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Abstract

Aim: Indigenous communities involved in conservation planning require spatial data-
sets depicting the distribution of culturally important species. However, accessing
datasets on the location of these species can be challenging, particularly when the
current distribution no longer reflects areas with the full range of suitable growing
conditions because of past logging. We test whether using occurrence data from
community-based field surveys and archaeological records in species distribution
models can help predict the distribution of monumental western redcedar trees
(Thuja plicata)—large, high-quality trees suitable for cultural purposes such as carving
dug-out canoes, totem poles and traditional houses. This species is critically impor-
tant to indigenous people of the Pacific Northwest of North America, but trees suit-
able for traditional carving and building are diminishing in abundance due to logging.
Location: Our analysis covers the spatial extent of the traditional territory of the
Heiltsuk First Nation, which encompasses a portion of the Great Bear Rainforest in
British Columbia, Canada.

Methods: We built and compared species distribution models using the machine
learning program, Maxent, based on occurrence data from field surveys and archaeo-
logical records of culturally modified trees.

Results: Our findings highlight similarities and differences between the predictions
from these species distribution models. When validating these models against occur-
rences from an independent dataset, the archaeological record model performs bet-
ter than the field survey model. These findings may arise because the independent
dataset was collected on an unlogged island—an environment that aligns more closely
with the historic forest conditions revealed by the archaeological records than the
current distribution revealed by the field surveys.

Main conclusions: We demonstrate and discuss the utility of using archaeological
data in species distribution modelling and conservation planning when the target
species is associated with shifting environmental baselines, data limitations and an

important cultural resource.
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1 | INTRODUCTION

Indigenous people and communities are gaining enhanced rights
and authority over their traditional lands, including the forest re-
sources that are often deeply intertwined with their culture (Larson,
Dahal, & Colfer, 2010). In such places, integrating local knowledge
and perspectives about culturally important plants and animals are
often key factor in successful conservation and resource manage-
ment initiatives (Berkes, Folke, & Gadgil, 1994; Charnley, Fischer,
& Jones, 2007). What kind of data is applicable and meaningful to
indigenous communities in these contexts? Increasingly, data de-
scribing the locations of species occurrences are an integral part of
spatial conservation planning because these data support prediction
of spatially explicit species distributions (Elith & Leathwick, 2009;
Franklin, 2009). But questions about how to effectively apply these
methods arise when the target taxon is an important traditional re-
source used by indigenous groups and is associated with a rapidly
shifting distribution. In these situations, using occurrence data based
on observations, knowledge or physical evidence of local inhabitants
is an underutilized approach that can provide insights into ecolog-
ical communities, populations and resource landscapes (Franklin,
Potts, Fisher, Cowling, & Marean, 2015; Lopez-Arevalo, Gallina,
Landgrave, Martinez-Meyer, & Munoz-Villers, 2011; Pesek et al.,
2009; Ziembicki, Woinarski, & Mackey, 2013). Finding novel ways
to bring together and compare alternative occurrence datasets, such
as those based on field surveys and archaeological records, holds
promise for spatially predicting past and current species distribu-
tions and more effectively meeting community objectives for con-
servation areas.

In the coastal temperate rainforests of north-western North
America, western redcedar (Thuja plicata Donn ex D. Don; hereaf-
ter “redcedar”) is important to coastal ecosystems, economies and
cultures (Antos, Filipescu, & Negrave, 2016; Klinka & Brisco, 2009).
Redcedar is considered the “tree of life” to indigenous people be-
cause of its prominent role across diverse aspects of traditional
and contemporary life (Garibaldi & Turner, 2004; Zahn, Palmer, &
Turner, 2018). For example, the emergence of redcedar in these
coastal forests during the Holocene is associated with rapid techno-
logical innovation stemming from its myriad uses in transportation,
structural housing material, art, clothes and spirituality (Hebda &
Mathewes, 1984; Stewart, 1995). Evidence of these uses over past
centuries is imprinted in coastal forests by way of culturally modified
trees (Turner et al., 2009). Furthermore, due to its great longevity
(>1,000 years) and potential sizes (>3 m diameter and >60 m tall),
redcedar is associated with many important ecological functions
such as supporting wildlife habitat (Stevenson, Jull, & Rogers, 2006),

diverse epiphytic communities (Price, Lilles, & Banner, 2017), and
soil stability and carbon storage (Klinka & Brisco, 2009).

Although redcedar is broadly distributed and relatively abundant
in the temperate rainforest of British Columbia (BC), those of “mon-
umental” quality (Figure 1)—large, high-quality trees suitable for
cultural purposes such as carving dug-out canoes, totem poles and
traditional houses—are rare (Sutherland, Gergel, & Bennett, 2016).
Monumental redcedar is an inherently scarce resource in managed
forests because of the unique developmental pathways required to
reach monumental status and the long time periods, typically more
than 250 years, required for their development (Sutherland et al.,
2016). Accessible, large, high-quality redcedar trees are also among
the most profitable timber in coastal forests, making them a staple
target of industrial logging (Nelson, 2004). On the Central and North
Coast of BC, for instance, analyses suggest that logging is occurring
disproportionately within highly productive redcedar stands (Green,
2007). The overharvesting of high-value redcedar can erode the nat-
ural capital of coastal temperate rainforests similar to high grading
of rare tree species in tropical forests (Schulze, Grogan, Landis, &
Vidal, 2008) or large fish in the marine environment (Poos, Bogaards,
Quirijns, Gillis, & Rijnsdorp, 2010).

In addition to disproportionate harvesting, the current silvicul-
tural regime, focused on principles of maximum sustained vyield,
does not provide sufficient time or possibly the growing conditions,
necessary for redcedar to reach monumental status within the op-
erational land base (LePage & Banner, 2014; Sutherland et al., 2016).
For example, conventional timber supply models calculate harvest
rotation ages within managed forests (typically less than 100 years)
that can be an order of magnitude shorter than the age of large
monumental redcedars (often more than 1,000 years; Antos et al.,
2016; MacKinnon, 2003; Waring & Franklin, 1979). Such divergence
between managed and unmanaged forests is especially marked
in the wetter portions of the coastal temperate rainforest, where
large-scale disturbances, such as stand-replacing fires, are exceed-
ingly rare, leading to a natural disturbance regime characterized by
small-scale gap dynamics and generating forests dominated by old
growth (Daniels, 2003; Lertzman et al., 2002; Lertzman, Sutherland,
Inselberg, & Saunders, 1996). Thus, the seral shifts produced by
industrial silviculture dramatically decrease the number of large
old trees present on the landscape (Lindenmayer, Blanchard, Blair,
McBurney, & Banks, 2016). Such a change is salient in any forest
around the world because large old trees disproportionately affect
the structure, dynamics and function in forests (Lindenmayer &
Laurance, 2017; Lutz, Larson, Swanson, & Freund, 2012; Stephenson
et al., 2014), but when these stand elements are also a cultural

keystone like monumental redcedar (Garibaldi & Turner, 2004),
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FIGURE 1 Pictures of monumental redcedar and culturally modified trees (photograph credits: Ken Lertzman). Picture (a) is characteristic
of an occurrence that met the field survey criteria for monumental cedar status: diameter at breast height greater than 1 m and bole

length greater than 5 m with few knots or defects. Picture (b) shows a very large redcedar tree that does not meet the field definition for
monumental cedar due to excessive rot and other tree defects. Picture (c) shows a partially carved canoe that was likely abandoned over a
century ago, which is characteristic of one type of aboriginally logged tree occurrence in the archaeological records (accompanying stump
outside picture frame). Picture (d) shows a test hole in a redcedar tree—a technique traditionally used by indigenous people to assess the

proportion of heart rot in potential monumental cedar

perturbations to their distribution influence the broader social-eco-
logical system as well. Therefore, focusing conservation efforts on
large old trees with connections to local cultural values and practices
can create important synergistic benefits that cross the social-eco-
logical divide (Blicharska & Mikusinski, 2014).

In the Great Bear Rainforest of coastal British Columbia
(Figure 1), a regime of ecosystem-based management (EBM; Great
Bear Rainforest Order, 2016; Price, Roburn, & MacKinnon, 2009)

has been instituted which includes Cedar Stewardship Areas (CSAs),
a land designation created to ensure an intergenerational supply of
redcedar. Although the specific characteristics of CSAs are vague
in current planning documents, the concept is that certain limita-
tions are placed on the commercial harvesting of redcedar, while
indigenous groups (referred to as First Nations in Canada) can ac-
cess redcedar for cultural purposes. According to the current EBM

framework, planners must also incorporate First Nations’ traditional
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forest resources and tree use into landscape reserve planning (Great
Bear Rainforest Order, 2016), thus creating a strong mandate for the
conservation of monumental redcedar. However, the large scale of
spatial planning and the inherent rarity of monumental redcedar,
coupled with the lack of a comprehensive inventory in the region,
makes it challenging to implement CSAs without more knowledge of
these trees’ distribution across the landscape.

Species distribution models (SDMs) are widely discussed in the
conservation literature and are increasingly being used to inform site
selection for spatial planning around the world (Araujo & Williams,
2000; Ferrier, Watson, Pearce, & Drielsma, 2002; Franklin, 2009).
Typically, SDMs are used to produce predictive maps that show the
probability of species presence, or habitat suitability, based on the
statistical relationship between observed species occurrences and
environmental factors. One of the major challenges with SDMs in
an applied context is that many empirical models are based on po-
tentially biased field surveys (Phillips et al., 2009). Various methods
have been developed to account for these issues, including creat-
ing target background data to reflect sampling effort (Phillips et al.,
2009) and altering occurrence datasets to remove biases (Dudik,
Schapire, & Phillips, 2005). Although methods to address bias and
uncertainty may improve predictions, they are difficult to apply in
an objective manner because detailed information about sampling

effort is often lacking (Elith & Leathwick, 2009; Phillips et al., 2009).
Integrating multiple independent datasets is another approach to re-
vealing biases and cross-referencing knowledge of species distribu-
tions (e.g., Lopez-Arevalo et al., 2011). For instance, combining data
from modern field surveys of monumental redcedars with archae-
ological records of their past locations may fill the data gap arising
because their modern distribution has been shaped by a century of
industrial forest harvest. Bringing together such ecological and cul-
tural data can also lead to a spatial conservation design that reflects
the patterns and values of past traditional resource use.

In this research, we evaluate different data sources to predict
the spatial distribution of monumental redcedar in a portion of the
Great Bear Rainforest of BC, Canada. We examine SDMs derived
independently from two types of monumental redcedar occurrence
data: community-based field surveys carried out by the Heiltsuk First
Nation and archaeological records of traditional harvesting locations.
We also create a third SDM that combines these two datasets. We
first hypothesize that the distributions inferred from the field survey
and archaeological datasets will have substantial overlap and exhibit
similar relationships across environmental variables and that both
SDMs will be influenced by variables related to access, such as ele-
vation and proximity to the ocean. Next, we compare the predictions
based on these individual SDMs with a more recent, independent and
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FIGURE 2 Map of the study

area (shown in red) used for species
distribution modelling. The SDMs
calibrated on Heiltsuk field surveys

and archaeological records across the
entire study area were tested against

the independent occurrences from field
transects on Chatfield Island. Black dots
on the inset map of Chatfield Island show

the end-points of each field transect
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systematic, dataset of monumental redcedar from field transects, col-
lected for this project. Our hypothesis is that the survey biases (i.e.,
targeted and opportunistic sampling) in the Heiltsuk field surveys and
the traditional patterns of use in the archaeological records will limit
congruence with this independent dataset. We also expect that the
SDM based on pooled occurrences from the first two datasets will
create a more accurate model of the spatial distribution of monumen-
tal redcedar (as represented by our third dataset), potentially via the

most extreme biases in either dataset cancelling each other.

2 | METHODS

2.1 | Study area

Our study area encompasses the traditional territory of the Heiltsuk
First Nation on the Central Coast of BC, Canada—an area that forms
part of the Great Bear Rainforest (GBR; Figure 2). This region's EBM re-
gime has received substantial scholarly attention, partly because of its
global conservation status as one of the largest undeveloped regions
of coastal temperate rainforest (Allen, 2005). The GBR has also gained
notoriety around the world as a focal point in forestry conflicts (i.e.,
“the war in the woods”) and, in relation, the almost unprecedented shift
to 85% of its forests being off-limits to logging (Great Bear Rainforest
Order, 2016; Price et al., 2009). But this region also has a long history
of forest management and stewardship that precedes the modern for-
est industry. Indigenous people have been occupying this territory for
millennia, with archaeological records showing human settlement and
use of the land dating back to over 10,000 years ago (Cannon, 2000;
McLaren et al., 2014). Although the Heiltsuk territory covers a large
area of land (~15,000 km?), population densities are currently very low
(~1 person/4 km?) and comprised of mostly First Nations. Currently,
unemployment rates among First Nations are extremely high, with
the majority of jobs provided by the local government and the natural
resource sectors (Allen, 2005). Accessing and distributing traditional
food and other resources from the surrounding territory form the basis
of a significant subsistence economy, and thus, local people often make
a clear and direct connection between ecological integrity and com-
munity well-being—two central pillars of EBM.

Ecologically, the GBR region lies within the coastal temper-
ate rainforest and is within the Coastal Western Hemlock (CWH)
zone of BC's Biogeoclimatic Ecosystem Classification system (BEC;
Meidinger & Pojar, 1991). The BEC system classifies ecosystems
across nested scales: zones represent the broadest scale based on
climate, and site series represents the finest scale based on the local
soil moisture and nutrient regimes (Meidinger & Pojar, 1991). The
GBR region is characterized by high annual rainfall (2,000+ mm),
moderate average monthly temperatures ranging from 4 to 16°C
and extensive coniferous forests. Heterogeneous physiography and
a landscape that includes mainland fjords and offshore island archi-
pelagos create large regional variation in site productivity. Forests
in the floodplains of large river systems can accumulate immense
above- and belowground biomass, whereas other areas that are se-
verely limited by nutrients and water tables are characterized by bog

vy iributions VTRV

ecosystems with markedly shorter forest canopies. Over a dozen
tree species occupy these forests, the most common of which, de-
pending on site conditions and disturbance histories, are western
redcedar, western hemlock (Tsuga heterophyla), amabilis fir (Abies
amabilis), Sitka spruce (Picea sitchensis), yellow-cedar (Callitropsis
nootkatensis), shore pine (Pinus contorta var. contorta) and red alder
(Alnus rubra; Alnus sitchensis on the outer coast).

The spatial extent of our study area (350,000 ha) represents
roughly 25% of the terrestrial area of the Heiltsuk territory. We se-
lected this area based on availability of GIS data and in an attempt
to exclude forests that are unlikely to yield monumental redcedar
because of short tree canopies, logging history or unsuitable species
composition. To identify a study area using these criteria, we que-
ried the Vegetation Resource Inventory (VRI) spatial layer (Data BC;
www.data.gov.bc) based on whether redcedar appeared in the spe-
cies label (constituting at least 10% of forest canopy) of the stand,
whether average stand height was equal to or greater than 20 m and
whether average stand age was equal to or greater than 140 years.
VRI data are derived from interpreted orthophotos and represent
stand values averaged across broad areas (typically over 1 ha in size),
thus masking fine-resolution variability within stands. We created
the final study area boundary by clipping to the Heiltsuk territory
and by clipping to the Central Very Wet Hypermaritime BEC sub-
zone and variant of the CWH zone (CWHvh2; Meidinger & Pojar,
1991) to distinguish among unique ecosystem types. We used the
entire study area for model calibration and the portion of the study

area that overlaps Chatfield Island for model validation (Figure 2).

2.2 | Species occurrence data

2.2.1 | Heiltsuk field surveys

Fieldwork conducted by Heiltsuk field crews across the Heiltsuk ter-
ritory during the summers of 2013 and 2014 led to the identifica-
tion of 68 monumental redcedar trees within the study area. The
Heiltsuk field crews recorded these data through targeted sampling
focused on productive stands with redcedar or yellow-cedar as the
leading species and through opportunistic sampling while complet-
ing other types of surveys, often around historic village sites. The
criteria used by the field crews to identify monumental redcedar in
these surveys include a minimum trunk diameter of 1 m at breast
height and at least 5 m of clear wood (i.e., free of large knots or
branches and other tree defects such as excessive sweep or rot).
There is no differentiation in this occurrence dataset between redc-
edar and yellow-cedar—two species that look very similar. However,
given that the survey locations are mostly associated with redcedar
stands and large yellow-cedar trees are much less common in the
region, it is likely that almost all the occurrences are redcedar.

2.2.2 | Archaeological records

The BC Archaeology Branch administers a database that contains
archaeological features recorded by archaeologists within BC. In
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2011, we accessed a GIS shapefile of archaeological features within
Heiltsuk territory. Many of these features represent 10 m buffers
around points or clusters of points; so, we used the centroid of each
polygon as our occurrence point. We used occurrence data based on
the records describing culturally modified trees (CMTs). Monumental
redcedar is not listed specifically, but the CMT site type does con-
tain records of 106 aboriginally logged trees within the spatial study
area, which identify where trees or portions of trees have been har-
vested in the past. Species information is not listed for every CMT,
but western redcedar represents 84% of the populated fields and
the generic term “cedar” represents the rest. We used these records
of archaeological aboriginal logging as a proxy of historic monumen-
tal redcedar occurrences, although further research is needed to
quantify how frequently they would meet the monumental redcedar

criteria described for the modern Heiltsuk field surveys.

2.2.3 | Chatfield Island transects

To create an independent validation dataset for testing models
built from the above occurrence data, in July 2015 a team of four
researchers from Simon Fraser University and two crewmembers
from the Heiltsuk First Nation conducted field transects to identify
monumental redcedar. Unlike the Heiltsuk field surveys and archae-
ological records, which span the entire Heiltsuk territory, these tran-
sects were confined to Chatfield Island (Figure 2; validation study
area = 1,880 ha). We chose this island to conduct fieldwork based
on a combination of the presence of extensive old-growth forests
with no logging history and logistical feasibility. Chatfield Island en-
compasses most of the range of ecosystems that are representative
of the entire territory, but the island's landscape does not have large
mountains or extremely productive floodplain forests that charac-
terize some watersheds further inland. This sampling effort provided
a more systematic and representative sample of available vegetation
and environmental conditions than either of the other databases.

We sampled along seven transects, involving the team walking
linear routes through the forest. We spread out and enumerated all
monumental redcedar trees within at least a 50 m wide belt transect,
although various terrain obstacles limited our ability to travel in a
straight line at all times. To anchor the end-point of each transect,
we generated seven random points within the spatial study area on
Chatfield Island using Random Point in Arccis 10.2. From the near-
est accessible shore location, we travelled by foot to the random
point guided by a compass and GPS (Eos Arrow 100 GNSS Receiver),
searching for trees that met our criteria for monumental redcedar.
These criteria were based on the identification methods used during
the Heiltsuk field surveys. We also searched on the return trip from
each random point, usually on a parallel adjacent transect. The aver-
age distance travelled at each location, including the return trip, was
1.4 km (max = 2.1 km, min = 0.8 km). At each monumental redcedar
tree that we identified, we took photographs and recorded notes in-
cluding GPS location, tree height using a hypsometer, tree diameter
at breast height, and the length and number of clear faces. In total,
we recorded 62 monumental redcedar trees on Chatfield Island.

2.2.4 | Species distribution models

To build SDMs, we used the machine learning program, Maxent
(Phillips, Anderson, & Schapire, 2006), supported through the “dismo”
package in r (Hijmans, Phillips, Leathwick, & Elith, 2013; R Core Team,
2015). We developed an SDM for the Heiltsuk field surveys (hereaf-
ter Heiltsuk model) based on the environmental conditions associated
with that dataset's 68 occurrences, a second SDM for the archaeo-
logical records (hereafter Archaeo model) based on the environmental
conditions associated with that dataset's 106 occurrences and a third
SDM that pools these datasets (hereafter Combined model), based on
a total of 174 occurrences. In building these models, we used the de-
fault settings in Maxent with a final set of eight variables as environ-
mental predictors (Table 1). We chose these variables because they
are known to influence tree distributions and because we had access
to corresponding spatial data. We examined correlations among vari-
ables and removed one potential predictor (stand volume) because
it was highly correlated with Canopy Height (Pearson's R = 0.84), a
variable that is more explicitly linked to the criteria for characterizing
monumental redcedar. We converted each variable to a raster file,
based on the associated value in the cell centre, with 25-m grid cells,
using the BC Albers projection. We chose Maxent to model our oc-
currence datasets because it is designed for presence-only data, pro-
vides robust results for small sample sizes compared to many other
models, can integrate categorical data and offers many options for
model evaluation (Elith et al., 2006; Phillips et al., 2009).

We created two scenarios for the Heiltsuk and Archaeo models to
account for the potential influence of uneven survey intensity in the
Heiltsuk field surveys as well as patterns of traditional use in the ar-
chaeological records. The first scenario included all variables (here-
after referred to as including access variables or IAV), whereas the
second scenario excluded the two variables most associated with
access: proximity to ocean and elevation (excluding access variables
or EAV). We developed this latter scenario to enable more explicit
comparisons of the models and predictive maps, so that decision-
makers can more easily evaluate whether or not to incorporate ac-
cess patterns in the design of Cedar Stewardship Areas.

We compared the Heiltsuk and Archaeo models and associated
scenarios by examining three different statistical relationships:
model fit, variable contributions to model performance and proba-
bility distributions across the range of environmental values for each
variable (i.e., Maxent marginal species response curves). We em-
ployed k-fold cross-validation (k = 5) for each dataset so that model
training used 80% of the occurrences and model testing used the re-
maining 20%. We used evaluate and the ROC functions in r (Fielding
& Bell, 1997) to assess model fit through area under the receiver
operating characteristic curve (AUC) statistics (Hanley & McNeil,
1982). With Maxent, this metric represents sensitivity (correct pos-
itive predictions) plotted as a function of the proportional predicted
area, where values of 0.5 represent random predictions and values
above 0.5 indicate performance better than random (Phillips et al.,
2006). Unlike models that integrate presence and absence records,

the AUC scores in Maxent represent the probability that random
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TABLE 1 Environmental variables used as predictors in the species distribution models

Elevation (m) affects cedar growth by influencing temperature and the phase of precipitation (snow vs.

rain). Survey intensity likely decreases with higher elevations due to the logistical challenges of accessing

Euclidean distance from ocean (m) affects cedar growth by influencing various aspects of microclimate.

Survey intensity—and logging intensity—likely decreases with further distances from the ocean due to the
logistical challenges of accessing this type of terrain from a boat (i.e., access variable)

Slope (%) affects cedar growth by influencing the rate of precipitation runoff and light availability.

Global solar radiation (WH/m?; derived using the Area Solar Radiation tool in Arcais 10.3) affects cedar

Site Index indicates site productivity. Site Index represents the potential height (m) of dominant trees at

Variable name Source Description
Elevation TRIM?
this type of terrain (i.e., access variable)
Ocean TRIM
Slope TRIM
Solar TRIM
growth by influencing direct and diffuse light availability
Site index VRIP
age 50
Canopy height VRI

Mean canopy height (m) affects the potential for trees to be characterized as monumental cedar because

our criteria include tree size and the amount of clear wood

Leading species VRI
canopy

Site series MFLNRO®

Leading species within the canopy indicates whether or not cedar is the dominant species in the forest

Site Series is an indicator of cedar growth because it codifies the soil nutrient and moisture regime. This

variable is based on a combination of field-verified terrestrial ecosystem mapping and modelled predictive

ecosystem mapping

#Terrain Resource Information Management (http://geobc.gov.bc.ca/base-mapping/atlas/trim/).

PVegetation Resource Inventory (https://www.for.gov.bc.ca/hts/vri/).
“Ministry of Forests Lands and Natural Resource Operations.

presence sites will score higher than random background sites—in
our case, 10,000 randomly generated points distributed across the
spatial study area. Finally, we accessed Maxent outputs that de-
scribe variable importance as well as species response functions that
show how the probability of presence varies with changing variable

values, while keeping all other variables at their average value.

2.2.5 | Predictive maps

To compare the spatial distributions associated with the two mod-
els, we generated predictive maps based on 25 m raster cells. We
used the predict function in r to produce these maps (Hijmans et
al., 2013). This function uses the statistical relationships within and
across variables in the SDMs to interpolate in geographic space the
probability of monumental redcedar presence. The associated val-
ues, represented by coloured cells in the predictive maps, are rela-
tive measures of probability of presence, where typical presence
localities have a value of around 0.5—a value that is likely higher than
monumental redcedar prevalence across the landscape. Maxent al-
lows the default prevalence value to be changed, but estimating this
parameter was beyond the scope of our study. We then extracted
raster cells with values within the 90th percentile for the Archaeo
and Heiltsuk models and calculated areas where these highly suit-
able areas overlap. We also assessed concordance between the two
maps by using the Istat function within the “SDM tools” package of
R (VanDerWal, Falconi, Januchowski, Shoo, & Storlie, 2014). This
function calculates the [ similarity statistic following Warren, Glor,
and Turelli (2008) where O represents no overlap and 1 represents

complete overlap.

2.2.6 | Model validation

We quantified model performance by testing the associated predic-
tions against our independent validation dataset derived from the
Chatfield Island field transects. We used AUC to measure the extent
to which the SDMs that were trained on the Heiltsuk field surveys
and archaeological records correctly predict the 62 monumental
redcedar occurrences from the validation dataset. We also exam-
ined whether the Combined model increased the predictive ability of
models relative to using the individual Archaeo and Heiltsuk models.

3 | RESULTS

3.1 | Comparison of species distribution models

The Heiltsuk and Archaeo models show similar variables influenc-
ing predictions about the distribution of monumental redcedar
(Table 2). In the EAV scenario, both models show Canopy Height
and Site Series among the top three most important predictors.
There are also differences between these models: Slope is the
most important variable in the Archaeo model, and Solar is the
third most important variable in the Heiltsuk model. In the 1AV
scenario, the access variables, Elevation and Ocean, make large
contributions to model fit and their inclusion increases the AUC
relative to the EAV scenario. It is important to note that despite
identical occurrence datasets, the response curves and variable
contributions associated with the 1AV and EAV scenarios are dif-
ferent because the additional variables in the former model alter

the interactions among all variables.
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Heiltsuk model

TABLE 2 Comparison of model fit
(AUC) and the three most important

Archaeo model

1AV scenario EAV scenario 1AV scenario EAV scenario variables, including percentage model
contributions, for both the including
AUC 0.940 0.881 0.912 0.850 access variables (IAV) and excluding
Variable contribution Elevation: 42% Canopy Ocean: 43% Slope: 30% access variables (EAV) scenarios. Higher
Height: 42% AUC values represent better predictive
Ocean: 19% Site Series: Elevation: 20% Site Series: performance
20% 23%
Canopy Solar: 18% Site Series: 9% Canopy
Height: 18% Height: 21%
(@) o o o FIGURE 3 Response curves (EAV
® © ® © ® © scenario) for variables in (a) the Heiltsuk
=) 5 1 =) 5 71 =) 5 71 .
s ° s ° s ° model and (b) the Archaeo model. Higher
> o | > o | > © | .
g ° g ° g ° values on the y-axis correspond to a
g 3 A g 3 A g 3 A greater probability of monumental cedar
&’ g _// &’ g &’ S presence for given variable values on
o | o | o | the x-axis. The variables Site Series and
S . P Fm T S ] ) :
0 50 100 150 2e+05  Be+05 1e+06 -10 0 10 20 30 40 50 Leading Species are based on categorical
Slope Solar Site Index values represented by codes (plotted as
- - - dots), whereas other variables are based
=] =] =] on numeric values (plotted as lines)
O o« ° O o O o
=2 o S 3 o S 24
© © ©
> © | > © | > © |
T © T © T o
Q Q Q
o X o o X T =
0 o R . 0 o 0 o
L S [eere® oo oo ol & o . . a o]
= U o |
© N T T T T © T T e T © N | — T t T
0 5 10 20 30 5 10 15 20 10 20 30 40 50 60 70
Site Series Leading Species Canopy Height
(b) o (=T Qg
O o 0 o O o f
=2 o] S 3 S 24
© © ©
> o | Z o | Z o |
T o T o T o
Q Q Q
S =4 B =4 B <
0 o 0 o 0 o
O o a o a o
o | o | o |
=i NIV - = T b= I
0 50 100 150 2e+05 6e+05 1e+06 -10 0 10 20 30 40 50
Slope Solar Site Index
o (SR o e
O o O o O o
S STe e 3 S R 3 S
© ° © ©
> o | > © Je° ° oo > o |
D S qee o o o © & . - 2
Q Q Q
o < . o < o =
h e e J\/
0 o 0 o 0 o
o o . a o O o
o | o | o |
=i I : 2 2 puwuy ‘
0 5 10 20 30 5 10 15 20 10 20 30 40 50 60 7
Site Series Leading Species Canopy Height

When examining the three most important predictors in the EAV
scenario, the similarities and dissimilarities between the Heiltsuk and
Archaeo models are evident (Figure 3). For example, in both models
the Canopy Height variable is associated with anincrease in the prob-
ability of monumental redcedar occurrence (i.e., predicted values) at
taller canopy heights (canopy heights had to be higher than 20 m
to form part of the study area), though the sparse data in the upper

height range make inferences about the response shape challenging.

The modelled response to ecosystem types, as measured by Site
Series, varies across the two SDMs. Site series classified as 13—as-
sociated with a “very rich” soil nutrient regime and a “very wet” soil
moisture regime (Green & Klinka, 1994)—has the highest predicted
values in the Heiltsuk model. In the Archaeo model, site series clas-
sified as 01 has the highest predicted values. The 01 “zonal” site
series represents the average climatic conditions in the area and is

associated with a very poor to medium soil nutrient regime and a
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moist to very moist soil moisture regime (Green & Klinka, 1994). The
Slope variable also responds differently in the two models. In the
Archaeo model, where Slope is the most important factor, the re-
sponse curve shows a slight increase in predicted values up to 20%
slopes followed by a general decline in the probability of presence
with increasing steepness. Finally, predicted values for solar radia-
tion show a fairly consistent relationship between the models and,
though hard to interpret in an applied sense, generally show areas

with moderately high insolation to be most suitable.

3.2 | Comparison of predictive maps

Calculating overlap, using the | similarity statistic, between the predic-
tive maps derived from the Heiltsuk and Archaeo models shows mod-
erate spatial congruence in both the IAV scenario (I = 0.790) and the
EAV scenario (I = 0.737). Correspondingly, a visual comparison of the
Heiltsuk and Archaeo predictive maps qualitatively indicates distinct
similarities and dissimilarities (Figure 4a,b). For example, both maps
show many productive old-growth watersheds as highly suitable for
monumental redcedar, but the Archaeo model appears to generally pre-
dict higher suitability in forests closer to the shoreline than the Heiltsuk
model. It is challenging to visually tease apart all the similarities and
differences in spatial predictions between these maps without a more
detailed examination of the individual variable layers as well as the co-
variate relationships and interactions outlined in section above. When
focusing on areas that are predicted to have very suitable conditions for
monumental redcedar (e.g., 90th percentile of probability of presence

values), there is only 24% overlap between these maps (Figure 4c).

3.3 | Model validation

Evaluating the SDMs against the independent validation dataset from
occurrences on Chatfield Island (EAV scenario) shows predictive

performance highest when using the Combined model (AUC = 0.751)
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or the Archaeo model (AUC = 0.745). The Heiltsuk model on its own
performs poorly (AUC = 0.594).

4 | DISCUSSION

4.1 | Integrating cultural occurrence data into
species distribution models

Integrating occurrences from community-based field surveys and ar-
chaeological records into species distribution models provides data
that can support predictions of the distribution of monumental red-
cedar trees. When should indigenous communities consider using
archaeological occurrence datasets in species distribution model-
ling and conservation planning? If communities are only concerned
with mapping current presence distributions, then species inven-
tories from large, rigorously designed surveys will probably be the
most valuable data source for developing SDMs. In these situations,
patterns of traditional harvesting sites across the landscape might
be considered a “bias” that needs correcting. However, indigenous
communities involved in spatial planning processes can face unique
challenges and often have a broader set of considerations, including
shifting environmental baselines, data limitations and distinct cul-
tural objectives.

Triangulating results from field inventories with archaeological
data has the benefit of extending the temporal resolution of spe-
cies occurrences. The archaeological records of aboriginally logged
trees used in our study spatially reference the location of tradi-
tional redcedar harvesting sites over a long time period—likely up
to several centuries, given the slow decay rate of redcedar (Daniels,
2003). This time scale is relatively recent, however, compared to
other applications of archaeological data in SDM that involve hind-
casting over millennia to different climatic conditions (Franklin et
al., 2015). Incorporating predictor variables into SDM that reflect
past climate is an important approach for reconstructing resource
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FIGURE 4 Predictive maps for the spatial study area used for field validation showing the probability of monumental cedar presence
from the (a) Heiltsuk model and (b) Archaeo model (EAV scenarios). In panels a and b, red indicates high probability of suitable conditions,
yellow indicates conditions typical of where monumental cedar is found, and blue indicates low probability of suitable conditions. Panel (c)
shows the 90th percentile of probability of presence values for each model, with areas of overlap in brown. The black dots in each panel

represent the monumental cedar identified during field surveys
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paleoscapes (Franklin et al., 2015), but is less critical in our study be-
cause the trees harvested in the aboriginally logged records survived
in roughly the same climate as old monumental redcedar trees still
present on the landscape.

Including archaeological information in SDM is especially im-
portant for resources with rapidly shifting baseline conditions such
as monumental redcedar in the study area (Green, 2007) and other
large old trees worldwide (Lindenmayer, Laurance, & Franklin, 2012).
This situation causes the modern distribution of remaining trees to
be a censored dataset because they represent a non-random sample
of the original distribution relative to various environmental gra-
dients. The shift, due to industrial logging, in the locations where
monumental redcedar trees remain indicates that simply focusing on
living occurrences will result in a biased sample of suitable growing
conditions. This type of human disturbance has a disproportionately
strong influence on predictions of large old trees such as monumen-
tal redcedar because our results show its distribution correlated
with site productivity, a variable that is also highly correlated with
patterns of logging activity (Albert & Schoen, 2013; Pearson, 2010).
If communities and planners are interested in the future recruitment
of such trees, not just an inventory of existing ones, or if ecologists
are interested in an unbiased sample of the habitat space occupied
by these trees, then using archaeological data is important to rep-
resent the broader distribution of potentially suitable areas on the
landscape. They should not rely solely on the current presence lo-
cations reflecting a century of distributional censoring by logging.
This shifting baseline may have contributed to the Archaeo model
having 8% poorer model fit, based on AUC scores, than the Heiltsuk
model when tested against a k-fold partition of its own dataset, but
20% better predictive performance when these models were tested
against the independent validation dataset. This latter dataset was
derived from an area with almost no logging history and thus should
more closely align with the distribution revealed by the archaeolog-
ical records.

Data limitations are another important reason to assess archae-
ological information in SDMs. Although indigenous communities
usually retain rich traditional ecological knowledge about culturally
important plants and animals (Berkes et al., 1994), corresponding
survey data related to these species’ distributions are typically less
common. Where such limitations exist, using proxies such as archae-
ological records or traditional use data (Tobias, 2009) can help fill
this data gap. In our study, the Archaeo model has better predictive
performance than the Heiltsuk model when tested against our in-
dependent validation dataset. The overall AUC is also marginally
highest when pooling the occurrence data in the Combined model,
perhaps by reducing the influence of the most extreme biases as-
sociated with either occurrence dataset. This model comparison
suggests that, in the absence of robust field survey data, using ar-
chaeological records of culturally modified trees provides a good
foundation for designing conservation areas.

Finally, indigenous communities often have distinct cultural ob-
jectives in natural resource management and conservation planning.

Culturally based worldviews, for instance, may consider all land

within traditional territories important to the survival of plants and
animals—not just specifically designated zones—or may consider hu-
mans as an explicit part of the ecosystem (Berkes, 2007; O'Flaherty,
Davidson-Hunt, & Manseau, 2008). In these cases, the use of re-
sources might be viewed as an important coupling of ecological pro-
cesses and sociocultural behaviour that is essential to conservation
design for social-ecological systems (Krebs, Koutsias, & Conedera,
2012; Polfus, Heinemeyer, Hebblewhite, & Taku River Tlingit First
Nation, 2014). In particular, integrating information about traditional
patterns of indigenous species use into conservation planning and
resource management is critical for sustaining cultures because the
associated harvesting locations are often intrinsically tied to indig-
enous ways of life (Pesek et al., 2009). For example, in their study
of the distribution of an important medicinal plant, Baumflek, De
Gloria, & Kassam (2015) used sociocultural variables, such as dis-
tance to roads, to constrain predicted suitable areas to locations
considered accessible by indigenous harvesters. Similarly, in our
study's IAV scenario, more suitable conditions for monumental red-
cedar are predicted closer to shore and at lower elevations, a trend
that is better explained by the logistics of accessing monumental
redcedar than by the biophysical suitability for monumental red-
cedar growth. Therefore, despite not necessarily revealing the true
species distribution, SDMs based on such data are important if the
objective is to create community-based conservation areas that re-
flect patterns of traditional use or if future access for continued use

is an important design criterion.

4.2 | Uncertainty arising from spatial datasets

Across SDM studies worldwide, data quality, grain and availability
are often limiting factors in their application (Elith & Leathwick,
2009; Franklin, 2009). Despite having detailed datasets associated
with planning in the GBR (Price et al., 2009), both SDMs in this
study would benefit from more robust environmental predictors.
Incorporating spatial data captured through high-resolution LiDAR
sensors (Lefsky, Cohen, Parker, & Harding, 2002), for example,
would provide a more accurate and fine-scaled representation of
Canopy Height and topographical variables such as Slope, Solar and
Elevation that are related to the distribution of monumental redc-
edars. Potentially, combining LIDAR with hyperspectral data or other
forms of remote sensing could even enable the mapping of all large
redcedar trees directly (Hyde et al., 2006), though tree defects and
wood quality would still have to be assessed in the field to determine
monumental status.

In addition to issues with the predictors, there are certain lim-
itations and survey biases, beyond just access patterns, that under-
lie the redcedar occurrence datasets in this study. In the Heiltsuk
model, occurrences are partially based on intensive sampling effort
around riparian areas and important cultural sites such as histori-
cal villages. This sampling bias potentially increases concordance
with the Archaeo model because separate analysis (we only mod-
elled biophysical variables in this study) suggests that proximity to
village sites is an important predictor of aboriginally logged trees.
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Archaeological records of cultural redcedars also have biases arising
because the data are often collected in the context of archaeolog-
ical impact assessments associated with forestry. Hence, suitable
conditions for logging, such as gentle terrain and productive forests,
might help to explain the predictions for the Slope and Site Index
variables (Table 1). Even the validation dataset, which is associated
with the most random, independent survey design, is limited to one
large island and thus does not cover the full range of environmen-
tal conditions across the larger territory. More research is needed
to understand the extent to which these data limitations affect our
findings.

4.3 | Predicting distributions

The spatial predictions from the Heiltsuk and Archaeo models used
in this study have moderate overlap. A higher degree of congruence
is not surprising given the survey biases and underlying differences
in what the occurrence datasets represent. Each of the SDMs and
scenarios in our study could be useful for understanding the distri-
bution of monumental redcedar (see Appendix S1) and for conser-
vation planning depending on specific community objectives. Local
planners could prioritize the Archaeo model for its prediction of suit-
able conditions for recruitment, the Heiltsuk or Combined model for
their prediction of the current distribution across the managed for-
estry land base, the IAV scenario for its prediction of traditional pat-
terns of harvesting, or the EAV scenario for its prediction of suitable
areas not constrained by access. If communities want to account for
multiple data sources to address issues of survey bias, priority loca-
tions could be selected from portions of the landscape where highly
suitable areas from different models overlap (Figure 4) or from a pre-
dictive map based on a single model that uses pooled occurrence
data (e.g., Combined model).

To identify these highly suitable areas, a variety of methods
could be used for selecting a specific threshold from the continuous
Maxent predictions (Franklin, 2009). For instance, cells with values
at the threshold of maximum sensitivity could be selected as priority
sites for Cedar Stewardship Areas. At this threshold in the Archaeo
model (sensitivity = 0.30), the top 30% of most suitable areas con-
tain 82% of monumental redcedar occurrences within the validation
study area on Chatfield Island. These highly suitable areas from the
predicative maps could be translated directly into new legal land
designations that support the conservation of monumental redcedar
or they could be used as an input into conservation prioritization
exercises that account for multiple landscape values (Moilanen et
al., 2011; Whitehead et al., 2014). The predictive maps could also
function as a guide for allocating survey effort during operational
forestry planning.

In this study, we focus on novel ways to predict and conserve
monumental redcedar, but the framework outlined here can extend
to other important species and traditional resources globally. In par-
ticular, forests around the world that contain large old trees with
cultural modifications have the potential to reveal information that
span centuries and millennia. Forest management regimes need to
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better protect these types of biocultural features and the old-growth
ecosystems in which they occur (Lindenmayer, Blanchard, Blair, &
McBurney, 2018), due to their application in understanding cultural
practices through time (Blicharska & Mikusifski, 2014; Turner et
al., 2009). Ultimately, there is a suite of quantitative and qualitative
methods available to examine the conditions that underpin distribu-
tions and prioritize locations for conservation areas (see Appendix
S2). But the amount of resources and time required to pursue all this
research can be an impediment to finalizing a conservation plan. So,
whether it is the Heiltsuk Nation considering strategies to conserve
and steward monumental redcedar trees or other groups trying to
map and manage resources, communities will need to decide what
mix of methods and tools are most appropriate for their objectives.
Whichever approach is chosen, it is important that communities
consider and assess datasets that reveal past distributions and tradi-
tional patterns of resource use because industrial development has
often shifted the current distribution away from many culturally im-
portant locations across the landscape.

ACKNOWLEDGEMENTS

We are extremely grateful to all the staff at the Heiltsuk Integrated
Resource Management Department for guiding this project, pro-
viding logistical support and supplying datasets, especially Laurie
Whitehead, Jennifer Carpenter, Matt Garmon, Kelly Brown, Mike
Reid, Kevin Starrand Larry Reid. We would also like to thank Jonathan
VanElslander, Heather Adams, Andrea Walkus and Louis Shaw for
assisting with fieldwork, and Larry Jorgenson, Sari Saunders, Andy
MacKinnon and Nick Reynolds for valuable discussions about monu-
mental cedar. Finally, this project would not be possible without sup-
port from the Social Sciences and Humanities Research Council of
Canada, the Hakai Institute, the Tula Foundation, the Institute for
Coastal Research and the Canadian Council on Ecological Areas.

ORCID

Jordan Benner https://orcid.org/0000-0002-3416-9109

REFERENCES

Albert, D. M., & Schoen, J. W. (2013). Use of historical logging patterns
to identify disproportionately logged ecosystems within temperate
rainforests of southeastern Alaska. Conservation Biology, 27(4), 774-
784. https://doi.org/10.1111/cobi. 12109

Allen, R. (2005). Coast Information Team review report. Retrieved from
http://www.citbc.org/c-citreview-jan05.pdf

Antos, J. A., Filipescu, C. N., & Negrave, R. W. (2016). Ecology of western
redcedar (Thuja plicata): Implications for management of a high-value
multiple-use resource. Forest Ecology and Management, 375, 211-
222. https://doi.org/10.1016/j.foreco.2016.05.043

Araujo, M. B., & Williams, P. H. (2000). Selecting areas for species per-
sistence using occurrence data. Biological Conservation, 96(3), 331-
345. https://doi.org/10.1016/s0006-3207(00)00074-4

Baumflek, M., De Gloria, S., & Kassam, K. A. (2015). Habitat modeling for
health sovereignty: Increasing indigenous access to medicinal plants


https://orcid.org/0000-0002-3416-9109
https://orcid.org/0000-0002-3416-9109
https://doi.org/10.1111/cobi.12109
http://www.citbc.org/c-citreview-jan05.pdf
https://doi.org/10.1016/j.foreco.2016.05.043
https://doi.org/10.1016/s0006-3207(00)00074-4

BENNER ET AL.

2 LwiLey-

in northern Maine, USA. Applied Geography, 56, 83-94. https://doi.
org/10.1016/j.apgeog.2014.10.012

Berkes, F. (2007). Community-based conservation in a globalized world.
Proceedings of the National Academy of Sciences of the United States of
America, 104, 15188-15193. https://doi.org/10.1073/pnas.0702098104

Berkes, F., Folke, C., & Gadgil, M. (1994). Traditional Ecological
Knowledge, Biodiversity, Resilience and Sustainability. https://doi.
org/10.1007/978-94-011-1006-8_15

Blicharska, M., & Mikusinski, G. (2014). Incorporating social and cul-
tural significance of large old trees in conservation policy: Value of
large old trees. Conservation Biology, 28(6), 1558-1567. https://doi.
org/10.1111/cobi. 12341

Cannon, A. (2000). Settlement and sea-levels on the central coast
of British Columbia: Evidence from shell midden cores. American
Antiquity, 65(1), 67-77. https://doi.org/10.2307/2694808

Charnley, S., Fischer, A. P, & Jones, E. T. (2007). Integrating traditional
and local ecological knowledge into forest biodiversity conservation
in the Pacific Northwest. Forest Ecology and Management, 246, 14-
28. https://doi.org/10.1016/j.foreco.2007.03.047

R Core Team. (2015). Retrieved from http://www.R-project.org/

Daniels, L. D. (2003). Western redcedar population dynamics in old-
growth forests: Contrasting ecological paradigms using tree rings.
Forestry Chronicle, 79, 517-530. https://doi.org/10.5558/tfc79517-3

Dudik, M., Schapire, R. E., & Phillips, S. J. (2005). Correcting sample se-
lection bias in maximum entropy density estimation. In Y. Weiss, B.
Scholkopf, & J. Platt (Eds.), Advances in neural information processing
systems (18th ed., pp. 323-330). Cambridge, Massachusettes: The
MIT Press.

Elith, J., Graham, C. H., Anderson, R. P., Dudik, M., Ferrier, S., Guisan, A.,
... Zimmermann, N. E. (2006). Novel methods improve prediction of
species’ distributions from occurrence data. Ecography, 29(2), 129-
151. https://doi.org/10.1111/j.2006.0906-7590.04596.x

Elith, J., & Leathwick, J. R. (2009). Species distribution models: Ecological
explanation and prediction across space and time. Annual Review
of Ecology Evolution and Systematics, 40, 677-697. https://doi.
org/10.1146/annurev.ecolsys.110308.120159

Ferrier, S., Watson, G., Pearce, J., & Drielsma, M. (2002). Extended statis-
tical approaches to modelling spatial pattern in biodiversity in north-
east New South Wales. I. Species-level modelling. Biodiversity and
Conservation, 11(12), 2275-2307. https://doi.org/10.1023/a:10213
02930424

Fielding, A. H., & Bell, J. F. (1997). A review of methods for the assess-
ment of prediction errors in conservation presence/absence models.
Environmental Conservation, 24(1), 38-49. https://doi.org/10.1017/
s0376892997000088

Franklin, J. (2009). Mapping species distributions: Spatial inference and pre-
diction. Cambridge, UK: Cambridge University Press.

Franklin, J., Potts, A. J,, Fisher, E. C., Cowling, R. M., & Marean, C. W.
(2015). Paleodistribution modeling in archaeology and paleoan-
thropology. Quaternary Science Reviews, 110, 1-14. https://doi.
org/10.1016/j.quascirev.2014.12.015

Garibaldi, A., & Turner, N. (2004). Cultural keystone species: Implications
for ecological conservation and restoration. Ecology and Society, 9, 1.
https://doi.org/10.5751/ES-00669-090301

Great Bear Rainforest Order. (2016). https://www2.gov.bc.ca/assets/
gov/farming-natural-resources-and-industry/forestry/timber-prici
ng/coasttimber- pricing/maps-and-graphics/great_bear_rainforest_
order_-_jan_21_2016.pdf

Green, R. N., & Klinka, K. (1994). A field guide for site identification and
interpretation for the Vancouver Forest Region. Victoria, BC: Research
Branch, BC Ministry of Forests.

Green, T. L. (2007). Improving human wellbeing and ecosystem health
on BC's coast: The challenge posed by historic resource extraction.
Journal of Bioeconomics, 9, 245-263. https://doi.org/10.1007/
s10818-007-9024-3

Hanley, J. A., & McNeil, B. J. (1982). The meaning and use of the area
under a receiver operating characteristic (ROC) curve. Radiology,
143(1), 29-36. https://doi.org/10.1148/radiology.143.1.7063747

Hebda, R. J., & Mathewes, R. W. (1984). Holocene history of cedar and
native Indian cultures of the North American pacific coast. Science,
225(4663), 711-713. https://doi.org/10.1126/science.225.4663.711

Hijmans, R. J., Phillips, S. J., Leathwick, J. R., & Elith, J. (2013). dismo:
Species distribution modeling. Retrieved from http://CRAN.R-proje
ct.org/package=dismo

Hyde, P., Dubayah, R., Walker, W., Blair, J. B., Hofton, M., & Hunsaker,
C. (2006). Mapping forest structure for wildlife habitat analysis
using multi-sensor (LIDAR, SAR/InSAR, ETM plus, Quickbird) syn-
ergy. Remote Sensing of Environment, 102(1-2), 63-73. https://doi.
org/10.1016/j.rse.2006.01.021

Klinka, K., & Brisco, D. (2009). Silvics and silviculture of coastal western
redcedar: A literature review (Special Report No. 11). Retrieved from
Ministry of Forests and Range Forest Science Program website:
www.for.gov.bc.ca/hfd/pubs/Docs/Srs/Srs11.htm

Krebs, P., Koutsias, N., & Conedera, M. (2012). Modelling the eco-cul-
tural niche of giant chestnut trees: New insights into land use his-
tory in southern Switzerland through distribution analysis of a living
heritage. Journal of Historical Geography, 38, 372-386. https://doi.
org/10.1016/j.jhg.2012.01.018

Larson, A. M., Barry, D., Dahal, G. R., & Colfer, C. J. P. (2010). Forests for
people: Community rights and forest tenure reform (1st ed.). London,
UK: Washington, DC: Routledge.

Lefsky, M. A., Cohen, W. B., Parker, G. G., & Harding, D. J. (2002). Lidar
remote sensing for ecosystem studies. BioScience, 52(1), 19-30.
https://doi.org/10.1641/0006-3568(2002)052[0019:Irsfes]2.0.co;2

LePage, P., & Banner, A. (2014). Long-term recovery of forest structure
and composition after harvesting in the coastal temperate rainfor-
ests of northern British Columbia. Forest Ecology and Management,
318, 250-260. https://doi.org/10.1016/j.foreco.2014.01.031

Lertzman, K., Gavin, D., Hallett, D., Brubaker, L., Lepofsky, D., &
Mathewes, R. (2002). Long-term fire regime estimated from soil
charcoal in coastal temperate rainforests. Conservation Ecology, 6, 13.

Lertzman, K. P., Sutherland, G. D., Inselberg, A., & Saunders, S. C. (1996).
Canopy gaps and the landscape mosaic in a coastal temperate rain
forest. Ecology, 77, 1254-1270. https://doi.org/10.2307/2265594

Lindenmayer, D. B., Blanchard, W., Blair, D., & McBurney, L. (2018). The
road to oblivion - Quantifying pathways in the decline of large old
trees. Forest Ecology and Management, 430, 259-264. https://doi.
org/10.1016/j.foreco.2018.08.013

Lindenmayer, D. B., Blanchard, W., Blair, D., McBurney, L., & Banks, S. C.
(2016). Environmental and human drivers influencing large old tree
abundance in Australian wet forests. Forest Ecology and Management,
372, 226-235. https://doi.org/10.1016/j.foreco.2016.04.017

Lindenmayer, D. B., & Laurance, W. F. (2017). The ecology, distribution,
conservation and management of large old trees. Biological Reviews,
92(3), 1434-1458. https://doi.org/10.1111/brv.12290

Lindenmayer, D. B., Laurance, W. F., & Franklin, J. F. (2012). Global de-
cline in large old trees. Science, 338(6112), 1305-1306. https://doi.
org/10.1126/science.1231070

Lopez-Arevalo,H.F.,Gallina,S., Landgrave, R.,Martinez-Meyer, E., & Munoz-
Villers, L. E. (2011). Local knowledge and species distribution models’
contribution towards mammalian conservation. Biological Conservation,
144, 1451-1463. https://doi.org/10.1016/j.biocon.2011.01.014

Lutz, J. A, Larson, A. J., Swanson, M. E., & Freund, J. A. (2012). Ecological
importance of large-diameter trees in a temperate mixed-coni-
fer forest. PLoS ONE, 7(5), 1-15. https://doi.org/10.1371/journ
al.pone.0036131

MacKinnon, A. (2003). West coast, temperate, old-growth forests.
Forestry Chronicle, 79, 475-484. https://doi.org/10.5558/tfc79475-3

McLaren, D., Fedje, D., Hay, M. B., Mackie, Q., Walker, 1. J., Shugar, D.
H., ... Neudorf, C. (2014). A post-glacial sea level hinge on the central


https://doi.org/10.1016/j.apgeog.2014.10.012
https://doi.org/10.1016/j.apgeog.2014.10.012
https://doi.org/10.1073/pnas.0702098104
https://doi.org/10.1007/978-94-011-1006-8_15
https://doi.org/10.1007/978-94-011-1006-8_15
https://doi.org/10.1111/cobi.12341
https://doi.org/10.1111/cobi.12341
https://doi.org/10.2307/2694808
https://doi.org/10.1016/j.foreco.2007.03.047
http://www.R-project.org/
https://doi.org/10.5558/tfc79517-3
https://doi.org/10.1111/j.2006.0906-7590.04596.x
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1023/a:1021302930424
https://doi.org/10.1023/a:1021302930424
https://doi.org/10.1017/s0376892997000088
https://doi.org/10.1017/s0376892997000088
https://doi.org/10.1016/j.quascirev.2014.12.015
https://doi.org/10.1016/j.quascirev.2014.12.015
https://doi.org/10.5751/ES-00669-090301
https://www2.gov.bc.ca/assets/gov/farming-natural-resources-and-industry/forestry/timber-pricing/coasttimber-pricing/maps-and-graphics/great_bear_rainforest_order_-_jan_21_2016.pdf
https://www2.gov.bc.ca/assets/gov/farming-natural-resources-and-industry/forestry/timber-pricing/coasttimber-pricing/maps-and-graphics/great_bear_rainforest_order_-_jan_21_2016.pdf
https://www2.gov.bc.ca/assets/gov/farming-natural-resources-and-industry/forestry/timber-pricing/coasttimber-pricing/maps-and-graphics/great_bear_rainforest_order_-_jan_21_2016.pdf
https://www2.gov.bc.ca/assets/gov/farming-natural-resources-and-industry/forestry/timber-pricing/coasttimber-pricing/maps-and-graphics/great_bear_rainforest_order_-_jan_21_2016.pdf
https://doi.org/10.1007/s10818-007-9024-3
https://doi.org/10.1007/s10818-007-9024-3
https://doi.org/10.1148/radiology.143.1.7063747
https://doi.org/10.1126/science.225.4663.711
http://CRAN.R-project.org/package=dismo
http://CRAN.R-project.org/package=dismo
https://doi.org/10.1016/j.rse.2006.01.021
https://doi.org/10.1016/j.rse.2006.01.021
http://www.for.gov.bc.ca/hfd/pubs/Docs/Srs/Srs11.htm
https://doi.org/10.1016/j.jhg.2012.01.018
https://doi.org/10.1016/j.jhg.2012.01.018
https://doi.org/10.1641/0006-3568(2002)052%5B0019:lrsfes%5D2.0.co;2
https://doi.org/10.1016/j.foreco.2014.01.031
https://doi.org/10.2307/2265594
https://doi.org/10.1016/j.foreco.2018.08.013
https://doi.org/10.1016/j.foreco.2018.08.013
https://doi.org/10.1016/j.foreco.2016.04.017
https://doi.org/10.1111/brv.12290
https://doi.org/10.1126/science.1231070
https://doi.org/10.1126/science.1231070
https://doi.org/10.1016/j.biocon.2011.01.014
https://doi.org/10.1371/journal.pone.0036131
https://doi.org/10.1371/journal.pone.0036131
https://doi.org/10.5558/tfc79475-3

BENNER ET AL.

Pacific coast of Canada. Quaternary Science Reviews, 97, 148-169.
https://doi.org/10.1016/j.quascirev.2014.05.023

Meidinger, D., & Pojar, J. (1991). Ecosystems of British Columbia. Victoria,
BC: Research Branch, BC Ministry of Forests.

Moilanen, A., Anderson, B. J., Eigenbrod, F., Heinemeyer, A., Roy, D. B,
Gillings, S., ... Thomas, C. D. (2011). Balancing alternative land uses in
conservation prioritization. Ecological Applications, 21(5), 1419-1426.
https://doi.org/10.1890/10-1865.1

Nelson, J. (2004). A vanishing heritage: The loss of ancient red cedar from
Canada’s rainforests (p. 31).

QO’Flaherty, R. M., Davidson-Hunt, I. J., & Manseau, M. (2008). Indigenous
knowledge and values in planning for sustainable forestry:
Pikangikum first nation and the whitefeather forest initiative. Ecology
and Society, 13, 6. https://doi.org/10.5751/ES-02284-130106

Pearson, A. F. (2010). Natural and logging disturbances in the temperate
rain forests of the Central Coast, British Columbia. Canadian Journal
of Forest Research-Revue Canadienne De Recherche Forestiere, 40,
1970-1984. https://doi.org/10.1139/x10-137

Pesek, T., Abramiuk, M., Garagic, D., Fini, N., Meerman, J., & Cal, V.
(2009). Sustaining plants and people: Traditional Q’eqchi’ maya
botanical knowledge and interactive spatial modeling in prioritiz-
ing conservation of medicinal plants for culturally relative holistic
health promotion. EcoHealth, 6, 79-90. https://doi.org/10.1007/
s10393-009-0224-2

Phillips, S. J., Anderson, R. P., & Schapire, R. E. (2006). Maximum entropy
modeling of species geographic distributions. Ecological Modelling,
190(3-4), 231-259. https://doi.org/10.1016/j.ecolmodel.2005.03.026

Phillips, S. J., Dudik, M., Elith, J., Graham, C. H., Lehmann, A., Leathwick,
J., & Ferrier, S. (2009). Sample selection bias and presence-only
distribution models: Implications for background and pseudo-ab-
sence data. Ecological Applications, 19(1), 181-197. https://doi.
org/10.1890/07-2153.1

Polfus, J. L., Heinemeyer, K., Hebblewhite, M., & Taku River Tlingit First,
N. (2014). Comparing traditional ecological knowledge and west-
ern science woodland caribou habitat models. Journal of Wildlife
Management, 78(1), 112-121. https://doi.org/10.1002/jwmg.643

Poos, J. J., Bogaards, J. A., Quirijns, F. J., Gillis, D. M., & Rijnsdorp, A.
D. (2010). Individual quotas, fishing effort allocation, and over-quota
discarding in mixed fisheries. ICES Journal of Marine Science, 67, 323-
333. https://doi.org/10.1093/icesjms/fsp241

Price, K., Lilles, E. B., & Banner, A. (2017). Long-term recovery of epi-
phytic communities in the Great Bear Rainforest of coastal British
Columbia. Forest Ecology and Management, 391, 296-308. https://
doi.org/10.1016/j.foreco.2017.02.023

Price, K., Roburn, A., & MacKinnon, A. (2009). Ecosystem-based manage-
ment in the Great Bear Rainforest. Forest Ecology and Management,
258, 495-503. https://doi.org/10.1016/j.foreco.2008.10.010

Schulze, M., Grogan, J., Landis, R. M., & Vidal, E. (2008). How rare is too
rare to harvest? Management challenges posed by timber species
occurring at low densities in the Brazilian Amazon. Forest Ecology
and Management, 256, 1443-1457. https://doi.org/10.1016/j.
foreco.2008.02.051

Stephenson, N. L., Das, A. J., Condit, R., Russo, S. E., Baker, P. J., Beckman,
N. G., ... Zavala, M. A. (2014). Rate of tree carbon accumulation in-
creases continuously with tree size. Nature, 507(7490), 90-93. https
://doi.org/10.1038/nature12914

Stevenson, S. K., Jull, M. J., & Rogers, B. J. (2006). Abundance and at-
tributes of wildlife trees and coarse woody debris at three silvi-
cultural systems study areas in the Interior Cedar-Hemlock Zone.
British Columbia. Forest Ecology and Management, 233(1), 176-191.
https://doi.org/10.1016/j.foreco.2006.06.023

Stewart, H. (1995). Cedar. Seattle, WA: University of Washington Press.

Sutherland, I. J., Gergel, S. E., & Bennett, E. M. (2016). Seeing the forest
for its multiple ecosystem services: Indicators for cultural services

Covrsiy s iribuions VTRV

in heterogeneous forests. Ecological Indicators, 71, 123-133. https://
doi.org/10.1016/j.ecolind.2016.06.037

Tobias, T. (2009). Living proof: The essential data-collection guide for in-
digenous use-and-occupancy map surveys. Vancouver, BC: Ecostrus
Canada, Union of BC Indian Chiefs.

Turner, N. J., Ari, Y., Berkes, F., Davidson-Hunt, I., Ertug, Z. F., & Miller,
A. (2009). Cultural management of living trees: An international
perspective. Journal of Ethnobiology, 29(2), 237-270. https://doi.
org/10.2993/0278-0771-29.2.237

VanDerWal, J., Falconi, L., Januchowski, S., Shoo, L., & Storlie, C. (2014).
Species Distribution Modelling Tools: Tools for processing data associ-
ated with species distribution modelling exercises (Version R package
version 1.1-20). Retrieved from http://CRAN.R-project.org/packa
ge=SDMTools

Waring, R. H., & Franklin, J. F. (1979). Evergreen coniferous forests of
the Pacific Northwest. Science, 204(4400), 1380-1386. https://doi.
org/10.1126/science.204.4400.1380

Warren, D. L., Glor, R. E., & Turelli, M. (2008). Environmental niche
equivalency versus conservatism: Quantitative approaches
to niche evolution. Evolution, 62(11), 2868-2883. https://doi.
org/10.1111/j.1558-5646.2008.00482.x

Whitehead, A. L., Kujala, H., Ives, C. D., Gordon, A., Lentini, P. E., Wintle, B.
A., ... Raymond, C. M. (2014). Integrating biological and social values
when prioritizing places for biodiversity conservation. Conservation
Biology, 28(4), 992-1003. https://doi.org/10.1111/cobi.12257

Zahn, M. J,, Palmer, M. ., & Turner, N. J. (2018). “Everything we do, it's
cedar”: First nation and ecologically-based forester land management
philosophies in Coastal British Columbia. Journal of Ethnobiology,
38(3), 314-333. https://doi.org/10.2993/0278-0771-38.2.314

Ziembicki, M. R., Woinarski, J. C. Z., & Mackey, B. (2013). Evaluating
the status of species using indigenous knowledge: Novel evi-
dence for major native mammal declines in northern Australia.
Biological Conservation, 157, 78-92. https://doi.org/10.1016/j.
biocon.2012.07.004

BIOSKETCH

Our research involves a broad range of topics related to ecosys-
tem dynamics, conservation and management. We use a variety
of qualitative and quantitative methods including various types

of spatial analysis.

Author contributions: All authors conceived the ideas; J.B. and
J.N. collected the data; J.B. and A.K. analysed the data; and all
authors participated in writing.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Benner J, Knudby A, Nielsen J,
Krawchuk M, Lertzman K. Combining data from field
surveys and archaeological records to predict the
distribution of culturally important trees. Divers Distrib.
2019;00:1-13. https://doi.org/10.1111/ddi.12947



https://doi.org/10.1016/j.quascirev.2014.05.023
https://doi.org/10.1890/10-1865.1
https://doi.org/10.5751/ES-02284-130106
https://doi.org/10.1139/x10-137
https://doi.org/10.1007/s10393-009-0224-2
https://doi.org/10.1007/s10393-009-0224-2
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1890/07-2153.1
https://doi.org/10.1890/07-2153.1
https://doi.org/10.1002/jwmg.643
https://doi.org/10.1093/icesjms/fsp241
https://doi.org/10.1016/j.foreco.2017.02.023
https://doi.org/10.1016/j.foreco.2017.02.023
https://doi.org/10.1016/j.foreco.2008.10.010
https://doi.org/10.1016/j.foreco.2008.02.051
https://doi.org/10.1016/j.foreco.2008.02.051
https://doi.org/10.1038/nature12914
https://doi.org/10.1038/nature12914
https://doi.org/10.1016/j.foreco.2006.06.023
https://doi.org/10.1016/j.ecolind.2016.06.037
https://doi.org/10.1016/j.ecolind.2016.06.037
https://doi.org/10.2993/0278-0771-29.2.237
https://doi.org/10.2993/0278-0771-29.2.237
http://CRAN.R-project.org/package=SDMTools
http://CRAN.R-project.org/package=SDMTools
https://doi.org/10.1126/science.204.4400.1380
https://doi.org/10.1126/science.204.4400.1380
https://doi.org/10.1111/j.1558-5646.2008.00482.x
https://doi.org/10.1111/j.1558-5646.2008.00482.x
https://doi.org/10.1111/cobi.12257
https://doi.org/10.2993/0278-0771-38.2.314
https://doi.org/10.1016/j.biocon.2012.07.004
https://doi.org/10.1016/j.biocon.2012.07.004
https://doi.org/10.1111/ddi.12947

