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Abstract: Intact Forest Landscape (IFL) is of great value in protecting biodiversity and supporting
core ecological processes. It is important to analyze the spatial variation in the growth dynamics of
IFL. This study analyzed the change of the Normalized Difference Vegetation Index (NDVI) during
the growing season (April–October) for boreal (45˝ N–70˝ N) IFLs and the correlation with climatic
variables over the period of 2000–2013. Our results show 85.5% of boreal IFLs did not show a
significant change in the NDVI after 2000, and only 10.2% and 4.3% exhibited a statistically significant
increase (greening) or decrease (browning) in NDVI, respectively. About 60.9% of the greening boreal
IFLs showed that an increasing NDVI was significantly correlated to climatic variables, especially
an increasing growing season temperature (over 47.0%). For browning boreal IFLs, a decrease
in temperature or an increase in dormancy period precipitation could be the prime reason for a
significant decrease in the NDVI. However, about 64.6% of the browning boreal IFLs were insensitive
to any of the climatic variables, indicating other factors, such as fire, had caused the browning.
Although it did not show a significant trend, the NDVI of 51.3% of no-change boreal IFLs significantly
correlated to climatic variables, especially growing season temperatures (over 37.6%).

Keywords: NDVI; changing trend; intact forest landscape; boreal plant

1. Introduction

Forest landscape composes a major part of the terrestrial landscape, occupying about 30% of the
world’s land area. Forest landscape plays an important role in planetary matter and energy cycles [1],
especially the global carbon cycle because of its huge C pool and high productivity [2]. Currently,
intact forest landscapes (IFLs) are becoming increasingly important due to their significant ecological
values [3].

An intact forest landscape (IFL) is an unbroken expanse of natural ecosystem which contains
forest and non-forest ecosystems within a current forest zone, showing no signs of significant human
activity [4]. This IFL definition was proposed by Greenpeace in 2001 as an approach to provide timely
mapping and monitoring of variations in forest extent [5]. Forest landscapes that remain undeveloped
and unfragmented by human activity exhibit stronger resistance and resilience to disturbance, and
are invaluable for preserving natural habitats and biological diversity [6]. Furthermore, intact
forest landscapes are quite capable of supporting core ecological processes and services, such as
carbon-nitrogen-water coupling cycles, energy budget, and control of natural hazards [7]. More
importantly, intact forest landscapes supply an invaluable natural resource in the study of responses of
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terrestrial ecosystems to climate without human interference, such as land use change [8]. Hence, it is
of great significance for understanding not only the quantitative but also the qualitative variations
in IFLs in current climatic condition to maintain ecological safety and sustainability. However, the
global IFL map and its update are currently used to measure and differentiate rates and causes of forest
alteration and degradation across a landscape [4,9]. To the best of our knowledge, studies focused on
variations in the growth of intact forest landscapes and their relationship with local climates based on
IFL have rarely been reported.

Climate change has become pronounced in the northern hemisphere (NH), especially at mid-high
latitudes, over the last few decades [10]. Prominent annual and seasonal variations in climate have
exhibited an obvious spatial heterogeneity, which has resulted in different temporal and spatial
responses of plant growth [11–13]. The changes of plant growth over the mid-high latitudes in the
NH have been investigated using various approaches [14], especially satellite-based remotely-sensed
vegetation indices, which can exhibit a temporal and spatial pattern on the integrated responses of
plant growth to environmental influences [15,16]. The Normalized Difference Vegetation Index (NDVI),
which is derived from the infrared channel and the near-infrared channel and has proved to positively
correlate with productivity [17], has been widely used as a growth indicator to explore responses
of terrestrial ecosystems to climate changes at regional and global scales [18]. Previous studies has
shown that an increased temperature has boosted plant growth over recent decades through enhanced
photosynthesis [19,20]. At a continental scale, a statistically significant increase in the growing season
NDVI was observed in Eurasia and North America from the 1980s. However, there were two distinct
periods with different trends in growing season NDVI. Growing season NDVI first significantly
increased from 1982 to the mid-1990s, and then decreased from the late 1990s [21]. The retardation
of the growing season NDVI trend over Eurasia [12] and North America [22] was largely caused
by spring and summer NDVI changes associated with local climate changes. In Inner Mongolia,
Northwest China, and the northwestern region of North America, a significant reversal in the growing
season NDVI trend occurred in the 1990s and early 2000s mainly due to higher temperature and less
precipitation [23,24]. Nevertheless, there are still many uncertainties that have not been adequately
quantified [25]. More importantly, current regional findings could not absolutely reflect variations in
boreal IFLs because these did not exclude influences of significant human activities, such as settlements,
agriculture, timber production, and industrial activities.

In this study, we investigated NDVI-based variations in the growth of boreal intact forest
landscapes and their correlation with local climatic variables from 2000 to 2013. We assume that
sensitivities of growth to climatic variables may differ among IFLs in different regions. Such analysis
would be useful in improving our knowledge of the spatial pattern and climatic regulation mechanism
of developments of boreal intact forest landscapes in recent years, as well as supporting studies on the
sustainability of intact forest landscapes.

2. Material and Methods

2.1. Study Area and Intact Forest Landscape

In our present work, a boreal transect (45˝ N–70˝ N) that covered most boreal IFLs was chosen as
the study area (Figure 1). The IFL is defined as a large unbroken expanse of forest landscape without
signs of significant human activity, with an area of at least 500 km2, and with a minimum IFL patch
width of 10 km and a minimum corridor/appendage width of 2 km. This definition builds on the
definition of Frontier Forest developed by the World Resources Institute (WRI) [26]. Although IFLs are
located in forest zones, some may contain extensive naturally tree-less ecosystems, including grassland,
tundra, wetlands, etc.

The boreal IFL map used in this study was derived from the world’s IFL map (scale 1:1,000,000)
for years 2000 and 2013 [27] (http://www.intactforests.org). Satellite images with 30 m resolution from
Landsat TM and ETM+ were used to map the extent of the global IFLs for year 2000 and 2013 based on
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the approach of inverse logic with additional thematic and topographic map layers [3]. An overlapping
IFL boundary was derived from the IFL maps for years 2000 and 2013, and the IFLs during 2000–2013
were obtained in our study area, to ensure that anomalies in growth of boreal IFLs were driven by
climatic variables rather than significant human activities or serious natural disasters. Then, these
boreal IFLs were rasterized at a spatial resolution of 0.5˝ ˆ 0.5˝ to match the following climate data,
and all further calculations and analyses were done based on each IFL pixel in this study.
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Figure 1. Boreal intact forest landscapes (IFLs) during 2000–2013 in the study area.

2.2. Climate Data

Climate data used in this study was obtained from the Climatic Research Unit, University of East
Anglia [28,29]. Our dataset included monthly average temperature and precipitation data at a spatial
resolution of 0.5˝ from 2000 to 2013. In consideration of the direct and lag effects of climate to boreal
plants, climatic variables during the growing season (GS) and dormancy period (DP) were also taken
into account in our work. In this study, the GS was defined as the duration from April to October when
the main physiological activities of boreal plants occur [12,21,22], and the DP was from the previous
November to the current March. The monthly climate data were aggregated by GS and DP per year.
Then the annual time series of GS temperature (GS-TMP) and GS precipitation (GS-PRE) from 2000 to
2013 and DP temperature (DP-TMP) and DP precipitation (DP-PRE) from 1999 to 2012 were obtained
for each IFL pixel.

2.3. MODIS NDVI

In the present work, we focused on inter-annual variations of boreal plant growth during the
GS. Monthly satellite-based NDVI from 2000 to 2013 was used and the degree of plant growth
was inferred from the average NDVI during the GS (GS-NDVI). The NDVI dataset was derived
from the MODIS NDVI product (MOD13C2, https://lpdaac.usgs.gov/dataset_discovery/modis/
modis_products_table/mod13c2) [30], containing atmospherically-corrected bi-directional surface
reflectances masked for water, clouds, and cloud shadows. The MODIS NDVI data originally at 0.05˝

spatial resolution was up-scaled to 0.5˝ spatial resolution to match the climate data resolution by
calculating the average. The GS-NDVI per year was calculated to obtain an inter-annual time series of
GS-NDVI from 2000 to 2013 for each IFL pixel.

2.4. Statistical Analyses Strategy

To quantify the changing trends of GS-NDVI of IFLs, we performed the linear least squares
regression analysis pixel by pixel using the GS-NDVI as a dependent variable and the year as an
independent variable. The slope of the regression (k) was then delineated as the changing trend
(annual mean change amount) of GS-NDVI. The IFLs with different changing trends were divided into
three categories according to the slope (k) and statistical significance (p) of the regression, including
“greening IFL” (GS-NDVI of IFL significantly increased: k > 0, p < 0.05), “browning IFL” (GS-NDVI of
IFL significantly decreased: k < 0, p < 0.05), and “no-change IFL” (GS-NDVI of IFL did not significantly
change: p ě 0.05).
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Path analysis was used to detect direct effects of climatic variables on growth of boreal IFLs
pixel by pixel, where the GS-NDVI was a dependent variable and the four climatic variables were
independent variables. Path coefficients are standardized versions of linear regression weights which
can be used in examining the possible causal linkage between statistical variables in the structural
equation modeling approach [31,32]. By comparison, the climatic variable with the highest absolute
value of path coefficient (direct effect) was determined as the dominant climatic variable for plant
growth in the IFL pixel.

3. Results and Discussion

3.1. Annual Variations in Boreal IFLs

Figure 2 shows the changing trend of growth of the boreal IFLs in the study area from 2000 to 2013.
The color of Figure 2 denotes the changing trend of GS-NDVI in each IFL pixel: the (dark and light)
green and brown denotes the statistically significant (p < 0.05) increase or decrease in the GS-NDVI
from 2000 to 2013, respectively; the gray color indicates that the GS-NDVI did not significantly
(p ě 0.05) change during the study period. We found that the changing trends showed a significant
difference (p < 0.05) among categories by ANOVA. The statistical result (Figure 3) showed that there
had been no significant change in NDVI over 80% of boreal IFL during the past 14 years, and 44.8% and
55.2% of these no-change IFLs were located in Eurasia (e.g., the East/West Siberian taiga) and North
America (e.g., Eastern Canadian Shield taiga and Interior Alaska-Yukon lowland taiga), respectively.
Only 14.5% of boreal IFLs showed significant greening (10.2%) or browning (4.3%). For the greening
boreal IFLs, 47.1% and 52.9% of these IFLs were located in Eurasia and North America, respectively,
including the East/West Siberian taiga, Interior Alaska-Yukon lowland taiga, Northwest Territories
taiga, Scandinavian, and Russian taiga. For the browning IFLs, 27.9% and 72.1% of the IFLs were
located in Eurasia and North America, respectively, including the Midwestern Canadian Shield forests,
East Siberian taiga, Northern Canadian Shield taiga, Mid-Continental Canadian forests, and Interior
Alaska-Yukon lowland taiga. Previous studies have shown that a significant increase in growing
season NDVI in the mid-high latitudes of the northern hemisphere during the 1980s and early 1990s,
but then decreased from the late 1990s [12,21], showing an obvious “turning point”. Although our
results partly support this view, we found the vast majority of boreal IFLs did not exhibit a significant
change after 2000.
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Figure 3. Spatial patterns of the greening boreal intact forest landscapes dominated by (a) growing
season temperature; (b) growing season precipitation; (c) dormancy period temperature; (d) dormancy
period precipitation; and (e) none of the climatic variables. PCC presents the Pearson correlation
coefficient between the growing season NDVI and dominant climatic variable. NS represents no
significant correlation.

3.2. Climatic Sensitivity of the Greening Boreal IFLs

Here, we investigated the direct effect of climatic variables on GS-NDVI for each boreal IFL
pixel. Figure 4 shows the spatial patterns of the greening boreal IFLs dominated by different climatic
variables, including GS-TMP (a); GS-PRE (b); DP-TMP (c); and DP-PRE (d). The colors denote the
direct path coefficient (dpc) between GS-NDVI and the dominant climatic variable over the study
period. Figure 4e shows the greening IFLs of which GS-NDVI did not significantly directly response
to any of the climatic variables chosen in this study. The ratio of greening IFLs, where GS-NDVI was
dominated by GS-TMP, GS-PRE, DP-TMP, and DP-PRE to the total greening IFLs was 47.0%, 3.2%,
1.6%, and 9.2%, respectively, whereas 39.1% of the greening IFLs did not show a significant relationship
between GS-NDVI and any of the climatic variables (Figure 3). Further, we explored the positive or
negative effects of the dominant climatic variables to the greening IFLs. For the greening boreal IFLs
dominated by GS-TMP, almost all individual pixel-level correlations between GS-NDVI and GS-TMP
were positive (99.9% significant). This suggests that an increase in growing season temperature may be
an important stimulus for the greening of boreal IFLs [21]. Those greening boreal IFLs dominated by
GS-TMP mainly included the East Siberian taiga, Northwest Territories taiga, Interior Alaska-Yukon
lowland taiga, and Northern Canadian Shield taiga. However, the other three climatic variables
seemed to play ambiguous roles in the growth of greening boreal IFLs. By comparison, the variation in
DP-PRE was another important reason for greening of boreal IFLs compared to GS-PRE and DP-TMP,
especially for the Ogilvie-MacKenzie alpine tundra and Eastern Canadian forests.
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Figure 4. Spatial patterns of the browning boreal intact forest landscapes dominated by (a) growing
season temperature; (b) growing season precipitation; (c) dormancy period temperature; (d) dormancy
period precipitation; and (e) none of the climatic variables. PCC presents the Pearson correlation
coefficient between the growing season NDVI and dominant climatic variable. NS represents no
significant correlation.

3.3. Climatic Sensitivity of the Browning Boreal IFLs

Figure 4 show the climatic sensitivity of browning boreal IFLs, and the panels are the same as
in Figure 3. For the browning boreal IFLs, 7.4%, 7.3%, 8.0%, and 12.9% of the IFLs were dominated
by GS-TMP, GS-PRE, DP-TMP, and DP-PRE, respectively, and 64.6% did not exhibit a significant
correlation between GS-NDVI and any of the climatic variables (Figure 4). It suggests that the recent
degeneration of boreal forest landscapes was less influenced by local climate. Overall, a decrease
in (both growing season and dormancy period) TMP or an increase in DP-PRE could lead to a
decrease in GS-NDVI. For the browning boreal IFLs, GS-NDVI of 5.9% and 7.8% of IFLs exhibited a
significant positive response to GS-TMP and DP-TMP, respectively. GS-TMP and DP-TMP dominated
browning IFLs mainly located in the Beringia lowland tundra and Interior Alaska-Yukon lowland
taiga, respectively. Meanwhile, 11.2% of the browning boreal IFLs showed a significant negative
correlation between GS-NDVI and DP-PRE, which were mainly located in the Midwestern Canadian
Shield forests and the Northern Cordillera forests. Previous studies have suggested that the increase in
DP-PRE (snow) cover extent and duration was a direct cause of the decreasing temperature [33,34] due



Sustainability 2016, 8, 326 7 of 10

to altering surface albedo and the surface energy partitioning. The decline in DP-TMP may increase
the risk of frost damage and mitigate the accumulation of a certain amount of heat to trigger spring
leaf onset [35], which would delay or even inhibit the growth of IFLs.

3.4. Climatic Sensitivity of the No-Change Boreal IFLs

Figure 5 show spatial patterns and ratios of no-change boreal IFLs with different dominant
climatic variables, and the panels are the same as in Figure 3. For the no-change IFLs, there were 37.6%,
3.5%, 6.0%, and 4.2% of IFLs where GS-NDVI was dominated by GS-TMP, GS-PRE, DP-TMP, and
DP-PRE, respectively. This suggests growing season temperature has a major climatic stimulus on the
growth of boreal intact forest landscapes. Nevertheless, over half of no-change IFLs (48.7%) did not
show sensitivity to any climate as well as a significant change trend. This could be partially explained
by the strong resistance of IFLs to variations in climate variables, as well as the effects of variations in
climate variables, as they are offset against each other [21].
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Figure 5. Spatial patterns of the no-change boreal intact forest landscapes dominated by (a) growing
season temperature; (b) growing season precipitation; (c) dormancy period temperature; (d) dormancy
period precipitation; and (e) none of the climatic variables. PCC presents the Pearson correlation
coefficient between the growing season NDVI and dominant climatic variable. NS represents no
significant correlation.
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For almost all of the no-change boreal IFLs dominated by GS-TMP (99.8%), GS-NDVI responded
significantly positively to GS-TMP. These IFLs mainly included the East/West Siberian taiga,
Eastern/Northern Canadian Shield taiga and Southern Hudson Bay taiga. Similar to GS-TMP, a higher
DP-TMP mainly promoted the growth of no-change boreal IFLs in the study area. However, 12.4% of
the no-change IFLs dominated by DP-TMP showed a significant negative correlation between GS-NDVI
and DP-TMP, which mainly occurred in the Scandinavian and Russian taiga and the Eastern Canadian
Shield taiga. Generally, DP-PRE exhibited a negative effect on growth of the boreal IFLs as mentioned
above. An increase in DP-PRE significantly correlated with a decrease of GS-NDVI for 73.4% of the
no-change IFLs dominated by DP-PRE, which mainly occurred in the Scandinavian and Russian taiga,
Interior Alaska-Yukon lowland taiga, and Mid-Continental Canadian forests.

The results showed that the vast majority (85.5%) of boreal IFLs in this study had not exhibited a
statistically significant variation in growing season NDVI over the last 14 years, and are consistent
with previous studies which have suggested temperate and boreal vegetation greening trend that
occurred during 1982–1997 was either stalled or reversed during 1997–2006 [12,22]. However, about
half of the no-change IFLs seemed to be quite sensitive to local climates, especially growing season
temperature. In the future, if the projected dramatic climate change occurs in these habitats, perhaps
the intact forest landscapes in these regions will inevitably show significant responses to the variations
in climatic variables.

4. Conclusions

In this study, we investigated a NDVI-based variation in the growth of boreal intact forest
landscapes and the correlation with local climatic variables from 2000 to 2013. Compared to a significant
increase in growing season NDVI in the mid-high latitudes of the northern hemisphere during the
1980s and early 1990s, the NDVI of the vast majority of boreal IFLs in the study did not exhibit a
significant change after 2000. Only about 10.2% of the boreal IFLs exhibited a significant greening,
while 4.3% showed a significant browning over the study period. About 60% of the greening boreal
IFLs showed that a significant increase in growing season NDVI correlated to the climatic variables,
especially an increasing growing season temperature. For the browning boreal IFLs, a decrease in
temperature or an increase in dormancy period precipitation may be a prime reason for the significant
decrease in growing season NDVI. However, approximately two-thirds of the browning boreal IFLs
did not respond to any of the climatic variables, indicating that other disturbance factors, such as fire,
may dominate the browning. Nearly half of the no-change boreal IFLs showed a significant correlation
between climatic variables and growing season NDVI, and most of these responded significantly
positively to growing season temperature. Hence, more attention should be paid to these sensitive
no-change boreal IFLs in light of future projected climate change.
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