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Abstract: Mountainous regions experience complex phenological behavior along climatic,
vegetational and topographic gradients. In this paper, we use a MODIS time series of the Normalized
Difference Vegetation Index (NDVI) to understand the causes of variations in spring and autumn
timing from 2000 to 2015, for a landscape renowned for its biological diversity. By filtering for cover
type, topography and disturbance history, we achieved an improved understanding of the effects
of seasonal weather variation on land surface phenology (LSP). Elevational effects were greatest
in spring and were more important than site moisture effects. The spring and autumn NDVI of
deciduous forests were found to increase in response to antecedent warm temperatures, with evidence
of possible cross-seasonal lag effects, including possible accelerated green-up after cold Januarys
and early brown-down following warm springs. Areas that were disturbed by the hemlock woolly
adelgid and a severe tornado showed a weaker sensitivity to cross-year temperature and precipitation
variation, while low severity wildland fire had no discernable effect. Use of ancillary datasets to
filter for disturbance and vegetation type improves our understanding of vegetation’s phenological
responsiveness to climate dynamics across complex environmental gradients.

Keywords: land surface phenology; MODIS; NDVI; PhenoCam; monitoring; landscape ecology;
chilling degree days; growing degree days; legacy effects; biodiversity

1. Introduction

Remote sensing excels at efficiently tracking environmental change over broad areas, yet its
success at downscaling observations made at coarse resolution has been mixed [1,2]. This challenge of
scale is greatest when the phenomenon to be monitored is highly complex in type or composition or
where the dynamic to be captured changes rapidly, such as with near-real-time disturbance detection
or seasonal phenological transitions [3]. Our ability to efficiently and accurately track growing season
dynamics is particularly critical as climate and disturbance regimes are changing. The onset of spring
and duration of the photosynthetically active period link climate dynamics to annual net primary
productivity and carbon flux [4,5], nutrient dynamics [6], and water use [7], while providing an
indicator of disturbances [8–11] and longer-term change [12–16].

Our broad-scale understanding of variation in the timing of spring and autumn heavily relies
on satellite remote sensing-based measures of land surface phenology (LSP) [17]. LSP time series
efficiently capture coarse resolution vegetational change, but the specific vegetational attributes that
are being captured by this technology are not always clear [18]. While field observations strive to
capture subtle differences in the response of individual plants, gridded measures of LSP provide
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a community-level indicator that captures the collective response of individual trees and species
that are visible from above. This makes gridded observations inherently difficult to accurately and
representatively validate with field data or other remote sensing approaches [19]. What gridded
approaches lack in biological precision, they make up for with temporal consistency and spatial
coverage; LSP is particularly well-suited for tracking broad-scale questions, such as how vegetation
responds to year-to-year temperature and precipitation variation along environmental gradients.

One key challenge for understanding the causes of seasonal variation in LSP across complex
topographic gradients is the importance of microclimate. Topographic factors affect how much solar
radiation is received at different times of year, and cold air drainage, aspect and elevation affect the
risk of frost and summer heat stress [20,21]. While topography is constant across years, the importance
of topographic attributes that affect exposure to drought or frost often is not, since the importance of
topography may emerge only during seasonal extremes. For example, low elevation forests may be
less capable of extending growth during drought, because they are more prone to late growing season
moisture deficits than are higher elevation sites [22,23]. While years with warmer springs can enhance
green-up and carbon assimilation, exposure to late growing season drought could limit those gains [24].
Understanding these local exposures to seasonal weather variation is critical, as microclimate variability
can mediate the phenological response of vegetation.

A second key challenge for understanding seasonal variation in LSP in complex environments is
the variable response of species and vegetation to day length and seasonal weather. Variability in spring
temperature explains most year-to-year variation in green-up, but the response of individual species
and even individuals within a species is often not uniform [16,25]. Among hardwood trees, ring-diffuse
genera such as Betula, Prunus, Acer and Liriodendron are generally earlier to achieve budburst and
maximum leaf expansion, while semi-ring-porous to ring-porous genera such as Quercus, Carya,
Fraxinus and Juglans develop later [26–28]. There are also strong differences in responsiveness among
evergreen and deciduous components, and the ease of satellite green-up detection is related to the
fractional cover of deciduous vegetation [29,30]. In deciduous forests, the earliest indication of green-up
may be from the understory, weeks before budburst of canopy trees occurs [31]. Spring growth that is
captured by remote sensing may transition from an understory signal to overstory at different times
along its progression, depending on the canopy cover and understory attributes [32].

A third problem of monitoring LSP responsiveness to seasonal weather is that LSP is sensitive
to disturbance and cover change, not just to temperature and precipitation. This sensitivity is so
strong that changes in LSP are systematically monitored to recognize and monitor disturbances
and subsequent recovery [3,33,34]. While all disturbances may not disrupt the sensitivity of LSP to
temperature or precipitation, many disturbances or land cover changes could confound analyses,
as locally disturbed vegetation becomes a less consistent measure of LSP sensitivity [2].

Despite the nuancing effects of microclimate and vegetation, our understanding of how climate
drives LSP for temperate latitudes is evolving rapidly from experimental work and broad-scale,
longer-term analyses [35–38]. It is widely recognized that late winter and early spring warmth
accelerates budburst, with mixed evidence for cross-seasonal legacy effects [25,39–41]. The causes
of variation in autumn LSP are less well understood, but it tracks the predictable decline in autumn
day length and the less predictable summer and autumn weather [42–44]. Based on chamber
experiments [37], field observations [6,45], and remote sensing [46], it is thought that drought
accelerates leaf senescence, while warmer temperatures delay it. This generalization becomes
problematic when droughts are warm, or when wet autumns experience cooler than average
temperatures. Such warm-dry, cool-wet weather combinations occur frequently due to meteorological
feedbacks related to cloudiness. Warmer autumn temperatures increase evapotranspiration rates and
drought stress, while wet autumns often come with increased cloud cover which can reduce warmth
from solar radiation. These complications confound our understanding of how autumn temperature
and precipitation influence senescence.
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In this paper we evaluate the contributions of topography, forest cover type, disturbances,
and within and across-seasonal temperature and precipitation variation on spring and autumn LSP
to clarify the role of climate dynamics. This approach addresses ways to overcome the monitoring
challenges from microclimate, vegetational sensitivity and disturbance history that are common in
many landscapes.

2. Materials and Methods

2.1. Study Area

We focused on the Great Smoky Mountains National Park (GRSM) in the Southern Appalachians,
southeastern USA, as it supports particularly rich vegetational community types that occur across
a highly complex topographic gradient (Figure 1). The 2114 km2 (816 mi2) land unit is situated in
the Blue Ridge Mountains of the Appalachian Mountain chain of North Carolina and Tennessee
and ranges in elevation from 260 m (875 ft.) in stream valleys in the West to 2025 m (6643 ft.) on
Clingman’s Dome. During the growing season, higher elevation sites are 10–15 ◦C cooler than are
forests at lower elevation [47]. In part due to orographic precipitation, GRSM experiences some of the
highest rainfall totals in eastern North America, though microclimatic differences are substantial [48].
Seasonal variation in temperature and precipitation is considerable from year to year and at longer
time scales. Since 1980, lower elevation weather stations have warmed far more than have those at
higher elevations [48].
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adelgids. 
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Figure 1. Location of the Great Smoky Mountains National Park study area with respect to the
Southeastern USA. Dots show the location of the Smokylook (A) and Smokypurchase (B) PhenoCams
used in this study.

GRSM was established in 1934 after well more than half of its area had been cleared by settlers,
cutover by logging companies or burned by slash fires that radically altered the vegetation [49].
Substantial old growth forest remains, although most old growth has experienced mortality from
non-native insects and diseases including chestnut blight and the balsam and hemlock woolly adelgids.

Topographic gradients drive most of the change in vegetation communities across GRSM and
have inspired some of the earliest research on gradient analysis of vegetation [50]. Red spruce
(Picea rubens)–Fraser fir (Abies fraseri) forests occur above 1400 m (4500 ft.), but the elevation of
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the ecotonal transition from the lower hardwood deciduous forest reflects slope aspect and site
history [51,52]. During the 1960s, Fraser fir experienced high mortality from the balsam woolly adelgid,
and while this species continues to recover, this non-native disturbance greatly impacted the spruce-fir
forest. Eastern hemlock (Tsuga canadensis) is common on mesic sites, particularly along riparian zones
of low and mid elevation, but eastern hemlock is often the dominant tree over wide areas on northerly
aspects where it intergrades with the spruce fir ecotone [50]. Since the early 2000s, vast numbers of
eastern hemlock have succumbed to the hemlock woolly adelgid where they were not biologically or
chemically treated [53,54].

Much of the Park’s vegetation below the spruce-fir is deciduous hardwood forest, with dominant
species varying by elevation, aspect, slope position and site history. Many of the Park’s deciduous
forests have a complex deciduous understory comprised of saplings, shrubs, and ephemeral herbaceous
plants. Evergreen understory shrub cover is also common, particularly in riparian areas and on mesic
slopes where Rhododendron spp. is common and on xeric fire-prone slopes where mountain laurel
(Kalmia latifolia) is common [55].

Pines provide a common evergreen cover type on xeric low and mid elevation slope. Fire-adapted
table mountain pine (Pinus pungens), pitch pine (P. rigida) and shortleaf (P. echinata) prefer ridgelines
and southern xeric slopes, often in association with oak (Quercus spp.) and hickory (Carya spp.) [56,57].
Virginia pine (P. virginiana) is locally common, especially in xeric, low elevation sites that are
regenerating from past agricultural clearing. Numerous wildfires and low-intensity prescribed fires
have occurred within the Park since 2001, with the two most extensive fires having occurred during
extreme drought. The 2001 Sharp Fire burned over 24 km2 (6000 acres), then in 2016, over 4000 ha
(10,000 acres) of drought-stressed forests within GRSM burned by the Chimney Tops 2 Fire. Since
2000, prescribed fires of low severity have occurred on low elevation sites in the western portion of the
Park on the Tennessee side. This same western section of GRSM experienced significant damage by a
tornado in 2011 [58].

2.2. Land Surface Phenology

We used the 232 m ForWarn dataset of the US Forest Service and NASA that was derived from
Moderate Resolution Imaging Spectroradiometer (MODIS) imagery with 8-day time steps or 46 values
of Normalized Difference Vegetation Index (NDVI) per year [3,59]. For the 2000–2015 period of analysis,
this includes 736 NDVI values for each of the 38,347 MODIS cells in the Park.

The processing steps used to develop the ForWarn data used in this analysis consisted of the
following [33]: the MOD13 and MYD13 composites from the Terra and Aqua satellite data streams were
decomposed to extract the specific day of observation used by those 16-day maximum value products.
These two 16-day data streams are offset by 8 days. Extracted NDVI daily values were then filtered to
remove atmospheric contamination, excess obliqueness, and aberrantly high or low outlying values.
The two data streams were merged and combined into 8-day maximum value composites, followed by
interpolation and curve fitting using a Savitzky-Golay interpolating technique [60]. Because of the
8-day maximum value compositing technique used to minimize clouds and atmospheric effects, there
is an inherent week-long delay in autumn or whenever NDVI is trending downward, but not normally
in spring when the highest NDVI during green-up is at the end of the 8-day period.

2.3. Comparison with Independent Data

Ground-based web-cameras that target natural vegetation (i.e., “PhenoCams”) provide an
alternative daily record of seasonal changes that can be compared with satellite-based LSP time
series [61–63]. In this study, the average midday green chromatic coordinate (gcc) was calculated by
8-day periods for two stations adjacent to the study area. The Smokylook PhenoCam (DB_0002)
lies at 801 m elevation near the western edge of GRSM with data from 2003–2008, 2010–2015
(Latitude: 35.6325◦, Longitude: −83.9431◦). Second, lying 85 km (53 mi.) east of Smokylook
and immediately east of GRSM, the Smokypurchase PhenoCam (DB_0003) tracks a forest stand
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at 1550 m (5000 ft.) elevation for the years 2008–2015 (Latitude: 35.5900◦, Longitude: −83.0775◦).
See https://phenocam.sr.unh.edu/ for more information.

The trees tracked by these two PhenoCams are few in number and likely are unrepresentative of
the species that provide the NDVI in a single 5.4 ha MODIS pixel. To see how well these PhenoCams
represent the MODIS NDVI variation of the broader landscape, we extracted the mean 8-day MODIS
NDVI for mid-spring (ending 16 May) and mid-autumn (ending 31 October) of those MODIS grid cells
having purely deciduous forest, based on the 30 m-resolution 2006 National Land Cover Database
(NLCD) (https://www.mrlc.gov/) [64]. Only MODIS cells that fell within a 100 m elevational band
centered on the PhenoCam’s elevation across GRSM were used. We compared these mean landscape
NDVI values with the 8-day mean gcc value for the respective prior period (i.e., for the periods ending
8 May and 23 October) to compensate for the maximum-value compositing used to process the MODIS
time series. Comparisons were made using linear regression.

2.4. Pheno-Topographic Relationships

To describe the influence of topography on the timing of spring and autumn phenological
transitions, elevation and slope parameters were calculated for every MODIS cell. Solar radiation,
a surrogate for slope aspect and its associated dryness, was calculated for the summer equinox (21 June)
with a 30 m digital elevation model using the Solar Radiation tool in ESRI’s ArcMap and assigned
relative values from 1 to 100 [65]. Indexed solar radiation values were up-scaled to MODIS resolution
using the mean neighborhood value in a 240 m moving window, then binned into three evenly
represented classes based on the distribution of values within the Park (i.e., relatively xeric, moderate,
or mesic). Elevation was binned into 152 m (500 ft.) classes from 457 to 1676 m (1500 to 5500 ft.).
Because NDVI varies by vegetation type and topography, values were transformed into a Percent
Completion metric, expressed as the percentage of the range between the average 2000–2015 summer
maximum and winter minimum NDVI represented by the current NDVI for each MODIS cell. These
Percent Completion NDVI values were summarized for each combination of elevation band and
xeric/mesic class through spring and autumn to show the relative impacts of slope and elevation on
phenology as these seasons progressed.

2.5. Pheno-Climatological Relationships

The strong temperature and precipitation gradients across GRSM mean that station data could
misrepresent the local microclimate of areas captured by MODIS-resolution LSP. We used the 1-km2

daily gridded Daymet v.3 dataset [66] to better reflect these gradients and to more precisely tailor
the precipitation and temperature data to its corresponding MODIS cell. For each period, growing
degree days (GDD) were accumulated using daily TMAX values that exceeded 10 ◦C. Chilling degree
days (CDD) were accumulated using TMIN values below 5 ◦C. To capture the cumulative influence of
GDD, CDD and precipitation (PCP), values were summed to 24-day periods. GDD and CDD may not
capture the influence of short-term frost events, so we calculated the last spring frost and first autumn
frost from gridded daily Daymet data, 2000–2015, using a threshold of 0 ◦C on TMIN.

Climate-NDVI relationships were explored quantitatively using correlation analysis that
compared GDD, CDD and PCP with the mid-spring and mid-autumn NDVI across the 16 years
of record. While most LSP researchers attempt to use a slope- or derivative-based algorithm to
describe the dates for cell-specific yearly variations in spring and autumn seasonal transitions [67],
we instead selected two fixed periods that were determined empirically from results of our
pheno-topographic analysis. These a priori fixed dates correspond to mid-spring (ending 16 May)
and mid-autumn (ending 31 October) for all cells in GRSM and are based on outcomes of the
pheno-topographical analysis described above. This uniformity of assignment permitted a more
straightforward cross-seasonal comparison of phenological differences across different elevations,
aspects and vegetation composition mixtures.

https://phenocam.sr.unh.edu/
https://www.mrlc.gov/
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For summary analysis and interpretation, MODIS grid cells were filtered according to cover type
using the 30 m 2006 NLCD [64]. This allowed us to isolate the phenological responses of deciduous
forests from that of conifers (hemlock, pine, spruce, fir) and mixed forest types independently.
The response of conifers can differ from hardwoods, because the NDVI of conifer forests is less
sensitive to change [2]. A strict pure hardwood forest filter was used to separate these two forest
groups; if even a single 30 m cell of the 64 NLCD cells per MODIS cell was evergreen or mixed forest,
the MODIS cell would still not be considered to be the deciduous forest type.

Forest disturbances and recovery that occurred between 2000 and 2015 may have altered the
NDVI-microclimate relationship. To address this, records of recent disturbances within the Park were
obtained from GRSM (https://irma.nps.gov). These data included areas of known hemlock occurrence
to capture probable mortality from the hemlock woolly adelgid, a 2011 tornado and wildfires.

3. Results

3.1. Land Surface Phenology

Mean NDVI across the Park showed a strong, but lagged relationship with the pattern of DAYL,
GDD and CDD during both spring and autumn (Figure 2). At the latitude of the Park (35.5◦N),
daylength peaks on the summer solstice, reaches its minimum on the winter solstice in late December,
and is at 82% of the maximum on the vernal and autumnal equinoxes. The actual solar radiation
received on sites depends on the way that daylength and sun angle relate to the particular slope, aspect,
and topographic exposure at each location through the year.
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Figure 2. Variation in mean cumulative growing degree days (GDD), cumulative chilling degree days
(CDD), precipitation (PCP), daylength (DAYL), and NDVI for all vegetation types expressed as Percent
Completion—the percentage of the respective maximum 8-day period values, 2000–2015, for Great
Smoky Mountains National Park.

DAYL steadily increases from January, preceding the increase in GDD by about a month in early
spring, then DAYL begins to fall 3–4 weeks prior to GDD in late summer. In turn, NDVI lags GDD
by an additional 3–5 weeks in early spring, and about four weeks in early autumn. In late summer,
CDD begin to accumulate about three weeks after GDD begins to decline, with NDVI falling as
CDD rises through the autumn. CDD continue to accumulate through the winter, peaking in early
February, roughly midway between the winter solstice and spring equinox, with the majority of its
decline occurring well before the visible start of the growing season across GRSM, which is mid-April.

https://irma.nps.gov
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Minimum NDVI typically occurs in the weeks immediately after the peak in CDD from late February
or early March. Peak NDVI occurs in July, soon after maximum DAYL, but well before GDD peaks
in early August. Average PCP is highly irregular at eight-day resolution, but PCP dips in October as
NDVI is falling.

Considering just grid cells of pure deciduous forest cover, both elevation and solar radiation
(site moisture) influence NDVI in spring and autumn, but elevation is most important (Figure 3).
Forest green-up advances earliest on mesic slopes of the Park’s lower elevations, then progresses
to sunny slopes, then this sequence is repeated progressively upslope. In the autumn, this pattern
reverses, with shaded sites dropping in NDVI before sunny slopes, with the greatest slope difference
expressed at high elevations. In contrast to the strong elevational association that was observed for
spring green-up, autumn decline progresses quickly, with relatively weak elevational control.
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Figure 3. The influence of elevation and aspect on spring and autumn land surface phenology for
deciduous forests of Great Smoky Mountains National Park, 2000–2015. For each similarly colored
and dated pair, the mean for mesic cells is shown by a solid line while xeric cells are represented by
dashed lines.

In spring, hardwood forests at elevations below 610 m (2000 ft.) achieve 15–20 Percent Completion
of their maximum summer NDVI by 22 April, and over half by 8 May (Figure 3). In contrast, hardwood
forests above 1372 m (4500 ft.) achieve 22–28% of their total green-up by 8 May, with their half-way
mark about two weeks after that. This elevational lag in green-up changes over the course of spring,
with the highest and lowest elevation bands differing in state of green-up by just one period (eight days)
in early spring, but by twice that by late spring. Autumn decline commences at a mean NDVI value
that lies about 95 Percent Completion of the maximum growing season NDVI (which had occurred
in early July (see Figure 2), drops slowly at first, and then reaches a maximum rate of decline in
late October.

Across years, variance in the timing and progression of both spring and autumn was substantial,
with each season varying by about 20 days (Figure 4). Most springs that started early continued to
progress as early, but 2005 and 2007 started early, then ended late. The cross-year distribution of the
timing of springs is more symmetrical than for autumns, with 2002, 2005 and 2007 being particularly
late autumn outliers, while in spring, only the early spring of 2012 appears as an outlier.
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3.2. Comparison with Independent Data

Comparison of MODIS NDVI with PhenoCam data across years shows results that are
directionally consistent in magnitude, with spring more highly correlated than autumn (Figure 5).
In spring, the high-elevation Smokpurchase PhenoCam data were more strongly correlated with NDVI
(p = 0.003; R2 = 0.914, N = 6) than at the lower elevation Smokylook site (p < 0.001; R2 = 0.777, N = 12).
In autumn, MODIS NDVI comparisons with Smokylook were also weaker (p = 0.012; R2 = 0.418,
N = 14) than with Smokypurchase (p = 0.051; R2 = 0.496, N = 8).
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3.3. Pheno-Climatology

Dates for the mid green-up and mid brown-down were empirically determined from the
multi-year LSP curves shown in Figures 3 and 4; the NDVI periods ending 16 May and 31 October
were chosen for comparison with three temperature and precipitation factors, as outlined below.
The distributions of correlations that relate spring and autumn NDVI with GDD, CDD and PCP
differ for deciduous and conifer-mixed vegetation types (Figure 6). Deciduous forests usually exhibit
stronger positive or negative correlations than do their paired conifer-mixed forest counterparts.
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Figure 6. Distribution of 24-day time-lagged correlations of growing degree days (GDD; (A,D)), chilling
degree days (CDD; (B,E)) and precipitation (PCP; (C,F)) with spring (A–C) and autumn (D–F) NDVI
across the Park, 2000–2015. Arrows represent the fixed spring (16 May) and autumn NDVI (31 October)
periods being correlated with antecedent weather that goes backward in time to the left. Two correlation
box plots are shown for each date with medians that are connected by a blue line wherein the left
member shows pure hardwood forests (N = 17,456 MODIS cells) and the right shows conifer and
mixed forests (N = 15,876 MODIS cells). Box plots show the 99th, 75th, 50th, 25th and 1st percentiles
for each date-cover type combination. For general guidance, dashed red lines show critical values for
95% confidence intervals with 15 degrees of freedom (years).

Correlations between mid-spring NDVI (for the period ending 16 May) and lagged GDD are
positive for the lagged weather periods ending 29 March, 14 April and 30 April, meaning that greener
mid-spring conditions are associated with warmer temperatures in the weeks prior to mid-spring
(Figure 6A). This correlation becomes inverse for lagged GDD that accumulate for the periods ending
8 and 24 January, suggesting a possible association between years with earlier spring green-up and
January coldness. Correlations with CDD are generally the reverse of those with GDD, with a colder
early spring being associated with a delay in green-up (Figure 6B). Results also suggest a possible
longer-reaching cross-seasonal relationship between early springs and coldness during the prior
autumn (i.e., for the 24-day period ending 7 October) (Figure 6A,B). Correlations with spring NDVI
and lagged PCP are weak, but positive for 24 November and 9 February (Figure 6C).

Correlations between mid-autumn NDVI (for the period ending 31 October) and lagged GDD
are strongly positive for 29 September and 15 October, with a predictable inverse pattern with CDD
(Figure 6D,E). A cross-seasonal association is suggested between late autumns (i.e., higher autumn
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NDVI) and cool springs (i.e., more CDD) for the period ending 8 May. As seen with lagged PCP in the
spring, fall PCP shows a weak relationship with autumn NDVI (Figure 6F).

When selected lagged correlations are mapped, the statistical distribution of Figure 6 exhibits
coherent spatial structure in terms of correlation strength and sign. Correlations of mid-spring NDVI
(16 May) and GDD accumulated from 7 April to 30 April show a stronger positive relationship for
lower elevations, particularly to the south and west (Figure 7A). Similar spatial patterns occur with
spring NDVI and lagged spring CDD, but correlations are reversed (Figure 7B), consistent with
Figure 6A,B. Correlations of spring PCP with mid-spring NDVI show strong geographic differences.
The northern and southern foothills are strongly positive, while low to mid-elevations of the west and
east, and higher elevations more generally, exhibit weak to negative correlations (Figure 7C).
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Figure 7. Correlations of mid-spring and mid-autumn NDVI with antecedent weather: (A) Correlation
of spring NDVI with growing degree days (GDD); (B) spring NDVI with chilling degree days (CDD);
(C) spring NDVI with precipitation (PCP); (D) autumn NDVI with autumn GDD; (E) autumn NDVI
with autumn CDD; and (F) autumn NDVI with autumn PCP. Spring weather variables are lagged
by two eight-day periods and the autumn variables are lagged by four periods compared to NDVI
(see Figure 6 for context).

Mapped autumn correlations with mid-autumn NDVI (for the period ending 31 October) and
GDD (accumulated from 6 to 29 September) are particularly strong and positive over nearly all of the
Park (Figure 7D). Exceptions are the grass-dominated Cades Cove in the west, higher elevations to
the east, and similar lower elevations in the east that were anomalous in spring. Autumn NDVI and
autumn CDD largely mirror the pattern observed with GDD, though reversed (Figure 7E). Autumn
NDVI and PCP correlations are weakly, but broadly negative across most lower and mid elevations,
implying that drier conditions relate to delayed senescence. PCP correlations are consistently
uncorrelated or only weakly correlated in many of the same locations as observed by other correlations
(Figure 7F).

The combined influence of temperature and precipitation on spring and autumn NDVI are
conveyed by Figure 8. Cool-dry springs are more likely to have a lower NDVI in May (represented
by smaller diameter circles in Figure 8A) than are warm-wet springs, although moderately warm,
but dry springs are occasionally abnormally green (2004 and 2010, at center-left of Figure 8A). Extreme
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warm-wet or cool-dry conditions are not represented within this 2000–2015 measurement period in
autumn, but late senescence (indicated by larger diameter circles in Figure 8B) is more likely when
conditions are warm and dry rather than cool and wet.Remote Sens. 2017, 9, 407  11 of 18 
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Figure 8. Relative mean spring and autumn NDVI for pure hardwood forests between 610 and 1220 m
(2000–4000 ft.) elevation, 2000–2015, compared to cumulative growing degree days (GCC) and
cumulative precipitation in mm (PCP). Larger diameter circles had higher mean NDVI for: 16 May (A);
or 31 October (B). Weather measures accumulate from: 18 February to 16 May (A); or 28 July to
23 October (B).

In spring, the last frost date varied by 21 days with a Park-wide average date of 11 April (Table 1).
The earliest frost date in autumn varied by 25 days, with a Park-wide average of 26 October. Growing
season length, measured as the number of days between the last and first frost, ranged from 171 days
(in 2015) to 206 days (in 2005).

Table 1. Average gridded first and last frost dates (<0 ◦C) for the Park, 2000–2015. Rank indicates
position out of 16 years arranged in decreasing sorted order. Season is length in days.

Year Spring Rank Autumn Rank Season Rank

2000 16 April 13 13 October 1 198 6
2001 19 April 16 13 October 1 182 14
2002 16 April 12 3 November 13 191 8
2003 1 April 2 3 November 13 202 3
2004 15 April 11 7 November 16 190 10
2005 14 April 9 30 October 10 206 1
2006 5 April 3 17 October 3 189 11
2007 12 April 8 1 November 11 185 13
2008 18 April 15 26 October 8 199 5
2009 11 April 6 23 October 5 191 8
2010 29 March 1 1 November 11 192 7
2011 14 April 9 24 October 6 200 4
2012 10 April 5 4 November 15 203 2
2013 11 April 6 24 October 6 188 12
2014 16 April 12 22 October 4 174 15
2015 5 April 3 27 October 9 171 16

Mean 11 April - 26 October - 191 -

Places with anomalous correlations in Figure 7 usually occur where disturbance has occurred over
the 2000–2015 era (Figure 9). A 2011 tornado scar shows up in the west in all three spring correlation
maps (Figure 7A–C), but not in the autumn maps (Figure 7D–F). Wildfires show no discernable impact
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on correlations, but most of the higher elevation and eastern forests with low or anomalous correlations
are where hemlock is dominant or co-dominant and where the non-native hemlock woolly adelgid
has led to widespread hemlock mortality. Mortality is widespread because treatment, where it occurs,
targets only a fraction of the hemlock trees that are present.
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4. Discussion

The temporal and spatial resolution of MODIS LSP successfully conveys the influence of
environmental gradients on spring and autumn land surface phenology across GRSM. Temperature
and precipitation’s fundamental influence on LSP is suggested by Figure 2, whereby the late winter
and spring increase in day length and solar radiation drive changes in temperature, which, in turn,
leads to an abrupt increase in NDVI in early April. NDVI persists through summer after GDD and
DAYL decline, then the onset of autumn is associated with increased CDD in late September.

Topography provides a secondary influence on LSP across GRSM, with elevation, in particular,
controlling the onset and progression of spring and autumn (Figure 3). The impacts of aspect are
secondary, but it is difficult to know if aspect differences relate to microclimate or to differences
in species composition that also conform to aspect. The importance of elevation in this research is
consistent with results from prior research in mountainous terrain [22,68–73], but there is a clear
need for more research regarding how topographic factors beyond elevation affect spring and
autumn timing.

Our documented spring-to-autumn reversal in the order of seasonal change across slopes is
notable, particularly because it represents the long-term average response over a large landscape
(Figure 3). In spring, mesic slopes are first to advance, while in autumn they are the first to senesce.
This pattern could be explained by microclimate or by the attributes of the dominant species that
occur across this moisture gradient. While dry south-facing slopes warm relatively early in the spring,
and may experience relatively early water stress in autumn, our observed LSP patterns do not show
these expected LSP responses—sunny slopes advance after shaded slopes in spring, and water stress
would be expected to be observed first on drier slopes. Instead, these patterns may relate to species’
phenological attributes. Xerophytic species often leaf out weeks after mesic species in spring [27].
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In autumn, a combination of differential species responses and microclimates having greater exposure
to cooler autumn temperatures may explain these long-term average patterns.

Prior studies have measured spring and autumn using NDVI slopes or inflection points to
estimate local dates of transitions, while in this research a less complex approach is used that relies
on empirically selecting fixed dates for spring and autumn, in order to directly compare seasonality
across climatic and topographic gradients. In Figure 3, comparability across sites within elevation
bands is gained by calculating values as the Percent of Completion. This conversion reveals the extent
of the summer reduction in NDVI from leaf aging, moisture stress or disturbance that occurs prior to
the autumn season—a phenomenon that has been described in the northeastern US, but is not widely
recognized [74]. In GRSM, neither low summer PCP nor warm summer temperatures (GDD) are
strongly associated with delayed senescence (Figures 6 and 7), although they may increase drought
stress in concert (Figure 8).

Lower elevation forests may be more vulnerable to drought-induced late-growing season stress
than are forests at mid- and higher elevations, with implications for future forest productivity [22].
In general, autumn warmth delays senescence, while drought advances the onset of autumn [6,37].
While late-season hydrologic stress and productivity may not be consistently measured by autumn
NDVI, here we find no strong support for summer or autumn drought-induced senescence
(Figures 6F and 8B). While neither extreme warm-wet nor cool-dry autumns occurred during our
2000–2015 analysis period, warm-dry autumns were generally associated with delayed senescence and
cool-wet autumns showed earlier brown-down, as expected (Figure 8B). The earliest autumns—2011
and 2012—appear as outliers to this trend, and they may have been caused by factors other than GDD
or PCP as measured, but they are not explained by unusually early autumn frost dates (Table 1).

An early spring brings an increased hazard of frost damage, and growing season duration
affects community productivity and competitive relationships. The extremely early spring of 2012
also experienced an early senescence. Compare the 2012 season with 2013, where both spring and
autumn were late, and also with 2002, which experienced a particularly long growing season (Figure 4).
LSP-based phenology results are often inconsistent with growing season expectations from the last and
first frost dates alone (Table 1), and this highlights a need for better understanding the mechanisms
that regulate the growing season in agricultural and wildland systems. The spring of 2000, 2001, 2007
and 2014 started early, but lost momentum (Figure 4A), and this helps explain their relative position in
Figure 8A, since early green-up was caused by the early accumulation of GDD that then slowed. Each
of these years had either a late-ranking frost (Table 1) or, in the case of 2007, a severe April freeze [20].

Our results are directionally consistent with a growing body of evidence regarding within-season
and cross-seasonal temperature effects on spring and autumn LSP [24,36,45]. Recognition of
within-season lags has long been acknowledged and captured through use of cumulative GDD
and cumulative CDD to predict spring and autumn phenology [75]. Our strongest relationships are
for within-season GDD in autumn, but we also show that on some sites, spring may be accelerated
by cold winters and autumn may be delayed by cold springs. These cross-seasonal correlations do
not, however, necessarily imply some causative physiological mechanism, since chance combinations
of observed seasonal weather over the short 16-year period or some inherent cross-seasonal climate
mechanisms could generate these results, with LSP only being responsive to shorter-term climatic
factors. If, however, there are causal biological mechanisms at work, such cross-seasonal complexities
may make it more difficult to accurately predict how LSP will respond to climate change.

Improved precision in monitoring provides an important path forward. By filtering our analysis
according to cover type, we demonstrate that deciduous and conifer/mixed forest types respond
differently to antecedent seasonal weather conditions (Figure 6). This filtering was particularly
important in GRSM because dying evergreen hemlock trees and a tornado during the period
of analysis likely reduced the statistical strength of correlations between LSP and climatic and
topographic variables, although fire had no clear impact, presumably because severity was relatively
low, with most mortality confined to the understory (Figures 7 and 9). In disturbed areas, the timing
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of green-up may increasingly reflect the understory signal, which can differ from that of the
overstory [31,32,76]. With improved understanding of where disturbances have occurred or how
vegetational responses have changed because of disturbance, phenological observations can be refined
to improve landscape monitoring.

5. Conclusions

In this study, we report on the behavior of MODIS LSP along environmental gradients among
years having different combinations of seasonal weather. We document stronger effects from elevation
than from slope or vegetation type. We found that deciduous hardwood forests exhibit a much stronger
relationship with climatic variation than conifer and mixed-forest types. We also found a particularly
weak 16-year temperature and precipitation relationship with LSP in areas of recent acute disturbance,
including areas affected by the hemlock wooly adelgid and a recent tornado.

Across years, we found that spring NDVI was strongly correlated with accumulated warming,
with up to a six-week lag at lower elevations, and that autumn NDVI was extended when autumn
is warm more broadly. We also describe possible cross-seasonal relationships. Spring green-up was
sometimes correlated with colder winters. Autumn greenness was correlated with colder prior-springs.
The influence of precipitation on seasonal NDVI was weak. Wetter springs, but drier autumns, may
extend the growing season, but this was dependent on the dominant influence of temperature.

Remote sensing provides an efficient all-landscape means for tracking growing season dynamics
of vegetation. However, just as vegetation typologies do not perfectly convey the species assemblages
within a given vegetation type, so the phenological responses of individual species may not be
discernable from LSP gridded data, particularly in species-rich forests such as those of the Southern
Appalachians. With numerous species and individuals contributing to the LSP behavior of a grid
cell, observed LSP responses may not equate to ground-based phenological observations of particular
species any more than characteristics of individuals relate to communities.

This research describes remarkable variation in spring and fall vegetational phenology among
years and across environmental gradients. For the plant and animal species of these mountains, these
spatial and temporal attributes constitute a rich diversity of phenological habitat that enriches the
evolutionary environment of this place. Researchers have long-argued that the topographic and
microclimatic complexity of the Great Smoky Mountains, and of the Southern Appalachian Mountains
more broadly, have contributed to the region’s rich biodiversity [50,77,78]. This research shows
that, while vegetation phenology responds to those fixed environmental attributes, it also captures a
dynamic year-to-year and cross-seasonal flux that is superimposed on those stable gradients. This flux
includes the variable vegetative responses to spring and autumn weather across years, and the impacts
of localized biotic and abiotic disturbances that alter phenological conditions at longer time scales.
While such phenological complexity can be difficult to monitor, filtering observations with disturbance
history and vegetation type can clarify how landscape vegetation responds to seasonal forcing.

Acknowledgments: We thank three anonymous reviewers for improvements on an earlier version, and we would
like to thank A. Richardson and H. Koen of Harvard University for allowing us use of PhenoCam data.

Author Contributions: Steven P. Norman conceived the experimental design, conducted the analyses, and wrote
the initial draft. William W. Hargrove consulted on the design, helped interpret the results, and assisted
with writing the paper. William M. Christie conducted GIS analysis, created the map figures and helped edit
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. White, K.; Pontius, J.; Schaberg, P. Remote sensing of spring phenology in northeastern forests: A comparison
of methods, field metrics and sources of uncertainty. Remote Sens. Environ. 2014, 148, 97–107. [CrossRef]

2. Norman, S.P.; Koch, F.H.; Hargrove, W.W. Review of broad-scale drought monitoring of forests: Toward an
integrated data mining approach. For. Ecol. Manag. 2016, 380, 346–358. [CrossRef]

http://dx.doi.org/10.1016/j.rse.2014.03.017
http://dx.doi.org/10.1016/j.foreco.2016.06.027


Remote Sens. 2017, 9, 407 15 of 18

3. Hargrove, W.W.; Spruce, J.P.; Gasser, G.E.; Hoffman, F.M. Toward a national early warning system for forest
disturbances using remotely sensed canopy phenology. Photogramm. Eng. Remote Sens. 2009, 75, 1150–1156.

4. Noormets, A.; Chen, J.; Gu, L.; Desai, A. The phenology of gross ecosystem productivity and ecosystem
respiration in temperate hardwood and conifer chronosequences. In Phenology of Ecosystem Processes;
Noormets, A., Ed.; Springer: Dordrecht, The Netherlands, 2009; pp. 59–85.

5. Tang, X.G.; Wang, X.; Wang, Z.M.; Liu, D.W.; Jia, M.M.; Dong, Z.Y.; Xie, J.; Ding, Z.; Wang, H.R.; Liu, X.P.
Influence of vegetation phenology on modelling carbon fluxes in temperate deciduous forest by exclusive
use of MODIS time-series data. Int. J. Remote Sens. 2013, 34, 8373–8392. [CrossRef]

6. Estiarte, M.; Penuelas, J. Alteration of the phenology of leaf senescence and fall in winter deciduous species
by climate change: Effects on nutrient proficiency. Glob. Chang. Biol. 2015, 21, 1005–1017. [CrossRef]
[PubMed]

7. Hwang, T.; Song, C.H.; Bolstad, P.V.; Band, L.E. Downscaling real-time vegetation dynamics by fusing
multi-temporal MODIS and Landsat NDVI in topographically complex terrain. Remote Sens. Environ. 2011,
115, 2499–2512. [CrossRef]

8. Abarca, M.; Lill, J.T. Warming affects hatching time and early season survival of eastern tent caterpillars.
Oecologia 2015, 179, 901–912. [CrossRef] [PubMed]

9. De Angelis, A.; Bajocco, S.; Ricotta, C. Phenological variability drives the distribution of wildfires in Sardinia.
Landsc. Ecol. 2012, 27, 1535–1545. [CrossRef]

10. Jepsen, J.U.; Kapari, L.; Hagen, S.B.; Schott, T.; Vindstad, O.P.L.; Nilssen, A.C.; Ims, R.A. Rapid
northwards expansion of a forest insect pest attributed to spring phenology matching with sub-arctic
birch. Glob. Chang. Biol. 2011, 17, 2071–2083. [CrossRef]

11. Westerling, A.L. Increasing western US forest wildfire activity: Sensitivity to changes in the timing of spring.
Philos. Trans. R. Soc. B Biol. Sci. 2016, 371, 10–15. [CrossRef] [PubMed]

12. Schwartz, M.D.; Reed, B.C. Surface phenology and satellite sensor-derived onset of greenness: An initial
comparison. Int. J. Remote Sens. 1999, 20, 3451–3457. [CrossRef]

13. Chmielewski, F.M.; Muller, A.; Kuchler, W. Possible impacts of climate change on natural vegetation in
Saxony (Germany). Int. J. Biometeorol. 2005, 50, 96–104. [CrossRef] [PubMed]

14. Chmielewski, F.M.; Rotzer, T. Response of tree phenology to climate change across Europe.
Agric. For. Meteorol. 2001, 108, 101–112. [CrossRef]

15. Jeong, S.J.; Ho, C.H.; Gim, H.J.; Brown, M.E. Phenology shifts at start vs. end of growing season in temperate
vegetation over the Northern Hemisphere for the period 1982–2008. Glob. Chang. Biol. 2011, 17, 2385–2399.
[CrossRef]

16. Polgar, C.A.; Primack, R.B. Leaf-out phenology of temperate woody plants: From trees to ecosystems.
New Phytol. 2011, 191, 926–941. [CrossRef] [PubMed]

17. De Beurs, K.M.; Henebry, G.M. Land surface phenology, climatic variation, and institutional change:
Analyzing agricultural land cover change in Kazakhstan. Remote Sens. Environ. 2004, 89, 497–509. [CrossRef]

18. Reed, B.; Schwartz, M.D.; Xiao, X. Remote sensing phenology: Status and the way forward. In Phenology of
Ecosystem Processes; Noormets, A., Ed.; Springer: Dordrecht, The Netherlands, 2009; pp. 231–246.

19. Fisher, J.I.; Mustard, J.F. Cross-scalar satellite phenology from ground, Landsat, and MODIS data.
Remote Sens. Environ. 2007, 109, 261–273. [CrossRef]

20. Gu, L.; Hanson, P.J.; Mac Post, W.; Kaiser, D.P.; Yang, B.; Nemani, R.; Pallardy, S.G.; Meyers, T. The
2007 eastern us spring freezes: Increased cold damage in a warming world? Bioscience 2008, 58, 253–262.
[CrossRef]

21. Fridley, J.D. Downscaling climate over complex terrain: High finescale (<1000 m) spatial variation
of near-ground temperatures in a montane forested landscape (Great Smoky Mountains). J. Appl.
Meteorol. Climatol. 2009, 48, 1033–1049.

22. Hwang, T.; Band, L.E.; Miniat, C.F.; Song, C.H.; Bolstad, P.V.; Vose, J.M.; Love, J.P. Divergent phenological
response to hydroclimate variability in forested mountain watersheds. Glob. Chang. Biol. 2014, 20, 2580–2595.
[CrossRef] [PubMed]

23. Vitasse, Y.; Delzon, S.; Bresson, C.C.; Michalet, R.; Kremer, A. Altitudinal differentiation in growth and
phenology among populations of temperate-zone tree species growing in a common garden. Can. J. For. Res.
2009, 39, 1259–1269. [CrossRef]

http://dx.doi.org/10.1080/01431161.2013.838708
http://dx.doi.org/10.1111/gcb.12804
http://www.ncbi.nlm.nih.gov/pubmed/25384459
http://dx.doi.org/10.1016/j.rse.2011.05.010
http://dx.doi.org/10.1007/s00442-015-3371-x
http://www.ncbi.nlm.nih.gov/pubmed/26093630
http://dx.doi.org/10.1007/s10980-012-9808-2
http://dx.doi.org/10.1111/j.1365-2486.2010.02370.x
http://dx.doi.org/10.1098/rstb.2015.0178
http://www.ncbi.nlm.nih.gov/pubmed/27216510
http://dx.doi.org/10.1080/014311699211499
http://dx.doi.org/10.1007/s00484-005-0275-1
http://www.ncbi.nlm.nih.gov/pubmed/16075263
http://dx.doi.org/10.1016/S0168-1923(01)00233-7
http://dx.doi.org/10.1111/j.1365-2486.2011.02397.x
http://dx.doi.org/10.1111/j.1469-8137.2011.03803.x
http://www.ncbi.nlm.nih.gov/pubmed/21762163
http://dx.doi.org/10.1016/j.rse.2003.11.006
http://dx.doi.org/10.1016/j.rse.2007.01.004
http://dx.doi.org/10.1641/B580311
http://dx.doi.org/10.1111/gcb.12556
http://www.ncbi.nlm.nih.gov/pubmed/24677382
http://dx.doi.org/10.1139/X09-054


Remote Sens. 2017, 9, 407 16 of 18

24. Wolf, S.; Keenan, T.F.; Fisher, J.B.; Baldocchi, D.D.; Desai, A.R.; Richardson, A.D.; Scott, R.L.; Law, B.E.;
Litvak, M.E.; Brunsell, N.A.; et al. Warm spring reduced carbon cycle impact of the 2012 US summer drought.
Proc. Natl. Acad. Sci. USA 2016, 113, 5880–5885. [CrossRef] [PubMed]

25. Fahey, R.T. Variation in responsiveness of woody plant leaf out phenology to anomalous spring onset.
Ecosphere 2016, 7, 15–17. [CrossRef]

26. Prebyl, T.J. An Analysis of the Patterns and Processes Associated with Spring Forest Phenology in a Southern
Appalachian Landscape Using Remote Sensing. Master’s Thesis, University of Georgia, Athens, Greece, 2012.

27. Lechowicz, M.J. Why do temperate deciduous trees leaf out at different times? Adaptation and ecology of
forest communities. Am. Nat. 1984, 124, 821–842. [CrossRef]

28. Morin, X.; Lechowicz, M.J.; Augspurger, C.; O’ Keefe, J.; Viner, D.; Chuine, I. Leaf phenology in 22 North
American tree species during the 21st century. Glob. Chang. Biol. 2009, 15, 961–975. [CrossRef]

29. Carlson, T.N.; Ripley, D.A. On the relation between NDVI, fractional vegetation cover, and leaf area index.
Remote Sens. Environ. 1997, 62, 241–252. [CrossRef]

30. Lobo, A.; Maisongrande, P. Stratified analysis of satellite imagery of sw Europe during summer 2003: The
differential response of vegetation classes to increased water deficit. Hydrol. Earth Syst. Sci. 2006, 10, 151–164.
[CrossRef]

31. Richardson, A.D.; O’Keefe, J. Phenological differences between understory and overstory: A case study
using the long-term Harvard Forest records. In Phenology of Ecosystem Processes; Noormets, A., Ed.; Springer:
Dordrecht, The Netherlands, 2009; pp. 87–117.

32. Ryu, Y.; Lee, G.; Jeon, S.; Song, Y.; Kimm, H. Monitoring multi-layer canopy spring phenology of temperate
deciduous and evergreen forests using low-cost spectral sensors. Remote Sens. Environ. 2014, 149, 227–238.
[CrossRef]

33. Spruce, J.P.; Sader, S.; Ryan, R.E.; Smoot, J.; Kuper, P.; Ross, K.; Prados, D.; Russell, J.; Gasser, G.; McKellip, R.;
et al. Assessment of MODIS NDVI time series data products for detecting forest defoliation by gypsy moth
outbreaks. Remote Sens. Environ. 2011, 115, 427–437. [CrossRef]

34. van Leeuwen, W.J.D.; Casady, G.M.; Neary, D.G.; Bautista, S.; Alloza, J.A.; Carmel, Y.; Wittenberg, L.;
Malkinson, D.; Orr, B.J. Monitoring post-wildfire vegetation response with remotely sensed time-series data
in Spain, USA and Israel. Int. J. Wildland Fire 2010, 19, 75–93. [CrossRef]

35. Garonna, I.; de Jong, R.; Schaepman, M.E. Variability and evolution of global land surface phenology over
the past three decades (1982–2012). Glob. Chang. Biol. 2016, 22, 1456–1468. [CrossRef] [PubMed]

36. Ault, T.R.; Schwartz, M.D.; Zurita-Milla, R.; Weltzin, J.F.; Betancourt, J.L. Trends and natural variability
of spring onset in the coterminous United States as evaluated by a new gridded dataset of spring indices.
J. Clim. 2015, 28, 8363–8378. [CrossRef]

37. Gunderson, C.A.; Edwards, N.T.; Walker, A.V.; O’Hara, K.H.; Campion, C.M.; Hanson, P.J. Forest phenology
and a warmer climate—Growing season extension in relation to climatic provenance. Glob. Chang. Biol. 2012,
18, 2008–2025. [CrossRef]

38. Dragoni, D.; Rahman, A.F. Trends in fall phenology across the deciduous forests of the eastern USA.
Agric. For. Meteorol. 2012, 157, 96–105. [CrossRef]

39. Rodriguez-Galiano, V.F.; Sanchez-Castillo, M.; Dash, J.; Atkinson, P.M.; Ojeda-Zujar, J. Modelling interannual
variation in the spring and autumn land surface phenology of the European forest. Biogeosciences 2016, 13,
3305–3317. [CrossRef]

40. Yue, X.; Unger, N.; Keenan, T.F.; Zhang, X.; Vogel, C.S. Probing the past 30-year phenology trend of us
deciduous forests. Biogeosciences 2015, 12, 4693–4709. [CrossRef]

41. Guo, L.; Dai, J.H.; Wang, M.C.; Xu, J.C.; Luedeling, E. Responses of spring phenology in temperate zone
trees to climate warming: A case study of apricot flowering in China. Agric. For. Meteorol. 2015, 201, 1–7.
[CrossRef]

42. Allona, I.; Ramos, A.; Ibanez, C.; Contreras, A.; Casado, R.; Aragoncillo, C. Molecular control of winter
dormancy establishment in trees. Span. J. Agric. Res. 2008, 6, 201–210. [CrossRef]

43. Tanino, K.K.; Kalcsits, L.; Silim, S.; Kendall, E.; Gray, G.R. Temperature-driven plasticity in growth cessation
and dormancy development in deciduous woody plants: A working hypothesis suggesting how molecular
and cellular function is affected by temperature during dormancy induction. Plant Mol. Biol. 2010, 73, 49–65.
[CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.1519620113
http://www.ncbi.nlm.nih.gov/pubmed/27114518
http://dx.doi.org/10.1002/ecs2.1209
http://dx.doi.org/10.1086/284319
http://dx.doi.org/10.1111/j.1365-2486.2008.01735.x
http://dx.doi.org/10.1016/S0034-4257(97)00104-1
http://dx.doi.org/10.5194/hess-10-151-2006
http://dx.doi.org/10.1016/j.rse.2014.04.015
http://dx.doi.org/10.1016/j.rse.2010.09.013
http://dx.doi.org/10.1071/WF08078
http://dx.doi.org/10.1111/gcb.13168
http://www.ncbi.nlm.nih.gov/pubmed/26924776
http://dx.doi.org/10.1175/JCLI-D-14-00736.1
http://dx.doi.org/10.1111/j.1365-2486.2011.02632.x
http://dx.doi.org/10.1016/j.agrformet.2012.01.019
http://dx.doi.org/10.5194/bg-13-3305-2016
http://dx.doi.org/10.5194/bg-12-4693-2015
http://dx.doi.org/10.1016/j.agrformet.2014.10.016
http://dx.doi.org/10.5424/sjar/200806S1-389
http://dx.doi.org/10.1007/s11103-010-9610-y
http://www.ncbi.nlm.nih.gov/pubmed/20191309


Remote Sens. 2017, 9, 407 17 of 18

44. Gallinat, A.S.; Primack, R.B.; Wagner, D.L. Autumn, the neglected season in climate change research.
Trends Ecol. Evolut. 2015, 30, 169–176. [CrossRef] [PubMed]

45. Richardson, A.D.; Black, T.A.; Ciais, P.; Delbart, N.; Friedl, M.A.; Gobron, N.; Hollinger, D.Y.; Kutsch, W.L.;
Longdoz, B.; Luyssaert, S.; et al. Influence of spring and autumn phenological transitions on forest ecosystem
productivity. Philos. Trans. R. Soc. B Biol. Sci. 2010, 365, 3227–3246. [CrossRef] [PubMed]

46. Xie, Y.Y.; Wang, X.J.; Silander, J.A. Deciduous forest responses to temperature, precipitation, and drought
imply complex climate change impacts. Proc. Natl. Acad. Sci. USA 2015, 112, 13585–13590. [CrossRef]
[PubMed]

47. Shanks, R.E. Climates of the Great Smoky Mountains. Ecology 1954, 35, 354–361. [CrossRef]
48. Lesser, M.R.; Fridley, J.D. Global change at the landscape level: Relating regional and landscape-scale drivers

of historical climate trends in the Southern Appalachians. Int. J. Climatol. 2016, 36, 1197–1209. [CrossRef]
49. Pierce, D.S. The Great Smokies: From Natural Habitat to National Park; The University of Tennessee Press:

Knoxville, TN, USA, 2000.
50. Whittaker, R.H. Vegetation of the Great Smoky Mountains. Ecol. Monogr. 1956, 26, 1–69. [CrossRef]
51. Busing, R.T.; White, P.S.; Mackenzie, M.D. Gradient analysis of old spruce-fir forest of the Great Smoky

Mountains circa 1935. Can. J. Bot. Rev. Can. De Bot. 1993, 71, 951–958.
52. Hayes, M.; Moody, A.; White, P.S.; Costanza, J.L. The influence of logging and topography on the distribution

of spruce-fir forests near their southern limits in Great Smoky Mountains National Park, USA. Plant Ecol.
2007, 189, 59–70. [CrossRef]

53. Krapfl, K.J.; Holzmueller, E.J.; Jenkins, M.A. Early impacts of hemlock woolly adelgid in Tsuga canadensis
forest communities of the Southern Appalachian Mountains. J. Torr. Bot. Soc. 2011, 138, 93–106. [CrossRef]

54. Vose, J.M.; Wear, D.N.; Mayfield, A.E.; Nelson, C.D. Hemlock woolly adelgid in the Southern Appalachians:
Control strategies, ecological impacts, and potential management responses. For. Ecol. Manag. 2013, 291,
209–219. [CrossRef]

55. Welch, R.; Madden, M.; Jordan, T. Photogrammetric and GIS techniques for the development of vegetation
databases of mountainous areas: Great Smoky Mountains National Park. ISPRS J. Photogramm. Remote Sens.
2002, 57, 53–68. [CrossRef]

56. Harmon, M. Fire history of the western-most portion of Great Smoky Mountains National Park.
Bull. Torr. Bot. Club 1982, 109, 74–79. [CrossRef]

57. Flatley, W.T.; Lafon, C.W.; Grissino-Mayer, H.D.; LaForest, L.B. Fire history, related to climate and land use
in three Southern Appalachian landscapes in the eastern United States. Ecol. Appl. 2013, 23, 1250–1266.
[CrossRef] [PubMed]

58. Cannon, J.B.; Hepinstall-Cymerman, J.; Godfrey, C.M.; Peterson, C.J. Landscape-scale characteristics of forest
tornado damage in mountainous terrain. Landsc. Ecol. 2016, 31, 2097–2114. [CrossRef]

59. Spruce, J.P.; Gasser, G.E.; Hargrove, W.W. MODIS NDVI Data, Smoothed and Gap-Filled, for the Conterminous
Us: 2000–2015. USDA Forest Service and NASA Stennis; ORNL DAAC: Oak Ridge, TN, USA, 2016.

60. Savitzky, A.; Golay, M.J.E. Smoothing and differentiation of data by simplified least squares procedures.
Anal. Chem. 1964, 36, 1627–1639. [CrossRef]

61. Richardson, A.D.; Braswell, B.H.; Hollinger, D.Y.; Jenkins, J.P.; Ollinger, S.V. Near-surface remote sensing of
spatial and temporal variation in canopy phenology. Ecol. Appl. 2009, 19, 1417–1428. [CrossRef] [PubMed]

62. Hufkens, K.; Friedl, M.; Sonnentag, O.; Braswell, B.H.; Milliman, T.; Richardson, A.D. Linking near-surface
and satellite remote sensing measurements of deciduous broadleaf forest phenology. Remote Sens. Environ.
2012, 117, 307–321. [CrossRef]

63. Sonnetag, O.K.; Hofkens, K.; Teshera-Sterne, C.; Young, A.M.; Friedl, M.; Braswell, B.H.; Milliman, T.;
O’Keefe, J. Digital repeat photography for phenological research in forest ecosystems. Agric. For. Meteorol.
2012, 152, 159–177. [CrossRef]

64. Fry, J.; Xian, G.; Jin, S.; Dewitz, J.; Homer, C.; Yang, L.; Barnes, C.; Herold, N.; Wickham, J. Completion of the
2006 national land cover database for the conterminous United States. Photogramm. Eng. Remote Sens. 2011,
77, 858–864.

65. Fu, P.; Rich, P.M. A geometric solar radiation model with applications in agriculture and forestry.
Comput. Electron. Agric. 2002, 37, 25–35. [CrossRef]

66. Thornton, P.E.; Running, S.W.; White, M.A. Generating surfaces of daily meteorological variables over large
regions of complex terrain. J. Hydrol. 1997, 190, 214–251. [CrossRef]

http://dx.doi.org/10.1016/j.tree.2015.01.004
http://www.ncbi.nlm.nih.gov/pubmed/25662784
http://dx.doi.org/10.1098/rstb.2010.0102
http://www.ncbi.nlm.nih.gov/pubmed/20819815
http://dx.doi.org/10.1073/pnas.1509991112
http://www.ncbi.nlm.nih.gov/pubmed/26483475
http://dx.doi.org/10.2307/1930098
http://dx.doi.org/10.1002/joc.4413
http://dx.doi.org/10.2307/1943577
http://dx.doi.org/10.1007/s11258-006-9166-8
http://dx.doi.org/10.3159/10-RA-031.1
http://dx.doi.org/10.1016/j.foreco.2012.11.002
http://dx.doi.org/10.1016/S0924-2716(02)00118-1
http://dx.doi.org/10.2307/2484470
http://dx.doi.org/10.1890/12-1752.1
http://www.ncbi.nlm.nih.gov/pubmed/24147399
http://dx.doi.org/10.1007/s10980-016-0384-8
http://dx.doi.org/10.1021/ac60214a047
http://dx.doi.org/10.1890/08-2022.1
http://www.ncbi.nlm.nih.gov/pubmed/19769091
http://dx.doi.org/10.1016/j.rse.2011.10.006
http://dx.doi.org/10.1016/j.agrformet.2011.09.009
http://dx.doi.org/10.1016/S0168-1699(02)00115-1
http://dx.doi.org/10.1016/S0022-1694(96)03128-9


Remote Sens. 2017, 9, 407 18 of 18

67. White, M.A.; de Beurs, K.M.; Didan, K.; Inouye, D.W.; Richardson, A.D.; Jensen, O.P.; O’Keefe, J.; Zhang, G.;
Nemani, R.R.; van Leeuwen, W.J.D.; et al. Intercomparison, interpretation, and assessment of spring
phenology in North America estimated from remote sensing for 1982–2006. Glob. Chang. Biol. 2009, 15,
2335–2359. [CrossRef]

68. Hwang, T.; Song, C.H.; Vose, J.M.; Band, L.E. Topography-mediated controls on local vegetation phenology
estimated from MODIS vegetation index. Landsc. Ecol. 2011, 26, 541–556. [CrossRef]

69. Richardson, A.D.; Bailey, A.S.; Denny, E.G.; Martin, C.W.; O’Keefe, J. Phenology of a northern hardwood
forest canopy. Glob. Chang. Biol. 2006, 12, 1174–1188. [CrossRef]

70. Qader, S.H.; Atkinson, P.M.; Dash, J. Spatiotemporal variation in the terrestrial vegetation phenology of Iraq
and its relation with elevation. Int. J. Appl. Earth Obs. Geoinf. 2015, 41, 107–117. [CrossRef]

71. Kariyeva, J.; van Leeuwen, W.J.D. Environmental drivers of NDVI-based vegetation phenology in central
Asia. Remote Sens. 2011, 3, 203–246. [CrossRef]

72. Jochner, S.; Ziello, C.; Bock, A.; Estrella, N.; Buters, J.; Weichenmeier, I.; Behrendt, H.; Menzel, A.
Spatio-temporal investigation of flowering dates and pollen counts in the topographically complex zugspitze
area on the German-Austrian border. Aerobiologia 2012, 28, 541–556. [CrossRef]

73. Pellerin, M.; Delestrade, A.; Mathieu, G.; Rigault, O.; Yoccoz, N.G. Spring tree phenology in the Alps: Effects
of air temperature, altitude and local topography. Eur. J. For. Res. 2012, 131, 1957–1965. [CrossRef]

74. Elmore, A.J.; Guinn, S.M.; Minsley, B.J.; Richardson, A.D. Landscape controls on the timing of spring, autumn,
and growing season length in Mid-Atlantic forests. Glob. Chang. Biol. 2012, 18, 656–674. [CrossRef]

75. Fisher, J.I.; Richardson, A.D.; Mustard, J.F. Phenology model from surface meteorology does not capture
satellite-based greenup estimations. Glob. Chang. Biol. 2007, 13, 707–721. [CrossRef]

76. Tuanmu, M.N.; Vina, A.; Bearer, S.; Xu, W.H.; Ouyang, Z.Y.; Zhang, H.M.; Liu, J.G. Mapping understory
vegetation using phenological characteristics derived from remotely sensed data. Remote Sens. Environ. 2010,
114, 1833–1844. [CrossRef]

77. Schwartz, N.B.; Urban, D.L.; White, P.S.; Moody, A.; Klein, R.N. Vegetation dynamics vary across topographic
and fire severity gradients following prescribed burning in Great Smoky Mountains National Park.
For. Ecol. Manag. 2016, 365, 1–11. [CrossRef]

78. Bunn, W.A.; Jenkins, M.A.; Brown, C.B.; Sanders, N.J. Change within and among forest communities: The
influence of historic disturbance, environmental gradients, and community attributes. Ecography 2010, 33,
425–434. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/j.1365-2486.2009.01910.x
http://dx.doi.org/10.1007/s10980-011-9580-8
http://dx.doi.org/10.1111/j.1365-2486.2006.01164.x
http://dx.doi.org/10.1016/j.jag.2015.04.021
http://dx.doi.org/10.3390/rs3020203
http://dx.doi.org/10.1007/s10453-012-9255-1
http://dx.doi.org/10.1007/s10342-012-0646-1
http://dx.doi.org/10.1111/j.1365-2486.2011.02521.x
http://dx.doi.org/10.1111/j.1365-2486.2006.01311.x
http://dx.doi.org/10.1016/j.rse.2010.03.008
http://dx.doi.org/10.1016/j.foreco.2016.01.027
http://dx.doi.org/10.1111/j.1600-0587.2009.06016.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Area 
	Land Surface Phenology 
	Comparison with Independent Data 
	Pheno-Topographic Relationships 
	Pheno-Climatological Relationships 

	Results 
	Land Surface Phenology 
	Comparison with Independent Data 
	Pheno-Climatology 

	Discussion 
	Conclusions 

