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Warmer temperatures reduce net carbon uptake, but do not aﬀect water use,
in a mature southern Appalachian forest
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Increasing air temperature is expected to extend growing season length in temperate, broadleaf forests, leading
to potential increases in evapotranspiration and net carbon uptake. However, other key processes aﬀecting water
and carbon cycles are also highly temperature-dependent. Warmer temperatures may result in higher ecosystem
carbon loss through respiration and higher potential evapotranspiration through increased atmospheric demand
for water. Thus, the net eﬀects of a warming planet are uncertain and highly dependent on local climate and
vegetation. We analyzed ﬁve years of data from the Coweeta eddy covariance tower in the southern Appalachian
Mountains of western North Carolina, USA, a highly productive region that has historically been underrepresented in ﬂux observation networks. We examined how leaf phenology and climate aﬀect water and carbon
cycling in a mature forest in one of the wettest biomes in North America. Warm temperatures in early 2012
caused leaf-out to occur two weeks earlier than in cooler years and led to higher seasonal carbon uptake.
However, these warmer temperatures also drove higher winter ecosystem respiration, oﬀsetting much of the
springtime carbon gain. Interannual variability in net carbon uptake was high (147 to 364 g C m−2 y−1), but
unrelated to growing season length. Instead, years with warmer growing seasons had 10% higher respiration and
sequestered ∼40% less carbon than cooler years. In contrast, annual evapotranspiration was relatively consistent among years (coeﬃcient of variation = 4%) despite large diﬀerences in precipitation (17%,
range = 800 mm). Transpiration by the evergreen understory likely helped to compensate for phenologicallydriven diﬀerences in canopy transpiration. The increasing frequency of high summer temperatures is expected to
have a greater eﬀect on respiration than growing season length, reducing forest carbon storage.

1. Introduction
Increasing air temperature (Tair) is a highly ubiquitous and inﬂuential climate driver aﬀecting terrestrial ecosystems, with the potential
to alter key ecosystem services such as carbon sequestration and water
yield. Warmer temperatures can advance the date of leaf-out and delay
the date of leaf senescence in a variety of ecosystems, particularly
temperate, boreal, and subalpine forests, increasing the number of days
for plants to assimilate carbon (C) and transpire water (Richardson
et al., 2013). However, warmer temperatures will also aﬀect ecosystem
processes throughout the year, with potentially positive or negative
impacts on C and water dynamics. Higher Tair leads to an increase in
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potential evapotranspiration linked to rising atmospheric demand for
water (vapor pressure deﬁcit; D), which could result in reduced water
yield (Creed et al., 2014). However, actual evapotranspiration (ET) and
photosynthesis may be constrained by reduced stomatal conductance at
high D (Novick et al., 2016a) and non-stomatal temperature limitations
to photosynthesis (Zhou et al. 2014). Although photosynthesis represents the gross input of C to the ecosystem, the net ecosystem C
balance depends on the diﬀerence between photosynthesis and respiration, both of which may be enhanced with warmer temperatures
(Baldocchi et al., 2017; Davidson and Janssens, 2006)). During comparatively warmer seasons, the magnitude of increased ecosystem
photosynthesis tends to exceed the increase in respiration during the
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Table 1
Species list, basal area, and maximum leaf area index, based on allometric equations from four 25 × 25 m plots near the base of the eddy covariance tower, sorted by leaf area index (see
Methods).
Scientiﬁc name

Betula lenta L.
Liriodedron tulipifera L.
Quercus alba L.
Rhododendron maximum L.
Acer rubrum L.
Nyssa sylvatica Marsh.
Oxydendrum arboreum L. (DC.)
Carya spp.
Fagus grandifolia Ehrh.
Quercus velutina Lam.
Cornus ﬂorida L.
Kalmia latifolia L.
Carpinus caroliniana Walter
Quercus rubra L.
Fraxinus americana L.
Tsuga canadensis L.
Pinus strobus L.
Magnolia fraseri Walter
Ilex opaca Aiton
TOTAL

Common name

Black (sweet) birch
Tulip (yellow) poplar
White oak
Great (rosebay) rhododendron
Red maple
Blackgum
Sourwood
Hickory species
American beech
Black oak
Flowering dogwood
Mountain laurel
American hornbeam
Red oak
White ash
Eastern hemlock
Eastern white pine
Mountain (Fraser) magnolia
American holly

Basal area

Leaf area index

(m2 ha−1)

(m2 m−2)

3.19
6.94
5.09
4.39
2.18
2.06
1.89
0.80
0.62
0.46
0.32
0.25
0.19
0.17
0.14
0.31
0.08
0.05
0.02
29.14

10.9%
23.8%
17.5%
15.1%
7.5%
7.1%
6.5%
2.7%
2.1%
1.6%
1.1%
0.9%
0.7%
0.6%
0.5%
1.1%
0.3%
0.2%
0.1%

1.05
0.81
0.65
0.60
0.44
0.33
0.27
0.13
0.10
0.08
0.05
0.04
0.03
0.02
0.02
0.01
0.01
< 0.01
< 0.01
4.64

22.6%
17.5%
14.0%
12.9%
9.5%
7.1%
5.8%
2.8%
2.2%
1.7%
1.1%
0.9%
0.6%
0.4%
0.4%
0.2%
0.2%
< 0.2%
< 0.2%

diversity of overstory tree species, exhibiting isohydric and anisohydric
hydraulic strategies, and dense understory vegetation with a signiﬁcant
evergreen shrub component. The southern Appalachian region of the
southeastern United States is an extensively forested area, characterized
by complex topography and large amounts of annual rainfall, often
exceeding 2 m of rain per year. This region’s mesic, temperate climate
has high potential for carbon gain and provides a critical source of
drinking water to major cities in the southern US (Caldwell et al.,
2016). Tair in this region has been increasing since the early 1980s at
approximately 0.5 °C per decade (Ford et al., 2011). This trend is affecting both dormant and growing season temperatures. Warmer temperatures in these forests are expected to lead to an earlier start and
later end to growing seasons and subsequently greater ET (Hwang et al.,
2014). Mean precipitation has not shown a temporal trend at the annual
scale, in part due to decreases in July compensated by increases in late
fall, but variability in mean annual precipitation is increasing (Ford
et al., 2011).
We analyzed ﬁve years of eddy covariance data (2011–2015) from
Coweeta Hydrologic Laboratory in western North Carolina, United
States. Leaf phenology was used to estimate growing season length. To
address methodological challenges associated with using eddy covariance techniques in complex terrain (Novick et al., 2013), we incorporated forest water yield data from gauged watersheds and shorterduration measurements of subcanopy eddy covariance and soil CO2
eﬄux, to examine seasonal and interannual ecosystem exchange of
carbon and water. Using these multiple data sets, we explored the relative importance of growing season length versus intra-annual variability in climate as drivers of annual ET and net C uptake. Finally, we
leveraged eight decades of local climate records to assess the impact of
long-term trends in climate on forest water yield and C storage in a
relatively understudied biome.

spring (Richardson et al., 2010), but increases in respiration may exceed the increase in photosynthesis in the fall (Piao et al., 2008). Thus,
through respiration, global trends in temperature can have a large inﬂuence on ecosystem C balance (Ballantyne et al., 2017).
Maintaining high primary productivity and water use throughout
the growing season requires favorable climatic conditions beyond just
temperature. Without an adequate water supply, an earlier start to the
growing season has the potential to lead to a more rapid depletion of
soil water, limiting both photosynthesis and transpiration later in the
growing season (Williams et al., 2013), oﬀsetting any gains from earlier
leaf-out (Wolf et al., 2016). However, soil respiration may be suppressed during dry periods (Davidson et al., 1998) resulting in lower
annual soil and ecosystem respiration during warm, drought years
compared to more mild years (Novick et al., 2015; Palmroth et al.,
2005). At the other end of the spectrum, periods of high precipitation
(P) are often characterized by cloudy days, where radiation may limit
photosynthesis and high humidity may limit ET. Therefore, the magnitude and timing of precipitation, particularly during the growing
season, also aﬀects C and water dynamics.
The dynamics governing precipitation and temperature impacts on
primary productivity and water use are particularly important in areas
of complex terrain, where orographic rainfall patterns can lead to exceptionally high water inputs, and where topographic complexity can
result in large spatial variability in microclimate (Daly et al., 2017; Burt
et al., 2017). Coves and valleys can beneﬁt from a downslope subsidy of
soil water (i.e. water drainage from upslope area), reducing the impacts
of lower precipitation on transpiration, conductance (Hawthorne and
Miniat 2017) and productivity (Elliott et al., 2015a, Elliott et al., 2015a,
b). Furthermore, nocturnal cold air drainage into low-lying valleys can
suppress respiration, enhancing the C sink (Novick et al., 2016b) and
isolating down-slope positions from macro-scale climate variability.
Therefore, topographic complexity may help to buﬀer the local microclimate from regional climate change (McLaughlin et al., 2017).
These montane ecosystems can therefore play an important role in sequestering C and regulating water yield, but due largely to methodological challenges (Novick et al. 2014), have been historically underrepresented in ﬂux observation networks and thus may not be
accurately characterized by global models.
Our goal was to examine the long- and short-term climate drivers of
carbon gain and water loss in a southern Appalachian deciduous forest
located in a low-elevation, cove position. These forests have high

2. Materials and methods
2.1. Site description
The forest surrounding the Coweeta ﬂux tower (35.059N, 83.427W,
690 m asl) was selectively harvested in the 1930s and has naturally
regenerated since then. Tree surveys were conducted in four, 25 by
25 m plots near the base of the tower. All trees with diameter at breast
height (DBH, cm) greater than 10 cm were tagged and re-measured
270
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annually. Canopy height was ∼35 m and stem density was 404
trees > 10 cm DBH per hectare. The forest canopy was dominated by
tulip poplar, red maple, black birch, white oak, and hickories (Table 1).
Eastern white pine was present, but rare (∼8 trees ha−1). The evergreen shrub, rosebay rhododendron (Rhododendron maximum L.) occurred in dense thickets and reached over 4 m in height in many cases.
Canopy leaf area index (L, m2 leaf area m−2 ground area) was estimated
using species-speciﬁc allometric relationships based on DBH generated
from data collected at Coweeta (Martin et al., 1998).

Delft, The Netherlands) were measured above the canopy at 37 m.
Volumetric water content (VWC) was estimated as the average of eight
arrays of soil moisture measurements, each consisting of four time
domain reﬂectometry probes (CS615 and CS616, Campbell Scientiﬁc),
installed horizontally at 5, 20, and 35 cm depths, and one vertically at
65–95 cm depth.
2.4. Precipitation interception
Precipitation volume (P, ml) reaching the forest ﬂoor as throughfall
(PT, mm) was collected using twelve throughfall collectors, each consisting of a 20 cm diameter funnel connected to a ﬁve-gallon bucket.
Throughfall volume measurements were made monthly in the ﬁeld with
a graduated cylinder, and converted to depth. We estimated throughfall
on a storm event basis using the following equation:

2.2. Leaf phenology
Leaf phenology was monitored by ground-based, optical measurements (LAI-2000, LI-COR, Lincoln, NE) ranging from monthly to biweekly during 2011–2013. Leaf phenology was also estimated using, a
digital camera (NetCam SC, StarDot Technologies, Buena Park, CA)
from the PhenoCam Dataset (V1.0; Richardson et al., 2017) installed on
the tower in April, 2011. Sigmoidal curves were ﬁtted to time series of
the daily greenness chromatic coordinate (GCC, ratio of green color
channel to sum of red, green, and blue color channels; Sonnentag et al.,
2012) measurements for the spring and fall periods of each year (SigmaPlot 13.0, Systat Software Inc., San Jose, CA). Dates when canopy
leaf area expansion and senescence reached 25%, 50%, and 75% of
maximum (L25, L50, L75, respectively) were estimated from these curves.
Estimated leaf expansion trends were well-correlated with the groundbased optical measurements (LAI-2000, LI-COR, Lincoln, NE), ranging
from monthly to bi-weekly during 2011–2013, based on seasonal
polynomial functions and were used to estimate time series of expansion of canopy L (See Supplementary A.2 for details).

PT = a × P + b × Pn

(1)

where a and b are ﬁtted parameters, P is recorded at a proximate, open
ﬁeld climate station approximately 275 m from the tower, and Pn is the
number of precipitation events within a collection period (separate
precipitation events were deﬁned by a dry period of at least four-hours).
Approximately half of the collection periods had four or fewer rain
events and collection periods with a greater number of events became
increasingly infrequent. Therefore, to avoid overweighting the rare
collection periods with many rain events, data were restricted to collections with fewer than ﬁve events. Thus, for a single precipitation
event, the b parameter represents the intercept or the minimum
threshold of P to result in PT, and the a parameter is the slope, or the
proportion of subsequent precipitation to reach the forest ﬂoor. Hourly
PT was then estimated by ﬁrst identifying individual precipitation
events, then for the ﬁrst b mm of precipitation each event, PT was zero,
and ﬁnally, any subsequent P resulted as PT = a × P.
Precipitation intercepted by the canopy was estimated as the difference between P and PT. However, since intercepted P is not immediately evaporated and evaporated interception (EI, mm) is often
under estimated using eddy covariance methods, we partitioned EI
using the following approach. We positioned three leaf wetness sensors
(model 237-L, Campbell Scientiﬁc, Logan, UT) on the tower for spring
and summer of 2016, day of year (DOY) 44-215, and determined the
length of time after a precipitation event for them to dry. We then
partitioned half of accumulated intercepted precipitation to be evaporated at each hourly time step (with a maximum rate of 1 mm h−1)
during daytime hours. Canopy ET was estimated as EI when EI exceeded
tower-based ET.

2.3. Eddy covariance and micrometeorology
Ecosystem ﬂuxes of carbon dioxide (as net ecosystem exchange;
NEE, g C m−2 s−1) and water vapor (as latent heat ﬂux, converted to
ET) were estimated using an eddy covariance system installed on a 37m walk-up tower. Equipment and data processing methods were previously described in Novick et al. (2013) and are summarized in the
Supplementary A.2. Brieﬂy, the system comprised a closed path infrared gas analyzer (EC155, Campbell Scientiﬁc, Logan, UT) and sonic
anemometer (Model 81000, R.M. Young Company, Traverse City, MI).
Raw 10-Hz data were processed into hourly averages. Storage ﬂuxes
were estimated using an atmospheric proﬁle system (prototype AP200,
Campbell Scientiﬁc), consisting of a closed-path infrared gas analyzer
(LI-840; LI-COR, Lincoln, NE, USA) connected to air intake ports with
co-located sonic anemometers at heights of 4, 9, 16, 24, 30, and 37 m.
Latent heat ﬂux data were gapﬁlled using the marginal distribution
method (Reichstein et al., 2005; Novick et al., 2009). Net ecosystem
exchange data were gapﬁlled using the “Online eddy covariance gapﬁlling and ﬂux partitioning tool” (http://www.bgc-jena.mpg.de/
∼MDIwork/eddyproc/index.php).
Carbon and water ﬂuxes from the soil and herbaceous vegetation
were estimated using a subcanopy eddy covariance system, located
approximately 35 m southwest of the tower. The subcanopy system
comprised an open path infrared gas analyzer (LI-7500, LI-COR,
Lincoln, NE), sonic anemometer (Model 81000, R.M. Young Company,
Traverse City, MI), and a net radiometer (NR-Lite, Kipp & Zonen, Delft,
The Netherlands), all installed at approximately 2 m above the forest
ﬂoor. Data from this system were analyzed for 2013–2015 and processing was similar to the canopy system; however, given the slope at
the base of the subcanopy system, a correction for wind angle was
added.
Air temperature (Tair, °C) and relative humidity were measured at 2/
3 canopy height (HMP-45, Vaisala, Helsinki, Finland) and used to estimate vapor pressure deﬁcit (D, kPa). Photosynthetically active radiation (PAR; LI-190, LI-COR Biosciences, Lincoln, NE) and upward and
downward, shortwave and longwave radiation (CNR 4, Kipp & Zonen,

2.5. Soil CO2 eﬄux and ecosystem respiration
We used two independent approaches for estimating soil CO2 eﬄux
(Fsoil, μ mol CO2 m−2 ground area s−1). The ﬁrst approach was designed
to capture spatial variability of Fsoil using a portable soil CO2 system (LI6400, LI-COR, Lincoln, NE) along two 350 m long transects extending
from the tower within the primary footprint of daytime ﬂuxes (Novick
et al., 2014). Along each transect, 13 measurement points were established at 25 m spacing by installing plastic collars to 5 cm depth in the
mineral soil. Measurements were made approximately weekly from
July 23 to November 15, 2013 and May 21 to August 6, 2014.
The second approach was optimized to capture temporal variability
of Fsoil using an automated system comprised of 15 sequentially sampled soil chambers (Automated CO2 Eﬄux System; USDA Forest
Service, US Patent 6,692,970) located approximately 50 m southwest of
the tower and 15 m from the subcanopy eddy covariance system. Data
were processed and used to establish daily mean ﬂuxes for each
chamber based on Oishi et al. (2013). This system was in operation
from August 18, 2013 through December 30, 2014. The close proximity
of the automated Fsoil and subcanopy eddy covariance systems also
271
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spring and fall. (See Supplementary A.5 for details).

Table 2
Monthly, seasonal*, and annual mean air temperature (Tair) over the ﬁve-year study
period and using the 80-year long-term data from Coweeta Climate Station 01. Bold
numbers indicate monthly or seasonal maxima, italicized numbers indicate monthly or
seasonal minima.
2011

2012

2013

2014

2015

5-year mean
(SD)

80-year mean
(SD)

January
February
March
April
May
June
July
August
September
October
November
December

1.0
6.2
10.1
14.9
17.4
21.9
24.0
22.9
18.7
12.1
8.6
5.7

4.7
6.3
13.3
14.8
19.1
20.7
24.2
21.7
19.1
13.4
7.5
6.9

6.6
4.1
5.5
13.6
16.7
21.5
22.4
21.9
19.4
13.9
6.9
6.4

−0.6
5.4
8.2
13.9
17.7
21.8
21.6
22.0
21.2
14.2
6.2
7.6

3.4
1.3
10.8
14.8
18.9
22.3
23.3
22.3
19.7
14.4
10.8
10.4

3.0 (2.9)
4.7 (2.1)
9.6 (2.9)
14.4 (0.6)
18.0 (1.0)
21.6 (0.6)
23.1 (1.1)
22.2 (0.4)
19.6 (1.0)
13.6 (0.9)
8.0 (1.8)
7.4 (1.8)

3.5 (2.7)
4.8 (2.2)
8.5 (2.1)
12.9 (1.4)
16.7 (1.1)
20.3 (1.0)
22.0 (1.0)
21.6 (1.0)
18.6 (1.1)
13.3 (1.4)
8.2 (1.6)
4.5 (2.2)

JFMA
MJJA
SOND

8.0
21.6
11.3

9.8
21.4
11.7

7.5
20.6
11.6

6.7
20.8
12.3

7.7
21.7
13.8

7.9 (1.2)
21.2 (0.5)
12.1 (1.0)

7.4 (1.2)
20.2 (0.8)
11.1 (1.0)

Annual

13.7

14.4

13.3

13.3

14.5

13.8 (0.6)

13.0 (0.7)

2.7. Long-term site data
Air temperature, relative humidity, and precipitation have been
measured near the eddy covariance tower at Coweeta climate station 01
since 1936 (Laseter et al., 2012). The long-term Tair record consists of
daily maximum and minimum recorded on a standard max-min thermometer. Daily mean Tair was estimated as the average of these two
values. Total solar radiation (W m−2) has been measured since 1960
and mean daily radiation from the climate station was well correlated
with downwelling shortwave radiation data from the tower (r2 = 0.99).
Runoﬀ (Q, mm) estimated from weirs at the base of watersheds (watersheds #2, 14, and 18; (Caldwell et al., 2016) with similar stand age
and aspect was combined with precipitation data as an independent
estimate of ET (ET = P – Q).
2.8. Statistical analyses
Correlation analysis was used to test whether growing season length
increased with Tair. Speciﬁcally, dates of spring L50 were correlated
with heating degree days greater than 0 °C (HDD0, the cumulative
number of degrees daily mean temperature is above 0 °C). We tested
combinations of consecutive days ranging from January 1 through April
30 (DOY 120) and identiﬁed the range of dates with the maximum r2.
Similarly, leaf senescence L50 was correlated with cooling degree days
less than 20 °C (CDD20) between DOY 210 and 290 (range based on
(Hwang et al., 2014)). Data were ﬁtted to exponential, sigmoidal, and
Weibull functions using the nlinﬁt function in MATLAB. We tested longterm data ﬁrst for signiﬁcant piecewise linear regressions, then for
signiﬁcant linear regressions using SigmaPlot (Version 13.0, Systat
Software Inc., San Jose, CA). Linear regressions were performed using
either MATLAB or SigmaPlot. We also performed a wavelet analysis as
an alternative method for identifying the key biophysical drivers of
temporal variability in NEE and ET (Supplementary A.6).

*Seasonal averages are grouped in four-month periods: January–April (JFMA),
May–August (MJJA), and September–December (SOND).

allowed us to compare these two approaches for estimating soil carbon
ﬂuxes.
Temperature sensitivity parameters for Fsoil were ﬁtted for both
methods and each measurement location to an exponential equation
using the nlinﬁt function in MATLAB (Mathworks, Natick, MA):
Fsoil = a × exp (b × Tsoil),

(2)

where the a parameter represents the base respiration at 0 °C (μ mol
CO2 m−2 ground area s−1) and the b parameter represents temperature
sensitivity. From these estimates, we calculated Q10, representing the
factorial change in Fsoil to a 10 °C increase in Tsoil:
Q10 = exp(10 × b).

3. Results

(3)

3.1. Meteorological conditions

Leaf respiration (Rleaf, μmol CO2 m−2 leaf area s−1) was estimated
using an exponential temperature-response function based on speciesspeciﬁc parameters from previous work performed near this site
(Bolstad et al., 1999):

Rleaf = RTref × Q10 (Tair − Tref )/10

The ﬁve-year study period included the 1st and 3rd hottest in
Coweeta’s 80-year long-term record (2015 and 2012, respectively;
Table 2). Mean annual Tair was above the long-term average for the
entire study period (13.0 °C; Table 2). The highest seasonal (fourmonth) Tair values of the study period were observed in the spring of
2012, the summer of 2011, and the fall of 2015 (Fig. 1, Table 2). Years
2013 and 2014 were mild, by comparison. The lowest seasonal Tair
values of the study period occurred in either of these two years. Although 2012 had the lowest June and August temperatures of the study
period, it also had the warmest May and July, resulting in summer and
annual temperatures above the ﬁve-year average. Monthly temperatures in 2015 dropped below the ﬁve-year average only in February and
high temperatures in late fall resulted in the highest mean annual
temperature.
Annual precipitation ranged from slightly below average in 2014
(within one standard deviation of the long-term mean) to the wettest
year on record in 2013 (Fig. 1, Table 2). Despite above average annual
P, 2011 experienced the lowest soil moisture (expressed as volumetric
water content, VWC; m3 m−3) of the study period late in the growing
season (Fig. 1). In contrast, despite the lowest annual P in 2014, the
even temporal distribution maintained moderately high soil moisture
throughout the year. High intra-annual variability in P led to moderately dry soil conditions (VWC ∼0.25 m3 m−3), during the early,
middle, and late portions of the growing season in 2012, 2015, and
2013, respectively.
The combination of warm, dry conditions in 2011 resulted in

(4)

where Tref is a reference temperature (10 °C), RTref is a species-speciﬁc
respiration rate at Tref (μmol CO2 m−2 leaf area s−1) and Q10 is a species-speciﬁc sensitivity parameter and Tair is hourly nighttime data.
Rleaf was scaled to the stand level based on estimated L for each species
(Table 1) and the annual time series of L. Total ecosystem respiration
(RE, g C m−2 s-1) was estimated as the sum of Rleaf and Fsoil. For comparison, we also estimated RE by ﬁtting the relationship of Tsoil and
nighttime NEE to an exponential function (assuming that photosynthesis is zero at night and NEE = RE) and extrapolating daytime ﬂuxes
(Dragoni et al., 2011). Gross ecosystem productivity (GEP, g C m−2 s−1)
was estimated as NEE ̶ RE.
2.6. Photosynthetic phenology
Phases of the growing season were also estimated based on eddy
covariance carbon ﬂuxes following Gu et al. (2003). In this approach, ﬁveparameter Weibull curves were ﬁtted to maximum daily GEP data for the
ﬁrst half and second half of each year, establishing time series of potential
photosynthetic capacity of the ecosystem (GEPmax; μ mol CO2 m−2 s−1).
The resulting and the inﬂection points of each curve were used to characterize the timing and rate of change in photosynthetic activity in the
272
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Fig. 1. Mean weekly air temperature (Tair), downwelling shortwave radiation (SW), vapor pressure deﬁcit (D) (data represent weekly averages of daily means), total weekly precipitation
(P), and daily volumetric soil water content (VWC). Colored lines represent individual years of the current study, gray lines represent data from the other four years of this study (not
included for P), dashed lines represent +/−2 standard deviations from the long-term mean (1936–2015). Text associated with P indicates total annual P and number of standard
deviations (SD) away from long-term mean (1,800 mm, SD = 298 mm).

3.2. Leaf phenology

signiﬁcantly higher mean daily D for the main portion of the growing
season (June–August) compared to other years (0.62 kPa; t-test,
p < 0.003). In contrast, the rainy, relatively cool growing season in
2013 had a signiﬁcantly lower mean daily D (0.38 kPa; p < 0.0001),
whereas all other years were similar (0.49 kPa; p > 0.08).

Years with warmer early-spring temperatures resulted in earlier leaf
expansion. Leaf expansion occurred earliest in 2012, followed by 2011,
then all other years (Fig. 2a). The date at which springtime canopy leaf
273
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Fig. 2. Seasonal time series of estimated (a) spring and (b) fall canopy leaf area index (L). Dashed horizontal lines represent 25%, 50%, and 75% of maximum canopy leaf area (L25, L50,
and L75, respectively). Inset in (a) shows relationship between date of year (DOY) of spring L50 and cumulative heating degree days > 0 °C (HDD0) between day of year 17–83
(y = −0.0619x + 146.0; r2 = 0.99; p < 0.0001) and (b) shows relationship between DOY of fall L50 and cooling degree days < 20 °C (CDD20) between day of year 210–290
(y = 0.1754x = 326.7; r2 = 0.91; p < 0.01).

area reached 50% of maximum (L50) was nearly two weeks earlier in
2012 than the three cooler years (Table 4). Springtime date of L50 was
strongly correlated with HDD0 in February and March (r2 = 0.96;
p < 0.0001) and produced the best ﬁt using HDD0 between days of
year (DOY) 17–83 (r2 = 0.99; p < 0.0001; Fig. 2a).
Years with warmer early-spring temperatures also displayed earlier
leaf senescence, which was largely explained by CDD20 from DOY
210–290 (Fig. 2b, Table 4). The residual variability did not show any
clear relationship with either the timing or magnitude of low soil
moisture. Initiation of leaf senescence in 2011 was similar to 2012, but
2011 experienced a slower rate of leaf loss. The variability among years
in leaf senescence dates was about half that of leaf expansion dates—within nine days for fall dates of L50 compared to within 18 days
for spring dates of L50 (Table 4).
Although years with warmer early-spring temperatures resulted in
both an earlier leaf expansion and senescence, growing season length
was longer in warmer years. Growing season length, characterized by
the number of days > L50 diﬀered by a maximum of nine days among
years (Table 4) and showed strong correlation with average Tair from
DOY 1–90 (r2 = 0.92, p = 0.01).

Table 3
Annual ﬂuxes of water and carbon; precipitation (P), canopy interception (EI), subcanopy
evapotranspiration (ES), canopy transpiration (EC), total evapotranspiration (ET), precipitation minus outﬂow (P–Q), net ecosystem exchange of carbon (NEE), soil CO2 eﬄux
(Fsoil) from automated system and transect point measurements, leaf respiration (Rleaf),
ecosystem respiration (RE), and gross ecosystem productivity (GEP). EC is estimated as
ET − (EI + ES). RE is estimated as Fsoil transect + Rleaf. GEP is estimated as RE − NEE.

3.3. Ecosystem evapotranspiration
Annual ET showed little interannual variability (Table 3,) and was
not related to growing season length, beginning of growing season, or
end of growing season (p > 0.18 for all leaf expansion levels in
Table 4). The years with the highest and lowest annual ET (2012 and
2011, respectively) both had earlier starts, earlier ends, and longer
growing seasons than the other years of the study. Leaf expansion dates
were not related to total early growing season ET (p > 0.31 for cumulative ET from January 1 through the end of April, May, or June).
Annual ET showed much less variability than annual P (coeﬃcient
of variation (CV) = 4.1% and 17%, respectively; Fig. 3f; Table 2), accounting for 36% (in year 2013) –55% (2012) of annual P. Canopy
interception accounted for 163 (standard deviation (SD) = 29) mm y−1
of total ET, and was often the predominant component of weekly ET
during the dormant season (Fig. 3). ET estimated from P minus Q from
two nearby watersheds was 872 mm (SD = 97 mm; Table 3), similar to
mean annual tower ET estimates. Cumulative ET estimates from the

2011

2012

2013

2014

2015

Mean (SD)

Water ﬂuxes (mm y−1)
P

1,860

1,639

2,384

1,583

2,094

EI
ES
EC
ET
P-Q

197
–
506*
813
1,012

173
–
621*
905
848

243
110
517
870
790

167
107
562
836
840

205
115
551
858
677**

1,912
(332)
197 (30)
111 (4)
551 (45)
856 (35)
833 (121)

Carbon ﬂuxes
(g C m−2 y−1)
NEE
NEEsub
Fsoil automated
Fsoil transect
Rleaf
RE
GEP

−199
–
996
1,265
139
1,404
1,603

−194
–
975
1,237
132
1,369
1,563

−364
827
884
1,117
121
1,238
1,602

−315
978
880
1,113
124
1,237
1,552

−147
1,111
939
1,188
128
1,316
1,463

−244 (91)
972 (142)
935 (52)
1,184 (68)
129 (7)
1,313 (76)
1,557 (57)

* estimated by subtracting mean ES when annual ES was not available.
** Q data only extends through November 2015.

tower and P minus Q were similar at approximately yearly intervals
(Fig. 3g). Hydrologic budget closure did not occur at precisely a 365day interval due to the time lag between incident P and observed Q
resulting from variability in soil water storage (Nippgen et al., 2016).
Overall, cumulative ET (Fig. 3f) showed little interannual variability
during spring months, despite diﬀerences in leaf expansion. The proportion of ET from the subcanopy (ES, mm), including the soil surface
and small herbaceous vegetation, accounted for 13% of total ET, and
was primarily concentrated during the ﬁrst three months of the year. Es
increased with total ecosystem ET during the early months of the year
(Fig. 3c–e). For the ﬁrst three months of the year, prior to leaf expansion, ES averaged 37.5 mm (SD = 1.6 mm) among years. Over this time
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declined above 0.8 kPa (Fig. 4). Periods of soil moisture limitation,
characterized by VWC < 0.3 m3 m−3 (open symbols in Fig. 4), were
infrequent through July and did not lead to an apparent decline in the
response of ET to D. However, low VWC in August reduced the response
of ET to D. The two years that experienced dry August conditions (2011
and 2015) had the second and third earliest leaf senescence, but neither
had the earliest. The driest year of our study (2011) reached fall L50
later than predicted, based on CDD20 (Fig. 2b). A wavelet analysis
conﬁrmed that annual variability of ET is well correlated (strong crossspectra) with environmental variables that show strong seasonality,
such as L, temperature, and VWC (Supplementary A.6). Interannual
variability in ET was primarily correlated with variability in temperature and VWC, albeit weakly.

Table 4
Leaf area-based dates of springtime canopy leaf expansion and senescence reaching 25,
50, and 75% of maximum and gross ecosystem productivity (GEP) based dates of growing
season start, end, and length.
Leaf area-based growing season metrics
Canopy leaf expansion date
25%
50%
75%
Canopy leaf senescence date
75%
50%
25%
Growing season length (days)
25% range
50% range
75% range

2011

2012

2013

2014

2015

110
114
117

103
108
113

119
126
133

121
125
130

114
123
131

289
298
308

288
294
300

296
303
310

296
302
309

297
301
307

199
185
173

198
187
176

192
178
164

189
178
167

194
179
167

GEP-based growing season metrics

2011

2012

2013

2014

2015

Growing season initiation date
Growing season termination date
Growing season length (days)
Eﬀective growing season length (days)
Spring midpoint date
Fall midpoint date

90
315
226
147
126
257

95
312
218
151
122
263

104
320
217
145
138
271

103
311
209
151
129
271

93
311
219
151
130
270

3.4. Ecosystem carbon exchange
We observed considerable variability in NEE among years, but
variability in NEE was not consistently related to length of the growing
season, onset of the growing season, nor growing season end (p > 0.19
for all leaf expansion levels in Table 3). The two most productive years,
2013 and 2014, gained an average of 339 g C m−2 (Fig. 5, Table 2), but
also had two of the shortest growing seasons (Table 3). Compared to the
high productivity years, NEE was 40% lower for the years with the
longest growing seasons (2011 and 2012), but 45% lower in a year with
a comparable growing season length (2015).
Interannual diﬀerences in temperature led to large diﬀerences in
cumulative NEE (Fig. 5f) during the ﬁrst four months of the year.
Dormant season NEE was dominated by Fsoil (Fig. 5 a–e), and given the
exponential response of respiration to temperature (Fig. 6), cumulative
annual NEE varied as much as 65 g C m−2 among years by DOY 100.
Despite interannual diﬀerences in winter respiratory losses, this
ecosystem became a cumulative NEE sink (i.e., crossed the zero line) at
nearly the same date each year (Fig. 5f). Because winter temperatures
directly aﬀect both leaf phenology and respiration, gains in

period, ES accounted for approximately 71% (SD = 13%) of ET from
transpiration and soil evaporation (excluding EI; Table 3). After leaf
expansion, ES dropped to a fairly consistent 0.14 mm d−1 (SD = 0.01)
for the majority of the growing season, until fall leaf senescence occurred when it increased slightly to 0.26 mm d−1 (SD = 0.09).
Low soil moisture only aﬀected the sensitivity of ET to atmospheric
dryness when it occurred late in the growing season. Daily ET increased
linearly with mean daily D up to 0.6 kPa, then reached saturation and

Fig. 3. Time series of (a–e) mean weekly ecosystem evapotranspiration (ET; current year is blue line, other years are gray lines), ET minus evaporation from precipitation intercepted by
the canopy (EI), and subcanopy ET (ETsub) presented as weekly means of daily totals; (f) cumulative ET; (g) total cumulative ET since 2011 and ET estimated as precipitation minus
watershed outﬂow (P–Q); vertical lines represent dates when cumulative ET and P–Q estimates are equal, based on day of current year. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article).
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Fig. 4. Daily evapotranspiration (ET) minus evaporation from interception as a function of mean daily vapor pressure deﬁcit (D). Open symbols represent days with volumetric soil water
content < 0.30 m3 m−3.

Fig. 5. Carbon ﬂuxes. (a–e) Time series of net ecosystem exchange of carbon (NEE; black lines), ecosystem respiration (RE; brown lines), gross ecosystem productivity (GEP = NEE – RE;
green lines), and subcanopy NEE (NEEsub; pink lines) presented as weekly means of daily totals (gray lines show data from other years of study); (f) cumulative annual NEE; (g) cumulative
annual GEP; (h) estimated potential maximum daily GEP. Negative values represent ﬂux of carbon into the ecosystem, except in (g) where carbon uptake is in positive units. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article).
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annual NEE through the end of May (p = 0.058 and 0.073 for dates of
L25 and L50, respectively), providing some evidence of greater C uptake
with earlier leaf expansion. However, by this date each year, the forest
remained a net source of C. Expanding this analysis to include cumulative NEE through the end of June, the relationship with leaf expansion
dates disappeared (p > 0.50).
Diﬀerences in annual NEE were driven by mid- to late-growing
season conditions. Cumulative NEE for the ﬁrst several weeks after full
leaf expansion (DOY 145–170) showed a strong linear trend during all
years (Fig. 5f). The mean uptake over this time (based on absolute
slope) ranged from 4.4 to 4.9 g C m−2 d−1 for all years except for 2015,
when sink strength was lower (uptake 3.8 g C m−2 d−1). This period of
the growing season had the lowest interannual variability in cumulative
NEE (SD range from 9.0 to 15.4 g C m−2). After this period, carbon
uptake remained fairly consistent during the mild year of 2014. The
rainy year of 2013 also showed generally consistent NEE, with a short
period of very low uptake from DOY 182 to 196. This period was
characterized by 11 consecutive days with rain, totaling 363 mm, and
mean daily solar radiation 30% lower than the average of other years.
In these two years, late growing season uptake decreased by an average
of 34% (DOY 220–260 3.1 and 3.0 g C m−2 d−1, respectively). In contrast, in 2011 and 2012, late season uptake decreased by over 50% (2.1
and 1.4 g C m−2 d−1, respectively). Year 2015 showed a decline in
uptake similar to 2011 and 2012, but since it started with a lower rate
of C gain, ended with an uptake of 2.5 g C m−2 d−1.
Leaf
senescence
dates
were
not
correlated
with
September–November NEE (p > 0.32). Although the two years with
the earliest dates of leaf senescence were small C sources during this
period (loss ∼5 g m−2), and the two years with the latest dates were C
sinks (uptake ∼45 g m−2), the year with the median senescence date
was also the largest C source (loss = 19 g m−2).
Cumulative growing season NEE was 15% lower in both 2011 and
2012 than the mild 2014 year (May–Septembers = 426 and 428 vs.
501 g C m−2, respectively; Fig. 5f, Table 3). In comparison, the wet year
of 2013 was only 9% lower than 2014 (460 g C m−2), whereas the low
NEE during 2014 resulted in the lowest NEE (406 g C m−2). However,
since early season respiratory losses led to 2011 and 2012 starting the
growing season with an additional 20 g C m−2 deﬁcit compared to 2014
(and nearly 50 g compared to 2013), the diﬀerences among years were
increased. Similar to ET, a wavelet analysis conﬁrmed that interannual
variability in NEE was most closely correlated with variability in temperature and VWC rather than L, radiation, or P (Supplementary A.6).
Interannual diﬀerences in total NEE appeared to be the result of
variability in respiration rather than photosynthesis. Estimated total
ecosystem respiration (RE; excluding stem respiration) was nearly
1240 g C m−2 y−1 during the two years with the highest NEE (2013 and
2014). Compared to these two years, the warm years of 2011 and 2012
had ∼12% higher annual RE (∼150 g C m−2 y−1) and 2015 was 6%
higher (∼75 g C m−2 y−1). Our estimates of annual RE were similar to
output from the online ﬂux partitioning tool (ﬁve-year
mean = 1230 g C m−2 y−1). However, during periods with a high frequency of gaps in nighttime data, the online tool output showed large
deviations from our estimates, including daily RE near-zero during the
growing season and near the growing season mean during the winter.
Nighttime canopy NEE had higher variability and lower temperature
sensitivity than Fsoil (Fig. 6b and c). Estimating RE using an exponential
relationship between Tair and nighttime NEE data resulted in mean
annual ﬂuxes of 1039 g C m−2 (SD = 46), slightly higher than NEEsub
and in between our two methods for estimating Fsoil. However, all approaches followed similar interannual trends. Fsoil accounted for ∼90%
of RE. Among our methods for estimating Fsoil, transect-based point
measurements were 21% higher than measurements from the automated system (Table 2). This diﬀerence was due to a combination of
higher base respiration at 0 degrees (a-parameter, Eq. (2)) and temperature sensitivity (Q10; Eq. (3)) among the transect measurements
(a = 0.533, Q10 = 3.935, n = 26) compared to the automated

Fig. 6. Components of ecosystem respiration. Daily mean air temperature (Tair) versus (a)
net ecosystem exchange of carbon from the subcanopy eddy covariance system (NEEsub)
and soil CO2 eﬄux (Fsoil) estimated from transect measurements, inset shows comparison
of daily NEEsub and Fsoil with 1:1 line; (b) nighttime NEE from the tower eddy covariance
system and ecosystem respiration (RE) estimated as the sum of Fsoil and leaf respiration,
inset shows comparison of nighttime NEE and RE with 1:1 line; (c) exponential ﬁts to data
for data in (a) and (b).

productivity are largely dampened by losses. Thus, despite 2012 having
half of its full canopy (L50) 6–18 days earlier than other years, this year
switched from a net source to a net sink only 4–7 days earlier.
Leaf expansion dates were weakly correlated with cumulative
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measurements (a = 0.367, Q10 = 3.823, n = 30). However, neither of
these parameters was signiﬁcantly diﬀerent among methods (p = 0.13
and 0.25, respectively). Transect-based Fsoil also agreed well with ﬂuxes
from the subcanopy eddy covariance system (Fig. 6a and c), suggesting
that NEEsub represented primarily respiratory losses. So, although
choice of methods may have aﬀected the absolute estimate of Fsoil, since
Q10 was similar, the proportionate diﬀerences in annual Fsoil would
remain the same. We did not observe any eﬀect of VWC on Fsoil with
either method; however, the measurement periods included only the
moderately dry period during fall of 2013. Carbon losses from Rleaf
occurred only at night when foliage was present, contributing ∼10% of
annual RE (Table 2).
Annual gross ecosystem productivity (GEP) in 2011–2014 averaged
1580 g C m−2 with low interannual variability (CV = 1.7%; Fig. 5,
Table 2). Year 2015 followed a general pattern similar to other years,
but with lower average daily GEP during the growing season, resulting
in 117 g C m−2 lower GEP. Weekly GEP was near zero during the dormant period early in the year, increased rapidly with leaf expansion,
and exhibited minor variability during the growing season, before declining back to nearly zero after leaf senescence. Comparing the warmer
2011 and 2012 growing seasons with cooler 2013 and 2014 growing
seasons (Fig. 1, Table 2), the warmer years had higher peak RE, occurring around DOY 200, that coincided with a period of lower NEE
(Fig. 5a and b). These factors resulted in consistent linear trends in
cumulative growing season GEP (Fig. 5g), nearly parallel among years,
as opposed to divergent patterns in cumulative NEE (Fig. 5f). Consistent
with earlier leaf expansion, 2012 showed higher cumulative C gain,
although not higher daily uptake, throughout most of the growing
season. Daily GEP increased with total daily photosynthetically active
radiation (PAR) up to approximately 80% of the daily theoretical
maximum, at which point GEP leveled-oﬀ (data not shown). Daily PAR
averaged 71% of the theoretical maximum from May to September
(Fig. 1) and was limiting (< 80% of maximum) 56% of growing season
days during warmer years (2011, 2012, and 2015) and 70% of days in
the milder years (2013 and 2014). Conditions of low PAR occurred on
∼2/3 of mornings and ∼1/2 of afternoons.
Growing season length based on changes in peak daily GEP
(GEPmax) ranged as much as 19 days among years (Table 4, Fig. 5h).
GEP-derived estimates of the start and end of the growing season did
not correspond with dates of L25, L50, or L75 (p > 0.29); however, dates
of spring and fall L75 were weakly-correlated with the mid-points of
spring and fall GEPmax (peak of ﬁrst derivatives; p = 0.089 and 0.064,
respectively). Springtime GEPmax was higher in 2012 than other years
due to a combination a relatively early initiation of the growing season
and rapid development of photosynthetic capacity (although not the
top ranked of either of these metrics). Two of the years with the lowest
annual NEE (2011 and 2012) also showed earlier declines in fall
GEPmax, compared to other years.

Fig. 7. Temporal trends from long term data at Coweeta Hydrologic Laboratory. (a)
heating degree days above 0 °C between day of year 17–83 (HDD0); slope of linear regression was a non-signiﬁcant 0.53 HDD0 y−1 (r2 = 0.01, p = 0.24); (b) cooling degree
days below 20 °C between day of year 210–290 (CDD20), piecewise linear regression
determined signiﬁcant breakpoint at year 1987 (r2 = 0.19, p = 0.0008) with slopes
−0.26 and 2.62 CDD20 y−1 before and after breakpoint, respectively (slope of linear
regression 0.57 CDD20 y−1; r2 = 0.08, p = 0.007); (c) growing season length based on
estimated dates of canopy leaf area above 50% of maximum (L50), slope of linear regression 0.10 days y−1 (r2 = 0.07, p = 0.016).

3.5. Long-term climate trends
Long-term Tair trends at our study site have enabled a longer
growing season. Based on the relationships between either heating or
cooling degree days and dates of L50 (Fig. 2), conditions have had no
eﬀect on timing of leaf expansion but would enable later leaf senescence, increasing the growing season length by an estimated eight days
since 1936 (Fig. 7). Assuming an average daily NEE of 4.6 g C m−2, this
increase in growing season length would result in < 2% additional
annual NEE per decade), in the absence of changes in NEE due to increases in atmospheric CO2 over this period. Long-term interannual
variability of growing season length was high, with a range of over 30
days (mean = 174 days, SD = 8.8 days). Growing season length was
above the long-term mean for only 23 of the past 27 years. Thus, the
conditions of our ﬁve-year study captured only the upper range of
variability in growing season length. Conditions aﬀecting leaf expansion were independent of conditions aﬀecting leaf senescence; no

correlation between HDD0 and CDD20 was observed (p = 0.88).
Observed long-term temperature trends provide a stronger driver
for respiration than growing season length. Increases in long-term Tair
have resulted from an increased frequency of hot days during the peak
of the growing season (Fig. 8a and b). Days with mean Tair > 25 °C
were infrequent prior to 1995, occurring only 48 times and zero times
in 42 out of those 59 years. In contrast, mean daily Tair has exceeded
25 °C for at least a week’s worth of days in seven of the past 11 years
and has exceeded 23 °C for at least 1/3 of the growing season for 13 of
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a 20% increase in annual RE since 1974 (220 g C m−2; Fig. 8c).
4. Discussion
In this study, we examined the direct and indirect eﬀects of temperature on NEE and ET in a mesic, montane, deciduous forest. We
expected annual ET to increase with warmer temperatures, due to an
extended growing season length and higher D. We also expected NEE to
either increase or decrease, depending on whether warmer temperatures had a stronger eﬀect on growing season length or respiration.
Despite interannual diﬀerences in leaf phenology, we found no evidence that growing season length, start date, or end date aﬀected annual ET or NEE in this system. This result is not surprising, as the
maximum diﬀerence in growing season length among years was nine
days (relative to > 200 day growing season length at this site), and
three of the ﬁve years had similar growing season lengths. Furthermore,
we could not separate the interacting eﬀects of growing season length
and growing season climate variability making it diﬃcult to detect
patterns with only 5 years of data. The most intriguing results emerging
from our analysis was that while climatic conditions resulted in large
interannual variability in NEE, they produced only minor interannual
variability in ET
4.1. Drivers and eﬀects of leaf phenology
The strong temperature dependence of leaf phenology in this system
(Fig. 2) and throughout much of the northern hemisphere (Parry et al.,
2007), suggests that rising temperatures will lead to an earlier start and
later end of the growing season (Fig. 7c). The comparative timing of
leaf expansion appeared to follow the timing of leaf senescence (2012,
followed by 2011, then all other years at approximately the same time;
Fig. 2, Table 4), with greater interannual variability of spring than fall.
Such a trend has been observed in the northeastern United States,
where for each one-day earlier advance in spring, fall senescence occurs
approximately 0.6 days earlier (Keenan and Richardson, 2015). Interestingly, the year 2012 with the warmest early-year Tair and very high
peak growing season Tair (Fig. 1, Table 2) also experienced the coolest
fall temperatures (i.e., lowest CDD20, Fig. 2), which was not initially
apparent from weekly or monthly averages (Fig. 1; Table 2). This observation highlights the importance of identifying relationships that
capture threshold events (e.g., HDD or CDD) in order to predict how
short-term (i.e., daily to weekly) climate variability will aﬀect longerterm processes.
Although the start of the growing season was more variable than the
end during our ﬁve-year study, long-term data suggest that the end of
the growing season has been more sensitive to climate change than the
beginning (Fig. 7). This result is consistent with a comparable stand at
the Morgan-Monroe State Forest (MMSF) in the central United States
(Dragoni et al., 2011), though that study reported a dramatic trend of
delayed leaf senescence dates (∼30 days over a 10-year period) that
was not observed in our data. Coweeta is a lower-latitude and warmer
site than MMSF, which may have resulted in less sensitive phenological
responses to increasing temperatures. Additionally, the complex topography around the Coweeta tower frequently results in cold air drainage at night, particularly during periods of low humidity (Novick
et al., 2016b), which may buﬀer leaf phenology at low elevations
against warming trends.
We did see evidence of a seasonal increase in NEE and potential GEP
with an earlier spring (Fig. 5). Observed seasonal patterns in L generally
agreed with patterns in maximum photosynthetic rates (Table 4).
However, we note that when comparing phenological metrics from
each of these methods, it important to consider the photosynthesis
development and recession velocities (slopes in Fig. 5h; Gu et al., 2003)
in addition to growing season start and end dates to fully capture the
potential for C uptake. For example, in 2012, the growing season initiation day was one week later than 2013, but the rate of increase in

Fig. 8. Temporal trends from long term data at Coweeta Hydrologic Laboratory. (a) mean
annual air temperature (Tair), slope of regression 0.016 °C y−1 (r2 = 0.27, p < 0.0001);
(b) number of days during the peak of the growing season (June–August) exceeding
speciﬁed temperatures; (c) estimated long-term ecosystem respiration (RE), breakpoint of
piecewise linear regression at year 1974 (r2 = 0.59, p < 0.0001).

the past 18 years. Daily RE in this ecosystem doubles with each 6.2 °C
increase in Tair (Fig. 6c), so while an increase in daily Tair from 12 to
14 °C would result in an increase in daily RE of 0.5 g C m−2, an increase
from 22 to 24 °C would result in an increase of 1.6 g C m−2. Framed
another way, gains in NEE associated with one additional growing
season day would be completely oﬀset by RE if Tair increased from 22 to
24 °C on just three days. The increasing frequency of hot days has led to
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Although we did observe seasonal variability in soil moisture among
years, climatic conditions at Coweeta did not result in drought conditions during our study period (Figs. 1,4). Even in the absence of
drought, annual tree growth of some species at Coweeta has been
shown to decline with decreasing numbers of small storms during the
growing season (Elliott et al., 2015a, Elliott et al., 2015a, b). In that
study, oak species were less sensitive to drought than birch and tulip
poplar at low elevations. Therefore, in our mixed species stand, the
abundance of oak species (16% of total L; Table 1) may help to buﬀer
ecosystem-scale C dynamics against increasing P variability. However,
given trends toward mesophication of eastern forests (i.e., decline of
oak and increasing dominance of red maple and tulip poplar; Nowaki
and Abrahms 2008), ecosystem response to changing precipitation
patterns should be considered along with response to rising temperatures.
Severe drought conditions may suppress soil respiration (Davidson
et al., 1998), the main determinant of ecosystem respiration in this
system. Unlike a previous study at this site (Nuckolls et al., 2009), we
did not ﬁnd evidence of soil moisture limitations on Fsoil. However, the
timing of the Fsoil measurement campaigns did not include the 2011
growing season, the driest part of the larger study period (Fig. 1).
Nevertheless, throughout our study, soil moisture was consistently
above 0.2 m3 m−3, the point where soil water limitation occurs in other
systems (Ford et al., 2012; Oishi et al., 2013). Thus, the eﬀects of soil
water drought on RE, and subsequently NEE, will likely be secondary to
the eﬀects of increasingly high temperatures, and atmospheric drought,
at this site (Novick et al., 2016b).
Low interannual variability in ET (Fig. 3) is consistent with other
mature, deciduous forests in the southeastern United States. A similaraged stand in central NC had an eight-year mean ET of 720 mm y−1
(SD = 78, CV = 11%), which included moderate and severe droughts
(Novick et al., 2015). In that study, interannual variability in ET in the
deciduous stand was not related to growing season length, but was
correlated with ET from an adjacent evergreen pine plantation, indicating that climate was a stronger driver than phenology on interannual variability in ET. Previous work at that site showed that daily
transpiration reached a maximum level at moderate D (similar to Fig. 4
in this study) and that high-D days typically coincided with drought
periods (Oishi et al., 2010). Thus, transpiration on days with high D was
no higher, and often lower, than on days with moderate D. Furthermore, days with low D were often associated with rainfall, so the low
transpiration was oﬀset by higher amounts of evaporation of precipitation intercepted by the canopy. So although predicted increases in
D are expected to limit surface conductance across many ecosystems
(Novick et al., 2016a), the interannual diﬀerences in growing season D
experienced during this ﬁve-year study (Fig. 1) had a negligible eﬀect
on annual ET. This may also reﬂect that, even if high D reduces stomatal
conductance (which would tend to decrease ET), it also increases the
driving force for evaporation (which would tend to increase ET). Thus,
consistent with a broader synthesis, predicted changes in precipitation
are likely to aﬀect runoﬀ more than ET (Leuzinger and Korner 2010).
Indeed, long-term data extending back to the mid-1930s from the three,
low-elevation Coweeta watersheds we analyzed in this study (Fig. 3g)
showed that precipitation alone explained ∼72% of the variability in
annual runoﬀ (Q) and that precipitation along with potential ET explained ∼90% of the variability in Q (Caldwell et al., 2016). If this
general pattern holds in other areas of the Southern Appalachians and
across a wider range of climatic conditions, this consistency in ET
suggests that water yield from headwater watersheds in the southern
Appalachian biome, serving ten million people living in the southern US
(Caldwell et al. 2016), may be particularly sensitivity to future changes
in total precipitation.
Conditions of low soil moisture were rare during the peak of the
growing season and did not appear to lead to reductions in the sensitivity of ET to D. Transpiration estimates from sap ﬂux measurements
taken at nearby plots conﬁrm that low-elevation trees can maintain

photosynthesis was 19% higher, resulting in higher potential GEP
during for most of the 2012 spring (Fig. 5h; Supplementary A.5). The
eﬀect of warmer temperatures near the beginning of the growing season
had a greater positive eﬀect on photosynthesis than respiration, consistent with broader observed trends (Piao et al., 2008; Richardson
et al., 2017), and resulted in a modest C gain during the spring. The
warm conditions in January through March of 2012 led to an advance
of leaf expansion by approximately two-weeks compared to cooler
years (Fig. 2), consistent with remotely sensed estimates in this ecosystem (Hwang et al., 2014) and others across the United States (Wolf
et al., 2016). A synthesis of U.S. eddy covariance data showed an
average increase in C uptake of 15 g m−2 during March–May of 2012,
compared to typical years with cooler springs (Wolf et al., 2016). We
observed an increased uptake of 34 g C m−2 in March–May in 2012
compared to the mean of 2013–2015 and an even more dramatic increase of 63 g C m−2 in April–May. However, warm winter temperatures in 2012 resulted in an increase in respiratory losses of 34 g C m−2,
reducing the cumulative increase in spring uptake by approximately
half.
4.2. Eﬀects of climate on NEE and ET
The increasing frequency of high temperatures in the southern
Appalachian region is expected to have a strong inﬂuence on C dynamics. Although variability in Tair has a linear eﬀect on leaf phenology
(Fig. 2), its eﬀect on respiration is exponential (Fig. 6), resulting in a
weaker C sink with warmer temperatures (Fig. 5f). Warmer late-winter
temperatures at Coweeta led to a greater increase in cumulative photosynthesis through the spring (driven by evergreen carbon uptake and
earlier canopy leaf-out), compared to respiration, resulting in a slight
enhancement in C gain. In contrast, cool winter temperatures in the
mature deciduous forest at MMSF suppressed winter RE, contributing to
enhanced annual C uptake (Dragoni et al., 2011). Warmer summer
temperatures at Coweeta, particularly the increasing frequency of very
warm days, explained much of the interannual variability in NEE, as
well as increased respiratory losses of C over time (Fig. 8). Temperature-sensitivity of soil respiration (i.e., Q10) was higher than most deciduous broadleaf forests (Wei et al., 2010), contributing to lower annual NEE than comparable forests and making C storage in this system
particularly vulnerable to warming. Increasing winter Tair since the
1980s at Coweeta (Laseter et al., 2012; Ford et al., 2011) has likely
muted any long-term gains in C uptake resulting from increasing
growing season length.
Unlike temperature, variability in summer precipitation had a
negligible eﬀect on NEE and GEP. Across many deciduous broadleaf
forests, NEE can be suppressed if precipitation is very low (Wolf et al.,
2016) or abnormally high (Fu et al., 2017). Similarly, drought reduced
annual GEP by up to 12%, compared to preceding years in a central NC
forest (Novick et al., 2015), and GEP declined linearly with increasing
soil water deﬁcit in a central United States forest (Brzostek et al., 2014).
We observed declines in daily NEE associated with cloudy, rainy days.
Solar radiation in the valley around the Coweeta tower is frequently
suppressed due to orographic precipitation and morning fog (Novick
et al., 2006), likely resulting in lower annual GEP and NEE than other
mature broadleaf forests, although not in large interannual variability.
Daily PAR was limiting (< 80% of maximum, the point of GEP saturation) approximately 62% of growing season days at Coweeta,
compared to only 50% of days at a more productive broadleaf forest in
central NC (Novick et al., 2015). Compared to GEP-based growing
season metrics from broadleaf forests in Tennessee and Massachusetts,
USA (Gu et al. 2003), Coweeta had a higher eﬀective daily maximum
photosynthetic rate and longer growing season length (Supplementary
A.5), suggesting that high capacity for C uptake was constrained by
other environmental factors. Additionally, the topographic position of
our study site likely receives downslope subsidies of water (Hawthorne
and Miniat 2017), further reducing the frequency of dry soil conditions.
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consistent water use throughout drought (Hawthorne and Miniat 2017).
However, relatively dry periods in August of 2011 and 2015 appeared
to further restrict ET (Fig. 4). These results suggest that soil moisture
only limited ET in these low-elevation cove forests when it occurred at
the end of the growing season. Late-growing season drought has been
linked to earlier leaf senescence in low-elevation forests at Coweeta,
based on remotely-sensed data (Hwang et al., 2014). Based on our data,
timing and magnitude of low soil moisture did not appear to aﬀect leaf
senescence at the whole canopy scale. However, drought-deciduous
species, such as tulip poplar, red maple, and blackgum (Marchin et al.,
2010) accounted for over 1/3 of L within the eddy covariance tower
footprint (Table 1) and may have contributed to seasonal variability in
ET, if not a clear signal in the PhenoCam data.
The species composition and structure of southern Appalachian
forests has an important inﬂuence on carbon and water dynamics. The
canopy comprises a mixture of species with a range of xylem anatomies
(ring- and diﬀuse-porous) and hydraulic stress strategies (isohydric and
anisohydric). Isohydric, diﬀuse-porous species such as red maple may
show declines in transpiration and productivity when soil water becomes limiting, whereas anisohydric, ring-porous species, namely oaks,
may have roots that can access a deeper supply of water and be largely
unaﬀected (Matheny et al., 2017). Thus, species diversity in the canopy
is expected to moderate drought eﬀects on NEE and ET, compared to
stands dominated by more mesic species (Oishi et al., 2010; Novick
et al., 2015). The contribution of understory vegetation has been shown
to lead to similar annual transpiration among stands with diﬀering
densities (Roberts 1983) and species composition (Kagawa et al., 2009).
In our study, prior to leaf expansion, interception of radiation by the
canopy is low and ecosystem ET is dominated by evaporation from the
soil and transpiration from the evergreen shrub, rhododendron (Fig. 3).
Thus, earlier leaf expansion did not correspond to an earlier increase in
ET.
Although the structure of the forest overstory typically controls
density and water use of understory species (e.g., Kagawa et al., 2009),
in the southern Appalachians the increasing coverage of rhododendron
may exert a strong inﬂuence on canopy NEE and ET in the future
(Elliott et al., 2015a, Elliott et al., 2015a, b). However, since the presence of this species also inhibits recruitment of canopy trees (Nilson
et al., 2001), the longer-term eﬀect of rhododendron expansion may be
reduced ET and reduced aboveground productivity (Bolstad, Elliott,
and Miniat, in review).

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.agrformet.2018.01.011.
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