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The boreal forests, identified as a critical “tipping element” of the
Earth’s climate system, play a critical role in the global carbon
budget. Recent findings have suggested that terrestrial carbon
sinks in northern high-latitude regions are weakening, but there
has been little observational evidence to support the idea of a re-
duction of carbon sinks in northern terrestrial ecosystems. Here,
we estimated changes in the biomass carbon sink of natural stands
throughout Canada’s boreal forests using data from long-term
forest permanent sampling plots. We found that in recent decades,
the rate of biomass change decreased significantly in western
Canada (Alberta, Saskatchewan, and Manitoba), but there was
no significant trend for eastern Canada (Ontario and Quebec).
Our results revealed that recent climate change, and especially
drought-induced water stress, is the dominant cause of the ob-
served reduction in the biomass carbon sink, suggesting that west-
ern Canada’s boreal forests may become net carbon sources if the
climate change-induced droughts continue to intensify.

global warming | forest aboveground biomass | drought index |
northern hemisphere carbon uptake | positive feedback

lobal warming and regional droughts may intensify and be-

come more frequent this century as a result of anthropogenic
climate change (1). Recent studies (2-4) predicted a weaker
northern hemisphere carbon uptake at high latitudes as a result of
these changes. One of the greatest uncertainties in global climate
change is how to forecast changes in feedback between the bio-
sphere and the atmosphere. Northern high-latitude forests contain
about 49% of the carbon stored in forested ecosystems (5) and
provide important feedback to the global climate system. Boreal
forests, a key but poorly understood component of terrestrial
ecosystems, exert strong controls on the global carbon cycle and
influence regional hydrology and climatology directly through wa-
ter and surface energy budgets (6). Previous studies (7-10) in-
dicated that threats to the forest carbon sink as a result of tree
mortality caused by rising temperatures and drought around the
world have unexpectedly increased in the past decade.

Recent climate changes in this region may have had substantial
impact on the carbon balance of Canadian boreal forests as a result
of increased fire frequency (11), an unprecedented expansion of
insect outbreaks (12), and widespread drought-induced tree mor-
tality (10). Large and long-term forest permanent sampling plots
(PSPs) could provide direct estimates of biomass carbon accumu-
lation and possible insights into the future role of forests in the
global carbon cycle under a changing climate (13). Recent progress
has been made in investigations of the impacts of severe drought on
trembling aspen (Populus tremuloides) mortality and associated loss
of aboveground biomass in western Canada (10, 14). However, to
date, no study has used long-term forest observation plots to di-
rectly investigate the spatial distribution of changes in forest bio-
mass carbon in Canadian boreal forests at a national scale as
a result of recent climate change.

To assess the potential impacts of climate change-induced
drought, we analyzed data from 96 long-term permanent forest
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observation plots in natural (unmanaged) mature boreal forests
that met nine criteria (SI Appendix, Table S1). Our samples in-
cluded plots in five Canadian provinces in both western Canada
(Alberta, Saskatchewan, and Manitoba) and eastern Canada
(Ontario and Quebec). The plots spanned 53° of longitude and 9° of
latitude, and their elevations ranged from 59 to 2,609 m above sea
level (asl) (Fig. 1 and S Appendix, Table S1). The plots ranged from
0.04 to 0.82 ha (¥ = 0.12 ha), and collectively contained 22,425
living trees; the plot data included a total of 74,556 observations in
these plots. The initial census year ranged from 1963 to 1994 and
the final census year ranged from 1990 to 2008. The aboveground
stand biomass at each census was estimated by using published
allometric models developed for Canadian boreal forests (S Ap-
pendix, ref. S12 and Table S2). We used both the annual climate
moisture index (CMI) and the annual moisture index (AMI) to
measure climatic water deficits in this study. The CMI value was
calculated as the difference between precipitation (PCP) and po-
tential evapotranspiration (PET) (SI Appendix, ref. S10). AMI is
defined as the ratio of the annual number of degree days above 5 °C
to the mean annual precipitation (SI Appendix, ref. S11).

Results

Our analysis showed that the rate of biomass change for all plots
combined and for the western region showed significant de-
creasing trends, but there was no significant change for the
eastern region (Fig. 2 A and B and Table 1). In addition to the
statistical analysis, we compared the average rates of biomass
change for the western and eastern regions between the first and
final censuses (SI Appendix, Fig. S1). Consistent with our model
results, the biomass in the western region during the last census
interval was significantly lower than that during the first interval
(P < 0.0001, paired two-sample ¢ test); for the eastern region,
there was no significant difference (P = 0.1339, paired two-
sample ¢ test). Moreover, the biomass increment decreased sig-
nificantly during three periods (before 1980, from 1980 to 2000,
and after 2000) in the western region, but there was no signifi-
cant change in the eastern region (SI Appendix, Fig. S2).

The observed patterns of the rate of biomass change for
western and eastern regions may have resulted from changes in
tree mortality, growth of surviving trees, or a combination of
both factors. To further explore the ecological causes of the rate
of biomass change, we analyzed the trends of mortality (SI Ap-
pendix, Table S4), stand density (SI Appendix, Table S5), and
biomass of the surviving trees (SI Appendix, Table S6). Our
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Fig. 1.
biomass change. The size of the circle is proportional to the plot-specific slope

Locations of the 96 forest plots in Canada’s boreal forest. The red and black circles represent plots with respectively decreasing and increasing rates of

of the ordinary least-squares regression for the rate of biomass change as

a function of the calendar year. Thus, the circle size reflects the rate of annual change in biomass. The background colors of green and light green represent

the boreal and hemiboreal regions, respectively. In total, 80 plots (83% of the 96
the hemiboreal region. A total of 70 plots were located in the western region
region (Ontario and Quebec). In total, 89% of the plots (62/70) in the western

forest plots) were located in the boreal region and 16 (17%) were located in
(Alberta, Saskatchewan, and Manitoba) and 26 were located in the eastern
region and 46% of the plots (12/26) in the eastern region experienced de-

creasing rate of biomass change. The shapefiles defining Canada’s boreal and hemiboreal zones were developed by J. P. Brandt of Natural Resources Canada
(S/ Appendix, ref. S16) and were obtained from the agency’s Web page (http://canadaforests.nrcan.gc.ca/download; accessed December 23 2011).

analysis revealed that the biomass increment associated with
mortality for both regions showed significant increasing trends
(SI Appendix, Table S4). These trends were further confirmed by
the changes in stand density (SI Appendix, Table S5), which in-
dicated that the number of surviving trees was decreasing signifi-
cantly for both the western and the eastern regions. However, the
rate of biomass change for surviving trees in the western region
showed a significant decreasing trend, whereas there was a signifi-
cant increasing trend for surviving trees in the eastern region (S/
Appendix, Table S6). Thus, our analysis indicated that the trend of
decreasing biomass change in the western region resulted from the
cumulative effects of increased mortality and decreased growth of
surviving trees, but mortality had a larger effect (S Appendix, Table
S4; p = 0.0289) than growth of surviving trees (SI Appendix, Table
S5; p = —0.0116) on the rate of biomass change. For the eastern
region, the simultaneous increase in mortality and growth of sur-
viving trees represented offsetting factors that concealed any sig-
nificant trend in biomass change.

We examined several possible causes for the different trends in
the western and eastern regions. One of the best-known causes for
a decreasing rate of biomass accumulation in mature forests is an
age-related decline (15). Our statistical analysis (S Appendix, Table
S7 and Fig. 34) showed that the trend for aboveground biomass
changed significantly as a function of age for the western region,
from an increase at young ages to a decrease in older stands (slope
of the regression = —0.011, P = 0.005), but that there was no sig-
nificant trend for the eastern region (P = 0.8465). We also used the
Kolmogorov-Smirnov test and found no significant difference be-
tween the age distributions in the western and eastern regions (P =
0.8705). If age is the sole factor responsible for the observed trends,
we would expect to see similar trends as a function of age in the two
regions. Thus, additional factors must have contributed to the dif-
ferences in the observed patterns of biomass change. Moreover, we
regressed the rate of biomass change as a function of plot size and
the length of the census interval to test whether heterogeneity in
plot characteristics might have affected the rate of biomass change
for the western and eastern regions. Our regressions showed that
the rate of biomass change was not significantly correlated with
either plot size or the length of the census interval (SI.Appendix, Fig.
S3), indicating that the heterogeneity of plot characteristics had no
significant effect on the rate of biomass change.

We hypothesized that climate warming may have been the
dominant cause of the observed trends. For the western region,
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the annual mean temperature has increased significantly since
1963 (P < 0.0001), and annual precipitation has decreased sig-
nificantly (P = 0.0002), and the combination has significantly in-
creased water deficits, whether estimated using CMI or AMI (both
P < 0.0001; SI Appendix, Table S8). In contrast, both the annual
mean temperature and the annual precipitation increased signifi-
cantly for the eastern region (both P < 0.0001), resulting in a sig-
nificantly decreased water deficit (CMI, P = 0.0197; SI Appendix,
Table S8). We regressed the rates of biomass change as functions
of four climatic variables (temperature, precipitation, CMI, and
AMI) and found that all climatic variables were significantly cor-
related with the rate of biomass change in the western region but
not in the eastern region (SI Appendix and Table 2). Scatterplots
between the rate of biomass change and the climatic variables also
showed consistent results (SI Appendix, Figs. S4-S7).

Because both the stand age (SI Appendix, Table S7) and climatic
variables (Table 2) were significantly correlated with the rate of
biomass change, we used standardized regression to compare the
relative importance of stand age and the climatic variables. By
comparing the magnitudes of the estimated coefficients of stand
age and the climatic variables from these regressions (Table 3), we
found that precipitation, CMI, and AMI had a greater effect than
stand age on the rate of biomass change for the western region.
The temperature coefficient for Saskatchewan indicated that
temperature had a greater impact than stand age on the rate of
biomass change in Saskatchewan. Overall, the climatic variables
had a stronger effect than stand age on the rate of biomass change
in the western region. In addition, we tried to remove the impacts
of stand age on the rate of biomass change by regressing stand age
on the rate of biomass change to provide the residuals. The trend
in the residuals reflects the rate of biomass change without the
effects of stand age (Fig. 2C). We also modeled the trends for
the rates of stand-age—corrected biomass change (Table 4). The
results show that the overall and western trends became slightly
weaker than these trends before the correction for stand age.
There was no change in the trend for the eastern region. Thus,
these results (Fig. 2C and Table 4) further indicated that stand age
is not the dominant factor that caused the observed trends for the
rate of biomass change.

Discussion

Our results are consistent with recent findings of large biomass
carbon losses caused by a widespread moisture-driven drought in

Ma et al.
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Fig. 2. (A) Annual rate of change in aboveground biomass for all Canadian
boreal forest plots combined from 1963 to 2008. The dotted lines represent 95%
confidence intervals. (B) Annual rate of change of aboveground biomass for the
western and eastern regions. (C) Annual rate of change in stand-age—corrected
aboveground biomass for all Canadian boreal forest plots combined from 1963
to 2008. The dotted lines represent 95% confidence intervals.

tropical forests in the Amazon basin (8, 16), temperate forests in
the western United States (9), and trembling aspen stands in
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Table 1. Fixed effects of the linear mixed models (S/ Appendix,
Eq. S1) describing trends in the rate of biomass change

Data Model B4 SE P n

All plots Trend in rate of -0.0514 0.0105 <0.0001 9%
biomass change

Western Trend in rate of -0.0694 0.0117  <0.0001 70
region biomass change

Eastern Trend in rate of 0.0061 0.0229 0.7922 26
region biomass change

B, is the slope and represents the annual rate of change in biomass (t ha™
year'1 year‘1), n is the number of forest plots used in the model, and P is the
significance level for the model’s fixed effects based on a t test. The dataset
used for fitting the linear mixed models is not the dataset to estimate the
average trend dot values in Fig. 2A.

western Canada (10, 14). Western Canada appears to have been
more sensitive to drought than eastern Canada. There are a num-
ber of reasons that may explain this drought-induced reduction in
biomass carbon sink in western Canada: (i) a decline in tree growth
(if); a reduction in net primary production (NPP); and (iii) a wide-
spread increase in tree mortality. Tree-ring studies have shown that
the negative effects of recent drought on tree growth are wide-
spread for boreal regions, affecting not only Alaska (17) but also
western and central Canada (14, 18). Second, both satellite-based
estimates (19, 20) and ground-based measurements (14, 21) showed
that summer drought has led to a marked NPP decrease in much of
the boreal forest region in North America since the late 1990s.
Third, severe climate-change-induced drought has already accel-
erated tree morality over large areas in western North America (9,
10, 14) in response to the impacts of regional climatic warming and
drought. Previous studies have suggested that Canada experienced
one of its most serious and extensive droughts on record in 2001 and
that the most severely affected areas occurred in the Canadian
Prairies, where the 2001 drought followed two to three consecutive
years of below-average rainfall. Some areas of central Canada
suffered the driest August on record and western Canada suffered
the second consecutive year with the most severe drought on record
in 2002 (22). For eastern Canada, Girardin et al. (23) showed that
climate warming and increases in the amount and frequency of
precipitation during the last century had no significant impact on
the severity of summer drought. In addition, a long-term reduction
in the amount of solar radiation in the Canadian Prairies between
1951 and 2005 (24) may also have contributed to a decline in forest
productivity (i.e., net photosynthesis) in western Canada (14).

A combination of the aforementioned factors may therefore
explain the regional differences in the biomass carbon sink
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Plots of the rate of biomass change as a function of stand age for the western and eastern regions. The black line represents the modeled trends from

the ordinary least-squares regression model. The red, green, light blue, and blue dots represent the first, second, third, and fourth census, respectively. n is

number of censuses for all of the age ranges.
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Table 2. Fixed effects of the linear mixed models (S/ Appendix,
Eq. S3) describing the relationships between the rate of biomass
change and the climatic variables

Data Parameter B SE P n By + P2Di*

Table 3. Fixed effects of the linear mixed models (S/ Appendix, Eq.
S5) describing the relationships between the rate of biomass change
and the combined effects of the climatic variables and stand age

Data Parameter B SE P n By + P2Di*

Western Average —1.3608 0.3152 <0.0001 70 AB: -0.2105

region  temperature
Average 1.1503 0.3385 0.0008 SK: —1.3608
temperature x AB
Average t 1.4756 0.3807 0.0001 MB: 0.1148
emperature x MB
Average 0.0240 0.0061 0.0001 70 AB: 0.0019
precipitation
Average —0.0221 0.0064 0.0006 SK: 0.0240
precipitation x AB
Average —0.0155 0.0068 0.0234 MB: 0.0850
precipitation x MB
(@] 0.1397 0.0389 0.0004 70 AB: 0.0342
CMI x AB —0.1055 0.0407 0.0104 SK: 0.1397
MB: 0.1397
AMI —0.0055 0.0016 0.0009 70 AB: —0.0015
AMI x AB 0.0040 0.0018 0.0279 SK: —0.0055
MB: —0.0055
Eastern  Average —0.0728 0.1107 0.5135 26 None
region  temperature
Average 0.0022 0.0018 0.2211 26 None
precipitation
cMI 0.0146 0.0117 0.2185 26 None
AMI —0.0008 0.0011 0.4761 26 None

B is the estimated model parameter and reflects the association between

the rate of biomass change and the climatic variable, n is the number of
forest plots used in the model, and P is the significance of the model’s fixed
effects based on a t test. To simplify, we have only shown the estimated B,
parameters and the significant estimated B, parameters. SK served as the
base/reference category for the western region and QC served as the base/
reference category for the eastern region. AB, Alberta; SK, Saskatchewan;
MB, Manitoba; QC, Quebec; CMI, climate moisture index; AMI, annual mois-
ture index.
*We calculated the province-specific slope by summing the overall slope B,
and the province’s slope adjustment f,. Therefore, the slopes for Alberta,
Saskatchewan, and Manitoba represent the relationships between the rate
of biomass change and the climatic variables for these provinces.

between western and eastern Canada. Moreover, our results
confirmed that water deficits induced by climate warming may be
responsible for the decline in the rates of biomass accumulation
in the western regions of Canada’s boreal forests. The observed
rates of biomass accumulation in western regions changed from
positive to negative after 2003 (Fig. 2B), with a continuous de-
crease since the start of the study period, which indicates that
climate warming may soon begin to decrease the carbon sink and
change these forests into a net carbon source if the climate
warming continues to follow the current trends. However, it is
important to point out that the precipitation and temperature
changes that cause the decreases of the aboveground biomass are
large and will undoubtedly have effects on soil respiration that
could either amplify or weaken the inferred sink from the
aboveground biomass pool (1).

Although the rate of decrease (excluding the effect of stand
age) was significant for the western region (Table 4; slope =
—0.0599 ¢ ha™! year’l, P < 0.0001), we estimated that the com-
bined reduction of the carbon biomass sinks for western and
eastern regions was 0.0473 + 0.0204 ¢ ha™" year™". This decrease in
biomass is equivalent to a net decrease in the carbon sink of
0.0237 +0.0102 ¢ C ha™" year™'. Multiplying this by the estimated
area of the Canadian boreal forest (25) (307.14 M ha) produces
reduction of the net carbon sink from mature forest equal to 7.28
+ 3.13 million tons of carbon per year (Mt C year'). The
resulting reduction in the biomass carbon of Canadian boreal
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Western Average —0.9428 0.2385 0.0001 70 AB: —0.2275

region temperature
Stand age —0.2442 0.0833 0.0038 SK: —0.9428
Average 0.7153 0.2597 0.0065 MB: 0.0235
temperature x AB
Average 1.0663 0.2860 0.0003
temperature x MB
Average 1.3142 0.3642 0.0004 70 AB:0.2543
precipitation
Stand age —0.1957 0.0820 0.0180 SK: 1.3142
Average —1.0599 0.3838 0.0029 MB: 0.4838
precipitation x AB
Average —0.8304 0.4028 0.0407
precipitation x MB
CMI 0.9961 0.3098 0.0015 70 AB:0.3178
Stand age —0.2328 0.0796 0.0039 SK: 0.9961
CMI x AB —-0.6783 0.3260 0.0389 MB: 0.9961
AMI —0.9031 0.3032 0.0033 70 AB: -0.9031
Stand age —0.2382 0.0813 0.0039 SK: —0.9031
MB: -0.9031
Eastern  Average -0.1261 0.1829 0.4936 26 None
region temperature
Stand age —0.0540 0.1825 0.7684
Average 0.1739 0.1429 0.2191 26 None
precipitation
Stand age —0.0173 0.1430 0.9044
CMI 0.1982 0.1545 0.2052 26 None
Stand age —0.0615 0.1544 0.6920
AMI —0.1201 0.1662 0.4734 26 None
Stand age —0.0384 0.1664 0.8183

B is the estimated model parameter, n is the number of forest plots used in
the model, and P is the significance level of the model's fixed effects based on
a t test. To simplify, we only show the estimated §; parameters and the signif-
icant estimated B, parameters at a = 0.05. SK served as the base/reference
category for the western region and QC served as the base/reference category
for the eastern region. AB, Alberta; SK, Saskatchewan; MB, Manitoba; ON,
Ontario; QC, Quebec; CMI, climate moisture index; AMI, annual moisture index.
*We calculated the province-specific slope by summing the overall slope §; and
the province's slope adjustment f,. Therefore, the slopes for Alberta, Saskatch-
ewan, and Manitoba represent the relationships between the rate of biomass
change and the effects of the climatic variables for those provinces.

forests would amount to about 37% of the carbon source in the
year 2009 (20 Mt C year™") projected to be lost due to beetle-
caused mortality (12, 26), about 27% of the direct emissions

Table 4. Fixed effects of the linear mixed models (S/ Appendix,
Eqg. S1) describing trends in the rate of stand-age-corrected
biomass change

Data Model B SE P n
All plots  Trend in rate of -0.0473 0.0102 <0.0001 96
stand-age—corrected
biomass change
Western  Trend in rate of —-0.0599 0.0114 <0.0001 70
region stand-age—corrected
biomass change
Eastern Trend in rate of 0.0063 0.0229 0.7931 26
region stand-age—corrected

biomass change

B is the slope and represents the annual rate of change in biomass, n is the
number of forest plots used in the model, and P is the significance level for
the model’s fixed effects based on a t test.
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caused by forest fires throughout Canada from 1959 to 1999 (27),
and equivalent to about 3.6% of Canada’s total annual carbon
emission (28). However, extrapolating these 96 representative
plots to entire Canadian boreal forests must be done with caution.
It is important to note that much of the Canadian boreal forest
cannot be represented by the plots used for the current analysis. In
addition, we consider our estimate of drought-induced biomass
carbon loss to be highly conservative because it excludes carbon
emissions caused by increased fire activity (11, 27) and the ex-
pansion of mountain pine beetle outbreaks (12). The recent in-
crease in these ecosystem disturbances is positively related to
drought (11, 12, 29) and may co-occur with peaks of drought-in-
duced tree mortality (11, 14, 30).

Our results indicate that since 1963, drought-induced water
stress has led to a weakening of the biomass carbon sink across
a large area of the western Canadian boreal forest, with the
largest reduction occurring after 2000. Our results provide ob-
servational evidence to support recent studies (2-4) that pre-
dicted a weaker northern hemisphere carbon uptake at high
latitudes and challenge the traditional view that northern hemi-
sphere carbon sinks will remain dominant over carbon emission
sources. Moreover, the recent decrease in biomass may indicate
that the boreal forests in western regions will become net car-
bon emission sources if the stresses resulting from climate-
change-induced drought continue to increase in the future, and
this will provide a positive feedback that may accelerate future
global warming.
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