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Fig. 2. Seasonal correlations of annual black spruce
growth (1960–2004) with temperature, precipi-
tation, and SMI. Seasons include prior-year spring
(May and June), summer (July and August), fall
(September and October), and winter (November to
April) and the current-year spring and summer.
Black contours around each circle indicate signifi-
cant correlations (P < 0.05) from 1000 bootstrap
replicates. Of the 378 tree-ring width chronologies,
290 (77%) display at least one significant correlation
with one of the three seasonal climate variables.The
49th parallel north is indicated by a dotted line.
Because the soil-drying model used to estimate the
SMI is designed and calibrated for the snow-free
season,we did not calculate the correlation of winter
SMI with growth.
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Fig. 3. Latitudinal and temporal shift in temper-
ature, water availability, and growth response.
(A) Average MATand MAPof study forests (1960–
2004) binned by 0.1° latitude. Data are means ±
SEM.Temperature decreases linearly with latitude (P<
0.001, two-tailed t test), unlike precipitation (P>0.05).
(B) Proportion of positive correlationswith growth (P<
0.05, stationary bootstrap) across seasons, binned
by degree of latitude. Asterisks indicate values differ-
ing significantly from 0.5 (P < 0.05, two-tailed chi-
squared tests). Linear regression model P values
for slopes of temperature, precipitation, and SMI are
<0.01, 0.11, and <0.01, respectively (one-way analy-
sis of variance models). Forests above 49°N display
significant patterns of low-temperature constraint.
(C) Areas with baseline (1971–2000) and future
(2041–2070) MATcorresponding to the forests with
low-temperature constraints from (B). Colors indi-
cate the 10th, 50th, and 90th percentiles of projected
MAT from21 climate simulations and twogreenhouse
gas emission scenarios [representative concentration
pathways (RCPs)] of 4.5 and 8.5 Wm–2 (35).
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correlationswith SMI are positive between 47° and
49°N and become negative above 50°N. As for
precipitation, the majority of the significant cor-
relations are negative above 51° to 52°N (Fig.
3B). To summarize, all three climate variables point
toward a low-temperature constraint in black
spruce forests north of approximately 49°N. The
average MAT of forests sampled at this latitude is
1.1 ± 0.7°C (SD) and may be a threshold of MAT
below which the growth of black spruce trees is
constrained by low temperatures (Fig. 3C). In
contrast to typical climate envelopemodels, which
use species distribution data to estimate their
climatic niche, our approach uses the climate sen-
sitivity of thousands of black spruce trees.
According to median temperature projections

for a low- and a high-emission scenario (4.5 and
8.5Wm–2) for 2041–2070, 63 to 80%of the territory
from 49° to 52°N should still be subject to MAT
associated with positive temperature responses
(Fig. 3C). Considering that (i) increasing growth
rates are being reported at the species treeline
[55° to 58°N (18)] and (ii) the species is already
dominant at these latitudes although at lower
density, we see no major constraint against a shift
of the refugium into the open-crown forests located
northof the studyarea, despite thepresence of less
fertile soils. We acknowledge that there is a po-
tential warming thresholdwhen the regionwould
lose its capacity to favor black spruce growth.
The essentially monotypic black spruce boreal

forest dominating at latitudes from 49°to 52°N
has a largely positive growth response to the com-
bined increase in temperature and decrease in
precipitation, thus supporting the hypothesis that
low temperatures are the dominant climatic growth
constraint. Conversely, growth reductions associ-
ated with increases in temperature and decreases
in precipitation and SMI are mostly found south
of 49°N. This conclusion agrees well with (i)
satellite-derived observations of recent increases
in photosynthetic activity in high-latitude forests
of NENA (12, 13, 33), (ii) ground-based reports of
a recent increase in black spruce growth in the
northern forest-tundra of NENA (18), and (iii)
predictive growth models for boreal tree species
of NENA (17). The poor adaptation of black spruce
to warm temperatures (6) that is responsible for
its lower relative abundance south of 49°N (fig.
S1), coupled with the higher water requirements
of the denser, taller, and more productive forest
stands found at these latitudes, may contribute
to the observed response gradient. Being mainly
driven by temperature, this gradient is likely to
also affect other boreal species of NENA, although
species-specific adaptations at the scale of this
study are unknown.
In contrast to the moisture-sensitive boreal

forests of central and western North America,
results from this heavily replicated network in-
dicate that eastern black spruce populations north
of 49°N show no sign of a negative response to
climate warming and instead respond positively
to increased temperature and reduced precipitation.
Although these conclusions do not take into ac-
count the predicted changes in biotic and abiotic
disturbances (2), they do suggest that the higher

NENA water availability could allow boreal tree
species such as black spruce to better withstand
a warmer climate in NENA than in the central
and western portions of North America. Outside
of the potential for extreme disturbance events,
NENAmay act as a refugium for the boreal forest.
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ECOSYSTEM SERVICES

Improvements in ecosystem services
from investments in natural capital
Zhiyun Ouyang,1* Hua Zheng,1 Yi Xiao,1 Stephen Polasky,2 Jianguo Liu,3 Weihua Xu,1

Qiao Wang,4 Lu Zhang,1 Yang Xiao,1 Enming Rao,1 Ling Jiang,1 Fei Lu,1 Xiaoke Wang,1

Guangbin Yang,5 Shihan Gong,1 Bingfang Wu,6 Yuan Zeng,6

Wu Yang,7 Gretchen C. Daily8*

In response to ecosystem degradation from rapid economic development, China began investing
heavily in protecting and restoring natural capital starting in 2000.We report on China’s first
national ecosystem assessment (2000–2010), designed to quantify and help manage change in
ecosystem services, including food production, carbon sequestration, soil retention, sandstorm
prevention, water retention, flood mitigation, and provision of habitat for biodiversity. Overall,
ecosystem services improved from 2000 to 2010, apart from habitat provision. China’s national
conservation policies contributed significantly to the increases in those ecosystem services.

T
hrough pursuit of rapid economic develop-
ment, China has become the second largest
economy in the world and has lifted hun-
dreds of millions of people out of poverty
since the “reform and opening up,” begun

in the 1970s. Yet the costs of this success are re-
flected in high levels of environmental degradation.
In 1998, massive deforestation and erosion contrib-
uted to severe flooding along the Yangtze River,
killing thousands of people, rendering 13.2 million
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L. D'Orangeville, L. Duchesne, D. Houle, D. Kneeshaw, B. Côté and
forests in a warming climate
Northeastern North America as a potential refugium for boreal
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temperatures and where the forest should persist at least until 2070.
they delineate the geographical extent of the region where tree growth responds favorably to higher 
temperature increases in their natural range. Using tree-ring data from many thousands of forest stands,
future range for boreal forests in eastern North America, which are expected to be subject to large 

 assess the probableet al.particular organisms and ecological communities in the future. D'Orangeville 
Conservation under climate change presents the challenge of predicting where will be suitable for

A future for boreal forests
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