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Abstract: A warming climate influences boreal forest productivity, dynamics, and
disturbance regimes. We used ecosystem models and 250 m satellite Normalized
Difference Vegetation Index (NDVI) data averaged over the growing season (GSN) to
model current, and estimate future, ecosystem performance. We modeled Expected
Ecosystem Performance (EEP), or anticipated productivity, in undisturbed stands over the
2000-2008 period from a variety of abiotic data sources, using a rule-based piecewise
regression tree. The EEP model was applied to a future climate ensemble A1B projection
to quantify expected changes to mature boreal forest performance. Ecosystem Performance
Anomalies (EPA), were identified as the residuals of the EEP and GSN relationship and
represent performance departures from expected performance conditions. These
performance data were used to monitor successional events following fire. Results
suggested that maximum EPA occurs 30—40 years following fire, and deciduous stands
generally have higher EPA than coniferous stands. Mean undisturbed EEP is projected to
increase 5.6% by 2040 and 8.7% by 2070, suggesting an increased deciduous component
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in boreal forests. Our results contribute to the understanding of boreal forest successional
dynamics and its response to climate change. This information enables informed decisions
to prepare for, and adapt to, climate change in the Yukon River Basin forest.
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1. Introduction

Ecosystem productivity in the boreal forest is often constrained by short growing seasons, lack of
winter sunlight, temperature, permafrost, low soil nutrient levels [1,2], and disturbance [3-5].
Furthermore, ecosystem productivity is increasingly limited by mid-summer moisture stress [6—9].
Northwestern North America (and northern latitudes in general) is predicted to continue warming
throughout the 21st century, and climatic changes over the last century have already resulted in
warmer springs accompanied by an earlier start of growing season [4,10], warmer summers, and much
warmer winters [11]. Altered weather patterns are due in part to the shift in the Pacific Decadal
Oscillations (PDO) in the 1970s [12]. These changes, combined with ongoing warming, will likely
alter the structure [13,14], composition [15,16], distribution [7,17,18], disturbance regimes
(increasing severity and frequency of insect outbreaks and fire) [15,19,20], ecosystem services or
productivity [2,21-23], postfire succession [24], and ecosystem goods and services of the boreal forest.

Warming and drying weather conditions throughout the 20th century have been linked with reduced
radial growth of white spruce in the Alaskan boreal forest [6]. Remote sensing studies have observed
similar patterns of boreal “browning” since the 1980s [9,25]. The warming climate may change the limiting
factor of tree growth from temperature to moisture [2,7,23], particularly in mid-summer [7,26]. These
changes will likely result in increased burned area, fire frequency, and fire severity [27]. Severe fires
often expose bare mineral soils in which deciduous propagules have great success [28] and dominate early
to mid-successional communities [29] and result in increases in long-term deciduous forests. Boreal
deciduous species have been reported to respond more positively to climate change [15,16,25]
and drought [30] than boreal coniferous species, and are likely to increase in a warmer
climate [16,20,28,31-33]. Since mature deciduous stands often have greater ecosystem
productivity [5,16,29,33,34], greater carbon uptake [30,35,36], and a longer fire return interval
than coniferous stands, an increase in their cover/extent is likely to increase overall ecosystem
productivity. While climate change may be associated with decreasing coniferous productivity
and abundance, its net effect on overall long-term boreal productivity is uncertain. The strength
and direction of future productivity patterns in the boreal forest depends largely on changes to
the quantity and timing of precipitation, continuing increases in greenhouse gases, the strength of
the CO, fertilization effect [22], species diversity and beneficial interactions [37], PDO patterns,
and corresponding changes to the disturbance regime [20].

Interannual variation in weather influences the temporal signal of vegetation recovery following
a disturbance event [17] and obscures ecosystem “performance”, or productivity, trends related to
succession and climate change [8]. How well vegetation responds to growing conditions such as
weather and site conditions (soils, elevation/aspect, permafrost, etc.) is described here as “ecosystem
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performance”, which is assessed with growing season integrals of remotely sensed vegetation
indices [38—41] that are associated with photosynthetic potential or vegetation greenness. Healthy,
robust vegetation will respond to moisture stress, insect infestations, and other plant stressors in a
robust manner (normal performance) while a degraded or previously stressed vegetation stand may
have a larger reduction in productivity given the same stressors (underperformance). Disturbances
such as stand replacing fires will be readily represented as severe performance departures from that
expected for a mature forest given site conditions. Environmental thresholds use a similar concept of
the “degree of vegetation stress” or “accumulation of stress factors” to identify environmental stress
loads that are critical for ecosystem failure or ecotype conversion [42].

Detecting significant temporal patterns in ecosystem performance is especially challenging because
of the substantial [43,44] and increasing role of fire disturbance [3] and insect damage [4,20].
Interannual weather variations [19], often related to the PDO [23] also confound the temporal patterns
in performance. To reduce the complex response of ecosystem performance to these factors [3], we
used ecosystem models that account for variations of weather in moderate resolution satellite imagery
and built upon the methodology of previously successful efforts [5,39] that tracked forest fire
succession and grazing effects in the central United States [40]. Similar approaches that detrend
spectral responses for weather and site conditions to assess range condition and management effects
have been applied in Africa [45-47] and Australia [48]. The separation of climate
and human influences through this approach combined with entropy analysis was also proposed by
Zurlini et al. [49] as a method to identify causes of change. Our objectives were to (1) evaluate boreal
forest performance departures from expected conditions in the Yukon River Basin over
the 2000-2008 period; (2) separate the influence of weather on performance to reveal disturbance;
(3) assess successional dynamics of ecosystem performance following fire using a chronosequence;
and (4) model future equilibrium (non-disturbed) ecosystem performance in 2040 and 2070. .

2. Methods
2.1. Study Area

The Yukon River Basin encompasses 856,930 km? of Alaska, USA, and Yukon and British Columbia,
Canada (Figure 1). We evaluated the portion of the basin that was either boreal forest (i.e., 2001 National
Land Cover Database (NLCD) coniferous or mixed forest; overall accuracy for these forest classes of
76.4% [50]) or potential boreal forest (e.g., areas recovering from disturbance) (Figure 1). The evaluated
area encompassed 32% (280,149 km®) of the basin. Potential boreal forest was determined with
a combination of the 2001 NLCD, Global Land Cover (GLC) 2000 [51], Alaska 1980s land cover, and
the International Geosphere-Biosphere Programme MODIS land cover to identify areas with long-term
boreal forests and exclude fire effects. Boreal forest in the Canadian portion of the watershed was
determined solely from the GLC 2000 data.
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Figure 1. Site potential productivity of boreal forest determined from a regression tree
model of topographic, edaphic, ecological, and climate inputs in the Yukon River Basin.
Total yearly precipitation contours (50 mm intervals) are denoted by the maroon lines.
Background shading depicts elevation ranging from low (black) to high (white), only
visible for non-modeled areas. Inset map shows the location of the study area, shaded grey,
within North America.
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Boreal forest in the Yukon River Basin is dominated by coniferous species including white spruce
(Picea glauca Moench) and black spruce (Picea mariana Mill) [29,34]. Deciduous species such as
aspen (Populus tremuloides Michx.), Alaskan birch (Betula neoalaskana Sarg.), paper birch
(Betula papyrifera Marshall) and balsam poplar (Populus balsamifera L.) are frequently associated
with earlier successional communities following fires [4,52,53] and south-facing aspects [29], often
mixing with coniferous species [44] in mid-late successional stages.

The average winter temperature within Yukon River Basin boreal forest is —17.6 °C, while the
summer average ranges from 8 °C to 16 °C and the yearly average ranges from —7 °C to 6 °C [29].
Average annual precipitation varies geographically from 150 to 565 mm, with the highest amounts
occurring along the Alaska Range [54]. Precipitation generally decreases from west to east (Figure 1).
Mountain ranges restrict the maritime influences carrying moisture, resulting in regions where
potential evapotranspiration is greater than precipitation [1]. Generally, permafrost is continuous north
of the Yukon River, and discontinuous to the south [11,55].

2.2. Ecosystem Performance Modeling

Our ecosystem performance assessment consists of four steps (after [5]): (1) determine the actual
ecosystem performance; (2) compute long-term site potential; (3) model Ecosystem Expected
Performance (EEP) given long-term site potential conditions, yearly weather, and assuming no
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disturbance occurs; and (4) calculate Ecosystem Performance Anomaly (EPA) as the difference
between actual and expected ecosystem performance.

2.2.1. Actual Performance

Ecosystem performance (EP), or actual performance, is represented by the growing season integral
of the Normalized Difference Vegetation Index (GSN). The Normalized Difference Vegetation Index
(NDVI) has been related to chlorophyll [56], nitrogen stress [56], fractional vegetation cover [56],
Leaf Area Index (LAI) [56], gross primary production [56], and foliar water potential [56]. NDVI also
tracks vegetation dynamics related to phenology [57,58]. Growing season summaries of remotely
sensed vegetation indices capture vegetation dynamics through the growing season [57,59,60],
including shoulder season dynamics that are sensitive to climate instability [56,57]. Growing season
integrals of vegetation indices have been related to or used as relative proxies for total standing
biomass [61-63], photosynthetic activity [64,65], biological activity [66], productivity [57], forest
foliar productivity [67], biomass [62,68], primary production [7,25,27,45,69], fire succession [70], and
LAI in deciduous and coniferous boreal forests [71].

The 250 m Moderate Resolution Imaging Spectroradiometer (MODIS) data, with a temporal
(weekly) resolution, capture local variability in productivity and are appropriate for evaluating the
impacts of climate change and forest stress. The 250 m expedited MODIS (eMODIS) [72] 7-day
NDVI composites were rescaled from the NDVI’s —1 to 1 range to 0 to 100, and all negative values
(clouds and water) were set to 0. Soil and litter effects were minimized by subtracting 0.09 from NDVI
values [73] and to improve GSN sensitivity to vegetation [69]. These NDVI composites incorporate
data quality information related to clouds, view angles, and snow [74] and were temporally
smoothed [75] to remove any remaining cloud effects for each growing season, defined as 1 April to
30 September. Temporal smoothing of NDVI spans temporary drops in NDVI related to residual
clouds which can remain after the 7-day maximum NDVI compositing process. A series of linear
regressions from a moving temporal window are used to estimate “fill in”” appropriate NDVI values for
periods of temporarily low NDVI values [75]. To capture interannual productivity variations in
the shoulder seasons and capture growing season length changes, a constant time window for NDVI
averaging was employed (1 April to 30 September). The high temporal resolution of the eMODIS data
utilized in this study was critical to capturing these patterns [70]. Growing season average NDVI
(GSN) with a constant growing season period is algebraically consistent with the sum of NDVI over
the growing season and emphasizes the importance of the length of the productive period and
the effects of varied shoulder seasons [10]. A varied growing season length used in the average would
tend to standardize for growing season length, resulting in potentially similar GSN values for a short
growing season and a long growing season with similar weekly NDVI magnitudes during the growing
season. By using eMODIS NDVI, the MODIS swath data were directly projected to Alaska Albers
Equal Area [74], avoiding geographic distortions associated with the extreme latitudes and longitude in
the global sinusoidal projection for this study area [72,76,77].
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2.2.2. Models

The basic modeling approach is a regression tree EP model based on the basic hypothesis that
Actual Performance is a function of site potential and weather. Site potential is the long-term GSN
estimated through a regression tree driven by time invariant spatial data sets related to site condition
(elevation, soils, aspect, etc.). Once site potential is mapped, it does not vary between years and is used
as a driver in the EP model to represent the combined effects of site differences on boreal forest
long-term productivity, Site potential should account for most of the geographic variation and allow
the weather data to address interannual variations.

Data-driven, machine learning regression tree models were used to develop models for predicting
both site potential and EP. Rule-based piecewise regression techniques were employed to model the
nonlinear response of long-term average ecosystem performance and annual ecosystem performance.
To maximize prediction accuracy and insure model robustness, we used multiple models each with
high numbers of terminal nodes and multiple regression equations, which allowed for only the most
useful variables to be used in different environmental settings. This modeling approach enables
the automatic handling of interactions, since different linear regression models are used in different
parts of the predictor variable space [78]. This approach often results in better prediction accuracy [79]
than a single multivariate linear regression. For a detailed description of the piecewise rule-based
regression tree, see [5].

Two regression tree mapping models were constructed: (1) site potential, which represents
the long-term (2000-2005) average expected performance for each site (primarily geographic
variability); and (2) EP model, which included site potential as an input and employed yearly weather
to address interannual variability. Site potential and EP were spatial dependent variables that can be
reliably replicated through time and space [5,80]. Stratified random sampling for the site potential
model (n = 2529) was done to insure near-equal representation of the model development database
sample locations in low, moderate, and high productivity areas to help minimize prediction bias.
The EP model included years as an additional stratification criteria (n = 15,049). To focus the EP
model predictions on mature boreal forests all sample points were further constrained to exclude areas
that had burned in the previous 50 years. Fire perimeters were obtained from the Bureau of Land
Management, Alaska Fire Service [81], and the Canada Forest Service. The relatively large model
development data sets helped to insure that the models were robust to a wide range of conditions.
Inputs to the site potential model included temporally static variables that characterized site conditions:
soil drainage, land forms, elevation, aspect, slope, compound terrain index, surficial geology merged
from two sources [82,83], ecoregions [84], median potential evapotranspiration [85], environmental
domains [85], median solar radiation [85], permafrost characteristics [86], and historical monthly
climate grids for North America [87].

2.2.3. Ecosystem Performance Anomalies (EPA)

GSN (actual performance) was regressed on EEP (expected mature forest performance) to assess
model prediction accuracy and to derive the 90% confidence limits for the regression. Data points that
fell below the regression line were underperforming relative to an undisturbed boreal forest but only
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significant (p < 0.10) when they were below the lower 90% confidence interval. The inverse would be
for overperforming observations being above the regression line and above the upper 90% confidence
interval. Between the upper and lower confidence interval (£69 in rescaled NDVI units) was
considered mostly the range of normal performance variability and pixels that fell outside the 90%
confidence intervals were Ecosystem Performance Anomalies (EPA) [41]. Picking a level of
significance can be user specific so EPA map color ramps show graduations but all significant
anomalies were red tones or green tones and labeled as two levels of significant overperformance or
underperformance. EPA are essentially the residuals of the GSN regressed on the EEP model
predictions, which were significant outliers at p < 0.10. Maps of EPA were produced for each year.
Setting a confidence limit threshold standardizes the sensitivity of the EPA to the EEP model error and
provides quantification of both anomaly magnitude and a statistical significance of anomalies. Since
the EEP model largely accounts for both site conditions (though the site potential variable) and
weather, EPA values are standardized, detrended, or normalized for weather and site conditions
resulting in an interannual and spatially consistency that facilitates interannual comparisons and analysis.

2.2.4. Future Ecosystem Performance

Future (2040 and 2070) EEP was determined using the same model we employed for
the 2000-2008 annual EEP products. However, for mapping the future EEP, we replaced
contemporary weather conditions with the future climate projections of a 14-model average composite
generated following the assumptions of emissions scenario A1B [88] for 2040 and 2070. The resulting
EEP values in 2040 and 2070 were compared to the 2000-2008 average, to generate a percent
difference map. Future EEP values represent the potential mature forest performance of a site in
the absence of disturbance (fires and insects). The future EEP values carry the assumption that the
current performance-weather relationship (which captured interannual moisture and temperature
variations and gradients in a large and diverse study area across multiple years) informs response
predictions for future environmental conditions. The frequency and magnitude of extrapolation of
the EEP model (model application beyond the data range that it was developed from) when applied to
future climate projections was assessed using an extrapolation differencing approach [89].
A difference map of an EEP that allowed a 50% extrapolation beyond the model development data
range and one that constrained extrapolation to 10% extrapolation quantified the spatial frequency and
the magnitude of extrapolation in the future EEP predictions. Our modeling constrained boreal forests
to their original (2000-2008) extent and did not consider possible range expansions or contractions.

2.3. Forest Succession

We evaluated the magnitude of disturbance from fire, and the subsequent recovery of EPA, using
Alaska Fire Service fire perimeters from 1950 to 2002 available for the Alaskan portion of the study
area. We employed a space-for-time design, or chronosequence, to study the pattern of succession
following fire, specifically its influence on EPA and land cover proportions. This design assumes that
observing the conditions at stands of varying ages (through space) would provide the same result if
site(s) were observed throughout the entire post-disturbance recovery (through time). This assumption
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can be problematic at times [90]. However, this assumption was determined to be valid in boreal
forest [53,91] in which chronosequences have often been used [25,92].

NLCD 2001 classes were sorted into four land cover groups; deciduous forest, coniferous forest,
mid-succession (shrub and mixed forest), and early-succession (barren, grassland, sedge, and moss).
Random points (n = 5000) were placed within fires over 200 ha in size occurring between 1950 and
2002. We believed this number of samples was sufficient to effectively quantify the population. These
points were used to calculate the average EPA of each land cover group and the proportion of fire scar
area in each for years before and after fire. Areas that burned more than once during the 1950-2002
period were excluded in an effort to clarify successional patterns following fires and to reduce
fire-related changes to NLCD land cover. Burn severity (i.e., AINBR) was not considered in random
point placement; consequently, our random points represent the entire range of burn severity within
burned areas. We did not consider dNBR because (1) its accuracy has often been challenged in
Alaskan boreal forest [93]; (2) it is unavailable for older fires (pre-1984); and (3) we wanted to
represent the entire range of fire severity. Data from 2003 to 2008 were not used because the accuracy
of NLCD 2001 likely diminished as later fires and succession continued to alter land cover. Only fires
that occurred from 2000 to 2002 had observations of pre-fire and year of burn EPA. These data were
used to generate scatterplots of average EPA and proportion of fire scar area and group by year since
fire. The low sample size in some periods (e.g., 4045 years since fire) caused greater variability in EPA.

2.4. Validation

Data-driven piecewise regression models (Cubist) were assessed with 10-fold cross validation
and used multiple test data sets to assess model (constrained to the same inputs) accuracy and
robustness [5,44]. Multiple random test data sets insured that validation results were representative of
the larger population being mapped. We used total aboveground biomass data representing an average
of 2008-2010 conditions for the Yukon Flats (the dry north-central portion with low site potential
(Figure 1)) portion of the basin [44] to validate the ability of the GSN to serve as a proxy of ecosystem
performance. Estimates of AGB were previously derived for the area using Landsat TM data and
in situ data, as described in [44], and were aggregated here to MODIS pixel sized areas by averaging
the biomass 30 m pixels within each 250 m MODIS pixel. Linear regression was used to determine
the relationship between GSN and aboveground biomass at random points (n = 545) located in areas of
boreal forest in the Yukon Flats.

3. Results and Discussion
3.1. Site Potential and Expected Ecosystem Performance

Site potential was estimated using temporally static inputs that accounted for 49% of the variation
in site potential (Figure 1, R* = 0.49, n = 2529, p < 0.0001). Coarse resolution inputs (permafrost,
long-term climate, surface geology) prevented the model from explaining higher amounts of 250 m
GSN variability since GSN captures a significant amount of local variability. Fire perimeters also had
larger errors for older fires and some fires were mapped before they were completely extinguished so
outlier pixels could include some burned pixels.
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Site potential tends to coincide with the east to west moisture gradient in the Yukon River Basin
(R2 =0.26, p < 0.01) due to the isolation of eastern areas from maritime moisture [1] (Figure 1). Low
precipitation impacts are especially apparent in the Yukon Flats region in the north-central part of
the Yukon Basin and in east-central Yukon, Canada, which has some of the lowest site potentials in
the basin attributable to their continentality and rain shadows that reduce precipitation. Elevation was
negatively related to site potential (R* = 0.21, p < 0.01). In contrast to longitude, site potential was not
significantly related to latitude, due to the confounding effects of elevation and the proportionately
small latitudinal range of the study area. Site potential tends to be highest on floodplains
and mid-successional deciduous forest. Our results commonly demonstrated low site potential in wet
coniferous forests, while deciduous stands of aspen and birch were considerably more productive than
white and black spruce [29], and had the highest site potentials, similar to [5].

3.2. Expected Ecosystem Performance

The EEP model had an R* of 0.53 (p < 0.0001) from 15,049 spatially and temporally stratified
locations across the study area. Extrapolating weather in Alaska is problematic because of the low
density of weather stations especially at high elevations, which also contribute to EEP model outliers.
The EEP model was also impacted by burn perimeter boundary errors. A 10-fold cross validation of
EEP demonstrated equivalent prediction accuracy for unseen data to training data and demonstrated the
robustness of the EEP model to the wide range of environmental conditions in the study area through time.

Table 1. Average Ecosystem Performance Anomaly (EPA) values for 2000-2008, yearly
area (%) impacted by fire and insects, and area (%) in each EPA performance class for
Yukon River Basin boreal forest.

Metric 2000 2001 2002 2003 2004 2005 2006 2007 2008 Average
EPA -333 —34.6 -46.5 —42.0 -49.0 -704 -144 313 03 -28.7
EPA SE * 0.64 055 059 060 066 0.76 0.69 0.69 0.65 0.64
Burned (%) " 0.8 0.3 1.2 0.6 5.2 3.1 02 02 0.1 1.3
Insect Damage (%) " 0.8 1.9 1.0 1.2 2.1 2.9 2.1 2.9 1.2 1.8
Total Disturbance(%) " 1.6 2.2 2.2 1.8 7.3 6.0 2.3 3.1 1.3 3.1
EPA Class
Severe Under "* 250 21.1 267 247 284 358 202 114 158 18.3
Under ™ 5.4 6.1 7.4 6.4 6.6 6.3 40 23 37 5.1
Low Normal ™ 5.9 7.3 8.6 7.8 7.3 7.6 51 33 42 6.8
Normal ? 50.8 57.3 50.8 534 495 453 492 394 503 62.2
High Normal > 4.0 33 2.6 2.9 2.9 2.2 53 68 64 3.7
Over ™ 3.0 2.3 1.8 1.8 2.0 1.4 40 64 5.0 2.2
Highly Over "* 5.8 2.5 2.1 2.9 3.2 1.5 120 304 146 1.7

* Geographic standard error within a year; ” Percent of study area; ©

>95% confidence departure from
expected GSN; * 90%-95% confidence departure from expected GSN; ¢ 80%-90% confidence departure

from expected GSN.
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The EEP time series was grouped into 22 natural classes with similar time series trends with
an unsupervised cluster analysis [94]. A review of the temporal signatures of these 22 classes showed
that some of the classes were characterized by a significant drop in EEP in 2004, a record fire year in
interior Alaska (Table 1). The clusters with this significant drop of EEP in 2004 were combined into
a drought group and those without the 2004 EEP drop were put in a non-drought group. These
two groups were overlaid with the 2004 fire perimeters and the percentage of area burned in 2004 for
each group was calculated. The drought group had 24% of its area burned and was concentrated on
the north and central to eastern parts of the Yukon River Basin. The non-drought group had 5% of its
area burned and was concentrated on the southern part of the area with northward extents in western
and a small part of central Yukon River Basin. The higher probability of 2004 fires in areas with
a significant drop in 2004 EEP supports the EEP models ability to track moisture stress in this boreal
system and demonstrates drought and fire associations in the Yukon Basin.

3.3. Ecosystem Performance Anomalies

The 2000-2008 average EPA values were averaged and grouped into seven classes based on the
relative confidence of their anomaly from expected values: severe under and over performance (95%
confidence limits), under and over performance (90% confidence limits), low-normal and high-normal
(80% confidence limits), and normal (<80% confidence limits) (Table 1). Because the EEP and site
potential models are developed from unburned areas, a disturbance often generates a statistically
significant negative EPA, as the EEP model does not ‘expect’ the disturbance because it is driven by
only weather and site conditions and trained on unburned pixels. Since early successional stands were
excluded from model development, the EEP model reflects an undisturbed/mature stand performance,
allowing successional dynamics (normalized to yearly weather variations) to be represented as
anomalies from mature forests.

Annual maps of the model residuals (EPA) indicated that 72.7% of the evaluated boreal forest
performed normally (within the 90% confidence limits) when averaged over the study period
(Figure 2), while individual years tended to have a lower percentage (~60%) in the range of normal
EPA values (Table 1). Years that had a low percentage of normal performance tended to be associated
with years of high fire occurrence (e.g., 2004) and those immediately following a fire (e.g., 2005).
The distribution of EPA values was strongly skewed toward underperformance (Table 1), with
an overall average value of —28.7 due to disturbance [43] (Figures 2 and 3). For example,
the 2000-2008 average EPA was underperforming in 23.4% of the study area, far more than the 3.9%
occupied by overperforming classes (Table 1, Figure 2). The majority of EPA perturbations were
caused by fires and insect outbreaks (insect damage perimeters were from the Alaska Department of
Natural Resources) [5]. Correspondingly, the relationship between current plus previous year percent
area burned and proportion of EPA in severe underperformance follows a positive linear relationship
(R* = 0.70, p < 0.05). The years 2007 and 2008 appeared to be outliers, with a higher than average
proportion of overperforming EPA values. This overperformance may be due to the dominance of
productive herbaceous vegetation and liberation of nutrients in areas impacted by 2004 and 2005 fires.
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Figure 2. Years 2000 to 2008 average Ecosystem Performance Anomaly (EPA) for
the Yukon River Basin boreal forest. 1990-1999 fires are outlined by grey, while
2000-2008 fires are outlined by blue.
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The 2000-2008 average EPA in coniferous forest was —1.5 (£3.5 SE). Our model development
occurred in areas of coniferous and mixed forest that were not recently disturbed, hence the average
coniferous EPA near zero indicated that our model performed as expected. EPA values could therefore
also be thought of as the performance departure from the conditions expected of an undisturbed
coniferous stand. Deciduous stands for example, had an average EPA of 33.8 (2.7 SE), suggesting
greater ecosystem performance than coniferous forest, a commonly reported finding [5,16,29,34]. This
is partly driven by higher deciduous productivity [29], but also by higher near-infrared reflectance and
higher NDVI from broadleaf vegetation than need leaf vegetation. This near-infrared reflectance
difference is driven by the broadleat mesophyll internal structure [56]. This pattern is supported by
Figure 3, which demonstrates that areas of deciduous forest tended to be overperforming or highly
overperforming. Areas within river meanders, oxbows, and areas of moist soils also tend to be
overperforming because these sites are protected from fire, allowing them to mature longer than
the study area average. To validate our EPA results, we compared GSN, our proxy of actual ecosystem
performance, to Landsat-derived aboveground biomass measurements for the Yukon Flats area [44].
This comparison yielded a moderately strong linear relationship (R*= 0.47, p < 0.01), indicating that
GSN is a reasonable proxy of ecosystem performance.
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Figure 3. (A) 2008 Ecosystem Performance Anomaly (EPA) for a region surrounding
the confluence of the Yukon and Tanana Rivers. Location indicated by the black circle in
the Yukon River Basin (grey). Fire perimeters (1950-2008) are labeled with the year of
burn. (B) July—September 2008-2011 composite (Bands: 5, 4, 3) of WELD Landsat
imagery. Darker green corresponds to coniferous forest, lime green to deciduous forest,
and pink-brown to shrub/herbaceous/woody wetlands.
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3.4. Impacts of Fire
3.4.1. Impacts on Ecosystem Performance Anomalies

Species composition, stand age [14,52], carbon dynamics [43,53], permafrost condition, and
performance [44] are often modulated by fire in the boreal forest. Fires are the dominant disturbance in
the boreal forest [43]; 47% of the Yukon River Basin boreal forest burned at least once between 1950
and 2008 and 16% burned at least twice. Estimated fire return intervals in the Alaskan boreal
ecoregions ranged from 74 to 326 years from 1950 to 2009 [27]. Fires create a landscape mosaic of
large patches in various stages of succession following fire (Figures 2 and 3). Figure 3A depicts
severely underperforming EPA within fire scars 1 and 3 years old, while the area within an 8-year-old
stand had recovered slightly to include normal and under-performance (Figure 3A). Mid-successional
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stands, 39 and 55 years old, were indistinguishable from the surrounding landscape and contained

areas of normal and overperforming EPA, similar to the pattern seen in Figure 4A.

Figure 4. (A) Ecosystem Performance Anomalies (EPA) chronosequence for land cover
classes following fires in the Yukon River Basin boreal forest. Thick horizontal black lines
denote the upper and lower bounds of normal EPA; i.e., the area above the top line has

an overperforming EPA. The early succession land cover group is not displayed after
20 years due to low sample size. Negative values for years since fire correspond to EPA in

areas prior to being burned. (B) Percentage of burned area in each land cover group by

year, prior to and following fires. “Deciduous” and “Coniferous” forest groups represent

mature stands.
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Our chronosequence demonstrated an average EPA of —33.8 (£2.1 SE), in the year prior to fire
(Figure 4A), significantly lower than the overall chronosequence average EPA (—28.7 + 0.64 SE), and
the average EPA (—4.9 + 1.1 SE) in areas that were unburned since 1950. This pattern of
underperformance prior to fire may be due to reduced stand performance and photosynthetic rate at old

age [91,92] or insect defoliation/mortality [4,95] inducing a negative EPA and leaving the forest more
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susceptible to fire. Beck and Goetz [25] found a similar pattern in a study of North American boreal
forest, where a declining NDVI trend was found in the 15 years leading up to a fire. The average EPA
in a fire scar in the year of burn was —158 + 4.5 SE, which decreased to —208 + 3.1 SE in the year
immediately after the burn, and recovered to —116 + 2.8 SE in the second year after the burn
(Figure 4A). Fire often reduces performance 30%-80% in the year following a fire [43],
and considerably reduces leaf area index [91], since most fires are stand replacing, resulting in severe
underperformance. The lower EPA in the year after burn (as compared to the year of burn) was due to
the timing of fires: a late summer fire would have smaller impacts on actual GSN in that year.

Ecosystem performance, vegetation growth, and CO, uptake, return to pre-fire levels 5-9 years
after fire [25,53]. However, average EPA in fire scars remained significantly underperforming for
10-15 years following fire, consistent with [43], and became positive 35 years following fire
(Figure 4A). The interannual pattern of EPA recovery became noisier 40 years after fire due to
the lower number of sample points available and the lower quality of the oldest fire perimeter data.
Maximum average EPA values occurred 30—40 years after fire (Figure 4A), a finding supported by
the chronosequences developed by [25] in Alaska and that of [92] in northern Manitoba, corresponding
to the peak cover of deciduous species (Figure 4B). The EPA values in recovering burns during
the period 30—40 years after fire tended to be higher (with an average EPA of 11.3 £ 3.2) than pre-fire
conditions and compared to unburned areas, a finding consistent with that of [70]. Moreover, the EPA
in deciduous stands during this period was 32 £ 5.5 (Figure 4A), significantly higher than the overall study
area average of —28.7 (Table 1). Overall, the temporal recovery of average EPA following fires was best fit
by a second-order polynomial relationship (R* = 0.80, p < 0.01, y = —0.0050x" + 7.5875x — 149.06, where
y equals EPA and x equals years since fire), a relationship only valid for the first 50 years after fire.

3.4.2. Successional Patterns of Land Cover Following Fire

Boreal forest climax communities are dominated by coniferous species [29,34], occupying nearly
70% of their total area (Figure 4B). Following fire, the coniferous component markedly decreases
while deciduous and herbaceous regrowth dominate, particularly in severely burned areas [15,53].
Alternatively, low intensity ground fires can occur in the organic layers [4,14]; these areas are
typically self-replaced by conifers unless the soil organic layer thickness is less than 3 cm [29,52].

Early-succession, mid-succession, deciduous forest, and coniferous forest had their peak percentage
of area 5, 10-15, 35, and >50 years following fire, respectively (Figure 4B). The time period
3040 years after fire had the greatest landscape diversity (Figure 4B). Postfire vegetation is
commonly deciduous stands that persist for 10-50 years following disturbance before mixing with and
then gradually being replaced by coniferous stands [4,29,43,52], similar to our results. Land cover
proportions of fire scar area were nearing pre-fire conditions 50 years after fire (Figure 4B), suggesting
that secondary vegetation successional processes were nearly complete.

In general, yearly average EPA values following fire were positively associated with deciduous
percentage of fire scar area (R> = 0.47, p < 0.01), unrelated to coniferous and mid-successional
percentage, and negatively related to early successional land cover (R* = 0.22, p < 0.01).
The successional patterns in vegetation following fire are also manifested in soils, where vegetation
regrowth following fire allows for accumulation of the soil organic layer, critical to the recovery of
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permafrost [8] and coniferous stands. A warming temperature and changing fire frequencies could
cause deviation from these successional patterns observed in our chronosequence, specifically with
an increased proportion and duration of deciduous components [52].

3.5. Influence of Climate Change on Expected Ecosystem Performance

EEP model extrapolation was extremely rare when applied to future climate projections (<1% of
the area). Training the EEP model on multiple years and a large number of random locations resulted
in robust EEP predictions across a wide range of climatic conditions within the future climate data
sets. Climate change is expected to influence mature boreal forest ecosystem performance throughout
the 21st century (Figure 5). The climate projection [88] suggests a 12.4% average increase in
precipitation between the 2000-2008 average and 2040, and a 23.8% increase by 2070. Under
the same scenario, mean annual temperature is expected to increase by an average of 2.2 °C by 2040
and 4.1 °C by 2070 compared to the 2000—2008 baseline. The geographic patterns of warming and
increased precipitation in the future are strongly related; areas with increased temperatures are also
likely to be wetter (R? > 0.80 for both periods). Our model suggests that undisturbed EEP will increase
5.6% and 8.7% in 2040 and 2070, respectively, relative to the 2000-2008 baseline.

Figure 5. Change (%) in Expected Ecosystem Performance (EEP) between the study
period (2000—-2008) and 2040 (A) change in in EEP between 2000-2008 and 2070 (B).
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Histograms of projected future EEP suggest that climate change will tend to broaden the range of
undisturbed EEP, creating greater spatial diversity in performance. Most (92.6%) of the study area
boreal forest is projected to have an increased undisturbed EEP by 2040 relative to the 2000-2008
average. Areas of decreased EEP by 2040 are concentrated in the drier portions of Yukon, Canada, and
in the Yukon Flats region (Figure 5A), most of which reverse in direction to a net positive undisturbed
EEP change by 2070, with 97.8% of the study area expected to have net increased undisturbed EEP by
2070. Results broadly suggest increased performance in undisturbed forests in the west and reduced to
unchanged performance in the east, following precipitation contours (Figure 1), a pattern suggested by
previous researchers [25,96]. Moreover, our model predicts a sharpening of the west to east
performance gradient.

Declining trends in Alaska boreal forest productivity have been documented by [3,24], although
large areas of no trend were also found, especially in unburned areas. Often very small, but statistically
significant, declines in NDVI were documented [96]. Spruce tree ring analysis indicates declining tree
growth scattered across Alaska and pan Arctic boreal forests [7,18] which may indicate opening niches
for deciduous forest species advancement and increased boreal biodiversity and productivity.
Conversely, more recent work in interior Alaska has demonstrated a positive correlation between black
spruce tree ring growth and air temperature after the mid 1990s [97]. Increasing deciduous forest
components and forest productivity in Alaska boreal forests is further supported by widespread
consistent increasing trends in annual maximum NDVI on non-burned areas based on the (1982-2010)
Long Term Data Record collected by the Advanced Very High Resolution Radiometer [98] and
MODIS NDVI [99] and an new improved NDVI dataset with higher quality in high latitude regions
(GIMMS;3,) [100].

Increases in burned area and fire severity have been observed, especially in the late season, a
pattern expected to continue in the future with warming [20,27], which will likely result in increased
habitat availability for deciduous forest (Figure 4B). Our results of net increased ecosystem performance
in the future for undisturbed forest supports the commonly reported hypothesis that the highly
productive [5,16,29,33,34] deciduous component of boreal forests will increase [16,20,28,31-33],
leading to further carbon uptake [30,35,36,97] and productivity increases through complementary
diversity [37]. The expected shift in fire frequency and severity could result in a novel ecosystem
dominated by black spruce, aspen, and birch [31], presumably increasing average EEP due to a longer
successional duration and greater spatial coverage of deciduous forest. The magnitude of increased
ecosystem performance increases also suggests that deciduous species may mix with stands presently
dominated by less productive coniferous species in unburned areas. Additionally, since deciduous
stands tend to burn less often than coniferous ones, they are more likely to reach maturity and peak
performance, and provide a negative feedback to increasing fire frequency.

Due to a shorter foliar period, the duration of carbon accumulation in boreal deciduous stands is
also shorter, but more intense than in coniferous stands with an average Net Ecosystem Exchange
(NEE) two to three times greater than coniferous stands in June and July [36]. The GPP in both
coniferous and deciduous stands in interior Alaska responded positively to spring (April-June)
warming, with a 16% and 74% increase, respectively, during this portion of the growing season [36].
Late summer droughts are associated with a reduction in GPP and increase in respiration in both
deciduous and coniferous stands; however, both can still serve as a net growing season carbon sink
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when affected by short-term severe drought (i.e., 2004) [35,36]. The impacts of longer duration
droughts are less clear. Limitations with statistical model future projections (as well as some
process-based models) are related to changing conditions, interactions, or feedbacks that may not be
included in the model, such as increasing greenhouse gas (GHG) concentration impacts on vegetation,
permafrost melting and associated potential changes of subsurface water flows [101] or terrain
subsidence, emission of permafrost carbon, and future fire impacts on permafrost, carbon emission,
and forest composition. These factors, feedbacks, and interactions were not explicitly included in this
modeling effort and the only variable that was allowed to change for the future mapping was climate.
The assumption was that the interactions that exist currently in the Yukon Basin would persist in
a similar manner in the future. There are imperfections in all models and predicting the future has
many unknowns and assumptions. The approach here is data-driven from a high number of
observations through space and time and represents a different approach than classical
mechanistic-based future predictions.

Climate change is likely to influence future species dispersal, establishment, community structure,
and ecosystem performance by increasing the area and frequency of fire [3,15,22], increasing
the prevalence of insect defoliation and mortality [4,95], and increasing drought-induced
mortality [18,19,21]. The altered future climate may impact the resilience of stands following fire,
where the regrowth may not recover to its previous coniferous dominated state [8], possibly resulting
in a deciduous-dominated climax community [16,33]. This in turn may affect soil organic layer
thickness and permafrost [8]. The increased deciduous forest cover in the future may also regionally
serve as a negative feedback to a warming climate, since it has a higher albedo than conifer forests
and an evaporative cooling effect [13,91,102]. Considering the above factors, actual net changes to
ecosystem performance may differ from our results (Figure 5) due to concomitant changes in
disturbance regimes and species composition [1,20,95], and these changes may be abrupt [13].
Moreover, the performance response to climate change may change or reverse after environmental
thresholds have been surpassed [16].

4. Conclusions

This study produced two significant achievements. Accounting for both the effects of weather and
site conditions to compare every pixel to its expected mature forest equivalent improves the utility and
interpretation of time series remote sensing data by moving toward ecosystem succession and stress
assessment. A data intensive (15,049 random unburned locations stratified across multiple years)
regression tree model was robust to a wide range of weather and site conditions and predicted
undisturbed boreal forest productivity (growing season integral of NDVI) using long-term site
potential (combination of surface geology, climate, elevation, etc.) and weather (R* = 0.53,
p <0.0001).

Our study produced two major findings. First, peak ecosystem performance and landscape diversity
occurred in stands that are 30-40 years old. Second, minor increases in productivity for future
undisturbed boreal forest are expected (5.6% by 2040 and 8.7% by 2070) and are anticipated to be
related to an increasing deciduous forest species composition. Future projections are for mature boreal
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forest and do not include fire or other disturbances and further assume future Yukon River Basin
boreal ecosystems will be redistribution or a subset of the current ones.

This study is unique because it provides monitoring based on deviation from what mature boreal
forest productivity should be given site and weather conditions, which de-trended for interannual
variations related to weather conditions and facilitated post-fire succession tracking. This study
advances knowledge and informs management and field studies by identifying areas at 250 m
resolution that are likely to be resilient or susceptible to change with a warming climate.
This information is important to decision making related to climate implications, feedback, mitigation,
and adaptation at global scales [20] and can inform land managers and users (native Alaskans) making
adaptive management decisions. Future applications would be facilitated by improved input data layers
including improved weather, permafrost, soil texture, and soil organic layer maps. We hope to apply
this approach to identify abnormal successional paths from recent and future fires, which may reflect
long-term ecosystem shifts.
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