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Reproductive limitation mediates the response
of white spruce (Picea glauca) to climate warming
across the forest–tundra ecotone

Trevor C. Lantz, Nina D. Moffat, Robert H. Fraser, and Xanthe Walker

Abstract: Shifts in the extent of the boreal forest during past warm intervals and correla-
tions between climate and the position of the forest–tundra ecotone suggest that recent
temperature increases will facilitate forest expansion into tundra ecosystems. In this study,
we used a unique set of high-resolution repeat photographs to characterize white spruce
(Picea glauca (Moench) Voss) populations in 1980 and 2015 at 52 sites across the forest–tundra
transition in the Northwest Territories, Canada. We also conducted field inventories
at eight sites to examine mapping accuracy, construct age distributions, and assess cone
production and seed viability. Our analysis shows that stand density in the forest–tundra
has increased significantly since 1980 but that the density of spruce at sites in the tundra
has not changed. Age distributions constructed from field sampling also indicate that
recent recruitment has occurred in the forest–tundra but not at tundra sites. The nonlinear
relationship between summer temperature and seed viability suggests that recent warming
has facilitated recruitment in the northern Subarctic but that cold temperatures still limit
recruitment at higher latitude tundra sites. Additional research to determine the extent of
changes in forest density across the northern Subarctic should be conducted to determine
if similar changes are occurring across this ecotone.

Key words: treeline, vegetation change, air photographs, climate change, Arctic, boreal, Subarctic,
tundra.

Résumé : Les changements au niveau de l’étendue de la forêt boréale au cours des dernières
périodes chaudes et les corrélations entre le climat et la position de l’écotone forêt–toundra
semblent indiquer que les augmentations récentes de la température faciliteront l’expan-
sion du couvert forestier dans les écosystèmes de la toundra. Dans le cadre de cette étude,
nous avons utilisé un ensemble unique de photographies répétées à haute résolution pour
caractériser les populations d’épinettes blanches (Picea glauca (Moench) Voss) en 1980 et en
2015 à 52 sites dans l’ensemble de la zone de transition forêt–toundra dans les Territoires
du Nord-Ouest, au Canada. Nous avons également effectué des inventaires sur le terrain à
huit sites afin d’examiner la précision de la cartographie, de construire les répartitions
selon l’âge et d’évaluer la production de cônes et la viabilité des semences. Notre analyse
montre que la densité de peuplement dans la zone forêt–toundra a augmenté
considérablement depuis 1980, mais que la densité de l’épinette dans la toundra n’a pas
changé. Les répartitions selon l’âge établies à partir de l’échantillonnage sur le terrain indi-
quent également que des recrutements récents ont eu lieu dans zone de transition entre la
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forêt et la toundra, mais pas sur les sites de la toundra. La relation non linéaire entre la
température estivale et la viabilité des semences semble indiquer que le récent
réchauffement a facilité le recrutement dans la région subarctique du Nord, mais que les
températures froides limitent encore le recrutement dans la toundra des latitudes plus
élevées. D’autres recherches visant à déterminer l’ampleur des changements de la densité
forestière dans la sous-région nordique devraient être menées pour déterminer si des
changements semblables se produisent dans cet écotone. [Traduit par la Rédaction]

Mots-clés : limite forestière, changement de végétation, photographies aériennes, changement
climatique, arctique, boréal, subarctique, toundra.

Introduction

Global climate change is expected to alter the structure and composition of vegetation in
the Arctic and Subarctic (Epstein et al. 2004; ACIA 2005; Raynolds et al. 2008; Pearson et al.
2013). At regional scales, changes in vegetation are likely to impact wildlife habitat quality,
ground temperatures, wildfire risk, and the stability of northern infrastructure (Blok et al.
2010; Cahoon et al. 2012; Lantz et al. 2013; Kokelj et al. 2017; Rickbeil et al. 2018). At the global
scale, changes in vegetation structure and composition will feed back to the climate system
by altering surface energy balance and carbon sequestration and storage (Chapin et al.
2000; Harding et al. 2002). One of the most dramatic shifts in northern vegetation structure
and composition is predicted to occur where forested ecosystems transition to Arctic tundra
(Epstein et al. 2004; ACIA 2005). This broad transition zone begins at the limit of continuous
forest, consists of a mosaic of open woodlands and upland tundra, and is referred to as the
forest–tundra ecotone. Moving northward across this area, the portion of the landscape
occupied by trees declines until it reaches <0.1% at the southern boundary of the Low
Arctic (Timoney et al. 1992; Payette et al. 2001).

Several lines of evidence suggest that recent temperature increases at high latitudes
(Comiso and Hall 2014) are likely to cause increases in stand density and result in a north-
ward shift of the forest–tundra boundary. Biogeographic studies show a strong association
with the position of the forest–tundra transition and summer temperature (Hare 1950;
Timoney et al. 1992; Epstein et al. 2004), and most global vegetation models project the
northward expansion of forest with increasing temperatures (Harding et al. 2002; Kaplan
and New 2006; Pearson et al. 2013). Paleoecological studies across the Subarctic also show
that past temperature increases have been associated with shifts in the position of the
forest–tundra ecotone (Spear 1993; MacDonald et al. 2000; Seppa et al. 2002). Despite these
predictions, evidence from previous field research is mixed. A few regions show small shifts
in response to warming (Suarez et al. 1999; Lloyd et al. 2002; Payette 2007; Mamet and
Kershaw 2012), but the majority exhibit stability (Morin and Payette 1984; Payette and
Filion 1985; Scott et al. 1987; Lescop-Sinclair and Payette 1995; Szeicz and Macdonald 1995;
Lavoie and Payette 1996; MacDonald et al. 1998, 2008; Gamache and Payette 2005;
Wilmking et al. 2012). Studies at sites across the circumpolar also show that climate
warming following the Little Ice Age and during the early to mid–20th century increased
stand density at the northern edge of the Subarctic forest but did not change the position
of northern boundary of the forest–tundra (Morin and Payette 1984; Payette and Filion
1985; Scott et al. 1987; Lescop-Sinclair and Payette 1995; Szeicz and Macdonald 1995; Lavoie
and Payette 1996; MacDonald et al. 1998, 2008; Wilmking et al. 2012).

Observations of low cone production and seed viability at the forest–tundra boundary
suggest that expansion may be limited by a lack of viable seed (Elliott 1979; Black and
Bliss 1980; Lescop-Sinclair and Payette 1995; Wilmking and Juday 2005; Walker et al. 2012;
Wilmking et al. 2012; Brown et al. 2019). Other factors that have been invoked to explain
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the stability of this ecotone in response to warmer temperatures include a lack of suitable
microsites, topographic constraints, low nutrient availability, herbivory, and competition
(Rupp et al. 2001; Sullivan and Sveinbjornsson 2010; Aune et al. 2011; Dufour-Tremblay et al.
2012; Mamet and Kershaw 2013b; Jameson et al. 2015). To assess the response of the forest–
tundra ecotone to temperature increases in the last several decades, case studies exploring
recent changes are required. In this study, we take advantage of an exceptional collection
of high-resolution repeat photographs (1980 and 2015) to explore the population dynamics
of white spruce (Picea glauca (Moench) Voss) across the forest–tundra ecotone in the
Northwest Territories, Canada. We combine aerial photograph analysis with field sampling
to meet two specific objectives: (1) determine if recent increases in temperature have altered
spruce stand density across the forest–tundra ecotone and (2) test the hypothesis that cone
production, seed viability, and growth across this ecotone are limited by temperature.

Methods

Study area
This study focussed on the forest–tundra ecotone across the Tuktoyaktuk Coastlands in the

Northwest Territories (Fig. 1). Moving northward across this region, white spruce woodlands
quickly transition to shrub- and graminoid-dominated tundra (Lantz et al. 2010a; Ecosystem
Classification Group 2012). The boundary between the forest–tundra and tundra, as mapped

Fig. 1. Map showing the location of the four aerial photograph flight lines across the study area. Each of these
flight lines is shown as a solid grey line and is lettered alphabetically from north to south. The dashed line with a
thick white border represents the boundary between the northern forest–tundra and the tundra (Timoney et al.
1992). Twenty-four aerial photograph pairs (1980 and 2015) across the study area were used to establish 13 plots
along each flight line. The inset map shows the position of our study area in the western Arctic.
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by Timoney et al. (1992), passes through the centre of our study area, but small stands of white
spruce and white spruce tree islands occur up to 60 km north of this line (Walker et al. 2012).
This gently rolling landscape is underlain primarily by clayey silts and ice-rich tills (Aylsworth
et al. 2000; Agriculture and Agri-Food Canada 2011), but organic soils are also commonly
found in the polygonal terrain that has developed in drained lake basins (Kokelj et al. 2014;
Steedman et al. 2017). The climate of this region is cold, with mean temperatures <0 °C
from October through April. During the short summer, the mean temperatures in Inuvik
and Tuktoyaktuk are 12.2 and 8.8 °C, respectively (Environment Canada 2006). Data from
multiple locations show that there is a linear decline in summer air temperature of approxi-
mately 3 °C/degree latitude across the study area (Lantz et al. 2010b). Mean annual and summer
air temperatures in this region have warmed by 3.1 and 1.9 °C, respectively, since 1926 (Fig. 2)
and permafrost temperatures have increased by approximately 2 °C (Kokelj et al. 2017).

Repeat photographs
To estimate changes in spruce density and height across the study area, we compared

high-resolution aerial photographs from 1980 and 2015. The 1980 photographs were taken

Fig. 2. Air temperature record for the Inuvik area from 1926 to 2017. The solid lines show the least squares
regressions for (A) mean annual temperature (F[1,90] = 57.4, P < 0.001, r2 = 0.39) and (B) mean summer (June–
August) temperature (F[1,89] = 21.9, P < 0.001, r2 = 0.20). The dashed lines show the 95% confidence interval.
Temperature data are from Environment Canada and can be obtained at http://climate.weather.gc.ca/
historical_data/search_historic_data_e.html. Data from 1957 to 2017 are from Inuvik and data from 1926 to 1957
are from Aklavik.
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between 6 and 8 August 1980 using using two Vinten 492 S/N cameras with 76.2 mm lenses
attached to the wingtips of a Cessna 180. These images were captured in colour-infrared
using Kodak Aerochrome Type 2443 film (Sims 1983). In 2013, an original set of film posi-
tives were scanned at 2400 dpi. These images were recaptured using a Nikon D7000 with a
35 mm lens mounted beneath a Bell 206LR helicopter in the summers of 2013 and 2015.
The spatial resolution in both photograph sets is equivalent to 1:2000 scale or ∼2–4 cm
(Sims 1983; Moffat et al. 2016). Both the 1980 and 2015 photographs were captured under
sunny conditions and clearly show the shadows of trees and shrubs. The flight lines
analyzed in this paper ranged in length from 1.6 to 2.7 km, were located near the northern
limit of forest–tundra, and were all captured on 30 June 2015 (Fig. 1). These flight lines did
not overlap with fires documented by previous research (Fraser et al. 2014b; GNWT 2016)
and sites visited in the field did not show evidence of recent fire (charcoal, fire scars, etc.).

Along the flight lines, we selected 24 photo pairs (between five and eight per flight line)
that included spruce trees in one or both years. Each photo pair covered an area of approx-
imately 1 ha. Since the terrain in the study area is relatively flat, photographs were georefer-
enced in ArcMap 10.3 using linear transformation and nearest neighbour resampling
methods. In the first part of this process, we georeferenced the 1980 CIR images to 2004
orthophotographs. The resulting images had an average RMS error of 0.52 m
(range: 0.08–1.22 m) and used the same coordinate system as the 2004 orthophotographs
(NAD 1983 UTM 8N). Subsequently, we georeferenced the 2015 images using the geotifs
from 1980 as a reference. The images produced during this process had an average RMS
error of ∼0.33 m (range: 0.11–0.83 m).

To examine changes in spruce population dynamics in the stands covered by the
repeat images, we created 13 circular plots (radius = 20 m, area = 1256.6 m2) along each
flight line for a total of 52 plots across the entire study area. Along flight lines where spruce
woodlands were less common, multiple plots were sometimes established on a
single image pair. In these instances, plots were positioned so they did not overlap. On each
image, spruce trees were identified using two criteria: (1) presence of a distinct
triangular shadow and (2) foliage colour (yellow–green in RGB imagery and pale pink–
orange in colour-infrared imagery). For each plot and sampling time, we mapped the
position of each stem, assigned a tree identification number, assessed if it was living or
dead, and recorded the length of its shadow. Trees were classified as dead if they were not
associated with living foliage or fell over between 1980 and 2015. The relatively open canopy
conditions at our sites also allowed us to use shadow length and solar altitude to estimate
the height of each tree in 1980 and 2015. Solar altitude was determined using sun altitude/
azimuth charts (United States Naval Observatory 2015). These look-up tables require shadow
azimuth, photograph location (latitude, longitude), date of capture, and time zone. Shadow
azimuth was calculated by averaging the orientation of 6–10 shadows on each image.
We assumed that trees were growing on flat terrain and calculated tree height (he) as
he = s × tan(a), where s is tree shadow length (centimetres) and a is the solar altitude of
the photograph in degrees. Only trees that had a clearly visible shadow in both 1980 and
2015 imagery were included in this analysis. Subsequently, these height data was used to
calculate the relative annual growth rate: ((height2015− height1980)/height1980)/35 years.

Field sampling
To compare population age structure across the forest-tundra ecotone and assess the

accuracy of our aerial photograph mapping, we conducted field surveys in the summer of
2016. Along each flight line, we randomly selected two plots for field sampling. At these
eight sites, we established a circular plot with a radius of 15 m (706.9 m2). High-resolution
georeferenced aerial photographs and georeferenced stem maps of each site were
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consulted in the field using a GPS-enabled tablet to ensure that the plot centres of our
ground and aerial photograph surveys corresponded exactly. Each plot area was thoroughly
searched for seedlings and all spruce stems were mapped by annotating a paper copy of the
2015 aerial photograph and recording a GPS point. The height and diameter at breast height
of each tree were recorded using a laser hypsometer (Haglöf VL5) and digital calipers
(Haglöf Digitech Pro). For seedlings and saplings (≤1.4 m), we recorded height using a tape
measure and basal diameter using calipers. The status of each tree (living or dead) was also
recorded in the field. To estimate the age of each tree, we collected two increment cores for
large trees and a cross section of the entire stem for smaller stems. Samples were collected
above the root collar near the base of the tree. Increment cores and stem cross sections were
dried, mounted (increment cores), and sanded before being examined using a
dissecting microscope to record stem ages. At some sites, we encountered clonal individuals
with multiple, interconnected stems. In these instances, we recorded the height and diam-
eter and collected increment cores of all stems, but for the purposes of analysis, we treated
them as single individual and used the height and diameter of the oldest stem in the clone.

To compare seed production and viability across our study area, between 28 and 30
August 2017, we visited eight additional sites along the flight lines and two additional sites
near Inuvik, Northwest Territories (Fig. 1). At each site, we randomly selected 10 mature
trees (>2 m tall) and collected up to 10 cones from each tree. On 27 August 2018, we
returned to six of these sites and collected cones in the same manner. All cones were
allowed to dry in paper bags at room temperature. Cones opened in approximately 3 weeks,
at which time the seeds were extracted, dewinged, and weighed. Germination assays were
completed using 25 seeds from each tree. Seeds were soaked in water for 24 h prior to
mixing them with moist sand for cold stratification at 3 °C. After 15 days, seeds were placed
on moistened filter paper in Petri plates. Petri plates were kept under 20 h of light at
approximately 28 °C at the University of Victoria Forest Biology Greenhouse. Petri plates
were monitored daily to record germination for 30 days.

Accuracy assessments
To assess the accuracy of stand inventories using aerial photographs, we compared our

results with field data collected inside eight of the circular plots. These areas had the same
plot centres as the aerial photograph surveys, but had a 15 m radius. We used a 15 m radius
to ensure that we could survey all of the stems within a single plot within a 2 day period.
For each plot, we calculated mapping accuracy by focussing on the mature stems
(≥1.5 m tall) inside the plot with a 15 m radius (706.9 m2):

Mapping error =
number of treesðfieldÞ − number of treesðmappedÞ

number of treesðfieldÞ
× 100

To determine the accuracy of height estimates made from the lengths of tree shadows
on aeriall photographs, we compared these estimates with the heights of 90 of the
same trees measured in the field (hf) using a laser hypsometer. For each tree, we used the
difference between heights (hf− he) to calculate the average overall difference.

Statistical analysis
To test for significant differences in spruce density between 1980 and 2015 and seed

production and viability, we used the GLIMMIX procedure in the SAS software package
to construct linear mixed effects models (Littell 2006). For models of stem density, we treated
year (1980 and 2015) and flight line as fixed effects and photograph pair as a random
effect and specified our repeated measures design using the subject option to indicate
that individual plots were resampled. To test for significant differences in spruce growth,
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seed production, and viability across the study area, our mixed models included flight line as
a fixed effect and photograph (i.e., site) as a random effect. In all models, pairwise compari-
sons were conducted using the adjusted P values provided by the LSMEANS option for multi-
ple comparisons. Degrees of freedom were approximated using the Kenward–Roger method
(Littell 2006).

To explore the impact of summer temperature on seed viability among years, we
combined our findings with data reported by Walker (2010) for the same region in 2008
and 2009. In the first step of this analysis, we regressed air temperature data collected in
2005, 2006, 2007, and 2009 at seven sites by latitude and mean summer temperature
recorded at Inuvik (Palmer et al. 2012; Environment Canada 2016). This analysis shows that
there is a strong linear relationship between latitude and temperature. The slope of this
relationship is consistent among years, but the severity of summer conditions varies among
years (y-intercept) (Fig. 3). In the second step of this analysis, we used this regression model
to estimate the average summer temperature at each sample site based on its latitude and
the mean summer temperature at Inuvik in the year of sampling. To explore the relation-
ship between average summer temperature and seed viability, we used a model selection
approach to compare linear, lognormal, exponential, and logistic models using the
lm and nls functions in R (R Development Core Team 2017). The best model was selected
using AIC and AIC weights (Anderson et al. 2000).

Results

The density of the spruce woodlands that we mapped decreased with increasing latitude
across the Tuktoyaktuk Coastlands in a manner consistent with previous descriptions of
the forest–tundra transition (Timoney et al. 1992). In 1980, mean stand density was close
to three times higher along the southernmost flight line than along the northernmost
flight line (Figs. 1 and 4). Mapping from 2015 showed a similar spatial pattern but indicated
that vegetation structure in this region changed significantly between 1980 and 2015.

Fig. 3. Least squares regression of average summer temperature (AST) by latitude (LAT) and mean summer
temperature at Inuvik (YEV) for seven sites across the study area in 2005, 2006, 2007, and 2009
(AST= 1.11986× YEV − 2.4931× LAT+ 168.57954) (P< 0.001, r2= 0.95).
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In the forest–tundra, average stand density increased significantly between 1980 and 2015
along all flight lines, but no change was observed in the tundra (Fig. 4). In the forest–tundra,
36 of the 39 plots that we inventoried using aerial photographs showed increased stand
density. Visual inspection of these images and distance calculations show that changes were
the result of recruitment in open areas (Fig. 5). Trees recruited between 1980 and 2015 were
an average distance of 4 m from trees taller than 1.5 m and 71% of them were located
between 1 and 7 m from trees taller than 1.5 m. The magnitude of the increase in density
in the forest–tundra was higher at flight lines farther from the forest–tundra boundary.
Along the southernmost flight line (D), average spruce density increased by 100 stems/ha,

Fig. 4. White spruce (Picea glauca) density in 1980 and 2015 at four flight lines across the treeline ecotone. The
dashed line inside the box shows the mean, the solid line inside the box represents the median value, the ends
of the boxes represent the 25th and 75th percentiles, and the whiskers show the 10th and 90th percentiles.
Asterisks denote statistically significant differences between 1980 and 2015 for each flight line (P< 0.01).

Fig. 5. Aerial photograph pair in the forest–tundra showing increasing white spruce (Picea glauca) density between
1980 and 2015. These images cover approximately 2700 m2.
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while the flight line immediately south of the tundra (B) showed an average increase of
42.1 stems/ha (Fig. 4). Spruce stands in the tundra showed little evidence of change between
the two observation periods and average stem density did not change significantly over
time (Figs. 4 and 6). Four of the six sites where we conducted detailed field inventories in
the forest–tundra had age distributions dominated by individuals that were recruited
between 1985 and 2015 (Fig. 7). Ten of the 13 plots sampled in the tundra were stable over
time or showed decreases of one to four trees. Age distributions from the two tundra sites
where we conducted field inventories were uneven and showed no evidence of recent
recruitment (Figs. 6 and 7). Trees in the southernmost forest–tundra showed significantly
greater vertical growth rates compared to trees along all other flight lines (Fig. 8).

Comparisons of field and aerial photograph inventory data showed that average
mapping accuracy was 80% and indicated that our aerial photograph analysis identified
the majority of trees in our sample plots (Table 1). The centimetre-scale resolution of the
images from both time periods meant that we could easily identify spruce in open canopy
conditions (Figs. 5 and 6). Although we could not characterize the accuracy of mapping
using the 1980s photographs, based on their quality, we are confident that our stand map-
ping in 1980 also had high accuracy. Identifying spruce trees relied on crown colour and the
presence of a shadow. It is therefore likely that we were unable to identify seedlings <10 cm
tall in both time periods because they did not cast a visible shadow. Consequently, our
estimates of changes are likely conservative. With the exception of one extremely dense
stand, where clustering made it difficult to identify individual trees, mapping accuracy was
similar across the study area. The fact that we measured increased density in forest tundra
stands also indicates that our mapping is suitable for detecting change in the more open
conditions at tundra sites. The average difference between tree height measured using
shadow length on aerial photograph and a laser hypsometer was 0.34 m (Table 2) and
indicates that this method is an effective means to estimate tree height.

Seed production was lower at more northern sites, but these differences were only
significant between tundra sites and the two southernmost forest–tundra sites (Flight
Line C, Flight Line D) (Fig. 9A). Flight lines A, B, C, and D all produced significantly less

Fig. 6. Aerial photograph pair in the tundra showing stable white spruce (Picea glauca) density between 1980 and
2015. These images cover approximately 3600 m2.
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Fig. 8. Relative annual growth rate (metres per metre per year) from 1980 to 2015 measured using aerial imagery.
The line inside the box represents the median value, the ends of the boxes represent the 25th and 75th percentiles,
and the whiskers show the 10th and 90th percentiles. Boxes labelled with different letters are statistically different
from each other (P< 0.05).

Fig. 7. Age distributions of the eight white spruce (Picea glauca) stands sampled in the field. Each plot shows the
number of stems in 5 year age classes. The dashed horizontal line shows 1980. Numbers in parentheses show
the photograph and plot number. Histograms are organized with the northernmost sites at top and the
southernmost sites at the bottom.
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seed than reference sites near Inuvik, approximately 70 km to the south (Fig. 9A). Seed
viability was higher at more southern sites but increased variability meant that not all
pairwise differences were significant (Fig. 9B). Seed viability data from multiple years
(2008, 2009, 2017, and 2018) showed a strong, nonlinear relationship with mean summer
temperature (MST) (Fig. 10, P < 0.001, ΔAIC = 0, AICw = 0.95) (Tables 3 and 4). No viable
seed was produced below 9 °C, and between 10.1 and 12 °C, viability increased from 1% to
53% (Fig. 10).

Discussion

Our analysis of a unique set of high-resolution repeat photographs shows that white
spruce recruitment is altering the structure of the forest–tundra transition in the
Tuktoyaktuk Coastlands but that the position of forest–tundra ecotone in this region has
not changed in recent decades. This finding is consistent with the majority of studies
at the latitudinal limit of trees, which show that multiple warm episodes over the last
200 years have not displaced the northern boundary of the forest–tundra ecotone (Morin
and Payette 1984; Payette and Filion 1985; Scott et al. 1987; Lescop-Sinclair and Payette
1995; Szeicz and Macdonald 1995; Lavoie and Payette 1996; MacDonald et al. 1998, 2008;
Wilmking et al. 2012). Observed increases in stand density at forest tundra sites in the
Tuktoyaktuk Coastlands are also consistent with previous research showing that recent
and historic warming episodes have been associated with increased spruce density within
the northern forest tundra (Morin and Payette 1984; Payette and Filion 1985; Scott et al.
1987; Lavoie and Payette 1994; Szeicz and Macdonald 1995; MacDonald et al. 1998, 2008;
Mamet and Kershaw 2012; Wilmking et al. 2012; Frost and Epstein 2014). Taken together,
these observations raise the possibility that the density of Subarctic woodlands is

Table 2. Average accuracy of height estimates calculated
using shadow length on aerial photographs.

Height
group (m)

Number
of trees

Average height difference (m)
(field measurement – aerial
photograph calculation)

0–1 15 0.037
>1–2 15 0.23
>2–4 32 0.45
>4–6 18 0.57
>6–8 7 0.33
>8–10 1 0.41
Average 0.34

Table 1. Mapping accuracy of aerial photograph
inventories estimated by comparison with field surveys.

Site and plot number
Stem density
(per hectare, 2015)

% accuracy
(overall)

12-1-15, 1 212 92
12-1-15, 2 42 75
12-2-3, 2 156 92
12-2-4, 1 99 78
13-1-3, 2 467 40
13-1-35, 3 184 100
13-1-7, 2 156 100
13-2-5, 4 127 60
Average 80
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increasing across the circumarctic and highlights the need for additional research to
determine the extent and magnitude of change.

While historical Landsat data have proven valuable to study Arctic shrub proliferation
(McManus et al. 2012; Raynolds et al. 2013; Fraser et al. 2014a), the dominance of shrub
and graminoid vegetation cover across the forest–tundra in northwestern Canada makes
it difficult to use Landsat to discern the fine-scale, decadal changes in spruce density
documented in this analysis. A global archive of high-resolution (1–4 m) optical satellite
imagery has been expanding since the IKONOS and Quickbird satellites were launched in
1999 and 2001. These images can provide an almost 20 year baseline for change studies,
but using them to detect early shifts in the density of juvenile spruce trees within a matrix
of expanding tall shrub vegetation (Lantz et al. 2013; Moffat et al. 2016) is likely to be

Fig. 9. White spruce (Picea glauca) reproductive effort across the study area: (A) seed production and (B) seed
viability. The dashed line inside the box shows the mean, the solid black line inside the box represents the
median value, the ends of the boxes represent the 25th and 75th percentiles, and the whiskers show the 10th
and 90th percentiles. Boxes labelled with different letters are statistically different from each other (P< 0.05).
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challenging (Montesano et al. 2016; Loranty et al. 2018). The rarity of historical aerial
photographs with comparable resolution makes it unlikely that analyses similar to this
one could be completed in other regions. Nevertheless, the unique photographs analysed
here point to the possibility of using UAV-based mapping and structure from motion
photogrammetry to provide highly detailed photographic surveys and vegetation structural
models within forest–tundra ecosystems (Fraser et al. 2016). This approach could be used to
establish a baseline for monitoring small changes in spruce density and size. Monitoring
changes in the northern forest–tundra is important because changes in vegetation
structure have the potential to alter ecological processes with feedbacks to the climate

Fig. 10. Relationship between mean summer temperature (June–August) and white spruce (Picea glauca) seed
viability. Points show seed viability in 2008 (▪), 2009 (▴), 2017 (•), and 2018 (♦), the solid line shows the logistic
model fit, and the dashed lines show the 95% confidence interval. Residual deviance for this model is 7.6 and null
deviance is 21.4 (Table 3).

Table 3. Model selection results for seed viability (v) as a function of mean summer temperature (t) in the
Tuktoyaktuk Coastlands.

Model Equation AIC ΔAIC AIC weight
Residual
deviance Residual df

Log
likelihood

Linear v= at+ b 250.3 24.9 0 11.4 30 −122.1
Quadratic v= at+ bt2+ c 231.6 6.2 0.04 8.4 29 −111.8
Exponential v= eax+ b 236.3 10.9 0 9.1 30 −115.2
Logistic v = a

1+e
b−t
c

225.4 0.0 0.953 7.6 29 −108.7

Note: Null model deviance was 21.4 on 31 degrees of freedom (df).

Table 4. Estimated parameters for the logistic model of seed viability
(Table 3).

Parameter Estimate Standard error t P

a 69.01507 5.871 11.938 1.03 × 10−12

b 11.44060 0.085 133.99 <2 × 10−16

c 0.32326 0.084 3.83 0.00063
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system including surface energy balance (Chapin et al. 2000, 2005), fire frequency and
intensity (Higuera et al. 2009; Hu et al. 2015), carbon sequestration (Chapin et al. 2000),
and animal habitat use (Joly et al. 2009; Rickbeil et al. 2018).

It is likely that increased spruce density in the forest–tundra of the Tuktoyaktuk
Coastlands was caused by regional climate warming. White spruce reproduction is temper-
ature limited (Figs. 9 and 10) (Elliott 1979; Walker et al. 2012), and our data indicate that
recent changes in summer temperature in our study region have been large enough to
significantly impact reproduction. Predictions of seed viability at our southernmost
forest–tundra site using the model shown in Fig. 10 suggest that only eight of the summers
between 1926 and 1970 (18%) were warm enough to yield average seed viability >2%
(Supplementary Fig. S11). Following 1970, 67% of summers (31/46) were warmer than the
threshold associated with 2% seed viability (Supplementary Fig. S11). Our field data also
indicate that warmer temperatures are likely to have increased both the quality and the
quantity of spruce seed (Fig. 9). Recruitment pulses in the spruce stands that we sampled
in the field were concentrated between 1985 and 2000, an interval that included three of
the five warmest summers in the last 92 years (Fig. 2). The conclusion that increased stand
density was caused by warming is also consistent with our observation that changes in den-
sity were largest at warmer sites in the southern portion of the study area and previous
research showing correlations between white spruce abundance, recruitment, and summer
temperature (Szeicz and Macdonald 1995; Miller et al. 2017).

Our observations suggest that stand density at tundra sites in the Tuktoyaktuk Coastlands
remained stable because temperature increases at these sites have not been large enough to
facilitate recruitment. Although warming has almost certainly increased seed production at
tundra sites, predictions using the model shown in Fig. 10 suggest that since 1970, 65% of
summers at our northernmost sites were below the threshold associated with 2% viable seed
(Supplementary Fig. S11). Since germination, growth, and survival are all temperature limited,
successful recruitment likely requires a succession of warm summers (Black and Bliss 1980;
Szeicz and Macdonald 1995; Hobbie and Chapin 1998; Wolken et al. 2011; Wilmking et al.
2012; Brown et al. 2019), which have not occurred at sites in the tundra (Supplementary
Fig. S11). The lower relative growth rates of individuals along more northern flight lines are
also indicative of temperature stress likely to limit seedling survival and growth.

Continued increases in temperature will likely result in spruce expansion at sites north
of the forest–tundra boundary, but predicting the timing of this shift is not straightforward.
Our observation that current summer temperatures are near a nonlinear reproductive
threshold for white spruce, combined with evidence that the position of the forest–tundra
ecotone is shifting at sites in Alaska (Suarez et al. 1999; Lloyd et al. 2002), Manitoba (Mamet
and Kershaw 2012), and Labrador (Payette 2007), raises the possibility that this shift is
imminent. Research at other sites also indicates that when viable seed is present, biotic and
abiotic conditions can significantly impact population dynamics. Key factors include micro-
site availability and quality (Black and Bliss 1980; Hobbie and Chapin 1998; Sullivan and
Sveinbjornsson 2010; Dufour-Tremblay et al. 2012; Sutinen et al. 2012; Mamet and Kershaw
2013a), seed predation (Jameson et al. 2015), and topography and snowpack (Mamet and
Kershaw 2013a). As temperatures increase in the Tuktoyaktuk Coastlands, it is likely that
these factors will begin to exert a growing influence on the population dynamics of white
spruce. Understanding the relative influence of these processes on population dynamics
will require additional field research.

1Supplementary material is available with the article through the journal Web site at http://nrcresearchpress.com/doi/
suppl/10.1139/as-2018-0012.
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Conclusions

Based on our analysis of the data presented in this paper we draw the following
conclusions: (1) temperature-driven shifts in seed production and viability have facilitated
increased white spruce density in the forest–tundra of the Tuktoyaktuk Coastlands,
(2) spruce populations at higher latitude tundra sites have remained stable because cold
temperatures still limit recruitment in this area, and (3) additional research is needed to
characterize changes in forest density across the northern Subarctic.
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