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a b s t r a c t
Our understanding of the long-term carbon (C) cycle of temperate deciduous forests and its sensitivity to
climate variability is limited due to the large temporal dynamics of C ﬂuxes. The goal of the study was to
quantify the effects of environmental variables on the C balance in a 70-year-old mixed-oak woodland
forest over a 7-year period in northwest Ohio, USA. The net ecosystem exchanges (NEE) of C were measured using the eddy-covariance technique. Long-term mean NEE, ecosystem respiration (ER), and gross
ecosystem productivity (GEP) were 339 ± 34, 1213 ± 84, and 1552 ± 82 g C m2 year1, respectively.
Warming increased ER more than GEP when the available water was not limited, but decreased GEP more
than ER when the available water was limited, resulting in decreasing net C ﬂuxes under both conditions.
The decreasing net C sink in summer was associated with increasing air temperature (Ta) in spring. The
leaf area index (LAI), photosynthetically-active radiation (PAR), and Ta were the most important determinants of NEE for spring, summer, and winter, respectively; however, these variables failed to explain NEE
for autumn. The most important determinants of ER and GEP were soil temperature (Ts) in spring, Ta and
PAR in summer, and Ta in autumn. Ta was the only control of ER in winter. The annual variation in NEE
was larger than that of GEP or ER. The controls of GEP on NEE were more pronounced seasonally and
annually than those of ER. The annual GEP was consistently more variable than the annual ER. GEP
was also seasonally and annually correlated with ER. Practical models derived from different combinations of independent variables effectively predicted 87%, 80%, and 93% of the monthly variability in
NEE, ER, and GEP, respectively. We concluded that the variability in C ﬂuxes was more responsive to
increasing Ta and Ts than to variations in seasonal and annual precipitation. The study implies that a warmer climate is likely to reduce the forest productivity and C-sink capacity of oak ecosystems in the future,
especially in instances when water inputs become limiting.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
Global climate models predict an increase in air temperature
(Ta) and spatiotemporal variation in local precipitation (P) and soil
water dynamics in northern mid-latitudes (IPCC, 2007; Concilio
et al., 2009; Yang et al., 2010). Such changes are anticipated to alter
the carbon (C) cycles of forest ecosystems (Niu et al., 2008; Jassal
et al., 2009). Temperature and water availability are two of the
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most important determinants of interannual variability in the forest C balance (Ciais et al., 2005; Sun et al., 2011). Whether increases in Ta have positive effects or water stresses have negative
effects on increases in net ecosystem exchanges (NEE, i.e., negative
net ecosystem productivity, NEP) of C are still uncertain because of
the complex interplay of Ta and water availability and forest productivity and ecosystem respiration (ER) (Sun et al., 2011). For
example, a temperature rise may stimulate ER and possibly offset
or negate increases in gross ecosystem productivity (GEP; Barr
et al., 2002; Carrara et al., 2003; Chen et al., 2004a).
The NEE between the biosphere and atmosphere represents the
difference of two large C ﬂuxes between GEP and ER, both of which
respond differently to Ta and water dynamics. NEE is difﬁcult to
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quantify and costly to measure over long periods of time (Chen
et al., 2008). We are currently unsure as to whether GEP and ER respond positively to a changing climate. Kirschbaum (2000) and
Reichstein et al. (2002) postulated that both GEP and ER could increase with increases in Ta. However, Ciais et al. (2005) and Jassal
et al. (2008) found that atmospheric warming and dry soils could
lead to reductions in both GEP and ER. There is debate concerning
interannual variability in GEP and ER and, thus, NEE and the C balance. Savage and Davidson (2001) showed that both GEP and ER
had comparable ranges in interannual variation, both sources of
variation were considerably larger than that of NEE. In contrast,
Grifﬁs et al. (2003), Allard et al. (2008), and Zha et al. (2009) concluded that there was more interannual variability in GEP than in
ER and the variation in GEP contributed the most to NEE in deciduous boreal forests. Similarly, Arain et al. (2002) found that yearto-year variations in ER were small when compared to those in
GEP of forests. Then again, Bubier et al. (2003) and Dunn et al.
(2007) found that annual ER was more variable than annual GEP
and ER was the main variable in the C balance of European forests.
Temperate deciduous forests in northern mid-latitudes sequestrate large amounts of atmospheric CO2 and contribute signiﬁcantly to the global C cycle (Barford et al., 2001; Pan et al., 2011).
The high productivity and seasonal variability of these forests
(Chen et al., 2002; Powell et al., 2006) provide a template for modeling multi-year controls of seasonal environmental variables on C
ﬂuxes (Curtis et al., 2005; Kljun et al., 2006; Stoy et al., 2006). A
warmer climate may induce reductions in the leaf area index
(LAI) and result in a decrease in the net C sink in temperate deciduous forests (Dantec et al., 2000; Law et al., 2002). However, longterm studies in these forests indicate that changes in C ﬂuxes are
highly variable across spatiotemporal scales (Xiao et al., 2008;
2010; Yuan et al., 2009) and more long-term datasets are required
to better identify interannual variations in C ﬂuxes and potential
emergent-scale processes (Wilson and Baldocchi, 2001; Levin,
2002; Dunn et al., 2007; Allard et al., 2008).
Annual changes in NEE are usually attributed to climate variability (Barford et al., 2001; Ma et al., 2007), stand age (Chen et al.,
2004b), and disturbance (Chen et al., 2004a,c), which impact ER
and GEP directly (e.g., the responses of GEP to light, temperature,
and soil water) and indirectly (e.g., the responses of GEP and ER to
leaf phenology, canopy structure, and warm climate). Little is known
about the multi-year effects of increasing temperatures, limiting
water inputs and humidity, or dynamics of leaf area on seasonal
GEP and ER or, thus, NEE in the widespread oak (Quercus) forests
found in mid-latitude regions. We measured C and water ﬂuxes continuously in a 70-year-old mixed-oak woodland forest over a 7-year
period from 2004 through 2010. The eddy ﬂux site is within a large
remnant oak-woodland forest in Oak Openings Preserve Metropark
of northwest Ohio, USA. The study region has a remarkable number
of rare and endangered species including 145 plants that are potentially threatened or endangered in Ohio. The study site is one of the
US–China Carbon Consortium (USCCC) sites (Sun et al., 2009), which
has been incorporated into the Ameriﬂux network of sites.
The objectives of the study were to: (1) quantify variability in the
C cycle; (2) understand how variability in the controlling variables
inﬂuences the C balance in a temperate deciduous forest over multiple years; and (3) parameterize practical C models that can be readily used to estimate monthly NEE, ER, and GEP for similar forests.

2. Materials and methods
2.1. Study site
The eddy ﬂux site is located in an oak-dominated forest near the
city of Toledo (N 41.5545°, W 83.8438°), Ohio, USA. The long-term

means of annual mean air temperature (i.e., Ta) was 9.2 °C and annual total P was 840 mm (http://www.ncdc.noaa.gov/oa/
ncdc.html). The research site, covering 107 km2 (23%) of the Oak
Openings region, is characterized by ﬂat topography with elevations ranging from 200 m to 205 m. The study site sits on a band
of sandy soil deposits along an ancient lakeshore that was created
during the last glacial retreat, about 11,000 years ago. Sandy soil
lies above a layer of clay that opposes the penetration of water
and causes the perched groundwater table to be close to the surface. High exposed spots are xeric, providing conditions suitable
for dry prairie communities, whereas low spots are moist to wet
throughout the entire year, with standing water appearing in
spring and winter.
Plant species composition and stand biometric properties were
measured on 12 FIA-style plots within the 100 ha area using USDA
Forest Service Forest Inventory and Analysis (FIA) plot design
(http://www.ﬁa.fs.fed.us/library/). All trees with diameter at breast
height (dbh; 1.37 m above ground) >3 cm were tagged, identiﬁed
to species, and measured annually. The mean of total biomass at
the site was 20,345 ± 2180 g C m2, of which 9600 ± 650 g C m2
was in aboveground biomass, 1360 ± 1280 g C m2 in belowground
biomass, 1140 ± 655 g C m2 in litter, and 8225 ± 2405 g C m2 in
soil (Noormets et al., 2008). Phenological stages were deﬁned by
bud-break (start of pre-growth phase), 95% full leaf expansion
(start of growth phase), start of leaf discoloration (start of pre-dormancy phase), and 95% leaf fall (start of dormancy phase), following DeForest et al. (2006). The landscape provides diverse habitats
for plants. The heights of the dominant trees were 24 m, with an
average canopy height of 20 m. As of 2012, the 70-year-old
mixed-oak woodland forest is dominated by Quercus rubra (red
oak; 31%), Quercus alba (white oak; 26%), Quercus velutina (black
oak; 14%), Quercus macrocarpa (Bur Oak; 8%), and other species
including Acer rubrum (red maple; 10%), Prunus serotina (black
cherry; 5%), Sassafras albidum (sassafras; 2%), and Carya sp. (Hickory; <1%) (Brewer and Vankat, 2004; Deforest et al., 2006).
2.2. Flux, meteorological, and vegetation measurements
The 34-m-tall scaffold tower was surrounded in all directions by a
uniform canopy of similar tree species and ages, extending to approximately 600 m of unbroken fetch. Turbulent ﬂuxes of CO2 and H2O between the forest canopy and atmosphere were measured using eddycovariance (EC) instruments placed at the tower top. The open-path EC
system consists of a LI-7500 infrared gas analyzer (IRGA; Li-COR Biosciences, Lincoln, NE, USA) and a 3-dimensional sonic anemometer
(CSAT3; Campbell Scientiﬁc, Inc. (CSI), Logan, UT, USA). Instruments
were mounted along the tower at 1.5, 5, 16, and 22 m above the
ground. Each 30-min mean ﬂux value was calculated as the covariance
of vertical wind speed, air temperature, and CO2/H2O densities using
the Webb–Pearman–Leuning correction (Webb et al., 1980; Massman
and Lee, 2002) using EC_processor software (http://research.eeescience.utoledo.edu/lees/ECP/ECP.html; Noormets et al., 2008). Wind
coordinates to mean streamline plane were rotated (Wilczak et al.,
2001), which were calculated from mean wind data over an entire year.
Sonic temperature was corrected for changes in atmospheric humidity
and pressure (Schotanus et al., 1983). Raw data spikes (>6 standard
deviations) were removed and 30-min ﬂuxes for the warming of the
IRGA above air temperature were corrected (Burba et al., 2006; Grelle
and Burba, 2007). The LI-7500 was calibrated every 4–6 months in the
laboratory using zero-grade nitrogen, a dew-point generator (LI-610,
Li-COR, Inc., Lincoln, NE, USA), and NOAA/CMDL-traceable primary
CO2 standards. NEEs (lmol CO2 m2 s1 or g C m2 year1) were calculated as sums of corrected CO2 ﬂuxes and CO2 storage changes in
the canopy–air layer. We used the sign convention by which positive
NEE indicated ﬂux away from the surface (i.e., C release from the surface corresponds to NEE > 0). The CO2 storage was estimated as the
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mean rate of 30-min change in CO2 concentrations, measured at four
heights (i.e., 1.5, 5, 16, and 22 m) using a LI-800 analyzer (Li-COR)
within the canopy (Noormets et al., 2007; Yang et al., 2007).
Latent heat (LE, W m2) was calculated from the difference between measured water vapor ﬂux and storage change in water
vapor ﬂux in the canopy–air space from EC measurements. ET
(mm) was total ecosystem evapotranspiration, including plant
transpiration (i.e., dry canopy transpiration) and evaporation from
soil and plant surfaces (i.e., canopy interception or wet canopy
evaporation). Daily, seasonal, and annual ET were calculated by
summing the total corresponding 30-min values converted from
LE. Sensible heat (Hs, W m2) ﬂuxes were measured by the EC
system. A number of meteorological variables at multiple vertical
levels were measured and reported as 30-min means. Ta (°C) and
relative humidity (RH, %) were both measured by HMP45AC (Vaisala, Finland) above the canopy at the same height as the IRGA
and below the canopy. Photosynthetically active radiation (PAR,
lmol m2 s1) was measured by a LI-190SB (Li-COR) above and
below the canopy. A CNR-1 sensor (Kipp and Zonen, Delft, The
Netherlands) measured downward and upward shortwave and
longwave radiation. Net radiation (Rn, W m2) was derived by
summing up net shortwave and longwave radiation using all four
measured radiation components. Soil heat ﬂux (G, W m2) was
measured at three locations using HFT3 ﬂux plates (REBS, Seattle,
WA, USA) buried 5 cm below the ground. The energy balance closure was evaluated, with the linear regression for each year, of
the dependent ﬂux variable (turbulent energy, Hs + LE) against
the independently derived energy (available energy, Rn-G) on a
30-min basis. The mean R2 and slopes of annual relationships of
turbulent and available energy was 0.84 (±0.02) and 0.57
(±0.01) from 2004 through 2010. Annual R2 varied from 0.75 in
2004 to 0.88 in 2008 and annual slopes varied from 0.55 in
2007 to 0.60 in 2008. Soil temperature (Ts, °C) was monitored
using CS107 probes (CSI) at 5 cm depths, respectively. Soil volumetric water content (VWC, %) for the top 30 cm soil layer was
measured using vertically inserted CS616 Time Domain Reﬂectometer probes (CSI). P (mm) was measured using tipping-bucket-type raingauges (TE-525WS-L, Texas Electronics, Dallas, TX,
USA). LAI (m2 m2) was obtained from 1-km resolution MODIS
LAI/FPAR Collection 5 (http://daac.ornl.gov/MODIS/modis.shtml;
Shabanov et al., 2005) with an online subset output of a
3 km  3 km pixel subset centered on the ﬂux tower, which provided a time-series of LAI from 2004 through 2010.
2.3. Data quality control and gap-ﬁlling method
All 30-min ﬂux data from the EC tower were quality checked,
including stationarity, integral turbulence characteristics, and
friction velocity (u⁄) thresholds (Noormets et al., 2007, 2008).
The threshold of u⁄ below which ﬂux loss occurred was determined from the seasonal binned relationships between turbulent
ﬂuxes of CO2 and u⁄ (Schmid et al., 2003). The threshold was consistent between different seasons, but differed slightly among
years from 0.18 m s1 in 2004 and 0.21 m s1 in 2005. The periods with poor turbulent developments were ﬁltered out and treated as gaps. Additionally, the gaps also occurred while the system
or sensor malfunctioned or during periods of instrument calibration and site maintenance. Gaps were more frequent during the
night than during the day. Data daps were 38.1% of daytime
and 44.1% of nighttime NEE in 2004, 39.5% and 44.1% in 2005,
37.2% and 41.7% in 2006, 53.6% and 58.9% in 2007, 43.7% and
54.3% in 2008, 43.7% and 54.3% in 2009, and 45.4% and 59.8% in
2010. The mean percentage of gaps in NEE was more than the
network-wide average of 35% (Falge et al., 2001) and this is
mainly typical of sites with open-path IRGAs that were sensitive
to precipitation and condensation (Noormets et al., 2008). The
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gap-ﬁlling models were chosen from among 32 evaluated model
variants based on the magnitude and bias of residuals and the
stability of model parameter estimates (Noormets et al., 2007).
A comparison of our gap-ﬁlling algorithm against 16 other widely
used approaches showed that the bias was about average for
short-term gaps and among the lowest of all models for medium
and long-term gaps (Moffat et al., 2007). The uncertainty in annual NEE, caused by gaps and gap-ﬁlling, was estimated according to Aurela et al. (2002) and Flanagan and Johnson (2005).
The 30-min gap in NEE was ﬁlled using a dynamic parameterprocess model as described by Noormets et al. (2007), which
was based on a Lloyd and Taylor (1994) model. Firstly, the respiration model was parameterized using nighttime data:

ER ¼ R10  efðEa =RÞ½ð1=T ref Þ1=ðT a þ273:15Þg

ð1Þ

where R10 is the reference respiration (lmol CO2 m2 s1),
normalized to a base temperature (Tref = 283.15 K = 10 °C;
R10 = a0 + a1  VWC/100; where a0 and a1 are equation parameters),
Ea is the activation energy (kJ mol1 K1), R is the universal gas
constant (8.3134 J mol1 K1), and Ta is the air temperature above
the canopy (°C).
Daytime ER was estimated from the nighttime NEE-based calibration of Eq.(1), assuming consistency of temperature sensitivity
between the nighttime and daytime exchanges. Once daytime estimates of ER were available, gaps in daytime NEE were ﬁlled. The
gap-ﬁlling of daytime NEE was achieved with:

NEE ¼ ER þ ½ða  PAR  Pmax Þ=ða  PAR þ Pmax Þ

ð2Þ

where a is the apparent quantum yield (lmol CO2 lmol1 PAR),
PAR (lmol m2 s1) is photosynthetically active radiation, and Pmax
is the maximum apparent photosynthetic capacity of the canopy
(lmol CO2 m2 s1). GEP was calculated as the difference between
ER and NEE (i.e., GEP = ER  NEE).
Short gaps (<1.5 h) were ﬁlled by linear interpolation and longer
gaps (P1.5 h) were ﬁlled using the Mean Diurnal Variation method
(Falge et al., 2001) for the 30-min missing meteorological variables.
For the Mean Diurnal Variation method, missing values for any given 30-min gap were replaced with an average of values of the
adjacent seven-day window, which was at exactly the same time
of day. Missing P gaps were replaced by the P-values from the Toledo Express Airport weather station (N 41.5886°, W 83.8014°),
which was 3 km northeast of the ﬂux site. Saturation vapor pressure (es, kPa), actual vapor pressure (ea, kPa), and vapor pressure
deﬁcit (VPD, kPa) were calculated using ﬁlled Ta and RH above
the canopy.
The growing season length was deﬁned as the period between
the ﬁrst and last occurrences of three continuous days when daytime C uptake exceeded 5% of the summer maximum C uptake
(Zha et al., 2009). The growing season started on April 15 in
2004 (DOY = 136), May 1 in 2005 (121), May 16 in 2006 (136),
May 20 in 2007 (152), May 12 in 2008 (133), May 11 in 2009
(131), and May 14 in 2010 (134). We deﬁned April through
May as spring, June through September as summer, October
through November as autumn, and the ﬁrst 3 months and the
last month of the year as winter. All data processing and statistical analyses were conducted using SAS 9.2 software (SAS, Institute, Inc., Cary, NC, USA). Variables Ts, Ta, P, VWC, PAR, VPD, and
LAI were identiﬁed as potential drivers (i.e., independent variables). We determined the contribution of each variable on C
ﬂuxes on a monthly basis with the Pearson Correlation Coefﬁcient (PCC).
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winter. Mean monthly P was more than that of ET in winter, spring,
and autumn but not in summer (Fig. 3). Seasonal ET was also correlated with seasonal P.

3. Results
3.1. Microclimate and vegetation biomass
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Mean annual Ta was 9.9 °C and Ts was 10.7 °C during 2004–2010
(Fig. 1a; Table 1). Annual Ta during the study period was always
higher than the 1971 through 2000 mean of 9.2 °C. Ta was higher
than the past 30-year mean across all study years, with the highest
being 10.7 °C in 2006 and the lowest being 9.3 °C in 2008. The lowest Ta of daily minima varied from 28.2 °C in 2009 to 15.5 °C in
2006 and the highest Ta of daily maxima varied from 33.1 °C in
2009 to 40.5 °C in 2004 (Fig. 1a). Interannual differences in mean
daily temperatures were larger in winter than in summer and winter Ts signiﬁcantly increased annually (Fig. 1a). Year 2004 had the
lowest mean daily PAR and year 2010 had the highest, with values
being 186 and 211 lmol m2 s1 (Fig. 1b), respectively. The ﬁrst
and second highest LAI were 4.74 and 4.51 in July in 2006 and
2008 (Fig. 2). Mean seasonal LAI was 1.73 m2 m2 in spring,
3.73 m2 m2 in summer, and 0.79 m2 m2 in autumn.
Soil volumetric water content (VWC) presented a maximum in
spring and a minimum in summer (Figs. 1b and 3). Mean annual
total P was 824 mm, varying substantially from 668 mm in 2004
to 1019 mm in 2006 (Fig. 1c; Table 1). Year 2010 had the lowest
summer P of 265 mm (18% lower than the average summer P over
the past 30 years) while 2008 had the highest summer P of
531 mm (65% higher than the average summer P over the past
30 years). The highest daily P varied from 29 mm in 2004 to
62 mm in 2006. The 7-year mean of daily maximum P varied from
14 mm to 48 mm in spring, from 27 mm to 62 mm in summer,
from 16 mm to 34 mm in autumn, and from 17 mm to 47 mm in

16

3.2. Seasonal and interannual changes in C ﬂuxes
The C ﬂuxes showed variability over the 7-year study period on
a seasonal and interannual basis (Fig. 1d). Fig. 1e shows the beginning dates of the growing season. Cumulative GEP surpassed ER on
DOY 190 in 2004, DOY 188 in 2005, DOY 189 in 2006, DOY 186 in
2007, DOY 188 in 2008, DOY 185 in 2009, and DOY 184 in 2010
(Fig. 1e). Mean summer ER and GEP accounted for 49% and 82%
of their annual sums, respectively. The ER parameter of R10 was
variable in summer and annual Q10 varied from 1.6 to 2.7. In each
year, ER, GEP, and NEP were low in winter and early spring and
rose sharply during leaf emergence and reached their respective
maxima during early summer. ER, GEP, and NEP declined slowly
during the fully leafed summer period and dropped sharply during
leaf senescence in autumn. During late autumn, GEP < ER and the
system was roughly C-neutral. The mean change in NEP ranged
from 1.4 g C m2 day1 to 3.9 g C m2 day1 in winter.
Mean NEE, ER, and GEP were 339 (34), 1213 (84), and 1552
(82) g C m2 year1 (Table 1), with coefﬁcients of variance being
11, 7, and 5, respectively. NEE functioned as a C source in spring,
autumn, and winter and a C sink in summer (i.e., seasonal GEP > ER
only in summer; Fig. 1d and 4). Most C-source days occurred during rainy or cloudy days with low PAR (Fig. 1b–d). The highest daily
C source varied from 4.6 g C m2 in 2008 to 5.7 g C m2 in 2009.
The highest C sink varied from 10 g C m2 day1 in 2010 to
13 g C m2 day1 in 2007. Notably, there were C-source days in
summer. Year 2006 had six C-source days with the highest daily
NEE being 4 g C m2. Year 2007 had two C-source days with the
highest daily NEE being 2 g C m2. Year 2009 had one C-source
day with daily NEE being 3 g C m2. Year 2010 had two C-source
days with the highest daily NEE being 1 g C m2. However, years
2004, 2005, and 2008 had no C-source days in summer. Mean
spring NEE at 98 g C m2 was lower than mean autumn NEE at
126 g C m2.
Correlative relationships between GEP and NEE were higher
than those between ER and NEE on a seasonal basis. GEP explained
75%, 84%, and 43% of NEE (p < 0.01) in spring, summer, and autumn, respectively, while ER failed to explain NEE during those
periods. ER was correlated with GEP in spring and summer with
PCC being 0.80 and 0.79, respectively. Controls of GEP on NEE were
more pronounced seasonally than annually. ER and GEP were correlated on an annual basis (Fig. 5). The mean of water use efﬁciency
(WUE, g C kg1) as the ratio of GEP to ET was 3.4 ± 0.09 g C kg1 in
summers. Mean monthly WUE varied from 3.0 g C kg1 in 2010 to
3.6 g C kg1 in 2009 (Fig. 6).
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3.3. Biophysical regulations
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Fig. 1. Daily (a) maximal Ta (Ta-max, °C) and mean Ts (°C), VPD (kPa), and WT (m), (b)
VWC (%) and PAR (lmol m2 s1), (c) daily and cumulative P (mm day1), and (d)
daily and (e) cumulative C ﬂuxes (NEP, ER, and GEP, g C m2 day1) from 2004 to
2010. WT was groundwater table depth. NEP was net ecosystem productivity and
negative NEE. See Table 1 for other abbreviations. Measurement limit of the
groundwater table was at approximately 3 m of soil depth.

C ﬂuxes were correlated with the following variables, in significance order from highest to lowest: estimated LAI > temperature
(Ta and Ts)>energy input (PAR) and humidity (VPD)>water inputs
(P and VWC) on an interannual basis. Annual GEP decreased more
than annual ER and, thus, the net C sink decreased. High annual
PAR was correlated with decreasing GEP (PCC = 0.80; p < 0.04).
High annual Ta was correlated with the reduced net C sink
(PCC = 0.96; p < 0.001). More importantly, there was a strong connection between high spring Ta and reduced summer C uptake
(PCC = 0.78; p < 0.04). Table 2 shows the main controls on
monthly NEE, ER, and GEP on a seasonal basis.
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Table 1
Annual totals of C ﬂuxes [i.e., net ecosystem exchange of carbon (NEE), ecosystem respiration (ER), and gross ecosystem productivity (GEP); g C m2], P (mm), and ET(mm); annual
means of Ta (°C), Ts (°C), VWC (%), PAR (lmol m2 s1), and VPD (kPa); and the maxima of LAI (m2 m2) during the growing season from 2004 to 2010. Values in parentheses
indicate monthly standard errors (SE).
NEE
ER
(g C m2 year1)

2004

379
(39)
342
(38)
289
(38)
338
(41)
367
(37)
362
(38)
298
(33)
339
(34)

2005
2006
2007
2008
2009
2010
Mean
(±SE)

2004

P
ET
(mm year1)

Ta
(°C)

Ts

VWC
(%)

PAR
(lmol m2 s1)

VPD
(kPa)

LAI
(m2 m2)

1292
(14)
1173
(10)
1342
(14)
1083
(10)
1201
(14)
1184
(13)
1216
(16)

1671
(50)
1515
(47)
1631
(52)
1421
(47)
1568
(50)
1546
(49)
1514
(48)

668
(12)
766
(10)
1019
(14)
840
(15)
930
(19)
847
(10)
700
(11)

626
(12)
593
(12)
611
(12)
603
(12)
594
(12)
578
(11.5)
670
(13.2)

9.5
(2.7)
10.0
(3.0)
10.7
(2.4)
10.0
(2.9)
9.3
(2.8)
9.4
(2.7)
10.5
(3.0)

10.0
(2.1)
10.1
(2.2)
10.5
(2.0)
10.2
(2.1)
10.6
(2.1)
11.1
(1.7)
12.1
(1.9)

18.88
(0.25)
18.68
(0.26)
19.14
(0.19)
18.80
(0.23)
18.82
(0.25)
18.76
(0.19)
18.51
(0.27)

186
(26)
210
(30)
197
(29)
207
(31)
208
(30)
204
(28)
211
(29)

0.41
(0.07)
0.54
(0.10)
0.50
(0.08)
0.54
(0.10)
0.49
(0.09)
0.48
(0.08)
0.55
(0.09)

3.77

1213
(84)

1552
(82)

824
(125)

611
(30)

9.9
(0.6)

10.7
(0.7)

18.80
(0.19)

203
(9)

0.50
(0.05)

2005

2006

2007

2008

2009

spring

Spring, autumn, and
winter NEE (g C m–2)

4
3
2
1
0

Fig. 2. Monthly leaf area index (LAI, m2 m2) from 2004 to 2010. LAI was obtained
from 1-km resolution MODIS LAI/FPAR Collection 5 with an online subset output of
a 3 km  3 km pixel subset centered on the ﬂux tower, which provided a time series
of LAI.
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Fig. 4. Seasonal net ecosystem exchanges of C (NEE, g C m2) from 2004 to 2010.
We deﬁned April through May as spring, June through September as summer,
October through November as autumn, and the ﬁrst 3 months and the last month of
the year as winter.
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Fig. 3. Mean monthly precipitation (P, mm), actual evapotranspiration (ET, mm),
and soil volumetric water content (VWC, %) with standard error values from 2004 to
2010.

3.4. Modeling monthly C ﬂuxes
Different combinations of independent variables were tested to
derive the best models to examine the inﬂuences on NEE, ER, and
GEP on a monthly basis (N = 7 years  12 months = 84; p < 0.0001).

NEE ¼ 576:56 þ 34:01  VWC  0:17  LAI  PAR

ð3Þ

ER ¼ 57:76 þ 19:48  LAI þ 0:01  T a  P

ð4Þ

GEP ¼ 184:39  9:91  VWC þ 4:27  LAI  T a

ð5Þ

2

Table 3 shows F- and p-values, R , and root mean square errors
of the estimated models for NEE, ER, and GEP on the monthly basis,
i.e., Eqs. (3)–(5). LAI  PAR, LAI  P, and LAI  Ta were the most

Fig. 5. Linear correlation between annual ecosystem respiration (ER, g C m2 year1) and gross ecosystem productivity (GEP, g C m2 year1) from 2004 to 2010
(N = 7).

important controls of NEE, ER, and GEP in a stepwise-selectionregression analysis. Scatter plots (Fig. 7) suggest that the three
models can accurately predict monthly C ﬂuxes.
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Table 3
F- and p-values, R2, and root mean square errors (g C m2 month1) of the estimated
models for NEE, ER, and GEP on a monthly basis, i.e., Eqs. (3)–(5).

3.5
3

NEE
ER
GEP

2.5
2

Jun
Jul
Aug
Sep
Jun
Jul
Aug
Sep
Jun
Jul
Aug
Sep
Jun
Jul
Aug
Sep
Jun
Jul
Aug
Sep
Jun
Jul
Aug
Sep
Jun
Jul
Aug
Sep

WUE (g C kg –1)

4

Fig. 6. Mean monthly water use efﬁciency (WUE, g C kg1; the ratio of GEP to ET) in
summers.

4. Discussion
4.1. Variability in C balance
The 70-year-old mixed-oak woodland forest was a C sink in all
years from 2004 through 2010 (Fig. 1e; Table 1). The annual net C
sinks, changing from 289 g C m2 to 379 g C m2 with a mean of
339 ± 34 g C m2, were within the ranges of reported annual net
C sinks (70–739 g C m2) for temperate forests (Baldocchi et al.,
2001). For example, the mean annual NEEs in two mixed oak forests were 224 g C m2 (1991–1995) and 630 (1994–1990; Baldocchi et al., 2001). Annual NEEs varied among the 9 years from
55 g C m2 to 367 g C m2 (mean = 172 ± 94) in a temperate
forests in Canada (Barr et al., 2007). Annual NEEs varied from
250 g C m2 to 120 g C m2 during 1993–2000 in a 60- to 80year-old deciduous forest in northeastern USA (Barford et al.,
2001). Daily NEEs (10.0 to 2.7 g C m2) and seasonal sum NEEs
(853 to 676 g C m2; ±19) in summer at the site were also within the range of values reported for temperate forests. For example,
summer NEEs in a northern temperate broadleaf forest were 6 to
3 g C m2 day1 (Barr et al., 2002) and NEEs in a scrub oak forests
were 2.4 to 1 g C m2 day1 during the peak net-C-ﬂux season
(Powell et al., 2006). Mean summer NEE was 652 g C m2 (±17)
in mature temperate forests in northern Wisconsin, USA (Noormets et al., 2007).
There was more interannual variability in GEP than that in ER,
suggesting that the variations in GEP controlled NEE. Barr et al.
(2002) and Grifﬁs et al. (2003) yielded the same conclusions for
deciduous boreal forests. We also found that annual variations in
NEE were larger than those in GEP and ER. Keeling et al. (1996),
Myneni et al. (1997), and Dunn et al. (2007) suggest that warming
may lengthen the growing season and a net C sink may be increased for multiple years with P in excess of ET. Our study indicated that the length of the growing season had no obvious

F values

Pr > F

R2

Root mean square errors

262.2
163.0
541.9

<0.0001
<0.0001
<0.0001

0.87
0.80
0.93

46.59
20.23
43.60

change and the net C sink decreased when the annual P exceeded
ET across all study years; i.e., ET/P ranged from 68.3% to 95.8% (Table 1; Xie et al., 2013). Additionally, positive controls of high P on C
ﬂuxes were lost due to the low water-holding capacity of sandy
soils at the site. Kljun et al. (2006) suggested that the relative extent of drought effects on the C balance depended on the characteristics of soils. Where minor amounts of water were stored in the
soil because of its coarse texture, beneﬁts of added P were small.
Moreover, mean P was lower than ET by 8.7% during summer periods (Fig. 3), likely inducing severe soil water deﬁcit under warming
conditions (Fig. 1a); thus, decreasing the annual net C sink. Schwalm et al. (2010) reported that drought-induced decreases in
GEP were 50% more than decreases in ER and, thus, resulted in
a decrease in the net C sinks in deciduous forests across the FLUXNET sites. The C-source days during the summer were due to combined controls of climate variability (i.e., cloudy and rainy days
with low PAR; Fig. 1b–d).
4.2. Biophysical controls on seasonal C balance
High Ts and Ta enhanced both ER and GEP; LAI was correlated
with ER, GEP, and NEE and PAR was correlated with GEP in spring
(Table 2). Kirschbaum (2000) and Reichstein et al. (2002) found
that both GEP and ER increased with temperature. Grifﬁs et al.
(2004) found that GEP increased as a result of a phenological response to warm springs in a southern boreal aspen forest. Moreover, the spring warming with elevated P and high soil water
content (i.e., VWC; p < 0.01; Fig. 3) increased ER more than GEP
and hence NEE increased (Fig. 4). Anthoni et al. (1999) suggested
that large P had signiﬁcant impacts on increasing respiration and
respiration was higher in wet seasons than in dry seasons.
Increases in Ta generally meant increases in water loss (Sun
et al., 2010). Although the mean annual P exceeded ET by 30%,
summer warming induced drought from insufﬁcient water conditions (e.g., P was <ET; P and VWC decreased, as indicated by a
decreasing groundwater table; Figs. 1 and 3), which suppressed
GEP more than ER and, thus, reduced the C-sink capacity of the site
(Fig. 4). High PAR was correlated with reduced GEP and net C sink,
high Ta and Ts were correlated with reduced ER and GEP, and

Table 2
Pearson correlation coefﬁcient (PCC) between the signiﬁcant variables (SV) and NEE, ER, and GEP on a monthly basis in spring, summer, autumn, and winter over the 7-year study.
See Table 1 for abbreviations.
NEE

ER
**

*

*

****

GEP
****

***

Ts****, LAI***, Ta**, PAR**
0.88, 0.84, 0.82, 0.71

Spring

SV
PCC

LAI , PAR , Ts , Ta
0.68, 0.68, 0.60, 0.55

Ts
, Ta
, LAI
0.90, 0.86, 0.74

Summer

SV
PCC

PAR****, LAI***, Ta**, VPD**
0.84, 0.65, 0.62, 0.53,

Ta**, Ts**
0.49, 0.47

PAR****, Ta****, LAI***, Ts*, VPD*
0.78, 0.66, 0.61, 0.43, 0.40

Autumn

SV
PCC

NA

Ta**, Ts*
0.68, 0.62

Ta**, PAR** VWC* Ts*
0.67, 0.64, 0.62, 0.58

Winter

SV
PCC

Ta*
0.41

Ta*
0.41

NA

****

The signiﬁcance of p values < 0.0001.
The signiﬁcance of p values < 0.001.
**
The signiﬁcance of p values < 0.01.
*
The signiﬁcance of p values < 0.05.
***

**
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–

–

et al. (2008) suggested that the net C sinks of a northern ecosystem
were reduced in response to autumnal warming. In winter, GEP = zero and ER was in balance with NEE; Ts increased (p < 0.001) while
P and ER decreased (p < 0.03 and p < 0.0002, respectively; Fig. 4).
High inﬁltration rates and low water-holding capacity of sandy
soils and ﬂat topography contributed to the ⁄⁄⁄diseasing VWC during the ﬁrst half of the growing season (Fig. 3). Soil water storage
and shallow groundwater recharge were essential in supplying
the increasing VWC during the second half of the growing season
when ET exceeded P (Xie et al., 2013).
Monthly C ﬂuxes were related to the seasonal controls. Ta and Ts
controlled C ﬂuxes across all four seasons. PAR and VPD had no
obvious effect on C ﬂuxes during the autumn or winter. Spring
LAI, summer PAR (Fig. 8b), and winter Ta (Fig. 8d) were the most
important determinants of NEE, while no variables were correlated
with NEE in autumn. Summer, autumn, and winter Ta (Fig. 8c) and
spring Ts were the most important determinants of ER. Spring Ts,
summer PAR, and autumn Ta were the most important determinants of GEP. The second most important determinants of ER in
spring, summer, and autumn were Ta, Ts, and Ts; those of GEP were
LAI (Fig. 8a), Ta, and PAR. Ta was the most important determinant of
ER, while that of GEP was PAR in summer. Ciais et al. (2005) and
Schwalm et al. (2010) suggested that environmental controls inﬂuenced GEP and ER in different ways in forests. Law et al. (2002)
found that ER and GEP responded to temperature differently in
temperate deciduous forests. LAI was a key determinant and Ts
was the second determinant of NEE on an interannual basis.
4.3. Variability in annual NEE

–

–

Fig. 7. Linear relationships between modeled carbon ﬂuxes; i.e., (a) NEE, (b) ER, and
(c) GEP and measured values using Eqs. (3)–(5) on a monthly basis
(N = 7 years  12 months = 84).

decreasing GEP was related to decreasing ER leading to lower net C
sinks during the summer (Table 2). Similar ﬁndings by Ciais et al.
(2005) and Granier et al. (2007) show that ER decreases in unison
with decreases in GEP, rather than accelerating with increases in Ta
when soil water is limited and NEE is reduced with soil water
depletion. Barr et al. (2007) reported that drought suppressed both
ER and GEP during the growing season, while Grifﬁs et al. (2004)
found that decreases in ER resulted from drought in boreal forests.
In autumn, high Ts and Ta led to increases in both ER and GEP
(Table 2). However, warm and dry conditions (e.g., decreasing P
and VWC; Figs. 1 and 3) depressed GEP more than ER and, thus,
NEE increased (Fig. 4). Decreasing VWC was correlated with
decreasing GEP, which was correlated with a lower net C sink. Piao

Our study suggested that a moderate warming with sufﬁcient
soil water enhanced GEP more than ER and, thus, the net C sink increased. Soil water storage and shallow groundwater at the study
site played important roles in supporting ecosystem-water demands during the growing season. Year 2004 had the second-highest dryness index (Ia = potential ET/P; Xie et al., in press) of 1.3 and
had the highest GEP and net C sink, which resulted from mid-range
temperature, soil water storage, and shallow groundwater conditions. For example, year 2004 had the highest spring VWC
(19.7%) and the second-highest autumn P (126 mm). Although, this
year had the lowest P (668 mm) but not the lowest ET (i.e., the second-highest annual value of 626 mm), as indicated by a decreased
groundwater table (Fig. 1a), which dropped to its lowest recorded
level (>2.5 m) from 2004 through 2010. Therefore, year 2004 had
the highest of both GEP and net C sink (379 and 1671 g C m2,
respectively; Table 1).
A wet and warm climate enhanced ER more than GEP and thus,
decreased the net C sink. Year 2006 had the highest annual ER and
the lowest net C sink (1342 and 289 g C m2 year1, respectively).
Year 2006 also had the highest winter and summer ER (274 and
675 g C m2, respectively). These were because year 2006 had the
highest annual and seasonal temperatures and water input, likely
because year 2006 had the highest annual and winter Ta (10.7
and 1.7 °C, respectively), the highest annual, autumn, and winter
P (1019, 143, and 239 mm, respectively), and the highest annual,
summer, and autumn VWC (19.1%, 18.3%, and 19.6%, respectively).
Additionally, year 2006 had the highest summer P, with the highest
daily P reaching up to 62.1 mm day1. Similar conclusions for
deciduous forests indicated that a warmer climate had inﬂuence
on decreasing a net C sink (Hogg et al., 2002; Barr et al., 2007; Schwalm et al., 2010). Moreover, according to Ia, year 2006 was the
only humid year with the lowest Ia being 0.9. The Ia varied from
0.9 in 2006 to 1.5 in 2010. Years 2005 and 2009 were under moderate warming with low ET. Year 2005 had the second-lowest annual ET of 593 mm and 2009 had the lowest annual ET of 578 mm.
Thus, the net C sink capacities increased in both years.
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Fig. 8. Representative scatter plots showing the linear relationships between the main determinants and C ﬂuxes (g C m2 month1) on a monthly basis over the 7-year
study. (a) LAI and GEP in spring, (b) PAR and NEE in summer, (c) Ta and ER in autumn, and (d) Ta and NEE in winter. See Table 1 for abbreviations.

A warm climate with soil water stress suppressed GEP more
than ER and, thus, decreased the net C sink. Year 2010 was the only
dry year with the highest Ia being 1.5. Year 2010 had the secondlowest annual net C sink and annual and summer GEP (298, 1514,
and 1331 g C m2, respectively). These were because year 2010
had the highest annual, spring, summer, and autumn Ts (12.1,
13.3, 19.5, and 10.5 °C, respectively) and the highest spring Ta
(14.6 °C). Year 2010 also had the lowest annual, spring, and summer
VWC (18.5%, 19.2%, and 17.5%, respectively) and the lowest summer
P (265 mm). Several deciduous forest sites worldwide have demonstrated that atmospheric warming with a soil water deﬁcit can lead
to lower net C sink (Ciais et al., 2005; Allard et al., 2008; Jassal et al.,
2009). Zhao and Running (2010) found that drought induced a
reduction in terrestrial net primary productivity globally.
4.4. Monthly models of C ﬂuxes
Practical models have been widely used to estimate NEE, ER,
and GEP due to the high cost of measuring C ﬂuxes on large spatiotemporal bases (Falge et al., 2001; Xing et al., 2007, 2008a,b; Sun
et al., 2011). Long-term monitoring of ecosystems allows for the
quantiﬁcation of temporal relationships between the controls
and C ﬂuxes. The developed monthly models (Fig. 7) can be used
to estimate C ﬂuxes in oak forests if meteorological and basic
parameters are available. This modeling exercise also suggests that
C ﬂuxes are mainly controlled by interactions of estimated LAI, energy inputs (Ta and PAR), and water inputs (P and VWC). These
models offer new insights into basic external and internal controls
on C ﬂuxes and can assist in quantifying C ﬂuxes under normal
climatic conditions and in gap-ﬁlling mean monthly C ﬂuxes of
similar temperate forests.

5. Conclusions
The 70-year-old mixed-oak woodland forest of northwest Ohio,
USA, acted as a C sink, sequestering 289–379 (339 ± 34.4) g C m2 year1 from 2004 through 2010. The study provided evidence that
the interannual C ﬂuxes of temperate deciduous forests are conditional upon the combined environmental controls and on the interrelationships between ER and GEP. The results indicate that the
variability in the net C balance depends more on LAI, Ts, Ta, PAR,
and VPD than on P and VWC in the forest ecosystem of the study.
Soil water storage and shallow groundwater at the study site
played an important role in supporting ecosystem water demands
for sustaining forest productivity during the growing season.
Warming increased ER more than GEP when water was not limiting, but warming decreased GEP more than ER when water was
limiting. Three models parameterized from this study offer new insights on the basic external and internal environmental controls on
C ﬂuxes. The study implies that a warmer climate is likely to reduce the C-sink capacity of oak ecosystems in the future, especially
during drought episodes. Forest management practices such as
prescribed burning and thinning that reduce plant competition
for water may be useful to minimize the potential water stress,
maximize the carbon sequestration potential, and maintain ecosystem health.
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