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Key Findings

This studyoffersthe largest spatial extent to which Climaf&/S has been applied to datesimulate
forest growth-andyield outcomes under projected climate chang# this scalegrowth-and-yield
outcomesshow trendsdrivenby both the underlyingrojectionsof future climatesas well as how
ClimateFVS models the response of for®tst those climatic changesThis study offers a broad
illustration of ClimateFVS moddbehavior anl the influence of several assumptions that justify further
evaluation before integrating this model directly into management plannimgparticular, we suggest
additional research and development, comparison with other modelst amidere possible validaion
with field observations to improve confidence in the modelinghefadaptive responses of trees and
forests under shifting environmental conditions and climate charigespite several important caveats
and sources of uncertainty, we neverthelesgygstthis analysis provideshat Pearson and Dawson
(2003)referto asa | dza S FLANP BFMWRGA 2vJ &4 G2 GKS LRGSyGAlffe R
andencourage the interpretation of outputs from Climaf&/S in this context

U The simulations presented here show forest growth and mortality governed solely by gradual shifts
in climatic suitability along with active forest management. These model runs do not incorporate
any natural disturbances such as wildfire, pest, or pathogen events which are generally expected to
play an even stronger role in shaping our forests under ¢érohange.

U Current global emissions of greenhouse gases, energy usage, and a variety of other metrics of
economic development and carbon pollution are consistent with the projections of the high
emissions scenario. The low emissions scenario evaluarediauld require substantial
reductions in the rate at which humans are producing greenhouse gases. The high emissions
scenario evaluated in this study consistently showed much greater impacts on forest growth,
mortality, increases in fire hazards, shififorest composition and losses of forest carbon storage.
Under both the lowand high emissions scenarios, forest growatidyield outcomes were clearly
distinct from what would otherwise be expected in the absence of climate change.

U In general, the hility to clearly distinguish between low and high emissions scenarios in terms of
projected impacts on forest dynamics emerged in the latter half of the cenfargomparison to
simulations without climate changeljmate change impacts simulated in BILM Districts in
western Oregon using Climak/S showed substantial declines in growth rateder every
emissions scenario and circulation model considel@tdanges in annual mortality rates were more
variablethan growth rates showing both increasesnd decreases relative gimulationswithout
climate impacts.

1 Under the low emissions scenargrowth ratedeclines in Salem, Eugene, and Coos Bay
Districts correspond to decreasan average productivitfrom Site ClasH to Site ClasHI by
mid-century, and a further decline tow Site ClasBIfor Eugene and Salem and Site Class IV
for Coos Bapy 2100. In the high emissions scenario, growth rate declines in these Districts
follow a similar trajectory as the low emissions scenario igfomidcentury, but then
rapidly fall toSite Clas¥ byend-of-century.
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1 In Medford and Lakeview, growth rates under climate change were always lower than the
WMo ClimateChangéxscenario, but were observed to increase or sagproximatelylevel
throughthe century under the low emissions scenario. Under the high emissions scenario,
both Medford and Roseburg showed substantial declines in groatds, corresponding to
the decline fromSite Clasb/-/V+to Vlover the century for Medford, and fror8ite dassll|
to IV by midcentury, and VI by endf-centuryfor Roseburg

Forest compositonuteri KS t 2¢ SYAdaAizya aoOSyl NR Nodinate NSt I (A
Chang® & OSYI NA2Z |t 0K2dAK AYyRAJARitkasprucEdweE ad @& LIS -
noticeable declines in areal extent. Under the high emissions scenarios, large shifts in forest

composition begin migtentury, as shifts in climatic suitability increasingly favor northward

migration of key commercial species, including western loeky western redcedar, and Dougltas

which appears to be replaced towards the end of the cenaloyg the southern edge of its range

by hardwood forest type groups more commonly found in northern California.

Under nearly all emissions scenario arrdulation modelsthe harvest scheduling model was able

to maintain a 500 mmbf/yr timber harvescross the western Oregon BLM latksough the end of

the century but increasing tradeoffs of timber yields with standing timber volume carbon storage
were goparent under both lowand high emissions scenariobnder theVb 2/ €hang G S
scenarioa 500 mmbf/yryieldwassustained while simultaneously increasing both the standing
volume oftimber and forest carbon storage. Under the low emissions scerthi®level of

removals allowed little or ntimber volume or carborstorageaccumulation over the century, and

in the high emissions scenario, harvest removals and mortality began to collectively outpace growth
by 20502060, and led to aduction in stading inventory timberolume compared to 2014 levels

by 20802090.

To maintain the annual harvest target across all BLM lands in western Oregon as growth rates
declined under climate change scenarios, larger areas of unrestricted BLM lands were subject to
more intensive harvests (i.e., shifting from thinniogly or growonly scenarios to regeneration
harvests) and to decreasing evage rotation lengthsThe simulated increases imtvestintensity

and shortening of eveage rotation lengths werenore pronounced under high emissions than low
emissions scenarios.



Scopeand objectives of this report

This report has been prepared for the Bureau of Land Management (BLM) to evaluate the potential
impacts andhe associatedvariabilityof projected climate changes on a variety of forest management
outcomes for BLM lands inestern Oregon. This evaluation is conducted using the Climate extension of
the Forest Vegetation Simulator (Climd&#S)an empirical/statistical growtandyield model

developed and maintained by the US Forest SerVibis report follows an earlier reaw of bioclimate
envelope model projections covering the same study avezsich are used as inputs for growamd

yield simulations in ClimatEVSDiazet al.2014)

Growthrand-yield modeling has typically historically been performed without consideration of future
climatic conditions.The increasing awareness that climate change is in fact expected to have significant
effects on forests in ouregion and throughout the worlduggests that relying on modeling without

regard to future climatic conditions will be increasingly problematic and unreliable, especially if
projections used to inform management planning extend more than a couple decaddhérfuture.

The primary goal of this study is to present a new modeling approach appléeldae scale to offer a

general sense of the variability and uncertainty that projected changes in climate may present for the
forestlands managed by BLM irestern Oregon. The intent here is not to offer management advice
regardingspecificclimate adaptation strategies or management practices, but rather to review the

general model behavior of Climak/S and the trends that it produces under a spectrugliofate

scenarios using forest management practices and timber targets defined in consultation with BLM staff.

Our hope is that thignalysiprovidesd | dz& SFdzf FANBG | LILINREAYLFGAZ2Y | &
AYLI OGa 27F @Fedrson &iDBwsaRA3)gsInSdeled by ClimatEVS

It is important to note that the land use categories, management prescriptions, and harvest targets used

Ay GKAA adGdzRe INB y2G GKS aryS a GdK2asS o0SAy3a Sgi
Oregon. In this study, these inputs were define@onsultation with BLM staff, but are intended to

explore the interaction of management practices and climate change in a more general context. In

particular, this Climaté-VS study was originally conceived to identify how much uncertainty or

variabilityg & Ay GNRRdzOSR o6& OfAYIFI{S OKFy3aS FT2NJ .[aQa |06
Sale Quantities, or annual timber sale targets, across the western OregobBlridis. The harvest

targets used in this study are drawn from the 2008 Western @rdgjan Revisianeven though that

decision was withdrawn to provide a clear set of inputs for the current modeling effort.

Primary sources of uncertainty in climate and forest -climate modeling

In our earlier report on bioclimate envelopes, we highleghtnd discusad in greater detail the primary
sources of uncertainty involved in estimating the suitability of future climates for individual species or
communities. These are illustratedfigurel, below.



Figure 1. Major source s of unc ertainty in bioclimate envelope
modeling as described by Beaumont et al. (2008)
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In general, there are three major groupings of sources of uncertainty identified by Beaumont et al.
(2008) of future climate; of biological responses to climate and other environmental factors; and model
parameterization and statistical uncertainty within the species distribution projections themselves.

Wiens et al(2009)further describe sources of model uncertainty including structural model uncertainty,
the translation of niche associations into distributional probabilities by model algorithms, and the
guantity and quality of training data including spatial and temporagmetg, scales, and mismatches
between datasets. Although model uncertainty within species distribution models is commonly



reportedin terms of how well the models reflect current species distributjaghe uncertainty related to
future climate projectiongnd biological responses to climatic variablesaften unquantifiable and
rarely reported.

In the context of this study, the sources of uncertainty highlighted by Wiens @04l9)and Beaumont

et al.(2008)correspond, for example, tde structural uncertainty of FVS in modeling forest growth
andyield in the absence of climate change, tlgldional uncertainty of modeling biological responses
to projected climate conditions added with Clim&#'S, measurement and sampling uncertainty in BLM
site conditions, as well as potential error and uncertainty involving the use of forest inventary dat
derived from remote sensing.

The combination of multiple data sources, for which uncertainty is often unquantified or unquantifiable,
makes it effectively impossible to quantify the accuracy or uncertainty of the simulations of climate
change impacts oforests presented in this study. Throughout this report, we identify several sources
of uncertainty that appear to biased or to exert significant control over model behavior, and where
appropriate, describe mitigating measures to parameterize or consinaidel behavior to achieve more
conservative projections of future impacts on forest growatid-yield due to climate change.

In this study, we offer a visual approach to illustrate this uncertainty and variability in climate changes
and impacts on forestrgwth-and-yield using the ranges of outcomes projected by three emissions
scenarios and four general circulation models. These results are portrayed usingoddli means as

well as clouds displaying the range of values across the circulation modagbkeven each emissions
scenario. In general, we encourage readers to interpret these results as relative indications of potential
climate change impacts for the purpose of illuminating the primary influences and drivers of forest
impacts under climatel@ange in western Oregon as simulated by Clirda¥#S. This studyay be
interpretedas an exploratory analysis of the models and model inputs usatlak ast isan analysis

of the outcomes thee modelgroject.

Projected climatic changes for BLM lands i n western Oregon

By the end of the twentieth century, the climate across the Pacific Northwest (PNW) is on course to be
ddzoadlydAalrftte AKATUSR FNRBY (GKS O2yRAUGAZ2Y A dzy RSN ¢
developed. Dalton and Mot@013 chap. 2)eport the latest round of climate modeling as projecting an

increase in annual average temperatures of2.5°F by mietentury. This warming is consistently

projected to be more intense in summers, which are also morenconty expected to become drier, as
precipitation isfrequentlymodeled to shift earlier in the season while summertime temperatures are

projected to increase. The climate models are unanimous in projection of increases in heat and

precipitation extremes iad decreases in cold extremes.

Emissions scenarios applied by the Coupled Model Intercomparison Pegjditd up to the Fifth
Assessment Report of thetergovernmental Panel on Climate Change are now referred to as
Representative Concentration PathwdiRCPs), and identified by the radiative forcing value associated
with a particular emissions schedule in terms of watts per square meter by(1Q@enet al.2011)



w/t nop O2NNBalLlRyRa (2 | at2¢ SYrAaarzyaé OSYy !l N& 2
a0SyIFNR2 GKIG NBFfSOla GKS 62NI RQa OdzNJ\IJSe;éu SY)\ anA

usual. Inft KA&a addzRez w/ta | NB 3ISWESClmdtdChangdNB OSY i BR2A Yy O:
reflecting no change from current conditions.

A sampling of several climate variables, including temperature,-frestperiods, and seasonal

precipitation are preseted in Figure<, 3, and4 under twoRCPs and across four general circulation

models (GCMs)The climate projectiongraphed below were prepared usitigy f Ao+ {G SwSI R& 51
which can be generated by uploading a list of stands with latitude, longituut elevation details

through a website managed by the USFS Moscow Forestry Sciences LaborEtefgur GCMs used

are described in more detail under the Methodology section on Bioclimate Enveiepms.

! http://forest. moscowfsl.wsu.edu/climate/customData/fvs data.php
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Figu re 2: Projected changes in temperature with climate change
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Note: These graphs show the projected temperature changes for the forested areas within the 5% sample of Western Oregon BLM lands that were
simulated using Climate -FVS in each BLM District . The ranges of projections among four general circulation models ( GCMs) are shown as clouds for
low (RCP 4.5, blue cloud) and high (RCP 8.5, red cloud) emissions scenarios with multi-model means indicated by a solid line within each cloud.



Figure 3: Projected expansion of frost
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Notes: The ranges of first and last frost dates across four GCMs are shown as color clouds; multi -model means shown as lines within each cloud.



Figure 4: Projected seasonal precipitation under climate change
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Notes: The ranges of seasonal precipitation across four GCMs are shown as color clouds; multi -model means are shown as lines within each cloud.
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Methods for modeling forest management under climate change

The area considered in this study is comprised of all BLM lands in Western Oregon, including those lands
in the Eugene, Salem, Coos Bay, Roseburg, and Medford Districts, as well as the Klamath Falls Resource
Area in the Lakeview District.

Stand delineatio n and land classification

In order to assess the outcomes of different forestry prggions across the study areae delineated

management unit® dza SR Ay 0§ SNOKI y3S| 6f &acrdsytheliakdscape BfsiLJ2 NI 6 A ( K
summarized a variety of datalevant to the modeling process to eastand This process is illustrated

in Figure 5.

Figure 5: Illustration of grid -based stand delineation process
| [ [

|
- BLM Land BLM Lan

A " BLPA Lemlj B [ BLM Land C

T T ] T [ T T

To create management units, a grid of 40 -acre square cellswas generated covering all of western Oregon using ArcGIS
geoprocessing tools (A). The north-south axis of the grid was adjusted to more closely parallel the majority angle of BLM lands on
the landscape in order to minimize small, irregularly -shaped polygons (B) and then constrained t he grid to include only BLM
lands (data source: Conservation Biology Institute 2010) in the study area (C). The resulting dataset was simplified by ident ifying
small (<5 acres) remnant polygons from the clipping process, and deleting or merging them with a  djacent cells.

I
d BLM Land
| |

BLM Land

Identifying Districts and FVSvariants

Each polygon in the grid was identified by its respective Bidttict(BLM 2008aand assigned to a

Forest Vegetation Simulat¢FVSyegional varian{Bovack & Van Dyck 201@Yhen assigning FVS
variants tostands, thegeogaphicextent of each variant was modified slightly to more closely follow
EPA ecoregion boundariéSPA, Western Ecology Division 20f18]) locations of BLM land. These
adjustments were made to reduce the treatment of adjacent lands within a particularBéhtt or
Resource Area under substantially differé&Snodeling environmentg¢based on default FVS variant
maps). FVBocation Codes indicating the nearest USFS National Forest to each stand were also
identified for each stand. Map 1 showe distribution of FVS Regional Variants, as modified, applied to
the study area.
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Map 1: FVS Variants applied to BLM
Districts

Legend

I 5.M Lands

FVS Variants
I s
‘ NC
[ ey
B so

\ we

50 100 Service Layer Credits: Sources: USGS, ESRI, TANA, AND

FVS Variant Codes: CA = Inland California and Southern Cascades; NC =
Klamath Mountains; PN = Pacific Northwest Coast; SO = South Central
Oregon and Northeast California; WC = Westside Cascades.

Map 2: Example of stand delineation
and land classification

[ General BLM land

- Specially designated BLM
lands and stream buffers

|| Spotted Ow Critical Habitat
| Non-BLM land
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Identifying prescription zones
Several land type designations of BLM lands correspond to constraints in the types of management

practices that may be appliedlo identify theseareas we gatheredspatial data ora variety of land
classificationsThese areas include federatlgsignatel Northernspotted owl Critical Habitat YSSFWS
2012)and sixspeciallydesignated protected areasn BLM landsWilderness Areas, Wilderness Study

Areas, Areas of Critical Environmental Concern, National Monuments, Research Natural Areas, and Wild,
Scenic and Recreation Rivé@onservation Biology Institute 201@dditionally, we used BLiidentified
streamdatato demarcateriparian areagOR/WA Hydgrography Framework Partnership, USGS and

BLM) Fromii KA & RNHD [FECA\ifield which descritike periodicityof a stream or rivgrwe

identified perennial streams and buffered them by 100 feet. All other flow types (ephemeral,
intermittent/seasonal, and unknown/unclassified) were buffered by 50 feet.

These thredand-use categories were integrated with the Blldhdsgrid see Map2). Streanbuffers

and specialhdesignated BLM lands were treated as a sitdssfor applyingforest management
prescriptions Where spotted owl Critical Habitat overlapped these areas, stream buffers and special
designations took priority because fatey prescriptions applied to those areas would be more
restrictive. So if, for example, spotted owl Critical Habitat occurs within a Wilderness Area, in our
dataset the area is identified as Wilderness Area ofdydescribed further below, protected and
riparian areas are not subject to any active forest management in granwtkyield simulationsthe only
active management allowed in Critical Habitat@snplex thinning or patch cutsThe breakdown of BLM
lands in eaclistrictby land classification {govided in Tabld..

Table 1: Land classification and stand delineation

Exclusion Areas &

Unrestricted Stream Buffers Critical Habitat TOTAL

Acres # Stands Acres # Stands Acres # Stands Acres # Stands
North/Moist Region
Salem 215,342 8,847 69,306 5,244 121,650 4,501 406,298 18,592
Eugene 131,372 5,320 34,313 3,042 149,507 5,522 315,192 13,884
Coos Bay 131,766 5,362 54,515 4,471 139,526 5,152 325,807 14,985
Total 478,480 19,529 158,134 12,757 410,683 15,175 = 1,047,297 47,461
South/DryRegion
Roseburg 130,875 5,539 61,135 4,933 234,993 8,962 427,002 19,434
Medford 308,151 12,396 199,226 13,257 361,824 13,688 869,202 39,341
Lakeview 182,370 5,988 18,050 944 19,929 676 220,349 7,608
Total 621,396 23,923 278,411 19,134 616,746 23,326 | 1,516,553 66,383
GRAND
TOTAL 1,099,876 43,452 436,544 31,891 1,027,429 38,501 :2,563,850 113,844
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Figure6 illustrates the datasets and processes used to prepare input data, complete gemsijield
modeling,schedulemanagement practice® optimize multiple objectivesand analyze th forest
management outcomesA brief overview of these processes is provided here, followed by a more
detailed description further below.

Figure 6: Diagram of forest modeling workflow

GNN
(forest inventory)

Climate-FVS input data
(inel. suitability scores)

Stands Spatial Data (slope,
aspect, elevation, site

class)

FVS-Ready Database

Management
Prescriptions

Management
Optimization
(Harvest Scheduler)

Batch Modeling,
Growth-and-Yield

Data Analysis

In brief, remotey estimated standevel forest inventory datavere imputed to gridcells delineating

stands within BLM Districts in western Oregon. These stands were assigned geographic and productivity
attributes. Stand locations and geographic attributes were alsd tsgenerate Climaté&Vs input

datasets, whichldescribethe climatic suitability of each species into the future under several climate
change scenarios. These combinations of stend| data (forest inventory, geography, productivity,

climatic suitability) were formatted into an F¥&ady database.

All fores management prescriptions, defined in consultation with BLM Staff, were then simulated on all
eligible stands through a batch modeling process, producing a database containing all eligible
combinations of management activities for each stand. A hanedsiduling model is then used to

identify the combination and timing of management practices across the landscape that achieves a
nearoptimal outcome across several metrics including eflew timber yield targets, carbon
sequestration, fire hazard minination, etc. The practices identified in these neatimal scenarios

were then pulled out of the database for display and analysis in the graphs and tables in this report.

Input datasets
Three general sources were used for data inputs into this modeiimty Sorest inventory datastand
levelattributes; and bioclimate envelope/climatic suitability data.
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Inventory data and non-spatial site attributes

In this study, we utilized forest inventory data for live trees and snags prepared through the Gradient
Nearest Neighbor (GNN) process by the Landscape Ecology, Modeling, Mapping, and QAEAMMIA)

Team from Oregon State UniversitNN inventory datand gridbased stand delineationsere used

NI KSNJ GKFyYy . [ aQa mdstand BodNddesat tHe yequssy ai BLMBtaffRanditd
avoid conflation of forest inventory and growtnd-yield predictions provided in this study with those
being preparedn support of the Western Oregon Resource Management Byaviason, Bruce and

Girard. That ishe primary intent of this study was to present and characterize the range and variability
of climate change impacts simulated using ClirFie¥S at a regional or DistHetvel rather than

providing sitespecific quantitative analysis of forest managemeutcomes.

The GNN process imput@siblicly-available forest inventory plotacross the landscape using several
spatial predictors describing soil type, climate, ¢@hmannet al.2011) A database of these inventory
plots was provided by the LEMMA teddata source: Ohmann, Grexy & May 2010and queried to
create tree list files (including live and dead trees) formatted for FVS.

Overlaying the BLM stands with the GNN raster of imputed forest inventory plots, we assigned the
treelist of the GNN plot that was most common witleach BLM standeach BLM stand is represented
by the treelist from one GNN plot.

For the 8% of GNN plots that did not have a stand age in the original dataset, we utilizeehdsstep

linear regression based on the 92% (or 3,994 out of 4385 plot} that didhave a stand ag® assign

a nonzero stand age toemainingstands. The predictive variables determined to offer the best fit
(R=0.85) were Stand Density Index, quadratic mean diameter of dominant trees, height to crown base,
and old growth sucture index.

Calculating maximum Stand Density Index

Apart fromSite CladsSSite Indexthe FVS growtfandyieldmodelis also sensie to theuserdefined

maximum densityor each standwhich is used to drive densitglated changes in growth and

mortality. If no maximum Stand Density Index (SDI) is provided, FVS will assign a default value for each
regional variant based on a single Plant Association Code. In some cases, the default Plant Association
Code chosen for BV Srarianthasavery highstand densiy (e.g., FVS Coast Range or PN variant) which
would likely overestimate the density that many stands in BiWiershipcould sustain. Although FVS

can automatically assign a maximum Stand Density Index to each stand if a Plant Associatisn Code
provided, we were unable to identify a map of Plant Association Codes covering the study area.

To generate an estimate of the maximum SDI in each FVS variant, we utilized reported SDI values in the
GNN database. Using the GNN Stand Summary Tabléd@amg only the plots within the geographic

extent of each FVS variant), we queried the database to identify the distribution of SDI values for each
dominant species. The 9percentile of observed SDI values from these plots was assumed to
correspond o full stocking for that specieshis query wasepeated for each geographic variant. In FVS,

full stocking is represented as 55% of the theom@tmaximum Stand Density Index (i.e., the point at

which densityrelated mortality is triggered). For eactgional FVS variant, we thus divided the
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observed 98 percentile SDI by 55% to estimate the maximum SDI value for that species. These
maximumSDI values were then applied in each FVS regional vaiiabte2 shows the maximum SDI

values used:
Table 2: Maximum Stand Density Index values used in FVS
FVS Variant
South Central
Inland Oregon and
Pacific Westside California and Klamath Northeast

Northwest Cascades Southern Mountains California
Species Coast (PN) (WC) Cascades (CA) (NC) (SO)
Douglas-fir 582 (320) 622 (342) 647 (356) 643 (354) 545 (300)
Grand fir/ White fir - 545 (300) 580 (319) - 577 (317)
Lodgepole pine -- 679 (373) -- -- 687 (378)
Mountain hemlock -- 796 (438) -- -- 708 (389)
Noble fir - 655 (360) - - -
Pacific madrone -- 619(340) 633 (348) -- --
Pacific silver fir 881 (485) 823 (453) -- -- --
Ponderosa pine - 446 (245) 456 (251) - 422 (232)
Red alder 476 (262) 510 (281) - - -
Red fir - - - - 633 (348)
Tanoak -- -- 880 (484) 861 (474) --
Western hemlock 743 (409) 769 (423) -- -- --
Western juniper -- -- -- -- 169 (93)
White oak - 345 (190) 351(193) - -
All others 640 (352) 657 (361) 642 (353) 655 (360) 560 (308)

Note: If a species-specific maximum SDI value is not listed for a particular FVS variant in this table, that species and any others

without values specified here werea s si gned
show the

parent hesi s

calculate a composite maximum SDI for each stand.

i mplied

the maxi mum SDI
SDI

val ue

shown

in the |

for Afuldraceet acki sgaadwhwi ¢h
DBH (quadratic mean) that can be sustained before density -related mortality will begin.

Spatial assignment of stand attributes: Site Class slope, aspect, elevation
We summarized basic terrain values eachstandfrom a 16meter raster dataset of elevatiofySGS
2009) assigning each starntle average elevation in meters. Using the same elevatataset, we used
standard ArcGIS geoprocessing tools to derive values of slope and aspect over the landscape, and
calculated the average of each.

FVS considers all tree species in a sand to

We used OregoBLMSite Indexspatial datalOregon BLM 2013p assign &ite Clasgalue to each
polygon in the grid dataset. The input data was converted to a 30m x 30m (.22 acres) raster dataset,
g KSNBE SI OK <dsterfited by thisSite @8ssatuk with the largest total area. Each polygon
then received theSite Classalue that occurred most often within its boundaries.

Management Prescriptions

In consultation with BLM staff, six different management prescriptions were developed for simulation.

The specific activities included with each of these prescriptions are deséniedble3. All FVS code
used for these prescriptions is published oalat https://github.com/Ecotrust/growthyield

batch/tree/master/projects/BLMClimate/rse

¢tKS WINRSJG

2yfeQ

08y N& 2

classificationsLands classified as exclusameas or stream buffers are not subject to any active forest
management. Active management in Critical Habitat is limited to complex thinning or patch cuts.
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Table 3: Management prescriptions used in Climate -FVS simulat ions

General

Description Included practices

Grow only - No active management

80-year - Regeneration harvest at age 80, retaining 15 trees per acre (TPA) in WC and PN variants, 7 TPA all others

rotation - Pre-commercial thin ( PCT) at age 1520 (WC and PN variants) or 25-30 (all other variants) ; PCT retains 150 TPA for pine

stands, 225 TPA for all others

Commercial thin at age 30-35 (PN and WC variants) and 50-55 (all variants) to 35% of maximum SDI

Several species were given tgher priority for retention and removal in CA, NC, and SO variants, including:

- Retain Douglas-fir, Ponderosa pine, Incense cedar, and Sugar pine; remove true firs (NC variant)

- Retain Douglas-fir, Ponderosa pine, and Western larch; remove true firs and Western juniper (CA and SO variants)

All slash piled and burned following thins and regeneration harvests (all variants)

Replant with 450 TPA apportioned based on abundance of commercial timber species present prior to harvest (CA, NC and
SO variants), otherwise or if no commercial species present, using:

- Douglas-fir, Incense cedar, Ponderosa pine, and Sugar pine, 25% each (CA and NC variant)

- Ponderosa pine plantation (SO variant)

- 25% Douglasfir, 55% Western hemlock, 10% Western redcedar, &ad 10% Sitka spruce (PN variant)

- 65% Douglasfir, 20% Western hemlock, 10% Western redcedar, and 5% to Grand fir, Silver fir, or Noble fir based on site
elevation (WC variant)

100(+) -year

Regeneration harvest at agel00, 120, 140, or 160for Site Clases1-2, 3, 4, and 5, respectively, retaining 15 TPA in WC and PN

rotations variants, 7 TPA all others
- Pre-commercial thin ( PCT) at age 1520 (all variants) retaining 150 TPA for pine stands, 225 TPA for all others
- Commercial thin to 35% of maximum SDI at ages 40 & 70, 50 & 80, 50 & 90, or 50 & no second commercial thin for Site
Classesl-2, 3, 4, and 5, respectively
- Species priorities for retention and removal and replanting same as for 80-yr rotation
- All slash piled and burned following thins and regeneration harvests (all variants)
Thin every 20- - Thin throughout diameter distribution every 20 years (WC and PN variants) or 25 years (all other FVS variants) down to 35%
25 years of maximum SDI, beginning at age 30
- Species priorities for retention and removal same as for 80-yr rotation
- All slash piled and burned following thins (all variants)
Complex - Thin triggered every 25 yearsto 50% of maximum SDI, targets unevenagedstructure with J-shaped diameter distribution (5 0
structure diameter classes, gvalue=1.3)
thinning - No slash treatment following thinning
Patch cut - Remove 1/8 of stand every 25yea s  ( -@cregatch cut). FVS does not implement this as a patch cut, but rather removes

1/8 of trees throughout the stand, comparable to a commercial thinning, although modifications were made to increase height
growth and decrease mortality slightly for naturally regenerating trees (no tree planting following harvest)
All slash piled and burned following harvest (all variants)
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For each prescription, we alsocredte & SNA Sa 2F WY2FFaSiaQ>s 6KAOK STFTS
the first activity in the management scenario by 5, 10, or 15 years. These offfsgtshoices to the
optimization model to schedalthe initiation of activities tdbestachieve multiple objectives.

Bioclimate envelopes

To run Climatd-VS, an input file containing the climatic suitability scores for each stand under the
various emissions scenarios a@éneral Circulation ModelSCM3A & NI |j dzA NER®FVS ¢ K S
wSIFRe 5F4G4FrQ OFly 06S 3SySNIGSR o0& dzZLX 21 RAYy3 | f
through a website managed by the USFS Moscow Forestry Sciences LabBotfandiowing the

delineation of stands aoss the study areaye used the latitude and longitude coordinates of the
centroid of each stand as well as the median elevation calculated for each stand using the 10m
resolution USGS Digital Elevation Model.

as wy
Aad

The resulting input files include the parareet needed to run ClimatEVS simulations under RCPs 4.5,
6.0, and 8.5 anthree individualGCMYqCCSM4: The Community Earth System Model, GFDLCM3:
Geophysical Fluid Dynamics Laboratory, and HadGEMZ2ES: Met Office (UK)) as well as an Ensemble
climate projetion based on the combination of 17 different GCKisThese files contain the climate
suitability scores (and some climatic data) for all tree species in 1990, 2030, 2060a20@£ll as

several other climatic variables that drive additional Clirid¥& growth and mortality factors described
above

We also created @&No Climaté scenario in these ClimateVS input files so that our scenario without
climate change impacts was directly comparable to those with climate change impacts (i.e., rather than
modeling climate change using Clim&¥S andNo Climateausing the Base FVS modelhe parameters

for the No Climatescenario vere created in these input files by copying the values from 1990 to all

other years (i.e., climatic suitability scores do not change over time).

Several examples of projected climatic suitability (or bioclimate envelopes) are shown in Map 3. These
mapsand the methods, uncertainty, and implications are discussed in detail in our earlier report on
bioclimate envelopegDiazet al. 2014) ClimateFVS utilizes the climatic suitability scores visualized in
these maps to provide both specispecific growth and mortality effects, as well as stéewkl changes

in growth potential (i.e.gte IndeXy. The projected shifts ithe distribution ofSte Chsseswithin each

BLM District over time are visualized in Figure 7. In all Districts, both low and high emissions scenarios
produce a downward shift in site potential. This effect becomes increasingly pronounced under the high
emissions scenario in thesond half of the century.

2 http://forest. moscowfsl.wsu.edu/climate/customData/fvs data.php

® The 17 GCMs included in the Ensemble are-88Ki11; CCSM4; CESMIAMS; CSIR®K3-6-0; FIGESM;
GFDICM3 GFDIESM2G; GFEESM2M; GISB2R; HadGEM20; HadGEMES; IPSCM5ALR; MIROCS; MIROC
ESMCHEM; MIRGESM; MRCGCM3; NorESMM. More information about the modeling approach of Crookston
et al. (2010)is available online #ittp://forest. moscowfsl.wsu.edu/climate/future/details.php

* Readers are encouraged to consult Rupp et28113) which ranks 41 CMIP5 GCMs for performance hindcasting
observed PNW climate. For the GCMs incorporated into this sfiogyirtue of their development for ClimateVs
by Crookstoret al.(2010x CCSM4 and HadGEMZ2ES were énttip 10, GFDLCM3 was in the bottom 10, and of
the 17 GCM models included in the Ensemble, 4 were in the top 10, 6 in the bottom 10, abdt#éen.
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Map 3: Future bioclimate envelopes for several tree species

Douglas-fir
Predicted Climatic Suitability

Suitability ratings derived by RandomForest regression approach
trained with current FIA plots (Crookston et al., 2010)

Current Suitable Range

Z i

Future projections incorporate climate data from
four General Circulation Models:
- Canadian Center for Climate Modeling and Analysis
- Geophysical Fluid Dynamics Laboratory
- Hadley Center/Met Office
- Ensemble

Agreement among models
I Unanimous agreement: unsuitable climate
Disagreement among models

I Unanimous agreement: suitable climate

- Unanimous agreement: expansion of suitable climatic range

2060, Low Emissions (RCP 4.5)

Note: These maps do not represent predicted future species distributions. These maps show future climatic suitability, which is one of
several factors that affect species distributions. T h e digonsnireepch lodaton p
to the places where a species currently grow s ? 0 Changes in climatic suitability should be

over time by interacting with many other important environmental and physiological factors not represented here.
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Map 3 (continued)

Western hemlock
Predicted Climatic Suitability

Suitability ratings derived by RandomForest regression approach
trained with current FIA plots (Crookston et al., 2010)

Current Suitable Range

Future projections incorporate climate data from
four General Circulation Models:
- Canadian Center for Climate Modeling and Analysis
- Geophysical Fluid Dynamics Laboratory
- Hadley Center/Met Office
- Ensemble

Agreement among models
- Unanimous agreement: unsuitable climate
Disagreement among models

B Unanimous agreement: suitable climate

I Unanimous agreement: expansion of suitable climatic range

2060, Low Emissions (RCP 4.5)

(7 }/' ,/ ‘
/ a il
Note: These maps do not represent predicted future species distributions. These maps show future climatic suitability, which is one of
several factors that affect species distributions. T h e ditonsireepch lodatoh p
to the places where a species currently grows?o0 Ch a n g e or montalitycof speuiast i

over time by interacting with many other important environmental and physiological factors not represented here. 23



Map 3 (continued)

Western red cedar
Predicted Climatic Suitability

Suitability ratings derived by RandomForest regression approach
trained with current FIA plots (Crookston et al., 2010)

Current Suitable Range

Future projections incorporate climate data from
four General Circulation Models:
- Canadian Center for Climate Modeling and Analysis
- Geophysical Fluid Dynamics Laboratory
- Hadley Center/Met Office
- Ensemble

Agreement among models
Il Unanimous agreement: unsuitable climate
Disagreement among models

I Unanimous agreement: suitable climate

Il Unanimous agreement: expansion of suitable climatic range

2060, Low Emissions (RCP 4.5)

Note: These maps do not represent predicted future species distributions. These maps show future climatic suitability, which is one of
several factors that affect species distributions. T h e digonsnireepch lodaton p
to the places where a species currently grow s ? 0 Changes in c¢climatic suitability should be

over time by interacting with many other important environmental and physiological factors not represented here.
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Map 3 (continued)

Ponderosa Pine '
Predicted Climatic Suitability = C““e“S“‘ta el
Suitability ratings derived by RandomForest regression approach - :
trained with current FIA plots (Crookston et al., 2010)

Future projections incorporate climate data from
four General Circulation Models:
- Canadian Center for Climate Modeling and Analysis
- Geophysical Fluid Dynamics Laboratory
- Hadley Center/Met Office
- Ensemble

Agreement among models
Il Unanimous agreement: unsuitable climate
Disagreement among models

I Unanimous agreement: suitable climate

- Unanimous agreement: expansion of suitable climatic range

2060, Low Emissions (RCP 4.5)
TR

Note: These maps do not represent predicted future species distributions. These maps show future climatic suitability, which is one of
several factors that affect species distributions. T h e ditonsireepch lodateoh p
to the places where a species currently grows?o0 Ch a n g e 9r nonalitycof speuiast i

over time by interacting with many other important environmental and physiological factors not represented here.
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Figure 7: Projected shifts of potential site productivity due to climate change , Ensemble GCM
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Notes: Climate-FVS modifies Site Index directly based on climatic signals in addition to altering species -specific growth rates. These graphs showthe distribution of cubic volume site potential among
simulated stands within each BLM District at 20 year intervals for low (RCP 4.5) and high (RCP 8.5) emissions scenarios under the Ensemble GCM. The ar ea 0 u n(deg betweea @achh | i
colored line and the year represented) corresponds to 100% of all simulated stands. Roman numerals along the right side of e ach graph show growth potential categorized as Site Classes.
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Batch Modeling

For thisstudy, we created a batch modeling system to prepare all combinations of eligible management
activities, execute them in parallel using Clim&¥S, and then parse the FVS output files to extract data on
management outcomes of interest. We created f&&sly keyfiles for all unigue combinations of management
prescriptions, offsets, emissions scenarios, and GCMs, which were then simulated usingRlSatith
resulting output files parsed and data stored in a SQLite dataddse provides a comprehensiget of
management outcomes from all eligible management activities that can then be evaluated using the
scheduler/optimization model. This growtndyield batch system is a distributed, fatdderant, and scalable
system enabling parallel FVS operatiathicode is published online https://github.com/Ecotrust/growth

yield-batch/.

Climate -FVS runtime environment and customizations

Each regional variant of FVS was run oryadr timestep for a duration of 100 years beginning in 2013. The FVS
Fire and Fuels Extension was used to calculate carbon storage and fire metrics. A fire hazard metric developed
by Huggett et al(2008)was incorporated into FVS code. Similar hazard metrics for pine beetle, spruce beetle,
and other pests are also implemented ing-8bde and useable for setting optimization targets, but have not

been utilized to set objectives in the current study, and thus are not presented alongside the other metrics on
forest conditions and outcomes considered below.

By default, Climaté&VS wilhaturally regenerate trees whenever stocking decreases beneath a set percentage of
the maximum SDI, choosing species to introduce based on-thgp&cies with the highest climatic suitability
scores at that time. ClimateVS will introduce these specegen if a seed source is not present in the stand.

For this study, austom logic was introduced into the FVS keyfiles to limit natural regeneration to those species
present in the stand using a similar maximum SDI threshold, with the density of natgealaration based on

the proportion of SDI occupied by each species in the stand he default Climatd-VS natural regeneration
process was turned off.

Scheduling model

Ecotrust has developed a discrete optimization software library using a simulatedléng algorithm to find

the (near) optimal combination of management practices on the landscape to satisfy multiple objectives. All
code for the scheduling model is published onlinétys://github.com/Ecotrust/harvestscheduler The
solutionspace comprised of all possible combinations of prescriptions and timing for every BLM stand simulated
is too large to complete an exhaustive seandthin a reasonable timeframir the single globadptimal

combination of practices and timing. Simulated annealing is one approach for identifying a good approximation
of the global optimum.

The scheduler considers four general approaches to quantifying how optimal a particular forest metric of
interestis when searching the solutiespace of forest management options to achieve multiple objectives:

® The replacement of the default ClimaF&/S natural regeneration behavior with a custom logic limitmgneration to

species that are already present in the stand or introduced via planting should be expected to reduce the rate of change in
forest composition that would have otherwise been simulated in Clinfat&. That is, the default Climd&&®'S natural
regeneration logic would have allowed the more rapid introduction and growth of novel species into a stand where existing
trees were no longer webuited to future climatic conditions.
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1 Maximize:seeks to maximize the value of a metric (e.g., carbon storage) across the entire study area

1 Minimize:seeks to minimize the value of a metric (eagres of high fire hazard, harvest costs, etc.)
across the entire study area

1 Evenflow:seeks to minimize the standard deviation of a metric (e.g., timber yield) across the entire
study areaand

1 EvenflowTarget:seeks to minimize variation around a satget (e.g., timber yield) across the entire
study area, which can be defined as single value or range of values, and can be varied over time

Values for each specific management objective can be assigned weights to set relative levels of priority for
achieving those individual objectives, potentially at the expense of other objectives.

For the active management scenarios evaluated in this report, we configured the scheduling model to optimize
for the following objectives. Again, it is important to nobat these objectives were developed in consultation
with BLM staff, but are not drawn from the current BLM planning effort:

1 Timber yield, using an evenflet&rget approach, targeting a yield of 502 million boardf@éambf) per

year across all western Orag BLM Districts. This value is based on the Allowable Sale Quantity from
the 2008 BLM Proposed Resource Management @k 2008b)

Carbon storagemaximize

Acres of high fire hazardchinimize

Acres of forest structurally suited for Nbgirn spotted owl habitatmaximizé

Harvest and transportation cost progyoardfoot volume removed multiplied by slop@)inimize

= =4 -4

A 6x weight was set for the timber yield target, and all other weights were set at 1. This effectively means that
the schedling model will first and foremost attempt tachieveharvest targets and will try to

minimize/maximize the other objectives within that constraint. All of these targets are specified at a global
level. The scheduling model is thus free to vary thegrarance within any singlBistrictin the search for the

global optimum. For example, the scheduling model will seek to hit the 502 mmbf timber target across the
study area while also achieving the other objectives specified abDistrictlevel timberyield targets are not
enforced!

Two studies using Climate -FVS
This report includes two fairly distinct lines of inquiry into the application of Clia¥® for growttand-yield
modeling to estimate potential climate change impacts on forests. Theseestadk each described in turn.

6AIthough standevel habitat suitability ratings for Northern spetl owl based on nesting/roosting and foraging
equations defined in Table Seried @, G12, C14, and €16 of the NSO Recovery PIWSFWS 2014 )were calculated in

the simulations in this study and incorporated into the scheduling model, the results of these habitat projections are not
presented in this report. For reference, the code used for implementing these equations ®itBimegional variant is
available online ahttps://github.com/Ecotrust/growthyield-batch/tree/master/projects/BLMClimate/rx/include

"In practi@, BLM does not determine sustained yields and define ASQs on the basis of the entire Western Oregon
ownership, but rather by individual Sustain¥dkeld Units.
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Study 1: Simulations to evaluate sensitivity to  dClim mortality factor

The findings from our earlier report on bioclimate envelope projecti@iazet al. 2014)confirmed that

Random Forests more frequently predicts range contraction and climatic unsuitability compared to process
models. These Random Forggnerated bioclimate envelope projections form the basis for Clifat8

simulations (the process by whitlhese scores are incorporated into Climd&¥'S are described in Appendix I).

This led us to the conclusion that, based solely on the climatic suitability scores that are used as inputs, Climate
FVS would likely be predisposed to project greater decimgsowth and/or increases in mortality relative to
process models.

In this study, wesought toidentify the impacts of the addition of a new mortality factd€lim on overall model
behavior. No evaluations have yet been published of ClirRat® sensvity to this factor. In particular, we

conducted this study to identify the implications of usii@limg A 1 K (G KS R&-fhd-od HIQ 2/REIS\W2IdiaiS
settings, and to determine the setting fdClimthat would be used in our simulations of activedst

management (described in Study 2 below).

For this study, we simulated growth without any active management on a 2% random sample of stands across
BLM lands in western Oregon. These simulations applied three different leilsimf

T MmonI gKAOK | LILIWMihE8a2EHER S0 KBKF P H2 BIT W2 dzi

9 0.5, which reduces the mortality induced by this factor in half; and

1 0.0, which effectively turns offClimentirely. These simulations were performed using the Ensemble
GCM and using RCPs 4.9, &nd 8.5.

The results of this study were used to inform the valud©fimchosen for simulations using the full spectrum of
management prescriptions, GCMs, and emissions scenarios.

Study 2: Simulations with active forest management under climate change

In this study, our primary focugasto complete arexploratory data analysis of forest growamd-yield

simulations of BLM lands in western Oregon using a range of management prescriptions, GCMs, and emissions
scenarios. Our goalgereto explore and coimunicate these data, to identify and characterize model behavior
and trends, and to reveal potential implications for forest managenstrategies seeking tbalance multiple
competing uses and values under a changing climate. This study was not canaglivihe purpose of

statistical hypothesis testing of individual management actions or climate impacts.

In this study, we utiliz¢a 5% stratified random sample of BLM stands for batch modeling of the full

combination of eligible management prescriptiaimsing multiple GCMs and the low (RCP 4.5) and high (RCP 8.0)
emissions scenarios. A 5% sample was pulled from each combination of FVS variants, National Forest location
codes, and land classifications. The breakdown of stands and acreages capturedtindyare reporteéh

Table4. Based otthe results of Study 1 regardinige significant mortality thatdClimintroduced at both its

default 1.0 setting as well as asatting of0.5, we conducted these simulations with td€limmortality factor

turned off (i.e., set to 0).
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Table 4:

Stands modeled for climate change assessment

Exclusion Areas &

Unrestricted Stream Buffers Critical Habitat TOTAL

Acres # Stands Acres # Stands Acres # Stands Acres # Stands
North/Moist Region
Salem 10,408 433 3,585 272 5,613 211 19,606 916
Eugene 6,276 248 1,516 135 7,361 272 15,152 655
Coos Bay 6,703 271 2,910 234 7,235 267 16,848 772
Total 23,387 952 8,011 641 20,209 750 51,606 2,343
South/Dry Region
Roseburg 6,272 270 2,860 232 11,523 451 20,655 953
Medford 14,456 561 10,036 667 18,049 679 42,541 1,907
Lakeview 6,117 194 542 32 857 32 7,517 258
Total 26,845 1,025 13,438 931 30,429 1,162 70,713 3,118
GRAND
TOTAL 50,232 1,977 21,449 1,572 50,638 1,912 122,319 5,461

Note: These values reflect the error-free FVS runs for all prescriptions, General Circulation Models (GCMs), and emissions scenarios drawn

from

t he

5%

subsampl e

oSt uadyl 2B LM

sTt hainsd sw our skeedd

4.77% by area. The number of stands and acreage for the whole study area are provided above in Table 1

ionu ti

t o ab o utandsdand8 %

Table 5 presents several statalel attributes to illustrate the representativeness of the 5% sample of stands
used for simulations as compared to all stands delineated on BLM lands in Western Oregon. The spatial
distribution of stand sampling is illustied in Map 4, and the representativeness of the sampled stands in terms
of site productivityis shown in Figure 8.

Table 5: Representativeness of sampled stands

Quagir::il%thgrean Stand Density Index Basal Area Age
District Sample All Stands Sample All Stands Sample All Stands Sample All Stands
Eugene 15.2+9.6 156 +9.8 141 £ 63 140 £ 65 157 £ 89 161 +£91 66 + 54 67 £ 55
Salem 16.1+9.6 16.0+9.4 154 + 73 153+ 75 174 + 96 174 + 97 76 £72 74 £ 68
Coos Bay 17.7+11.8 16.8+£12.0 163 £83 158 + 84 182 + 105 171 £103 79 + 64 75+ 65
Roseburg 17.1+£10.2 16.6 +10.4 164 + 80 164 + 83 162 + 96 161 + 98 90 + 67 87 + 69
Medford 136+£7.2 13.6+7.2 183 £ 96 179 £ 99 149 £ 90 148 £ 91 88 + 56 88 + 58
Lakeview 144 +6.9 13.1+6.3 56 + 52 59 + 59 54 + 48 55 +49 98 + 76 91+70
Note: This table shows the mean and standard deviations for each of four variables for the 5% subsample of stands that were simulat ed
using Climate -FVS compared to the full set of delineated BLM stands. All values in this table are calculated from GNN stand attributes (as
opposed to BLMdés own inventory data).
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Map 4: Example of spatial distribution Figure 8: Representativeness of site
of sampled stands productivity in sampled stands
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stands compared to those selected in the 5% sample.
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Considering all of these metrics, the 5% stratified sampling strategy was determined to progpfesentative
sample of the broader distribution of BLM lands from which these stands were selected.

Results: Study 1 (Effect of dClim settings on growth and mortality )

ThedClimY2 NI F £ Ade FI OG2N) SO ftdzr iSR Ay {(idzRé mMI GKAOK 2y
and the Ensemble GCMroduced very large changes in the growth and mortality dynamics simulated by
ClimateFVS (see Figu8.

Figure 9: Climate -FVS Sensitivity to dClim mortality multiplier

150% cubic volume in live trees
relative to starting volume

No Climate
100%
o dChm = 0.0
50’0
dClhan = 0.5
0%
0% RCP 4.5
RCP6.0 dChm=1.0
RCP Lj."'_;
-100%
2010 2030 2050 2070 2090 2110

Notes: This graph shows the cubic volume in live trees for several different emissions scenarios and dClim settings using the
Ensemble GCM without any active forest management. Cubic volume is quantified relative to the starting cubic volume of live trees.
The color-shaded areas capture the range of values observed across emissions scenarios (RCPs) for eacliClim setting. The solid line
within each of these ranges reflects the low emissions scenario (RCP 4.5), the dashed line indicates the middle emissions scaario
(RCP 6.0) and the dotted line indicates the high emissions scenario (RCP 8.0). Note that the minimum value of -100% in this graph
would correspond the loss of all current live tree volume.

When climate impactsrere turned off entirely (i.e., thé&o Climatescenario)and with no active forest

management cubic volume in live trees accumuldtsteadily, achieving a doubling ti¥e tree volumeacross

(KS alGdRe I NBlI o0& (KS-oHedRE® &'SyiR &KUS il ha@idmoraly & Sw2 d
factor set to 1.0, live tree volumgrowth decrease sharply,returning to the startingzolume across the study
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area within 30 years under the high emissions scenario (RCBr8l&jthin 40 years under the low emissions
scenario (RCP 4.5).

Within 50 years (i.e., by 2063), the default settingd@limled to a projectednet loss of live &e volume
ranging from 5% to 77%. Under the lemissions scenarjdive tree volumes rea@d a nadir around 2070 at
49% ofthe starting volumeand shovwed modest recovery thereafterUnder the high emissions scenario with
dClimset at 1.0, cubic volumerashel to 23% of starting volume within 50 years, readtits nadir within 60
years at 17% of starting volume, andédito show any substantial regrowth

When thedefaultimpact of thedClimmortality factorwas halved (set to 0.5), the general trendceseunder the
1.0 settingwas replicated, albeit delayed by aboui-20 years, with gains iiive treevolume reversd by mid
century and net volume loss observbdthe latter half of the century. Under both the 0.5 and i©lim

settings, therewas a nonlinear response between emissions scenarios and live tree volume; in both of these
dClimsettings, the moderate emissions scenario (RCP 6.0)eghbetter growth for 56060 years than in either
the low or high emissions scenarios, but eventually produgeater mortality and dovdeneath the volumes
observed in the low emissions scenaiRCP 4.5 the latter half of the simulation period.

Whenthe dClimmortality factorwasturned off, the low and moderate emissions scenarios produce
relatively sustined growth trajectory, albeisubstantially slower than thilo Climatescenario. Under the high
emissions scenario wittiClimset to 0, gains in live tree volume kagto be reversed migdentury, and net
volume lossvas observedby the late 2080s.

Discussion: Study 1 (Effect of dClim settings on growth and mortality)

The findings of thelClimparameter evaluation highlight the dramatic sensitivity of the Clirfé#S model to

this newly introduced mortality factor. The motivation reported by Crook$aii3)is theoretically consistent

with approaches taken by others to further constrain the adaptability of trees within seed zones or ecoregions
rather than considering each trde be more broadly adaptable to any climatic conditions experienced
throughoutthed LIS OA Sa Q Sy (ek.NBangr Al.201 NN Gedrévitadlg effect of such an additional
constraint on species adaptation capabilities is a greater projection of declines in climatic suitability, which
ClimateFVS translatedirectly intodecreased productivity and potentially increased mortality.

Nevertheless, it can be clearly observed td&@limproduced dramatic dieoffs within the course of several

decades, and that the settings of this parameter séeka very large range of uncertainin the amount of

mortality thatwould occur where local genetic variants laete unsuited for their climatic environment. The
justification for the values used tClimare seemingly intuitive, based on the average elevation change
distinguishing seed nes, but the application of this rule arbitrarily to all species appears to pose a particularly
dramaticinfluenceon ClimateFVS model behavior. Although a local genetic variant of a species may not
necessarily demonstrate adaptability to all the clitati O2 Y RAGA 2y a SELISNASYOSR I ONER
geographic range, it is not immediately clear whether the adaptability of these genetic variants should

conversely be limited solely to the range of climatic conditions observed over relatively recefratines

within a single seed zone.
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It is also important to note thadClimis an additional mortality component that magnifies the changes in the
underlying bioclimatic envelope projections. As described in our earlier report reviewing bioclimatepenvel
projections, the Random Forests statistical approach ammbaredisposed to overpredict contractions in

species ranges relative to procdsased models. Thisconsistent with findings from other studies comparing
statistical and proceskased bioimate envelope projection@Morin & Thuiller 2009; Rowland, Davison &
Graumlich 2011; Cheaéi al.2012) Although the pemise of including a mortality effect such@G@limbased

on the limited adaptability of a particular genetic variant to climatic shifts is sensible, it is not immediately clear
how this mortality factor should be quantified or whether doing so is appab@iin light of the magnitude of
mortality already incorporated based solely on the underlying bioclimate envelope projections. Additional
NEASEFNOK FTNRY WO2YY2y 3IFNRSYQ GSOKyAldzSa 2NJ 20 KSNJ €
induced chages in mortality may provide further justification for the appropriate settings fd€hmfactor

within ClimateFVS.

Based on these uncertainties, and the dramatic impacts of turningGiimat all, we decided to turn this factor

off when simulating atve forest management. Although the premiseaafClimmortality factor has merit and

is certainly worthy of further exploration and research, we were left without any intuitive strategy for choosing

an appropriate setting for this parameter, and havewsed that the underlying sensitivity of the Random

Forests species suitability scores to climatic shifts provides an adequately sensitive signal for changes in growth
and mortality without necessitating further magmiéitionusingdClim

Results: Study 2 (Simulations of active forest management )

General trends in growth, mortality, and sustainability of harvest levels

Compared to théNo Climatescenario, 8 BLM Districts shogd declines in growth ratesndereverycirculation
model and emissions scenadonsideredsee Figurd0). With the exception of Lakeview, all of the declines
were often immediately distinguishable between tiNo Climateun and all GCMs under both low andthig
emissions scenarios, spreading further apart as the century progtesse

In the North/Moist Districts, growth rate declines in the low emissions scenario corresgond decline in
average productivityfrom Site ClasH to Site ClasHl by mid-century, and a further decline t8ite ClasHI-/ IV by
2100. In the high emigsis scenario, growth rate declisaé North/Moist Districts followed a similar trajectory
as the low emissions scenario through raihtury, but then rapidlydil to Site Clas¥ by endof-century.

Medford and Roseburg both shed similar behavior to the brth/Moist Districts in terms of both lowand high
emissions scenarios showing greater declines in growth thaNth€limatescenario, whichworsenedin the

latter half of the century under the high emissions scenatiakeviewwas unique amongpistricts in that

growth rates dd not progressively decline over the course of the century in low or high emissions scenarios.
Although Lakeview shows lower growth rates in both emissions scenarios compaddeddiimate the growth
rates appeagedto increase fom the starting level obite Clas¥| at a slower rate thaNo Climateand to level

out aroundSite Clas¥ within 2630 years.

A pattern observed across all Districts reveals interesting model behavior where growth rates initiakyl simow
increasing trendinder all scenarios, includimdp Climate RCP 4.5 and RCP.8This model behaviomay have
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beendriven byreplantingfollowing regeneration harvesif 80 and 106~yearold standswhich may have lower
annual growth rates than youngstands. This behavior could also originate from tbenversion of under
stocked sparsstands with species such as Western junipktiis not immediately clear whether these sites have
soil or other growth conditions suitable for more productive growflcommercial tree specidghat were

planted in these simulations.

In contrast to the graphs of growth rates, in which climate change impacts consistently decrease growth relative
to the No Climatescenario, mortality rates under climate change are muchienariable. The cloud of

responses displayed for the range of GGMMBoth low and high emissions scenarios wardkabove and below
the mortality rates observed in thilo Climatescerario. Toward the end of the simulation period, both low and
high emisions scenarios also shedreduced mortality rates (shown as upward swing in graphs which show
mortality rates as negative values). This model behavior is consistent with the afdeglesthat are far outside
their climatic suitability and their replament with treeg via natural regeneration or tree plantingvhich are
assumed in the model to be better adapted to the prevailing climatic conditions. Evidence of this barzssior
also visible in the changes in forest composition discussed further bétasvimportant to note that the

recovery of stands following significant mortality events relies upon a major assumptiothéhseedlings that

are planted or which naturally regenerate are adapted to the contemporary climate in that location (regardles
of provenance). This assumes a climatiaptedseed sourcés already present onsiteor isknown by the forest
manager andntroducedvia planting (e.gassisted migration
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Figure 10:

i

Simulated changes in annual growth and mortality
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Notes: These graphs show changes in annual growth (above -zero) and mortality (below -zero) with and without climate change impacts simu lated in Climate -FVSfor each BLM District . Black
lines show results observed without climate impacts. The range of values observed across 4 GCMs for the low (blue cloud) and high(red cloud) emissions scenarios are shown with multi -model
means as a solid line within each cloud. Horizontal lines above zero represent Site Classboundaries, annotated in roman numerals and adjusted assuming merchantable volume is 78% of total
tree volume (Zhou & Hemstrom 2009 p. 9) . Itis im portant to note that changes in growth and mortality may be influenced by simulated m anagement activities, and not solely due to climate .
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Under the low emissions scenario, each BLM District agoaapable otcollectivelysustaininga total
timber yield target of 502 mmbf per year through the entire simulat@niod (see Figurekl and12).
Under the high emissions scenario, howewagre volume was being lost to harvest and mortality than
growth, implying that these removals may exceed lorAgem sustained yield levelsBy 2082090,

both the North/Moist ard South/Dry regiongvere projected tohave areduction in standing timber
inventory compared to current levels based mmovalsthroughharvest and mortality

As shown in Figurgél. A, harvest levels in North/Moist Districts fairly consistently amednd 20-30%
of annual growth under the low emissions scenario.tilie progresse through the simulation
mortality rates stagd relatively constant through the end of theentury, but came to represent a larger
proportion of annual growth as productivity pgeessively decliree This corresporet roughly to a
decline in cubic volume accretion equivalent to a downward shift ofSiteeClassIn contrast, changes
in cubic volume growth in South/DBjistricts appeaed more muted in absolute terms, but moderate
increases in mortalithegan toemerge by 2050.

Under the high emissions scenario, significant declines in productivity for both North/Moist and
South/Dry regionsvere matched with increasing mortality. Together, théaetorsquickly reducd the
sustaired timber yield from both regions.

The view of individual Distrideével outcomes shown in Figui@ offers insights intanore localized

climate impactghat maynot be apparent ataregional level of aggregation. In the case of ltla&eview
Distrid, for example, both low and high emissions scenarios projected an increase in growth potential
and sustainable yields compared to other Districts which all sldgwogressively worse conditions as
emissions increask Despite the fact that Lakeview sheshincreased growth potential under both the
low and high emissions scenarios, the increases in grawth lower than those projected under the

No Climatescenario where productivity gaimngere likelya result of converting less productive Western
juniper forest types over to Ponderosa pine (see discussion of forest types further below). The largest
increases in mortality ratesere seen in Coos Bay followed by Eugene, and then Roseburg.
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Figure 11A:  Projected volume growth, harvest, and mortality
under climate change, North/Moist Region (Salem,
Eugene, & Coos Bay)
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Notes: These graphs show theannualized change in whole-tree cubic volume per acre (including non -merchantable volume) for each five
year period partitioned into  growth, harvest, and mortality as simulated underthe Ensemble GCM. Data labels for growth show annualized
accretion of cubic volume per acre; labels for harvest and mortality are shown as a percentage of growth during the same period. Where
the dashed line drops below zero, harvest and mortality exceed growth (i. e.,implies yield may not be sustainable). A red arrow along the x -
axis indicates standing vol ume has been reduced by cumulative harvesting and mortality below starting volume (simulation begins 2013).
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Figure 11B: Projected volume growth, harvest, and mortality
under climate change, South /Dry Region ( Roseburg ,
Medford , & Lakeview )
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Notes: These graphs show theannualized change in whole-tree cubic volume per acre (including non -merchantable volume) for each five
year period partitioned into  growth, harvest, and mortality as simulated underthe Ensemble GCM. Data labels for growth show annualized
accretion of cubic volume per acre; labels for harvest and mortality are shown as a percentage of growth during the same period. Where
the dashed line drops below zero, harvest and mortality exceed growth ( i.e., implies yield may not be sustainable). A red arrow along the x -
axis indicates standing volume has been reduced by cumulative harvesting and mortality below starting volume (simulation begi  ns 2013).
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Figure 12.A: Projected volume growth, harvest, and mortality under c limate change,
by District for North/Moist Region

District No Climate Change Low Emissions (RCP 4.5) High Emissions (RCP 8.5)
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Note: These graphs show theannualized change in whole-tree cubic volume per acre (including non -merchantable volume) partitioned into growth, harvest, and mortality under the
Ensemble GCM. Where the dashed line drops below zero, harvest and mortality exceed growth ( i.e., implies yield may not be sustainable). A red arrow along the x -axis indicates standing
volume has been reduced below the starting volume.
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Figure 12.B: Projected volume growth, harvest, and mortality under climate change,
by District for South/Dry Region

District No Climate Change Low Emissions (RCP 4.5) High Emissions (RCP 8.5)
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Changes in forest types across the landscape

At the scale of the entire study area,ategional level, and at the Distrit#vel,changes in the
distribution of forest types across the landscape were observed even iNdHélimatescenario(see
Figuresl3-15). The results highlight the role th#the simulated management actions would have in
shaping the landscape of forest types even without the impacts of climatic shifts.

As shown in Figure 13, increasing emissions fanClimatdéo RCP 4 and 8.5 led to progressively
Yy 2 A & A S NI f fardstitypeacanbsificmBdyfransitinsacross theentire study areaparticularly
in the second half of the century. As climate impacts progressively incréaseigh these emissions
scenarios, the conservation of forest types over timednee increasgly less stable, as many more
acres begn to transition between forest typed-urther, as emissiongere elevated to RCP 4.5 and
then 8.5, more forest typedisappeaed from the landscape. For example, under the low emissions
scenario, Subalpine fir, ¥gtern white pine, and Lodgepole pinere simulated to be lost between
20132033. In the high emissions scenario, the Red fir forestwasealso projected to be lost over the
20132033 time periodfollowed byPacific silver fir and Port Orford cedarthe 20732093 period.

As shown in Figure 15ese shiftsat the District levelvere most pronounced in the Lakeview District

where Western juniper forest types are increasingly replaced with Ponderosa Ipitlee Medford

District, several oak and Pcimadrone forest types are increasingly replaced by Dotiglasnd

Ponderosa pine. In the Salem District, HemiBitka spruce forests increase in area while modest

declines are seen in Maplsider forest types and Doughis as well. These changesforest type cover

help highlight the impact that the simulated forest management activities have on underlying tree
species compositions, even in the absence of climate change. It is likely that both the selective retention
of commercial conifer speciesd the priority for removal of species like Western juniper play a part in
these shifts, although werere not able to isolate these effects from those induced by the act of tree
planting focused on commercial timber species followmgenerationharvess.

Under the low emissions scenario, shifts in forest tywese comparable to those under tHdo Climate
scenario, with a few minor exceptions. In the low emissions scenario, the decline of Western juniper in
the Lakeview Distriavasmore rapid, coincithg with quicker replacemeriy Ponderosa pine forests. In

all three North/MoistDistricts, the progressive gains in Hemlegitka spruce coverageenunder the

No Climatescenariowere virtually absent in the low emissions scenati®ese changes appezdto be

due to slight increases in coverage by Allaple forest types compared to thdo Climatescenario.

It wasonly under the high emissions scenario that dramatic shifts in forest type distributierss
observed, primarily in the second half of thentury. These shiftwsere comprised primarilpf increases
in forest type groups dominated by hardwood tree species at the expense of DdiuglBougladir
wasprogressively replaced by Aldbtaple forest typesn the North/Moist Districts andby Wilow,
Bigleaf maple, and Oak woodlandsSouth/Dry Districts In Lakeview, the transition from Western
juniper to Ponderosa pineaseven more rapid than under thido Climateor low emissions scenarios.
HemlockSitka spruce forestsere virtually absehfrom everyDistrictby the end of the centurin the
high emissions scenario. Coos Bay and Eugene Distridisiso®rest type before miatentury, while
Salem retaied small portions oHemlockSitka sprucehrough 20762080.
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Figure 13.A: Proj ected forest types and transitions; no climate change impacts
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Notes: This graph shows the proportion of Western Oregon BLM forestlands (the entire study area) classified under each forest type and the transitions between these classes over
time. This is based on extrapolation from the 5% sample simulated using Climate -FVS with active forest management. Forest Type Labels appear in the last timestep that each type
was observed (e.g., Aspen is observed in 2013, but not 2033)
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Figure 13.B: Projected foresttypes and transitions; low emissions scenario (RCP 4.5)
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Notes: This graph shows the proportion of Western Oregon BLM forestlands (the entire study area) classified under each forest type and the transitions between these classes over

time as simulated under the Ensemble GCM and low emissions scenario. This is based on extrapolation from the 5% sample simulated using Climate-FVS with active forest

management. Forest types are sorted according to greatest spatial extent at the end of the century. Forest Type Labels appear in the last timestep that each type was observed (e.g.,

Aspen is observed in 2013, but not 2033)
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Figure 13.C. Projected forest types and transitions; high emissions scenario (RCP

8.5)

2013 2033 2053 2073 2093 2108

S
g ST
N N\
AL i —
e
e "’ L

wn“ l%
#

NS

AL

! B

i A

74 Ché Sy,

il

»/ N
AR
Ve —
Epnn_ N \ . — — / N '—"‘ N ALK A —
T oESpole P NS B o Ne——_/ / . — Western juniper X —oregonash” N
= B \ ~ A SO - SIS v SR U - 7/ - ~ S—
_ v — —— o— N
~ Aspen . B — Port Orford cedar ~ —Jeffrey-Coulter-Bigcone Douglas-fir ~ —

Bigleaf maple

Canyon-interior live oak

Blue oak

Willow

Red alder

Deciduous oak woodland
Nonstocked

Giant chinkapin

‘Tan oak
Cottonwood-willow
River birch-sycamore
FVS other species
California laurel
California black oak

Oregon white oak
FVS other hardwoods
Pacific madrone

Grand fir

White fir

Sugar pine

Western hemlock
Sitka spruce

Incense cedar
Knobcone pine

FVS other softwoods
‘Western redcedar
Cottonwood

Notes: This graph shows the proportion of Western Oregon BLM forestlands (the entire study area) classified under each forest type and the transitions between these classes over

time as simulated under the Ensemble GCM and high emissions scenario. This is based m extrapolation from the 5% sample simulated using Climate -FVS with active forest

management. Forest types are sorted according to greatest spatial extent at the end of the century. Forest Type Labels appear in the las t timestep that each type was observed (e.g.,

Aspen is observed in 2013, but not 2033)
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Figure 14:Projected change in distribution of forest type groups with
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Note: These graphs show the distribution of forest type groups projected over time with scheduled forest management under each emissions scenario for the
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Ensemble GCM. The yaxis displays millions of acres in each forest type group. The order of stacking for forest types groups is the same for all graphs.
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