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ARTICLE
Insects can limit seed productivity at the treeline

Can. J. For. Res. Downloaded from www.nrcresearchpress.com by UNIV VICTORIA on 03/03/15
For personal use only.

Ryan G. Jameson, Andrew J. Trant, and Luise Hermanutz

Abstract: Numerous factors contribute to the variability in treeline change; however, the potential role of insect predation in
limiting seed productivity is not well documented. Conditions for seed germination, establishment, and survival are not limiting
at the Mealy Mountains treeline (Labrador, Canada), but seedlings are rarely encountered, suggesting a seed-related bottleneck
to recruitment. Mature cones were collected in 2008 from four tree species (black spruce (Picea mariana (Mill.) Britton, Sterns &
Poggenb.), balsam ﬁr (Abies balsamea (L.) Mill.), eastern larch (Larix laricina (Du Roi) K. Koch), and white spruce (Picea glauca
(Moench) Voss)) across three treeline zones (forest, transition, and krummholz) to assess potential seed limitation. During that
year, an unexpectedly high diversity of insect larvae caused extensive reproductive loss and damaged the cones of ⬃85% of trees
sampled, conﬁrming that treeline change models should include seed predation. Seed germination was low and variable in all
treeline zones, although signiﬁcantly higher in black spruce and eastern larch. Most reproductive quality measures decreased
signiﬁcantly with elevation, although no differences among zones or tree species in the percentages of seeds damaged by insects
were found (mean ± standard deviation: 31% ± 23%). Based on tree density and seed production, black spruce is predicted to lead
the treeline expansion in the Mealy Mountains. Although climate warming may create conditions conducive for increased seed
production, predispersal seed predation may limit future treeline expansion.
Key words: climate change, forest–tundra ecotone, insect herbivory, multispecies, predispersal seed predation, reproductive
bottleneck.
Résumé : Plusieurs facteurs contribuent à la variabilité de la modiﬁcation de la limite des arbres mais le rôle potentiel des
épidémies d'insecte dans la réduction de la productivité des graines a été peu étudié. À la limite des arbres dans les montagnes
Mealy (Labrador, Canada), les conditions sont adéquates pour la germination, l'établissement et la survie mais on trouve
rarement des semis. Cela indique qu'il y a un problème de recrutement relié aux graines. Des cônes matures ont été collectés en
2008 chez quatre espèces (épicéa noir (Picea mariana (Mill.) Britton, Sterns & Poggenb.), sapin baumier (Abies balsamea (L.) Mill.),
mélèze laricin (Larix laricina (Du Roi) K. Koch) et épicéa blanc (Picea glauca (Moench) Voss)) dans trois zones de la limite des arbres
(forêt, transition et krummholz) pour évaluer les problèmes potentiels reliés aux graines. Durant cette année, une diversité
étonnamment élevée de larves d'insecte ont causé des pertes importantes en endommageant les cônes d'environ 85 % des arbres
échantillonnés. Cela a conﬁrmé que les modèles qui simulent les variations de la limite des arbres devraient inclure la prédation
par les insectes. La germination des graines était faible et variable dans toutes les zones à la limite des arbres quoique
signiﬁcativement meilleure chez l'épicéa noir et le mélèze. La plupart des mesures de qualité de la reproduction diminuaient
signiﬁcativement avec l'altitude bien qu'aucune différence dans le pourcentage de graines endommagées par les insectes entre
les zones ou les espèces d'arbre n'ait été observée (moyenne : 31 % ± 23 % ET). Sur la base de la densité des arbres et de la production
de cônes ou de graines, on prévoit que l'épicéa noir dominera l'expansion de la limite des arbres dans les montagnes Mealy. Bien
que le réchauffement du climat puisse créer des conditions favorables à l'augmentation de la production de graines, la prédation
des graines avant qu'elles n'aient été dispersées pourrait limiter l'expansion future de la limite des arbres. [Traduit par la
Rédaction]
Mots-clés : changements climatiques, écotone entre la forêt et la toundra, insectes herbivores, multiespèces, prédation des graines
avant leur dispersion, problèmes de reproduction.

Introduction
At the global scale, upslope and northward advance of the thermally constrained forest–tundra ecotone (treeline; sensu Scott
(1995)) is expected given projected warming scenarios associated
with climate change (Grace et al. 2002; Intergovernmental Panel
on Climate Change (IPCC) 2013). The pace and pattern of advance,
however, are regionally and locally controlled by interacting climatic, topographic, edaphic, and ecological factors on tree regeneration and survival at each life history stage (Holtmeier and Broll
2007). Sexually mediated treeline advance can only occur if viable
seeds are produced to fuel recruitment. Unlike the southern bo-

real forest where seed masts are common and essential for driving
forest regeneration (Greene et al. 1999), this phenomenon is less
common in the northern distribution compared with the southern extents of tree distributions (Sveinbjörnsson et al. 2002) and is
not necessarily linked to a recruitment pulse given the climatic
constraints in these environments (Danby and Hik 2007). Furthermore, seed quality and availability can accelerate or inhibit range
expansion of treeline species depending on local conditions, possibly contributing to the worldwide variation in treeline response
to recent climate warming (Harsch et al. 2009). Therefore, local
scale, species-speciﬁc research on reproductive capacity and the
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factors limiting seed availability is essential to properly inform
models predicting treeline dynamics globally (Price et al. 2001);
however, there are serious gaps in our knowledge of treeline seed
dynamics, speciﬁcally in how insects can affect seed productivity.
Predispersal seed damage caused by invertebrates and fungal
pathogens limits tree regeneration potential (Fenner 1985); however, their cumulative effects have rarely been assessed at the
treeline. Seed loss to insects (e.g., Turgeon et al. 1994; Prévost 2002)
and to disease (e.g., Singh 1981; Sutherland et al. 1987) has been
studied within the economically valuable regions of species' distributions but remains largely overlooked at the treeline (Payette
et al. 1982). The impact of pests and pathogens can have negative
effects on isolated, northern populations (Nuorteva 1963; Mosseler
et al. 1992) and could affect those treelines with short dispersal
distances for pests and pathogens from nearby forest source populations (Payette et al. 1982). Predation and disease combined with
climate conditions that are not favourable for abundant reproductive development result in a bottleneck in the advance of the
treeline by limiting viable seed availability.
Vegetation models predict an upslope advance of the treeline in
central Labrador's Mealy Mountains (Loader 2007); however, despite numerous surveys, few tree seedlings were found between
2001 and 2009 (Jacobs et al. 2007; Munier et al. 2010; Jameson 2012;
Trant and Hermanutz 2014). Early life history bottlenecks to tree
establishment include seed availability (quantity and quality), substrate conditions for germination, survival, and growth (Holtmeier
and Broll 2007). For the past decade at the Mealy Mountains, winter
temperature lows (Jacobs et al. 2014) have been well above the minimum thresholds for boreal trees (Elliott-Fisk 2000), and summer soil
temperatures have far exceeded basal germination requirements reported by Haavisto and Winston (1974). Soil nutrients are not limiting at the Mealy Mountain treeline (Jacobs et al. 2014), and favourable
seed beds for germination such as feathermoss were found in abundance within and beyond the treeline (Munier et al. 2010; Wheeler
et al. 2011). In addition, a variety of symbiotic ectomychorrizal fungi
naturally colonized planted black spruce seedlings throughout and
beyond the current treeline position (Reithmeier and Kernaghan
2013). Experimental evidence further indicates that conditions for
germination and survival appear nonlimiting, as tree seeds in the
forest zone sown above the treeline have germinated and persisted
for at least 5 years (Munier et al. 2010). Hence availability of viable
seed appears to be the dominant constraint on treeline advance in
the Mealy Mountains study site. Yearly observations between 2001
and 2010 in the Mealy Mountains conﬁrms that conifers at the treeline do not mast, and results of age structure analysis show no evidence of recruitment pulses (Trant and Hermanutz 2014).
The multispecies treeline (black spruce (Picea mariana (Mill.)
Britton, Sterns & Poggenb.), white spruce (Picea glauca (Moench)
Voss), eastern larch (Larix laricina (Du Roi) K. Koch), and balsam ﬁr
(Abies balsamea (L.) Mill.)) in coastal Labrador enabled us to determine if and to what extent forest pests and pathogens limit reproduction of the four species that have experienced the same
climatic conditions in a single year. Our objective was to determine whether the multispecies treeline in the Mealy Mountains
is seed limited and, if so, to predict, based on seed production in
that year, which tree species is most likely to lead a seed-mediated
advance under warming climatic conditions. Seeds from cones
from four codominant tree species were collected in 2008 to
determine predispersal viability and additional reproductive
quality measures (cone and seed size, abundance, cone damage
and viability) across the treeline. Due to the limiting effects of
heat sums on the reproductive development in trees (Sirois et al.
1999), we expected measures of reproductive quality of the four
codominant tree species to decrease across the treeline from the
forest zone to the krummholz zone. As the most physiologically
ﬂexible tree species at the treeline, black spruce was expected to
have the highest reproductive productivity and thus the greatest
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potential to initiate an advance of the treeline. Eastern larch, with
a high number of established cone-bearing trees below the krummholz zone of the Mealy Mountains, was also expected to have
high potential for advance. Balsam ﬁr and white spruce, both low
cone producers in the Mealy Mountains (Jameson 2012), were predicted to have the lowest reproductive productivity. Due to deteriorating climatic conditions and decreasing host (and cohost)
density, seed loss to pests and pathogens for all species was expected to decrease with increasing elevation.

Methods
Study area
This study was conducted along the boreal forest – alpine tundra
treeline in the north-central Mealy Mountains, Labrador, Canada
(53°36.6=N, 58°49.0=W; Fig. 1), within the boundary of the proposed
Akamiuapishku/KakKasuak/Mealy Mountains National Park Reserve.
The valley tends upslope from east to west over ⬃7 km (⬃500–
1060 m above sea level (a.s.l.)), with moraines, eskers, and glacial
erratics providing shelter or exposing vegetation to intense, predominantly southwestern winds (Jacobs et al. 2014). Automated
climate stations (Campbell Scientiﬁc Inc.) at 570 (CS570), 600 (CS600),
and 995 m (CS995) a.s.l. monitored surface air temperatures and
precipitation in the valley from 2001 to 2009. The mean annual
temperature ranged from –1.5 °C at CS570 to –4.2 °C at CS995 (2001–
2007). CS570 and CS995 averaged 677 and 420 annual growing degree days (GDD), based on a 5 °C threshold with high interannual
variability (minimum annual GDD at CS570 = 526 in 2005; maximum annual GDD = 835 in 2003). Across the elevation gradient,
mean GDD ± standard deviation in 2008 varied at our sampling
locations from 860 ± 4 (forest zone), to 816 ± 13 (transition zone), to
751 ± 24 (krummholz zone). Mean annual precipitation regularly
exceeded 2000 mm with more than half falling as snow (Jacobs
et al. 2014). Although there was no signiﬁcant regional climate
change in the late 20th century (Banﬁeld and Jacobs 1998), the
Mealy Mountains have experienced ⬃0.7 °C warming in the past
decade (Jacobs et al. 2014). Additional information on climatology
and soils can be found in Jacobs et al. (2014).
To assess changes in cone and seed productivity across the treeline, three sampling zones were delineated using a vegetation
map of the valley (Loader 2007): the forest, transition and krummholz zones. The forest zone consists of relatively continuous
boreal forest at ⬃500 m a.s.l., with the majority of trees exhibiting
arborescent growth forms (Trant and Hermanutz 2014). The transition zone comprises distinct stands of open canopy woodland
between the forest and the limit of arborescent tree growth (treeform line; ⬃600–620 m a.s.l.). Transition zone stands are largely
restricted to favourable local topography and site conditions (e.g.,
lee sides of moraines). Woody shrubs (Betula, Alnus, and Salix spp.)
and clonal, layering trees form the understory in the transition
zone. The krummholz zone (synonymous with shrub tundra;
sensu Scott 1995) extends from the transition zone to the tree
species limit at ⬃800 m a.s.l. Krummholz patches are persistent
(Trant et al. 2011), typically surrounded by dwarf birch (Betula
glandulosa Michx.) and ericaceous vegetation, and become smaller
and more discrete toward the species limit.
Study species
Black spruce is the most common species within the study area
(1550 stems·ha–1 and 25 stems·ha–1 in the forest and transition
zones, respectively; Trant and Hermanutz 2014), in Labrador (Roberts
et al. 2006), and in the continental boreal forest and frequently
forms the northern treeline (Timoney et al. 1992; Payette 1993).
Black spruce regenerates using both sexual and asexual methods.
Small, semiserotinous cones are produced and held in an aerial
seed bank in the upper crown for several years, gradually releasing seeds year-round in the absence of ﬁre and allowing past cone
production to be determined (Powell 2007). Fire return intervals
Published by NRC Research Press
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Fig. 1. Map of study site within the Mealy Mountains of Labrador, Canada, and locations of trees from which mature cones were sampled in
the September 2008. Symbol shape denotes species and symbol shade denotes sampling zone. Point A indicates a forest zone area
approximately 100 m × 50 m, where 15 black spruce, ﬁve balsam ﬁr, and four eastern larch were sampled.

in Labrador can exceed 500 years (Foster 1983), and ﬁre has not
been a signiﬁcant factor in the study area for at least the past
250 years (Trindade et al. 2011; Trant 2013).
Eastern larch and white spruce are cold-tolerant species; eastern
larch is common at eastern North American treelines, whereas white
spruce is ubiquitous across North American treelines (Timoney
et al. 1992; Payette 1993). These species do not layer (a method of
asexual reproduction) as readily as black spruce or balsam ﬁr and,
therefore, rely heavily on regeneration from seed (Hustich 1953).
However, white spruce does form clonal tree islands in the Mealy
Mountains in the transition and krummholz zones (Trindade et al.
2011). Eastern larch, unlike the other three species, produces
small cones along branches throughout their crown (Johnston
1990). Eastern larch cones open upon maturity to release seeds
and can remain attached for several years after seed dispersal.
White spruce produces relatively long, slender cones in the upper
crown, which usually fall from the tree each fall (Nienstaedt and
Zasada 1990) but can persist on trees for 1–2 years even after most
of the seeds have dispersed (Zasada 1985).
Balsam ﬁr also uses sexual and asexual regeneration at the
treeline (Jameson 2012). Balsam ﬁr is typical of the more southerly
mixedwood and moist boreal forests, with northern advance restricted by poor adaptation to ﬁre and reduced reproductive potential (Bakuzis and Hansen 1965; Messaoud et al. 2007). Relatively
large, upright seed cones are produced in the upper crown. Upon
maturity, cone scales detach and seeds are released, leaving a bare
central cone axis that can remain attached to the branch for several years, allowing for estimation of past cone production (Powell
1977).
All four species follow a similar 2-year reproduction cycle. Reproductive buds differentiate in the ﬁrst year and mature as seed
and pollen cones in the following growing season (Burns and
Honkala 1990). Age at ﬁrst reproduction varies among species and
can depend on local environmental conditions or on the position

of an individual within the stand (Farmer 1996; Viglas et al. 2013),
with all four species known to produce seed cones by 15 years of
age (Powell 2007). Cone production in the Mealy Mountains was
relatively low and variable among years (from 2006 to 2008) and
among and within the treeline zones for each species, with no
mast years between 2001 and 2007 (Trant and Hermanutz 2014).
Seed germination and reproductive quality
Production of seed cones initiated in 2007 was categorized for
each conifer at each surveyed site (0, 1–10, 11–50, 51–250, and
>250 cones). Trees with maturing cones were harvested at the end
of the growing season prior to seed release (16–19 September
2008). Mature cones initiated in 2007 were identiﬁed by colour
and by their position in the crown (Powell 2007). Although it is
possible that harvesting in late September could have biased our
sample, it is highly unlikely that seeds would have continued to
ﬁll as temperatures were below zero and snow had fallen. On
average, 10 cones were collected from each tree from branches in
each cardinal quadrant to ensure sampling from all around the
tree (Hofgaard and Rees 2008). Cones (475 black spruce, 137 balsam ﬁr, 189 eastern larch, and 26 white spruce) were collected in
paper bags pooled by tree species (Table 1) and stored in a dry area
at 20 °C for approximately three months before seed extraction,
which corresponds to other boreal studies (e.g., Sirois 2000). During storage, it is possible that herbivory of seeds continued, but
we are conﬁdent that herbivores originated in situ as some damaged cones had exit holes but there was no evidence of insects in
the storage bags (i.e., damage occurred prior to collection). Samples were stored in sealed and secured paper bags with no evidence of entrance or exit holes. Black spruce and balsam ﬁr were
sampled in all three zones (forest, transition, and krummholz),
whereas eastern larch cones were limited to the forest and transition zones. Due to ﬁeld logistics, white spruce was only sampled in the transition zone (Table 1). For each species, the number of
Published by NRC Research Press
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Table 1. Total number of seeds and viable seeds per cone in the Mealy Mountains, Labrador, Canada, and
within each treeline zone (forest, transition, and krummholz) by species (black spruce, balsam ﬁr, eastern
larch, and white spruce) in 2008.
Seeds·cone−1
(mean (±SD))

Viable seeds·cone−1
(mean (±SD))

Species

Zone

Trees
sampled

Harvested
cones

Total seeds
extracted

Black spruce

Overall
Forest
Transition
Krummholz

45
15
15
15

475
156
133
186

19727
7897
4841
6989

41.90 (±12.90)
50.64 (±13.06)
35.51 (±10.45)
39.53 (±10.57)

1.53 (±2.04)
2.93 (±2.71)
1.12 (±1.45)
0.54 (±0.57)

Balsam ﬁr

Overall
Forest
Transition
Krummholz

21
5
7
9

137
36
51
50

16395
5465
5765
5165

113.07 (±26.15)
139.30 (±30.01)
111.19 (±17.59)
100.00 (±20.02)

1.04 (±1.93)
0.56 (±0.74)
2.63 (±2.74)
0.08 (±0.16)

Eastern larch

Overall
Forest
Transition

18
6
12

189
64
125

2779
1104
1675

14.47 (±3.98)
17.57 (±4.28)
12.92 (±2.88)

0.67 (±0.71)
0.87 (±0.58)
0.57 (±0.77)

White spruce

Transition

5

26

1277

47.49 (±10.24)

0.20 (±0.45)

Note: Seeds·cone−1 = (number of seeds extracted)·(number of cones sampled from tree)−1. Viable seeds·cone−1 = (number
of viable seeds)·(number of cones sampled from tree)−1. Standard deviation, SD.

samples varied slightly depending on density. In the laboratory,
cones were inspected for symptoms of inland spruce cone rust
(Singh 1981) and herbivory (frass and exit holes characteristic of
cone insects; Hedlin et al. 1980). Cone length was measured with
digital vernier callipers (±0.01 mm). Seeds were manually extracted by removing ovulate scales from the central cone axis,
with underdeveloped seeds from infertile apical and basal regions
discarded (Powell 2007). Following seed extraction, cone axes and
ovulate scales were weighed (±0.001 g).
Seeds were inspected for damage attributable to insects using a
hand lens (Hedlin et al. 1980). Damaged seeds were separated from
undamaged seeds and counted. Digital photographs were taken of
10 undamaged seeds from each tree prior to manual seed wing
removal. Lengths (micropylar to apical end of seed coat) and
widths (widest axis) of the 10 undamaged seeds were measured
digitally using ImageJ v1.44 (Abramoff et al. 2004). To identify
unﬁlled seeds, black and white spruce seeds were immersed in a
95% ethanol bath; seeds that sank contained both embryo and
megagametophyte, which was veriﬁed by cutting and inspecting
20 ﬂoating seeds (Sirois 2000). Filled spruce seeds were rinsed with
water, counted, and stored for use in the germination trial. Ethanol ﬂotation was not used for the other species as it is unreliable
for eastern larch (Eavy and Houseweart 1987) and damages balsam
ﬁr seeds (B. Daigle, personal communication, 2009); visually undamaged, expanded balsam ﬁr and eastern larch seeds were used
for the germination trial.
Balsam ﬁr and white spruce seeds were cold dry stratiﬁed at 4 °C
for four weeks to break seed dormancy, and black spruce and
eastern larch were stored at 20 °C during this period (International
Seed Testing Association (ISTA) 2009). Germination tests were performed on up to 300 seeds·tree–1 (Table 1). Viable seeds of each tree
were divided among 9 cm Petri dishes lined with ﬁlter paper, with
a maximum of 50 seeds·dish–1. The term “viable” is used to describe a seed that is ﬁlled with an embryo and megagametophyte
and germinated. However, it is possible that ﬁlled seeds that did
not germinate may still be viable (e.g., conditions for germination
were not satisﬁed), and thus the numbers that we present may be
conservative. Filter paper was saturated with distilled water, and
dishes were placed in an incubator (Percival Scientiﬁc, Inc.) at
25 °C for 16 h (light) and at 15 °C for 8 h (dark) for 30 days (Sirois
2000). Germinated seeds (length of emerging radicle > length of
seed) were counted and removed daily. Due to equipment failure
on day 21 of the trial, dishes were moved to a room with large
southeastern-facing windows where they experienced natural
light conditions at room temperature (20 °C) for the remaining
9 days. Because the germination rate had slowed signiﬁcantly by

day 17, the change in germination conditions had minimal effects
on trial results.
Analysis
As reproductive variables are highly correlated in trees (Greene
et al. 1999), Spearman's rank correlation () analyses were used to
evaluate interrelatedness of reproductive quality measures including mean cone length, cone weight ((combined weight of
cone rachises and ovulate scales)·(number of cones from sampled
tree)–1), mean seed length, mean seed width, number of seeds per
cone (total number of seeds·(number of cones from sampled tree)–1),
percentage of seeds damaged by insects (percentage of damaged
seeds; ((number of damaged seeds·(total number of seeds from
sampled tree)–1 × 100), and percentage of viable seeds ((number of
viable seeds·(total number of seeds from sampled tree)–1) × 100).
When variables were highly correlated ( > 0.75, p < 0.001), a single
variable was used in subsequent analyses. Spearman's rank correlation analyses were then used to assess correlations between all
reproductive measures and GDD. Mean daily temperature data
recorded at CS600 were used to calculate GDD experienced by
developing seeds in the 2008 growing season. Monthly lapse rates
(Chan 2011) were applied to these data to obtain cumulative GDD
experienced at each elevation from which cones were sampled
(Jameson 2012).
Analyses of variance (ANOVA) and Tukey–Kramer multiple
comparisons of means tests were used to determine whether
reproductive measures change among the forest, transition,
and krummholz zones for black spruce and balsam ﬁr. Differences between the eastern larch in the forest zone and the transition zone were evaluated using the Student's t test. Data were
analyzed for normality, independence, and homogeneity, and appropriate transformations were made when these assumptions
were violated (Jameson 2012). As low cone production and severe
weather precluded sampling of the white spruce in the forest
zone, descriptive statistics were used to evaluate reproductive productivity of the ﬁve sampled transition zone individuals. The relationship between estimated cone load and reproductive quality was
also explored. All reproductive measures were analyzed with the tree
as the independent unit (per tree averages). Statistical analyses were
performed in R version 2.12.0 (R Core Team 2010).

Results
Seed germination and reproductive quality
Germination was low across species, with only 856 of the
8243 seeds germinating during the 30-day trial (10.4%). Forest zone
Published by NRC Research Press
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Table 2. Spearman's rank correlation coefﬁcients () between reproductive quality variables
and growing degree days (GDD; >5 °C) for each species across the Mealy Mountains, Labrador,
Canada, treeline.
Species

Value

Cone
length

Seed
length

Viable
seeds·cone−1

Viable
seeds (%)

Black spruce


P value

0.61
<0.01

0.56
<0.01

0.37
0.01

0.48
<0.01

0.45
<0.01

Balsam ﬁr


P value

0.53
0.01

0.16
0.48

0.61
<0.01

0.22
0.33

0.17
0.46

Eastern larch


P value

0.21
0.40

0.40
0.10

0.50
0.03

0.31
0.20

0.21
0.39

Seeds·cone−1

Note: Signiﬁcant correlation coefﬁcients are in boldface (␣ = 0.05).

black spruce seeds were the ﬁrst to germinate (day 5), followed by
eastern larch (day 9), and then balsam ﬁr (day 12). Only one white
spruce seed germinated during the trial (day 18). Germination
slowed after day 17 and ceased by day 28. Percentages of ﬁlled
seeds were low and highly variable in black spruce (mean ±
standard deviation (SD), 5.9% ± 5.6%; range, 0%–20.2%) and in
white spruce (3.8% ± 7.1%; range, 0%–16.4%). The percentage of
viable black spruce seeds (3.3% ± 3.9%; range, 0%–14.1%) was not
signiﬁcantly different from that of eastern larch (2.8% ± 3.0%;
range, 0%–11.5%). Both black spruce and eastern larch had higher
overall percentages of viable seeds than balsam ﬁr (0.8% ± 1.4%;
range, 0%–5.9%).
A black spruce in the krummholz zone at 716 m a.s.l. was the
highest elevation tree to produce viable seeds; it had 12 upright
leaders (tallest leader: 1.4 m in height) and covered an area of
⬃14 m2. Of the 501 seeds extracted from 12 cones, 10 were ﬁlled
and 7 germinated. A single black spruce at a higher elevation was
sampled (729 m a.s.l.), but none of its 568 sampled seeds germinated. Balsam ﬁr produced viable seeds in the krummholz zone
up to 627 m a.s.l., which was 89 m in elevation below the limit of
viable black spruce seed production, whereas no viable seeds were
produced by the four balsam ﬁr in the krummholz zone that were
sampled at higher elevations (658–683 m a.s.l.). Thirteen of
300 seeds germinated from the eastern larch sampled growing at
the highest elevation (588 m a.s.l.). The only white spruce seed to
germinate was produced by a ⬃5.5 m tall tree at 572 m a.s.l. There
were no clear patterns between the percent of germinable seeds
and the estimated cone load (Appendix A, Fig. A1).
Cone length and cone weight, seed length and seed width, and
cone length and number of seeds per cone were signiﬁcantly correlated in each species in each zone ( = 0.86–0.95, 0.70–0.87, and
0.52–0.83, respectively; p < 0.001); only cone and seed lengths were
further analyzed. All of the black spruce's reproductive quality
measures, including the number of seeds ( = 0.37) and viable
seeds per cone ( = 0.48), were signiﬁcantly correlated with GDD
(p < 0.01; Table 2). Balsam ﬁr cone length ( = 0.53) and the number
of seeds ( = 0.61) were each signiﬁcantly correlated with GDD
(p < 0.05). By contrast, the only signiﬁcant correlation with GDD
for eastern larch was found for the number of seeds (Table 2).
Black spruce reproductive quality was greatest in the forest
zone, with signiﬁcantly larger cones and seeds (Fig. 2), and significantly more seeds per cone than in the transition or krummholz
zones (Fig. 3A; Table 1). The percentage of viable black spruce
seeds was higher in the forest zone than in the krummholz zone,
but neither zone was signiﬁcantly different from the transition
zone (Fig. 3A). Balsam ﬁr cone length and seeds per cone were
greatest in the forest zone. Balsam ﬁr seed length was highly
variable and did not differ signiﬁcantly among zones. The percentage of germinated balsam ﬁr seeds was signiﬁcantly higher in
the transition zone than in the forest or krummholz zones and
was the only reproductive variable to increase along the forest–
tundra ecotone (Fig. 3B). In eastern larch, only seed length and
seeds per cone were signiﬁcantly different between the forest

zone and the transition zone (Figs. 2 and 3C). Transition zone
white spruce cone length was 26.14 mm (±4.07 mm) and seed
length was 1.99 mm (±0.30 mm). Mean number of white spruce
seeds per cone was 47.5 (±10.2), of which <1% germinated.
Cone and seed damage
Cone and seed pathogens were not found to be common in the
Mealy Mountains study site; no symptoms of cone rust were observed on the 827 sampled cones nor were any observed during
extensive surveys in either 2007 or 2008 (Jameson 2012). However,
in the year sampled, cone insects were pervasive across all elevations regardless of species. Predispersal insect predation affected
85% of individual trees sampled (Table 3). The percentage of seeds
destroyed in these infected individuals was highly variable and
was not signiﬁcantly different among species or among zones
(Fig. 3).

Discussion
Our results indicate that insect predation can cause a bottleneck in potential treeline expansion. Even with a single sampling
year, the magnitude of cone and seed damage documented justiﬁes the inclusion of this parameter in future models of treeline
change. With no pulse in recruitment observed over the last two
centuries (Trant and Hermanutz 2014), our results provide important considerations for understanding regeneration dynamics.
This is supported by two lines of evidence: ﬁrst, very few viable
seeds are produced or survive to dispersal due to pervasive levels
of insect predation; and second, previous research in the region
has demonstrated the presence and abundance of suitable seed
beds available for establishment if viable seed was available
(Munier et al. 2010; Wheeler et al. 2011). Surrounding closed canopy forest most likely acts as a conduit for insect infestation,
resulting in high levels of damage.
Viable seed production by the four Mealy Mountain tree species
was very low during the 2008 growing season (0.4%–3.4% of undamaged seeds), despite having experienced the highest number
of GDD since 2003. The results supported predictions that, based
on the species with the highest seed and viable seed productivity,
black spruce is the most likely of the four trees to lead a seedmediated range expansion given that it is more abundant in all
zones. Seed germination of eastern larch was comparable to black
spruce, suggesting that eastern larch has a high potential for inﬁlling and advance from the transition zone, where it is found in
its greatest densities (Trant and Hermanutz 2014). White spruce
and balsam ﬁr, with seed germination percentages <1%, were the
most seed limited. Unexpectedly, seed loss to insects was high and
did not differ among zones or among species, showing no pattern
of density dependence as has been shown in other studies (Gärtner
et al. 2011). Our results suggest that seed limitation can modify the
rate of treeline change and should be incorporated into all models
of global forest–tundra vegetation change.
As expected, black spruce in the forest zone had the highest
viable seed productivity. Successful reproduction generally depends
Published by NRC Research Press
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Fig. 2. Seed cone length (A) and seed length (B) of three tree species
across the forest, transition, and krummholz zones of the treeline
ecotone in the Mealy Mountains, Labrador, Canada. Dashed lines show
sample means. Box and whisker plots indicate the 10th and 90th
percentiles and the ﬁrst, second (median), and third quartiles (McGill
et al. 1978). Lowercase letters above each box indicate signiﬁcant
differences among zones (Balsam spruce and balsam ﬁr, ANOVA with
Tukey's multiple comparison of means; eastern larch, Student's t test,
p < 0.05). White spruce was not included in this comparison as it was
only sampled in the transition zone (see Methods).
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Fig. 3. Mean number of seeds per cone (black, left x axis) and the
mean percentages of seeds damaged by insects (grey, right x axis)
and seeds that germinated (white, right x axis) among treeline zones
(F = forest; T = transition; K = krummholz) of (A) black spruce,
(B) balsam ﬁr, and (C) eastern larch in the Mealy Mountains,
Labrador, Canada. Error bars indicate standard error of the mean.
Lowercase letters above bars indicate signiﬁcant differences among
zones (black spruce and balsam ﬁr, ANOVA with Tukey's multiple
comparison of means; eastern larch; Student's t test, p < 0.05). White
spruce was not included in this comparison as it was only sampled
in the transition zone (see Methods).

on having consecutive growing seasons with favourable climatic
conditions; warm and dry in the ﬁrst season to promote cone
initiation, and warm and wet in the following season to promote
cone elongation and seed development (Owens and Blake 1985).
As black spruce in northeastern Canada are able to initiate more
cones more frequently than white spruce or balsam ﬁr (Messaoud
et al. 2007), the likelihood of producing seeds in a favourable year
is higher compared with the other species. Further advantage is
conferred by the formation of aerial seed banks and the species'
relatively plastic thermal threshold for seed development. Sirois
et al. (1999) found that 800–940 GDD are required for proper black
spruce embryo development, and Meunier et al. (2007) observed
that embryos reach the penultimate stage of maturity within a
thermal range of 615–1210 GDD. Such plasticity was reﬂected in
our results, with black spruce seeds experiencing a range of ⬃715–
870 GDD in the Mealy Mountains.
The mean percentage of black spruce seeds that germinated
decreased along the forest–tundra gradient from 5.4% to 1.4%. This
reduction in seed quantity and quality toward the treeline is conPublished by NRC Research Press
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Table 3. Comparison of the percentage of cone samples damaged by
insects and percentages of seeds lost to insects among species (black
spruce, balsam ﬁr, eastern larch, and white spruce) in 2008 in the
Mealy Mountains, Labrador, Canada.
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Species

Trees infested Damaged seeds
Range of damaged
by cone
from infested trees seeds from
insects (%)
(%; mean (±SD))
infested trees (%)

Black spruce
86.7
Balsam ﬁr
66.7
Eastern larch 100.0
White spruce 100.0

27.3 (±20.9)
25.9 (±23.8)
37.2 (±21.5)
48.3 (±37.1)

3.8–78.0
2.4–73.0
7.3–82.3
11.0–98.1

All species

30.8 (±23.2)

2.4–98.1

85.4

Note: Standard deviation, SD.

sistent with other studies of black spruce in eastern Canada (Sirois
2000; Meunier et al. 2007) and western Canada (Viglas et al. 2013).
The signiﬁcant correlation between the number of viable black
spruce seeds per cone and GDD experienced indicates that there is
climatic limitation to reproductive productivity; however, other
factors associated with climate or independent of climate could
also explain the high percentages of unﬁlled seeds. Lack of pollination and self-pollination must be considered as constraints to
viable seed production at the treeline. Pollen grain development
becomes increasingly limited at higher latitudes and altitudes
(Elliott 1979; Weis and Hermanutz 1993), pollen cloud density
decreases with decreasing tree density (Owens and Morris 1998),
and an increase in the number of interrelated individuals in peripheral, northern and (or) alpine populations (Viktora et al. 2011)
increases the likelihood of lethal gene combinations during fertilization (Owens and Blake 1985). Pollen viability in the Mealy
Mountains was >85% for each species both above and below treeform line, and pollen cone production by surveyed trees was at
least as high as seed cone production (Jameson 2012). The spatial
conﬁguration of trees in the Mealy Mountains transition and
krummholz zones is patchy (Harper et al. 2011), but distances
between patches were within the 250–3000 m pollen dispersal
distances observed by O'Connell et al. (2007). The Mealy Mountains forest and krummholz zones are separated by <3000 m in
some areas. Thus in the year of this study, pollen availability does
not appear to limit reproductive quality in the Mealy Mountains,
although further research is required to quantify rates of selffertilization.
In contrast with black spruce, the percentage of viable eastern
larch seeds was relatively constant from the forest zone to the
transition zone's edge. The lack of change in the eastern larch's
reproductive variables between the forest zone and the transition
zone supports the prevailing hypothesis that the species is synchronous with current climatic conditions and has a high potential for distribution advance (Payette et al. 1982; Payette 1993).
Based on the observation of few eastern larch growing in the
krummholz zone, it is hypothesized that eastern larch's synchronicity to climate is relatively recent. This was corroborated by the
discovery of eastern larch seedlings in the Mealy Mountains transition zone in 2009 (Trant 2013) and by recent eastern larch seed
regeneration in northern Quebec (Tremblay 2010). A recent increase in eastern larch seedlings and saplings has also been observed
near the treeline in Churchill, Manitoba (Mamet and Kershaw 2012).
The relatively high density of eastern larch cone production in the
transition zone was roughly equal to the density of black spruce in
the transition zone. Eastern larch account for >65% of trees that
are >4 m tall in the Mealy Mountains transition zone, whereas
<1% of black spruce stand above 4 m (Jameson 2012). This height
advantage gives eastern larch a superior dispersal ability from this
zone (Nathan and Muller-Landau 2000; Trant and Hermanutz
2014), which could potentially offset its lack of seed sources in the
krummholz zone compared with black spruce. Thus, increased

temperatures associated with climate change are expected to result in eastern larch having a high potential for advance.
The overall percentage of viable balsam ﬁr seeds was <1%, and
with few cone producers across the treeline, its contribution of
seed to the treeline was negligible compared with black spruce
and eastern larch. Although the thermal regime of black spruce
and white spruce seed development is well documented, this is
the ﬁrst report of balsam ﬁr producing viable seed with heat sums
as low as 778 GDD.
Only one of 1277 transition zone white spruce seeds sampled
was viable, and although no forest seeds were sampled because of
very low white spruce cone production in 2007, this suggests that
the species' viable seed contribution was comparatively negligible. White spruce is the dominant tree species in much of northwestern North America and along Labrador's northeastern coast.
The germination percentage of white spruce seeds in the forest–
tundra ecotone near Churchill, Manitoba, averaged ⬃32% in 2008
(Mamet 2012), and Walker et al. (2012) reported averages of <1% to
⬃19% in the Northwest Territories, depending on the site. Roland
et al. (2014) have also reported variable and signiﬁcantly reduced
viability in white spruce seeds at high elevations in Alaska over
multiple decades (0%–24.2%). In Labrador, healthy white spruce
seed regeneration was reported far north of the Mealy Mountains
at the treeline near Napaktok Bay (57°55=N, 62°40=W; Elliott and
Short 1979). The low reproductive potential of white spruce in the
Mealy Mountains was surprising, although the regional variation
discussed above reﬂects the temporal variation and unpredictable
nature of white spruce seed production and quality observed in
long-term data sets (Zasada and Viereck 1970).
The Mealy Mountains reproductive capacity data differ from
those reported at other treelines and from more southern forests.
Cone lengths of each species were generally equal to the lowest
values suggested by Farrar (1995) except for the much shorter
balsam ﬁr cones found in the krummholz zone (23.6–35.2 mm
compared with an expected 40–100 mm). Black spruce, balsam ﬁr,
and white spruce seeds from the Mealy Mountains were, on average, ⬃1 mm shorter than those measured in New Brunswick
(Powell 2007). Eastern larch seeds were the same size as their
southern counterparts. The most dramatic differences were between the numbers of seeds per cone in the Mealy Mountains and
the expected seed potential for cones of each species (Fig. 3 vs.
Appendix A, Fig. A1); beyond the forest zone, cones contained less
than half as many seeds per cone as those examined by Powell
(2007). Lower reproductive capacities are expected toward the
edge of plant distributions (Harper 1977); differences between the
Mealy Mountains treeline and other treelines, however, were more
surprising. Black spruce rarely produced more than 6 seeds·cone–1
in northern Yukon (Brown 2011) or more than 10 seeds·cone–1 in
northwestern Quebec (2006–2007; Dufour-Tremblay and Boudreau
2011) compared with 42.4 seeds·cone–1 (SD: ± 13.4) in the Mealy Mountains. Transition zone white spruce produced ⬃36 more seeds·cone–1
in the Mealy Mountains than white spruce in the Northwest Territories (Walker et al. 2012).
High numbers of seeds per cone indicate a high potential for
the multispecies Mealy Mountains treeline to respond rapidly to
warming as climatic limitations to seed maturation subside. Response to warming, however, could be buffered by ecological seed
limitation in the form of cone and seed insects. Initially, we expected levels of cone infestation to be low and to decrease with
increasing altitude and tree density (Mencuccini et al. 1995); cone
insects are directly affected by climatic conditions (Poncet et al.
2009), and Payette et al. (1982) reported a decline in seed predation
toward the treeline. In the year in which this study was conducted, this was not the case; 85% of sampled individuals suffered
seed losses to insects ranging from 2% to 98% of seeds, and damage
did not differ signiﬁcantly among treeline zones or among spePublished by NRC Research Press
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cies, although a nonsigniﬁcant pattern of decreasing damage
from the forest zone to the krummholz zone was seen in black
spruce. Favourable ecological conditions, including relatively
short dispersal distances between tree stands and patches, proximity to forest source populations, a diversity of tree host species,
and low but relatively consistent cone production combine to
support a diversity of cone and seed insect species in the Mealy
Mountains (for more details on insect species, see Supplementary
material1).
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Conclusions
Low levels of seed viability, pervasive cone damage, and seed
loss to insects combine to limit seed availability at the multispecies treeline in the Mealy Mountains and create a bottleneck to
treeline advance. However, high densities of potentially reproductive trees (Trant and Hermanutz 2014) and high numbers of seeds
per cone indicate a high potential for a range expansion of the
tree species present at the treeline if climatic restraints to cone
production and seed development subside with warming. This is
the ﬁrst study to report on levels of insect infestation in a multispecies treeline in an eastern, coastal boreal forest. The ﬁndings
suggest that insects have signiﬁcant and pervasive impacts on
seed productivity regardless of species. Black spruce had the highest reproductive indices of the four tree species and, therefore, is
most likely to lead a seed-mediated treeline advance in the Mealy
Mountains. Eastern larch is also likely to advance, with its largest
reproductive contributions coming from tall, well-established
trees in the transition zone. Balsam ﬁr and white spruce were the
most seed limited of the four species. Due to their low current
reproductive capacities, balsam ﬁr and white spruce may have
difﬁculty competing for available seed beds with the other species; both black spruce and eastern larch seedlings have been
observed in the forest and transition zones since 2008 (Trant
2013). Insect and disease distributions, like tree distributions, are
expected to advance upslope and poleward with climate warming
(Dale et al. 2001). Therefore, the roles of pests and pathogens in
seed loss for all tree species could change unpredictably as boreal
forest species expand their ranges and should be continuously
monitored. Additional data on the link between periodicity of
seed production and seedling recruitment at treeline is needed to
understand if pulses of recruitment will drive treeline change
(Danby and Hik 2007). In additional to observational studies, there
is a growing need for experimental approaches at broad spatial
scales to test climatic and nonclimatic drivers and constraints to
treeline advance (Brown et al. 2013).
Although data from the Mealy Mountains represent a single
year of regeneration dynamics, they show high species-speciﬁc
variability (i.e., all species were exposed to the same climatic conditions), indicating that predispersal predation must be included
in estimates of seed productivity for dominant trees into models
of treeline change, community monitoring, and (or) resource
management efforts.
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Appendix A
Estimated cone load and viable seed (%) of black spruce, balsam ﬁr, eastern larch, and white spruce across the forest, transition, and krummholz zones of the treeline ecotone in the
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Mealy Mountains, Labrador, Canada, are illustrated in Fig. A1.
Table A1 presents a comparison of some reproductive characteristics of these same four species in silvicultural literature.
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Fig. A1. Estimated cone load and viable seed (%) of four tree species across the forest, transition, and krummholz zones.
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Table A1. A comparison of some reproductive characteristics of black spruce, white spruce, eastern
larch, and balsam ﬁr in silvicultural literature.
Reproductive characteristic
Seed cone length (cm)
Seed potential per cone
Seed length × width (mm)

Black spruce
a

2–3
84b
2.74×1.43c

White spruce
a

3–6
98c
3.03×1.71c

Eastern larch
a

1–2
26d
3.12×1.93c

Balsam ﬁr
4–10a
234c
5.20×3.53c

Note: Seed potential per cone = number of central cone axis scales multiplied by 2.
aFarrar 1995.
bCaron 1987.
cPowell 2007.
dTosh 1986.
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