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Understanding the complex interactions of competition, climate warming-induced

drought stress, and photosynthetic productivity on the radial growth of trees is central

to linking climate change impacts on tree growth, stand structure and in general, forest

productivity. Using a mixed modeling approach, a stand-level photosynthetic production

model, climate, stand competition and tree-ring data from mixedwood stands in western

Canada, we investigated the radial growth response of white spruce [Picea glauca

(Moench.) Voss] to simulated annual photosynthetic production, simulated drought

stress, and tree and stand level competition. The long-term (∼80-year) radial growth of

white spruce was constrained mostly by competition, as measured by total basal area,

with minor effects from drought. There was no relation of competition and drought on tree

growth but dominant trees increased their growth more strongly to increases in modeled

photosynthetic productivity, indicating asymmetric competition. Our results indicate a

co-limitation of drought and climatic factors inhibiting photosynthetic productivity for

radial growth of white spruce in western Canada. These results illustrate how a modeling

approach can separate the complex factors regulating both multi-decadal average radial

growth and interannual radial growth variations of white spruce, and contribute to

advance our understanding on sustainable management of mixedwood boreal forests

in western Canada.
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INTRODUCTION

Boreal forests cover roughly one-third of the global forest area, but, owing to their cold climate and
the slow decomposition rate of their coniferous biomass, these ecosystems contain half of the global
forest carbon (Jiang et al., 2016). Global warming is projected to continue, regional droughts may
intensify and become more frequent during this century, and reduction of carbon uptake by these
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northern hemisphere high latitude forests is projected (IPCC,
2007; Stephens et al., 2007; Piao et al., 2008; Girardin et al.,
2016a). Although Japanese and Finnish boreal regions have
reported recent growth enhancements, attributed to elevated
CO2 and N deposition (Fang et al., 2014; Kauppi et al., 2014),
Girardin et al. (2016b) did not find consistent growth responses
in the Canadian boreal forest under a half-century of combined
warming and CO2 fertilization. Since the Canadian boreal makes
up 30% of the boreal forest worldwide, it plays a critical role in
the global carbon budget (Kurz et al., 2008). The carbon balance
of Canadian boreal forests is already affected by climate change
through increased fire frequency, unprecedented expansion of
insect outbreaks, and widespread drought-induced tree mortality
(Ma et al., 2012). Western Canada’s boreal forest may become a
net carbon source if climate change-induced droughts continue
to increase (Ma et al., 2012).

Modeling forest response to climate is complex. Linear models
of climate effects on tree growth (e.g., Huang et al., 2010) are
effective for identifying useful predictors of growth and the
direction of future climate effects; however, since the effects of
climate are myriad and complex, linear models may demonstrate
poor behavior under future extrapolations of climate. Process-
based models can be more effective for this reason, applying
better-conditioned models to yield more robust predictions.
A common process approach is to analyse tree growth as a
function of primary production and allocation to the stem
(e.g., Berninger and Nikinmaa, 1997); previous work has shown
reliable correlations between photosynthetic production and tree
growth (e.g., Berninger et al., 2004; Babst et al., 2014). Gea-
Izquierdo et al. (2010, 2014) developed an effective gross primary
production model that tracks changes in photosynthetic capacity
during the growing season, from the rise in spring temperature
to the onset of fall frost. The model was calibrated with data
from Canadian carbon flux towers (Gea-Izquierdo et al., 2010),
and subsequently tested on long-term tree ring growth data in
several regions (Gea-Izquierdo et al., 2014). By capturing the
process of climate effects on seasonal photosynthetic capacity,
this model effectively adjusts for shifts in the timing of the spring
flush, onset of dormancy, and length of the growing season,
reducing the predictors required to model tree ring-growth.
In this study, we tested this model against western Canadian
mixedwood white spruce (Picea glauca (Moench.) Voss) ring-
growth records. However, since drought was not a major issue
in the development of this model, and stands in which it was
calibrated were uniform, single species and single-cohort stands,
we further investigated the effects of drought and competition on
growth.

Tree drought response is also complex. Unsurprisingly, trees
exhibit a distinct reduction in radial growth in response to
drought conditions (e.g., Gea-Izquierdo et al., 2012; Deslauriers
et al., 2014). It appears that abiotic stress factors (including
drought), lead to a reduction in the extent of annual
ring increment, altered hydraulic properties and chemical
composition of the wood, which further sensitize trees to
further drought (Lautner, 2013). Balducci et al. (2014) showed
lower density wood formation in black spruce seedlings during
droughts, reflecting a lower carbon allocation to cell wall

formation, resulting in a hydraulic system poorly adapted to
drought. Under water-deficit conditions, differentiating xylem
cells may not expand fully because of the lack of turgor
pressure (Steppe et al., 2015; Deslauriers et al., 2016). The higher
sensitivity of growth to drought in comparison to photosynthesis
(Hsiao and Acevedo, 1974; McDowell, 2011; Tardieu et al.,
2011) also typically leads to an accumulation of non-structural
carbohydrates at least in the initial phases of drought (e.g.,
Mencuccini, 2014; Mitchell et al., 2014). Drought-induced water
stress has been demonstrated to be the dominant contributor
of widespread tree mortality, and growth decline in the western
boreal forests of Canada (Hogg et al., 2008; Ma et al., 2012). In
this region, substantial warming and increased drought stress
is predicted over the next century (Price et al., 2013; Wang
et al., 2014). We employed the Canadian drought code as
an effective process-oriented predictor (Turner, 1972; Girardin
et al., 2001) to index annual drought stress. This drought
index tracks the available rooting zone water profile over the
course of the growing season following spring thaw, allowing for
evapotranspiration loss and precipitation recharge.

Further complexity is introduced by the mixed-species nature
of much of the boreal forest. The western boreal consists of
mixtures of trembling aspen (Populus tremuloides Michx.), a
shade-intolerant species, and white spruce, a shade-tolerant
species along with some shade-intolerant pines and several other
tree species. These compete for physical space and resources
in both an asymmetrical fashion, where taller trees receive
disproportionately more light than shorter stems, or in a
symmetric fashion, where scarce below-ground resources affect
trees in proportion to their size (Weiner, 1990; Schwinning and
Weiner, 1998) though there may be differences among species.
The effects of competition on tree growth is thus dependent
on the number, size and species of neighboring trees (Huang
et al., 2013). Shade-tolerant species usually achieve a higher net
carbon gain than shade-intolerant species in similarly shaded
environments because of their lower respiration rates (Valladares
and Niinemets, 2008). Mixedwood stands generally stratify
in height by species due to different height growth patterns
and shade tolerance characteristics among species (Larson,
1992). Climate change may intensify the effects of competition
(Metsaranta and Lieffers, 2008; Luo and Chen, 2015), which
makes consideration of competition important in modeling the
consequences of climate change.

Many studies have already highlighted how competition
interacts with growth responses to climate in different tree species
and forest biomes (e.g., Weber et al., 2008; Lebourgeois et al.,
2014; Ruiz-Benito et al., 2014; Fernández-de-Uña et al., 2015,
2016; Trouvé et al., 2015). However, we do not know of any
published studies that have examined the interactions among
drought stress, potential gross photosynthetic productivity (GPP)
and competitive status of trees. The main objective of our
study is to understand the interactions of drought, simulated
stand photosynthetic productivity and competition on the
radial growth of white spruce. We hypothesized that modeled
GPP, drought and competition determine the radial growth of
white spruce trees, and dominant trees are more sensitive to
environmental factors (GPP and drought) than suppressed trees.
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MATERIALS AND METHODS

Study Area
Alberta has some of the most diverse terrain in North America
and covers an elevation ranging from 210m in the northeast to
3,700m in the western Rocky Mountains. The majority of the
forest area in Alberta is contained in the Boreal Plains ecological
region. This region has four natural sub-regions (Figure 1):
central mixedwood, dry mixedwood, lower boreal highlands,
and lower foothills; based on analysis of regional differences in
vegetation, soil, site, climate conditions, and forest composition
(Beckingham and Archibald, 1996; Beckingham et al., 1996).
There is a considerable area of wetlands; however, only the
productive upland forests were considered in this study. The
main soil types on these upland sites include orthic gray luvisols
and brunisols with silty or clay loam texture (Huang et al., 2013).
A dry continental boreal climate prevails with warm summers
and cold winters. The 1971–2000 climate normals indicate that,
in this region, mean annual temperature (MAT), growing degree
days (>5◦C) and mean annual total precipitation (MAP) were
2.0◦C, 1,306◦Cd, and 487mm with 30% in the form of snow,
respectively (Huang et al., 2013; Jiang et al., 2016). Throughout
these natural sub-regions, MAT decreases from south to north
and east to west, while MAP increases with elevation; the driest
areas are located in the southeast and in the broad Peace River
valley in the northwest (Environment Canada, 2012).

The boreal forest here, and across western Canada, is
dominated by intimate mixtures of trembling aspen and white
spruce, with lodgepole pine (Pinus contorta Douglas ex Loudon)
co-occurring at higher elevations in the west and jack pine (Pinus
banksiana) on sandy soils in the east (Cumming et al., 2000; Stadt
et al., 2007; Huang et al., 2013). Lesser amounts of balsam poplar
(Populus balsamifera L.), paper birch (Betula papyrifera Marsh.)
and balsam fir (Abies balsamea (L.) Mill.) also occur. The aspen-
spruce mixedwoods are found on all but the driest and wettest
ecosites. Both inter- and intra-specific competition is a significant
driver of tree growth and succession in these forests (Stadt et al.,
2007; Huang et al., 2013).

We randomly selected 44 accessible mixedwood stands,
located between the latitudes of 52 and 59◦N, and longitudes of
110 and 120◦W (Figure 1). Elevations of the sites ranged from
266 to 1,308m. Selection was done so that the sites covered a
range of latitude and elevation, and were within several km of
the major roads. Extreme uneven-aged stands or stands with
indications of ground fires were excluded. According to the Phase
3 inventory database (Alberta Forest Service, 1985), stand age
ranged from 25 to 100 years at the time of sampling. Sampled
stands were distributed throughout the four natural sub-regions.

Climate Data
The climate data used in our study were generated using
ANUSPLIN (version 4.3) (Hutchinson, 2004), which uses thin
plate smoothing splines to develop elevation-dependent spatially
continuous climate surfaces from sparse weather station data
(McKenney et al., 2006). Daily climate data from 1930 to 2010
was generated from ANUSPLIN for corresponding latitudes of
sampled transects. In this study, the following climate variables

were used: daily mean temperature, mean annual maximum
temperature, mean annual minimum temperature, temperature
sum (TSUM = growing degree-days), mean annual maximum
drought code, MAT and MAP. The TSUM is the daily mean
temperature above +5◦C, summed over the year. Mean annual
maximum drought code (hereafter referred as drought code) was
calculated from the daily growing season drought code (from
May to October), estimated from daily maximum temperature
and precipitation data as described by Girardin and Wotton
(2009). This Canadian drought code is a cumulative daily rating
of the moisture content of typical forest soils calculated from
the daily meteorological records or estimates following each
spring thaw (Turner, 1972; Terrier et al., 2014). This code has
been shown to be a good indicator of the hydric stress of trees
(Girardin et al., 2001). The minimum drought code value of
zero represents a fully recharged soil rooting zone, a value of
200 is an indication of high drought severity, and 300 or more
is extreme (Girardin et al., 2004; Terrier et al., 2014). Since we
needed an annual index tomatch the annual resolution of the tree
rings, we chose the maximum value of the drought code which
occurred over each growing season. Over the study region during
the 80 year study period (1930–2010), MAT ranged between
−2.27 and 3.22◦C, MAP varied from 263.9 to 633.3mm, and
maximum annual drought code from 221.4 to 672.3. Therefore,
it is evident that our study area routinely experiences high to
extreme droughts.

Tree Ring and Inventory Data
Field sampling was conducted from 2007 to 2011. A belt transect
as used by Huang et al. (2013) was employed, 5–80m long,
and 5–20m wide. Transect area ranged from 25 to 1,600 m2

(mean = 484m2); the length and width were varied to distribute
sampling over each stand’s area and capture sufficient spruce.
From each transect, 10 to 20 live white spruce were randomly
chosen as subject trees to be felled for tree ring analysis. These
spruce ranged from suppressed trees to co-dominant. Height,
DBH (diameter at a breast height of 1.3m) and a competition
assessment were taken before felling, then a stem disk taken at
0.3m height for tree ring analysis. In the same stand, five of
the thickest DBH (typically codominant) white spruce trees were
also selected to measure potential growth on the site. The DBH
of these largest spruce trees were measured and two 5.1mm
increment cores per tree were collected at 1.3m height. The
conversion of DSH (diameter at stump height of 0.3m) into DBH
was done following the equations developed by Huang et al.
(2013) and therefore, we assumed that the ring width (= radial
growth) taken at stump height behaves similarly to ring width
taken at 1.3m height (dominant trees). In total, 852 spruce trees
(632 subject trees plus 220 largest trees) were sampled from 44
transects for stem growth and competition-level assessment.

All tree-ring samples (cores and discs) were dried and
polished with fine grits of sandpaper. From each disc, two
radii were chosen for measurement, separated by an angle of
90–180◦, avoiding knots and severe reaction wood. All tree
ring samples (cores and radii) were carefully measured using a
stage micrometer measuring system interfaced with the “Time
Series Analysis Program” (TSAP; Frank Rinntech, Heidelberg,
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FIGURE 1 | Transect locations within the study region of western Canadian boreal mixedwood forests.

Germany) to a precision level of 0.001mm. Visual cross-dating
was verified using COFECHA (Holmes, 1983). The correlation
between individual series and the master chronology within
each transect was well above 0.55 and significant at P < 0.01,
which indicates strong similarities in inter-annual ring growth
pattern among trees within transects. Master chronologies
between nearby transects were also well correlated (r > 0.48,
P < 0.01) indicating the cross-dating was reliable. We used
regional curve standardization (RCS; Esper et al., 2003) for

detrending individual tree ring-width series to remove age-
dependent growth trends. Tree ring indices were calculated as the
residuals of the predicted and measured growth.

Competition Index
For competitor assessment, the DBH of all trees and shrubs
taller than 1.3m and within a 1.78m radius plot (0.001
ha) centered at the subject tree were considered. Since each
subject tree was randomly selected in each transect, we used
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these small assessment plots as samples of transect level
structure. We combined all competitors from all subject trees,
including all subject trees except the current one and then
calculated stand basal area [= π × 6 (DBH/2000)2/(0.001 ha
× number of competition plots); DBH in mm]. To assess the
stand level growth-competition relationship of white spruce,
two competition indices, namely stand basal area (m2 ha−1)
and relative height were used. Basal area was grouped into
three functional classes by summing up the basal area per
hectare of deciduous trees (trembling aspen, white birch and
balsam poplar), of pines (lodgepole pine or jack pine) and of
white spruce. The relative height of each subject spruce was
calculated by dividing subject tree height by the maximum
height of sampled spruce within each transect. Competition was
necessarily current competition (stand basal area and relative
height at the time of sampling) and we assumed that current
competition is an indicator of past competition. Unfortunately,
due to the rapid decomposition of the deciduous component
of these stands, we cannot reconstruct past competition. Even
though the relative variation of productivity is not same for
dominant and suppressed trees because of the shift in the mode
of competition (symmetric-asymmetric), a similar behavior in
productivity is expected for them.

The Photosynthetic Production Model
In a previous study, net ecosystem exchange data at 12
evergreen coniferous forests from northern temperate and boreal
regions was used by Gea-Izquierdo et al. (2010) to fit a
photosynthesis production model. In our study, we used the
model parameterization presented in Gea-Izquierdo et al. (2010,
2014) to simulate daily stand GPP at each site and analyse
its relationship with radial growth variability. The daily GPP
per unit ground area (A(t), mol m−2 day−1) was modeled for
each of the 44 transects by using daily climate data from our
study sites. Within the model, A(t) is a nonlinear function of
stomatal conductance of carbon dioxide (g(t), mol CO2 m−2

day−1), photosynthetic capacity (α(t), mol CO2 m−2 day−1),
and a saturating function of average light intensity (γ (t),
dimensionless):

A (t) =
g (t) Ca α (t) γ (t)

g (t) + α (t) γ (t)

where the stomatal conductance is expressed as

g (t) = max(0.00001, g̃ (t)), with

g̃ (t) =





√

Ca 10−6 λ

1.6 D (t)
− 1



α (t) γ (t)

and the light response of biochemical reactions of
photosynthesis:

γ (t) =
Q(t)

Q (t) + δ

where,

Ca is the air CO2 concentration in ppm, varied over 80 years
(1930–2010) e.g., linearly from 330 to 400 ppm,

Q(t) is the average daily incident photosynthetically active
radiation (µmol m−2 s−1),

D(t) is the water vapor pressure deficit (kPa) calculated using
maximum daily temperature estimates above the tree canopies,

δ is the half saturation parameter of the light function (µmol
m−2 s−1), and

λ is a model parameter, set here to 3,000 kPa (Gea-Izquierdo
et al., 2010), expressing the sensitivity of stomatal conductance to
water vapor pressure deficit,

Photosynthetic capacity, α(t) was modeled as a lagged
function of temperature S(t), following Gea-Izquierdo et al.
(2010):
With

α (t) = αmax/(1+ exp (b (S (t) − Ts))),

and S(t) from

dS(t)

dt
=

Tair (t) − S(t)

τ

Tair (t) is the measured mean daily air temperature (◦C) at time t,
αmax (mol m−2 day−1) is the maximum photosynthetic

efficiency, which takes into account whole canopy properties,
b (◦C−1) is the curvature of the sigmoid function,
Ts (◦C) is the inflection point of the sigmoid curve, i.e., the

temperature at which α reaches half of αmax , and τ (days) is the
time constant of photosynthetic acclimation and indicates the
time it takes for photosynthetic capacity to acclimate itself to
changing temperature.

The production model was run for each growing season to
generate an integrated annual estimate of GPP for the year to
compare with the annual tree ring data.

Modeling Approach
The modeling was done in two stages. First we identified
the “best” model from an average chronology of all trees
at all sites (model identification). Thereafter, we applied this
model to all trees in all stands individually in a second stage
(which we call model estimation). Model identification followed
usual procedures for time series modeling following the stages
described by Box et al. (2015). We tested both spline- and RCS-
detrended chronologies for the analyses, but decided to abandon
the spline-detrending because it yielded consistently poorer
results than the RCS. During model identification we used both
untransformed and differentiated values of independent variables
at different time lags to estimate the cross correlation function
(CCF). For final reporting, we retained CCF using untransformed
independent variables. Autocorrelation functions (ACF) were
estimated using the Extended Sample Autocorrelation Function
(ESACF) criteria. All analyses were done using the R-stat package
(R Core Team, 2014). Model estimation was done using linear
mixedmodels using the independent variables and time lags from
the model obtained from the identification phase. The annual
individual tree growth for the period of 1930–2010 as a function
of GPP and drought code were estimated using mixed models in
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TABLE 1 | Transect characteristics.

Transect

ID

Lat.,
◦N

Long.,
◦W

Transect

area,

m2

No. of

Subject

trees

DBH

(min),

mm

DBH

(max),

mm

DBH,

(mean),

mm

Height

(min),

m

Height

(max),

m

Height,

(mean)

m

DECBA,

m2

ha−1

PINBA,

m2

ha−1

SPRBA,

m2

ha−1

Transect

basal area,

m2 ha−1

6 54.83 −111.71 656 18 2.0 175.0 61.2 1.3 14.2 5.7 16.8 0.0 3.6 20.5

7 54.84 −111.68 376 14 14.0 217.0 143.1 1.8 19.3 12.1 32.3 0.0 10.4 42.7

8 54.93 −111.54 1180 13 39.0 199.0 128.1 2.8 16.0 10.4 23.3 0.0 4.6 27.9

9 54.83 −111.84 900 14 21.0 203.0 134.5 2.3 15.7 10.9 12.1 0.0 0.0 12.1

10 55.00 −111.73 810 14 44.0 235.0 153.7 4.5 23.2 14.0 23.2 0.0 15.8 39.0

A 55.03 −111.68 544 11 42.0 246.0 154.1 4.1 21.5 13.1 13.4 0.0 1.8 15.2

AA 55.73 −110.98 62 15 42.0 240.0 89.1 4.8 13.8 9.4 30.6 0.0 17.4 47.9

B 55.05 −111.27 1500 13 64.0 211.0 139.1 6.8 23.0 12.7 31.7 0.0 0.0 31.7

C 55.22 −114.52 800 20 5.0 348.0 193.8 1.6 22.1 16.8 1.9 0.0 28.1 30.0

CC 55.82 −115.21 143 14 45.0 215.0 68.2 4.6 9.8 7.6 28.5 0.0 14.8 43.4

D 55.76 −114.18 1200 16 18.0 221.0 157.3 2.6 20.5 14.7 16.1 0.0 3.6 19.7

DD 56.80 −115.26 60 14 31.0 320.0 106.2 5.6 14.9 11.9 44.0 0.0 23.0 66.9

E 55.44 −114.50 1600 15 7.0 197.0 171.5 1.6 15.6 12.1 5.5 0.0 24.3 29.8

EE 57.19 −115.11 113 14 40.0 295.0 102.0 5.2 17.1 11.6 26.0 7.5 25.8 59.3

F 55.07 −111.81 1180 12 8.0 263.0 157.3 1.4 23.3 13.2 13.4 0.0 0.0 13.4

G 55.56 −111.24 890 12 26.0 250.0 171.5 2.7 19.9 14.2 11.8 0.0 17.9 29.8

H 55.06 −111.90 840 12 34.0 208.0 129.0 3.3 17.3 11.4 6.0 0.0 6.1 12.1

HH 58.53 −117.29 95 14 84.0 210.0 124.1 10.6 16.8 13.2 49.9 0.0 22.1 72.0

II 58.47 −115.79 180 16 39.0 270.0 95.9 4.5 13.8 9.9 19.6 0.0 16.4 36.1

JJ 57.85 −115.38 90 16 64.0 165.0 91.5 7.1 13.9 11.0 46.0 0.0 18.2 64.2

KK 57.99 −117.42 190 16 53.0 145.0 94.4 8.3 14.0 11.1 29.3 0.0 24.8 54.1

L 53.59 −117.67 400 13 4.0 180.0 58.3 1.4 9.7 4.0 5.8 4.1 11.5 21.4

MM 53.75 −116.62 87 14 46.0 422.0 91.2 5.2 14.8 9.7 10.8 0.9 10.2 21.8

PP 58.78 −117.38 25 15 30.0 212.0 77.1 4.3 11.3 8.9 35.2 0.0 23.6 58.8

Q 54.10 −115.75 1261 16 52.0 364.0 100.2 5.0 14.3 8.3 9.9 0.0 29.8 39.7

QQ 58.54 −115.62 90 18 24.0 245.0 99.4 2.7 14.3 10.8 16.5 0.0 21.7 38.2

R 56.57 −118.75 76 14 39.0 215.0 126.7 8.0 19.0 14.0 13.3 0.0 15.3 28.6

RR 57.48 −117.50 86 16 23.0 206.0 90.1 3.4 12.9 7.7 22.9 0.0 3.8 26.7

S 56.49 −119.69 300 10 39.0 77.0 63.8 4.3 8.0 6.1 4.2 0.0 1.8 6.0

SS 57.14 −117.73 103 15 39.0 335.0 88.6 4.4 8.8 7.4 22.1 0.0 18.1 40.2

T 55.54 −118.74 1200 15 16.0 231.0 136.7 2.1 15.2 10.2 23.5 0.0 0.1 23.6

TT 52.58 −115.35 86 10 29.0 65.0 49.0 3.5 5.3 4.6 17.5 3.7 7.1 28.3

U 56.47 −118.31 120 14 36.0 184.0 156.9 8.8 15.1 13.1 5.6 0.0 22.7 28.2

UU 52.22 −115.25 190 15 33.0 310.0 91.4 3.3 11.6 6.8 19.2 1.4 6.1 26.7

V 55.60 −118.11 1300 14 30.0 201.0 125.8 2.8 17.4 11.9 22.0 0.0 18.9 40.9

VV 52.37 −115.30 229 15 40.0 326.0 85.2 3.2 9.9 6.4 26.3 0.0 16.9 43.2

W 54.32 −115.59 138 13 26.0 74.0 51.9 2.7 14.3 5.1 12.1 0.0 5.7 17.8

WW 52.05 −115.08 76 15 42.0 255.0 106.3 4.3 13.4 8.6 26.8 0.0 26.0 52.8

X 54.32 −115.70 600 14 64.0 251.0 123.4 4.8 19.4 9.6 29.7 0.0 5.1 34.9

XX 56.52 −111.30 153 15 58.0 180.0 86.8 5.4 11.5 8.9 45.2 0.0 14.7 59.9

Y 54.48 −116.79 600 14 41.0 193.0 121.1 2.3 16.6 10.3 29.9 0.0 6.3 36.2

YY 57.15 −111.64 63 15 35.0 221.0 81.7 5.4 12.7 9.4 23.0 0.0 16.6 39.7

Z 53.04 −115.01 600 14 14.0 195.0 101.8 1.7 14.7 9.6 5.8 0.0 14.3 20.1

ZZ 56.03 −110.88 112 15 54.0 238.0 123.8 6.5 15.6 11.8 17.4 0.0 19.8 37.2

DBH (diameter at breast height, 1.3m, of the subject tree), Height of the subject tree, DECBA (basal area for deciduous species: trembling aspen, white birch and balsam poplar),

PINBA (basal area for lodgepole pine and jack pine) and SPRBA (basal area for white spruce) are transect mean values. Transect basal area is the sum of DECBA, PINBA and SPRBA.

the NLME package of R (Pinheiro et al., 2015) using the restricted
maximum likelihood (REML) criteria. The final model had the
form of:

Iijk =
(

b1 + β1i + β1ij
)

+
(

b2 + β2i + β2ij
)

Aik

+
(

b3 + β3i + β3ij
)

Dik + ϕijIij(k−1) + ǫijk

Where,
I is the tree ring index of tree j for the site i in the

year k.
b1, b2, and b3 are the fixed intercepts and slopes of the model.
β1i, β2i, and β3i are the random effects for the site i.
β1ij, β2ij, and β3ij are the random effects for the site i and tree

j, respectively.
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D is the drought index for the site i in the year k.
A is the annual integral of photosynthetic productivity for the

site i in the year k.
ϕ is the autoregressive coefficient and ǫ is the error term of the

model.
Autoregression of parameter values were estimated using the

variance and co-variance structure of the model as described

in Pinheiro and Bates (2006). Random effects were assumed
to be taken from a normal distribution with a mean of 0 and
an estimated standard deviation. Standard deviations for the
different random effects were assumed to be uncorrelated with
each other and across levels. We chose to analyse effects of
average climate and competition post-hoc. In other words we
extracted the random effects from the mixed model for all sites

FIGURE 2 | The relationship for the period of 1930–2010 between: (A) average radial growth and temperature sum, TSUM (p = 0.062); (B) transect basal area and

temperature sum, TSUM (p = 0.174); (C) average radial growth and drought code (p = 0.058); (D) transect basal area and drought code (p = 0.054); (E) average

radial growth and gross photosynthetic productivity, GPP (p = 0.360); (F) transect basal area and gross photosynthetic productivity, GPP (p = 0.608); (G) average

radial growth and transect basal area (p = 0.004); and (H) drought code and temperature sum, TSUM (p = 0.0001).
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and for individual trees within sites. The random effects were
then regressed on climate and competition variables for all sites
and trees.

RESULTS

Transect characteristics are provided in Table 1, which include
location and transect size, diameter and height range of the
subject trees, and current basal area of deciduous, pine, spruce
and total competitors. The average radial growth of all sampled
trees in a stand over their life decreased with the increase
of TSUM (Figure 2A; Pearson’s correlation: rP = −0.283,
p= 0.062) while transect basal area (m2 ha−1) increased with
the increase of TSUM (Figure 2B; rP = 0.209, p = 0.174),
but in both cases the relationships were non-significant at 5%.
With an increase in the drought code, there was a decrease in
average radial growth (Figure 2C; rP = −0.288, p = 0.058) and
an increase in transect basal area (Figure 2D; rP = 0.293, p =
0.054) but these relationships were not quite significant. With
the increase of modeled GPP (mol m−2 year−1), both average
radial growth (Figure 2E; rP = −0.141, p = 0.360) and transect
basal area (Figure 2F; rP = −0.079, p = 0.608) decreased
non-significantly. The average radial growth and transect basal
area were negatively and significantly correlated with each other
(Figure 2G; rP = −0.422, p = 0.004) whereas drought code and
TSUM showed a positive and significant correlation (Figure 2H;
rP = 0.539, p= 0.0001) with each other.

The autocorrelation structure of the tree ring indices showed
that there is strong autocorrelation at lag 1 (0.892) with a gradual
decreasing trend over subsequent lags (Figure 3). The ESACF
criteria suggested initially that a second order autoregressive
model (AR2) would be optimal, however, the 2 years lag was
not statistically significant and was subsequently dropped from
the model (not shown). The cross correlation of the tree ring
indices with the gross photosynthetic production rate showed
a moderate positive correlation with no lag (0.420; Figure 4A)

FIGURE 3 | Autocorrelation structure of the tree ring indices (overall mean

chronology) with 95% confidence interval. Dotted line is simple approximate

confidence interval at ±2/
√
N, where N is number of years.

while that of the tree ring indices with the drought code revealed
a moderate negative correlation at Lag 0 (−0.519; Figure 4B).
We used transfer function models for the mean tree and the
mean environmental drivers (GPP and drought code) and these
indicated that the response of tree ring indices to variation in
the environmental drivers is best modeled with no lag (data not
shown).

The summary of mixed-effects model fit by REML (Table 2)
shows that the fixed effects had relatively small errors compared
to their means (indicating a statistically significant relationship)
and the model had a lower AIC than simpler models. The
autocorrelation of the residuals for tree ring growth (AR1) was
large (AR1 = 0.83), as also shown in the ACF (Figure 3). The
random effects had large variations compared to the mean fixed
effects, indicating a large proportion of site specific variation in
the regions. Themodel described well the variation in tree growth
except for the period of 1930–1939 (Figure 5A). Severe drought
events were apparent in the 1930s (Figure 5B). The time series of
GPP gradually increased with time (Figure 5C).

Random effects at the site level did not show any clear
geographic pattern or dependence on climate (data not shown).
The tree level random effects of photosynthetic productivity
(RE_GPP, mm m2 mol−1, β2ij) and the intercept (β1ij) of the
autoregressive equation demonstrated strongly significant and
positive linear correlations with the relative height of subject trees
(Figures 6A,C; rP = 0.556, p = < 2.2e−16 and rP = 0.498,
p = < 2.2e−16, respectively). The random effects of drought
code (RE_DC, β3ij) had a non-significant negative correlation

FIGURE 4 | Cross correlation functions of (A) tree ring indices (overall mean

chronology) with the gross photosynthetic productivity, GPP (mol m−2

year−1); and (B) tree ring indices (overall mean chronology) with the drought

code. Dotted line is simple approximate (95%) confidence interval at ±2/
√
N,

where N is number of years.
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TABLE 2 | Summary of mixed-effects model fit.

Linear mixed-effects model fit Parameter (covariate) Value Std. Error Std. Dev P-value

AIC 14,605.18

AR1 0.826588

Fixed effects Intercept −0.316281 0.088460 0.0004

Drought index −0.000153 0.000044 0.0006

Photosynthetic production 4.954676 0.802193 0.0000

Tree-level random effects Intercept 0.103754

Drought index 0.000002

Photosynthetic production 3.728128

Site (transect)-level random effects Intercept 0.517795

Drought index 0.000260

Photosynthetic production 4.414104

AIC, Akaike’s An Information Criterion; AR1, First order autoregressive term.

(Figure 6B; rP = −0.078, p = 0.093) with the relative height of
subject trees.

DISCUSSION

Tree growth is affected by the processes that operate at different
temporal and spatial scales, which is well-recognized in the
methods employed for tree ring research. So-called low frequency
variations of tree growth are caused by changes in tree age
or changes in competition while high frequency variations are
caused by climatic variations. Our approach here is similar to the
work of Lapointe-Garant et al. (2010) who used a growth model
to analyse separately the average growth conditions and climatic
variations on tree growth. In our analysis, we tried to contrast
which factors affect average radial growth over 80 years (multi-
decadal variation) and which factors affect interannual radial
growth variations. We used tree-level average ring width for
assessing multi-decadal growth variations, and for interannual
variations, annual tree ring indices were used.

The modeling approach that we used in this study is a
modification of Gea-Izquierdo et al. (2014), who depicted
relationship between tree ring width at different temporal scales
as a function of photosynthetic production, as well as Berninger
et al. (2000, 2004), where the relationship between leaf-level
photosynthesis and growth of Scots pine was presented. In our
modeling approach, as with Berninger et al. (2000, 2004) and
Gea-Izquierdo et al. (2010), we focused on the estimation of
climatic effects on stand level photosynthesis and assumed that
canopy characteristics are fixed. Drought significantly affects
forest productivity, increases vulnerability to biotic disturbances
and thereby increases subsequent mortality (Merlin et al., 2015).
Therefore, we added a drought index to the model since, in
general, radial growth is negatively affected by drought (Corcuera
et al., 2004; Drew et al., 2008).

For long-term average tree growth, the role of competition,
other stresses and regional climate on the productivity is a matter
of ongoing discussion (Kunstler et al., 2011; Bell et al., 2014;
Prior and Bowman, 2014; Trouvé et al., 2015; Fernández-de-
Uña et al., 2016). Trials to bridge tree rings of individual trees

and long-term stand level basal area growth data from forest
inventory have been attempted as one of the ways to improve
our understanding on how tree growth is regulated at the stand
and individual tree scale (Biondi, 1999; Rohner et al., 2016).
Our results indicated quite a complex regulation of the long-
term radial growth across the sites, and the competition factor
regulating the long term average growth of trees differed from
the larger suite of factors that regulated year to year variations in
growth.

The site-average radial growth of white spruce for the
past 80 years showed a non-significant negative relation with
the average TSUM (Figure 2A). It seems from this that the
growth of white spruce is unlikely to see much benefit under
the predicted warming. Goldblum and Rigg (2005) similarly
reported that the growth of white spruce may change little
under the predicted warming and altered precipitation regime
at the deciduous-boreal forest ecotone in Canada. Productivity,
measured as simulated GPP, did not have a statistically significant
effect on the average stand radial growth (Figure 2E). In other
words, the radial growth of individual trees does not increase
with increasing GPP while the stand basal area growth might
increase since there are more trees with larger basal areas.
While there was a significant negative relationship between
competitor total basal area and radial growth (Figure 2G),
drought code only showed a weak negative relation with
radial growth (Figure 2C). Therefore, our results indicate that
competition is more important to radial growth than simulated
GPP and drought stress. The relationships of radial growth with
productivity and drought code are, in a way, similar to the results
found by Lapointe-Garant et al. (2010) and Gea-Izquierdo et al.
(2014), where they showed marked differences in the responses
of trees across different spatial scales.

What makes our data more complex is that there is a positive
correlation between stand (transect) basal area and drought index
(Figure 2D), and it seems that drier sites encompass a higher
basal area. This may be due to the fact that water limitation in
our northern ecosystem is not very severe. In a study of terrestrial
biomes, for the period of 1981–2006, Vicente-Serrano et al.
(2013) indicated that vegetation biomass in northern ecosystems
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FIGURE 5 | Interannual variations (1930–2010) of (A) measured and modeled tree ring indices (model as from Table 2); (B) drought code; and (C) gross

photosynthetic productivity, GPP (mol m−2 year−1).

correlates less with drought than southern ecosystems. However,
the positive effect of drought index on stand basal area in
our study appears to run contrary to the findings of Peng
et al. (2011), where they indicated the water stress caused by
regional drought may be the dominant contributor to widespread
increases in tree mortality across tree species, sizes, elevations,
longitudes and latitudes, and thereby reduced growth of forest
stands. While stand basal area of our study increased with the
increase of TSUM (Figure 2B), the drought code and TSUM
correlate strongly and positively with each other (Figure 2H).
Consequently, drought code has a similar effect as TSUM on
basal area. A comparison study by Ruiz-Benito et al. (2014)
across boreal, temperate and Mediterranean biomes in European
forests reported that recent climate warming caused an increase
in stand basal area but this increase was offset by water

availability. Therefore, based on our results, we can infer that a
determinant of stand basal area is the heat sum available for tree
growth.

The apparent conflict of the results presented in Figure 2 and
Table 2, especially the different relationships between GPP and
radial growth, can be explained by several factors. In Figure 2,
the stand average radial growth is compared to average climate
and the final characteristics of the stand. In our data, the stands
that have a higher GPP tend to have higher values of drought
code and also very different values of basal area. These effects
are stronger than the effects of mean GPP on mean growth.
This probably causes the non-significant negative relationship
between GPP and average radial growth. On the other hand, in
Table 2, we presented the effects of interannual variation in GPP
to interannual variation in radial growth. Stand level differences
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FIGURE 6 | The relationships between: (A) tree level random effects of gross photosynthetic productivity (RE_GPP, β2ij) and relative height; (B) random effects of

drought code (RE_DC, β3ij ) and relative height; and (C) tree level random effects on the intercept (β1ij) and relative height.

in growth are largely absorbed in the variation of the intercept
of the mixed model (where there is a large variation in the
random intercept at the stand level). Subsequently, interannual
variation in growth is positively related to interannual variation
in GPP and negatively related to interannual variation in drought
code. Therefore, relationships based on average age (Figure 2)
and on interannual variation (Table 2) do not need to be
identical.

In contrast to the long-term average, the interannual variation
in radial growth at any site is well explained by the photosynthetic
productivity (Figure 5C) and drought index (Figure 5B). Our
modeling approach described the variation of annual radial
growth of trees from 1940 to 2010 (Figure 5A). Only in the 1930s

does the model perform poorly. Extensive, multi-year drought
events were observed in the Great Plains of Alberta in the 1930s,
1980s and early twenty first century (Marchildon et al., 2008);
perhaps this drought exceeded the limits of ourmodel. Previously
reported extreme and prolonged drought events are visible both
from our measured and modeled tree ring indices (Figure 5A)
as radial growth was reduced during drought events. It is
well known that growth is generally more sensitive to drought
than photosynthetic production (e.g., Hsiao and Acevedo, 1974;
McDowell, 2011; Tardieu et al., 2011). Cell and tissue expansion
is very sensitive to drought as they are strongly driven by turgor
pressure (Hsiao et al., 1976; Hölttä et al., 2010; Tardieu et al., 2011;
Pantin et al., 2012). Drought is also known to cause an increased
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proportion of carbon allocation to root growth (Kozlowski and
Pallardy, 2002), which was not measured in this study.

An increase in random effects of photosynthetic productivity
(RE_GPP) as well as the intercept of mixed model of radial
growth with relative height were observed (Figures 6A,C) but
surprisingly there was no relationship between the random
effects of drought code (RE_DC) and tree relative height
(Figure 6B). As can be seen from Figure 6A and from the
mixed model equation (cf. section Modeling Approach), the
results can be interpreted as that dominant trees are more
sensitive to interannual variations in GPP while interannual
variations in drought affect the radial growth of suppressed and
dominant trees in a similar way. A possible explanation for
this phenomenon is that competition for light, which would
be higher under enhanced GPP, is generally asymmetrical while
competition for water, which is higher when the drought code
is high, is symmetrical (Brand and Magnussen, 1988; Weiner,
1990; Burkhart and Tomé, 2012). The study on the effects of
competition on radial growth of 16 common tree species in
France by Kunstler et al. (2011) found that the importance
of competition was greater at sites with higher heat-sums and
adequate water but this effect differed between shade-tolerant
and shade-intolerant tree species. For shade-tolerant species,
competition only became important at high crowding indices.
Another study by Prior and Bowman (2014) in temperate mesic
eucalypt forests inferred that the effects of competition on
tree growth was negligible in low productivity sites but had
negative effects in most productive sites. As our study only
considered radial growth, we cannot exclude the possibility that
impacts of drought and competition index interact regarding
the other growth components. Schiestl-Aalto et al. (2015) found
that allocation of photosynthates between height growth and
radial growth was not synchronized. Trouvé et al. (2015)
found in sessile oak (Quercus petraea Liebl.) that the allocation
between radial and height growth was affected by drought, with
suppressed trees reducing their relative height growth more than
dominants.

The mechanisms that mediate the asymmetry caused by
shading include direct effect of shading on growth through
photosynthesis, and an indirect effect through carbon allocation.
Light comes from above and is shaded downward, therefore
the light capture per unit foliage is larger in taller trees and
consequently, growth is higher. Therefore, shorter trees with
smaller crown ratios (suppressed trees) have shown reduced
growth. On the other hand, symmetric competition implies
that competitive effects of larger and smaller individuals are
proportional to their size (Weiner, 1990), and the main effects
of it seem to occur through an overall limitation of resources
rather than suppression of individuals. To what extent soil
resources are uniformly available to all trees remains unresolved
thoughWeiner et al. (1997) reported availability of soil resources
are uniform to all fine roots. In our case drought did not
show any significant effect on the relative height of trees.
It could also be that the competitive edge of taller trees is
masked by their higher vulnerability to drought in relation
to shorter trees (Bennett et al., 2015). Taller trees tend to be

more vulnerable to drought as they generally have a lower leaf
area-specific hydraulic conductance due to the longer water
transport distance from roots to leaves (McDowell and Allen,
2015).

CONCLUSIONS

Using a mixed modeling approach, and a stand level
photosynthetic production model with the climate, tree-ring
and competition data from mixed-species stands in Alberta, we
estimated the combined effects of photosynthetic productivity,
drought stress and competition on the radial growth of white
spruce. In general, the effects of drought, photosynthetic
productivity and social status of trees differed remarkably.
While the radial growth of trees was mostly constrained by
competition with minor effects from drought, a co-limitation
of drought and photosynthetic productivity for radial growth
exists in our stands. The interannual variations (1930–2010) of
tree growth were explained by the GPP and drought index, and
our modeling approach effectively described the interannual
variations of growth except for the 1930s, possibly due to
an exceptionally severe drought. While dominant trees are
more sensitive to interannual variations of GPP, interannual
variations of drought have similar effects on the radial growth
of suppressed and dominant trees. Our study also demonstrated
that competitive asymmetry became more pronounced when
climatic conditions increased photosynthetic productivity but
remained symmetric under drought. Though climate retains
its fingerprint on interannual growth, these findings illustrate
that intrinsic stand competitive processes remain the larger
consideration in the management of white spruce in western
Canadian boreal mixedwoods.

AUTHOR CONTRIBUTIONS

FB, SA, TH, and J-GH planned and designed the research. J-GH
and AD involved in field data collection. SA and FB analyzed the
data and wrote the manuscript. KS, PC, J-GH, and TV involved
in fund raising. GG-I, KS, TA, TH, TV, AM, PC, and J-GH
commented on the manuscript.

ACKNOWLEDGMENTS

This project was funded by the 100 Talents Program of the
Chinese Academy of Sciences [project number Y421081001],
National Natural Science Foundation of China [grant
numbers 31550110208, 31570584], China Postdoctoral Science
Foundation [grant number 2015M582433], Academy of Finland
[projects numbers 1284701, 1282842, 285630] and ICOS-Finland
[project number 281255]. Funding for collection of field data
and laboratory work for this project was provided by the
Natural Sciences and Engineering Research Council of Canada
and by the Forest Resources Improvement Association of
Alberta. The authors are indebted to Dr. Qianqian Ma, who
works at South China Botanical Garden, for her help in using
R software.

Frontiers in Plant Science | www.frontiersin.org 12 November 2017 | Volume 8 | Article 1915

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Alam et al. Spruce Competition, Drought and Photosynthesis

REFERENCES

Alberta Forest Service (1985). Alberta Phase 3 Forest Inventory: Forest cover

type specifications. Energy and Natural Resources Report I/86. Edmonton, AB:
Alberta Energy and Natural Resources, Canada.

Babst, F., Bouriaud, O., Papale, D., Gielen, B., Janssens, I. A., Nikinmaa, E., et al.
(2014). Above-ground woody carbon sequestration measured from tree rings
is coherent with net ecosystem productivity at five eddy-covariance sites. New
Phytol. 201, 1289–1303. doi: 10.1111/nph.12589

Balducci, L., Deslauriers, A., Giovannelli, A., Beaulieu, M., Delzon, S., Rossi, S.,
et al. (2014). How do drought and warming influence survival and wood traits
of Picea mariana saplings? J. Exp. Bot. 66, 377–389. doi: 10.1093/jxb/eru431

Beckingham, J. D., and Archibald, J. H. (1996). Field Guide to Ecosites of Northern

Alberta (Special Report 5). Edmonton, AB: Canadian Forest Service, Northern
Forestry Centre.

Beckingham, J. D., Corns, I. G. W., and Archibald, J. H. (1996). Field Guide to

Ecosites of West-central Alberta (Special Report 9). Edmonton, AB: Natural
Resource of Canada, Canadian Forest Service.

Bell, D. M., Bradford, J. B., and Lauenroth, W. K. (2014). Forest stand structure,
productivity, and age mediate climatic effects on aspen decline. Ecology 95,
2040–2046. doi: 10.1890/14-0093.1

Bennett, A. C., McDowell, N. G., Allen, C. D., and Anderson-Teixeira, K. J. (2015).
Larger trees suffer most during drought in forests worldwide. Nat. Plants
1:15139. doi: 10.1038/nplants.2015.139

Berninger, F., and Nikinmaa, E. (1997). Implications of varying pipe model
relationships on Scots pine growth in different climates. Funct. Ecol. 11,
146–156. doi: 10.1046/j.1365-2435.1997.00067.x

Berninger, F., Hari, P., Nikinmaa, E., Lindholm, M., and Meriläinen, J. (2004). Use
of modeled photosynthesis and decomposition to describe tree growth at the
northern tree line. Tree Physiol. 24, 193–204. doi: 10.1093/treephys/24.2.193

Berninger, F., Sonninen, E., Aalto, T., and Lloyd, J. (2000). Modeling
13C discrimination in tree rings. Glob. Biogeochem. Cycles 14, 213–223.
doi: 10.1029/1999GB900064

Biondi, F. (1999). Comparing tree-ring chronologies and repeated timber
inventories as forest monitoring tools. Ecol. Appl. 9, 216–227. doi: 10.1890/
1051-0761(1999)009[0216:CTRCAR]2.0.CO;2

Box, G. E. P., Jenkins, G. M., Reinsel, G. C., and Ljung, G. M. (2015). Time Series

Analysis: Forecasting and Control. Hoboken, NJ: John Wiley & Sons.
Brand, D. G., and Magnussen, S. (1988). Asymmetric, two-sided competition

in even-aged monocultures of red pine. Can. J. For. Res. 18, 901–910.
doi: 10.1139/x88-137

Burkhart, H. E., and Tomé, M. (2012). Modeling Forest Trees and Stands.
Dordrecht: Springer Science & Business Media.

Corcuera, L., Camarero, J. J., and Gil-Pelegrín, E. (2004). Effects of a severe
drought on Quercus ilex radial growth and xylem anatomy. Trees 18, 83–92.
doi: 10.1007/s00468-003-0284-9

Cumming, S. G., Schmiegelow, F. K. A., and Burton, P. J. (2000). Gap dynamics in
boreal aspen stands: is the forest older than we think? Ecol. Appl. 10, 744–759.
doi: 10.1890/1051-0761(2000)010[0744:GDIBAS]2.0.CO;2

Deslauriers, A., Beaulieu, M., Balducci, L., Giovannelli, A., Gagnon, M. J.,
and Rossi, S. (2014). Impact of warming and drought on carbon balance
related to wood formation in black spruce. Ann. Bot. 114, 335–345.
doi: 10.1093/aob/mcu111

Deslauriers, A., Huang, J. G., Balducci, L., Beaulieu, M., and Rossi, S. (2016).
The contribution of carbon and water in modulating wood formation in black
spruce saplings. Plant Physiol. 170, 2072–2084. doi: 10.1104/pp.15.01525

Drew, D. M., O’Grady, A. P., Downes, G. M., Read, J., and Worledge, D. (2008).
Daily patterns of stem size variation in irrigated and unirrigated Eucalyptus

globulus. Tree Physiol. 28, 1573–1581. doi: 10.1093/treephys/28.10.1573
Environment Canada. (2012). Canadian Climate Normal or Averages 1971–2000.

Ontario, CA: Canadian Climate Program, Environment Canada, and
Atmospheric Environment Service, Canada.

Esper, J., Cook, E. R., Krusic, P. J., Peters, K., and Schweingruber, F. H. (2003). Tests
of the RCS method for preserving low-frequency variability in long tree-ring
chronologies. Tree-Ring Res. 59, 81–98. Available online at: http://hdl.handle.
net/10150/262573

Fang, J., Kato, T., Guo, Z., Yang, Y., Hu, H., Shen, H., et al. (2014).
Evidence for environmentally enhanced forest growth. Proc.

Natl. Acad. Sci. U.S.A. 111, 9527–9532. doi: 10.1073/pnas.1402
333111

Fernández-de-Uña, L., Cañellas, I., and Gea-Izquierdo, G. (2015). Stand
competition determines how different tree species will cope with a warming
climate. PLoS ONE 10:e0122255. doi: 10.1371/journal.pone.0122255

Fernández-de-Uña, L., McDowell, N. G., Cañellas, I., and Gea-Izquierdo,
G. (2016). Disentangling the effect of competition, CO2 and climate
on intrinsic water-use efficiency and tree growth. J. Ecol. 104, 678–690.
doi: 10.1111/1365-2745.12544

Gea-Izquierdo, G., Bergeron, Y., Huang, J.-G., Lapointe-Garant, M.-P., Grace, J.,
and Berninger, F. (2014). The relationship between productivity and tree-ring
growth in boreal coniferous forests. Boreal Environ. Res. 19, 363–378. Available
online at: http://hdl.handle.net/10138/165212

Gea-Izquierdo, G., Fonti, P., Cherubini, P., Martín-Benito, D., Chaar, H., and
Cañellas, I. (2012). Xylem hydraulic adjustment and growth response of
Quercus canariensis Willd. to climatic variability. Tree Physiol. 32, 401–413.
doi: 10.1093/treephys/tps026

Gea-Izquierdo, G., Mäkel,ä, A., Margolis, H., Bergeron, Y., Black, T. A.,
Dunn, A., et al. (2010). Modeling acclimation of photosynthesis to
temperature in evergreen conifer forests. New Phytol. 188, 175–186.
doi: 10.1111/j.1469-8137.2010.03367.x

Girardin, M. P., and Wotton, B. M. (2009). Summer moisture and
wildfire risks across Canada. J Appl. Meteorol. Clim. 48, 517–533.
doi: 10.1175/2008JAMC1996.1

Girardin, M. P., Bouriaud, O., Hogg, E. H., Kurz, W., Zimmermann, N. E.,
Metsaranta, J. M., et al. (2016b). No growth stimulation of Canada’s boreal
forest under half-century of combined warming and CO2 fertilization. Proc.
Natl. Acad. Sci. U.S.A. 113, E8406–E8414. doi: 10.1073/pnas.1610156113

Girardin, M. P., Hogg, E. H., Bernier, P. Y., Kurz, W. A., Guo, X. J., and Cyr,
G. (2016a). Negative impacts of high temperatures on growth of black spruce
forests intensify with the anticipated climate warming. Glob. Change Biol. 22,
627–643. doi: 10.1111/gcb.13072

Girardin, M. P., Tardif, J., and Bergeron, Y. (2001). Radial growth analysis of Larix
laricina from the Lake Duparquet area, Québec, in relation to climate and larch
sawfly outbreaks. Ecoscience 8, 127–138. doi: 10.1080/11956860.2001.11682638

Girardin, M. P., Tardif, J., Flannigan, M. D., and Bergeron, Y. (2004). Multicentury
reconstruction of the Canadian drought code from eastern Canada and its
relationship with paleoclimatic indices of atmospheric circulation. Clim. Dyn.
23, 99–115. doi: 10.1007/s00382-004-0417-x

Goldblum, D., and Rigg, L. S. (2005). Tree growth response to climate change
at the deciduous boreal forest ecotone, Ontario, Canada. Can. J. For. Res. 35,
2709–2718. doi: 10.1139/x05-185

Hogg, E. H., Brandt, J. P., andMichaelian, M. (2008). Impacts of a regional drought
on the productivity, dieback, and biomass of western Canadian aspen forests.
Can. J. For. Res. 38, 1373–1384. doi: 10.1139/X08-001

Holmes, R. L. (1983). Computer-assisted quality control in tree-ring dating and
measurement. Tree-ring Bull. 43, 69–78.

Hölttä, T., Mäkinen, H., Nöjd, P., Mäkelä, A., and Nikinmaa, E. (2010). A
physiological model of softwood cambial growth. Tree Physiol. 30, 1235–1252.
doi: 10.1093/treephys/tpq068

Hsiao, T. C., Acevedo, E., Fereres, E., and Henderson, D. W. (1976). Water
stress, growth, and osmotic adjustment. Philos. Trans. R. Soc. Lond. Ser. B 273,
479–500. doi: 10.1098/rstb.1976.0026

Hsiao, T. C., and Acevedo, E. (1974). Plant responses to water deficits,
water-use efficiency, and drought resistance. Agric. Meteorol. 14, 59–84.
doi: 10.1016/0002-1571(74)90011-9

Huang, J. G., Stadt, K. J., Dawson, A., and Comeau, P. G. (2013).
Modelling growth-competition relationships in trembling aspen and white
spruce mixed boreal forests of Western Canada. PLoS ONE 8:e77607.
doi: 10.1371/journal.pone.0077607

Huang, J., Tardif, J. C., Bergeron, Y., Denneler, B., Berninger, F., andGirardin,M. P.
(2010). Radial growth response of four dominant boreal tree species to climate
along a latitudinal gradient in the eastern Canadian boreal forest. Glob. Change
Biol. 16, 711–731. doi: 10.1111/j.1365-2486.2009.01990.x

Hutchinson, M. F. (2004). ANUSPLIN Version 4.3. Center for Resource and

Environmental Studies, Australian National University. Available online
at: http://fennerschool.anu.edu.au/research/products/anusplin.php (Accessed
December 12, 2008).

Frontiers in Plant Science | www.frontiersin.org 13 November 2017 | Volume 8 | Article 1915

https://doi.org/10.1111/nph.12589
https://doi.org/10.1093/jxb/eru431
https://doi.org/10.1890/14-0093.1
https://doi.org/10.1038/nplants.2015.139
https://doi.org/10.1046/j.1365-2435.1997.00067.x
https://doi.org/10.1093/treephys/24.2.193
https://doi.org/10.1029/1999GB900064
https://doi.org/10.1890/1051-0761(1999)009[0216:CTRCAR]2.0.CO;2
https://doi.org/10.1139/x88-137
https://doi.org/10.1007/s00468-003-0284-9
https://doi.org/10.1890/1051-0761(2000)010[0744:GDIBAS]2.0.CO;2
https://doi.org/10.1093/aob/mcu111
https://doi.org/10.1104/pp.15.01525
https://doi.org/10.1093/treephys/28.10.1573
http://hdl.handle.net/10150/262573
http://hdl.handle.net/10150/262573
https://doi.org/10.1073/pnas.1402333111
https://doi.org/10.1371/journal.pone.0122255
https://doi.org/10.1111/1365-2745.12544
http://hdl.handle.net/10138/165212
https://doi.org/10.1093/treephys/tps026
https://doi.org/10.1111/j.1469-8137.2010.03367.x
https://doi.org/10.1175/2008JAMC1996.1
https://doi.org/10.1073/pnas.1610156113
https://doi.org/10.1111/gcb.13072
https://doi.org/10.1080/11956860.2001.11682638
https://doi.org/10.1007/s00382-004-0417-x
https://doi.org/10.1139/x05-185
https://doi.org/10.1139/X08-001
https://doi.org/10.1093/treephys/tpq068
https://doi.org/10.1098/rstb.1976.0026
https://doi.org/10.1016/0002-1571(74)90011-9
https://doi.org/10.1371/journal.pone.0077607
https://doi.org/10.1111/j.1365-2486.2009.01990.x
http://fennerschool.anu.edu.au/research/products/anusplin.php
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Alam et al. Spruce Competition, Drought and Photosynthesis

IPCC (2007). “Climate change 2007: The physical science basis,” in Contribution

of Working Group I to the Fourth Assessment Report of the Intergovernmental

Panel on Climate Change, eds S. Solomon, D. Qin, M. Manning, Z. Chen, M.
Marquis, and K. B. Averyt (Cambridge: Cambridge University Press), 1–18.

Jiang, X., Huang, J. G., Stadt, K. J., Comeau, P. G., and Chen, H.
Y. (2016). Spatial climate-dependent growth response of boreal
mixedwood forest in western Canada. Glob. Planet. Change 139, 141–150.
doi: 10.1016/j.gloplacha.2016.02.002

Kauppi, P. E., Posch, M., and Pirinen, P. (2014). Large impacts of climatic
warming on growth of boreal forests since 1960. PLoS ONE 9:e111340.
doi: 10.1371/journal.pone.0111340

Kozlowski, T. T., and Pallardy, S. G. (2002). Acclimation and adaptive responses
of woody plants to environmental stresses. Bot. Rev. 68, 270–334. doi: 10.1663/
0006-8101(2002)068[0270:AAAROW]2.0.CO;2

Kunstler, G., Albert, C. H., Courbaud, B., Lavergne, S., Thuiller, W., Vieilledent,
G., et al. (2011). Effects of competition on tree radial-growth vary in
importance but not in intensity along climatic gradients. J. Ecol. 99, 300–312.
doi: 10.1111/j.1365-2745.2010.01751.x

Kurz, W. A., Stinson, G., Rampley, G. J., Dymond, C. C., and Neilson, E. T. (2008).
Risk of natural disturbances makes future contribution of Canada’s forests to
the global carbon cycle highly uncertain. Proc. Natl. Acad. Sci. U.S.A. 105,
1551–1555. doi: 10.1073/pnas.0708133105

Lapointe-Garant, M. P., Huang, J. G., Gea-Izquierdo, G., Raulier, F., Bernier,
P., and Berninger, F. (2010). Use of tree rings to study the effect of climate
change on trembling aspen in Québec. Glob. Change Biol. 16, 2039–2051.
doi: 10.1111/j.1365-2486.2009.02048.x

Larson, B. C. (1992). “Pathways of development in mixed-species stands,” in The

Ecology and Silviculture of Mixed-Species Forests, eds M. J. Kelty, B. C. Larson,
C. D. Oliver (Dordrecht: Kluwer Academic Publishers), 3–10.

Lautner, S. (2013). “Wood formation under drought stress and salinity,” in Cellular
Aspects of Wood Formation, ed J. Fromm (Berlin; Heidelberg: Springer),
187–202.

Lebourgeois, F., Eberle, P., Mérian, P., and Seynave, I. (2014). Social status-
mediated tree-ring responses to climate ofAbies alba and Fagus sylvatica shift in
importance with increasing stand basal area. For. Ecol. Manage. 328, 209–218.
doi: 10.1016/j.foreco.2014.05.038

Luo, Y., and Chen, H. Y. (2015). Climate change-associated tree mortality
increases without decreasing water availability. Ecol. Lett. 18, 1207–1215.
doi: 10.1111/ele.12500

Ma, Z., Peng, C., Zhu, Q., Chen, H., Yu, G., Li, W., et al. (2012). Regional drought-
induced reduction in the biomass carbon sink of Canada’s boreal forests. Proc.
Natl. Acad. Sci. U.S.A. 109, 2423–2427. doi: 10.1073/pnas.1111576109

Marchildon, G. P., Kulshreshtha, S.,Wheaton, E., and Sauchyn, D. (2008). Drought
and institutional adaptation in the great plains of Alberta and Saskatchewan,
1914–1939. Nat. Hazards 45, 391–411. doi: 10.1007/s11069-007-9175-5

McDowell, N. G. (2011). Mechanisms linking drought, hydraulics, carbon
metabolism, and vegetation mortality. Plant Physiol. 155, 1051–1059.
doi: 10.1104/pp.110.170704

McDowell, N. G., and Allen, C. D. (2015). Darcy’s law predicts widespread
forest mortality under climate warming. Nat. Clim. Change 5, 669–672.
doi: 10.1038/nclimate2641

McKenney, D. W., Pedlar, J. H., Papadopol, P., and Hutchinson, M. F.
(2006). The development of 1901–2000 historical monthly climate models
for Canada and the United States. Agric. For. Meteorol. 138, 69–81.
doi: 10.1016/j.agrformet.2006.03.012

Mencuccini, M. (2014). Temporal scales for the coordination of tree
carbon and water economies during droughts. Tree Physiol. 34, 439–442.
doi: 10.1093/treephys/tpu029

Merlin, M., Perot, T., Perret, S., Korboulewsky, N., and Vallet, P., (2015).
Effects of stand composition and tree size on resistance and resilience
to drought in sessile oak and Scots pine. For. Ecol. Manage. 339, 22–33.
doi: 10.1016/j.foreco.2014.11.032

Metsaranta, J. M., and Lieffers, V. J. (2008). Inequality of size and size increment
in Pinus banksiana in relation to stand dynamics and annual growth rate. Ann.
Bot. 101, 561–571. doi: 10.1093/aob/mcm320

Mitchell, P. J., O’Grady, A. P., Tissue, D. T., Worledge, D., and Pinkard, E.
A. (2014). Co-ordination of growth, gas exchange and hydraulics define the

carbon safety margin in tree species with contrasting drought strategies. Tree
Physiol. 34, 443–458. doi: 10.1093/treephys/tpu014

Pantin, F., Simonneau, T., and Muller, B. (2012). Coming of leaf age: control of
growth by hydraulics and metabolics during leaf ontogeny. New Phytol. 196,
349–366. doi: 10.1111/j.1469-8137.2012.04273.x

Peng, C., Ma, Z., Lei, X., Zhu, Q., Chen, H., Wang, W., et al. (2011). A drought-
induced pervasive increase in tree mortality across Canada’s boreal forests. Nat.
Clim. Change 1, 467–471. doi: 10.1038/nclimate1293

Piao, S., Ciais, P., Friedlingstein, P., Peylin, P., Reichstein, M., Luyssaert, S.,
et al. (2008). Net carbon dioxide losses of northern ecosystems in response to
autumn warming. Nature 451, 49–52. doi: 10.1038/nature06444

Pinheiro, J., and Bates, D. (2006).Mixed-EffectsModels in S and S-PLUS. NewYork,
NY: Springer Science & Business Media.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., and Team, R. C. (2015).
NLME: Linear and Nonlinear Mixed Effects Models. R package version 3.1-
122. Available online at: http://CRAN.R-project.org/package=nlme (Accessed
August 10, 2015).

Price, D. T., Alfaro, R. I., Brown, K. J., Flannigan, M. D., Fleming, R.
A., Hogg, E. H., et al. (2013). Anticipating the consequences of climate
change for Canada’s boreal forest ecosystems 1. Environ. Rev. 21, 322–365.
doi: 10.1139/er-2013-0042

Prior, L. D., and Bowman, D. M. J. S. (2014). Across a macro-ecological gradient
forest competition is strongest at the most productive sites. Front. Plant Sci.
5:260. doi: 10.3389/fpls.2014.00260

R Core Team (2014). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing.

Rohner, B., Weber, P., and Thürig, E. (2016). Bridging tree rings and forest
inventories: how climate effects on spruce and beech growth aggregate over
time. For. Ecol. Manage. 360, 159–169. doi: 10.1016/j.foreco.2015.10.022

Ruiz-Benito, P., Madrigal-González, J., Ratcliffe, S., Coomes, D. A., Kändler,
G., Lehtonen, A., et al. (2014). Stand structure and recent climate change
constrain stand basal area change in European forests: a comparison across
boreal, temperate, and Mediterranean biomes. Ecosystems 17, 1439–1454.
doi: 10.1007/s10021-014-9806-0

Schiestl-Aalto, P., Kulmala, L., Mäkinen, H., Nikinmaa, E., and Mäkelä, A.
(2015). CASSIA–a dynamic model for predicting intra-annual sink demand
and interannual growth variation in Scots pine. New Phytol. 206, 647–659.
doi: 10.1111/nph.13275

Schwinning, S., and Weiner, J. (1998). Mechanisms determining the degree
of size asymmetry in competition among plants. Oecologia 113, 447–455.
doi: 10.1007/s004420050397

Stadt, K. J., Huston, C., Coates, K. D., Feng, Z., Dale, M. R., and Lieffers, V. J.
(2007). Evaluation of competition and light estimation indices for predicting
diameter growth in mature boreal mixed forests. Ann. For. Sci. 64, 477–490.
doi: 10.1051/forest:2007025

Stephens, B. B., Gurney, K. R., Tans, P. P., Sweeney, C., Peters, W.,
Bruhwiler, L., et al. (2007). Weak northern and strong tropical land carbon
uptake from vertical profiles of atmospheric CO2. Science 316, 1732–1735.
doi: 10.1126/science.1137004

Steppe, K., Sterck, F., and Deslauriers, A. (2015). Diel growth dynamics in tree
stems: linking anatomy and ecophysiology. Trends Plant Sci. 20, 335–343.
doi: 10.1016/j.tplants.2015.03.015

Tardieu, F., Granier, C., and Muller, B. (2011). Water deficit and growth. co-
ordinating processes without an orchestrator? Curr. Opin. Plant Biol. 14,
283–289. doi: 10.1016/j.pbi.2011.02.002

Terrier, A., de Groot, W. J., Girardin, M. P., and Bergeron, Y. (2014). Dynamics
of moisture content in spruce–feather moss and spruce–Sphagnum organic
layers during an extreme fire season and implications for future depths of
burn in Clay Belt black spruce forests. Int. J. Wildland Fire 23, 490–502.
doi: 10.1071/WF13133

Trouvé, R., Bontemps, J. D., Seynave, I., Collet, C., and Lebourgeois, F. (2015).
Stand density, tree social status and water stress influence allocation in height
and diameter growth of Quercus petraea (Liebl.). Tree Physiol. 35, 1035–1046.
doi: 10.1093/treephys/tpv067

Turner, J. A. (1972). The Drought Code Component of the Canadian Forest Fire

Behaviour System. Ontario, CA: Environment Canada, and Canada Forest
Service.

Frontiers in Plant Science | www.frontiersin.org 14 November 2017 | Volume 8 | Article 1915

https://doi.org/10.1016/j.gloplacha.2016.02.002
https://doi.org/10.1371/journal.pone.0111340
https://doi.org/10.1663/0006-8101(2002)068[0270:AAAROW]2.0.CO;2
https://doi.org/10.1111/j.1365-2745.2010.01751.x
https://doi.org/10.1073/pnas.0708133105
https://doi.org/10.1111/j.1365-2486.2009.02048.x
https://doi.org/10.1016/j.foreco.2014.05.038
https://doi.org/10.1111/ele.12500
https://doi.org/10.1073/pnas.1111576109
https://doi.org/10.1007/s11069-007-9175-5
https://doi.org/10.1104/pp.110.170704
https://doi.org/10.1038/nclimate2641
https://doi.org/10.1016/j.agrformet.2006.03.012
https://doi.org/10.1093/treephys/tpu029
https://doi.org/10.1016/j.foreco.2014.11.032
https://doi.org/10.1093/aob/mcm320
https://doi.org/10.1093/treephys/tpu014
https://doi.org/10.1111/j.1469-8137.2012.04273.x
https://doi.org/10.1038/nclimate1293
https://doi.org/10.1038/nature06444
http://CRAN.R-project.org/package=nlme
https://doi.org/10.1139/er-2013-0042
https://doi.org/10.3389/fpls.2014.00260
https://doi.org/10.1016/j.foreco.2015.10.022
https://doi.org/10.1007/s10021-014-9806-0
https://doi.org/10.1111/nph.13275
https://doi.org/10.1007/s004420050397
https://doi.org/10.1051/forest:2007025
https://doi.org/10.1126/science.1137004
https://doi.org/10.1016/j.tplants.2015.03.015
https://doi.org/10.1016/j.pbi.2011.02.002
https://doi.org/10.1071/WF13133
https://doi.org/10.1093/treephys/tpv067
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Alam et al. Spruce Competition, Drought and Photosynthesis

Valladares, F., and Niinemets, Ü. (2008). Shade tolerance, a key plant feature of
complex nature and consequences. Annu. Rev. Ecol. Evol. Syst. 39, 237–257.
doi: 10.1146/annurev.ecolsys.39.110707.173506

Vicente-Serrano, S. M., Gouveia, C., Camarero, J. J., Beguería, S., Trigo, R.,
López-Moreno, J. I., et al. (2013). Response of vegetation to drought time-
scales across global land biomes. Proc. Natl. Acad. Sci. U.S.A. 110, 52–57.
doi: 10.1073/pnas.1207068110

Wang, Y. H., Hogg, E. H., Price, D. T., Edwards, J., and Williamson,
T. (2014). Past and projected future changes in moisture conditions in
the Canadian boreal forest. For. Chron. 90, 678–691. doi: 10.5558/tfc
2014-134

Weber, P., Bugmann, H., Fonti, P., and Rigling, A. (2008). Using
a retrospective dynamic competition index to reconstruct forest
succession. For. Ecol. Manage. 254, 96–106. doi: 10.1016/j.foreco.2007.
07.031

Weiner, J. (1990). Asymmetric competition in plant populations. Trends Ecol. Evol.
5, 360–364. doi: 10.1016/0169-5347(90)90095-U

Weiner, J., Wright, D. B., and Castro, S. (1997). Symmetry of below-
ground competition between Kochia scoparia individuals. Oikos 79, 85–91.
doi: 10.2307/3546093

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer HS and handling Editor declared their shared affiliation.

Copyright © 2017 Alam, Huang, Stadt, Comeau, Dawson, Gea-Izquierdo, Aakala,

Hölttä, Vesala, Mäkelä and Berninger. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) or licensor are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 15 November 2017 | Volume 8 | Article 1915

https://doi.org/10.1146/annurev.ecolsys.39.110707.173506
https://doi.org/10.1073/pnas.1207068110
https://doi.org/10.5558/tfc2014-134
https://doi.org/10.1016/j.foreco.2007.07.031
https://doi.org/10.1016/0169-5347(90)90095-U
https://doi.org/10.2307/3546093
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

	Effects of Competition, Drought Stress and Photosynthetic Productivity on the Radial Growth of White Spruce in Western Canada
	Introduction
	Materials and Methods
	Study Area
	Climate Data
	Tree Ring and Inventory Data
	Competition Index
	The Photosynthetic Production Model
	Modeling Approach

	Results
	Discussion
	Conclusions
	Author Contributions
	Acknowledgments
	References


