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Abstract
In viewof the economic, social and ecological importance ofCanada’s forest ecosystems, there is a growing
interest in studying the responseof these ecosystems to climate change.Accurate knowledge regarding
growth trajectories is needed for bothpolicymakers and forestmanagers to ensure sustainability of the
forest resource.However, results of previous analyses regarding the sign andmagnitudeof trendshave
oftendiverged.Themainobjective of this paperwas to analyse the current state of scientific knowledgeon
growth andproductivity trends inCanada’s forests andprovide some explanatory elements for contrasting
observations.The threemethods that are commonlyused for assessments of tree growth and forest
productivity (i.e. forest inventory data, tree-ring records, and satellite observations)havedifferent
underlyingphysiological assumptions andoperate ondifferent spatiotemporal scales,which complicates
direct comparisonsof trend values between studies.Withinour systematic reviewof 44peer-reviewed
studies, half identified increasing trends for tree growthor forest productivity,while theotherhalf showed
negative trends. Biases anduncertainties associatedwith the threemethodsmay explain someof the
observeddiscrepancies.Given the complexity of interactions and feedbacksbetween ecosystemprocesses
at different scales, researchers should consider the different approaches as complementary, rather than
contradictory.Here,wepropose the integrationof thesedifferent approaches into a single framework that
capitalizes on their respective advantageswhile limiting associatedbiases.Harmonizationof sampling
protocols and improvementof data processing andanalyseswould allow formore consistent trend
estimations, therebyproviding greater insight into climate-change related trends in forest growth and
productivity. Similarly, amore opendata-sharing culture should speed-upprogress in thisfield of research.

Introduction

Humans have modified their environment substan-
tially, far beyond the natural variability in ecosystem
processes (Zalasiewicz et al 2011), which has led to the
proclamation of a new geological era, the Anthropo-
cene (Crutzen 2002). A recent study located its onset at
around the year 1950 (Waters et al 2016), after which a
strong warming trend in climate was identified
globally and particularly at high latitudes (IPCC 2013).

In Canada, mean annual temperatures have risen on
average by 1.7 °C since 1948, with the strongest
increase along the West Coast (Environment
Canada 2017). These rising temperatures coincide
with an increase of almost 25% in atmospheric CO2

concentrations, emissions of which are attributable to
human activities over the same period (IPCC 2013).
Some concerns regarding climate change relate to its
potential effects on ecosystems, including forests, that
are of major importance for society. Forests cover
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nearly 40% of Canada’s land surface and play a crucial
role in theCanadian economy (Gillis et al 2005). Forest
ecosystems also offer a large number of societally-
relevant functions (Gauthier et al 2015), including the
sequestration of a significant proportion of anthropo-
genic carbon emissions (Arneth et al 2010, Kurz
et al 2013, LeQuéré et al 2018).

Concerns about the future of Canadian wood
resources have led to a growing number of studies
focusing on the assessment and monitoring of forest
ecosystem characteristics. Major satellite observation
programs began in the early 1980s and have provided
information on the effects of environmental change
and human activities on the geographical distribution
of natural resources (Roy et al 2014). Such data allow
mapping and monitoring the Earth’s surface as a
whole, with minimal budgetary considerations and
time constraints that would limit spatial field observa-
tion campaigns to disparate networks of inventory
plots in areas that are easily accessed (Zhang et al 2003,
Sulla-Menashe et al 2016). The quality, accuracy and
availability of remotely sensed data has been improv-
ing constantly over the last few decades. Moreover, a
substantial proportion of these data is now available
free of charge (Czerwinski et al 2014).

In contrast to remote sensing observations, a more
field-based monitoring approach is the network of
sample plots that has been established by federal and
provincial authorities in Canada through national and
provincial forest inventories (Béland et al 1992, Gillis
et al 2005). These plots allow for the estimation of
stand biomass through allometric equations that are
based upon measurements of tree dimensions and the
number of stems per hectare (Lambert et al 2005). Plot
remeasurement provides information on temporal
variation in stand productivity and permits the esti-
mation of future (potential) productivity (Ciais
et al 2008), an important management tool for adapt-
ing silvicultural practices to changing environmental
conditions (Gillis 2011). A second field-based
approach for studying growth trends relies upon den-
drochronology, i.e., the measurement and dating of
annual growth rings that allow linking spatiotemporal
fluctuations in environmental factors to changes in
tree growth rates (e.g., Berner et al 2011, Dietrich
et al 2016, Babst et al 2018).

Many studies have focused on quantifying growth
and productivity trends in Canadian forests using
either one or multiple of these data sources, but
reporting very different results. Rising temperatures
combined with higher atmospheric CO2 concentra-
tions have been assumed to improve forest productiv-
ity by lengthening the growing season (Eastman
et al 2013) and increasing carbon assimilation rates
(Long et al 2004). While several studies had indeed
shown mainly positive trends for Canadian forests (Ju
and Masek 2016, Hember et al 2017), other studies
indicated a decreasing trend in growth and productiv-
ity rates (e.g., Chen et al 2016, Girardin et al 2016a).

Heat stress that is caused by rising temperatures and
an increase in the frequency and intensity of droughts,
among other factors, have been suggested as explana-
tions for these downward trends (Hogg et al 2005,
Zhang et al 2008, Michaelian et al 2011, Girardin
et al 2014). The lack of a clear tendency in growth and
productivity estimates prevents policy makers from
adequately defining annual allowable cuts, and fores-
ters from determining appropriate silvicultural prac-
tices thatmaximize growth rates and forest yields.

Here, we provide an in-depth assessment of meth-
odological aspects that could explain, in part, the con-
tradictory findings of earlier studies. The first section
of this paper focuses on the characteristics of the stu-
died variables and spatiotemporal scales. We examine,
whether the different methods target comparable eco-
physiological processes, and to what extent observa-
tional scales and data resolution allow for robust com-
parisons. We then discuss biases associated with each
method and how they may affect the calculation of
growth and productivity trends. Finally, we propose
the co-integration of the different methods as a means
of improving estimates of growth and productivity
trends across large forest biomes such as the Canadian
forests. We conclude by pointing out the urgent need
to adjust some of our established working methods to
foster advances in this field of research. We also
encourage intensified data sharing through open-
access portals.

Methodology

Data sources anddefinitions
This paper is based upon a systematic review of trends
in Canada’s forest growth and productivity that were
reported in peer-reviewed scientific articles. Articles
were searched through the Google Scholar and ISI
Web of Knowledge search engines using the following
keywords: ‘Canadian forest growth,’ ‘Canadian forest
productivity,’ ‘Canadian forest inventory data,’ ‘Den-
drochronological studies Canada,’ ‘Forest response to
climate change,’ ‘normalized difference vegetation
index (NDVI) trends Canada,’ ‘Productivity trends
Canada,’ ‘Dendrochronology trends Canada,’ ‘Biases
dendrochronology,’ ‘Biases forest inventory data,’
‘Biases vegetation indices,’ ‘Uncertainties remote sen-
sing data,’ ‘Uncertainties productivity calculation,’
‘Uncertainties detrending.’ Citations within the
searched articles were also carefully checked and
incorporated if they were relevant (backward search).
While this work focuses on growth and productivity
trends in Canadian forests, search results from other
geographic areas have been retained for the purposes
of discussion. In particular, these were studies that
mentioned innovative methodological approaches
that have rarely been applied in Canadian studies. The
search did not include studies of productivity simula-
tions that were derived frompredictivemodels.
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Throughout this systematic review, we shall refer
to the terms ‘growth’ and ‘productivity.’Here, we shall
use the term ‘growth’ mainly to refer to secondary
growth, i.e., the increase in tree diameter or basal area
(e.g., Dietrich et al 2016, Girardin et al 2016a). Else-
where, Assman (1970) defined ‘forest productivity’ as
the increase in biomass or volume of wood per unit
area and time. Researchers usually calculate this value
as the difference in woody biomass between two mea-
surement dates (e.g., Ma et al 2012, Hember
et al 2017). In this paper, we shall use the term ‘pro-
ductivity’ to refer to the change in living wood biomass
that occurs within a stand or forested area between
twomeasurement dates.

Different variables at different working
scales

Interconnected but dissimilar physiological
processes
We identified 44 studies that focus on the estimation
of Canadian forest growth and productivity trends.
Most of these studies rely upon remote sensing data,
followed by forest inventory and tree-ring analyses
(table 3, see specific examples in figure 1). Across all of
these studies, Canadian forests experienced no signifi-
cant change in growth, with a typical standardized
growth rate of −0.52% per year with 95% boot-
strapped confidence intervals [−2.27,+0.70] (average
taken from n=51 standardized growth rate samples,

table 3). Half of the studies report positive trends,
whereas the other half shows a decline in growth and
productivity. Observed growth trends ranged from
−24.5% yr−1 to +10% yr−1 (table 3). Some datasets
show similarities, including NDVI from GIMMS 3g
(Pinzon and Tucker 2014), aerial biomass inferred
from provincial forest inventories, and trends in
dendrochronological analyses of Canada’s National
Forest Inventory database (figure 1). During the late-
20th century, the north-westernmost boreal zone
showed negative trends, while the southeastern boreal
zone displayed positive trends (figure 1). Despite this
general tendency, one can see many differences in the
signs and magnitudes of the trends within regions,
depending upon the data source (table 3). Determin-
ing how much of these variable results are due to
geography, versus methodological differences, versus
random processes (errors) is a daunting task, and
necessitates a closer look at the underlying eco-
physiological and ecosystem processes that are cap-
tured by each of thesemethods.

Vegetation indices that are derived from remote
sensing data are broadly used to approximate plant
productivity (Berner et al 2011). The most commonly
used vegetation indices are the NDVI derived from
surface reflectance, and the leaf area index (LAI), esti-
mated from other vegetation indices such as the NDVI
on the basis of statistical relationships with field
measurements. Vegetated areas typically exhibit
NDVI values between 0.1 and 0.7 (Seth et al 1994,

Figure 1. Left: comparisonof spatially explicit trends acrossCanada’s boreal forest assessedby (a) remote sensing (GIMMS3gNDVI,
data fromPinzonandTucker 2014), (b) forest inventory (abovegroundbiomass, data fromMa et al2012), and (c)dendrochronology
(detrended basal area increments, data fromGirardin et al 2016a). The periods coveredby the trend analyses are indicated next to each
map.Right: three examples of time series are shown for easternCanada: (a) averagedNDVIover 50.875°N,74.21°W, (b) aboveground
biomass for 50.96°N,74.01°W; (c)detrended basal area increments aggregated over 48.94°N,74.76°W (see original papers for
computationprocedures). Also shown are linear regressions of values over time (a): 1982–2002 (bluedashed line), (b): 1971–1999
(orange dashed line), (c): 1950–2002 (greendashed line), 1970–2002 (orangedashed line) and 1982–2002 (bluedashed line).
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Wang et al 2005). Similar to spectral reflectance values
(Carlson and Ripley 1997), vegetation indices are the
expression of how much photosynthetic pigment is
present in a given area (Nagai et al 2010, Piao
et al 2014) and refer to ‘greening’ and ‘browning’ as
seasonal trends in foliage area and pigment density.
These indices are assumed to represent the state of
the vegetation, its photosynthesis capacity (Myneni
et al 1997b). In contrast, productivity estimates from
forest inventories (typically quantified as aboveground
biomass increment, ABI) correspond to stand-level
biomass gains and losses between two inventory
periods (Chen et al 2016, Hember et al 2017). These
values inherently consider stand regeneration and
mortality rates, as well as the stand-level increase in
woody biomass of surviving trees (Hember et al 2017).
Finally, tree-ring width (TRW), which is the most
common parameter in dendrochronological studies,
corresponds to the annual radial growth of a tree and
represents the number and size of cells that are pro-
duced during the growing season (Berner et al 2011).
TRW is often standardized (i.e., ‘detrended’) to obtain
a dimensionless index (tree growth increment (TGI);
ring-width index (RWI), a measure of the annual
growth anomaly compared to the mean over a given
time period (D’Arrigo et al 2004), although this step is
increasingly being avoided when tree rings are used in
an ecological context (Babst et al 2018).

Vegetation indices from remote sensing, above-
ground biomass increments from forest inventories,
and TGIs from dendrochronological studies are
reported occasionally to be correlated with one
another (Pouliot et al 2009, Girardin et al 2014, Vice-
nte-Serrano et al 2016), but they represent the out-
come of different physiological processes. While
vegetation indices reflect photosynthetic capacity,
growth-based metrics represent increases in woody
biomass at different scales (stem: ring-widths or stand:
ABI). These different proxies of growth and pro-
ductivity refer to different processes of plant carbon
uptake and use (leaf, stem, roots) and are correlated in
a nonlinear fashion (Tateishi and Ebata 2004). RWIs
refermainly to the increase in radial diameter, i.e., sec-
ondary growth, and are thus not a direct measure of
height growth or stand demographic processes, such
as recruitment or mortality. Furthermore, the carbon
that is sequestered in a given year will not only ensure
the growth of that year, but can additionally sustain
the tree’s needs in the following years through the sto-
rage and remobilization of non-structural carbohy-
drates (Berner et al 2011, Richardson et al 2013).
Consequently, a reduction in the tree’s photosynthetic
capacity or an increased carbon consumption for
baselinemetabolism during a drought year will reduce
the carbon that is available for structural growth in the
following year. This often leads to a 1 year lag between
vegetation indices and radial growth increments (Ber-
ner et al 2011, Beck et al 2013, Seftigen et al 2018) and
to significant autocorrelation in tree-ring time series

(Zhang et al 2017). The correlation between remote
sensing vegetation indices and tree- or plot-scaled
proxies may also depend upon carbon sink strength of
different organs (e.g., roots, shoot, needles or leaves)
(Rieger et al 2017).

On the importance ofworking scales
Spatial scales
Spatial variability in growth and productivity trends is
an important feature of Canadian forests (Girardin
et al 2011, 2016a), and this variability occurs across
latitudinal (Huang et al 2010) and longitudinal (Nishi-
mura and Laroque 2011) gradients. Some authors also
observed the importance of elevation (Parent and
Verbyla 2010) and soil hydraulic regimes (Hember
et al 2017), thereby emphasizing the role of spatially
heterogeneous and temporally non-stationary factors
that occur at different geographical scales (Anyomi
et al 2014). Numerous interactions and feedbacks
across time and space prevent analysts from defining
clear boundaries between these scales (Miller
et al 2004, Soranno et al 2014, Scholes 2017). As noted
by Zhang et al (2003) and McMahon et al (2010), the
different methods of assessing forest growth and
productivity do not always operate at the same spatial
scale.

Remote sensing often operates at regional scales
where some local or stand-specific ecological and
environmental processes are not captured as accu-
rately as in field-based assessments (Goetz et al 2005,
Beck and Goetz 2011, Piao et al 2014). Land cover
maps allow grouping of the woody vegetation into
large forest types (Zhou et al 2003), for which different
productivity trends have been observed (Goetz
et al 2005) that are potentially influenced by natural or
anthropogenic disturbances (Boisvenue and Run-
ning 2006). Negative trends have been reported for
areas that have been recently affected by a disturbance,
whereas strongly positive trends are characteristic of
forest regrowth responses (Hicke et al 2002a, Pouliot
et al 2009, Beck and Goetz 2011, Ju and Masek 2016).
Sulla-Menashe et al 2018 demonstrated that a large
part of positiveNDVI trends from remote sensing data
could be associated with forest recovery after dis-
turbance. Elimination of areas that were affected by a
major disturbance could help improving comparisons
between studies, as well as distinguishing the effects of
climate change from those that are related to dis-
turbances (e.g., Parent and Verbyla 2010, Beck and
Goetz 2011, Sulla-Menashe et al 2016, Girardin
et al 2016a, Hember et al 2017). However, algorithm-
based identification of disturbed areas is error-prone
and caution is warranted when interpreting these data
(Sulla-Menashe et al 2016).

At the stand level, composition and demography
can significantly affect forest productivity (Foster
et al 2014). In addition to differences between indivi-
duals, some authors also have identified species-specific
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sensitivity to environmental stresses (Chen et al 2016,
Wason et al 2017, Teets et al 2018). Such inter-specific
differences are related to physiological thresholds and
anatomical properties, such as root systemmorphology
(Hember et al 2016), andwould lead to different rates of
biomass accumulation and growth trends (McMahon
et al 2010, Girardin et al 2016a). Finally, at the finest
scale of dendrochronological studies, growth trends of
individual trees of the same species may differ even
within the same stand (Buras et al 2016). This is likely
due to demographic and genotypic differences between
individuals or differences in microclimatic conditions,
topography, soil properties and soil drainage (Wilmk-
ing et al 2005, Berner et al 2011, Brienen et al 2012, Gir-
ardin et al 2012,Girardin et al 2014).

Since ecological parameters that influence tree
growth and forest productivity cannot be measured or
controlled accurately, depending upon the spatial scale
(figure 2), comparing trends frommethods that operate
at different scales is challenging. Therefore, it is risky to
extrapolate results thatwere obtained atfine spatial scales
to coarser scales (i.e., upscaling), and vice versa (i.e.,
downscaling) (Scholes 2017). For example, strong posi-
tive trends could be observed at the individual tree level,
while the stand could experience lower or even negative

trends resulting from a lack of regeneration or an
increase in mortality rates (Hogg et al 2005, McMahon
et al 2010, Groenendijk et al 2015). Similarly, an increase
in vegetation cover could result in increasing values of
vegetation indices over time, without a simultaneous
improvement of tree growth rates (Mekonnen et al
2016). In this regard, one should proceed with caution
whenmerging and interpreting results from several data-
sets basedondifferent spatial scales.

Time scales
Growth and productivity trends are also temporally
heterogeneous (Girardin et al 2016b, Hember
et al 2017) (figure 1) and temporal scales differ between
the three observation methods. First, remote sensing
data have been available since the early 1980s (see
table 1). The recording frequency varies from one
week to one month for the most commonly used
datasets (see table 1). Vegetation indices are usually
rescaled to a monthly or annual step (e.g., Zhou
et al 2001). In contrast, data from forest inventories
have been available over the last 50 years on a 5- or 10-
year time step (Hember et al 2017). Environmental
conditions at the time of sampling are known; hence,
each inventory campaign provides a snapshot of the

Figure 2. List of factors that could bemeasured or controlled at the different working scales (individual stem, sample plot/stand,
landscape/global).
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Table 1. Spatial and temporal resolution and period covered by themost frequently used remote sensing datasets.

Dataset Spatial resolution Period covered Temporal resolution Notes

AVHRRGIMMS 1 km/8 km 1978–now Weekly/Bi-monthly These products are derived fromAVHRRdata for which there are several sensor versions: 1 (1978), 2 (1981), 3
(1998) http://noaasis.noaa.gov/NOAASIS/ml/avhrr.html. Data correctionmethods differ between the three

datasets.

AVHRRPAL 8 km 1981–2001 10 day/monthly

AVHRRFASIR 0.08°/0.25°/0.5°/1° 1982–1999 10 day/monthly

Terra-MODIS 250 m/500 m/1 km 2000–now 16 day https://terra.nasa.gov/about/terra-instruments/modis

GIMMSLAI3g 0.08° 1981–2004 Bi-weekly These products are derived from amerging ofMODIS andAVHRRdata http://modis.cn/globalLAI/

GLOBMAP_LAI_DescriptionV1.pdf; http://glcf.umd.edu/data/lai/

GLOBMAPLAI 8 km, 0.08° 1981–now Bi-monthly (1981–2000), 8 day
(2000–2015)

GLASS LAI 1 km, 0.05°/5 km 1981–2012 8 day

LandSat TM/ETM+ 30 m 1982–now 16 day Landsat 4 (1982), 5 (1984), 7 (1999), Landsat 8 since 2013 https://lta.cr.usgs.gov/products_overview/
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sampled stands at a specific point in their life history
(Biondi 2000, Bowman et al 2013). The temporal
resolution of forest inventory data is coarse and does
not allow visualizing inter-annual growth variations,
e.g., following extreme climate events (Hember
et al 2017). Finally, working with ring-width data
allows analysts to assess inter-annual or seasonal
growth variation of boreal species over the tree’s
lifespan (Berner et al 2011, Bowman et al 2013).
However, tree rings in pre-instrumental times were
formed in an unknown and uncontrolled environ-
ment (e.g., during the Little Ice Age, which ended in
1850), differing from current environmental condi-
tions (Cook and Pederson 2011, Bowman et al 2013,
Rieger et al 2017). Ring-width data, as well as remote
sensing data, are available at a very fine timescale,
which could also reduce the ability to detect subtle
changes in growth due to a higher noise level
(Verbesselt et al 2010).

The direction and magnitude of trends may also
depend on time-series length and their start and end
dates (Lloyd and Bunn 2007, Hember et al 2017)
(figure 1). Trends from half century-long series (e.g.,
1950–2002; Girardin et al 2016a) that reflect a multi-
decadal change in growth and productivity rates will
not necessarily agree with those obtained from shorter
time-series (e.g., 1984–2012; Ju and Masek 2016),
which provide information on more recent changes.
This would be particularly true in the context of a sud-
den reversal of trends, such as has been noted in some
Canadian regions between the late 1980s and early
1990s (Wang et al 2011, Girardin et al 2014; see
figure 1).

The spatiotemporal specificities of each observa-
tion method allow scientists to test for a large number
of ecological assumptions. Forest ecologists rely on the
very fine time resolution and wide geographical cover-
age of satellite data to observe continuous patterns of
productivity trends across the landscape, and to for-
mulate hypotheses about the potential link with other
geographically-varying ecological phenomena, such as
changes in the pattern of natural disturbances or in the
phenology of woody species (Goetz et al 2007, Beck
and Goetz 2011). Besides, the spatial unit of forest
inventory data, i.e. the forest stand, makes them better
suited to test more applied and forest industry-orien-
ted hypotheses, for example regarding the best combi-
nation of stand structure and composition tomaintain
the highest yields under a warming climate (Millar
et al 2007). Lastly, the individually-scaled ring-width
data allow to quantify the between-tree heterogeneity
in the growth response to environmental gradients
occurring within a population (Buras et al 2016), and
to link this heterogeneity with tree’s growing condi-
tions or morpho-physiological traits (Rozas and
Olano 2013). However, despite their respective
strengths, each of these three methods has its own
weaknesses for assessing trends in tree growth and for-
est productivity.

Biases anduncertainties

Limitations of remote sensing data
Multiplicity of vegetation indices
The open availability of remote sensing data has led to
a plethora of vegetation indices, each with its own
calculation process. Because different vegetation
indices are based upon different wavelengths, they do
not convey the same information (Czerwinski
et al 2014). Also, because of their remote nature,
vegetation indices can be influenced by several envir-
onmental characteristics. For example, soil character-
istics, such as soil colour, brightness and texture, or
slope, are known to affect NDVI values (Raynolds
et al 2013, Pattison et al 2015), especially in sparsely-
vegetated (Czerwinski et al 2014) and mountainous
terrain (Kerr and Ostrovsky 2003). Finally, NDVI is
prone to saturation when focusing on highly produc-
tive areas (Pattison et al 2015), leading to less precise
estimates of biomass changes in the most productive
forests and possibly obscuring significant trends
(Berner et al 2011). Since compiled NDVI time series
are easily accessible (Ichii et al 2002), other existing
and potentially more accurate indices are rarely used,
such as the enhanced vegetation index (Baret and
Guyot 1991, Czerwinski et al 2014, Jin et al 2016, Sulla-
Menashe et al 2016, Karkauskaite et al 2017).

Spatial resolution
The limited spatial resolution of remote sensing time-
series (table 1) may affect the trend accuracy of
vegetation indices. The vegetation index value that can
be attributed to a given pixel corresponds to the whole
photosynthetic signal of the pixel (Olthof et al 2009,
Berner et al 2011), and the detected trend will mostly
be representative of foliage and productivity variation
of the dominant species (Chen et al 2016), regardless
of whether it is a tree species or not (Berner et al 2011).
The influence of the type and amount of vegetation
can be particularly problematic at high latitudes,
where spurious positive trends that are observed in
sparsely-forested areas (e.g., Guay et al 2014) could be
due to an expansion of the understory vegetation
(Berner et al 2011). Myneni et al (1997b) recom-
mended that the type of vegetation cover be consid-
ered when using NDVI data. A lag between leaf
expansion and photosynthetic capacity of broadleaved
species is often proposed to explain the nonlinear
relationship between vegetation index values and leaf
area values of a given area (Nagai et al 2010). These
resolution-dependent uncertainties may partly
explain the largest proportion of positive trends for
remote sensing-based studies compared to field obser-
vations (68%and 35%, respectively; figure 3(a)).

Data quality
Data quality is crucial for detecting trends that result
from subtle environmental changes, such as climatic
gradients (Pouliot et al 2009, Guay et al 2014).

7

Environ. Res. Lett. 13 (2018) 093001 WMarchand et al



Remote sensing data are prone to quality loss through
environmental perturbations, mechanistic limita-
tions, or sensor degradation (see figure 2 in Babst
et al 2010). The main source of environmental
perturbations are snow and cloud cover (Fensholt
and Proud 2012). While the effect of snow cover can
be avoided when focusing on snow-free seasons,
cloud cover is a persistent concern, particularly for
Landsat records of northeastern and western Canada
(Roy et al 2008, Pouliot et al 2009). Cloud contamina-
tion induces artificially low NDVI values and could
be responsible for the negative trends that have been
observed for the Arctic region (Parent and Ver-
byla 2010). Existing algorithms that are used to
remove cloudy pixels automatically (Sulla-Menashe
et al 2016) are suboptimal (Slayback et al 2003).
Removal of cloudy pixels also lowers the number of
observations (Parent and Verbyla 2010, Fraser

et al 2011, Ju and Masek 2016) and, thus, affects the
capacity to detect significant trends (Pattison et al
2015). Uncertainties that are associated with sensor
mechanics and post-recording corrections are
related, among other things, to a lack of calibration,
orbital drift, differences in viewing geometries, and
to the use of different algorithms for atmospheric
corrections (e.g., Roy et al 2008, Chen et al 2014).
Because of these mechanistic limitations and error-
prone correction algorithms, different data sources
and sensors can provide differing NDVI values for
the same geographical area (Sulla-Menashe et al
2016). This lack of robustness constrains the possibi-
lity of cross-studies comparisons (Fensholt et al 2009,
Fensholt and Proud 2012, Raynolds et al 2013, Zhu
et al 2016), as well as merging data from multiple
sensors (Girardin et al 2016b), particularly for the
Arctic region (Raynolds et al 2013).

Figure 3. (a)Percentage of studies reporting positive (black) or negative (grey) growth and productivity trends for Canadian forests, by
observationalmethod (see table 1 for references). Pseudo-replicationwas considered as follows: in the case of two different studies
published by the same author, themost recent studywas selected; Chen and Luo (2015), Zhou et al (2001) and Ichii et al (2002) have
been excluded. In the case of different results from the same study, with the samemethod and the same geographical area, but with
different datasets, the sign of the average trendwas considered (Zhu et al 2016). In the case of different results, with the samemethod,
from the same study, but for different geographical areas, the trend corresponding to thewidest geographical area (Chen et al 2014), or
to the boreal forest (Goetz et al 2005, Bunn andGoetz 2006)was considered. In the case of two different results from the same study
but with differentmethods, the two trendswere retained (Berner et al 2011,Hember et al 2012, Bond-Lamberty et al 2014, Girardin
et al 2014, Boisvenue et al 2016). Also shown is the number of studies taken into account by observationalmethod and trend sign. (b)
Percentage of studies according to their level of uncertainty, by observationalmethod and trend sign. For information about the
attribution of uncertainty levels, see the subsection ‘Uncertainty assessment’.
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Spatial heterogeneity and sampling biases
Effects of a non-random sampling strategy
Soil properties and vegetation types within ecological
units are oftenheterogeneous (LandsDirectorate 1986,
Marshall et al 1999), and an incomplete representation
of such heterogeneous conditions in analyses of
Canadian forest trajectories may induce biases. Since
field sampling is expensive and time-consuming
(Vicente-Serrano et al 2016), forest inventory cam-
paigns tend to target commercial species within intact,
productive and mature forests (Hember et al 2012).
Thus, the least productive (forested peat bogs or xeric
forests) and the least accessible (mainly high-latitude
areas) stands are underrepresented when considering
these field-based observations (Boisvenue et al 2016).
Dendrochronological studies, in contrast, often focus
on the most climate-sensitive trees, i.e., individuals
growing at the edges of their distribution range
(Kaufmann et al 2004, D’Arrigo et al 2014, Charney
et al 2016). This may explain the heterogeneity of
trends from studies that are based upon plot inven-
tories and dendrochronology (table 3,figure 3(a)).

Within a sample plot, the largest dominant/co-
dominant and healthy trees are usually targeted for
tree-ring or stem analyses (Duchesne and Oui-
met 2008, Bowman et al 2013). This non-random
selection of a subpopulation could bias the resulting
growth trends. Sampling only the largest trees in
recently regenerated stands, such as fast-growing trees,
is referred to as ‘big tree selection bias’ in the scientific
literature (Nehrbass-Ahles et al 2014, Groenendijk
et al 2015, Brienen et al 2017). The resulting growth
trends would be artificially high and unrepresentative
of the entire population (Brienen et al 2012). In con-
trast, the selected living trees in the oldest stands could
have experienced the slowest growth, especially for
species with a short life expectancy, including most of
boreal species. This selection of old, slow-growing
individuals (Nehrbass-Ahles et al 2014) would lead to
artificial negative growth trends (Brienen et al 2012).
This is referred to as ‘slow growth survivorship bias’ or
‘productivity survivorship bias’ in the literature (Bow-
man et al 2013). Senescent trees would also artificially
lower growth trends, which is referred to as ‘pre-death
slow growth bias’ (Bowman et al 2013, Groenendijk
et al 2015, Cailleret et al 2017). Also, trees that died
prior to sampling are usually not accounted for when
building chronologies (Swetnam et al 1999). This
results in a loss of reliability and a biomass under-
estimation going back in time (Dye et al 2016), which
is referred in the literature to as the ‘fading record pro-
blem,’ and could lead to apparent increasing growth
rates.

Demographic biases, such as those discussed
above, can lead to biased estimates of tree growth and
forest productivity (Foster et al 2014) potentially
exceeding by 150%–200% the average trend experi-
enced by the whole population (Nehrbass-Ahles
et al 2014). Therefore, there is a need to consider past

demography when studying growth dynamics and
variation in forest biomass (Hember et al 2016), espe-
cially through the sampling of deadwood and snags
(Girardin et al 2011, Gennaretti et al 2014, Groe-
nendijk et al 2015). A combination of den-
drochronological data and simulated past biomass
increments can permit accounting for growth rates of
dead trees (Foster et al 2014). However, this approach
does not account for abrupt and largemortality events,
but instead relies upon the representativeness of the
available dendrochronological data (Foster et al 2014).

Spatiotemporal fluctuation of inventory plot network
Analyses of repeated forest stand measurements have
important advantages over other methods in that they
enable the assessment of effects of stand dynamics,
such as mortality and regeneration, together with
competition for resources on productivity (Wilmking
et al 2004, Foster et al 2014, Hember et al 2017). Since
old stands exhibit lower productivity trends than
mature and young stands (Girardin et al 2012, Chen
et al 2016, Girardin et al 2016b), the use of the age of
the oldest tree or time-since-disturbance as proxies for
stand age are ecological parameters that are necessary
for explaining productivity trends. Yet this variable
can rarely be obtained because either the lifespan of
trees is shorter than the typical stand-replacing
disturbance return interval (and therefore, a mini-
mum age is assigned to the stand), or age is estimated
from core samples that are collected at breast height
(1.3 m) or 1 m height, which can lead to an under-
estimation of tree age of up to 30%with shade-tolerant
species (Marchand and DesRochers 2016). Other
challenges include the effects of natural or anthropo-
genic disturbances that are superimposed upon ecolo-
gical gradients (Girardin et al 2008) and stands that
are, unfortunately, rarely resampled after disturbances
(e.g. Hember et al 2012, Zhang et al 2015, Dietrich
et al 2016, Hember et al 2017). A standard practice is
the translocation or addition of new, non-disturbed
stands to the initial inventory network (Hember
et al 2012, Bowman et al 2013). Hence, post-distur-
bance recovery of productivity cannot be compiled.
The resulting modification in the distribution of site
quality, competition intensity, climatic conditions and
age classes could induce further spurious negative
productivity trends or mask positive trends (Bowman
et al 2013, Hember et al 2017). To avoid uncertainties
that are linked with these spatiotemporal fluctuations
in the plot network, researchers need to consider only
plots that were sampled from the first inventory
campaign to the last one (Duchesne and Ouimet 2008,
Ma et al 2012). This strategy leaves very few plots for
analysis; for example,Ma et al (2012) retained less than
1%of the available plots in their study, in part, because
of this criterion. Nevertheless, an important problem
remains: random mass mortality events that are
induced by natural disturbances are not considered
(Körner 2003, Vanderwel et al 2013), which could
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result in underestimation of mortality rates and over-
estimation of the increase in aboveground biomass
over time (Fisher et al 2008).

Uncertainties resulting fromdata processing
Spatiotemporal data aggregation
When working with large datasets, data rescaling, i.e.,
aggregation of data at a broader scale than the original
scale, is a common practice that represents a trade-off
between the amount of available information and its
relevance to the study’s purpose. Rescaling data at
coarser spatial and temporal scales eases the interpre-
tation and visualization of the results, but it also results
in the loss of strong spatiotemporal variability in
growth and productivity trends. Figure 4 illustrates

how the direction of growth trends could vary when
computed from chronologies successively aggregated
at upper spatial scales. We utilized a subset of stem-
analysis data from Quebec’s Northern Ecoforest
Inventory program, a network of 400 m2 sampling
plots located in unmanaged forests (Létourneau
et al 2008, Girardin et al 2012, Ols et al 2018).
Individual ring-width series of black spruce (Picea
mariana [Mill.] BSP) trees within Quebec’s landscape
unit ‘Lac Robineau’ (50.48–51.60N, 73.75–76.25W;
n=94 trees, up to n=3 trees per plot were sampled)
were detrended following Girardin et al (2016a) to
obtain annually-resolved chronologies of growth coef-
ficients. The detrended chronologieswere then succes-
sively aggregated from the tree level to the plot level,

Figure 4. Illustration of some concerns resulting fromdata aggregation, using a subset of data from theQuebec’sNorthern Ecoforest
Inventory program to infer black spruce 1980–2005 growth trends (in%of change per year) according to theworking scale, from the
individual tree to the landscape unit. Examples are provided for two different ecological districts within the landscape unit ‘Lac
Robineau’ (50.48–51.60N, 73.75–76.25W).
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ecological district and landscape unit by computing
the median values per calendar year, and growth
trends were computed over the period 1980–2005 as
the regression coefficient between median chronolo-
gies and calendar years (as in Girardin et al 2016a). For
illustration purposes, we highlight the very different
results obtained from two distinct ecological districts
regarding the direction of growth trends (figure 4).
Sampling within the ‘Coteaux du lacWikui’ ecological
district suggested a decline in the growth of black
spruce trees regardless of the working scale, consistent
with the negative trend observed for the whole land-
scape unit. By contrast, sampling within the ‘Coteaux
du lac Montmort’ ecological district revealed trends
with reversed signs from one scale to another.
Similarly, rescaling of vegetation indices when dealing
with different spatiotemporal resolutions leads to an
‘ecological fallacy’ (Robinson 1950), i.e., making
inferences about individuals based upon aggregate
data and vice versa, and the broader ‘ecological
inference’ problem (King 2013), viz., the difficulty of
detecting significant trends (Slayback et al 2003, Fen-
sholt et al 2009, Verbesselt et al 2010). Moreover, Chen
and Cihlar (1996) and Chen et al (2014) highlighted
differences in the way that vegetation indices are
aggregated. Indeed, some authors consider either a
maximum (e.g., Nagai et al 2010) or an average value
(e.g., Chen et al 2014) at an annual or monthly
timescale, or over the growing season of the trees (e.g.,
Slayback et al 2003). These differences would diminish
the correlation between remote sensing indices and
field data (Chen and Cihlar 1996), thereby leading to
less reliable and less comparable trends.

Allometric estimation
Allometric estimation is the extrapolation of some
tree-or stand-level parameters that are difficult to
measure directly (e.g., volume), based upon their
strong statistical correlation with tree characteristics
that are easily measured in the field, such as diameter
at breast height. Thus, field measurements extending
from local to national scales (Case and Hall 2008) are
used to determine these relationships and to parame-
terize allometric equations, which are widely used to
estimate stand productivity from forest inventory data
(Lambert et al 2005, Wang 2006). Local equations are
rarely developed because of the costs and logistics of
field sampling. The number of field measurements
remains low even for national equations. For example,
the most widely used national equations that were
devised by Lambert et al (2005) (e.g., Hogg et al 2008,
Chen et al 2016) are based on relatively few field
samples, with some provinces having very few mea-
surements (see figure 2 in Lambert et al 2005). Even if
one could assess the reliability of such parametric
models via fit statistics, some concerns remain when
extrapolating these models to broader scales without
considering the whole set of ecological variables
accounting for the variability in biomass within stands

and regions. Since the heterogeneity of growing
conditions increases with geographical extent, the use
of a wide scale-parameterized equation (e.g., ecologi-
cal region) also implies some uncertainties when
results are to be analysed at a fine scale (Wayson
et al 2015). Furthermore, biomass estimates from
allometric equations rarely consider juvenile trees and
belowground biomass, which leads to less accurate
estimates (Keller et al 2001), particularly for slow-
growing boreal stands (Bond-Lamberty et al 2002).

Estimate accuracy also relies upon the structure of
allometric equations. Because of sampling issues,
some variables that could improve estimation accur-
acy (Lambert et al 2005, Wang 2006), such as tree
height, site quality index, ground-level stem diameter
or stand age, are rarely considered (Bond-Lamberty
et al 2002, Lambert et al 2005, Wang 2006, Case and
Hall 2008). The use of well-documented tree-growth
metrics from forest inventories could be a solution to
the lack of field samples for parameterization. Despite
these various sources of uncertainty, very few studies
have tried to evaluate the accuracy of biomass esti-
mates, because of the scarcity of field measurements
(Wayson et al 2015). According to Bond-Lamberty
et al (2002), the biomass of small or large trees would
be underestimated, while the biomass of medium-
sized trees would be overestimated when using allo-
metric equations. Theoretically, when averaged over
several trees of various sizes, these errors should cancel
one another and lead to acceptable population-level
values. In practice, since these errors are cumulative,
biases from allometric equations could result in large
uncertainties. Moreover, warmer weather conditions
could alter allometric relationships as a result of mod-
ified carbon allocation strategies (Hasibeder
et al 2015), leading to potential under- or over-estima-
tions when inferring a future stand’s aboveground
biomass.

Detrending
Inter-annual variation in TRW is the result of multiple
ecological and environmental processes. Detrending is
a method of standardizing TRW data to remove
unwanted (e.g., geometric) trends that can mask the
desired environmental signal that is preserved in the
measurements. As a standard procedure in dendro-
chronological analyses (Hember et al 2012, Sullivan
et al 2016), detrending eliminates long-term growth
trends that are induced, for example, by a tree’s biology
(tree size and local genotype; Savolainen et al 2007)
and stand demography (age, competition). Numerous
detrending methods have been developed over the
years (Peters et al 2015), with the underlying aim of
improving the retention of environmental signals.
Depending upon the statistical procedure, several
authors have observed differences in the magnitude
and direction of growth trends that are derived from
detrended series (Peters et al 2015, Sullivan et al 2016,
Girardin et al 2016a). The most commonly used
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detrending method (i.e., fitting a curve through the
time series) apparently eliminates part of the long-
term signal and would be responsible for the lack of
significant growth trends in many studies (Peters
et al 2015). Regional curve standardization (RCS) and
its derivatives (Helama et al 2016), which is seen as a
potential solution to reduce detrending biases (Briffa
and Melvin 2011), could induce artificially negative
growth trends, according to Groenendijk et al (2015)
and Brienen et al (2017). Sullivan et al (2016) observed
a trend reversal when applying this method to
chronologies that were averaged by size class. These
negative biases are related to the trend detection step,
which could partly explain the high percentage of
dendrochronological studies reporting negative trends
(70%, figure 3(a)), compared to remote sensing (31%)
and forest inventory-based studies (60%). A recent
detrending method that is based onmixed generalized
additive models (GAMM), which was used by Fajardo
and McIntire (2012), Camarero et al (2015) and
Girardin et al (2016a), considered linear trends such as
growth trends, together with nonlinear trends such as
those linked with tree age and size (Peters et al 2015).
GAMM could reduce detrending biases. Yet uncer-
tainties remain about which part of the signal is exactly
excluded or preserved from raw chronologies (Nehr-
bass-Ahles et al 2014), and which biases from collinear
effects between variables could persist.

Uncertainty assessment
We have described above some of the most frequently
reported biases, which could lead to erroneous conclu-
sions about recent trends in tree growth and forest
productivity. Therefore, one must deal with uncer-
tainties that result from the inherent nature of
remotely sensed data, from the sampling strategy, or
from data processing prior to trend estimation. A
quantification of these uncertainties could allow some
confidence thresholds to be determined, thereby

attributing some weight to the conclusion of the
studies (Wayson et al 2015, Alexander et al 2018).
According to Wayson et al (2015), uncertainties that
are associated with allometric equations are responsi-
ble for up to 30% of the variability in productivity
trends. This value and the qualitative information that
is disseminated by other studies provide a preliminary
assessment of the magnitude of uncertainties that are
associated with the other sources of bias. We deter-
mined the uncertainty rates as follows.

First, remote sensing-specific biases are resolu-
tion-dependent. Uncertainties resulting from the use
of coarse-grain datasets would be of similarmagnitude
to allometric estimations, and would decrease at finer
resolutions. Thanks to correction algorithms, envir-
onmental or mechanistic noise would result in lower
levels of uncertainty, especially when positive trends
are detected (e.g., Sulla-Menashe et al 2016). The
saturation phenomenon that is associated with NDVI
datasets only weakens positive trends without chan-
ging their sign (Pattison et al 2015), but it would lead to
a low level of uncertainty. Since most studies partly
remove disturbed areas (e.g., Parent andVerbyla 2010,
Beck and Goetz 2011), forest regrowth would only
weakly affect productivity trends. In contrast, a non-
random sampling strategy could lead to substantial
uncertainty of magnitude similar to that imposed by
allometric equations (Nehrbass-Ahles et al 2014, Alex-
ander et al 2018). Furthermore, data processing for
trend detectionwould affect growth trends, depending
upon the method that is used. According to Sullivan
et al (2016), the most commonly used detrending
methods would lead to a higher level of uncertainty. In
contrast, more recent methods, such as RCS and
GAMM-based detrending, would be associated with
lower levels of uncertainty (Peters et al 2015). Lastly,
data rescaling should result in uncertainties of inter-
mediate magnitude. A summary of the uncertainty
rates that can be attributed to each source of bias is

Table 2.Apreliminary assessment of uncertainty rates attributed to different biases, depending on the sign of the observed trend. The aimof
this table is to provide some idea of themagnitude for each uncertainty rate. See the subsection ‘Uncertainty assessment’ for information on
the rate attribution.

Bias Data type Uncertainty for positive trend Uncertainty for negative trend

Non-random selection of the stands,

and temporal fluctuation of plot

network

Forest inventory plots 30% 30%

Non-random selection of the trees Tree-ring 30% 30%

Detrending Conservative Tree-ring 20% 30%

RCS/BAC/SCI Tree-ring 10% 15%

GAMM Tree-ring 5% 5%

Use of allometric equations Forest inventory plots 30% 30%

Resampling 20% 20%

Vegetation indices Remote sensing 10% 10%

Spatial resolution 1–8 km Remote sensing 30% 30%

30–250 m Remote sensing 10% 10%

Atmospheric contamination of the

satellite signal and calibration errors

Remote sensing 5% 15%

Fire and insect outbreaks Remote sensing 10% 10%
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presented in table 2. One can see that uncertainty rates
estimated here remained in the same order of magni-
tude whatever the observational method (tables 2 and
3). However, attribution of these different rates,
although partly based on the literature review, remains
highly subjective.

An overall uncertainty rate was computed for each
of the referenced studies, as the sum of uncertainty
rates (i.e., values in table 2) potentially affecting the
results that were reported in the study (table 3, last col-
umn). For example, Dietrich et al (2016) suggested
that results could be biased both by stand- and tree-
level sampling biases (both 30% uncertainty rates),
and by biases from RCS detrending (15% uncertainty
rate for the detection of negative trends), which leads
to the assignment of an overall 75% uncertainty rate.
These uncertainty rates were finally segregated into
four classes, i.e. four levels of uncertainty, as follows: a
‘low’ level of uncertainty was attributed to studies
whose uncertainty rate is below 40%, a ‘moderate’
level of uncertainty to studies whose rate is comprised
between 40% and less than 60%, a ‘high’ level of
uncertainty to studies whose rate is comprised
between 60% and less than 80%, and a ‘very high’ level
of uncertainty in the case of studies whose rate is equal
to or above 80%. Based on this classification, one can
see that a substantial proportion of trends reported in
the literature, whatever their direction or the observa-
tional method they originated from, is subject to a
‘high’ or ‘very high’ level of uncertainty (figure 3(b)).
As a guideline for forest ecologists, the approach we
proposed remains voluntarily illustrative and uncer-
tainty rates will have to be improved before using them
to correct previously assessed trends. Given that some
biases may cancel out or amplify one another, further
field-based quantification is needed.

Co-integration and amultidisciplinary
approach

Make these approaches complementary, not
contradictory
When studying growth and productivity trends of
Canadian forests, one might think that the use of a
given observational method would provide a more
accurate assessment of recent trend directions than
other methods. Yet the response of the forest ecosys-
tem to global change depends upon multiple interac-
tions and feedbacks that occur at different spatial and
temporal scales (Pouliot et al 2009). A disturbance
occurring at a given scale will have repercussions at the
other scales. When studying the forest ecosystem as a
whole, one should simultaneously consider all work-
ing scales, which involves the combination of all
available methods, viz., dendrochronology, forest
inventory data and remote sensing observations (Ber-
ner et al 2011, Girardin et al 2014, Boisvenue et al 2016,
Girardin et al 2016a). Merging data from different

approaches would allow for cross-validation (Nagai
et al 2010, Bowman et al 2013, Czerwinski et al 2014),
facilitating the determination of representative growth
trajectories for the entire Canadian forest (Boisvenue
et al 2016).

Co-integration of different observationalmethods
Different spatiotemporal coverages of the three obser-
vational methods that are discussed throughout
this paper are currently complicating comparisons
between studies. The comparison of the three different
approaches would first benefit from the study of a
common period of time. As discussed in the section
Different variables at different working scales, different
time windows (table 3), as well as a trend reversal from
the early 1980s (Wang et al 2011, Girardin et al 2014;
see also figure 1), reduce the possibility for cross-
validation of the results. Historical growing conditions
could affect current tree growth (Baral et al 2016), but
recent growth rates would be more representative of
current directions of Canadian forests. Thus, a recent
time window, e.g., 1981 to the present, would be an
appropriate choice when studying growth trajectories.
In particular, only the last 30 years of growth are to be
considered when estimating growth trends from ring-
width series of centuries-old trees because of the
potentially compensation effect of older tree-rings
leading to trend estimates that are not reflective of
recently occurring changes in growth rates.

Second, studies focusing specifically on the post-
disturbance recovery of productivity through themea-
surement of seedlings and saplings are scarce (Van
Bogaert et al 2015). To improve our knowledge
regarding current and future growth directions, data
that are available on the growth of young trees from
studies comparing different developmental stages (e.g.
Chen et al 2016) or comparisons of height growth rates
of trees based upon time-since-disturbance (e.g., Fan-
tin and Morin 2002, Gamache and Payette 2004,
Andalo et al 2005, Leroy et al 2016, Marchand and
DesRochers 2016)must be merged into a meta-analy-
sis. Given that no transformation is applied (raw data),
sampling height values from stem-analysis data that
are taken from permanent sample plots are free from
the uncertainties that are associated with den-
drochronological data or with allometric estimates. A
few sources of bias could originate from approxima-
tions of heights of sampling when cutting the radial
sections. Thus, the time interval that is necessary to
reach a given height can be extracted and used as a
proxy for recent changes in primary growth rates,
thereby complementing the information on radial
growth that is provided by RWIs. As an applied case
study, figure 5 provides an example of cross-validation
between two data sources. Figure 5(a) displays height-
growth curves from stem-analysis data of 1878 black
spruce trees fromQuebec’s Northern Ecoforest Inven-
tory program (Létourneau et al 2008). In figure 5(b),
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Table 3. Signs and values of growth and productivity trends from studies the areas of which include all or part of theCanadian territory (non-exhaustive list). (a)Trends that are based on a visual interpretation of themaps provided by the
authors are indicatedwith an asterisk (*). (b)The determination of the last column (‘Uncertainty’) is explained in the subsection ‘Uncertainty assessment’. The value reported here corresponds to the sumof all uncertainty rates assessed to
the specified reference. NA for the growth trend ratiomeans that no quantitative valuewas available in the associated reference.

Observationalmethod

Trend

sign (a)
Standardized rate (%
per year) Geographic area Studied period Dataset origin

Ecological

process Reference Uncertainty (b)

Remote sensing Negative * NA NorthernHemisphere 1982–2008 AVHRRGIMMS+MODIS Productivity Beck and

Goetz (2011)
45

Remote sensing Negative −24.5 Northwest Territories 1982–2008 AVHRRGIMMS Productivity Berner et al (2011) 75

Remote sensing Negative * −4 World 1981–2006 AVHRRGIMMS 8 km Productivity de Jong et al 2011 65

Remote sensing Negative * −1 NorthernHemisphere 1994–2002 GIMMS 1° Productivity Angert et al (2005) 65

Remote sensing Negative * −1 World 1982–2009 GIMMS Productivity Zhu et al (2016) 85

Remote sensing Negative * −1 World 1982–2009 GLOBMAP Productivity Zhu et al (2016) 85

Remote sensing Negative * −0.45 Northwestern America 1982–2011 AVHRRGIMMS 8 km Productivity Chen et al (2014) 85

Remote sensing Negative * −0.3 Canada 1981–2003 AVHRRGIMMS Productivity Goetz et al (2005) 85

Remote sensing Negative * −0.3 Northwestern America 1982–2006 AVHRRGIMMS 8 km Productivity Wang et al (2011) 65

Remote sensing Negative −0.2 Quebec 1981–2011 AVHRRGIMMS3g 9 km Productivity Girardin

et al (2014)
75

Remote sensing Negative * −0.06 NorthernHemisphere 1982–2003 AVHRRGIMMS+MODIS Productivity Bunn and

Goetz (2006)
85

Remote sensing Positive * 0.06 NorthernHemisphere 1982–2003 AVHRRGIMMS+MODIS Productivity Bunn and

Goetz (2006)
75

Remote sensing Positive 0.06 Canada 1984–2011 Landsat TML1T Productivity Sulla-Menashe

et al 2018

35

Remote sensing Positive * 0.2 World 1983–2005 AVHRRGIMMS+MODIS Productivity Zhang et al (2008) 95

Remote sensing Positive * 0.3 Canada 1981–2003 AVHRRGIMMS Productivity Goetz et al (2005) 75

Remote sensing Positive * 0.47 Northwestern America 1982–2011 AVHRRGIMMS 8 km Productivity Chen et al (2014) 75

Remote sensing Positive * 0.56 World 1982–1999 AVHRRGIMMS Productivity Zhou et al (2001) 75

Remote sensing Positive * 0.6 World 1984–2012 Landsat+AVHRRGIMMS8 km Productivity Ju and

Masek (2016)
35

Remote sensing Positive * 0.75 World 1982–1999 GIMMS+Pathfinder PAL Productivity Nemani

et al (2003)
85

Remote sensing Positive 0.92 Saskatchewan 1984–2012 Landsat Productivity Boisvenue

et al (2016)
45

Remote sensing Positive * 0.94 Northwestern America 1982–1998 AVHRRGIMMS Productivity Hicke et al (2002b) 85

Remote sensing Positive 0.97 NorthernHemisphere 1982–1999 AVHRRGIMMS+FASIR
1°+Pathfinder 1°

Productivity Slayback

et al (2003)
75

Remote sensing Positive * 1 NorthernHemisphere 1982–1991 GIMMS 1° Productivity Angert et al (2005) 55

Remote sensing Positive * 1 Canada 1985–2006 AVHRRGIMMS 1 km Productivity Pouliot et al (2009) 75
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Table 3. (Continued.)

Observationalmethod

Trend

sign (a)
Standardized rate (%
per year) Geographic area Studied period Dataset origin

Ecological

process Reference Uncertainty (b)

Remote sensing Positive 1.25 Yukon, northernQuebec 1986–2006 AVHRR1 km+Landsat 30 m Productivity Olthof et al (2009) 35

Remote sensing Positive * 1.4 World 2000–2009 MODIS Productivity Zhao andRun-

ning (2010)
85

Remote sensing Positive * 1.7 NorthernHemisphere 1981–1991 AVHRRGIMMS+Pathfinder Productivity Myneni et al

(1997a)
75

Remote sensing Positive * 2.4 World 1982–2009 GLASS LAI Productivity Zhu et al (2016) 75

Remote sensing Positive * 2.5 World 1982–1990 AVHRRPathfinder Productivity Kawabata

et al (2001)
85

Remote sensing Positive 3.75 Alberta 1982–2011 AVHRRGIMMS Productivity Jiang et al (2016) 75

Remote sensing Positive * 8 NorthernHemisphere 1981–2000 AVHRRGIMMS Productivity Piao et al (2006) 75

Remote sensing Positive * 10 NorthernHemisphere 1982–1999 AVHRRGIMMS Productivity Zhou et al (2003) 75

Remote sensing Positive NA World 1982–1990 Pathfinder AVHRR Productivity Ichii et al (2002) 75

Remote sensing Positive * NA World 1982–2000 AVHRRPathfinder Productivity Tateishi and

Ebata (2004)
55

Forest inventory Negative −20.8 Northwest Territories, Alberta, British

Columbia, Saskatchewan,Manitoba,

Ontario

2000–2005 Permanent sample plots Productivity Hogg et al (2008) 60

Forest inventory Negative −4.78 Alberta, Saskatchewan 1958–2011 Permanent sample plots Productivity Chen and

Luo (2015)
60

Forest inventory Negative −2.61 Alberta, Saskatchewan,Manitoba,

Ontario, Quebec

1963–2008 Permanent sample plots Productivity Ma et al (2012) 60

Forest inventory Negative −1 Alberta, Saskatchewan 1958–2011 Permanent sample plots Productivity Chen et al (2016) 60

Forest inventory Negative −0.64 British Columbia, Alberta, Saskatch-

ewan,Manitoba

1958–2009 Permanent sample plots Growth Zhang et al (2015) 30

Forest inventory Negative −0.4 Manitoba 1999–2012 Permanent sample plots Productivity Bond-Lamberty

et al (2014)
60

Forest inventory Negative −0.38 Ontario 1950–1989 NFBI Productivity Peng et al (2002) 60

Forest inventory Positive 0.35 British Columbia 1959–1998 Permanent sample plots Productivity Hember

et al (2012)
60

Forest inventory Positive 0.55 British Columbia 1959–1998 Permanent sample plots Growth Hember

et al (2012)
30

Forest inventory Positive 1 Canada 1961–2011 Permanent sample plots Productivity Hember

et al (2017)
60

Forest inventory Positive 1.2 Saskatchewan 1984–2012 Permanent sample plots Productivty Boisvenue

et al (2016)
60
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Table 3. (Continued.)

Observationalmethod

Trend

sign (a)
Standardized rate (%
per year) Geographic area Studied period Dataset origin

Ecological

process Reference Uncertainty (b)

Dendrochronology Negative −4 Ontario 1872–1999 Wood cores Growth Dietrich

et al (2016)
75

Dendrochronology Negative −2.2 Northwest Territories 1982–2008 Wood cores Growth Berner et al (2011) 60

Dendrochronology Negative * −1 NorthernHemisphere 1951–2005 Chronologies Growth Tei et al (2017) 90

Dendrochronology Negative −0.9 Quebec 1950–2005 Permanent sample plots Growth Girardin

et al (2012)
90

Dendrochronology Negative −0.1 Canada 1950–2002 Permanent sample plots Growth Girardin et al

(2016a)
65

Dendrochronology Negative −0.086 Quebec 1950–2007 Permanent sample plots Growth Girardin

et al (2014)
90

Dendrochronology Positive 0.55 Saskatchewan,Manitoba 1950–1994 Wood cores Growth Brooks et al (1998) 90

Dendrochronology Positive 0.57 Manitoba 1912–2000 Temporary sample plots Growth Girardin

et al (2011)
70

Dendrochronology Positive 1.4 Manitoba 1999–2012 Wood cores Growth Bond-Lamberty

et al (2014)
90

Dendrochronology Negative NA NorthernHemisphere 1902–2002 Chronologies Growth Lloyd and

Bunn (2007)
90
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the time that was required for a black spruce tree to
grow from 1 to 12 m was superimposed upon detren-
ded mean annual basal area increments (BAIs) that
were based on 200 plot-level chronologies (data from
Girardin et al 2014). The time to grow from 1 to 12 m
was computed as the difference between the age at
which the tree reached the sampling height (calendar
year attributed to the stem-section’s ring of cambial
age 1,minus calendar year attributed to the oldest tree-
ring of the tree) and the age when reaching a height of
1 m. The two different approaches displayed a similar
pattern of growth declines throughout the 20th
century.

Given their broad geographical extent, remote
sensing data must be used first to assess the geo-
graphical variation of productivity trends of forest
ecosystems, as a general overview. Since suboptimal
targeting of forested areas can bias productivity trends,
the use of maps that include not only forest cover, but
also site characteristics (rather than land use or land
cover maps) is advised to locate forested stands accu-
rately and to exclude non-forested regions. These
maps can facilitate the linking of remote sensing-based
trends with ecological parameters, for example, to dif-
ferentiate trends between stands of different ages or
compositions. For an even more accurate comparison
with inventory- and tree-ring-based studies, one must
target only pixels including field-sampled areas (e.g.,
Berner et al 2011, Girardin et al 2014). In a second step,
forest inventory data must be used to target stands of

interest, for example, to study the specific response of
stands to climate change according to their age or den-
sity. Last, dendrochronological and height-growth
data can be used to cross-validate trends at stand- and
individual-levels, and to specify whether the observed
trends are due to changes in stand demography (i.e.,
mortality rate or recruitment efficiency) or to mod-
ifications of individual growth rates.

Need for improvements
To improve comparisons between studies relying on
forest inventory data and to increase the quantity of
potentially usable data for meta-analyses, standardiza-
tion of sampling protocols appears necessary (Peters
et al 2015, Chen et al 2016). This is the particular goal
of establishing Canada’s National Forest Inventory
program, which is a systematic or random sampling
strategy that is applied across Canada’s forests. Mea-
surement of as many environmental variables as
possible that are undertaken through this inventory
will help determine potential drivers of growth
trajectories.

Open datasets through public repositories (e.g.
DRYAD7, PANGEA8) have the potential to accelerate
advances in environmental sciences (Wolkovich
et al 2012), especially in the field of forest ecology
where large datasets are highly valuable for global-

Figure 5.Cross-validation of forest growth trajectories using a combination of two different approaches. (a)Height-growth curves for
Piceamariana trees north of the limit of commercial forests. (b)Time for a black spruce tree to grow from1 to 12 m in height,
superimposed on regional black spruce tree growth index (TGI, a unitless value computed as the average of detrended tree-ring width
measurements) chronology, (data fromGirardin et al 2014).

7
https://datadryad.org.

8
https://pangaea.de/.
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scale studies (Soranno et al 2014). The collaborative
effort that was initiated by the International Tree-Ring
Data Bank9 (NOAA, Boulder, CO, USA) to centralize
and make available all data from dendrochronological
studies (Grissino-Mayer and Fritts 1997) should be
strengthened with data that have been collected from
national and provincial forest inventories, together
with unpublished data contributed by research labora-
tories (Babst et al 2017). Some authors highlight the
lack of a systematic assessment of data quality (Goetz
et al 2005, Gleckler et al 2008, Ju and Masek 2016),
which is necessary to quantify trend accuracy. To this
end, it would be a wise systematic strategy to include
detailed metadata when sharing datasets, especially
information regarding sampling methods and known
biases (Daly 2006). Open data and metadata will also
facilitate the attribution of a rate of uncertainty to the
computed trends, notably through the dissemination
of the size of the sampled population (e.g. number of
pixels effectively accounted for, size of the area for
which a positive versus a negative trend was observed)
of remote sensing-based studies. Because of improved
knowledge about what is already available and what is
still lacking, data sharing could also stimulate data col-
lection worldwide (Wolkovich et al 2012). Making
data sharing a standard requirement for scientific pub-
lication (Whitlock et al 2016) could thus help filling
the gap between studies whose primary aim is to assess
forest growth and productivity from direct observa-
tions and studies more specific to other research fields,
such as ecophysiology or genetics.

The trend detection step is an important source of
uncertainty in dendrochronological studies.Most cur-
rently used detrendingmethods were developedwith a
view to reconstructing past climatic conditions from
inter-annual to multi-centennial variations in growth
rates; they are not necessarily appropriate to quantify
and assess long-term growth trends. More flexible sta-
tistical methods that are capable of retaining both
long- and short-term growth trends would allow ana-
lysts to adapt detrending procedures to these emerging
objectives. Because trees respond individually to
environmental gradients, the trend detection step
should be performed at the individual scale. The chal-
lenge for unbiased detrending is to accurately distin-
guish and remove the proportion of long-term trend
that is induced only by the tree’s biology (age and size),
and to retain the signal that originates from both
environment and climate. Currently, the GAMM-
based approach seems the most appropriate method
because it allows for some control over what trend is
being removed from the raw chronology, given the
possibility for including some environmental vari-
ables. An approach that permits the determination of
an average biologically-induced growth trend at the
individual scale, such as the C-method that was devel-
oped by Biondi and Qeadan (2008) for shade-

intolerant species, also seems promising. Some work
should be done to adapt this method (i.e., the under-
lying mathematical equations) for slow-growing bor-
eal species. Dendroecologists are increasingly
attempting to move away from detrending, for exam-
ple, by using BAI instead of TRW or by combining
TRWdata with inventories (Evans et al 2017). Pending
these improvements, the suggestion of Peters et al
(2015) and Girardin et al (2016a) to test and compare
different detrending methods for cross-validating the
resulting growth trends is meaningful. This compar-
ison should be supplemented by an assessment of the
effects of coring or harvesting height on the accuracy
of the detrending step (Autin et al 2015).

Conclusions
Throughout this systematic review, we have high-
lighted several elements that contribute to the diver-
gences observed in growth and productivity trends of
Canadian forests. By the different working scales and
physiological processes considered, observational
methods utilized when assessing forest trajectories are
suitable to test a broad range of ecological hypotheses,
both from an applied and a more theoretical stand-
point. Concurrently, these differences prevent an
accurate comparison between studies. Trend calcul-
ation is also affected by several biases that are inherent
to these methods, which further contributes to the
observed variation in growth and productivity trends.
Because the biases for over- and underestimation are
comparable across these methods (table 2), we cannot
attribute contrasting results from growth or produc-
tivity trend estimates simply to these scale and
methodological concerns. The inability either to con-
trol or to measure some ecological or disturbance-
related processes when working at a broad geographi-
cal scale is an additional difficulty that impedes the
comparison, cross-validation, and joint use of datasets
frommultiple observationalmethods.

Several improvements would help clarify the cur-
rent and future trajectories of forest communities. We
argue that we must work towards generalizing growth
trends that are inferred from dendrochronological
studies and productivity trends from forest inven-
tories. In proceeding in thismanner, onemust be care-
ful about sampling biases and the degree to which plot
networks are representative of the focal area. Better
sampling strategies (Nehrbass-Ahles et al 2014, Babst
et al 2017), together with integration of remote sensing
(e.g. Jucker et al 2017) or forest inventory data (Evans
et al 2017), could help. A co-integration approach is a
means of emphasizing the respective advantages of
each method, while limiting their respective dis-
advantages. The study of a recent and common period
of time, a better targeting of the data, a focus on
recently regenerated stands, and a hierarchical use of
different types of data would provide a better idea of
changes that have recently occurred in growth and9

https://ncdc.noaa.gov/data-access.
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productivity rates of forest ecosystems. Finally, har-
monized sampling protocols, together with a revision
of some empirical, but out-dated data processing pro-
cedures and a generalization of open datasets would
improve the accuracy of the resulting trends.

Acknowledgments

This research was conducted as part of the Interna-
tional ResearchGroup onCold Forests. This studywas
made possible thanks to thefinancial support provided
by the Strategic and Discovery programs of NSERC
(Natural Sciences and Engineering Research Council
of Canada). Additional financial support was provided
by the Canadian Forest Service and the UQAM
Foundation (De Sève Foundation fellowship and
TEMBEC forest ecology fellowship). FB acknowledges
funding from the EU-Horizon2020 project ‘BACI’
(grant 640176). We thank Philippe Juneau, Émeline
Chaste, Benjamin Andrieux, Mathilde Pau, Marine
Pacé, Claire Depardieu for proofreading a previous
version of the manuscript and three anonymous
reviewers for their constructive feedbacks. We also
thank Isabelle Lamarre and W F J Parsons for English
language editing.

ORCID iDs

WilliamMarchand https://orcid.org/0000-0003-
2114-5244
HenrikHartmann https://orcid.org/0000-0002-
9926-5484

References

AlexanderMR, RollinsonCR, Babst F, Trouet V andMooreD J P
2018Relative influences ofmultiple sources of uncertainty on
cumulative and incremental tree-ring-derived aboveground
biomass estimatesTrees 32 265–76

AndaloC, Beaulieu J and Bousquet J 2005The impact of climate
change on growth of local white spruce populations in
Québec, Canada For. Ecol.Manage. 205 169–82

Angert A, Biraud S, Bonfils C,HenningCC, BuermannW, Pinzon J,
Tucker C J and Fung I 2005Drier summers cancel out the
CO2 uptake enhancement induced bywarmer springs Proc.
Natl Acad. Sci. USA 102 10823–7

AnyomiKA, Raulier F, Bergeron Y,Mailly D andGirardinMP2014
Spatial and temporal heterogeneity of forest site productivity
drivers: a case studywithin the eastern boreal forests of
Canada Landsc. Ecol. 29 905–18

ArnethA et al 2010Terrestrial biogeochemical feedbacks in the
climate systemNat. Geosci. 3 525–32

AssmannE 1970The Principles of Forest Yield Study: Studies in the
Organic Production, Structure, Increment, and YieldOf Forest
Stands (Oxford: Pergamon)

Autin J, Gennaretti F, Arseneault D andBégin Y 2015 Biases in RCS
tree ring chronologies due to sampling heights of trees
Dendrochronologia 36 13–22

Babst F et al 2018When tree rings go global: challenges and
opportunities for retro- and prospective insightQuat. Sci.
Rev. 197 1–20

Babst F, Esper J and ParlowE 2010 Landsat TM/ETM+and tree-
ring based assessment of spatiotemporal patterns of the

autumnalmoth (Epirrita autumnata) in northernmost
FennoscandiaRemote Sens. Environ. 114 637–46

Babst F, Poulter B, BodesheimP,MahechaMDand FrankDC2017
Improved tree-ring archives will support earth-system
scienceNat. Ecol. Evol. 1 0008

Baral SK,Danyagri G,GirouardM,Hébert F and Pelletier G 2016
Effects of suppression history on growth response and stem
quality of extant northern hardwoods following partial
harvests For. Ecol.Manage. 372 236–46

Baret F andGuyotG 1991 Potentials and limits of vegetation indices
for LAI andAPAR assessmentRemote Sens. Environ. 35
161–73

Beck P SA, Andreu-Hayles L, D’Arrigo R, Anchukaitis K J,
Tucker C J, Pinzón J E andGoetz S J 2013A large-scale
coherent signal of canopy status inmaximum latewood
density of tree rings at arctic treeline inNorthAmericaGlob.
Planet. Change 100 109–18

Beck P SA andGoetz S J 2011 Satellite observations of high northern
latitude vegetation productivity changes between 1982 and
2008: ecological variability and regional differences Environ.
Res. Lett. 6 045501

BélandM, Bergeron Y,Harvey B andRobert D 1992Quebec’s
ecological framework for forestmanagement: a case study in
the boreal forest of Abitibi For. Ecol.Manage. 49 247–66

Berner L T, Beck P SA, BunnAG, LloydAHandGoetz S J 2011
High-latitude tree growth and satellite vegetation indices:
correlations and trends in Russia andCanada (1982–2008)
J. Geophys. Res. Biogeosci. 116G01015

Biondi F 2000Are climate-tree growth relationships changing in
north-central Idaho, USA?Arct. Antarct. Alp. Res. 32 111–6

Biondi F andQeadan F 2008A theory-driven approach to tree-ring
standardization: defining the biological trend from expected
basal area incrementTree-Ring Res. 64 81–96

BoisvenueC andRunning SW2006 Impacts of climate change on
natural forest productivity—evidence since themiddle of the
20th centuryGlob. Change Biol. 12 862–82

BoisvenueC, Smiley BP,White J C, KurzWAandWulderMA
2016 Integration of Landsat time series and field plots for
forest productivity estimates in decision supportmodels For.
Ecol.Manage. 376 284–97

Bond-Lamberty B, RochaAV, Calvin K,Holmes B,WangC and
GouldenML 2014Disturbance legacies and climate jointly
drive tree growth andmortality in an intensively studied
boreal forestGlob. Change Biol. 20 216–27

Bond-Lamberty B,WangC andGower ST 2002Aboveground and
belowground biomass and sapwood area allometric
equations for six boreal tree species of northernManitoba
Can. J. For. Res. 32 1441–50

BowmanDMJ S, BrienenR JW,Gloor E, PhillipsOL and Prior LD
2013Detecting trends in tree growth: not so simpleTrends
Plant Sci. 18 11–7

BrienenR JW,Gloor E andZuidema PA 2012Detecting evidence
forCO2 fertilization from tree ring studies: the potential role
of sampling biasesGlob. Biogeochem. Cycles 26GB1025

BrienenR JW,GloorMandZivG 2017Tree demography
dominates long-term growth trends inferred from tree rings
Glob. Change Biol. 23 474–84

Briffa KR andMelvin TM2011A closer look at regional curve
standardization of tree-ring records: justification of the need,
awarning of some pitfalls, and suggested improvements in its
applicationDendroclimatologyDevelopments in
Paleoenvironmental Research (Dordrecht: Springer)
pp 113–45

Brooks J R, Flanagan LB and Ehleringer J R 1998Responses of
boreal conifers to climatefluctuations: indications from tree-
ringwidths and carbon isotope analysesCan. J. For. Res. 28
524–33

BunnAG andGoetz S J 2006Trends in satellite-observed
circumpolar photosynthetic activity from1982 to 2003: the
influence of seasonality, cover type, and vegetation density
Earth Interact. 10 1–19

Buras A et al 2016Tuning the voices of a choir: detecting ecological
gradients in time-series populations PLoSOne 11 e0158346

19

Environ. Res. Lett. 13 (2018) 093001 WMarchand et al

https://orcid.org/0000-0003-2114-5244
https://orcid.org/0000-0003-2114-5244
https://orcid.org/0000-0003-2114-5244
https://orcid.org/0000-0003-2114-5244
https://orcid.org/0000-0003-2114-5244
https://orcid.org/0000-0002-9926-5484
https://orcid.org/0000-0002-9926-5484
https://orcid.org/0000-0002-9926-5484
https://orcid.org/0000-0002-9926-5484
https://orcid.org/0000-0002-9926-5484
https://doi.org/10.1007/s00468-017-1629-0
https://doi.org/10.1007/s00468-017-1629-0
https://doi.org/10.1007/s00468-017-1629-0
https://doi.org/10.1016/j.foreco.2004.10.045
https://doi.org/10.1016/j.foreco.2004.10.045
https://doi.org/10.1016/j.foreco.2004.10.045
https://doi.org/10.1073/pnas.0501647102
https://doi.org/10.1073/pnas.0501647102
https://doi.org/10.1073/pnas.0501647102
https://doi.org/10.1007/s10980-014-0026-y
https://doi.org/10.1007/s10980-014-0026-y
https://doi.org/10.1007/s10980-014-0026-y
https://doi.org/10.1038/ngeo905
https://doi.org/10.1038/ngeo905
https://doi.org/10.1038/ngeo905
https://doi.org/10.1016/j.dendro.2015.08.002
https://doi.org/10.1016/j.dendro.2015.08.002
https://doi.org/10.1016/j.dendro.2015.08.002
https://doi.org/10.1016/j.quascirev.2018.07.009
https://doi.org/10.1016/j.quascirev.2018.07.009
https://doi.org/10.1016/j.quascirev.2018.07.009
https://doi.org/10.1016/j.rse.2009.11.005
https://doi.org/10.1016/j.rse.2009.11.005
https://doi.org/10.1016/j.rse.2009.11.005
https://doi.org/10.1038/s41559-016-0008
https://doi.org/10.1016/j.foreco.2016.04.023
https://doi.org/10.1016/j.foreco.2016.04.023
https://doi.org/10.1016/j.foreco.2016.04.023
https://doi.org/10.1016/0034-4257(91)90009-U
https://doi.org/10.1016/0034-4257(91)90009-U
https://doi.org/10.1016/0034-4257(91)90009-U
https://doi.org/10.1016/0034-4257(91)90009-U
https://doi.org/10.1016/j.gloplacha.2012.10.005
https://doi.org/10.1016/j.gloplacha.2012.10.005
https://doi.org/10.1016/j.gloplacha.2012.10.005
https://doi.org/10.1088/1748-9326/6/4/045501
https://doi.org/10.1016/0378-1127(92)90139-Z
https://doi.org/10.1016/0378-1127(92)90139-Z
https://doi.org/10.1016/0378-1127(92)90139-Z
https://doi.org/10.1029/2010JG001475
https://doi.org/10.1080/15230430.2000.12003346
https://doi.org/10.1080/15230430.2000.12003346
https://doi.org/10.1080/15230430.2000.12003346
https://doi.org/10.3959/2008-6.1
https://doi.org/10.3959/2008-6.1
https://doi.org/10.3959/2008-6.1
https://doi.org/10.1111/j.1365-2486.2006.01134.x
https://doi.org/10.1111/j.1365-2486.2006.01134.x
https://doi.org/10.1111/j.1365-2486.2006.01134.x
https://doi.org/10.1016/j.foreco.2016.06.022
https://doi.org/10.1016/j.foreco.2016.06.022
https://doi.org/10.1016/j.foreco.2016.06.022
https://doi.org/10.1111/gcb.12404
https://doi.org/10.1111/gcb.12404
https://doi.org/10.1111/gcb.12404
https://doi.org/10.1139/x02-063
https://doi.org/10.1139/x02-063
https://doi.org/10.1139/x02-063
https://doi.org/10.1016/j.tplants.2012.08.005
https://doi.org/10.1016/j.tplants.2012.08.005
https://doi.org/10.1016/j.tplants.2012.08.005
https://doi.org/10.1029/2011GB004143
https://doi.org/10.1111/gcb.13410
https://doi.org/10.1111/gcb.13410
https://doi.org/10.1111/gcb.13410
https://doi.org/10.1007/978-1-4020-5725-0_5
https://doi.org/10.1007/978-1-4020-5725-0_5
https://doi.org/10.1007/978-1-4020-5725-0_5
https://doi.org/10.1139/x98-018
https://doi.org/10.1139/x98-018
https://doi.org/10.1139/x98-018
https://doi.org/10.1139/x98-018
https://doi.org/10.1175/EI190.1
https://doi.org/10.1175/EI190.1
https://doi.org/10.1175/EI190.1
https://doi.org/10.1371/journal.pone.0158346


CailleretM et al 2017A synthesis of radial growth patterns preceding
treemortalityGlob. Change Biol. 23 1675–90

Camarero J J, Gazol A, Sangüesa-BarredaG,Oliva J and
Vicente-Serrano SM2015To die or not to die: early warnings
of tree dieback in response to a severe drought J. Ecol. 103
44–57

CarlsonTN andRipleyDA1997On the relation betweenNDVI,
fractional vegetation cover, and leaf area indexRemote Sens.
Environ. 62 241–52

Case B S andHall R J 2008Assessing prediction errors of generalized
tree biomass and volume equations for the boreal forest
region ofwest-central CanadaCan. J. For. Res. 38 878–89

CharneyND, Babst F, Poulter B, Record S, Trouet VM, FrankD,
Enquist B J and EvansMEK2016Observed forest sensitivity
to climate implies large changes in 21st centuryNorth
American forest growth Ecol. Lett. 19 1119–28

ChenB et al 2014Changes in vegetation photosynthetic activity
trends across the Asia–Pacific region over the last three
decadesRemote Sens. Environ. 144 28–41

ChenHYHand LuoY 2015Net aboveground biomass declines of
fourmajor forest types with forest ageing and climate change
inwesternCanada’s boreal forestsGlob. Change Biol. 21
3675–84

ChenHYH, LuoY, Reich P B, Searle E B andBiswas S R 2016
Climate change-associated trends in net biomass change are
age dependent inwestern boreal forests of CanadaEcol. Lett.
19 1150–8

Chen JMandCihlar J 1996Retrieving leaf area index of boreal
conifer forests using Landsat TM imagesRemote Sens.
Environ. 55 153–62

Ciais P et al 2008Carbon accumulation in European forestsNat.
Geosci. 1 425–9

Cook ER and PedersonN 2011Uncertainty, emergence, and
statistics in dendrochronologyDendroclimatology
Developments in Paleoenvironmental Research (Dordrecht:
Springer) pp 77–112

Crutzen P J 2002Geology ofmankindNature 415 23–23
Czerwinski C J, KingD J andMitchell SW2014Mapping forest

growth and decline in a temperatemixed forest using
temporal trend analysis of Landsat imagery, 1987–2010
Remote Sens. Environ. 141 188–200

DalyC 2006Guidelines for assessing the suitability of spatial climate
data sets Int. J. Climatol. 26 707–21

D’Arrigo R,DaviN, JacobyG,WilsonR andWiles G 2014 Selected
local to regional TRL-LDEOnorthern tree-ring studies
Dendroclimatic Studies (NewYork:Wiley) pp 13–8

de Jong R, de Bruin S, deWit A, SchaepmanME andDentD L 2011
Analysis ofmonotonic greening and browning trends from
globalNDVI time-seriesRemote Sens. Environ. 115 692–702

Dietrich R, Bell FW, Silva LCR,Cecile A,HorwathWRand
AnandM2016Climatic sensitivity, water-use efficiency, and
growth decline in boreal jack pine (Pinus banksiana) forests in
NorthernOntario J. Geophys. Res. Biogeosci. 121 2761–74

Duchesne L andOuimet R 2008 Population dynamics of tree species
in southernQuebec, Canada: 1970–2005 For. Ecol.Manage.
255 3001–12

DyeA, Barker PlotkinA, BishopD, PedersonN, Poulter B and
Hessl A 2016Comparing tree-ring and permanent plot
estimates of aboveground net primary production in three
easternU.S. forestsEcosphere 7 e01454

Eastman J, Sangermano F,Machado E, Rogan J andAnyambaA
2013Global trends in seasonality of normalized difference
vegetation index (NDVI), 1982–2011Remote Sens. 5
4799–818

Environment Canada 2017Climate Trends andVariations Bulletin
Annual 2016HerMajesty theQueen of Right of Canadawww.
canada.ca/en/environment-climate-change/services/
climate-change/trends-variations/summer-2016-
bulletin.html

EvansMEK, FalkDA, ArizpeA, SwetnamTL, Babst F and
HolsingerK E 2017 Fusing tree-ring and forest inventory data
to infer influences on tree growth Ecosphere 8 e01889

FajardoA andMcIntire E J B 2012Reversal ofmulticentury tree
growth improvements and loss of synchrony atmountain
tree lines point to changes in key drivers J. Ecol. 100 782–94

FantinN andMorinH 2002Croissance juvénile comparée de deux
générations successives de semis d’épinette noire issus de
graines après feu en forêt boréale, QuébecCan. J. For. Res. 32
1478–90

Fensholt R and Proud SR 2012 Evaluation of earth observation
based global long term vegetation trends—comparing
GIMMS andMODIS globalNDVI time seriesRemote Sens.
Environ. 119 131–47

Fensholt R, RasmussenK,Nielsen TT andMbowC2009 Evaluation
of earth observation based long term vegetation trends—
intercomparingNDVI time series trend analysis consistency
of Sahel fromAVHRRGIMMS, TerraMODIS and SPOT
VGTdataRemote Sens. Environ. 113 1886–98

Fisher J I, Hurtt GC, Thomas RQ andChambers JQ 2008Clustered
disturbances lead to bias in large-scale estimates based on
forest sample plotsEcol. Lett. 11 554–63

Foster J R,D’AmatoAWandBradford J B 2014 Looking for age-
related growth decline in natural forests: unexpected biomass
patterns from tree rings and simulatedmortalityOecologia
175 363–74

Fraser RH,Olthof I, CarrièreM,DeschampsA and Pouliot D 2011
Detecting long-term changes to vegetation in northern
Canada using the Landsat satellite image archiveEnviron. Res.
Lett. 6 045502

Gamache I and Payette S 2004Height growth response of tree line
black spruce to recent climate warming across the forest-
tundra of eastern Canada J. Ecol. 92 835–45

Gauthier S, Bernier P, Kuuluvainen T, ShvidenkoAZ and
SchepaschenkoDG2015 Boreal forest health and global
change Science 349 819–22

Gennaretti F, Arseneault D andBégin Y 2014Millennial
disturbance-driven forest stand dynamics in the Eastern
Canadian taiga reconstructed from subfossil logs J. Ecol. 102
1612–22

GillisMD2011Canadian Forest Service ScienceHighlightsHow
can aNational Forest InventoryMonitor Forest Sustainability?
(Ottawa:Natural Resources Canada, Canadian Forest
Service)

GillisMD,OmuleAY andBrierley T 2005Monitoring Canada’s
forests: the national forest inventory For. Chron. 81 214–21

GirardinMP et al 2016aNo growth stimulation of Canada’s boreal
forest under half-century of combinedwarming andCO2

fertilization Proc. Natl Acad. Sci. USA 113E8406–14
GirardinMP, Bernier P Y, Raulier F, Tardif J C, Conciatori F and

GuoX J 2011Testing for a CO2 fertilization effect on growth
of Canadian boreal forests J. Geophys. Res. Biogeosci. 116
G01012

GirardinMP,GuoX J, Bernier P Y, Raulier F andGauthier S 2012
Changes in growth of pristine boreal North American forests
from1950 to 2005 driven by landscape demographics and
species traitsBiogeosciences 9 2523–36

GirardinMP,GuoX J,De Jong R, KinnardC, Bernier P and
Raulier F 2014Unusual forest growth decline in boreal North
America covaries with the retreat of Arctic sea iceGlob.
Change Biol. 20 851–66

GirardinMP,Hogg EH, Bernier P Y, KurzWA,GuoX J andCyrG
2016bNegative impacts of high temperatures on growth of
black spruce forests intensify with the anticipated climate
warmingGlob. Change Biol. 22 627–43

GirardinMP, Raulier F, Bernier P Y andTardif J C 2008Response of
tree growth to a changing climate in boreal central Canada: a
comparison of empirical, process-based, and hybrid
modelling approaches Ecol.Modelling 213 209–28

Gleckler P J, Taylor K E andDoutriauxC 2008 Performancemetrics
for climatemodels J. Geophys. Res. Atmos. 113D06104

Goetz S J, BunnAG, FiskeG J andHoughtonRA 2005 Satellite-
observed photosynthetic trends across boreal North America
associatedwith climate and fire disturbance Proc. Natl Acad.
Sci. USA 102 13521–5

20

Environ. Res. Lett. 13 (2018) 093001 WMarchand et al

https://doi.org/10.1111/gcb.13535
https://doi.org/10.1111/gcb.13535
https://doi.org/10.1111/gcb.13535
https://doi.org/10.1111/1365-2745.12295
https://doi.org/10.1111/1365-2745.12295
https://doi.org/10.1111/1365-2745.12295
https://doi.org/10.1111/1365-2745.12295
https://doi.org/10.1016/S0034-4257(97)00104-1
https://doi.org/10.1016/S0034-4257(97)00104-1
https://doi.org/10.1016/S0034-4257(97)00104-1
https://doi.org/10.1139/x07-212
https://doi.org/10.1139/x07-212
https://doi.org/10.1139/x07-212
https://doi.org/10.1111/ele.12650
https://doi.org/10.1111/ele.12650
https://doi.org/10.1111/ele.12650
https://doi.org/10.1016/j.rse.2013.12.018
https://doi.org/10.1016/j.rse.2013.12.018
https://doi.org/10.1016/j.rse.2013.12.018
https://doi.org/10.1111/gcb.12994
https://doi.org/10.1111/gcb.12994
https://doi.org/10.1111/gcb.12994
https://doi.org/10.1111/gcb.12994
https://doi.org/10.1111/ele.12653
https://doi.org/10.1111/ele.12653
https://doi.org/10.1111/ele.12653
https://doi.org/10.1016/0034-4257(95)00195-6
https://doi.org/10.1016/0034-4257(95)00195-6
https://doi.org/10.1016/0034-4257(95)00195-6
https://doi.org/10.1038/ngeo233
https://doi.org/10.1038/ngeo233
https://doi.org/10.1038/ngeo233
https://doi.org/10.1007/978-1-4020-5725-0_4
https://doi.org/10.1007/978-1-4020-5725-0_4
https://doi.org/10.1007/978-1-4020-5725-0_4
https://doi.org/10.1038/415023a
https://doi.org/10.1038/415023a
https://doi.org/10.1038/415023a
https://doi.org/10.1016/j.rse.2013.11.006
https://doi.org/10.1016/j.rse.2013.11.006
https://doi.org/10.1016/j.rse.2013.11.006
https://doi.org/10.1002/joc.1322
https://doi.org/10.1002/joc.1322
https://doi.org/10.1002/joc.1322
https://doi.org/10.1002/9781118848548.ch3
https://doi.org/10.1002/9781118848548.ch3
https://doi.org/10.1002/9781118848548.ch3
https://doi.org/10.1016/j.rse.2010.10.011
https://doi.org/10.1016/j.rse.2010.10.011
https://doi.org/10.1016/j.rse.2010.10.011
https://doi.org/10.1002/2016JG003440
https://doi.org/10.1002/2016JG003440
https://doi.org/10.1002/2016JG003440
https://doi.org/10.1016/j.foreco.2008.02.008
https://doi.org/10.1016/j.foreco.2008.02.008
https://doi.org/10.1016/j.foreco.2008.02.008
https://doi.org/10.1002/ecs2.1454
https://doi.org/10.3390/rs5104799
https://doi.org/10.3390/rs5104799
https://doi.org/10.3390/rs5104799
https://doi.org/10.3390/rs5104799
http://www.canada.ca/en/environment-climate-change/services/climate-change/trends-variations/summer-2016-bulletin.html
http://www.canada.ca/en/environment-climate-change/services/climate-change/trends-variations/summer-2016-bulletin.html
http://www.canada.ca/en/environment-climate-change/services/climate-change/trends-variations/summer-2016-bulletin.html
http://www.canada.ca/en/environment-climate-change/services/climate-change/trends-variations/summer-2016-bulletin.html
https://doi.org/10.1002/ecs2.1889
https://doi.org/10.1111/j.1365-2745.2012.01955.x
https://doi.org/10.1111/j.1365-2745.2012.01955.x
https://doi.org/10.1111/j.1365-2745.2012.01955.x
https://doi.org/10.1139/x02-053
https://doi.org/10.1139/x02-053
https://doi.org/10.1139/x02-053
https://doi.org/10.1139/x02-053
https://doi.org/10.1016/j.rse.2011.12.015
https://doi.org/10.1016/j.rse.2011.12.015
https://doi.org/10.1016/j.rse.2011.12.015
https://doi.org/10.1016/j.rse.2009.04.004
https://doi.org/10.1016/j.rse.2009.04.004
https://doi.org/10.1016/j.rse.2009.04.004
https://doi.org/10.1111/j.1461-0248.2008.01169.x
https://doi.org/10.1111/j.1461-0248.2008.01169.x
https://doi.org/10.1111/j.1461-0248.2008.01169.x
https://doi.org/10.1007/s00442-014-2881-2
https://doi.org/10.1007/s00442-014-2881-2
https://doi.org/10.1007/s00442-014-2881-2
https://doi.org/10.1088/1748-9326/6/4/045502
https://doi.org/10.1111/j.0022-0477.2004.00913.x
https://doi.org/10.1111/j.0022-0477.2004.00913.x
https://doi.org/10.1111/j.0022-0477.2004.00913.x
https://doi.org/10.1126/science.aaa9092
https://doi.org/10.1126/science.aaa9092
https://doi.org/10.1126/science.aaa9092
https://doi.org/10.1111/1365-2745.12315
https://doi.org/10.1111/1365-2745.12315
https://doi.org/10.1111/1365-2745.12315
https://doi.org/10.1111/1365-2745.12315
https://doi.org/10.5558/tfc81214-2
https://doi.org/10.5558/tfc81214-2
https://doi.org/10.5558/tfc81214-2
https://doi.org/10.1073/pnas.1610156113
https://doi.org/10.1073/pnas.1610156113
https://doi.org/10.1073/pnas.1610156113
https://doi.org/10.1029/2010JG001287
https://doi.org/10.1029/2010JG001287
https://doi.org/10.5194/bg-9-2523-2012
https://doi.org/10.5194/bg-9-2523-2012
https://doi.org/10.5194/bg-9-2523-2012
https://doi.org/10.1111/gcb.12400
https://doi.org/10.1111/gcb.12400
https://doi.org/10.1111/gcb.12400
https://doi.org/10.1111/gcb.13072
https://doi.org/10.1111/gcb.13072
https://doi.org/10.1111/gcb.13072
https://doi.org/10.1016/j.ecolmodel.2007.12.010
https://doi.org/10.1016/j.ecolmodel.2007.12.010
https://doi.org/10.1016/j.ecolmodel.2007.12.010
https://doi.org/10.1029/2007JD008972
https://doi.org/10.1073/pnas.0506179102
https://doi.org/10.1073/pnas.0506179102
https://doi.org/10.1073/pnas.0506179102


Goetz S J,MackMC,GurneyKR, Randerson J T andHoughtonRA
2007 Ecosystem responses to recent climate change and fire
disturbance at northern high latitudes: observations and
model results contrasting northern Eurasia andNorth
AmericaEnviron. Res. Lett. 2 045031

Grissino-MayerHDand FrittsHC1997The international tree-ring
data bank: an enhanced global database serving the global
scientific communityHolocene 7 235–8

Groenendijk P, van der Sleen P, VlamM, Bunyavejchewin S,
Bongers F andZuidema PA 2015No evidence for consistent
long-term growth stimulation of 13 tropical tree species:
results from tree-ring analysisGlob. Change Biol. 21 3762–76

GuayKC, Beck P SA, Berner LT,Goetz S J, Baccini A and
BuermannW2014Vegetation productivity patterns at high
northern latitudes: amulti-sensor satellite data assessment
Glob. Change Biol. 20 3147–58

Hasibeder R, Fuchslueger L, Richter A andBahnM2015 Summer
drought alters carbon allocation to roots and root respiration
inmountain grasslandNewPhytol. 205 1117–27

Helama S,Melvin TMandBriffa KR2016Regional curve
standardization: state of the artHolocene 27 1–6

Hember RA,KurzWAandCoopsNC2016Relationships between
individual-treemortality andwater-balance variables
indicate positive trends inwater stress-induced treemortality
acrossNorth AmericaGlob. Change Biol. 23 1691–710

Hember RA,KurzWAandCoopsNC2017 Increasing net
ecosystembiomass production of Canada’s boreal and
temperate forests despite decline in dry climatesGlob.
Biogeochem. Cycles 31 134–58

Hember RA,KurzWA,Metsaranta JM, Black TA,GuyRD and
CoopsNC2012Accelerating regrowth of temperate-
maritime forests due to environmental changeGlob. Change
Biol. 18 2026–40

Hicke J A, AsnerGP, Randerson J T, Tucker C, Los S, Birdsey R,
Jenkins J C and Field C 2002a Trends inNorth American net
primary productivity derived from satellite observations,
1982–1998Glob. Biogeochem. Cycles 16 2–1

Hicke J A, AsnerGP, Randerson J T, Tucker C, Los S, Birdsey R,
Jenkins J C, Field C andHolland E 2002b Satellite-derived
increases in net primary productivity acrossNorth America,
1982–1998Geophys. Res. Lett. 29 69-1

Hogg E (Ted), Brandt J P andKochtubajda B 2005 Factors affecting
interannual variation in growth ofwesternCanadian aspen
forests during 1951–2000Can. J. For. Res. 35 610–22

HoggEH (Ted), Brandt J P andMichaelianM2008 Impacts of a
regional drought on the productivity, dieback, andbiomass of
westernCanadian aspen forestsCan. J. For. Res.38 1373–84

Huang J, Tardif J C, Bergeron Y,Denneler B, Berninger F and
GirardinMP 2010Radial growth response of four dominant
boreal tree species to climate along a latitudinal gradient in
the easternCanadian boreal forestGlob. Change Biol. 16
711–31

Ichii K, Kawabata A andYamaguchi Y 2002Global correlation
analysis forNDVI and climatic variables andNDVI trends:
1982–1990 Int. J. Remote Sens. 23 3873–8

IPCC2013Climate Change 2013 : The Physical Science Basis.
Contribution ofWorkingGroup I to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change edT Stocker
(Cambridge: CambridgeUniversity Press) (https://doi.org/
10.1017/CBO9781107415324)

JiangR, Xie J, HeH,KuoC-C, Zhu J andYangM2016
Spatiotemporal variability and predictability of normalized
difference vegetation index (NDVI) in Alberta, Canada Int. J.
Biometeorol. 60 1389–403

Jin J,WangY, JiangH andChengM2016RecentNDVI-based
variation in growth of boreal intact forest landscapes and its
correlationwith climatic variables Sustainability 8 1–10

Ju J andMasek JG 2016The vegetation greenness trend inCanada
andUSAlaska from1984–2012 Landsat dataRemote Sens.
Environ. 176 1–16

Jucker T et al 2017Allometric equations for integrating remote
sensing imagery into forestmonitoring programmesGlob.
Change Biol. 23 177–90

Karkauskaite P, Tagesson T and Fensholt R 2017 Evaluation of the
plant phenology index (PPI), NDVI andEVI for start-of-
season trend analysis of theNorthernHemisphere boreal
zoneRemote Sens. 9 485

KaufmannRK,D’Arrigo RD, Laskowski C,Myneni RB,
Zhou L andDavi NK2004The effect of growing season and
summer greenness on northern forestsGeophys. Res. Lett. 31
L09205

Kawabata A, Ichii K andYamaguchi Y 2001Globalmonitoring of
interannual changes in vegetation activities usingNDVI and
its relationships to temperature and precipitation Int. J.
Remote Sens. 22 1377–82

KellerM, PalaceMandHurtt G 2001 Biomass estimation in the
TapajosNational Forest, Brazil: examination of sampling and
allometric uncertainties For. Ecol.Manage. 154 371–82

Kerr J T andOstrovskyM2003 From space to species: ecological
applications for remote sensingTrends Ecol. Evol. 18 299–305

KingG 2013ASolution to the Ecological Inference Problem:
Reconstructing Individual Behavior fromAggregateData
(Princeton,NJ: PrincetonUniversity Press) (https://muse.
jhu.edu/chapter/1320173)

KörnerC 2003 Slow in, rapid out-Carbon flux studies andKyoto
targets Science 300 1242

KurzWA, ShawCH, BoisvenueC, StinsonG,Metsaranta J,
LeckieD,DykA, SmythC andNeilson ET 2013Carbon in
Canada’s boreal forest—a synthesis Environ. Rev. 21 260–92

LambertM-C,UngC-H andRaulier F 2005Canadian national tree
aboveground biomass equationsCan. J. For. Res. 35
1996–2018

LandsDirectorate 1986Terrestrial ecozones of CanadaEcological
LandClassificationNo. 19 (Parks Canada: LandDirectorate)
http://parkscanadahistory.com/publications/fact-sheets/
eng/ecozones.pdf

LeQuéré C et al 2018Global carbon budget 2017Earth Syst. Sci.
Data 10 405–48

LeroyC, Leduc A, Thiffault N andBergeron Y 2016 Forest
productivity after careful logging and fire in black spruce
stands of theCanadianClay BeltCan. J. For. Res. 46 783–93

Létourneau J P,Matejek S,MorneauC, Robitaille A, RoméoT,
Brunelle J and Leboeuf A 2008Norme deCartographie
Écoforestière du ProgrammeD’inventaireÉcoforestier
Nordique (Québec:Ministère des Ressources naturelles et de
la Faune duQuébec)

LloydAHandBunnAG2007Responses of the circumpolar boreal
forest to 20th century climate variability Environ. Res. Lett. 2
045013

Long S P, Ainsworth EA, Rogers A andOrtDR2004Rising
atmospheric carbon dioxide : plants FACE the futureAnnu.
Rev. Plant Biol. 55 591–628

MaZ, PengC, ZhuQ,ChenH, YuG, LiW, ZhouX,WangWand
ZhangW2012Regional drought-induced reduction in the
biomass carbon sink of Canada’s boreal forestsProc. Natl
Acad. Sci. USA 109 2423–7

MarchandWandDesRochers A 2016Temporal variability of aging
error and its potential effects on black spruce site productivity
estimations For. Ecol.Manage. 369 47–58

Marshall I B, Schut P andBallardAM1999ANational Ecological
Framework for Canada (Hull: Agriculture andAgri-Food
Canada, Research Branch, Centre for Land andBiological
Resources Research, and EnvironmentCanada, State of the
EnvironmentDirectorate, EcozoneAnalysis Branch) http://
sis.agr.gc.ca/cansis/nsdb/ecostrat/index.html

McMahon SM, ParkerGG andMillerDR 2010 Evidence for a
recent increase in forest growth Proc. Natl Acad. Sci. USA 107
3611–5

MekonnenZA,Grant R F and SchwalmC2016Contrasting
changes in gross primary productivity of different regions of
NorthAmerica as affected bywarming in recent decades
Agric. For.Meteorol. 218–219 50–64

MichaelianM,Hogg EH,Hall R J andArsenault E 2011Massive
mortality of aspen following severe drought along the
southern edge of theCanadian boreal forestGlob. Change
Biol. 17 2084–94

21

Environ. Res. Lett. 13 (2018) 093001 WMarchand et al

https://doi.org/10.1088/1748-9326/2/4/045031
https://doi.org/10.1177/095968369700700212
https://doi.org/10.1177/095968369700700212
https://doi.org/10.1177/095968369700700212
https://doi.org/10.1111/gcb.12955
https://doi.org/10.1111/gcb.12955
https://doi.org/10.1111/gcb.12955
https://doi.org/10.1111/gcb.12647
https://doi.org/10.1111/gcb.12647
https://doi.org/10.1111/gcb.12647
https://doi.org/10.1111/nph.13146
https://doi.org/10.1111/nph.13146
https://doi.org/10.1111/nph.13146
https://doi.org/10.1177/0959683616652709
https://doi.org/10.1177/0959683616652709
https://doi.org/10.1177/0959683616652709
https://doi.org/10.1111/gcb.13428
https://doi.org/10.1111/gcb.13428
https://doi.org/10.1111/gcb.13428
https://doi.org/10.1002/2016GB005459
https://doi.org/10.1002/2016GB005459
https://doi.org/10.1002/2016GB005459
https://doi.org/10.1111/j.1365-2486.2012.02669.x
https://doi.org/10.1111/j.1365-2486.2012.02669.x
https://doi.org/10.1111/j.1365-2486.2012.02669.x
https://doi.org/10.1029/2001GB001550
https://doi.org/10.1029/2001GB001550
https://doi.org/10.1029/2001GB001550
https://doi.org/10.1029/2001GL013578
https://doi.org/10.1139/x04-211
https://doi.org/10.1139/x04-211
https://doi.org/10.1139/x04-211
https://doi.org/10.1139/X08-001
https://doi.org/10.1139/X08-001
https://doi.org/10.1139/X08-001
https://doi.org/10.1111/j.1365-2486.2009.01990.x
https://doi.org/10.1111/j.1365-2486.2009.01990.x
https://doi.org/10.1111/j.1365-2486.2009.01990.x
https://doi.org/10.1111/j.1365-2486.2009.01990.x
https://doi.org/10.1080/01431160110119416
https://doi.org/10.1080/01431160110119416
https://doi.org/10.1080/01431160110119416
https://doi.org/10.1017/CBO9781107415324
https://doi.org/10.1017/CBO9781107415324
https://doi.org/10.1007/s00484-015-1132-5
https://doi.org/10.1007/s00484-015-1132-5
https://doi.org/10.1007/s00484-015-1132-5
https://doi.org/10.3390/su8040326
https://doi.org/10.3390/su8040326
https://doi.org/10.3390/su8040326
https://doi.org/10.1016/j.rse.2016.01.001
https://doi.org/10.1016/j.rse.2016.01.001
https://doi.org/10.1016/j.rse.2016.01.001
https://doi.org/10.1111/gcb.13388
https://doi.org/10.1111/gcb.13388
https://doi.org/10.1111/gcb.13388
https://doi.org/10.3390/rs9050485
https://doi.org/10.1029/2004GL019608
https://doi.org/10.1029/2004GL019608
https://doi.org/10.1080/01431160119381
https://doi.org/10.1080/01431160119381
https://doi.org/10.1080/01431160119381
https://doi.org/10.1016/S0378-1127(01)00509-6
https://doi.org/10.1016/S0378-1127(01)00509-6
https://doi.org/10.1016/S0378-1127(01)00509-6
https://doi.org/10.1016/S0169-5347(03)00071-5
https://doi.org/10.1016/S0169-5347(03)00071-5
https://doi.org/10.1016/S0169-5347(03)00071-5
https://muse.jhu.edu/chapter/1320173
https://muse.jhu.edu/chapter/1320173
https://doi.org/10.1126/science.1084460
https://doi.org/10.1139/er-2013-0041
https://doi.org/10.1139/er-2013-0041
https://doi.org/10.1139/er-2013-0041
https://doi.org/10.1139/x05-112
https://doi.org/10.1139/x05-112
https://doi.org/10.1139/x05-112
https://doi.org/10.1139/x05-112
http://parkscanadahistory.com/publications/fact-sheets/eng/ecozones.pdf
http://parkscanadahistory.com/publications/fact-sheets/eng/ecozones.pdf
https://doi.org/10.5194/essd-10-405-2018
https://doi.org/10.5194/essd-10-405-2018
https://doi.org/10.5194/essd-10-405-2018
https://doi.org/10.1139/cjfr-2015-0484
https://doi.org/10.1139/cjfr-2015-0484
https://doi.org/10.1139/cjfr-2015-0484
https://doi.org/10.1088/1748-9326/2/4/045013
https://doi.org/10.1088/1748-9326/2/4/045013
https://doi.org/10.1146/annurev.arplant.55.031903.141610
https://doi.org/10.1146/annurev.arplant.55.031903.141610
https://doi.org/10.1146/annurev.arplant.55.031903.141610
https://doi.org/10.1073/pnas.1111576109
https://doi.org/10.1073/pnas.1111576109
https://doi.org/10.1073/pnas.1111576109
https://doi.org/10.1016/j.foreco.2016.02.034
https://doi.org/10.1016/j.foreco.2016.02.034
https://doi.org/10.1016/j.foreco.2016.02.034
http://sis.agr.gc.ca/cansis/nsdb/ecostrat/index.html
http://sis.agr.gc.ca/cansis/nsdb/ecostrat/index.html
http://sis.agr.gc.ca/cansis/nsdb/ecostrat/index.html
http://sis.agr.gc.ca/cansis/nsdb/ecostrat/index.html
https://doi.org/10.1073/pnas.0912376107
https://doi.org/10.1073/pnas.0912376107
https://doi.org/10.1073/pnas.0912376107
https://doi.org/10.1073/pnas.0912376107
https://doi.org/10.1016/j.agrformet.2015.11.016
https://doi.org/10.1016/j.agrformet.2015.11.016
https://doi.org/10.1016/j.agrformet.2015.11.016
https://doi.org/10.1016/j.agrformet.2015.11.016
https://doi.org/10.1016/j.agrformet.2015.11.016
https://doi.org/10.1111/j.1365-2486.2010.02357.x
https://doi.org/10.1111/j.1365-2486.2010.02357.x
https://doi.org/10.1111/j.1365-2486.2010.02357.x


Millar C I, StephensonNL and Stephens S L 2007Climate change
and forests of the future:managing in the face of uncertainty
Ecol. Appl. 17 2145–51

Miller J R, TurnerMG, Smithwick EAH,DentC L and Stanley EH
2004 Spatial extrapolation: the science of predicting
ecological patterns and processesBioScience 54 310–20

Myneni RB, Keeling CD, Tucker C J, AsrarG andNemani RR
1997a Increased plant growth in the northern high latitudes
from1981 to 1991Nature 386 698–702

Myneni RB, Ramakrishna R,Nemani R andRunning SW1997b
Estimation of global leaf area index and absorbed par using
radiative transfermodels IEEETrans. Geosci. Remote Sens. 35
1380–93

Nagai S, SaigusaN,MuraokaH andNasahara KN2010Whatmakes
the satellite-based EVI–GPP relationship unclear in a
deciduous broad-leaved forest?Ecol. Res. 25 359–65

Nehrbass-Ahles C, Babst F, Klesse S,NötzliM, BouriaudO,
NeukomR,DobbertinMand FrankD2014The influence of
sampling design on tree-ring-based quantification of forest
growthGlob. Change Biol. 20 2867–85

Nemani RR, KeelingCD,HashimotoH, JollyWM, Piper SC,
Tucker C J,Myneni RB andRunning SW2003Climate-
driven increases in global terrestrial net primary production
from1982 to 1999 Science 300 1560–3

Nishimura PH and Laroque C P 2011Observed continentality in
radial growth–climate relationships in a twelve site
network in western Labrador, CanadaDendrochronologia
29 17–23

Ols C, Trouet V, GirardinMP,Hofgaard A, Bergeron Y and
Drobyshev I 2018 Post-1980 shifts in the sensitivity of boreal
tree growth toNorthAtlantic Ocean dynamics and seasonal
climateGlob. Planet. Change 165 1–12

Olthof I, Pouliot D, Latifovic R andChenW2009Recent
(1986–2006) vegetation-specificNDVI trends inNorthern
Canada from satellite dataArctic 61 381–94

ParentMB andVerbylaD 2010The browning of Alaska’s boreal
forestRemote Sens. 2 2729–47

PattisonRR, Jorgenson J C, RaynoldsMKandWelker JM2015
Trends inNDVI and tundra community composition in the
Arctic ofNEAlaska between 1984 and 2009Ecosystems 18
707–19

PengC, Liu J, DangQ, ZhouX andAppsM2002Developing
carbon-based ecological indicators tomonitor sustainability
ofOntario’s forestsEcol. Indic. 1 235–46

Peters R L, Groenendijk P, VlamMandZuidema PA 2015
Detecting long-term growth trends using tree rings: a critical
evaluation ofmethodsGlob. Change Biol. 21 2040–54

Piao S et al 2014 Evidence for aweakening relationship between
interannual temperature variability and northern vegetation
activityNat. Commun. 5 ncomms6018

Piao S, Friedlingstein P, Ciais P, Zhou L andChenA 2006 Effect of
climate andCO2 changes on the greening of theNorthern
Hemisphere over the past two decadesGeophys. Res. Lett. 33
L23402

Pinzon E J andTucker J C 2014Anon-stationary 1981–2012
AVHRRNDVI3g time seriesRemote Sens. 6 6920–60

PouliotD, Latifovic R andOlthof I 2009Trends in vegetationNDVI
from1 kmAVHRRdata over Canada for the period
1985–2006 Int. J. Remote Sens. 30 149–68

RaynoldsMK,WalkerDA, VerbylaD andMungerCA 2013
Patterns of changewithin a tundra landscape: 22-year
LandsatNDVI trends in an area of the northern foothills of
the Brooks Range, AlaskaArct. Antarct. Alp. Res. 45 249–60

RichardsonAD,CarboneMS, KeenanT F, CzimczikC I,
HollingerDY,Murakami P, Schaberg PG andXuX2013
Seasonal dynamics and age of stemwood nonstructural
carbohydrates in temperate forest treesNewPhytol. 197
850–61

Rieger I, Kowarik I, Cherubini P andCierjacks A 2017Anovel
dendrochronological approach reveals drivers of carbon
sequestration in tree species of riparian forests across
spatiotemporal scales Sci. Total Environ. 574 1261–75

RobinsonWS1950 Ecological correlations and the behavior of
individualsAm. Sociol. Rev. 15 351–7

RoyDP et al 2014 Landsat-8: science and product vision for
terrestrial global change researchRemote Sens. Environ. 145
154–72

RoyDP, Ju J, Lewis P, Schaaf C, Gao F, HansenM and Lindquist E
2008Multi-temporalMODIS-Landsat data fusion for
relative radiometric normalization, gap filling, and
prediction of Landsat dataRemote Sens. Environ. 112
3112–30

RozasV andOlano JM2013 Environmental heterogeneity and
neighbourhood interferencemodulate the individual
response of Juniperus thurifera tree-ring growth to climate
Dendrochronologia 31 105–13

SavolainenO, Pyhäjärvi T andKnürr T 2007Gene flow and local
adaptation in treesAnnu. Rev. Ecol. Evol. Syst. 38 595–619

Scholes R J 2017Taking themumbo out of the jumbo: progress
towards a robust basis for ecological scaling Ecosystems 20
4–13

SeftigenK, FrankDC, Björklund J, Babst F and Poulter B 2018The
climatic drivers ofNDVI and tree-ring based estimates of
forest productivity are spatially coherent but temporally
decoupled inNorthernHemispheric forestsGlob. Ecol.
Biogeogr. in press

Seth J, PalaniappanV, JohnsonTE, Prathapan S, Lindsey J S and
BocianDF 1994 Investigation of electronic communication
inmulti-porphyrin light-harvesting arrays J. Am.Chem. Soc.
116 10578–92

SlaybackDA, Pinzon J E, Los SO andTucker C J 2003Northern
hemisphere photosynthetic trends 1982–99Glob. Change
Biol. 9 1–15

Soranno PA et al 2014Cross-scale interactions: quantifyingmulti-
scaled cause–effect relationships inmacrosystems Front. Ecol.
Environ. 12 65–73

Sulla-MenasheD, FriedlMA andWoodcockCE 2016 Sources of
bias and variability in long-termLandsat time series over
Canadian boreal forestsRemote Sens. Environ. 177 206–19

Sulla-MenasheD,WoodcockCE and FriedlMA2018Canadian
boreal forest greening and browning trends: an analysis of
biogeographic patterns and the relative roles of disturbance
versus climate drivers Environ. Res. Lett. 13 014007

Sullivan P F, PattisonRR, Brownlee AH,Cahoon SMP and
Hollingsworth TN2016 Effect of tree-ring detrending
method on apparent growth trends of black andwhite spruce
in interior Alaska Environ. Res. Lett. 11 114007

SwetnamTW,AllenCD andBetancourt J L 1999Applied historical
ecology: using the past tomanage for the futureEcol. Appl. 9
1189–206

Tateishi R and EbataM2004Analysis of phenological change
patterns using 1982–2000 advanced very high resolution
radiometer (AVHRR) data Int. J. Remote Sens. 25 2287–300

Teets A, Fraver S,Weiskittel AR andHollingerDY 2018
Quantifying climate–growth relationships at the stand level in
amaturemixed-species conifer forestGlob. Change Biol. 24
3587–602

Tei S, Sugimoto A, YonenobuH,Matsuura Y,OsawaA, SatoH,
Fujinuma J andMaximovT 2017Tree-ring analysis and
modeling approaches yield contrary response of
circumboreal forest productivity to climate changeGlob.
Change Biol. 23 5179–88

vanBogaert R, Gauthier S, Raulier F, Saucier J-P, BoucherD,
Robitaille A andBergeron Y 2015 Exploring forest
productivity at an early age after fire: a case study at the
northern limit of commercial forests inQuebecCan. J. For.
Res. 45 579–93

VanderwelMC,CoomesDA and PurvesDW2013Quantifying
variation in forest disturbance, and its effects on aboveground
biomass dynamics, across the easternUnited StatesGlob.
Change Biol. 19 1504–17

Verbesselt J, HyndmanR,NewnhamGandCulvenorD2010
Detecting trend and seasonal changes in satellite image time
seriesRemote Sens. Environ. 114 106–15

22

Environ. Res. Lett. 13 (2018) 093001 WMarchand et al

https://doi.org/10.1890/06-1715.1
https://doi.org/10.1890/06-1715.1
https://doi.org/10.1890/06-1715.1
https://doi.org/10.1641/0006-3568(2004)054[0310:SETSOP]2.0.CO;2
https://doi.org/10.1641/0006-3568(2004)054[0310:SETSOP]2.0.CO;2
https://doi.org/10.1641/0006-3568(2004)054[0310:SETSOP]2.0.CO;2
https://doi.org/10.1038/386698a0
https://doi.org/10.1038/386698a0
https://doi.org/10.1038/386698a0
https://doi.org/10.1109/36.649788
https://doi.org/10.1109/36.649788
https://doi.org/10.1109/36.649788
https://doi.org/10.1109/36.649788
https://doi.org/10.1007/s11284-009-0663-9
https://doi.org/10.1007/s11284-009-0663-9
https://doi.org/10.1007/s11284-009-0663-9
https://doi.org/10.1111/gcb.12599
https://doi.org/10.1111/gcb.12599
https://doi.org/10.1111/gcb.12599
https://doi.org/10.1126/science.1082750
https://doi.org/10.1126/science.1082750
https://doi.org/10.1126/science.1082750
https://doi.org/10.1016/j.dendro.2010.08.003
https://doi.org/10.1016/j.dendro.2010.08.003
https://doi.org/10.1016/j.dendro.2010.08.003
https://doi.org/10.1016/j.gloplacha.2018.03.006
https://doi.org/10.1016/j.gloplacha.2018.03.006
https://doi.org/10.1016/j.gloplacha.2018.03.006
https://doi.org/10.14430/arctic46
https://doi.org/10.14430/arctic46
https://doi.org/10.14430/arctic46
https://doi.org/10.3390/rs2122729
https://doi.org/10.3390/rs2122729
https://doi.org/10.3390/rs2122729
https://doi.org/10.1007/s10021-015-9858-9
https://doi.org/10.1007/s10021-015-9858-9
https://doi.org/10.1007/s10021-015-9858-9
https://doi.org/10.1007/s10021-015-9858-9
https://doi.org/10.1016/S1470-160X(02)00010-9
https://doi.org/10.1016/S1470-160X(02)00010-9
https://doi.org/10.1016/S1470-160X(02)00010-9
https://doi.org/10.1111/gcb.12826
https://doi.org/10.1111/gcb.12826
https://doi.org/10.1111/gcb.12826
https://doi.org/10.1038/ncomms6018
https://doi.org/10.1029/2006GL028205
https://doi.org/10.1029/2006GL028205
https://doi.org/10.3390/rs6086929
https://doi.org/10.3390/rs6086929
https://doi.org/10.3390/rs6086929
https://doi.org/10.1080/01431160802302090
https://doi.org/10.1080/01431160802302090
https://doi.org/10.1080/01431160802302090
https://doi.org/10.1657/1938-4246-45.2.249
https://doi.org/10.1657/1938-4246-45.2.249
https://doi.org/10.1657/1938-4246-45.2.249
https://doi.org/10.1111/nph.12042
https://doi.org/10.1111/nph.12042
https://doi.org/10.1111/nph.12042
https://doi.org/10.1111/nph.12042
https://doi.org/10.1016/j.scitotenv.2016.07.174
https://doi.org/10.1016/j.scitotenv.2016.07.174
https://doi.org/10.1016/j.scitotenv.2016.07.174
https://doi.org/10.2307/2087176
https://doi.org/10.2307/2087176
https://doi.org/10.2307/2087176
https://doi.org/10.1016/j.rse.2014.02.001
https://doi.org/10.1016/j.rse.2014.02.001
https://doi.org/10.1016/j.rse.2014.02.001
https://doi.org/10.1016/j.rse.2014.02.001
https://doi.org/10.1016/j.rse.2008.03.009
https://doi.org/10.1016/j.rse.2008.03.009
https://doi.org/10.1016/j.rse.2008.03.009
https://doi.org/10.1016/j.rse.2008.03.009
https://doi.org/10.1016/j.dendro.2012.09.001
https://doi.org/10.1016/j.dendro.2012.09.001
https://doi.org/10.1016/j.dendro.2012.09.001
https://doi.org/10.1146/annurev.ecolsys.38.091206.095646
https://doi.org/10.1146/annurev.ecolsys.38.091206.095646
https://doi.org/10.1146/annurev.ecolsys.38.091206.095646
https://doi.org/10.1007/s10021-016-0047-2
https://doi.org/10.1007/s10021-016-0047-2
https://doi.org/10.1007/s10021-016-0047-2
https://doi.org/10.1007/s10021-016-0047-2
https://doi.org/10.1021/ja00102a027
https://doi.org/10.1021/ja00102a027
https://doi.org/10.1021/ja00102a027
https://doi.org/10.1046/j.1365-2486.2003.00507.x
https://doi.org/10.1046/j.1365-2486.2003.00507.x
https://doi.org/10.1046/j.1365-2486.2003.00507.x
https://doi.org/10.1890/120366
https://doi.org/10.1890/120366
https://doi.org/10.1890/120366
https://doi.org/10.1016/j.rse.2016.02.041
https://doi.org/10.1016/j.rse.2016.02.041
https://doi.org/10.1016/j.rse.2016.02.041
https://doi.org/10.1088/1748-9326/aa9b88
https://doi.org/10.1088/1748-9326/11/11/114007
https://doi.org/10.1890/1051-0761(1999)009[1189:AHEUTP]2.0.CO;2
https://doi.org/10.1890/1051-0761(1999)009[1189:AHEUTP]2.0.CO;2
https://doi.org/10.1890/1051-0761(1999)009[1189:AHEUTP]2.0.CO;2
https://doi.org/10.1890/1051-0761(1999)009[1189:AHEUTP]2.0.CO;2
https://doi.org/10.1080/01431160310001618455
https://doi.org/10.1080/01431160310001618455
https://doi.org/10.1080/01431160310001618455
https://doi.org/10.1111/gcb.14120
https://doi.org/10.1111/gcb.14120
https://doi.org/10.1111/gcb.14120
https://doi.org/10.1111/gcb.14120
https://doi.org/10.1111/gcb.13780
https://doi.org/10.1111/gcb.13780
https://doi.org/10.1111/gcb.13780
https://doi.org/10.1139/cjfr-2014-0273
https://doi.org/10.1139/cjfr-2014-0273
https://doi.org/10.1139/cjfr-2014-0273
https://doi.org/10.1111/gcb.12152
https://doi.org/10.1111/gcb.12152
https://doi.org/10.1111/gcb.12152
https://doi.org/10.1016/j.rse.2009.08.014
https://doi.org/10.1016/j.rse.2009.08.014
https://doi.org/10.1016/j.rse.2009.08.014


Vicente-Serrano SM,Camarero J J, Olano JM,
Martín-HernándezN, Peña-GallardoM,
Tomás-BurgueraM,Gazol A, Azorin-Molina C,
BhuyanU and El KenawyA 2016Diverse relationships
between forest growth and the normalized difference
vegetation index at a global scaleRemote Sens. Environ. 187
14–29

WangC 2006 Biomass allometric equations for 10 co-occurring tree
species in Chinese temperate forests For. Ecol.Manage. 222
9–16

WangQ, Adiku S, Tenhunen J andGranier A 2005On the
relationship ofNDVIwith leaf area index in a deciduous
forest siteRemote Sens. Environ. 94 244–55

WangX, Piao S, Ciais P, Li J, Friedlingstein P, KovenC andChenA
2011 Spring temperature change and its implication in the
change of vegetation growth inNorthAmerica from1982 to
2006Proc. Natl Acad. Sci. 108 1240–5

Wason JW,DovciakM, Beier CMandBattles J J 2017Tree growth
ismore sensitive than species distributions to recent changes
in climate and acidic deposition in the northeasternUnited
States J. Appl. Ecol. 54 1648–57

Waters CN et al 2016TheAnthropocene is functionally and
stratigraphically distinct from theHolocene Science 351
aad2622

WaysonCA, JohnsonKD, Cole J A,OlguínM I, CarrilloO I and
Birdsey RA 2015 Estimating uncertainty of allometric
biomass equationswith incomplete fit error information
using a pseudo-data approach:methodsAnn. For. Sci. 72
825–34

WhitlockMC et al 2016A balanced data archiving policy for long-
term studiesTrends Ecol. Evol. 31 84–5

WilmkingM,D’Arrigo R, JacobyGC and JudayGP 2005 Increased
temperature sensitivity and divergent growth trends in
circumpolar boreal forestsGeophys. Res. Lett. 32 L15715

WilmkingM, JudayGP, Barber VA andZaldHS J 2004Recent
climatewarming forces contrasting growth responses of

white spruce at treeline inAlaska through temperature
thresholdsGlob. Change Biol. 10 1724–36

Wolkovich EM, Regetz J andO’ConnorM I 2012Advances in
global change research require open science by individual
researchersGlob. Change Biol. 18 2102–10

Zalasiewicz J,WilliamsM,HaywoodA andEllisM2011The
Anthropocene: a new epoch of geological time? Phil. Trans. R.
Soc.A 369 835–41

Zhang J,Huang S andHe F 2015Half-century evidence from
westernCanada shows forest dynamics are primarily driven
by competition followed by climateProc. Natl Acad. Sci. USA
112 4009–14

ZhangK,Kimball J S,HoggEH,ZhaoM,OechelWC,Cassano J J and
Running SW2008 Satellite-basedmodeldetectionof recent
climate-driven changes innorthernhigh-latitude vegetation
productivity J.Geophys. Res. Biogeosci.113G03033

ZhangX, FriedlMA, Schaaf CB, Strahler AH,Hodges J C F, Gao F,
Reed BC andHuete A 2003Monitoring vegetation
phenology usingMODISRemote Sens. Environ. 84 471–5

Zhang Z, Babst F, BellassenV, FrankD, Launois T, TanK,
Ciais P and Poulter B 2017Converging climate sensitivities of
European forests between observed radial tree growth and
vegetationmodelsEcosystems 21 410–25

ZhaoMandRunning SW2010Drought-induced reduction in
global terrestrial net primary production from2000 through
2009 Science 329 940–3

Zhou L, KaufmannRK, TianY,Myneni RB andTucker C J 2003
Relation between interannual variations in satellitemeasures
of northern forest greenness and climate between 1982 and
1999 J. Geophys. Res. Atmos. 108 4004

Zhou L, Tucker C J, KaufmannRK, SlaybackD, ShabanovNV and
Myneni RB 2001Variations in northern vegetation activity
inferred from satellite data of vegetation index during 1981 to
1999 J. Geophys. Res. 106 20069–83

ZhuZ et al 2016Greening of the Earth and its driversNat. Clim.
Change 6 791–5

23

Environ. Res. Lett. 13 (2018) 093001 WMarchand et al

https://doi.org/10.1016/j.rse.2016.10.001
https://doi.org/10.1016/j.rse.2016.10.001
https://doi.org/10.1016/j.rse.2016.10.001
https://doi.org/10.1016/j.rse.2016.10.001
https://doi.org/10.1016/j.foreco.2005.10.074
https://doi.org/10.1016/j.foreco.2005.10.074
https://doi.org/10.1016/j.foreco.2005.10.074
https://doi.org/10.1016/j.foreco.2005.10.074
https://doi.org/10.1016/j.rse.2004.10.006
https://doi.org/10.1016/j.rse.2004.10.006
https://doi.org/10.1016/j.rse.2004.10.006
https://doi.org/10.1073/pnas.1014425108
https://doi.org/10.1073/pnas.1014425108
https://doi.org/10.1073/pnas.1014425108
https://doi.org/10.1111/1365-2664.12899
https://doi.org/10.1111/1365-2664.12899
https://doi.org/10.1111/1365-2664.12899
https://doi.org/10.1126/science.aad2622
https://doi.org/10.1126/science.aad2622
https://doi.org/10.1007/s13595-014-0436-7
https://doi.org/10.1007/s13595-014-0436-7
https://doi.org/10.1007/s13595-014-0436-7
https://doi.org/10.1007/s13595-014-0436-7
https://doi.org/10.1016/j.tree.2015.12.001
https://doi.org/10.1016/j.tree.2015.12.001
https://doi.org/10.1016/j.tree.2015.12.001
https://doi.org/10.1029/2005GL023331
https://doi.org/10.1111/j.1365-2486.2004.00826.x
https://doi.org/10.1111/j.1365-2486.2004.00826.x
https://doi.org/10.1111/j.1365-2486.2004.00826.x
https://doi.org/10.1111/j.1365-2486.2012.02693.x
https://doi.org/10.1111/j.1365-2486.2012.02693.x
https://doi.org/10.1111/j.1365-2486.2012.02693.x
https://doi.org/10.1098/rsta.2010.0339
https://doi.org/10.1098/rsta.2010.0339
https://doi.org/10.1098/rsta.2010.0339
https://doi.org/10.1073/pnas.1420844112
https://doi.org/10.1073/pnas.1420844112
https://doi.org/10.1073/pnas.1420844112
https://doi.org/10.1029/2007JG000621
https://doi.org/10.1016/S0034-4257(02)00135-9
https://doi.org/10.1016/S0034-4257(02)00135-9
https://doi.org/10.1016/S0034-4257(02)00135-9
https://doi.org/10.1007/s10021-017-0157-5
https://doi.org/10.1007/s10021-017-0157-5
https://doi.org/10.1007/s10021-017-0157-5
https://doi.org/10.1126/science.1192666
https://doi.org/10.1126/science.1192666
https://doi.org/10.1126/science.1192666
https://doi.org/10.1029/2002JD002510
https://doi.org/10.1029/2000JD000115
https://doi.org/10.1029/2000JD000115
https://doi.org/10.1029/2000JD000115
https://doi.org/10.1038/nclimate3004
https://doi.org/10.1038/nclimate3004
https://doi.org/10.1038/nclimate3004

	Introduction
	Methodology
	Data sources and definitions

	Different variables at different working scales
	Interconnected but dissimilar physiological processes
	On the importance of working scales
	Spatial scales
	Time scales


	Biases and uncertainties
	Limitations of remote sensing data
	Multiplicity of vegetation indices
	Spatial resolution
	Data quality

	Spatial heterogeneity and sampling biases
	Effects of a non-random sampling strategy
	Spatiotemporal fluctuation of inventory plot network

	Uncertainties resulting from data processing
	Spatiotemporal data aggregation
	Allometric estimation
	Detrending

	Uncertainty assessment

	Co-integration and a multidisciplinary approach
	Make these approaches complementary, not contradictory
	Co-integration of different observational methods
	Need for improvements
	Conclusions

	Acknowledgments
	References



