale as percent coverRlata.and simulation sites are
categorized as “west side” or “east side” with exgfo the rainshadow.
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On the eastern peninsula, Douglas-fir and westntoedar are the most abundant
species at low-to-middle-elevations, and their al@nal distributions are generally
matched by the simulation results. Western hemi®common at middle elevations and
correctly simulated as absent at the low-eastditere it is rare and at the high-east site
where it is absent. The highest east side elavaaoe dominated by subalpine fir with
lodgepole pine as a secondary component, whiclelismatched by the simulation at the
high-east site.

Late-Glacial to Present

The simulated biomass from 21 ka to present at séeltlosely follows the
pattern of PS-GDB(Figure 4). At the middle-west and high-elevatsiies, the basal
sediments pre-date the local arrival of treesthAse sites, simulated arrival of trees is
marked by sharp increases in biomass that matatekiieve arrival times of trees
inferred from pollen and other proxies (Gavin et28l01; Gavin, Brubaker, and
Greenwald 2013). At the other sites, the sedimeednd begins with trees already
present and the simulated biomass already incrgaapidly. Comparison of the fAWC
variable across sites reveals that the low-easisihe driest and the high-elevation sites
the wettest. Similarly, the low-east site also @quees the most frequent fire, with a
return time less than 300 years, while simulatezldi the high-elevation sites is very rare

(Figure 4).
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Figure 4. Site comparisons of LPJ-GUESS output from 21 Karésent. A) Post-snow

growing degree-days above a 5°C base; dashedrépessent species requirement for
establishment; B) Total simulated biomass; C) faacavailable water content; dashed
lines represent species requirement for establishg Instantaneous fire return time.
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Visual comparisons of simulations and pollen rdsdFigure 5) show that LPJ-
GUESS generally simulated late-Glacial vegetatimmectly, as well as the vegetation
responses to the warming Holocene climate thakmoe/n from the paleoecological
record at each site. The pollen record at thewmst site (Figure 5a) begins about 14 ka
and shows a transition from lodgepole pine to iddraand Douglas-fir in the early
Holocene, and to western redcedar, western hemdmak Sitka spruce in the mid-late
Holocene. LPJ-GUESS simulations at this site captiue late-Glacial and mid-late
Holocene periods well, but fail to produce increBBeuglas-fir and red alder during the
early Holocene. Instead, the mesic late-succedsspegies, which dominate the pollen
record after about 9 ka, dominate the simulatiartisig around 13 ka. From that time to
present, western redcedar, western hemlock, akd §ruce trade-off dominance in the
simulated patches.

The pollen record at the middle-west site (Figuekliegins at 14.7 ka with
lodgepole pine and mountain hemlock pollen appgariPacific silver fir, western
hemlock and Sitka spruce pollen also appear itetieeGlacial but only achieve
dominance after 8 ka. The early Holocene polleoneéshows abundant red alder and
Douglas-fir. Simulated biomass at this site showsuasition from lodgepole pine and
subalpine-fir in the late-Glacial, to temperateds#tolerant species taking over by 13 ka.
Similar to the low-west site, Douglas-fir and rédea are underrepresented during the
early Holocene compared to the pollen record. Rasiifver fir represents up to 10% of
biomass between 14-11.5 ka, and only rarely reatO%&safter this period. Western
hemlock and Sitka spruce alternate in dominanaautitrout the Holocene, with western

redcedar rarely exceeding 10% of the biomass.
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Figure 5. Simulated biomassS] compared to pollen recor®), Subalpine fir and
Pacific silver fir pollen are indistinguishableuththeir pollen records are identical when
both are plotted. Species are only plotted if theysimulated present or interpreted as
locally present in the pollen record.
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The pollen record at the high-west site beginsla? ka (Fig. 5¢). Lodgepole
pine, slide alder, and mountain hemlock pollen astabundant, with trace amounts of
other taxa. Alder pollen comprises more than 50%hefrecord from 10-8 ka. The
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decline in alder is complemented by relative insesan true fir (subalpine fir or Pacific
silver fir), mountain hemlock, and western hemlpcken. Macrofossils were identified
in the lake sediment that represent all of thedepoypes except western hemlock,
pollen of which was likely regionally dispersedrrdow elevation. Simulations include
abundant grass before 10 ka and from 9-8.5 ka eas$ gvas otherwise present through
the Holocene. Subalpine fir and lodgepole pineaadtee dominance until 8.5 ka at which
time mountain hemlock exceeds 50% of the biomaskpresent. Lodgepole pine is a
consistently simulated present throughout the Hatec along with occasional cohorts of
Pacific silver fir and western redcedar.

The high-east site pollen record shows relativeple species composition from
14 ka to present (Figure 5d). Subalpine fir, lodgemine, and grass pollen are well
represented, indicating that the subalpine fir ging parkland that existed across much
of the peninsula during the late-Glacial period passisted until the present at this
location. Simulation results are consistent with plollen record; subalpine fir represents
over 50% of the biomass at most times, with lod¢eepme as the second most abundant
species. Grass is present throughout the simulpBoind, indicating some open canopy
patches. Douglas-fir and mountain hemlock cohataldish sporadically during the
Holocene, but only rarely reach maturity

The pollen record at the low-east site begins abh8wWta, around the time of the
regional decline in pine pollen that appears irffied records (Figure 5b). Grass, pine,
and alder pollen types are the other main compsrarthe pollen community in the
late-Glacial. The early Holocene (11-9 ka) showsnalant Douglas-fir and red alder

pollen, then by 8 ka the Cupressaceae pollen tgpardhtes the record, with Douglas-fir
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and red alder remaining present along with wedtemlock. LPJ-GUESS simulations
begin with lodgepole pine and Douglas-fir as thenoh@nt tree species, with grass
present as well. The longer-lived Douglas-fir acusudor over 50% of simulated
biomass until 10.5ka when western redcedar achigwesnance and maintains it
throughout the Holocene. Douglas-fir remains preasrithe second most abundant
species in good agreement with the pollen recardulated western hemlock does not
appear until 11ka and its relative biomass onlghea between 10-50% of the simulated
community a few times during the mid and late Heloe. Red alder is present at most
times during the simulation period and represersigyatly greater component of
simulated biomass between 11.5 and 8.5ka relatio¢hier periods.

Effects of Snowpack on Bioclimatic Variables

Simulations with different rain-snow temperatureettholds at the high-west site
reveal some important effects of the snowpack oiGP®s, fAWC, and fire frequency
(Figure 6). With a threshold temperature set at, 3t1fowpack almost always persists
year-round, as indicated by the PS-G2Drve rarely departing from 0. All three
variables show greatest response to changes tertiperature threshold from 2°C to

0°C, and much less response to changes from OCZ @
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Figure 6. Five scenarios at the high-west site with varaad-snow temperature
thresholds and the response of A) Post-snow grodeggee days above a 5°C base;
dashed lines represent species’ requirements faplesiment; B) fraction available
water content; dashed lines represent speciesireagents for establishment; C) fire
return time.
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CHAPTER IV

DISCUSSION

LPJ GUESS is able to simulate realistic speciespusition at each study site,
reflecting 1) the spatial pattern of forest typagiwe Olympic Peninsula and 2) major
changes from the Late-Glacial to the Holocene. Irigmb discrepancies between the
pollen record and simulations occur mainly during €arly Holocene, and possible
explanations will be discussed.

Spatial Pattern of Forest Types

Results from this study corroborate conclusionsvdritom earlier process-based
and statistical model studies that explain climaggetation relationships in the PNW
(Urban, Harmon, and Halpern 1993; A. Woodward, 8icler, and Silsbee 1995; Zolbrod
and Peterson 1999; Nakawatase and Peterson 2Q8l éi al. 2010). All of these
studies support the broad theory that forests steve North America, examined at
coarse spatial scales, are either limited by enerdpy moisture (Stephenson 1998;
Littell, Peterson, and Tjoelker 2008). Empiricaldies of current species distributions
across climatic gradients of the Peninsula andrdhV mountain ranges show that
climate components related to growing season leaigthintensity are positively
correlated with growth on windward slopes, and aliencomponents related to
summertime moisture availability are positivelyretated with growth on leeward slopes
(McKenzie et al. 2003; Nakawatase and Peterson)26@@m the Late-Glacial to the
Holocene, simulated biomass at all sites follovesghttern of PS-GD§) suggesting that
this variable is limiting total biomass. Howevemoughout the Holocene, the low-east

site has consistently higher annual PS-GBOms than all other sites, but lower total
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biomass than the other two low-mid elevation sit€se low-east site also has much
lower average fAWC and more frequent fires, sugaggshoisture availability is limiting
biomass at this low-elevation rainshadow site. {Fegd).

In our customization of LPJ-GUESS, as in the readlldy the bioclimatic
variables PS-GDPand fAWC are influenced by the duration of snowpahe PNW
receives most of its precipitation during the winteanuary, December, and November
are the three wettest months on the Olympic Pelansa high elevations this
precipitation is often snow, but the maritime irgfce on the Peninsula keeps average
surface air temperatures relatively high, neahéofteezing point even in January. About
sixty percent of the snow-covered area on the OlgiRpninsula has been deemed “at-
risk” because minimal amounts of winter warmingldazonvert much precipitation from
snow to rain (Nolin and Daly 2006). The rain-sn@mperature varies among
precipitation events and there is no agreed upannaalue for the Olympic Peninsula.
Observations at Blue Glacier in the 1950s deterch#iZ®C was the right discriminant
value (Rasmussen, Conway, and Hayes 2000) andagevslof the LPJ water balance
module use 0°C (Gerten et al. 2004).

With a change in the rain-snow threshold tempeesafim 1°C to 0°C, PS-GDD
at the high-west site increases enough to allowfieadver fir to be the dominant
species instead of mountain hemlock. Mountain hekni® found in mostly pure stands,
or in stands mixed with Pacific silver fir at higlkevations up to timberline on the
western slope of the Olympic Mountains, such asuahigh-west site. Initial simulations
did not predict mountain hemlock at this site;stadlished along with Pacific silver fir

and western hemlock but was outcompeted by thesmespbecause of their higher
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growth rates afforded by larger specific leaf aand leaf-area to sapwood-area ratio.
Therefore, the key to mountain hemlock’s successiassite and at similar locations in
the PNW may be the exclusion of other species Iosigtent snowpack. Absolute
temperature minima on the Olympic Peninsula dodnop below the tolerance of many
of the simulated species (they are all presentuathniigher latitudes), but growing
season length in temperate subalpine locationseoPNW is limited by snowpack as
well as temperature. Thus, results suggest thahtaouhemlock may have a
substantially lower growing season requirement thtaer lower elevation mesic species,
and that the PS-GDJariable is an important one for predicting thetidoution of tree
species in subalpine environments.

Comparisons of Simulated Biomass to Pollen Records

Discrepancies between the pollen records and LPES3Jimulations can be
explained by 1) the poorly understood or highlyiafale relationships between biomass
and pollen production, and the different spatiales represented by the modeled and
pollen-reconstructed forests, and 2) the inabditthe GCM-derived input climate
variables and the LPJ-GUESS solar insolation mottutapture important variations
since the Late-Glacial, most notably during thdyeldolocene.

Comparing biomass to pollen abundance is an unicental problematic process.
First, pollen production is not proportional to ilmass. We account for this by adjusting
pollen percentages by factors derived from predagtrelationships of surface pollen
and percent canopy cover (Gavin et al. 2005). Stquuilen captured by these lakes is
representative of the local and regional vegetadidhe time, so taxa present in the

pollen record may not be present in the forestdstgmmoximate to the lake. On the
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Olympic Peninsula, the ‘pollenshed’ includes a @grof topographic positions, slopes,
and aspects that are known to favor different gge@nd a surface pollen study has
shown significant contributions of low-elevatiox&ato high elevations (Gavin et al.
2005). In contrast, LPJ-GUESS simulations occun@mogeneous, stand-sized patches.
Across all sites, the period of least agreememnden simulation and pollen
record is the early Holocene (11-9ka), the tima eblar insolation maximum. Pollen
records from the Peninsula and from the broadeomeghow an increased abundance of
shade-intolerant species (Gavin et al. 2013). Masbeen explained by increased
frequency of fire due to warmer and drier summ&avin, Brubaker, and Greenwald
2013). Charcoal records from lake sediments aldcate more frequent fire during this
period. There are two plausible reasons why thellsitions do not reflect the pollen
records in the early Holocene. First, the inpunelie data may not capture the magnitude
of warmth in early Holocene summers, though Tratetdnmer temperature anomalies
from the present day are comparable to estimatrons other climate proxies (Chase et
al. 2008). Second, axial tilt and day and seasogtleremain constant in LPJ-GUESS, so
while the input climate data reflects orbital véinas, calculation of direct solar radiation
on a simulated patch does not. Together thesedgnpay explain why simulated soil
moisture remains unrealistically high, fires infueqt, and shade-tolerant species

dominant throughout the simulated early Holocene.
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CHAPTER V

CONCLUSION

This study affirms the importance of exploring #ftects of climate change on
forests with methods that consider species intienagt transient dynamics, and
functional components of the climate. For examipl@rder to understand how forests
may respond to reduced snowpack, we must not ardntify the relationships between
tree distributions and climate variables, but westrully understand the transient
processes by which distributions change (estabkstirand mortality) and the
sensitivities of trees to specific components efchmate. Here we identify important
climatic limits on tree establishment related towgng season length and intensity and
moisture availability.

Attempts to reconstruct pollen records with prodessed vegetation models
provide valuable insight into the drivers of spedevel change in forest communities at
local to regional scales. Species parametersrasdidh to simulate realistic present
distributions with respect to elevation and preeifion gradients are also suitable for use
in paleoecological simulations. Discrepancies leetwobserved and simulated
vegetation serve to highlight areas of limited ustinding and focus future research

efforts.
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