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Introduction

Managementplanning by the U.S. Forest Service (USFS) is increasingly challenged by ongoing climate
change and changes in wildfire dynamics caused by humanland use and exacerbated by climate change.
The 2012 planningrule includes mandates forforest plans toinclude objectives for maintaining
ecological integrity, which necessarily includes maintaining biodiversity (Williamson et al. 2020). Forest
planning could therefore benefit frominformation on how biodiversity is likely to change with expected
changesin climate and wildfire.

Birds representasubstantial component of biodiversity thatis useful to monitor because various species
representing different traits and habitat associations are readily detectable without specialized
equipment. The Kaibab National Forest (KANF) has leveraged the Integrated Monitoringin Bird
Conservation Regions (IMBCR) program administered by Bird Conservancy of the Rockies (Bird
Conservancy) to monitorbreeding birds overthe last decade (2010-2018, 2021-2023). In recognition of
ongoing challenges and to provide baseline information for management planningin the face of ongoing
environmental change, USFS and KANF partnered with Bird Conservancy to simulate vegetation changes
and associated bird responses to climate change and associated changesin wildfire dynamics. We report
here majorresults from this work, present aspatial data repository containing predicted vegetation
changesand bird population responses to these changes over a 40-year time horizon, and suggest
potential avenues for leveraging this information to further scientificknowledge and inform forest
managementplanning.

Data repository

The primary product of the analysis presented hereis a data repository consisting of two components:
1) a folder containing files describingand documenting a predictive model quantifying bird species
abundance and distributions and 2) a folder containing raster and summary files with bird population
predictions underalternative climate scenarios. Each folder contains afile named
“Folder_contents_and_metadata.pdf” providing a detailed and comprehensive catalog of the folder.
Thisreportwill be housed alongside the datarepository and will referto files and folders contained in
the repository. Filesand foldersinthe component 1will be referred to as
“Data_repository/BirdModel/...” and in component 2 as “Data_repository/Results/...” We largely refer
directly tothe data repository ratherthan replicating contentsinthe datarepository inthe form of
figuresandtables exceptfortwo tablesthat show majorover-arching results arising from ouranalysis.

Methods
Vegetation simulation with climate change

We used a state and transition modeling framework to simulate changes in vegetation structure and
composition overa40-yeartime horizon startingin 2017 underalternative climatescenarios usinga
business-as-usual managementstrategy. This work builds off of previous an existing set of models
developed by Region 3for each classified vegetation type and structure category across NM and AZand
was adapted specifically forthe Kaibab National Forest. We represented vegetation conditions using
the distribution of ecological response units (ERUs), which describe vegetation classes defined by tree
species dominating the canopy, along with additional attributes describing fine-scale vegetation
structure (e.g., average stand tree size, canopy cover, shrub cover). We represented transitions as able
to modify vegetation structure, forexample a harvest event would reduce tree sizeand canopy cover.
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To make the model climate informed, we relied on projections of future vegetation types produced by
the dynamicglobal vegetation model known as MC2 (Kim XXXX). This was done inthe methods outlined
by Kutscheraetal. (2023), where we compared future MC2 vegetation types against aspatial overlay of
ERU and MC2 vegetation types under historical conditions to create aset of transitions to inform climate
driven changesinvegetationtypelocation.

We selected five climate scenarios representing asubset of available general circulation models (GCMs)
varyingin predicted climate for KANF: 1) a warm wet scenario (canesm), 2) a warm dry scenario (ipsl), 3)
a warm scenario with average moisture (mirocesm), 4) a cool scenario with average moisture (inm), and
5) an average temperature and precipitation scenario (ccsm; Figure 1). Simulations tracked vegetation
conditions ata 300m resolution, so simulated vegetation values had to be scaled up to a 1km resolution
to develop covariates used toinformthe predictive model of bird species abundance and distribution
(see below). Inadditionto the 5 climate scenarios, we simulated 6 reference scenarios, 5representing
predicted fire dynamics but no climate change (hereafter fire reference scenarios) and the sixth
representing no change in climate or wildfire dynamics (hereafter baseline reference scenario). Weran 5
replicate simulations for each scenario (hereafteriterations). A sixth replicate was inadvertently
implemented andisincludedinthe datarepository foreach climate and the baseline reference
scenario, but calculations comparing scenarios reported here only include iterations 1-5.

mid-century

5

° 0o
o o o)
3o ,
g S[o]tesrg
(5]
=l o o o
=
SN
o
1
)
-20% -10% 0% 10% 20% 30%

dP (%)

Figure 1. Generalcirculation models plotted as a function of projected te mperature change (y-axis) and precipitation (x-axis).
Models represented in vegetation simulations for this studyare blocked in red.



Bird sampling and data collection

The IMBCR sampling design applies aspatially balanced algorithm (Stevens and Olsen 2004) to select
primary sampling units, which are 1km grid cells, from a series of strata representing various mutually
exclusivegeographicunits of managementinterest (e.g., anational forest; Pavlacky etal. 2017). The
KANF dataset represented 360 grid cells selected from 17 strata. The particularstrata representedin
each yearvaried and moreoveronly provided full coverage of KANFin 2010-2016 and 2021-2023
(2017-2018 data onlyrepresented treatment units forthe 4-Forest Restoration Initiative [4FRI]).
Although notall grid cells were surveyed every year, the IMBCR design allows inter-annual variability in
samplingintensity while maintaining spatially balanced sampling within each stratumin any given year.
We included all available datato provide maximum representation of bird communities across
vegetation conditions represented at KANF, which consisted of 640 grid cell x year observations. Our
analysis assumes available datarepresented bird populations across sufficient range of vegetation
conditionstoallow prediction of species abundance with changesin the distribution of represented
conditions with climate change.

Each grid cell sampling unit consisted of a 4x4 array of evenly (250 m) spaced survey points. Surveyors
visited points within each sampled grid cell in any given yearonce perbreeding season (May—July)
during morning hours to conducta 6 min count of all birds seen or heard along with the time (min) to
detection and the distance to each detected individual (McLaren et al. 2025). In most cases, onlya
subsetofthe 16 pointsina grid cell could be completed due to logistical constraints orland access
issues (mean [SD] effort=9.6 [5.1] points completed).

Modeling and prediction of bird abundance and distribution

We analyzed bird species abundance and quantified relationships with vegetation conditions using a
Bayesian hierarchical community model. The complete model description along with how we derived
abundance predictionsfromthe modelare providedin
Data_repository/BirdModel/Bird_model_and_predictions.pdf. While accounting fortwo components of
detection probability (the frequency at which birds are available for detection over time and the
distance fromthe surveyor), the model estimated abundancefor each of the 144 speciesrepresentedin
KANF data in relation to vegetation metrics describing conditions during data collection. The model
included 14 metrics as covariates of abundance, including 8 quantifying coverage extent of ERUs within
the (surveyed) grid cell and the remaining 6 quantifying aspects of vegetation structure (model
covariates listedin the “Covariates” sheet contained in the
Data_repository/BirdModel/Tables_reference.xIsx file). The 8ERUs included as covariates represented 8
of 9 ERUs represented at a substantial number of surveyed points (ERUs listed inthe
‘ERU_list_complete’ sheetin Data_repository/BirdModel/Tables_reference.xlsx). We excluded from
model covariates one of the nine major ERUs represented inthe bird data, ponderosa pine forest, to
limit multicollinearity. Ponderosa pine forest therefore represented the reference ERU such that
negative relationships with all the other ERUs implied a positive relationship with ponderosa pineforest.
Two otherERUs, “Herbaceous (wetland)” and “Water”, were only represented at asingle survey point
each and were therefore excluded from the predictive model.

Prediction of bird abundance relied on species relationships with vegetation conditions estimated by the
fitted community model. Each speciesis represented by aregression sub-model predicting abundance
for the speciesata 1km grid cell as a function of vegetation metrics included inthe model. We derived
values forthese metrics fromvegetation simulations representing the initial year (same forall scenarios)
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and year40 for each iteration (n =5) of each climate scenario. Considering that vegetation simulations
were implemented at a 300m resolution, we had to summarize across simulated vegetation metric
valuesto generate 1km resolution values used to fitand apply the bird model. Summarization entailed
calculatingthe mean of values for 300m pixels contained within the 1km pixel. Forbinary metrics (e.g.,
ERU membership), scaled up values thereby represented the proportion of the 1km pixel assigned a
value of 1. For model fitting, we extracted raw 300m valuesto survey points based upon where points
were located, and then summarized across values extracted to points to generate 1km values forthe
grid cellswhere birds were surveyed. Formodel application, we used the terra::resample functioninR
(Hijmans 2023) to summarize across 300m pixelsintersecting 1km pixelsto generate scaled up values.
One notable difference between model fittingand model application was that survey pointvalues were
weighted equallywhen generating values for modelfitting whereas terra::resample weights summary
values by the proportion of each the 300m pixel contained within the 1km pixel (i.e., 300m pixels
straddling the 1km pixel boundaries are accordingly weighted less than those fully inside the 1km
boundaries). Section 3in Data_repository/BirdModel/Bird_model_and_predictions.pdf provides
additional details on model application to generate predicted bird abundances forinitialand simulated
landscapes.

Application of the predictive bird abundance modelwas limited by the range of vegetation conditions
representedinthe datato which the model was fitted. In particular, we could notapply the model to
ERUs outside the 9ERUs substantially represented in KANF IMBCR data (hereafter “prediction extent”)
as the model would treat these asthe reference ERU, i.e., ponderosa pineforest. At the 300m resolution
(i.e., the resolution at which vegetation simulations were implemented), 99.6% of the initial
(contemporary) landscape was within the prediction extent. The final (year 40) simulated landscapes for
most scenarios were also 297% within the prediction extent, but forthe ccsm climate scenario, final-
yearlandscapesranged 73-76% within the prediction extent acrossiterations due to unexpected
expansion of the sand sage ERU. We calculated 1km resolution summary prediction extents by
calculating the mean of 300m binary values usingthe terra::resamplefunction (Hijmans 2023). We then
used the 1km prediction extentvaluesto weightabundance predictions as described further below to
account for prediction extent.

We operated within a Bayesian paradigm to derive estimates of abundance change through time for
each scenario and differences in abundance between climate and corresponding reference scenarios for
each species. The Bayesian model object fitted to available data contains MCMC samples of the
posteriordistribution foreach model parameter 1. We can derive estimates of any parameter, p,, not
explicitly part of the core model structure but calculable as a function of core parameters, p, =f(pc), by
applying f(pc) to each MCMC sample and then summarizing across MCMC samples. We summarized the
median and 80% credible intervals (Cls) for derived parameters, whereby estimates whose 80% Cis
excluded zero were considered statistically supported.

We first generated arasterstack containing derived MCMC samples forabundance predictions foreach
species duringthe initial year (same forall scenarios) and the final year foreach iteration of each
scenario. Foreach of these rasterstacks, the firstlayeristhe prediction extent (named
“prediction_extent”) and all subsequent layers are predicted abundances foreach MCMC sample
ignoring prediction extent (named “psamp[sample number]”). Raster stacks for the initial yearare

1 The saved model objectis stored as the Data_repository/BirdModel/mod_KANF fileand can be loadedinto R
usingthe "R.utils::loadObject” function.
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named “Initial_[SPP]” (SPPisthe 4-letterspecies code listed inthe ‘Species_list’ sheetin
Data_repository/BirdModel/Tables_reference.xIsx), rasterstacks forthe final yearare named
“[Scenario] iteration[iteration number]_ts40 [SPP].tif”, and both are storedinthe
Data_repository/Results/spp_predN_stacks folder. We then derived aseries of rasterfile setsand
tabulated population estimates that summarize across simulated landscapes that together quantify
projected changesin species abundance overtime (hereafterabundance changes) and differencesin
species abundance between climate and reference scenarios (hereafter abundance differences). These
filesandtables are listed along with details on their calculationsin
Data_repository/Results/Folder_contents_and_metadata (both PDF and HTML versions available). For
raster files reporting posterior median estimates of abundance changes and abundance differences, we
zeroed out any pixel values that were entirely outside the prediction extent (i.e., 1km prediction extent
value =0). For landscape-wide population changes and differences, we multiplied pixellevel abundance
estimates by 1km prediction extent values before summarizing across landscapes. Here, we reporttwo
over-arching summaries of abundance changes and differences: 1) the number of species with
statistically supportedincreases and decreases through time for each scenario and 2) the number of
species with supported positive and negative differences in abundance between climate and
corresponding reference scenarios.

Results and Discussion

We clearly projected negative consequences of climate change for bird populations for KANF. The
number of species forwhich we projected statistically clear declines substantially exceeded the number
of specieswith supportedincreases underall climate scenarios, whereas thesetwo quantitieswere
similarforall reference scenarios (Table 1). Moreover when contrasting abundance in the final
simulation year, the number of species with clearly less abundance in the climate change scenario far
exceededthe number of species with greaterabundance (Table 2). When contrasting climate versus
reference scenarios, 73 species exhibited statistically lower climate change abundance in atleastone
contrast and never greater climate change abundance in any contrasts. By comparison, only 17 species
exhibited only greater climate change abundances and 13 species exhibited a mix of greateror lesser
climate change abundances across contrasts
(Data_repository/Results/Species_scenario_differences.csv). Considering the similarity in abundance
changesregardless of whether climate-related wildfire dynamics were retained in reference scenarios,
these projections appearto arise from direct climate change effects on vegetation ratherthanindirect
effects on wildfire.



Table 1. The number of bird species with statistically clearincreases and decreases in abundance (i.e.,
80% credible intervals for abundance change overtime above and below zero, respectively) fromyear0
to 40 for the Kaibab National Forest when applying a predictive modelto simulated vegetation change
underalternative climate scenarios (canesm, ccsm, inm, ipsl, and mirocesm) and corresponding
reference scenarios that either maintained expected changes in wildfire or eliminated both climateand
wildfire change.

Scenario n Species
increases decreases

canesm 17 53
ccsm 22 46
inm 1 65
ipsl 4 71
mirocesm 20 52
canesmfire, no climate change 33 31
ccsm fire, no climate change 33 31
inmfire, noclimate change 34 32
ipsl fire, no climate change 33 31
mirocesm fire, no climate change 33 31
no climate orfire change 33 32

Table 2. The number of bird species with statistically clearly greaterand lesserabundance when
contrasting climate versus reference scenarios (i.e., 80% credible intervals for climate minus reference
abundance was above and below zero, respectively) in year 40 for the Kaibab National Forest when
applyinga predictive modelto simulated vegetation change underalternative climate scenarios
(canesm, ccsm, inm, ipsl, and mirocesm).

Scenario n Species
Climate Reference greater lesser
canesm Fire 12 60
Baseline 11 61
ccsm Fire 19 49
Baseline 18 48
inm Fire 1 71
Baseline 1 66
ipsl Fire 4 77
Baseline 4 74
mirocesm Fire 13 51
Baseline 11 51

Study limitations and future directions

The work described here projects clear negative impacts of climate change on bird populations within
the Kaibab National Forest overthe next 40 years, but these results are largely preliminary especially
when considering certain study limitations. We suggest several ways the data repository accompanying



thisreportcould be leveraged to meaningfully contribute to scientificknowledge and inform forest
management.

The first step to understanding projections reported here would be to examine which species are
projectedtoincrease and decline with climate change, and identify the vegetation drivers underlying
these projections. Population changes projected here are all derived from estimated abundance
relationships with vegetation conditions informed by contemporary data, and projected changesin
these conditions with changing climate. The most prominent projected changes in vegetation conditions
apparentinlandscape-side summaries are declining extent of ponderosa pineforest and expansion of
pinyon-juniper woodland (Data_repository/Results/Scenario_veg changes.csv). Species relationships
with covariates quantifying the extent of these ERUs were consistent with current knowledge on species
ecology. Ponderosa pineforest associates, like Grace’s Warbler, exhibited a positive relationship with
this ERU (i.e., negative relationships with all other ERUs since ponderosa pine forest was the reference
ERU), whereas pinyon-juniper associates, like Pinyon Jay, related positive with the pinyon-juniper
woodland. Some ponderosa pine forest associates, such as Williamson’s Sapsucker and Pine Siskin, are
associatedtodecline in population with climate change as expected given the projected trajectory of
this ERU. Nevertheless,other population projections are on the surface counter-intuitive (e.g., Pinyon
Jay decline despiteincreasing prevalence of pinyon-juniper woodland). Thorough analysisis therefore
necessary toidentify which vegetation changes are primarily driving population changes observed for
each species(e.g., holding each attribute constant and evaluating how much doing so affects population
projections).

A number of study limitations are worth considering and suggest avenues for leveraging this data
repository to gain knowledge and inform management. We did notimplementany model checking, so
evaluating modelfitand predictive performance using cross-validation would be prudent (Wenger and
Olden 2012, Connet al.2018). Additionally, the applicability of any model informed with datais largely
limitedtothe range of conditions represented in the datato which the model was trained. Forsome
continuous vegetation metrics such as canopy cover, cautious application of estimated relationships
somewhat outside the range of values represented in available data may be reasonable. Applicationin
ERUs outside those representedinthe data, however, isimpossible exceptto ERUs that we can assume
are close enough to be lumped with sampled ERUs. We did lump some ERUs outside the bird sample
withthose inside the sampleto broaden the prediction extent (see
Data_repository/Results/ERUs_KANF.csv).

With the vegetation modeling, there were anumber of limitations in the methods, particularly related
to creatingthe climate informed model. The MC2 vegetation types are much coarserthan the ERUs,
meaningthatin developingthe crosswalk based on spatial overlays, multiple ERUS could be contained
within one MC2 vegetation type. This couldlead torare or niche specificERUs being spread across the
widerlandscape without keepingto the original ecological context of the ERU. Such an exampleis with
the sand sage ERU, which unexpectedly spread intoinitially forested areas within the ccsm climate
simulation resulting in substantial restriction of model applicability to this scenario. Consequently, more
time and effort could be taken to evaluate each possible MC2/ ERU transition and preventorlimit
unlikely transitions. Anotherissueis thatthe ecological realities of vegetation type change are more
complexthana single probability. One commonality across most of the future climate projections,
where pinyon-juniper woodlands are expected to replace ponderosa pine forests, isone that has been
observed before (Allen and Breshears 1998). The reasonsforit are much more complex, likely resulting
from a failure of regeneration by the ponderosa pine combined with some mortality agent(e.g.,
drought, insect, orfire) forthe ponderosathat would allow forthe more shade intolerant pinyon-juniper
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woodlandto be able to occupy that area (Minott and Kolb 2020). Moreover, changes within no-analog
ERUs could arise or tree species composition could change within ERUs (e.g., loss of pinyon pinefrom
pinyon-juniperwoodland), compromising model applicability for prediction in unanticipated ways. Data
outside KANF boundariesin the surrounding landscape or data capable of representing or accounting for
no-analogvegetation conditions could improve the bird population projections.

The data repository presented here will be mostvaluableto the KANF if leveraged to inform specificand

well-articulated management objectives. The KANF has identified Grace’s Warbler, Western Bluebird,

and Ruby-crowned Kinglet as focal species for monitoring underthe forest plan. These threespecies

vary intheir projected responses to climate change among each otherand particularscenarios.

Evaluatingthe vegetation drivers of projected population changes forthese species could yield valuable

knowledge and insight for meeting management objectives targeting these species. More broadly,

broaderobjectives concerning biodiversity as awhole may benefit from evaluating climate change

projections for metrics of diversity (Roswell et al. 2021). Raw species-level MCMC predictions

(Data_repository/Results/spp_predN_stacks)could be readily synthesized to project a wide range of

diversity metrics under alternative scenarios. Moreover, diversity metrics for various species groups or

assemblages could help synthesize and tailor climate projections to inform particular objectives (e.g.,

Latif et al. 2020, 2023).
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