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Abstract

Context The forestry industry provides important
goods, services and economic benefits, but timber
harvest can adversely impact ecosystem services,
including wildlife habitat. Timber harvest planning
can integrate wildlife habitat quality through multi-
objective optimization for timber harvest and wildlife
habitat suitability.

Objectives Our objective was to develop a method
to find optimal solutions for timber harvest and wild-
life habitat suitability individually and concurrently,
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then apply the method to Roosevelt elk (Cervus ela-
phus roosevelti) on Afognak Island, Alaska.

Methods We developed three seasonal habitat suit-
ability models using elk locations and landscape vari-
ables including historical timber harvest on Afognak
Island, Alaska. We used threshold-accepting optimi-
zation over a 50-year planning horizon to maximize
timber harvest yield and habitat suitability in each
season, then used multi-objective goal-deviation opti-
mization to simultaneously maximize timber harvest
volume and seasonal habitat suitability.

Results The optimal solution for timber yield
decreased seasonal average habitat suitability by
5.7%. Elk habitat suitability and corresponding opti-
mal solutions varied seasonally; elk generally selected
open landcovers and early- to mid-successional tim-
ber stands over late-successional and mature stands.
Therefore, in the optimal solutions, stands were har-
vested before they reached maximum volume and
few stands were harvested in early planning periods,
resulting in a seasonal average loss of 17.5% yield.
Multi-objective optimization decreased seasonal aver-
age suitability by 3.9% and yield by 1.4% compared
to single-objective optimization.

Conclusions Our multi-objective  optimization
approach that incorporates data-driven habitat suit-
ability models using open-source software can ena-
ble managers to achieve desired quantity and qual-
ity of wildlife habitat while providing for resource
extraction.
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Introduction

Forests represent 30% of global land area (40 million
km?), and over 50% of forests are managed for timber
harvest (FAO 2016). Timber harvest provides essen-
tial resources such as fuel, pulp and paper, and con-
struction materials (Pepke 2010; FAO 2016). The for-
estry sector delivers about 117 billion United States
dollars in global domestic product and employs over
12 million people (FAO 2016). Though timber has
great economic value, timber harvest can adversely
affect ecosystems (Nelson et al. 2009; Lawler et al.
2014). Forests provide carbon uptake and storage ser-
vices which may be reduced when timber is harvested
(Diaz-Balteiro and Romero 2003; Lawler et al. 2014).
Unharvested forests also increase groundwater reten-
tion, reducing runoff and increasing water quality
(Nelson et al. 2009).

Timber harvest also effects biodiversity through its
impacts on wildlife habitat quality (Steventon et al.
1998; Fisher and Wilkinson 2005). Many wildlife
species experience positive effects from early suc-
cessional habitat following timber harvest (Fisher
and Wilkinson 2005; Kellner et al. 2019). During
post-harvest forest regeneration, abundant herbaceous
vegetation can increase herbivore food availabil-
ity, and dense woody debris supports moist micro-
climates and provides food for small mammals and
birds (Fisher and Wilkinson 2005). Additionally, later
successional stages have denser intermediate cover,
which can provide shelter from extreme weather con-
ditions and may allow prey species to avoid predators
(Fisher and Wilkinson 2005; Frair et al. 2005).

However, timber harvest can also have negative
effects on wildlife, as some species require large,
intact mature forests with little to no disturbance (Ret-
tie and Messier 2000; Fisher and Wilkinson 2005;
Forsman et al. 2005). Mature forests can provide
unique forage resources (Rettie and Messier 2000;
Kellner et al. 2019), as well as roost and den sites that
are often destroyed during timber harvest (Steven-
ton et al. 1998; Fisher and Wilkinson 2005). Mature
forests also may provide thermal or hiding cover for
large mammals (Skovlin et al. 1989; Barbknecht et al.
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2011; Rearden et al. 2011). Additionally, spatial con-
figuration of timber harvest affects habitat suitabil-
ity, as timber harvest creates edge effects that have
contrasting effects on wildlife (Fisher and Wilkinson
2005; Frair et al. 2005). For example, elk benefit from
open habitat with ample forage that is adjacent to hid-
ing and thermal cover (Skovlin et al. 1989; Rumble
and Gamo 2011), while birds use post-harvest shrub
habitat adjacent to mature forests for food resources
and cover (Kellner et al. 2019). Therefore, not only
are the effects of timber harvest on habitat suitability
substantial, but they are also spatially and temporally
dynamic. Timber harvest planning should not only
consider economic returns, but also how forest regen-
eration and spatial and temporal landscape heteroge-
neity impacts wildlife.

One method of timber harvest planning accounts
for wildlife habitat quality through habitat suitability
models, which determine the importance of habitat
variables by comparing habitat at locations where a
species or individual is observed to available habi-
tat (Larson et al. 2004; Thomas and Taylor 2006).
These models may use animal location data to pro-
vide specific estimates of habitat suitability across
timber harvest planning scenarios (Larson et al. 2004;
Kellner et al. 2019), which enables timber planning
optimization specifically for habitat suitability. Con-
sequentially, an optimal solution can be achieved
that balances wildlife habitat and timber harvest
goals (Bettinger et al. 1999; Yemshanov et al. 2020).
However, multi-objective optimization may be dif-
ficult in wildlife or timber harvest management sce-
narios due to costly software, insufficient computing
power, or coding requirements. We present a method
for multi-objective optimization incorporating habitat
suitability using open-source software and data often
available to managers, and apply it to Rooselevelt
elk (Cervus elaphus roosevelti) on Afognak Island,
Alaska.

Roosevelt elk are a good model species for multi-
objective optimization for timber harvest and habitat
suitability because their habitat needs are directly
impacted by timber harvest (Skovlin et al. 1989; Bet-
tinger et al. 1999). Elk use open areas, such as mead-
ows or recently harvested timber stands, for forage,
especially during summer or parturition (Irwin and
Peek 1983; Barbknecht et al. 2011). However, elk
also require cover, such as younger, denser forests,
or alternatively, mature forests, to shelter from severe
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weather and predators (Skovlin et al. 1989; Unsworth
et al. 1998; Rumble and Gamo 2011). Therefore, elk
habitat needs may conflict with timber harvest goals
because elk may require high quality foraging areas
as well as mature forests (Wisdom et al. 1986; Skov-
lin et al. 1989).

We created a timber harvest plan that balanced sea-
sonal elk habitat suitability with timber yield. First,
we used elk location data to develop three seasonal
elk habitat suitability models which incorporated
landscape variables including temporally dynamic
landcover categories. We then used coefficients from
the habitat suitability models and timber harvest vol-
ume estimates to create optimization models in each
season using a threshold-accepting heuristic frame-
work across a 50-year planning horizon separately for
timber harvest yield and habitat suitability. Finally,
we used multi-objective goal-deviation optimiza-
tion to balance timber harvest yield with temporally
dynamic elk habitat suitability.

Methods
Study area

Afognak Island (1,809 km?; 58.3279°N, 152.6415°W)
is 5 km north of Kodiak Island in the Kodiak Archi-
pelago, Alaska, USA (Fig. 1). Afognak Island is pri-
marily owned by Native corporations (64%), followed
by state (27%) and federal (9%) ownership. It contains
gradual sloping mountains from 300 to 800 m above
sea level. The archipelago has a subpolar oceanic cli-
mate with average annual high and low temperatures
of 8.0 and 2.1 °C, respectively, and average annual
rainfall and snowfall are 174 and 172 cm, respectively
(Menne et al. 2012).

The eastern portion of Afognak Island is domi-
nated by Sitka spruce (Picea sitchensis) which occurs
to 365 m in elevation with an understory contain-
ing blueberry (Vaccinium ovalifolium), devil’s club
(Oplopanax horridus), salmonberry (Rubus specta-
bilis), and elderberry (Sambucus racemose; Troyer
1960). Other portions of the island are dominated
by alder (Alnus fruiticosa) and willow (Salix spp.)
interspersed with open herbaceous areas containing
forbs such as bluejoint (Calamagrostis canadensis)

and fireweed (Epilobium angustifolium) (Troyer
1960). Small areas of Afognak Island were clearcut
intermittently during 1930-1965 (Harris 1972), with
extensive commercial clearcut logging on south-cen-
tral Afognak Island since 1976 (Fig. 2). Sitka spruce
productivity on Afognak Island is relatively low
compared to productivity in most of its range, with a
site index of about 24 m at 100 years old (Nesheim,
unpublished report; Hansen 2018).

In 1929, eight Roosevelt elk were introduced to
Afognak Island by the Alaska Game Commission to
establish a harvestable population (Troyer 1960). The
population increased to over 1000 animals by 1965
and has since ranged from 700 to 1200 individu-
als (Batchelor 1965; Schooler et al. 2022). The elk
population on Afognak Island has considerable eco-
nomic, cultural, and recreational value (Troyer 1960;
Schooler et al. 2022). Elk can be legally harvested
with permits issued by the Alaska Department of Fish
and Game (ADFG) (Alaska Department of Fish and
Game 2022).

Elk capture and handling

We captured 70 elk (41 female, 29 male; Online
Resource 1 Table S1) during June-August
2014-2020 on Afognak Island using standard aerial
darting techniques (Finnegan et al. 2021). We fit elk
with Global Positioning System (GPS) radiocollars
(model TGW-4677; Telonics, Inc, Mesa, Arizona,
USA or model Vertex Plus-4; Vectronic, Berlin, Ger-
many) programmed to attempt a location every 60
min; the collar was programmed to release 21-24
months after deployment to ensure sufficient battery
life for retrieval (Finnegan et al. 2021). We attached
leather links designed to degrade after 20-24 months
as a secondary drop-off mechanism (Finnegan et al.
2021). Animal capture and handling procedures were
approved by the State University of New York Col-
lege of Environmental Science and Forestry (SUNY
ESF) (IACUC; protocol 180503) and Alaska Depart-
ment of Fish and Game (ADFG; IACUC; protocol
0030-2018-37) Institutional Animal Care and Use
committees.

Data sources

We compiled 79 years (1943-2022) of timber har-
vest polygon shapefiles from the United States Forest
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Fig. 1 Afognak Island, Alaska. World and state map outlines from NASA open data portal, Kodiak and Afognak Island outlines

from Kodiak Island Borough maps and data center

Service (Harris 1972), Afognak Native Corporation,
Koniag Inc., Koncor, Natives of Kodiak Native Cor-
poration, and Ouzinkie Native Corporation (‘“Native
corporations”). We verified, corrected, and aug-
mented these data using historical reports, Google
Earth, ESRI ArcGIS Pro imagery, aerial photogra-
phy, and Landsat satellite imagery (Fig. 2; Online
Resource 2; Harris 1972; U.S. Geological Survey
1988, 2006, 2022; Esri et al. 2022; Google Earth
2022). Data included attributes for year of harvest,
treatment (e.g., replanted or not replanted), and land
ownership. We separated timber harvest data into
management units (“stands”) based on these attrib-
utes for consistency with original harvest data (Native
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corporations, unpublished data). Our study area con-
tained 1,272 timber harvest stands ranging from 0.13
to 525 hectares.

Most timber stands harvested before 1990 were
left to naturally regenerate (Native corporations,
unpublished data). During 2000-2002 61 timber
stands harvested during 1980, 1989, and 1995-2002
were replanted with Afognak Island strain Sitka
spruce seedlings (Native corporations, unpublished
data). After 2002, Sitka spruce seedlings of a more
rapidly-growing genetic strain from southeast Alaska
(“Juneau strain”) were replanted in 265 stands
(“Juneau stands”), with number of replanted stands
increasing since 2002. All stands harvested since
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Fig. 2 Timber harvest
stands and roads, Afognak Roads
[ Timber harvest stands

Island, Alaska, 1943-2022

2012 have been replanted with Juneau strain Sitka
spruce (Native corporations, unpublished data).
Stands replanted with Afognak strain grew at simi-
lar rates as naturally-regenerating stands, but due to
recolonization time, were about 15 years more mature
(Online Resources 2-4; Nesheim, unpublished
report; Alden 1998). Therefore, we added 15 years
to Afognak planted stand age and grouped them with
naturally-regenerating stands (henceforth referred
to collectively as naturally-regenerating stands).
Because Juneau strain Sitka spruce grows more rap-
idly than the native Afognak Sitka spruce (Nesheim,
unpublished report; Koniag Inc., unpublished data),
we used separate age classifications for Juneau and
naturally-regenerating stands (Table 1). Planted
Juneau stands are economically profitable to harvest

after 50 years of age and naturally regenerating stands
are profitable after 70 years of age (Koniag Inc., per-
sonal communication).

We characterized forest stands based on their
habitat value for elk using year of harvest or year
of replanting, incorporating differences in growth
for planted and unplanted stands (Table 1; Online
Resource 2). Using information from Native corpo-
ration land managers, peer-reviewed literature, Nor-
malized Difference in Vegetation Index (NDVI) in
2015 and 2021, and canopy cover in 2015 (Online
Resources 2—4; Sexton et al. 2013; Garroutte et al.
2016; U.S. Geological Survey and Google 2021), we
combined timber harvest stands into seven categories:
no cover, no forage; no cover, low forage; no cover,
medium forage; medium cover, medium forage;

Table 1 Landcover
categorization and

successional habitat type for
timber stand ages for stands
replanted with Juneau strain
Sitka spruce (Juneau) and

stands left to regenerate
naturally (nat. regen.),
Afognak Island, Alaska

Landcover category Habitat type Juneau Nat.
regen.
No cover, no forage Recent harvest 0-1 0-2
No cover, low forage Early-succession 2-4 3-6
No cover, medium forage Early-succession 5-8 7-11
Low cover, high forage Mid-succession 9-12 12-16
Medium cover, medium forage Mid-succession 13-15 17-25
Medium canopy, low forage Mid-succession 16-20 26-33
High canopy, no forage Late-succession 21-59 34-59
Forest Mature > 60 >60
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medium cover, low forage; high cover, no forage;
and forest (Table 1; Jenkins and Starkey 1996; Viss-
cher and Merrill 2009). For interpretation, we also
translated these categories into successional stages:
recently harvested; early-, mid-, and late-succession;
and mature forest. We calculated cubic meters of
timber per hectare for 5-year age classes for natu-
rally-regenerating and Juneau stands using a height-
growth model and published literature (Koniag Inc.
unpublished data; Hansen 2018). Stands had the
greatest volume per hectare at ages 135-145 for nat-
urally-regenerating and 70-80 years for Juneau stands
(Online Resource 5).

Elk habitat suitability model

We used landcover classifications from the 2016
National Land Cover Database (Jin et al. 2019)
overlaid with timber harvest data. We categorized
non-timber landcover data to generalized landcov-
ers (shrub, herbaceous, dwarf shrub, wetland, water,
roads, non-vegetated, and forest) for analysis; timber
stands over 60 years old (n=8) were grouped with
forest land cover (Online Resource 1 Table S2). To
estimate the effects of terrain on elk habitat suitabil-
ity, we used 30-m digital elevation models for eleva-
tion, slope, and aspect (Danielson and Gesch 2011).
Because slope and aspect interact in complex ways,
we incorporated slope and aspect into a site severity
index (Nielsen and Haney 1998; Boyce et al. 2003).
This metric incorporates slope and aspect into an
index of site moisture and solar insulation from mesic
to xeric conditions (Nielsen and Haney 1998):

I
Site Severity Index = sin (aspect + 225) X <s:§e >

(1)

We also examined the impact of distance from
streams and roads (ADFG, unpublished data) on elk
habitat suitability.

To reduce spatial autocorrelation, we thinned elk
GPS points to one random observation every 12 h
(e.g., one each during 0:00-11:59 and 12:00-23:59;
“used” points; Swihart and Slade 1985). We
excluded years of GPS data for each elk from the
habitat suitability analysis if the elk was not within
the timber harvest area (Online Resource 2). As elk
habitat use varies seasonally (Irwin and Peek 1983;
Unsworth et al. 1998), we grouped elk locations

@ Springer

into three seasons: autumn and winter (1 Octo-
ber-20 May), parturition (21 May—12 June; Batch-
elor 1965), and summer (13 June-30 September).
We used continuous time movement models to esti-
mate 85% elk home ranges (Roloff and Kernohan
1999; Powell 2012) using gaussian reference func-
tion kernel density estimates with small sample size
bias reduction for each elk in each season in each
year using the R package “ctmm” (Fleming and
Calabrese 2017; R Core Team 2021). We generated
random points equal to twice the number of thinned
GPS locations within the home range (i.e., avail-
able points). For each used and available point, we
extracted landcover, elevation, site severity index,
and distance to nearest stream and road. Because
timber stand landcover type varied among years
(Table 1), we used year-specific landcovers with the
corresponding year of elk location data.

We normalized continuous variables (elevation,
site severity index, and distances), then calculated
Pearson product-moment correlations between these
variables, finding no strong correlations (Irl<0.7;
Dormann et al. 2013). We fit seasonal mixed effects
logistic regression models to determine the effects
of landcover, elevation, site severity index, and dis-
tance to roads and streams on elk habitat suitability
(e.g. response variable as point used [1] or available
[0]) using random effect terms for individual elk,
year, and sex. We determined statistical significance
of individual fixed effect and random effect covari-
ates using Wald tests (¢ =0.05) and parameter vari-
ance (variance>0.025) respectively (Sommer and
Huggins 1996; Burnham and White 2002). As the
fixed effect of site severity index and the random
effects of year and sex were insignificant (p>0.05
and variance <0.025 respectively) and did not
improve model performance for any season (differ-
ence in Akaiki information criterion corrected for
small sample size [AAICc]>0, Online Resource
1 Table S3), we removed those predictors (Online
Resources 1 Tables S3-S4 and Online Resource
2; Sommer and Huggins 1996; Burnham and Ander-
son 2002), which improved model fit (AAICc < — 2
for all seasons; Online Resource 1 Tables S3-S4).

Our final habitat suitability model was:

log(U)y=a+pf.xc+f,xe+p . xr+p,+xw, (2
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where U represents if the point was used (1) or avail-
able (0), o is the model-estimated intercept, frep-
resentsthe model-estimated coefficients for each
variable, c is the landcover type of stand (a dummy
variable with seven coefficients representing timber
stand categorizations [Table 1]), e is elevation, r is
distance to road, and w is distance to water.

We fit habitat suitability models for autumn—win-
ter, summer, and parturition to obtain three sets of
coefficients for optimization, averaging coefficients
across all individual elk. We tested the predictive
accuracy of our models with fivefold cross-validation
to calculate area under the receiver operating charac-
teristic curve (AUC; Swets 1988).

Optimization formulation

Using the coefficients from the habitat suitability
model (Eq. 2), we calculated habitat suitability indi-
ces (HSI) using mean elevation, mean distance to
water, mean distance to nearest road, and landcover
for each timber harvest stand (y), in each planning
period (5-year intervals, ), where land cover type of
each stand varied temporally with timber growth. To
optimize habitat suitability, we maximized the area-
weighted average habitat suitability index for all tim-
ber stands averaged across planning periods:

-Z y1 HSI ) .
= DI

where ¢ is the planning period, u is the total number
of planning periods, y represents the timber harvest
stand, n is the total number of timber harvest stands,
HSI,, is the temporally complex habitat suitability
index (HSI) for Roosevelt elk during period ¢ in stand
¥ (Eq. 2), and A, is the area of stand y (hectares).

To optimize for timber production, we maximized
the objective function:

> Z VoA Xy )

=1 y=1

where V, is the number of cubic meters per hectare
for stand y during period ¢ based on replanting and
stand age, and X,y is a binary matrix of current solu-
tions with n rows and u columns which represents
whether unit y was (1) or was not (0) harvested during
period 7.

To maximize elk habitat suitability and timber har-
vest simultaneously, we minimized deviations from
volume (Gy) and habitat suitability (Ggg) goals by
minimizing a goal-deviation “multi-objective” objec-
tive function separately for each season:

1 2oy (HSL#A)
Gy = Xy Xy VA X, . Grsi = 5 21 A
Gy Gusi

&)
We set timber harvest volume and habitat suit-
ability goals as the best objective function values
from individual optimizations for timber harvest and
habitat suitability in each season. We set a minimum
harvest age constraint as 50 years for Juneau and
70 years for naturally-regenerating stands (Koniag
Inc., personal communication):

Xy <My, ©)
where M is a binary matrix with n rows and u col-
umns that represent whether stand y was harvestable
(1; age > 50 years for Juneau strain and > 70 years for
natural regeneration) or not-harvestable (0) in period
t. Finally, from conversations with Native corpora-
tions and analysis of historical harvest (average stands
harvested in a 5-year period=106), we set a maxi-
mum harvest constraint where the number of stands
harvested in a planning period could not exceed 100:

viell.. u]Z

We determined optimal solutions for timber har-
vest volume, habitat suitability for each season, and
multi-objective optimization functions for each sea-
son. Due to the recent harvest of timber on Afognak
Island and management goals of Native corporations
(Koniag Inc., personal communication), we began our
50-year planning horizon in 2050 by adding 28 years
to the 2022 ages of all stands. Due to stand age con-
straints, only 52 and 92 stands were available for
harvest during the first two planning periods, respec-
tively and no stand could be harvested twice in this
analysis. Therefore, the maximum number of stands
available for harvest during the planning horizon
within constraints was 892.

< 100. (7)
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Optimization technique

Because our optimization problem was nonlinear
and temporally dynamic, we used a heuristic thresh-
old accepting technique (Dueck and Scheuer 1990).
Though heuristic techniques do not guarantee a
global optimal solution, they produce feasible and
efficient solutions to complex problems (Bettinger
et al. 2002; Gilli et al. 2019). Our formulation used
a neighborhood function that changed the harvest
period of one stand at a time subject to the constraints
(“1-opt moves”; Online Resources 2, 6; Bettinger
et al. 1999). We implemented the threshold-accepting
algorithm using the “nmof” package in program R
(Online Resources 2, 6; Gilli et al. 2019; Schumann
2020; R Core Team 2021). As this optimization
method required minimization (Schumann 2020), we
minimized the negative value of the timber harvest
and habitat suitability objective functions.

Threshold-accepting optimization requires the user
to provide a sequence of thresholds that decline to
zero and a number of steps for each threshold (Online
Resource 2). We determined thresholds using the
default method in the “nmof” package (Gilli et al.
2006; Schumann 2020), which requires three user-
defined parameters (number of steps, quantile for
starting threshold, and number of thresholds). To
determine the best combination of parameters, we
ran each optimization eight or more times at several
parameter levels, then selected the combination of
parameters that provided the best objective function
value (Online Resources 2, 6; Bettinger et al. 2009).
Using these parameters, we repeated the timber har-
vest optimization 500 times and the remaining opti-
mizations 50 times (due to computer processing time
constraints). As alternative plans included varying
objective variables with different model coefficients,
we used coefficients of variation to measure the con-
sistency of optimization results (Online Resource 2;
Hurme et al. 2007; Bettinger et al. 2009).

The optimization model required several assump-
tions. First, we assumed no timber harvest would
occur on Afognak Island during 2023-2050. As
most harvestable timber land owned by Native cor-
porations has been harvested, most timber harvest
was completed on Afognak Island by 2021. Afognak
Native Corporation continues limited timber harvest
on the island, but data is not available on future tim-
ber harvest stand locations. Second, we assumed that
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all harvested stands were replanted with Juneau strain
Sitka spruce during the planning period in which they
were harvested; since 2012 Native corporations have
replanted stands within 5 years of harvest. Finally,
we assumed no new roads would be created on
Afognak Island, landcover on Afognak Island would
not change other than timber harvest, and elk habi-
tat selection and timber value would not change over
time.

Results
Habitat suitability

Elk habitat suitability model fit based on K-fold cross
validation was modest (autumn—winter AUC =0.654,
parturition AUC=0.652, summer AUC=0.586).
During all seasons, elk habitat suitability decreased
with increasing elevation (Fig. 3a, Online Resource
1 Table S4). During autumn—winter, elk habitat suit-
ability increased with increasing distance from roads,
during parturition, habitat suitability was unrelated
to road distance, and during summer, elk habitat
suitability decreased with increasing distance from
roads (Fig. 3b). During autumn—winter and summer,
elk habitat suitability increased with increasing dis-
tance from streams, while during parturition distance
from streams had no effect on elk habitat suitability
(Fig. 3c).

During all seasons, elk selected shrub and her-
baceous landcovers frequently, avoided water and
older-aged timber harvest stands with high cover
and no forage, and exhibited intermediate use of
wetlands (Fig. 3d; Online Resource 1 Table S4).
During autumn—winter, elk selected timber harvest
regrowth with low to no cover and low to medium
forage, avoided dwarf shrub landcover and timber
harvest regrowth with medium and high cover and
low to no forage, and demonstrated intermediate use
of other landcovers. During parturition, elk selected
young to intermediate-aged timber regrowth with
no to medium cover and low to high forage, avoided
newly harvested stands with no cover and no forage,
dwarf shrub, and forest landcovers, and demonstrated
intermediate use of other landcovers. During summer,
elk selected dwarf shrub landcover and avoided non-
vegetated areas, and demonstrated intermediate use of
other landcovers.
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Optimization seasons]). The multi-objective optimizations reached

The timber harvest optimization resulted in the high-
est timber yield (21.2% increase over habitat suit-
ability optimization timber yield [averaged across
seasons]) and the lowest habitat suitability (5.7% loss
compared to maximum suitability [averaged across
seasons]; Table 2; Figs. 4 and 5; Online Resource 1
Fig. S1). Conversely, the habitat suitability optimiza-
tions had the lowest timber yield (17.5% loss com-
pared to maximum yield [averaged across seasons]),
and the highest habitat suitability (6.1% increase over
timber harvest habitat suitability [averaged across

intermediate solutions between the timber harvest
and habitat suitability maxima (1.4% loss compared
to optimum yield; 3.9% loss compared to optimum
suitability [averaged across seasons]). The habitat
suitability and multi-objective optimization solutions
varied among seasons, reflecting respective seasonal
changes in elk habitat use (Figs. 3, 4, 5 and 6; Online
Resource 1 Figs. S1-S3).

Timing and frequency of timber harvest varied
between optimal solutions for different seasonal
objectives (Figs. 4, 5 and 6; Online Resource 1
Figs. S1-S3, Online Resource 2). When timber
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Table 2 Results from timber harvest, habitat suitability, and
multi-objective optimizations for habitat suitability models
during autumn-winter (1 October-20 May), parturition (21
May-12 June), and summer (13 June-30 September) includ-
ing area-weighted habitat suitability (HSI), total timber harvest

(timber volume; thousands of m3), number of stands harvested
(num. harvest), and average harvest age for natural regen-
eration (nat. regen) and Juneau stands for ten 5-year planning
periods, 2050-2100, Afognak Island, Alaska

Optimization Season HSI Timber volume Num. harvest Mean harvest age
Nat. regen Juneau
Timber harvest Autumn—winter 0.269 12,403 892 76.5 63.9
Parturition 0.259
Summer 0.263
Habitat suitability Autumn—winter 0.285 10,475 848 82.8 55.5
Parturition 0.277 10,314 792 76.3 57.5
Summer 0.277 9916 611 92.3 57.6
Multi-objective Autumn—winter 0.274 12,214 890 77.5 62.7
Parturition 0.266 12,151 890 77.1 63.0
Summer 0.266 12,334 879 71.7 62.7

Fig. 4 Area of harvested

60 1

timber stands (hundreds 3
of hectares) across 5-year g

. R 401 s
planning periods by stand <
age (years) and replant- 201 é
ing type (Juneau strain or =
natural regeneration [natu- ol = I

Stand age at harvest
50-59 Juneau planted
70-79 Juneau planted

[ 80-89 Juneau planted

Il 90-99 Natural regen.

I 110-119 Natural regen.

60-69 Juneau planted
[ 70-79 Natural regen.
I 80-89 Natural regen.
Il 100-109 Natural regen.

ral regen.]) from optimal
solutions for timber harvest,
elk habitat suitability

Autumn-winter

Summer

Parturition

m
[0}
ks
® 60
(suitability) during autumn— <
winter (1 October—20 May), o w0l 2
parturition (21 May-12 K 3
June), and summer (13 2 20 %
June-30 September), and 2 0
multi-objective suitability o
. : L oA
and timber harvest (multi- <
objective) during three 60
seasons, Afognak Island, ®
Alaska, 2050-2100 w013
2
e}
2
201 3
s
O -

12345678910

harvest alone was maximized, the maximum num-
ber of stands was selected for harvest during each
period within constraints and larger-area stands
were harvested later in the 50-year planning hori-
zon. The optimal solution for elk habitat suitabil-
ity during autumn—winter had the most stands har-
vested and therefore the highest yield among the

@ Springer
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Period

habitat suitability optimizations (15.5% yield loss
compared to optimum; Table 2). The optimal solu-
tion for parturition habitat suitability resulted in
an intermediate number of stands harvested and
similarly intermediate loss of yield (16.8%), while
the optimal solution for summer habitat suitabil-
ity had the fewest stands harvested and therefore
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Parturition Summer

Fig. 5 Elk habitat suitabil- 0.4 Autumn-winter
ity across 5-year planning
periods showing percent 0ad .
area of each landcover type 18
across timber stands under 0.2 E
optimal solutions for timber “ls
harvest (average suitabil- €
ity across three seasons), 019+
suitability during autumn—
winter (I October-20 May), 0.0
parturition (21 May-12 0.4 1
June), and summer (13
June-30 September), and £0.3
multi-objective suitability g >
and timber harvest (multi- § 0.2- §
objective) during three IS %
seasons, Afognak Island, s 014
Alaska, 2050-2100 T
0.0
0.4 1
0.3 1 2
8
0.2 1 .g
=3
0112

0.0 IIIIIIIIII IIIIIIIIII IIIIIIIIII

1234567891 12345678910 12345678910

Land cover

the lowest yield (20.0% loss). The optimal solution
from the multi-objective optimization for summer
elk habitat suitability resulted in the lowest num-
ber of stands harvested among the multi-objective
optimizations, but the highest yield (1.6% loss com-
pared to optimum), because larger-area stands were
harvested later. The multi-objective optimizations
for elk habitat suitability during autumn-—winter
and parturition resulted in similar solutions, with
the same number of stands harvested and similar
yield loss (1.5% and 2.0% respectively). The opti-
mal solution for timber harvest yield resulted in the
greatest loss of elk habitat suitability during partu-
rition (6.5% loss compared to optimum), followed
by autumn-winter (5.6% loss), then summer (5.0%
loss). The multi-objective optimizations resulted
in similar elk habitat suitability losses across sea-
sons (all seasons 3.9% loss compared to optimal
solutions).

No cover no forage
No cover medium forage [l Medium cover low forage
Low cover high forage

Period

B Medium cover medium forage [l Forest

Il High cover no forage

Discussion

Our aim was to develop a method for timber harvest
scheduling that balanced seasonal elk habitat suitabil-
ity with timber harvest volume for a 50-year planning
horizon. Optimization of the timber harvest, habitat
suitability, and multi-objective functions resulted in
expected variations in timber volume yield and habi-
tat suitability. During all seasons, elk selected herba-
ceous vegetation and shrub landcovers over forests,
indicating that in this system, forage may be more
limiting for elk than cover.

Optimizing for timber harvest volume resulted
larger-area older stands harvested later in the plan-
ning horizon. However, the optimal solution for tim-
ber harvest resulted in lower elk habitat suitability
than other solutions because older stands have lower
forage availability and therefore lower elk habitat
value than earlier successional stages (Skovlin et al.
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Fig. 6 Timber stands
selected for harvest during 0 5 10
each period from optimal

20 Kilometers

solutions for timber harvest;
elk habitat suitability
(suitability) during autumn—
winter (1 October—20 May),
parturition (21 May-12
June), and summer (13
June-30 September); and
multi-objective timber har-
vest and suitability (multi-
objective) during the three

Timber harvest

Harvest period
Period 1: 2050-2054
Period 2: 2055-2059
Period 3: 2060-2064

I Period 4: 2065-2069

I Period 5: 2070-2074
I Period 6: 2075-2079

N

A

B Period 7: 2080-2084

Bl Period 8: 2085-2089

Il Period 9: 2090-2094

Il Period 10: 2095-2099
~ Not harvested

seasons, Afognak Island,
Alaska, 2050-2100

Parturition Summer

Suitability

Multi-objective

1989; Visscher and Merrill 2009). Though extensive
timber harvest may increase elk habitat suitability in
the short-term, a homogenous landscape of mid- to
late-successional stages later in forest regeneration
reduces long-term habitat value for elk (Starkey et al.
1982; Irwin and Peek 1983; Wisdom et al. 2004).

In autumn-winter, timber harvest increased elk
habitat value because elk selected recently har-
vested early-successional timber stands over mid- to
late-successional and mature forest stands. Elk may
spend more time in open habitat during winter than
during other seasons because forage is less palatable
and more difficult to obtain, increasing the forag-
ing time required to acquire sufficient energy (Star-
key et al. 1982; Unsworth et al. 1998; Christianson
and Creel 2007). Elk selected mature forest stands
over mid- to late-successional stands, indicating that

@ Springer

forests may provide better shelter from predation and
severe weather as compared to late-successional tim-
ber stands (Starkey et al. 1982). Severe winters on
Afognak Island can cause high elk mortality (Alex-
ander 1972), and elk may mitigate effects of winter by
using mature forest, especially after heavy snowfall
(Troyer 1960; Batchelor 1965). During parturition,
rather than reducing predation risk by using forest
habitat with high canopy cover (Troyer 1960; Witmer
and DeCalesta 1983), elk used early to mid-succes-
sional habitat, leading to an optimal solution with
intermediate timber harvest. During calving, elk may
select shrubby early-successional habitat over for-
ests as it may offer denser vegetation, which provides
“hiding” cover and additional foraging resources
(Barbknecht et al. 2011; Rearden et al. 2011). The
optimal solution for elk habitat suitability during
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summer had the lowest timber yield because elk used
forests similarly to early- to mid-successional timber
stands. Elk may use forests to shelter from vehicular
traffic or logging operations during summer (Uns-
worth et al. 1998; Wisdom et al. 2004), or for thermal
cover, as forests may provide a cooler microclimate
which protects elk from high temperatures (Starkey
et al. 1982; Long et al. 2014).

By using multi-objective optimization, we found
solutions that achieved approximately 99% of opti-
mal timber yield while maintaining greater elk habitat
suitability than the single-objective timber yield opti-
mization. To improve elk habitat suitability during
the next timber harvest planning horizon, our opti-
mizations suggest harvesting smaller stands before
they reach their maximum yield potential while leav-
ing larger stands to be harvested at peak yield, and
also leaving some stands unharvested (Skovlin et al.
1989; Visscher and Merrill 2009; Rumble and Gamo
2011). This harvest system may better mimic forest
dynamics following natural disturbances and provide
continuous regeneration that prevents a decline in
elk habitat suitability (Irwin and Peek 1983; Skovlin
et al. 1989; Jenkins and Starkey 1996). Additionally,
we suggest that before the beginning of our planning
horizon (i.e., over the next 23 years), managers may
consider harvesting small areas within late-succes-
sional stands to create gaps in the forest canopy and
allow for increased forage production (Starkey et al.
1982; Skovlin et al. 1989).

While there are multiple complex drivers of elk
population dynamics (Brodie et al. 2013; Lukacs
et al. 2018; Schooler et al. 2022), in northern regions
elk populations are generally limited by weather dur-
ing winter and forage availability during summer and
autumn (Brodie et al. 2013; Cook et al. 2013; Lukacs
et al. 2018; Schooler et al. 2022). Additionally,
because elk demonstrated increased use of higher
elevation dwarf shrub habitat during summer, they
may be less affected by timber harvest during sum-
mer compared to the other seasons. Therefore, man-
agers may consider prioritizing the multi-objective
optimization solution that incorporates autumn—win-
ter habitat suitability over other solutions. This solu-
tion recommends limited harvest of stands early in
the planning horizon and harvesting smaller Juneau
strain stands before they reach peak maturation, while
leaving larger-area stands to be harvested later in the
planning horizon.

We recognize several limitations of our study.
Though ungulates are strongly influenced by land-
scape complexity and edge effects (Skovlin et al.
1989; Rowland et al. 2018), we were unable to incor-
porate adjacent habitat into suitability because our
study landscape was relatively large, our problem was
temporally complex, and we used a large number of
planning periods. We also did not consider balance
of economic benefits between Native corporations,
or economic advantages of harvesting spatially con-
tinuous stands. Because very few forest stands on
Afognak Island were older than 50 years, we were
unable to separate mature timber stands from unhar-
vested old growth forest in our habitat suitability
model and optimizations, even though previously-har-
vested mature timber stands likely have different hab-
itat characteristics than unharvested old growth (Arris
and Farr 1974). Additionally, though thinning, burn-
ing, fertilization, and alternative harvesting strategies
may be beneficial for elk habitat suitability because
they encourage early successional stages and maxi-
mize forage productivity (Starkey et al. 1982; Skovlin
et al. 1989), we were unable to account for these man-
agement scenarios due to problem complexity and
lack of data. Similarly, though we could not account
for replanting schedules in our optimization, man-
agers could consider delaying replanting harvested
stands, as immediate replanting may decrease habi-
tat suitability by reducing the length of forage-rich
early successional stages (Starkey et al. 1982). Cli-
mate change has increasing effects on habitats (e.g.
changes in vegetation phenology and growth; Root
et al. 2003) and animal behavior (Beever et al. 2017),
which may change elk habitat use and timber growth
and therefore optimal solutions.

Though elk benefited from timber harvest, opti-
mizing for either timber harvest or habitat suitabil-
ity alone resulted in a decrease of the other objec-
tive. However, our goal-deviation multi-objective
optimization reached a compromise between opti-
mal timber harvest and elk habitat suitability.
Though wildlife management and financial goals
may conflict, multi-objective heuristic optimiza-
tion using habitat suitability models is a technique
that can be implemented across wildlife species. As
over 15% of the earth’s terrestrial surface is man-
aged for timber harvest (FAO 2016), there is great
concern about the impacts of timber harvest on bio-
diversity (Fisher and Wilkinson 2005; Kellner et al.
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2019). Multi-objective optimization that incorpo-
rates data-driven habitat suitability models provides
a framework to maintain adequate habitat suitability
while allowing for necessary resource extraction.
Given the availability of animal location data (e.g.,
MoveBank [Wikelski et al. 2022], Global Biodiver-
sity Information Facility [GBIF Secretariat 2022])
and our use of open source software (R [Schumann
2020; R Core Team 2021]), our approach can be
more broadly applied for wildlife-oriented timber
harvest management.
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