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Preface

| wrote this handbook because | did not want to formally teachltaedscape
Conservation ForecastirfgCFmethod andl wanted to leave something
tangible that could be easily used to create ne@Mprojects. | also wanted to
explain themethodQ @rigins conveyingts purposeand connections to the
regulatory NEPA (National Environmental Policy Act) process

I am the director of science for The Nature ConservaméyevadaBy June

2026, | will have worked 32 years for The Nature Conservancy, starting as a
research ecologish longleaf pine forestat Eglin Air Force Base in the
panhandle of Florida from 1994 to 20Q1CRwvas created during my
employment in Nevada after givotal meeting of the 2003 Fire Learning
Network in Sun River, Oregon, where modeling software and remote sensing
solutions weradentified to develop the method.

This handbook is intended for teams of practitioners that want to map, model,
and budget the most cosgffective actions that will inform the management

of large landscape®ften done by public or private land managetdypical
teamisdescribed in théhandbook and generallyit consists of a project
manager, an ecologist/modeler, a spatial analyst, and, depending on the
remote sensing skills of the spatial analyst, at least one contractor. Another
important audience is the funders who have enough conson science
background to understand the cost apthcticaloutcomes ofL.CEFThe method
would never have existed without the funders.

| haveadopted a more informal style of writing to avoid terse peeviewed
journal jargon and style. Papers that includérare publishedor those who
want more theory and terse prose. KA f S L dzaSR daLrot AY

dza & &y GKS GSEUG 0 S OlCiasa taai &orRVBIAg f 2 LIY

other Nature Conservancy staff, contractors, and funders

The handbook took many years to write because it was writhering

evening, weekendsand oftenvacations. | also got stuck in several places. My
main obstacle was to explain model building without actually teaching how to
build STSim database®\pexRMS Ltd offers training courses totke latter
(http://www.apexrms.com/stsm. Anyonewho wants to createan LCproject

willneedto be trainedinSTAYQ&a YR {@8YyONRAAYQ& 0Ol &

modeling features.



http://www.apexrms.com/stsm

Introduction

Landscape Conservation Forecast{inGF) was creatday staff of The Nature
Conservancin Nevadato help land managerawho areresponsible for the
stewardship of large landscapé CHs used tchelp managersnakecurrent
and futureprotection and restoration decisions based i@ference
conditions,current conditionsdesired future conditions, and budget
constraints LCF helps land manageanswer the following basic questions:

A What is the current condition of each ecological system in your
landscape?

What is likely to get worse using current management?

What strategiesouldimprove degraded ecological systems?
Will strategies work?

Which strategies produce the highestologicafeturn-on-
investment?

To To o Ix

Wewere motivatedto design a new method of conservation action planning
to help public land managers overcome the major hurdidlafional
Environmental Protection AcCNEPAdocumentation and litigatiorfor
proposed restoration project$ublic land managers from the Bureau of Land
Management andJSForest Service identifietthat the cost of litigation and
failure to complete the NEPA procestigthe point of project implementation
werethe main reasogpreventing conservation on the groundlo reduce
these hurdlesLCF was infused with terminology acceptablatdeast
recognied by federal agencgtaff, integrated with the tools of range and
forest management, couched as status quo and alternative management
scenarigas found in NEPA documentation, aagbessed with returon-
investment analysis

LCROFY 6S &adzYYINAT SR o0& do .Mapsof al LJAX
ecological systesand current vegetation classfor the focal landscape are
necessary for LCFhese maps, which are obtained by remote sensing analysis,
FNE GKS F2dzyRIFGA2Y 2F [/ C FYyRZ Fa&a |
2 dzii ¢ . Modelshrédigentbased models called sta@nd-transition

simulation models (STSMconstructed in a simulation software platform,

more recently STBim in the Syncrosifrplatform (Daniekt al.2016;
www.syncrosim.com)STSMs allow stakeholders to explore the future effects

of alternative whatif management scenarios dhe ecological condition of a
landscapeexperiencing different stochastic futurgdgletrics reflect the status

2F GKS | yRaOl LIS.QGF kéas2he gumbeof hetri€s20\aR A A
minimum. Basicapplicatiors useone unifying metric, whereamore

complicated projects involvindisparatemanagement objectives, such as

wildlife species habitat suitability or carbon accounting, will invalvieast




two metrics Theperformance of scenarios comparedstatus quo
management isssessed & O £ Odzf | { écylagicalirétuBrony S i NKX O -
investment(also termedcost effectivenesi the conservation literature)

This is an important nuance, LCF tracks success using metrics but
recommendations to the land magersare based on the comparative
analysis of metricamong scenarigssometimesausingecolagical returron-
investment.

Themethodologicabrigins of LCBI Yy 68 GN} OSR (2 2y$S 2% E— TR
implementatiors of Fire Regime Condition Class (FRCC) rapid assessment o e~
methodology(Hannand Stron2003). The concept of FRCC measures
GSO02t23A0Ft aeaidsSYy KSIf (kKO e OF t Odz
between the reference condition and current vegetation as expressed by 3
the distribution of succession class proportions (Provencher et al. 2008)

Fire Regime ConditidirRCjs the continuous value between 0%

dissimilarityand complete dissimilarity of 100#@m the reference

condition, whereas FRCC breaks the continuutim low departure (633%),
moderate departure (3466%), andhigh departure (67.00%) Shilsky and

Hann (2003proposed that FRC could be partitioned among vegetation

classes to determine those classes thaduldbe treated because they

were in excess compared to reference conditions and which classes could
0S02YS GNBORLBBFHGIGSR | NS a o0SOI dza s
compared to reference conditiof@.g.,convertinganolder, closeecanopy

forest class t@anolder, opencanopy forestclas3. This is analogous to

rebalancing a personal financialvestmentportfolio. In 20064, using local
high-resolutionremote sensingf ecological systems and their vegetation
classesSTSM,andFRC mapping and partitioninggneralmanagement
actionswere identifiedfor different ecological systems dfawthorne Army

5 S LJAb,@d@acre Mount Grantproject area(NV) Figurel; Provencher

et al. 2008)This project¥ dzy RSR 6& ¢KS bl (dz2NB / 2y &
Learning Networkwas a proofof-concept project and the start @t
collaborationbetween the remote sensing contractor Spatial Solutions, Inc.

and The Nature Conservancy in Nevddgortant lessons were learned
throughthis first project that will be described in this handbook.
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Based on ourecentexperience and the unfolding of the masshendscape Fire ariRlesource
Management Planning Tools Project (LANDFIRE) with its bank oomespatialSTSM for the Great
Basin ecoregion by 20@Rollins 2009, Blankenship et 2021), our approach was repeated with local
remote sensindor the 1.2million-acreGrouse Creek MountairRaft River Mountainproject area
(northwesternUT) working in collaboration witfThe Nature Conservancy in Utdhis projectwas pre
LCHoecause it did not use the concept of ecological retarAnvestment However, he project
generatedkeyinnovations by

0] transformingthe LANDFIRE STStkist had beenlimited to thereference condition to full
management models populated/la large number of humacausel vegetaton classesnd
management actions,

(i) usingthe now-retired spatial STSM simulator TELSA (Tool for Exploratory LaedScale
Analysig; Kurz et al. 2000to model vegetation change over time and space,

(iii) constructingformal management scenarios with associated costs and management action
failure rates usingraexperimentafactorial approach to test scenario performance (i.e.,
lowest FRCand

(iv) fully incorporatingstakeholder workshops amautreachto improve future implementation
succesgYork et al2008)

The first complete implementation of LCF with local remote senSi@Ms for managemeand
ecologicaleturn-on-investment analysis was for thi&godie Hill{eastern CAjLow et al. 2010}t isalso

noteworthy thatstaff of the Bureau of Land Management Bishop Field Office, which funded the project,
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requesteda comparison ofmanagement scenarios with and without climate
change effectsWe had never used climate change projections in ouRrgof &
figuring it out openedh can of worms that will be covered lat@stemporal
variability.

Duringthe Bodie Hills projecit became clear that future LCF projects would
become increasingly complex and expensive to implen@iven that the
starting cost of LCF projects to datieonglydepended on the cost of remote
sensing, a specialized analysis,axploredthe possibility of conducting
projects for clients without large fundirtgy using existing map layefisom
LANDFIRE that we updated using additigeadspatial dataEven updated
LANDFIRE map layers do not contain the uncharacteristi¢ategeclasses
present in management models that only local remote sensing can provide
We recognized from a validation study of LANDFIRE products in the Wassuk
Ranggwestern NV}ihat LANDFIRE maps were at best 50% accurate
(Provencher et al. 2009); therefore, results from projects using modified
LANDFIRE map layers would be coarse scale and not appropriate for-project
level managementas stated by LANDFIRE)t could offer land managers
general guidance on how to proceefubsequentlyLCF projects have existed
in two versionsl) using existing and modified map layers, usually from
LANDFIRE, generally not appropriate for prejeeel planning but adequate
to guide general margement strategieg¢Table 3, or 2) usingnew loca) hight
resolutionremote sensing designed for projeletvel implementation(Table

2). Theformer approach has not been used for more than a decdde
greatest improvements to theCFprocess after the Bodie Hillgojecthave
deployed local remote sensing to create ecological system and vegetation
class map layerandallowed managers to engagenmore detailedproject
planning Figure 2shows point locations for projects listedTiables 1 & 2

Table 1. LCF projectsingprimarily existing LANDFIRE remote sensing data.

Landscape Acres Objectives
Cave Valleyake Valley 550,000 Developedand management scenarios (a scenario is a group of
watersheds in the Bureau of Lanc actions governed by a theme) using LANDFIRE geodata and wee
Management Ely Field Office (NV map layers from the NWaturalHeritage Program (Thompson and

Provencher 2009)
South Spring and Hamblin Valley 660,000 Developedand management scenarios using LANDFIRE geodata

Watershedsn the Bureau of Land weed map layers from the NV Natural Heritage Prog(Bnovencher
Management Ely Field Office (NV and Anderson 2010)

Fremont River Ranger District in 484,060 Developedand management scenarios using LANDFIRE and US
the Fishlake National Forest (UT) Forest Service seilegetation correlation maps (Tuhy et al. 2010a)
Powell Ranger District in the Dixie 374,110 Developedand management scenarios using LANDFIRE and US
National Forest (UT) Forest Service seilegetation correlation maps (Tuhy et al. 2010b)




Northern Sierra ProjedCA & NV) 5 million Modeledclimate change effects and testadaptation strategies
using National Forest and National Wetland Inventory map layers
(Low et al. 2011)

Steptoe Valley sections Band C i 598,298 Developedand management scenarios using LANDFIRE geodata

the Bureau of Land Management weed map layers from the NV Natural Heritage Program (Provenc

Ely Field Office (NV) and Anderson 2012)

Cherokee National Forest (TN) 380,000 Developedand management scenarios using reclassified LANDFI

geodata and USFS plot data

Table 2.LCHprojects using local higiesolution remote sensinglata.

Landscape Acres Objectives

PreLCF Projects

2004:Mt. Grant (CA) at Hawthorne 45,000 Pioneer the LCF methodology: First time we us:

I Ny¥é 58130 Tdzy RSF highrresolution remote sensing and primitive

LearningNetwork reference norspatial stateand-transition
simulation models to identify vegetation classes
that need management because they are
departed from reference conditis(Provencher
et al. 2008) NoReturnon-Investment tool.

2006-2007:Grouse Creek Mountains 1.1 million Repeat new methodology pioneered at Mt. Gral

Raft River Mountains (UT) funded by
Utah Partnes for Conservation and
Development

at a much larger scale with more advanced
spatial management statandtransition
simulation models to find the best set of
management actions to restore BLM, US Fores
Service and private ranching langérk et al.
2008) NoReturnron-Investmenttool.

LCF Projectincludngthe Returrron-Investment (ROKpol]

2007-2009: Bodie Hills (CA) in the 192,161 Find costeffective land management scenarios 1

Bureau of Land Management Bishop reduce ecological departure within the

Field Office constraints of bistate greater saggrouse
managemen{Low et al. 2010)

20102011: Great Basin National Par} 77,000 Find costeffective land management scenarios 1

(NV) reduce ecological departur@rovencher et al.
2013).CANRG dzaS 2F GSNXY |
Forecasting ® ¢

20102011: Ward Mountain (NV) in 118,000 Find costeffective land management scenarios 1

the US Forest Service Ely Ranger
District and Bureau of Land
Management Ely Field Office

reduce ecological departur@bele et al. 2010).

20102011: Red Cliffs and Beaver Da
Wash National Conservation Areas ir
Washington County managed by the
Bureau of Land Management-St
George Field Office (UT)

Red Cliffs: 45,000
Beaver Dam Wash: 63,500

Test costeffective experimental land
management scenarios for the Mojalesert to
reduce ecological departure and increase desel
tortoise habitat suitabilityProvencher et al.
2011).

20122013 2025 Pine Valley Ranger
District in the Dixie National Forest
(uTm

481,000

(a) 20122013:Find costeffective land
management scenarios to reduce unified
ecological departure and identify areas of highe
fire hazard due to greater nenative annual

10



Bromusspecies cover(b) 20252026: Update
original map using change detection analysis ai
guantify sources of changes to different events
for US Forest Servigeporting (Tuhy et al. 2014)

20132014, 201820242026 Hamlin Hamlin Valley: 220,804
Valley and Black Mountains in the Black Mountains: 311,482
Bureau of Land Management Cedar

City Field Office (UT)

(a) 2015: Find cosffective land management
scenarios to reduce unified ecological departure
and increase habitat suitabilifpr greater sage
grouse and Utah prairie dog. (b) 2018: Determii
adjustments to restoration action
implementation rates simulated under historic
climate (as done in 2015) that will maintain
greater sagegrouse and Utah prairie dog habitai
suitability under tvo different climate scenarios
in the next 60 yeargc) After 12 years, update
vegetation maps with higher resolution imager
analyze changes to vegetation after 12 years, a
re-simulate models with new management inpu
(Provencher et al. 2015, 2018, 2@21

20132015: IL Ranch and-TS IL Ranch: 503,599
Horseshoe Ranch of Newmont Minini TSHorseshoe Ranch: 632,83
Corp. on private and public lands in

north central NV

Find costeffective land management scenarios 1
reduce unified ecological departure and increas
habitat suitability of greater saggrouse, mule
deer, and golden eagi@rovencher et al. 2016)

Since 2014 and egoing: Barrick Mitigation lands: 424,124
Cortez, Inc. saggrouse mitigation Impact lands: 324,885
and mine impact areas on private anc

public lands in central NV

Finding coseffective land management
scenarios to mitigate loss of sageouse habitat
suitability credits produced by new mining
development on impact land®rovencher et al.
2017).

2014: BarrickCortez, Inc. sage grouse 7H: 12,648
Tumbling JR: 19201

Conducted remote sensing for sagmuse
mitigation and minempact areas on private and
public lands. These lands were sold or removec
from analysisfter maps were completedlJR
landscape used to createspatiallyexplicit and
stochastic ecological departure metric
(Provencher et al. 2023

Find costeffective land management scenarios 1
(a) reduce the likelihood of catastrophic fires thi
could affect water resources and sedimentation
and (b) minimize undesirable effects of climate
change on water resourcéBadik ¢ al. 2022)

20162017 Middle Truckee River 390,000
Watershed Investment Project (CA &

NV)

2017-2018, 2012020: Pine Valley 284,000

Mountain Home Rangindian Peak
Range in the Bureau of Land
Management Cedar City Field Office

Find costeffective land management scenarios 1
reduce unified ecological departure and increas
habitat suitabilityfor greater sagegrouse and

Utah prairie dog under different climate change

um projections In 205, the mapping area was
merged with adjacent Hamlin Valley (remapped
in 2024) and the expanded area-samulated
with new management scenarios and carbon
modeling(Provencher et ak019, 2021b, 2023)
2020-2021: Integrating Bonneville 77,000 Spatial resimulation of 2010 management
Cutthroat Trout Habitat Suitability intc actions at Great Basin National Park with
DNBFG . F&AY bilunddds emphasis on incorporating habitat needs of
by NV Dream Tags (NV Department Bonneville cutthroat trout for restoration of
Wildlife) Strawberry Creek

11



2021 and2023 Boulder Mountain 780,000 Find most coseffective management scenario tc

(UT) funded by Watershed Restoratic NBadG2NB FT20lt &aeaisSvra

Initiative (restoration arm of Utah Boulder Mountain (Fremont River and Escalant

Partners for Conservation and Ranger Districts) with special emphasis on the

Development) and US Forest Service declining mule deer populatiofProvencher et al.
20239.

2021 aml 2025 Middle Truckee River 390,000 Bretzlaff Foundation funded project to+e

Watershed Investment Project (CA & simulate originaMiddle Truckee River

NV) Watershed project where the primary goal is to
couplea socicpolitical fire management
resistance/acceptancB-codedmodelwith STSM
modekto guide implementation of fuels
management actions. Secondary goatle to
connect action to pine marten and native non
trout fish habitat suitabilityindices

2022-2024: South Snake Range 399,193 Complex project where TNC updated the origin:

2010mapof Great Basin National Park and the
Keyhole Property with change detection remote
sensing and conducting new mapping of 316,41
acres of Bureau of Land Management (BLM), LU
Forest Service, and private lands. The goals of
projectwereto simulateNational Park Service
and BLM vegetation management scenarios the
would benefit Rocky Mountain bighorn sheep
management, fire management, improve
ecological condition of ecological systems, and
measure the effects of future vegetation
management on runoff antecharge using the
'{ DS2ft23A0Ift {dz2NBSeQ
Model (Flint et al. 2021 Provencher et al.
2024b)

12



* LCF
* LCF prototype

* Pre-LCF

First-LCF

LCF + Change Detection
@ LCF using LANDFIRE maps
© LCV mapping and NRV

Figure 2. Locations of LCF projects.

13



Chapterl Choosing the Landscape

| tASYyiQa DSYySNIf hoaSOlA@BSa

Land managers manage legadgfined geographiesChoosing a landscape for any project, especially

LCF, is fundamental amslanegotiationd S 6 SSy (G KS GGf A §HRGI @K SA it SINBNES / 2 v ¢
conservation prioritiesThe choice of landscape affects the cost of LCF, objectives, and choice of.metrics
ForThe Nature Conservancy in Nevada and Utdloosing a landscapedetermined by theunding

source becausthesechapterscannotafford to implement a project without external funding and,

importantly, land managers demonstrate that they may be more willing to implement recommended

actions if they have skin (funding) in a projgebnducting an LCF project for which the dominant land

managers are not involved is a waste of money and time because results will likely be ignored or

rejected.

CAIaeNE GG 2F GKS ! { C2NBalt {SNDAOS 9t& why3ISNI5Aa
SO2t 23 A @y NBHWMNYY i 6SNBE UNBIG RSOSE 2LISR F2NJ I LILIK A C
Ay GKS b2NIK {d0#05t¢t / NBS] why3s

Managers usually offer funding for conservation action planning bediesehave a critical

management, legal, or politicaloblem to resolve for an area under their jurisdictiéor federal land

management agenciedisruptivelitigation against proposed actions during the NEPA process is a strong
incentive for land managers to rectify an unfavorable situation by bringing new and better stiehee

next project submissiarSuccessful mnagemenof vast landscapesr threatened and endangered

specieswith limited budgets are also powerful incentives for land managers to reach out farTedge

AaadzsSa oAttt LINRBoOolofte RSGSNNYAYS GKS LINRP2SOGQa 0 2dzy

.SAYy3 Ot SINIIFo2dzi GKS YIFylFr3ISNRa 202S00GA0Sa Aa ONA
ecological systems and their vegetation classes, which will in turn determine what is mapped by remote
sensing, its cost, and what is moeéin STSMd~or example, if a manager is concerned about abating

fire hazard caused by varying fuel loadings of-native cheatgrasBfomus tectorurjpin shrublands,

then greater resolution of vegetation clasdes middle-elevation ecological systenty varying coveof

cheatgrass (e.g.-55%or >15%) may be called fdf a manager is concerned about increasing habitat

14



suitabilityfor a listed species, then)@cological systems and vegetation
classes that the species depends on must be mapped at fine reso(atmpn
small wet meadown herbaceous conditiofor greater sage-grouseduring
late brood rearingand preserved if imagery is resampled to a coarse
resolution (e.g., 1.5 m td5m) to allow for feasible spatial STSMad (ii)
modelers need to incorporate a measure of habitat suitability in results.

Area

When choosing the boundary of a landscaibe, size of the areaeeds to be
considered because it affects remote sensing cost, spatial resolution to
conduct feasible and projegtlevant simulated management actigns
duration of each simulatigrand choice of metrici CF was developed for
large westerrlJSlandscapes that do not contain a large fraction of completely
anthropogenic land surface (e.g., crop agriculture, cities, and industrial
development) Typical LCF projects have been conductethnd managed by
the Bureau of Land Management (Low et al. 204Bele et al. 201,0
Provencher at. 2021 US Forest Servi¢Abele et al2010; Tuhy et al. 2014
Provencher et al. 2023, andNationalPark Servic@Provencher et al. 2013)
although the original pr&.CF development was implemented on a
Department of Defens@rmy installation

Landscapes need to be sufficiently large to capture the vegetation outcomes
of dominant natural disturbancg¥eane et al. 2009)f landscapgsare too

small, the basic metric of ecological conditimrer-represents the largest
vegetation classes and is subject to large variation among alternative
simulated futures due téarge-scale uncommon staneeplacingevents (e.g.,
large fires) In systems with slower stangplacing dynamics natural
disturbancetakes a longrtime, such as fire, to create eastievelopment and
mid-development classesBecause managers typically think in terms of 20 to
50-year horizons, increasing landscape size is the only substitute to remove
small size artifacts for landscapes dominated by slower dynathiss.
problematic, however, that no quantitative rigorous analysis or rules can
recommend a project area size; however, area guidance is podsidsle.
example, in the Great Basin ecoregiaiere dominant ecological systems
have standreplacing fire events ranging betweenmery 50 to 1,000 years, a
minimum project area of 18,211 hectares (45,000 acres) is recometend
when the lower ecological systems are at middle elevation (>1,676 m or 5,500
ft). LCF project areas between 80,9804,686 hectares (200,0a0000,000
acres) are more common and adequate. Alternativielyandscaps

dominated by ecological systems with faster dynamics, such as longleaf pine
(Pinus palustris ponderosa pineR. ponderosp and tall grass prairi@roject
area can be as small as 6,070 hectares (15,000 acres).
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There are cases when land managers need to assess management scenarios in
small areasln those cases, the LCF methodology still applies but landscape
level metrics of success, such as ecological departure or fire regime condition
class FRC(Provencher et al. 2008; Rollins 20@9habitat suitability for
wide-ranging specieshould be avoided and vegetation clg&scentages

(e.g., percentage of exotic specisbpuldinsteadbe used(e.g.,Provencher et

al. 2007; Frid et aR013)

Area affects the cost of remote sensing because satellite imagery is sthld by
km? and the larger the area, the less likely funders will be able to afford the
higher resolution imagery that is often required for better managem@éido,
analysis cost increases with area, althogghstantialeconomies of scale are
realized with progressively larger ared$e tradeoff is cleait is a blessing

that many natural resources management objectives do not require the
highest resolution (i.e., sulmeter). Fortunately, manymulti-spectralsatellite
platforms are available to the public and price varies considerably among
them with resolution and vendotg-orThe Nature Conservancy in Nevada and
Utah, the preferred platforms given prices have been between th.%-m
resolution, respectively, pricing at $7.00 to $1 88 km? for ortho-rectified
multi-spectralimageryextending into the infrared~or imagery at resolution
smaller than 1.%n, prices climb up to >$28er km?.

Higherresolution is desired because it helps interpretation of vegetation
(increases accuracy of analysis) and identification of small critical vegetation
types (dependent on management objectiveshile also requiring more work
and field interpretation because of the richer spectral characteristiés

highly recommended that project staff engaging in LCF projects work with an
experienced imagery vendor to avoid unnecessary costeasdrethe best
choices of satellite platformsand current or archiidmagery

Staffing

As a landscape is being chosen, it is highly advisable that staff and experts
already be hired or availahleCF requires expertise and hiringxperienced
staff or contractors is a prescription for failube long delaysA coherent team
should be formed to handle each LCF prajéetch team member is not
required to work 100% on a single project, but each brings needed(3kibte
3). In our experience,iHe minimum team size is three people from The Nature
Conservancy (again, not 100%-firthe employeesplus anycontractors Key
roles includdead scientist, remote sensing specialist (usuattgntractor),
spatial analys workshop moderatorand project manageiRequired skills are
listed inTable 3
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Table 3. Staffing LCF projects.

FTE

Titl E i .
itle xpertise GraodieE

The Nature Conservancy
Lead Scientist 9 Participates in or leads contact with funding entity; 30-70% depending
1 Writes description of ecological systems and their vegetation class on experience
1 Interprets vegetation for remote sensing specialist during field
verification;
9 Develops fullypopulated STSMs;
9 Develops time series of temporal variability for natural disturbance
1 Creates alternative management scenarios and conducts simulatic
1 Leads science component of stakeholder workshausl
1 Leads writing of final report.
Spatial Analyst 1 Prepared INE 2shapé filedor remote sensing; 20-30%
1 Creates initial condition rasters for spatial STSM simulations;
1 Creatednitial condition andinal vegetation maps and derivative
results mapsising either GIS environment or precompiled compute
code (e.g., R or Pythagn)
1 Participates in stakeholder workshops, especially map reviews; an
1 Creates map results for final report.
Project Manager 1 Participates in or leads contact with funding entity; 10-20%
1 Negotiates and manages award with funding agency;
1 Organizes stakeholder workshop logistics; and
1 Moderates stakeholder workshops.

Contractoi(s)
RemoteSensing 1 Acquires best satellite imagery to address objectives; 80-100% during first
Specialist 1 Conducts imagery analysis; year, 0% afterwards
1 Leads field verification surveys; and
9 Delivers maps iGeoTIFFormat to client
Simulation Software { Provides simulation software support to modelers; and 1-50%
Authors f!' LJAANI RSa a2 7F06| NPBpatyiequesR St S NE&

* FulkTime Employee

All staff positions require that eagiersonperforms multidisciplinary tasks at a high level of
competency For more complex projects, especially those involving spatial modeling and species habitat
suitability, more staff with partime assignments may be needékthe position of leadcientist

combines skillintereststhat are uncommonly found togetheecology andcomputersimulation

modeling Many ecologistsdo not seem tde proficient withthe modelingnecessary for LCKany
modelers have no interest in field work (for remote sensing), cadestribe ecological systems or their
vegetation classesndoften do not enjoy stakeholder workshogsor LCF projects, however, it is highly
recommended that the modeler participates in remote sensing field verifinaind vegetation
descriptionsand must participate in stakeholder workshop®therwise, the modeler will not

understand ecological dynansi@and management opportunitieand the client will not trust the

modeler. Similarly, a typical spatial analystn performmanyGIS tasks; however, LCF projebtsond a
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basic level of complexitynay requireremote sensingraining or experience
andcomputer programming skills in Python ofiRRthe current version of the
STSim software)Finally, many project managers do not have workshop
moderation skills, whichre criticalfor more complex projectaith a potential
for litigation or controversy

Workshops

Choosing a landscape implies choosing stakeholders that live there or have
legal responsibilities over management of the lan@F projects include
workshops with local and, sometimes, regional stakeholda&fighout
stakeholder workshops, there is no transparency, no trust, no acceptance
results, and no implementation.

LCF projects generally consist of anywhere between two and four workshops
and the number of workshops depesdn the budgetTable 4.

Table 4.All possible workshops conducted in previous LCF projects.

Workshop Objectives Days

Vegetation Ensure that all relevant ecological systems and their vegetation classes are captured by th  1-2
Description draft description created by staff.

Model Review Create stakeholder buin by reviewing STSM succession and probabilistic processes, and  3-4*
document assumptions.

First Review ecological system and vegetation class maps, show initial condition map results, ¢ 3
Management  simulated map results from status quo (i.e., custodial) management scenario, define overe
Workshop management objectives, determine time horizon (number of simulatedsjedefine

(most important) management scenarios, and establish unit cost of management actions, and establish bal
management budgets by ownership.

Second Review scenario simulation results of status quo and alternative active management scen 3
Management  and recommend modifications to treatment implementation levels.
Workshop

* The model review workshop is especially difficult to conduct as it is abstract and boring to many stakeholders, but it is
fundamental to prevent blackox perception of the STSMs and resultslandscapes with >15 distinct ecological systems, a 4
day workshop might be insufficient, but longer workshops are simply too long for most busy professionals
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Chapter2 Describing Ecological Systems & Vegetation
Classes

An early step ill LCF projects meparingwritten descriptiors of vegetation.The LCF methodology
requires two vegetation layers fBeoTIFFormat: ecological systems (e.g., Wyoming big sagebrush
upland in the Great Basin) and all their reference and uncharacteristic vegetation classes (e.qg.,
respectively, mielevelopment phase and shrubland with an understorjnefsivecheatgrass)A
GeoTIFks a TIFFormat raster image file that contains geeferencing information, allowing it to be
positioned in realvorld space by embedding metadata about its geographic coordinates, coordinate
system, and datunilhe format is widely used in remote sensiktanyNature Conservancy ecologists
seem to befamiliar with current vegetation types, but not withotential vegetation types (i.e.,
ecological systems) armlirrentvegetation classes. The latter two concepts are ingrained in range
management training

CAdJueNB NB2SOG a
@S3ASGl a2y RSAONALI®2Z2Y 0F 2 NJ

GFraNBYaASgOasSyanvyd
GKS . 2RAS |1 Affa

The interpretation of vegetation can have profound management implicatioaisexample, general
ecologist might classify Great Basin loamy soils covered with pinyon or juniper trees at middle elevation
as a pinyofuniper woodlandd S®3 o3> @S3IASGI GA2Yy YIF LA FNRBY (GKS | {
Southwest ReGAP projectyhereas in range management these are considered Wyoming big sagebrush
shrublands (ecological system) encroached by confiensent vegetation class) because tredwuld
notexceedl0%2 ¥ ( KS & &héfdreshé @ra of humBdaused fire exclusiohe former requires

no management, whereas the latteright result inremoval of trees and understory restoration to

return habitat to greater saggrouse and other sagebrugtependent wildlife specie$Vhere this

situation is common over a large landscape, togsltorationcost careasilyexceed$500,000

The description of ecological systems and curreggetation classeseeds to happen early in the LCF
process The remote sensing specialist cannot conduct mapping without this comprehensive description;
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therefore, it must precede field verification by several montsreover, the
description must be approved by project partners.

Data Sources: NRCS Soil Surveys, LANDFIRBjlzarg

The two best sources of data for describing vegetation are the US Department
2F | ANAOdz G dzZNB bl (dzNF f (NECERitsNdRgsa / 2y
and theLandscape Fire and Resource Management Planning Tools Project
(LANDFIRE; Rollins 2009; Blakenship et al. dd@)ysical setting

descriptions

LF I LINRP2SOG FINBlIQa az2iafa KIF@S 0SSy
geodatabase should be downloaded from
http://sdmdataaccess.nrcs.usda.gowhe NRCS has not made working with

soil surveys a usdriendly experience; therefore, it is advisable that the spatial
analyst be experienced with these dagoil surveys are usually for whole
counties TK S LINE &i& analtiwill Aekd to extract geodata for the

project from the larger geodatabask the westernUS the three most
valuableembeddedtables areRangeland Productivity and Plant Composition
ForestlandProductivity and Plant Compositiaand Ecological Site
DescriptionsThe last table isometimeshard to obtain and the actual written
description may need to be requested frahe localNRCStaff directly,

although these are increasinglyailable onlineAn ecological site is similar to

an LCF ecological system and is definea asstinctive kind of land with

specific physical characteristics that differs from other kinds of land in its
ability to produce a kind and amount of vegetation (NRCS 1998ke takes
allowthe teamto write an inventory of most ecological systefosind in the §
landscapeCNRB Y SELISNA Sy OS: (idgrt aiot thé & dzNIIS & |
mapping of ecological systems as required by LCF standards and cannot be
used as an initial stratification for remote sensing.

Nearly all soil surveys downloaded in this manner for conservation project will
be of Order IlIThe order of a survey isyportant to understandOrder 11|

means that each polygon identified may contain at least one, oftén 3

different ecological sites and the location of ecological sitestheil area will

not be specifiedMoreover, many western polygons can be large (e.g., 2,023
hectares or 5,000 acres)he different ecological sites are presented in
decreasing order of importanc&he presence ofsall ecological sites (e.g.,

wet meadow), called inclusionare often not specifiedFinally, mapping

errors can be common in remote areas

For LCF projects, mostological systemsachcontain one and usually several
ecological siteg-or example, one can find up to four different ecological sites
dominated by mountain big sagebrushriemisia tridendatespp.vaseyanain

a Great Basin mountain rangglthough these ecological sites may differ in soil
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type, slope, aspect, elevation, and dominant grass species, they would be
lumped into one ecological system called montane sagebrush steppe with
approximately consistent fire regimes in an LCF projatso, and critically, it

is not possible to separate these ecological sites by remote sensing without
walking over the entire landscape because spectral characteridtite stes
may not be distinctivesometimes even between ecological sites with
different dominant shrub specieSoil surveys, therefor@re useful to obtain

a list of ecological systems and a description of the vegetation, soils and
topography Sometimes information is provideas conceptual statand
transition models that give some indication of broad succession classes and
patterns of degradation.

The otherprimary source of maps of ecological systemmostly reference
vegetation classes, arsimpleSTSMs for reference vegetation classes is
LANDFIRttps://www.landfire.gov/). LANDFIRE has mapped different
vegetation layers of the entirdSat 30-m resolution since 2007. To download
from LANDFIRBneuploadsa shapefileof the project boundaryo an
interactive web ma@nd downloadsgeodatafor the project areaThis process
will reveal the identity of the ecological system (biophysical setting), the
current vegetation class (existing vegetation class), and many other
vegetationderived dataets(Rollins 2009)Knowing the region of mapping,
one can then download from the LANDFIRE website the comprehensive
description of each ecological system and each reference vegetdteg and
description of dominant disturbanaegimes and the fire return intervals for
surface, mixed, and higbeverityfires. Moreover, one can download the
reference STSMs for each ecological system

LANDFIRE STSMs only represent the reference condition and have simple
dynamics by desigiManagement models will be created by adding human
caused (uncharacteristic) vegetation classes and disturbances, and more
complex dynamicd-or example, a LANDFIRE STSM contains at most 5 boxes,
whereas many LCF models have >15 baxelsharbor complicated
relationshipsand temporal variability input needed to represent real
management and climate variabilitfor new projects Wwere management
STSMs have not alreadydyedeveloped, LANDFIRE geodata and models are
perhapsthe best way to start a project knowing that modeling enhancements
will be required

Remote Sensing Crib Sheet
¢KS LINP2SO0 SO02t23A2a0Qa FANROG adomaidlyiirAodS 220
LANDFIRE geodata, existilggcriptionspeer-reviewed literature, grey

literature, and expert opinion to write comprehensive desiption of

ecological systemsheir vegetation classesnd their numerical and letter

codes Comprehensive, however, does not mean verbdseaddition to the
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comprehensive vegetation description, the project will also need a vegetation
description crib sheet that the remote sensing specialist will use in the field to
rapidly identify ecological systems and their clasaesd find codes to write on

a recording deviceCodes must be sufficiently short so that they can be quickly
recorded on dablet computerin a helicopter In bothcasesthe ecological
systems and vegetation clasgaatch one to one with the classes in the
STSMsDepending on the size and ecgloal complexity of the landscape, and
document formatting, a&omprehensive description can @@ pagedong,
whereasthe cribsheet might be25 pages

Some care must be given to the writing of the vegetation description as all
stakeholders, including those that could litigate, will rely on the document to [y
dzy RENBEGF YR GKS YI LA (KFdG dzyRSNIAS (KSH
management actionsThe summary description of the ecological system must ‘
contain specigéifeform group composition, soil, and topographic information
that a reader carasily relate to, and the most likely NRCS ecological site
names should be stated for crosswalk by range ecolegidoresters Within

an ecological system, vegetation classes nestutually extusive inat least

one aspect of covetn shrublandgor example a single breakpoint for shrub
cover, native grass cover, tree covernhon-native grass coves sufficient to

create mutally exclusive classeBhose breakpoints must be clear and listed

first in each class descriptio@lass descripti@should preferably contain

cover breakpoints for vegetation groups (e.g., native grass cover, conifer cover,
sagebrush andhountain shrub covermndnon-native annual species cover)

while avoiding speciespecific breakpoints (e.g., Thurber needlegrass cover,

low sagebrush coveRussian knapweed coyamless truly necessary.

Our style for naming vegetation classes has improved in the last 11 years by
adopting shorter and more structured codes of class names that alphabetically
separate reference classes from uncharacteristic clags@able 5, we

present a few of many classts Wyoming big sagebrush on upland soil to
illustrate coding and mutually exclusigevercharacteristis:
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Table 5. Example of vegetation class codes and descriptions.

Code Description Comment
B Mid-open: 10-19% cover of big Reference class of mgliccessiomsing LANDFIRE
10804022 | sagebrush and other shrubs; Vs terminology. The numerical code 10804 represents big
herbaceous cover; 289 yrs sagebrush shrubland (1080 from LANDFIRE) on upland s
also supporting pinyon and juniper (&he numerical code
022 is the unique class code far®gether the code is
10804022
C LateXclosed 20%39% cover of big | Reference class of lawiccessiomsing LANDFIRE
10804030 | sagebrush and other shrubs;-20% | terminology. The mutually exclusive attribute compared to
native herbaceous cover; 40 yrs | previous class is primarily the shrub cover.

U-B:Depleted | Depletedmid: 10-19% cover of big | The mutually exclusive attribute is the loss of the
(aka:BDP) | sagebrush and rabbitbrush; <5% herbaceous understory compared to clas§ Be shrub cove
10804203 | native grass cover dominated by is identical to that of class. Because the class is

bottlebrush squirreltail and uncharacteristic, the name code starts with the letter U
Sandberg bluegrass; <5% noative | followed by the succession ag®]: therefore, the first part
annual species; >20% mineral soil | of the code is tB. The current vegetation is depleted due t
and litter cover the lack of understory, thus-B:DepletedIn the field,the
NBY2(GS aSyaiy3a O2yidNI OG2NJ

U-C:Depleted| Depletedlate: 20-39% cover of big | The mutually exclusive attribute is the loss of the
(aka:CDP) | sagebrush and rabbitbrush; <5% herbaceous understory compared to clasg e shrub cover
10804303 | native grass cover dominated by is identical to that of class C and greater than that of clasg

bottlebrush squirreltail and or U-B:DepletedAs justified above, the code becomes U
Sandberg bluegrass; <5% noative | C:Depletedin the field, the remote sensing contractor use
annual species; >20% mineralsoil | i KS A K2 NI KIFyR &/ 5t ®¢
and litter cover
U-B:SA ShrubAnnualSpeciesopen: x fo This class is nearly identical to clasB:Depleted, except in
(aka: B SA) | cover nonnative annual species; one mutually exclusive attribute’s% annual species cover
10804221 | 10%19% cover of big sagebrusharf . SOl dzaS G KS OflFaa A& Yl Ayt
other shrubs; native grassesrare |y | GA @S ' yydzZ f &aLISOASE dzy RS
@S3ASGFGA2Y Aada a{! o¢
U-C:SA ShrubAnnualSpeciesclosed x po This class differs from-B:SA by hang agreater shrub
(aka: C SA) | cover nonnative annual species; cover, a mutually exclusive attribute
10804321 | 20%39% cover of big sagebrush ar
other shrubs; native grasses rare

Naming and codingcologdcal systems and classes depemdtheindividuals involved, butve highly
recommendthat you build logical and structuralyefinedcodes and name&umerical codes need to
be ofthe same length, which aredgit numbers in our recent projecté&fpendix J.

23



Chapter3 Mapping Vegetation Layers

The quality and timely delivery of remote sensing products can make the difference between a good or
frustrating, even failed, LCF project. Great care should be taken to select a remote sensing specialist
with both field experienceincludingthe use of electronic devices, and interpretation experience that
understands the fundamental difference between walwall mapping of two map layers (i.e., making
maps), which LCF requires, and interpretation of repeatable features, which is instifiicie CF
processing. Moreover, it helps tremendously if the remote sensing specialist has expedienitiying

local vegetatiorusing spectral signaturgeven if a local expert is there to assist with field identification.

CAImeNE b/ 4l YR NBY20S asSyaiyd O2yidN: OG2NI ARSY s
@838 iidiol2gma ST ISNE ALISOGNI f &A Iy (DoRNEREFIRBYNI a 8 dzg 6 S
2 | AKAY3IG2y Q8 &d2YYAG AYbRNBIG . F&AY bla2ylf tFNJ

In LCF pregts, the models and, thereforéhe vegetationdescriptiors determine what the remote
sensing specialist needs to m&aid differentlya prioriremote sensing classification does not
determine what is identifiedlf a landscape has 25 distinct ecological systems and an average of 10
potential classes per model, then about 2B@oreticallypossiblesysteniby-class combinations can be
classifiedalthough far lesare expected tde found Manyremote sensing specialists do rantticipate
being responsible for the detection of 250 classes and many of them are not trained to follow this
methodology It is critically important thathis key aspect of the wothe made crystal clear tcandidate
remote sensing contractors or staffloreover, the candidate remote sensing specialigt need to be
informed that identical spectral signatures can represent different sydigrolass combinations

different watersheds, including adjacent watersheds, ttugeology, and thabne systersby-class
combinationcan haveverydifferent spectral signatures, again due to soil color and, therefore, geology
All these difficulties imply that LCF remote sensing cannot be adequately completed without extensive
field surveys that covea significant proportion of the entire project area

Choosing the appropriatenagerywill help answethe Y y I 3 SN a |j dzS & GiAKRS/ ALINBYRS Gind
budget Imagery can beollectedfrom a satellite oraircraft. LCF projects are completed with satellite
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imagery because it provides consistent spectral signatures over the entire
project area and is cheaper to analyze than aerial imagesyial imagery
consists of strips of higresolution photography taken from a plane
spectral characteristics are not necessarily consistent among strips and
thus require more analysis to interpret. Satellileageryis sold adifferent
resolutions and by the square kilomet®&ifferent corporationsaccess
different satellites that have distinct spatial resolutiomgpicallyexpressed

in meters (e.g., 30 m, 5m, 4 M5 m, 1.4m, or 50 cm)

If a project is not well funded, thugquiring free imagery, andf the funder
is comfortable with coarse imagery analysis that may not be appropriate
for projectleveldesign, then 36n Landat or 10-m Sentineimagery may

be satisfactoryLandsat is generally not appropriate for projesattempting
to address wildlife objectives becauspatiaNE a 2 f dzi A 2y OF yy 2 U
important habitat features that are small, such as wet meadows and "
narrow riparian corridorsSentinel imagery is clearly more desirable as
more will be seen, but small systems will still be missed; therefore, project
objectives should focus on management of common systems.

Since2016, the sweet spot for LCF projehtss beerbetween the Spo6/7
satellitesat 1.5 m for $7er km?. When projects can afford imagery and
need to detect small vegetation features and dispersed trees, the @fot
imagery is ideal and affordable compared to other satellites in the meter
range that are priced at >$3fer km?. Amaximumresolution of 5 m is
necessaryo address greater saggrouse management objectives because
wet meadows, which are critical to the species during-fateod rearing,
would often be undetected at coarser resolutidut detection of
encroaching and dispersed trees is difficult ahFesolution without use of
supportingNational Agricultural Imagery PrograiMAIB aerialimagery
which is free collected every 2 yearandK I & | &L} GAl.f NB&?2
Notethe 5m RapidEyelatform is now decommissioned.

LCF remote sensirigexorably followsa timeline The date of the firsfield
survey sets the pace for all prand post-milestone datesThe first field
survey comes two to three weeks after satellite imagery is captured and
delivered to the remote sensing specialifhe imagery must be captured a
few weeks after peak primary productivity (i.e., allow early senescence);
otherwise the infrared reflected light will dominate the entire imagery and
not allow separation of systerhy-class combinationg-or example,rthe
Great Basin, likely capture dates direm the second to third week of Jen
depending on drought levels and maximum elevatitme first field survey
can start as earlgsthe last week of June up to the second week of July
although field work can extend into the first week of August during busy
field seasonsDepending on the size of the project area, a field survey lasts
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from about seven days for small areas (e.g., 16,187 ha or 40,000 acres)
to two weeks for larger areas (e.g., 323,749 ha or 800,000 adiles)

goal of the field survey is to find reachable examsjpleeach unique
spectral signature, preferably minimum offive examples of each

unique spectral signature

During the development of LCfe remote sensing contractor
gradually changed the field survey methodolagyncrease the

number of dispersed ecological system and current vegetation class
observationslinitially, the remote sensing contractor and Nature
Conservancy staff visitadaditional training plotdn areas with unique
spectral signatures, where all detailed cover values for cover groups
and dominant species were recordegbten supplemented withad hoc
road and hike observation¥he problem wth this approach is that too
few training plots can be visited in a reasonable amount of (&
plots for the entire landscape) and most of the data collected, except
the identity of the ecological system, current vegetation class, and
context observations, are unnecessabyer the years, the remote
sensing contractor realized that the number of observatwts, each
containing few observations and photographs, was far more valuable
than the quantity of data collected iachtraining plot to map
vegetaton accurately With this realization anthe availability of
ruggedized GPSnabled tablet computesthat couldsupport remote
sensing software and imagergur methodology shifted to
accumulating thousands dfiving, hiking, and helicopter observations
widely dispersed in a landscaferiving observations are obtained by
visiting every passable paved and dirt road, which requires a narrow,
shortwheeled basehigh-clearancefour-wheel drive truck with at

least class C tirdsix wheels, including two sparégs)the Great Basin
Picking a field truck is an important decision because project objectives
and road attibutes dictate the equipment neede&or example,
working around minesvhere greatersagegrouse are presenneans
that field trucks must be MSHA (Mine Safety and Health Act) and
mining company compliant, thus will needtdlags, DOT reflective
tape on three sides, fire extinguishees)d many other enancements
Over the last 10 years, weve foundthat light truck tires with as

many plies as possible are the most important parts of a-felueel

drive truck Foraerial work ollecting helicopter obseations requires
that the remote sensing contractorelimmune to motion sicknes3he
new approach allows us to map vegetatimore accurately and
precisely in a very short amount of time because egrctup of
observatiorsis obtained very rapidly
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The first field trip yields the bulk of observations that will lead to the first draft
and incomplete ecological system and vegetation alaap layersfrom which
areas requiring more observatiofier unique and ambiguous spectral
signaturesare identfied. These draft map layers are not deliverables, but
simply tools to lay out more georeferenced points to visitour work, the
contractor works two to three months on the draft maps before a second field
trip is conducted, usually in October @arlyNovember(snow risk it too high in
the central and southern Great Basin aftdsout November 1€).

The unofficial term to describhis method of remote sensing analysis after
FASER RFGF NS O2ttSOGSR A& GAGSNI GAOD
of approximately similar spectral signaturétew field data is used to partition
(= busting) subtly different tones of color and textures (= cluster) with
increasing number of steps (= iterativ&his method is based on the analysis of
pixels (of adjacent pixels), which is a traditional approach, whereas other
remote sensing experts might abse more recent objedbased image analysi
We tried objectbased analysis and it failed (88% of classified polygons were
wrongly assigned) because the complexity of Great Basin vegetat@riarge
areasproved too great, spectrally inconsistent, and irregular to build
repeatable search patterns

The second field survey we conduct resembles the first field trip, except new
and specifiareas are visitedlrhe duration of the field survey is the same
length or a few days shorter than the first artollowing field data acquisition,
the remote sensing contractor will use the entire set of observatiorfgish

the map layersThe last step can take three &éghtmonths of intense imagery
interpretation.

Although the current SBim software uploads two distinct map layers for
ecological systems and vegetation classes (called State ClasseSinm) 3/
prefer the remote sensing contractor deliver a single map layer (GeoTIFF
format) where each pixel is attributed by a combinationaofecological system
with avegetation classCombining both attributepreservesttributes during
guality control and resampling of pixels from the original resolution to a
coarser resolutionResampling may be necess&mjimprovecomputer
performanceand to ensure thaSFSimcomplete spatial simulationis a
reasonablenumber. After theseGlSoperations, the sing map layers can be
split into separateecological system and vegetation class map layers.
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Chapter4 Building Stateand-Transition Simulation
Models

General Concepts

tKS &4SO2yR adaé¢ 2F [/ CQaA oaa Aa Y2RStAyNaEre s KAOK A&
Conservancy ecologists. Each LCF project team must have at least orengtagnsition modelerand
someonewilling to model should learn either from experienced staff using existing models or receive

basic and advanced training. For example, ApexRMS Ltd., the creatorSiofi Saftware, periodically

offers basic and advanced trainiagd providesnline documentation and tutorials
(http://www.apexrms.com/stsm).

Ny
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The LCF process includes the simulation of management scenario®unspgdictive STSM(state-and

transition model)for each ecological systemapped by remote sensingeviewed in Daniett al. 2016
and Provencher et al. 26lh). An STSNis a discrete, boand-arrow representation of the continuous
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variation in vegetation composition and structure of an ecologigatem
(Westoby et al. 1989 Examples o§TSMsire shown in Forbis et al. (200fr
mountain bg sagebrush from eastern NevadaProvencher et al. (2@) for
Wyoming big sagebrush upland gravelly loam in Utah and buffeldfaseus
ciliarig in Arizonaand below irFigure 7. Different boxes in the model belong
either to: (a) differentstates or (b) differentphaseswithin a state States are
formally defined in rangeland literatur&\(estoby et al. 198Bestelmeyer et

al. 2004) as: persistent vegetation and soils per potential ecological sites that
can be represented in a diagram with two or more boxes (phases of the same
state). Different states are separated Iiyresholds A threshold implies that
substantial management action would be required to restore ecosystem
structure and functionUnlike thresholds, relatively reversible changes (e.g.,
fire, flooding, droughtandinsect outbreaks) operate between phases within a
state.

Predictive models for ecological systems incloddtiple different types of
vegetation classes: reference and uncharacteridtisses(e.g., sed-igure 7.
Theclassesfprea SG G f SYSy G @S3aSalradazy IINB SIO
successiomeferenceclassesAt their core, therefore, all models have the
reference condition represented by some variation around tH&-@&D-E
reference classes originally developedU®ANDFIRERollins 2009)The AE

classes typically represent succession, usually from herbaceous vegetation to
increasingdominance bywoody species, either shrubs or tre&aid another

way, the AE classes are different (successiopaBseswithin a single
referencestate (Figure7). The AE class naminig oftenmodified, however, to
reflect more logical levels of succession age with alternative closed and open
canopy structuresFor example, we develop models the Sierra Nevada

Jeffrey pine systerwhere A, B, and C represent, respectively, eanyd, and
late-successionThe B and C successjosthways ardurther split into open

and closed canopy structures.g, Gclosed and @pen), whereas these same
classes are coded as E and D classes in standard LANDFIRE ternuiselogy
the exact LANDFIRE terminolagyur workendedbecausét did not separate

the concepts of succession and canopy structure
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Phases within Reference state

A B C
All % Open n Closed
0-24 25-115 | 1204+

U-A u-8 u-C uU-D
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0+ 25-119 120+ 195+
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Early Shr... - - —+ Early Shr... — » Early Shr.. e I
0-24 25- 119 120+ classes

U-A U-B U-C
Unpalat... » Unpalat.... # Unpalat....
0-24 29-119 125+
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A airrent landscape containsative and nomativevegetation classes (in many ecological systems) that

would not be expected under natural disturbance regimes, and,tosld not have been present in

reference conditionsd.g, a shrubland invaded by nerative annual speciesyhese noreference

Of aasSa INBX GSNXYSR dzyOKIF N} OGSNRAaGAO oa) é0 OflaasSa
therefore, predictive models also include the full range of uncharacteristic classes in the project area

needed toaddress objectives he two main categories of uncharacteristic classes compuigent

vegetationthat resulisfrom:

a 5A40d2NblyOSa 0Se2yR ¢gKIFIG ¢2ddZd R 0S O2yaARSNBR a
not (e.g.,invasion ordominance by nomative grasses, depleted understories of shrublads,
incised/entrenched riparian aregsor

b. Purposeful actions by land managers to manipulate or alter vegetation to meet specific
management objectivesuch as seedings with introducefecies to provide forage for
livestockor habitat forwildlife.

Predictive models for ecological systems also include arrtraussftiong among classes that represent
several types of pathways including:

a. Vegetation succession (the passage of time), whitfadtionally deterministic(arrows

emerging or leaving from sides of boxes$-igure 7, but can be modeled probabilistically
(arrows originating and ending at top or bottom of boxas)wehaveconsistently doe since
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2021 and

b. Disturbancegarrows emerging or leavirfgom topsor bottoms of
boxes inFigure J that can be represented by:

i.  Natural ecological processes, suctsascessiorijre, or
flooding;

ii.  Uncharacteristic disturbances, such as annual grass invasion or
livestock grazing; and

iii.  Active management treatments, such as mechanical thinning
or prescribed fire.

Models can be developed by either using and updating existing models (simple
andeag approach)or creating new model<reating new models requires
research on disturbanceegimes some of whictare described in ANDFIRE
modeldocumentationdownloads We have built libraries ofmanagement
STSMsapplicable to different areas of Nevada, westélttah, and eastern
California that are recycled for each new projée., Low et al. 2010,
Provencher et al. 2012016 2021, 202b). Other parts of thdJSoften do
not have such management STSMs.

In past LCF projects, n@patial modeling was generally conducted because
there werefew explicit spatial questions that justified the increased difficulty
of spatial modelingNonspatial modeling means that each virtual pixel
0SKI @Sa AYyRSLISYRSyiGfte 2F 20KSNH
Nonspatial and spatial STSMs share the same foundationahbdarrows
models and many peripheral data. Spatial modeling invahdetitional spatial
tables and map rastettbat require more work andpatialanalysisexpertise.ln
the past, engaging in spatial modeling was substantiadiye difficult than
non-spatial modeling, whereas today the difference in difficulty is less
pronouncedif one uses software such as-Sim For western practitioners, the
YSSR F2NJ aLlk dArf Y2RStAy3a KIaonAyONB!l a
wildlife species managemern(g.g.,greater sagegrouse and mule degrweed
invasion and control, and landscafevel fire management. Wildlife
management relies on a species habitat suitability, wkiepends o distance
calculations between natural and anthropogehabitat characteristicsNon
native speciefnvasion and fire management focus on spread of weeds or fire
to adjacent areas and successful control or containment is deployed
strategicallyusing mapsOnly spatial modeling can address such issues because
rastermapsbecomethe basis for analysis.

Model Building

It is not the goal of this handbook to teach how to cre&ESMsas training is
available for specific softwarédvice, however, is offered on how one may
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approach model buildingdifferent modelerswill likely have varying steps of
model building, which reflects the splittes. lumper preferences based on
existingdata, viewing the entirety of a system before even adding one box to
G§KS Y2RSt X | yR sHicignt detdidaigect cBsRN T 2 NJ
experienced modelecompetent in the local ecologsan complete a model for
a new system in one to four hours depending on model complekhg

fastest way tanodelis to reuse an existing model and updaté/fithout a
model to copy and insufficient data, it can take two days to build a model of
moderate complexityAccess to existing models becomes importang.,a
typical Great Basivalleyto-crestlandscape may contain 280 ecological
systems.

In the Intermountain Wesivhere soil moisture is the most limiting factor,
ecologicabystem structure and correspondingnodel structures, fall into
severalgroups that arestructurallysimilar, while having differendisturbance
regimes Knowing these groups allows one to buikdelsmore rapidly
because of repeatable featuresd ability to copy existing modegla
convenient editorial feature of S$im).The groups are

a. Grassland/meadow Often a simple thredox model (four boxes if
water-tolerant subalpine or uppemontane conifersare present later
in succession) for successional reference classesisting of an initial
short, postdisturbance phase, followed by a longer graminoid
dominantphase(often the most desirable phas#)at transitiorsto a
woodier graminoiddominant phase without fire or flooding. This
model structure has been used for low elevation sandy soils {semi
desert grassland), wet meadows, and subalpine meadowsiplahd
grassland.

b. Subxeric shrublandThere are two major types of general subxeric
shrublands: (alow-elevation mixed salt desert scrub and (b)
sagebrush models.

i. ¢KS 2LINIGABS $2NR Ay YAESR
best describeshe lumping ofvery different ecological
systems found on saline and sodic sthikst appear as similar
gray-green nondescript vegetation to uninformed visitohs
the Great Basin and Mojave Desert ecoregions, these systems
are the dominant vegetation anlgave not evolved with fire
due to the scarcity of fine fuglin many cases, two to three
succession phases form models but it should not be assumed
that succession is lineaas in the case of shadscakdr{plex
confertifolig-dominated communitiesSoil differences
account for the variety of ecological systemAéhough
succession classes are few, the duration of many classes,
especially older ones, can be as long as several hundred years

32



ii. because of the absence of fife.g., winterfat
(Krascheninnikovilnata)-dominatedcommunities) The most
important standreplacingdisturbancein these systemare
either flooding in valley bottoms or persistent high soil
moisturecaused byery wet years.

iii. Alarge class afhrublandmodelsare dominated by a
sagebrush specieSubxeric onifer establishmenbccurs if
sufficientsoil moistureis present, generally above ti€-inch
(25.4cm) precipitation zoneModels \ary from three-box to
five-box mode$ with a consistent successional pathway: early
successional vegetation withmixedherbaceousstructure
after stand replacing events, miliccessional open structure
with plenty of grassnd increasing sagebrush coyand late
successional closethnopy sagebrush. If trees can find enough
moisture, a fairth class will support young trees resemblig
2F0Sy OFf (-ERE&/ IKNRFESYd al vy R | &
canopy class with usually conical trees and a viable understory
during the reference phase

c. Subxeric woodland The classic subxeric woodlanad¢@nposed of
pinyonor juniper with a straight foubox, opencanopy successional
pathway ending with old to ancient tree3uniper savannas with
relatively grassy understories found at low elevations on poor soils
that experience monsoonal rains can also fit the subxeric woodland
model structure However, cudeaf mountain mahoganywhich is not
a conifer,is also a common subxeric woodlathét hasslightly
different structuresthan pinyon and juniper woodlasdn both open
and closeecanopy forms. Sometimes pinyon, juniper, and clelaf
mountain mahogany are intermingled and form a different community
type on carbonate (limestone and dolomite) geology

d. Rparian: Riparian systems are found from the subalpnome, to
montane, and bottomlandThey are inherently heterogenous and
difficult to modelbecause, in reality, they are best represented by
multiple parallel successional pathwayd vy I SND & |j dzSa i A 2 Bl
part determine the simplest structure needed to answiee
guestions.The simplest model is a thré®x model that omits all the
ecological complexity, except for a messy eatlgcessional phase
resulting from staneteplacing flooding, a shrublpjosedcanopy
phase dominated by willows with cottonwodBopulusspp.)growing
through it, and a third phase dominated by riparian trees, generally
cottonwood A more realistic, but complex, riparian structuweuld be
parallel successions for will@fthree linear boxes), cottonwoad
(three linear boxes), wetlargdandriparianshrubs. Two uncommon
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e. hybrid systems between riparian and montane woodland can also be
modeled with thethree-boxriparian structure although we prefer
montane woodland structuree.g. riparian ponderosa pine and
riparian Jeffrey pine

f.  Mountain shrubland Mountain shrubsare valued as browse, primarily
for mule deer but are also sought out by greater sag®use
(Centrocercus urophasianu®r nesting These systems at@th
difficult to delineate by remote sensing mapping because they may
containmountain shrubspecieghat can resproupostfire and
mountain big sagebrusi\(temesia tridentataspp.vaseyanathat
cannot The following species can form these systebitah
serviceberry Amelanchier utahengjsantelope bitterbrushFurshia
tridentata), alderleaf (true) mountain mahogangércocarpus
montanug, Stansbury cliffroseRurshia stansburianalittle -leaf
mountain mahoganyGercocarpugtricatus), desert almond
(Prunudfasciculatd, Dixie live oakQuercus turbinellpand Gambel
oak Quercus gamba). Resprouting completely changes model
dynamics The succession pathwaye favorconsists of four boxes,
starting with a rapidly resprouting but short-Blyears) early
succession clasa closeecanopied midsuccessional class (which is
always open in sagebrush systems), followed by two classes occupied
by increasingly older pinyon or junipirat quite never close the
canopy Three species may not fit the resprouting madeambel oak
which is more a small tree than a shrigosufficiently distinct to be
modeled alone or as riparian vegetation (see above) and usually does
not have a pinyoguniper phaseStansbury cliffrose and antelope
bitterbrush do not generally resprouaifter fire, but both have a pinyon
and juniper wooded latesuccessional phas&hey may need their own
distinct models. Unlike for resprouting species, the absence of
resprouting after fire does not guarantee that systems invaded by-non
native annual species will transition to the rgdccessional phase;
therefore, they can geidstucké in anannual species grassland@osed
successioffiorbland.

g. Aspen Aspenis found in three major types: aspen woodland (a.k.a.,
stable aspen), aspeconifer (a.k.a., seral aspen), and aspen scrub
which is a stunted form of aspen woodlagspenconifer is a simple
linear fivebox model where the last two classes are increasingly
dominated by various montane conifers, such as white fir and Douglas
fir at montaneelevationsand limber pingPinus flexilisor Engelmann
spruce Picea engelmanniat subalpine elevationg fourbox model
may suffice for aspesubalpine conifer)The first three boxes are
identical for asperconifer and aspen woodland, whereas the fourth
and finalbox of aspen woodland more openElevation, soil type, and
distance from monsoonal precipitation appear to separate aspen
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h. conifer (wetter, more soil moisture and closer to drainages, montane
elevations, more monsoonal rain) from aspen woodland (higher
elevation, perched off mountain shoulders or at slope breakpoints,
less to no monsoonal activity), therefore determining i flourth box
is aspen woodland or the first phase of conifer dominadapen
scrub is entirely found where snow accumulatieg to wind
deposition off mountain ridgeand persists into the growing season
Snow persistence and soil saturation due to sn@Mraupport the
water needs of aspen but alstunt growth The first two boxes of
aspen woodland approximate the entire successional chain of aspen
scrub, but the second suessional box of aspen scrub can be quite
old, but not appearold due to the short stature of trees

i. Montane conifer Montane conifersnclude common community
types such as ponderosa pirféifus ponderosaasternNVand
westernUT), white fir(Abies concolgrDouglas fir, and Jeffrey pine
(Pinus jeffreyiwesternNVand easterrCA. These conifer types all
share the same fivldox model structure with an eaHsuccessional
class bifurcatingnto two parallel open and closed midnd late
successional classda some geographies, such as the Sierra Nevada,
the nonserotinous lodgepole pinPinus contor) and California red
fir (Abies magnificpalso follow this structure in the uppenontane to
subalpine zone

j-  Subalpine coniferQubalpine conifes represent several community
type specieshat may not have the same model organization:
Engelmann spruc&ocky Mountaifodgepole pineSierra Nevada
lodgepole pinelimber pine,mountain hemlocKTsuga mertensiana
whitebark pine(Pinus alizaulig, and bristlecone pinéPinus longava;
dry and mesic formsJor many of these species a thrbex linear
structure works, however, a more general fduwx structure
addresses the ecology of Engelmann spruce where the fourth box is a
mid-successional class of open canopy parallel to the cloaedpied
mid-successinal class

k. Alpine: Alpine can be deceptively simple because vegetation structure
does not appeacomplex, but various alpine systems range from low
sagebrush shrubland, stunted rocky forbland, patming shrubland
and wet stunted willow shrubdn the Great Basin, low sagebrush
alpine expressed as a twWmx model is the most common, but alpine
is more complex in the Sierra Nevada and Rocky Mountains

Model structure guidelines presented above are only about reference
vegetation classe\ full management model also includes uncharacteristic
vegetation classes, which are often the only classes that are treated to reach
different managemenbbjectives For example, the Wyoming big sagebrush
modelthat we used for comprehensive managemeniNivand UTwas
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composed of 53 boxes, of which only fivere reference classeés a rule of thumb for the
Intermountain West, systems found at uppe&ontane and subalpine elevation or foundsemidesert
elevations have fewer boxdthus fewer uncharacteristic clasg¢ban midelevation to lower montane
elevationsystemsThe uncharacteristic classes reflect different management legaeigshistoric
overgrazingandfavoringcertainreference classesjnvasion by nomative species, and intended
contemporarymanagement actiong(g, seedings)Models become large when successie combined
with uncharacteristic classgsuch as including nenative annual species invasidrigure §.

v | I
é A: Early- B: Late- C: Late- . .
2 g | succession [* Succession [ Succession Reference Pathway (Shrubs + Perennial herbaceous species)
23 1 7 I
o O - -
=2 | u-asap uBsap | | U-csap Uncharacteristic (U) Pathway
F B ™
g 1 [ |

SAP = Shrub + non-native Annual Species + Perennial grass species

CAIdyWeNBVSTFSNBYOS yR dzy OKIF NF OGSNAR&Aa O LI Kol &a Af
Kdzy1tOy dza SR LINPOS&daSa NS | RRSR® ¢KS dzy OKI NI Of

LI 6Kgleda SE@EBIBSIKY§ydyyey allSOARE RFOHRERE | PR OS QD dzIL
2F yRyg@S FdzSta aRBESN Eya SiNg$ t NS
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structure should exactly match the systems and classes mapped by remote s@hsimgext step is to

work on various pathway#\ great focus of this step is to first focus on disturbatbat account for

most of the variabilityn vegetation dynamigdut that are not management actions (more on that

subject later) A typical ecological system rarely has more than six to semesequentiatlisturbances

(Table 6).

Table 6. Common influential disturbanc&s Intermountain West STSMs.

Drought dependent
Annual grass invasion
Severe dought mortality
Insect and disease mortality
Fire (surface, mixed severity, replacement)
Treeestablishment irshrublands
Tree encroachment of shrublands
Very wet year mortality
Wet year recruitment
Floodingdependent
Exotic forb and tree invasion
Flash flooding in dry washes
Hood evens of different intensigs
Livestock grazing
Cattle grazing
Domestic sheep grazing
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Wild or feraf horse grazing
Native herbivory

Native browsing

Native grazing (primarily elk)
Thermalenvironment

Aspen clone mortality from second spring free.

Subalpine average temperature
SnowWater-Equivalent

Avalanches

Snow Depth

#Unbranded and unclaimed horses that are not considered federally
managedwild horses from designated Horse Management Areas.

In the westernUS fire and flooding, respectively, agenerally
the most consequential disturbaas for upland and riparian
systemsFireand flooding arenaturak disturbance because
they existedbefore European settlementalthoughboth can

be altered by human activity. When building models, one
needs to differentiate between the disturbances (arrows in the
model) that are inherent to the reference conditioa.g, fire,
insect outbreaks, and flooding), which generally occurred pre
European settlement in North Ameri¢and perhaps in
Australia and New Zealajdind the disturbances that only
exist because of human activity/accidents after European
settlement €.g, invasion of nomative speciesplantations,

and livestock grazing). Iti@teworthy that reference

conditions existin naturally functioning systems after
European settlement.

The first part of adding disturbances to any model is to get the
reference condition corre¢ctwhich usually starts with fire or
flooding.Knowing reference parameter values of disturbances
is important because one can thguessor adjustthe

parameter values of the same disturbances in uncharacteristic
classeskFor example, the reference lamiccessional class
without treesof Wyoming big sagebrush might havenaan

fire return interval of 75 years. If this class is only invaded by
cheatgrass, thus becadngslightlymore flammable, we

adjusted the mean fire return interval of the shrub with annual
and perennial grasses class to be about 60 years by multiplying
the probability per year of the referee classq.01333 =75
yearst) by 1.25 (0.01666 = 1.260.01333 = 60 year$. In this
example, an adjustment factor of 1.25 might reflect field data
or expert opinion. Sometimes such adjugntsare the only
wayone can build models in the absence of more data.




Non-spatial and Spatial Questions and Simulations

Before 2013, spatial simulations were hard to condeag.,Provencher et al.
2007)and, as a resultye nearly always conducted simulations with then-
spatialVDDT software from ESSA Technolo@@esikema et al. 2003In 2012,
ApexRM&td made available the SFim softwardghat gave modelers the
choice between nosspatial or spatial simulation®aniel et al2016) With the
availability of powerful laptops, servers, acldudcomputing, spatial
simulationsbecamefeasible.The ability to upload vegetation raster maps into
STSim and run complex spatial simulatiomas a game changgbut

additional datawere requiredto support fire spread, define disturbance size
distributions andspatiallyconstrain disturbances such as livestock grazing
within grazing permitgind treatmens, roadless and wilderness areas, slopes,
and so onProvencher et al. 202). Sincewe havenot conducted norspatial
simulationsexceptto test the models for errorand obtain the norspatial
reference conditiongProvencher et al. 2024 The types of extra data needed
to run spatialkimulationsare discussed in thiollowing section

If a project does not have a need for spatial simulations to answer a question,
simple nonspatial simulations should provide a good approximation of the
real spatial processvhile offering less practical outp(é.g, charts) compared
to frequencymaps of treatment implementatiorEstimating norspatial
reference conditions is one examplkerévencher et al 2008, 2013, 2021; Low
et al. 2010Blankenship et al. 20)8Vlanagers want spatial simulations
because they produce probabilistic raster maps of aliudbances, especially
where treatments were placed in the project arly STSimgiven all the
constraints for implementationSpatial simulations are essential when project
objectives focus wspatiallyexplicit processewhere the distancseto mapped
featuresarerequired to estimate a valusuch as species habitat suitability
(Provencher et al. 202), hydrologic processgfrovencher et al. 2@),
sedimentation risk after fire (Badik et al. 2022)d social tolerance to local
treatments
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Chapter5 Basic& Advanced Modeling Features

Se@narios

LCF was created to test alternative management scenafios standard template based on the federal
NEPA process is to compare ardithing (control) scenario to one or more active management
scenari®. A scenario is the implementation of treatments over the duratibthe simulation expressed
in area per treatment and per ye@éfigure 9. A scenario can represent a theme (e.g., only use
prescribed fire) oincludeall treatments a manager may want psopose

Bullwhack Sumit."Credit: T. Forbis

| it e ol Truckee River, McCarran Ranch. 2006. Credit: L. Provencher
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A special scenarig the simulatin of Reference Conditi®) also called the NaturBange ofVariation
or HistoricRange ofVariability Hann and Strom 2003; Blankenship et al. 2015; Swaty et al. 2022;
Provencher et al. 2024. This scenario is special because there @gno treatments allowedand(b) all
post-European Settlement disturbansare excluded from simulatiorisy setting their rates to zero in
the Transition Multiplier mentof STSim(if used in a more complex management modedfeRence
conditiorsare needed to estimate ecological departui@ each ecological system the current and

I Themain interfaceof the simulation softwarésFSim contains tabs with nested options that allow entries and
import/export of Microsoft Excel filesThese tabs are menuSimulations are built with the entries in the menus.
¢tKS&aS YSydzza INB y2 RAFFSNBYyG GKIyYy lye 2G0KSNJ a2Figl NBQa
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future (i.e., simulated) yeardlann and Strom 2008 rovencher et al. 2008
Blankenship et al. 20)5Usually, the reference condition scenario is fion
spatial, but more compleand interestingspatial versions have been
developed(Provencher et al. Za).

Management Objectives

To define scenarioshe modeler(s) will need to know the guiding
management objectives of project stakeholders, usually land managers.
Guiding management objectives are short, general, and shuutberless
than ten(e.g.,Table 3. They should be concordant with agency objectives

from Bureau of Land Management Resource Management Plans, US Forest

Service Foredlans, and National Park Service Natural Resources
Management Plans, fire management plaasd state agency Wildlife

Management Planssuiding neanagement objectives provide project clarity to

partners and, as a public domain document, offer transparency about
reasonable management intentions to outsiders and potential litigants.
¢tFofS T7Td 9EIYLXS 2F 22Ayid | B8ybDat
t I Mptz{ 0 dzNBI dz 2 F [ ¢ y[Ra @ YRl DSV Rit
wl y HS6A (i ddE 2 daND S &

Guiding Objectives

Map potential and current vegetation, and ecological condition as expressed by ecologicg
departure from reference conditions (formerly Fire Regime Condition Class).

Maintain overall condition of and restore degraded native upland and wetted ecological
systems to reference conditions or desired future conditions given climate change.

Maintain and enhance bighorn sheep habitat given climate change.

Treat WildlandUrban Interface (WUI) areas and reduce fuel loads to help protect human
settlements and cultural resources in and around the project area from wildfire.

Meet wilderness area objective of maintaining or enhancing wilderness characteristics us
wildland fire for resource benefit and/or targeted prescribed fire.

Help NPS and BLM, and other partners, meet objectives specified in management plans.

Budget Considerations
The total budget per year and its variation over yearsthe first critical quanti

DHEBRRY B2 WAyl DSBS
58 LA AAINKY { y2 R 52 A€

tative data weequest

from project partners, either total dby organization. The total budget is the average ceiling for
expenditures that the modeler must respect often achieved through iterative adjustments.

How much money is spent might depend on the number of ecological syst

ems that will be managed. In

Intermountain West landscapes distinguish®dbasin and range geology, we commonly mapped more
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than 35 small to large ecological systems. Many of these systems will not
be managed because they are too low or too high in elevation, are already
close to reference conditions and should stay thewe, predicted to get
worse without special management in tkemingdecadespr aresimply

not a priorityfor managers. It is important that modelers walk partners
through the exercise of picking the <12 ecological systems that will be
considered focal systent®cause only they are simulated with
management aitons. Other systems will be simulated without treatments.
Tracking more than 12 systems increases complexity, dilutes the
investment in more important systems, and increases the time and staff
cost of result analysis and reportingnother key piece dbudget

information, whichmodelers will need to patiently pry from partneisthe
money spent peecologicakystemor the order of importance among
managedocal systemsin our management workshop, we can spend a full
day on the subjectof budget limitsand allocations among systems and
throughtime.

Custodial, Status Quo, Minimupor Baseline

Management Scenarios

The doenothing scenario is variously nam8&thtus QupCustodial, or

Minimum Management. For years we used Minimum Management until a
partner told us that their agency certainly did not do timénimumamount

of management, nor did thego nothing Joel Tuhy frorThe Nature
Conservancy in Utatuggested the term Custodial Management to indicate
a maintenance of baseline grazing and fire suppression management, and,
maybe, a low level of hecessary vegetation treatments. We use that term,
althoughStatus Qumr Baselineare perfectly acceptable.

In the STSim software, the Transition Target menu is where treatment area
is specified often by ecological system aofen, land ownership. The
custodial management scenario is either created by setting all area values _
for all treatmentsto zeroin STA YQ& a2F G 61 NB ¢ NI yaaiidAal
specifying a value of zero for all treatments in the Transition Multiplier
menu, @ by specifying vegetation treatment areas greater than zero for
only the truly necessary baseline actions as specified by managers
therefore, active management scenarios wihtaintreatment areas
significantly above the baseline.

Active Alternative Management

We recommend keeping the number of active management scenarios to
less than four due to rapid increases in complextynulation time,

computer memory requirement@nd results with each additional scenario.
Alternative scenarios can come in different specifications, but listening to
federal agency NEPA needs is always a good approach. Also, scenarios are
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not always about vegetation treatments as we have been asked in the past to
simulate custodial management but without any livestock or wild horse
grazing. Occasionallye will define scenarisasprogressively increasing

budget limits. For example, scenario A might be defined by a budget limit of $1
million per year and scenario B as $5 million per year for the first 10 years of
management. Moreover, each scenario can include all treatments most likely
used in a landscape.

Active management scenarios are implemented with the Transition Target
menu of SISimthat is essentially a spreadshedthere will be as many distinct
Transition Targetéexpressed as suicenariosps there are scenariokach

row of asprealshed requires a choice of year, ecological system, land
ownership, transition (i.e., treatment), and area treated per year. When any
entry isleft blank except the annual area treatethe treatment, which must
be listed, applies to alévels of that blank entry (for example, all ecological
systems if this entry is blank).

To avoid artifacts of implementatiome found the hard way that targets need
to be fully balanceéndall zero entries entered as such. Being fully balanced
means that all the rows of applicable treatments entry for one ecological
system and land ownership must be repeated for the other lawderships

and the larger group of all entries must be repeafedevery year that
treatments are reset, including the zero entries for treatment present in the
model but not usedThis tedious rigor creates very large treatment
implementation filesbecause they are factorially balancddis highly
recommended to eport the file to Excel and reproduce the entries using
9EOSt Q& O2L¥ IyR LI AaGsS FdzyOliArzyao

A saving grace of the Transition Targets menu is that once targets are specified
in a year, those treatment areas persist unchanged until they are reset in a
future year; therefore, when one should not etsargets every yearResetting

area per year every year as a form of micromanagement should be avoided.
Viewing implementation of treatments overs-year period better reflects true

land management and the modeler canter the area treated bgimply

dividingthe total area to treat by the number of yea

TemporalClimateVariability

All natural disturbances can vaapnually or monthharound an averageaate

due to climate and seasons. Fire years versusfiteryears tied to El Ro-La

Nifia climate cycles is a good example. Different climate change scenarios, each
defined by monthly and annual time series, can impose variability around
modeled disturbance scenarigSlimate change scenarios can also be the
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theme for alternative simulation scenarios, sometimes factorially combined
with vegetation management scenari@@rovencher et al. 2021 Badik et al.
2022).

Future climates expressed as precipitation and minimum and maximum
temperaturestime seriescan be obtained from websites hosting Global
Circulation Mode(GCMYesults.Past climates can be obtained from PRISM in
the US(Daly et al. 2008) or reconstitution of patedoought data(Biondi et al.
2008).A few points about using GCMs or paldimate are important:

a. There are too many GCMs to use and managers will only want a few
contrasting onegor proposed actions. For the southwesh US about
only 12 GCMs have results that are concordant with data
(https://water.ca.govt/media/DWRWebsite/Web
Pages/Programs/ARPrograms/ClimatéChangeProgram/Climate
ProgramActivities/Files/Reports/PerspectivésuidanceClimate
ChangeAnalysis.pdf Working with managersur approach is to
asSt SOt F aO2yiNRté¢ OfAYIGS aoSyl
climate, a worst case GCM that is the hottest and driest (often
ACCESS1 or HadGEM2), and an intermediate GCM that local land
managers believe emulates the changinghealie they are already
experiencing€.g, wetter spring and early summer, but drier and
hotter fall and winter). Picking the correct GCMs is an art form and
RSLISY Ra KA 3K fsdbjettiyes RbKeSamplé, [Bdd y S NI
managers from the Cedar City Bureau of Land Management wanted
the intermediate scenario to be one thhtd a wetter spring and early
summer because they were already observing such local trends and,
importantly, that period was critical for germination of perennial grass
and sagebrush seeds that were aerially spread the previoug\&all.
result, the CCSM4 GCM was selected (Provencher et alaR021

b. There are two ways to pick the contdimate. (1) Download PRISM
data from 1950 to 2010 and extrapolate into the future using a
Stochastic Weather Generator (in R script, Verdin et al. 2014). This
approach was employed by Provencher et al. (202Ihe drawback of
using PRISM is that it should rim® used with GCifor hydrologic
analyses because PRISM has precipitation and temperafluesthat o
are very differentfronD/ a{ Ay @aaidl NIAy3 &SI NARéJ
precipitation in PRISM in 2012 canlbwer thanthat of GCMs). If
hydrologic analyses are not considered, then the SPEI expressed all in
deviations from zero and, as a result, are perfectly comparable to
deviations from the means of GCK2) The control can be selected
from the GCM that is most similar to the historic climate using the RCP
4.5. This assumes that the current climate that includes a warming
trend is very similar to the GCM with a weak warming trend
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(Provencher et al. 2026). This control can be used with other GCMs
for hydrologic analyses as they shargial conditions

c. Downloaded GCM time series cover a 4@@r period, often
starting in 2012. For STSMs, managers rarely care about the
simulation of proposed actions beyond the next 25 years; however,
the simulation duratiorshouldbe longer than 25 years if climate is
part of management questions to allow GCMs to strongly diverge
(about after 204€2047) and affect vegetation pattern@ur
simulationswith climate scenarios are typically between 40 (more
recently) and 60 (in older projects from 20Q015) years.

d. A type of simulation is for the estimation of the reference condition
to represent presettlement conditions. The reference condition, in
turn, is usedo measurethe departure of current vegetation class
distributions from presettlement distributions. Ideally, the climate
time series would be from palegata. Unfortunately, paleo
drought data is reported as one metric, such as the Palmer Drought
Severity Indexnodeled from dendrochronological data the
number of standard deviations obtained fraannualtree ring
width (Biondi et al. 2008 hese time series are limited compared
to the SPEI matrices, which offers the ability to tailor different time
series to different disturbance$Ve found that creating a statistical
model of the PRISM data from 1950 to 2000 with a Stochastic
Weather Generator, generating replicated 1,00€ar time series,
and estimating SPEI for upload into{SK YQ& 9EGSNY I f =+
menu was the better approach tadoli | A YA y 3 reh@ Rl & Q&
condition because the 1952000 period cordins some of the most
severe droughts in the mi@l950s and wettest periods in the eaHy
1980Cs.

Recognizing temporal variability and associated precipitation and
temperature time seriess accomplishable and importgritowever,
translating this variability into mathematical effects on each disturbance
that could be climatesensitivein a stateand-transition model is difficult
and understudied (Provencher et al. 2@1@®1a). Asexamples, if annual
precipitation is 10 inches (25.4 cm) instead of the average 8 inches (20.32
cm), does that cause twice the amount of area burnedrid rangelands
(stimulation of fine fuel growttand assuming the next year being dand
four times the rate of nomative annual species iagion?In our projects,
we obtain and process climate variability time series as an early task
because it will be largely independent of remetensed maps and STSMs.
In STSim, three menus ar@intly used to translate climate time series to
effects on disturbances: Externdriables, Distributions, and Transition
Multipliers.
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External Variables

The External Variables menu is where time series that contain the temporal
variability are hosted. Time series are not the only data that can be entered
here, but we upload in this menu replicated time series of Standard
Precipitation and Evapotranspiratidndex(SPEI; one time series per

month of evaluation and months lagged into the past; Hayes et 8P 19
proposed SPI, without evapotranspiratipminimum monthly

temperature, CQ and so onSPEI measures soil moistymémarily based

on precipitation time series expressed as the number of standard
deviations from the mean of the time series (positive values indicate wetter
than average precipitation and negative values indicaterdronditions

than averagg We evaluate SPEI using the free R sé¥BPEIRegueria
andVicenteSerranc2017). The SPEI is a matrix where the rows are the
month of evaluation (e.g., Augusthd the columns are the lags (e.g., 7
months prior to August, with a maximum value of 72 monthshunwork,
SPEI by month and lag are the most important external variables in the
driest part of the US.

Ausefulfeature of external variables is replication, which is achieved by
including different full time series of the same statistical climate (a column
of the External Variablemenu is for replicate number). We upload distinct
replicates because we want all disturbances to experience the same
replicate of a specific climatey month and laguch that a drought year for
fire will also be the drought year for tree invasi®ie replicate climate by
creating a statistical model of the original precipitat@md minimum and
maximum temperatures time series (e.g., from 1950 to 2022) using a
Stochastic Weather Generatan (R scriptVerdin et al. 204) adapted from
daily to monthly output Provencher et al. 202). The climate model

allows the production of as many replicates as desired that have the same
properties as the original time series. Then, each replicate of precipitation
and minimum and maximum temperature are transformed to SPEI as
described above.

Distributions

The Distributions mentranslates the magnitude of each of the External
Variables annual values inpmsitivecontinuous numbers (multipliers) that
will singly or combined with others multiply the average parameter value of
a single disturbancacrossall ecological systenimodels Howtemporal
variability translates into multiplierfor a single disturbancis primitive in
the Distributions menu becauserequires creating a loclkp table (rows)
that discretely imitates with rows eontinuousmathematical functionf

one wants correlated variability among disturbandg®se cannot simply
specify a mathematical function (from a list of flexible cufitting

equations (linear, sigmoid, exponential, negative exponential, parabolic,
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and so on) that reads the external variable value for the correct gadcalculates a value sent to the
Transition Multiplier menuWe createheuristicequationsthat express standard deviations from the

mean SPEI or other types of climate time series into multipliers, then tediously build thapgdakle in
the Distributions menye.g.,Provencher et al. 202 Figure 10.

Fire Activity Greater fire activity
occurs in shrub systems if fine
fuels first accumulate two years
prior to the current yeayrfollowed
by year with dry fuels. The
resulting functions multiplied the
historic maximum fire size of eack
landscape.

Multiplier

8
7
3
5
a
3
2
1

-100 -50

0

Past Fine Fuels Build-up

50 100 150 200
SPEI[Sept{t-1), 24-mo)

250 300

350

Multiplier

\/
N\

Current Fuels Dryness
3

o

SPEI(Sept{t), 8mo)

CAIdzaMINI YaAo2y Ydz oL ASNAR T2 N Yo 1@t ®ER o X\ & ISBIR By b
Ay {SLI SYmwIFNRNyYI2e HItNg (6 OdzNII S
OdzNNBy G @SN S@GLtdzr S Ay

iKS

2y GKS NRARIKG LI ySto |

frad

y

Y2yikKa o60Sy N

The Distributions menu also allows modelers to use common statistical distrib@tioiierm, normal,
gamma, and beta) to add variability to the leof table values or to completely generate temporal
variabilitymultipliers by skipping the External Variables menu. This requires specifying the statistical
moments (mean and standard deviation) and minimum and maximum boundary values. The price paid
for this convenience is that the variability of all disturbanaesuncorrelated because, by random
samplinga diy year for fire and a wet year for flooding could contemporaneously be generated for the
same year, which is obviously wrong unless a single disturbance, such as fire, occupies the STSMs.

TransitionMultipliers

¢CKS ¢NIyaAlAz2y adzZ GALX ASNAR YSydz NBFR& GKS 5Aa0NROG
Here, more than one Distribution multiplier can be multiplied, such as fordaeRigure 10from

Provencher et al. 202, if climate frompreviousor future years influences the disturbances variability.

Values that originate from this menu are absolute in their control of the STSMs base parameter.

Transition multipliers can also be statically used to completely or partially suppress or increase any
disturbance and assign statistical variability of parameters (as done in the Distribotemn). This

menu is versatile and gives modelers great control because it can be applied by replicate, ecological

system, vegetation class, or disturbance.

Spatial Modeling

Vegetation Raster Development & Resampling
The remotesensedGeoTIFNegetation layers are delivered in their native resolution and coded in the
O2 y i NI Ol 2 N@ika sha@rtha®d wRiting)RFoBler projects, the ecological system and vegetation
classmap layers were delivered as two separ&@eoTIF§ today the contractor delivers onedgit
codeGeoTIFfhat combines the ecological systefivé first digits) and the vegetation class (last three
digits). The first step is to translaté K S O 2 yfieltlldodes t8 tN&¥é&rmal names of ecological
systems and vegetation classes and to uniquegt codes. Those names andligit codes areexactly

f AONI NBE RSTAYAGAZ2YAD

asthose listedin ST A YQa
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This step also allows the first quality control of the reme&nsed vegetation
layers.For example, the contractor may have choseclass in a system that
should not exist but will need to be fixed before upload of rasters int8i8T
If the contractor delivers one-8igit GeoTIFkegetation raster, SEim requires
the upload of separate ecological system and vegetation class rasters;
therefore,we use GIS software to sptlte single layer into twoasters

It is alsaunlikelythat rasters in the nativepatialresolution of the satellite
imagery €.9, 1.5 m for Spot 6) will be uploaded because it will exceed the
memory limits of hardware or take too long to simulate due to insufficient
RAM Resampling of the nativ&@ngle 8digit rasterto a coarser resolution is
necessaryThe selection of coarser resolution is a traafébetween achieving
greater realism with proposed actions and keeping memory requireseamd
computing speedeasonableas the size of thareaof interestincreases. It
should be noted that needed memory and computing time increase
exponentially with additional pixels in the rastétsing AWS Cloud servensg
currentlyconduct simulations at 240 25-m resolutions (resampled) for
landscapsrangingbetween, respectively, 300,000 to 1,000,000 acres

Resampling is not the most exciting topic but the choice of resampling method
is consequential. Poor resampling can eliminate small but ecologically
important systems from the landscape if ogienply applies anajority rule
algorithm. Because small wet and moist systems are important to wildlife in
arid environments and small patches of exotic species draw the attention of
managerswe wrote a Python scripthat retains small patch systems or exotic
species (and other small vegetatitgatures) first and ten applies the majority
rule to larger system@rovencher et al. 202lappendices)The script will

slightly exaggerate the size of small systemsifa\&ide elongated wet

meadow may become 5 m wide) at the expense of more expansive systems or
classes. A spatial analyst writing tRgthonscript will need to create a loelkp
GrotS gAGK GKS LINRP2SO0GQa SO2ftPEAAG |
pecking order will vary with management objectives or wildlife species of
concern.

Supporting Rasters

Different additional rasters support Slim simulationsin the Initial Conditions
spatial menu, the modeler can supply a land ownership rastse¢ondary
stratumto segregate treatments and budgets, for exampleg)laamningzone
raster @ tertiary stratumfor example, to conduct different management types
within land ownership), and a vegetation age rastemd ownership is the only
raster added after ecological systeiffpgsimary stratum)and vegetation classes
in our projects becausglanningzones caplicatetreatment and budgeting of
simulations and the age of rangeland vegetation clagsegrely known
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Disturbance Size Distributions

All natural disturbances will have a size distribution that assigns a
frequency of occurrence to each event size clasble 8from

Provencher et al. 2020 &able 2). While the size distribution of fise
always includd in our projects(Table §, we also include distributions for
all natural disturbances. If a size distribution is not defined, the software
will use a random distribution where the size of any disturbance event is
picked from a random number generator with no apparent clumping
pattern. STSim will try to simulate fires in the project area of the size and
with the frequency specified in the Size Distribution menu.

The size distribution of fire events can be established from downloaded
data fromfederal fire occurrence datecorded sincd 980 and the
Monitoring Trends in Burn Severity (MTB38ble § for the project area

or a larger area containing the project area. A modeler will need to
determine the number of size intervals that cont@noughevents to
populate the interval. In general, the number of evedéecreases with

the size of fires.

7

¢l oywS{AT S RA&L 0dze2y o6l ORBaEDO2E UNG
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SEFYLX S= | & ai2%z GRE IAGYRESA XA Mman £ 6 SNB | Al _ g
Area of Disturbance Bald Hills
(Acres) Percent Occurrence
XKn ®Hp 64
>0.251t0 10 20
>10to 100 7
>100 to 300 2
>300 to 1,000 4
>1,000 to 5,000 2
>5,000 to 20,000 1

Spatial Constraintslenu

Spatial constraints control where and the intensity of disturbances
(natural ones and treatments) are placed in the project aBzatial
constraint rasters assign to each pixel a value from zero (complete
suppression) to one (full implementatiorfhis menu is fundamentally
important to address land management regulations, grazing regimes
(allotment and pasture use, distance to water sources, season of use)
protection of wilderness and sensitive areasatment equipment
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constraints, and so an

A Zones in the project area where some treatments cannot be used
because mechanical equipment is not allowed due to environmental
regulations, cultural exclusion, or topograpfeyg, tractor-pulled
equipment only used on slop#,5%). These areas need to be
represented by on&eoTIFFaster per treatment disturbance (e.g.,
masticator and rangeland drill cannot be used in a wilderness area).

A Allotments and their pastures for cattle and domestic sheep, and
management areas for wild or feral horses, if applicable. The
complexity of grazing regimes can be simple and high depending if
season of use and grazing intensity are represented each astbr,
This would imply that complexity of grazing is also in the model
pathways.

A Representation of livestock grazing can be rendered even more
complicated by including a unitless reduction in grazing intensity as a
nonlinear function of distance from a water source. Livestock is very
dependent on drinking water, especially daily in guanmer. We
found that distance from water eclipses many other factors. The
difficulty with this more realistic approachnsappingall water
sources, which areften not all known.

Spatial Controls for Fire Spread

Fire is different than other disturbances in that it spreads with wind direction,
slope, and relative humidity. In $im, modelers can (should) enter the
distribution of angles and multiplie(0) for winds direction, thus capturing
such factors as prevailing winds, and use the fire literature to specify how
must faster fire spreads up and down slopes relative to wind directsing a
US Geological SurvBygital Elevation ModdDEM)raster (e.g., sed-igure 11

for wind direction andrable 9for slopeeffects o fire spread froman

exampleby Provencher et al. 202). STSim, however, does not handle
relative humidity
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Slope (%) Multiplier

-16 0.4700

-8 1.1320

0 1.0000

8 0.5600

16 3.9620

Since 2015, modelers can uploa®GeoTIFFastercontainingnon-random fire
initiation probabilities in SBim. The default is random initiations weighted by
the fire return intervals per pixel (higher initiation probability in a pixel with
shorter fire return interval)Random fire initiations are the default in-Sim.
Lightning strikes are not random and their locations up or downwind from
greatersaged N2 dzaS t S1a Oly KIF@S LINRF2dzyR S
dynamics. Also, humataused fire is usually along roads and developed areas.
We obtain lightningstrikes point occurrence dataver a 5 or 10year period

from the federally contracted vendgmore recently the Western Regional
Drought Center at the Desert Research Institate} we convert toa

probability of fire initiationper pixeland supplemented those with road
effectsusing a movingvindow Python scrip{Provencher et al. 202). The
density of lightning strikes over ay®ar period is surprisingly dense and
distributed everywhere.
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External Progranvienu

Also in 2015the External Program menu was addedXéSimto allow
external scripts in R (now also in Python) to exchange rastersS#gim.
Forus, this enhancement to S$im was groundbreaking and allowed the
incorporationof wildlife habitat suitability and social management
tolerance indicesi 2 RANB Ot & Ay Tt dzSyOS GKS
modeling Provencher et al. 202). The ExternaProgram menu allowedis
to answer practical questions from managéerhe typical exchange
between SISm and an external scrips: (i) forit to request the annual
vegetation layers (ecological systems and vegetation classt®
timestep simulatedrom STSim, (ii) calculate a transition constraint
multiplier that will affect the realization of disturbancésg, treatments to
best increase greater saggouse habitat suitability)and (iii) and finally
return the constraint raster back to Slimto be appliedthat and if
desired,future years The external script can be called up annually or at
otherintervals. The script can also output resuttach adhabitat suitability
for a sensitive speciegVhilewe still use the External Program menu,
advanced users facile with coding can bypghs<External Programmenu
and more directiyexchange rasters for estimation of metrics from their
coding platform.

Y 2
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Chapter6 Metrics

Metrics are estimated to measure change or success of alternative scerdr®best metrics of STSMs
are those thatake advantage ahe distribution of vegetation classes per ecological systdetrics
range fromsimple to complicatede.g.,Figurel?).

Observed Vegetation Class Proportions

Reference Condition

CA JdaRNBW2 S& ¢ SzKRF ( dzNB  / 2 YINSNIBIlY i G&R KK Afal HErzNG2 AT $ Nl
¢Ch/'QEFK .2 NR 2F ¢NHAGSSE (2 SELXIFAY S02f23A0Ft RS
LINRPLI2Nb2yFf (G2 GKS FINBI 2F GKS Oflraa akKz2eéey Ay (KS
NEY2(0S aSyaryddoQSHABAAKSt f ORBYXAYB YNGR ORGATF SHBENA AR
aK264a 6KFG A& SELISOGSR dzyRSNJ 6KS NBFSNByOS O2yRAe
0S06SSy (RSFa LINPNERIMBE? v & ®

Vegetation Classes

¢CKS aAYLX Sad YSGOINRO Aa Fy SO2ft23A0Ft agaidsSyQa ©S13
complicated metrics, the charts of vegetation classes are always shown. But sometimes the more

complicated metrics such as ecological departure cannodydvibe used because the landscape is too
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small to satisfy metric assumptiofikeane et al. 2009Regardless of

landscape size, the average or median proportion and a measure of error of a
vegetation class over timare useful metriswhen comparing among

scenarios.

Ecological Departure

The oldest and most established metwiasoriginally namedire regime
conditionby Hann and Strom (20pand carried forward by LANDFIRE and
others Provencher et al. 2008; Low et al. 20Rbllins 2019Blankenship et

al. 2015. The name was changed as fire regime conditioes not analyzére
regimedata We proposed the termecological departuréProvencher et al.
2013, 2024 Furlandet al. 2029, whereas LANDFIRE more recently opted for
vegetation condition departuréSwaty et al2022). Allthese terms refer tdhe
same equatiorof dissimilarity between observed and expected distribution of
vegetation classelsy ecological system (Provencher et al. 2008)

Theterm reference condition or natural range of variation was introduited
the previouschapter. Obtaining the reference condition pecologicakystem

is required to calculate ecological departutANDFIRE pioneered the simple
methodology of simulating the reference condition of ecological departtire
consists ofising nonspatial stateandtransition models to simulatecological
systems without any podEuropean disturbances or vegetation classes until
the proportiors of all classes reach equililom (Provencher et al. 2008;
Blankenship et al. 2015). Typical reference condition simulations are run for
500 to 1,000 yeard.ong simulations are often needed because some systems
with long fire cycles or slow growtk.@, pinyor juniper woodland,

ponderosa pine woodlandndsubalpine conifers) show transient cycles that
take time to completely dampen.

In additionto measuringhe magnitude of departure betweerhé currentor
simulated vegetatiomndthe reference condition, @logical departurean be
partitioned irto its components of dissimilarity per vegetation claash that

a manager can identify which class(es) might deserve to be treated
(Provencher et al. 2008; Low et al. 20IM)e ability to partition dissimilarity is
the most importantfeature of ecological departure becausdeeds directly

into land management proposed actiorut not all components of

departure, especially for the uncharacteristic classes {mf@arence) are

created equafrom the perspective of managers 2012 US Forest Service
A0 FF FNRBY ! GF KQa t Auyshat o thpesDE wl y IS NI
uncharacteristic classes play a disproportionate role in western rangelands
perennial grass seedings amiroducednoxious forbs and trees. Ecological
departure does not capture the qualitative differences between these classes
and all other uncharacteristic classekhe US Forest Servipelitely

-
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