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The exchanges of carbon dioxide (CO,), water vapor, and energy were measured nearly continuously
since 1996 over a mixed mature transition forest at the Borden Forest Research Station, in southern
Ontario, Canada. Borden Forest, one of the longest running flux towers in North America, is located in
the temperate-boreal ecotone. This transitional region, which includes species close to the limits of their
environmental range, may be particularly susceptible to changes in forest composition as a result of
climate change. Here we analyze net CO, exchange, measured using the eddy covariance method, and
concurrent meteorological variables. The forest was found to be a low-to-moderate CO, sink, with uptake
of 177 +28gCm—2yr-! (mean + standard error). In two of the years, however, the forest was a weak
CO, source (i.e., 1996: —36gCm~2yr-! and 2001: —35gCm~2yr-!), demonstrating that the forest can
switch between source and sink. Over the 17 years of measurement, annual net ecosystem productivity
(NEP) increased by 15.7 gCm~2 yr~! yr!, due to a decline in ecosystem respiration of 4.2 gCm=—2 yr~! yr-!
and an increase in gross ecosystem productivity of 11.6 gCm=2 yr~! yr-'. There were notable long-term
indications of climatic warming: annual air temperature rose by 0.09°Cyr~', while soil temperature
increased by 0.08 °Cyr~'. Photosynthetically active radiation and soil temperature were found to be the
dominant environmental drivers of interannual variations and long-term trends in NEP; on seasonal or
monthly time-scales, air temperature and precipitation also influenced CO, uptake. NEP is positively
correlated with the length of the net carbon uptake period, which varied from 111 to 164 days. The
large interannual variations in CO, flux in this dataset demonstrate the need for long time series of CO,,
water vapor, and energy fluxes, together with meteorological measurements; such measurements show
long-term trends, which can be used to understand and predict future changes in forest-atmosphere
exchanges in response to anticipated changes in climate.
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1. Introduction

Forests play a crucial role in the global carbon (C) cycle through
the sequestration of large amounts of C from the atmosphere (Beer
et al.,, 2010). Pan et al. (2011) estimated that global forest stocks
of 861 4+ 66 PgC (42% in live biomass, 44% in the upper 1 m of soil,
8% in deadwood, and 5% in litter) are increasing at 2.4+ 0.4 PgC
yr~1. Yet, there is a need for better accounting of regional bud-
gets and projections of how climate change may affect C stocks
and their fluxes. This requires thorough quantification and descrip-
tion of net ecosystem productivity (NEP) and its component parts —
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gross ecosystem productivity (GEP) and ecosystem respiration (Rg)
- and the biophysical and climatic influences on them. Much work
has been done on these problems in recent decades. Eddy covari-
ance measurements indicate that NEP in forests ranges from 750
to —150gCm2yr-! (Vi et al., 2010), with mature forests generally
close to being CO, neutral (Coursolle et al., 2012). However, forests
can quickly change from an annual C sink to a C source, as uptake
is affected by such factors as species composition, age structure,
environmental conditions, and exposure to disturbance (Baldocchi,
2008; Luyssaert et al., 2008). The interannual variability of NEP
has been attributed to a number of variables, including: spring
rainfall (Allard et al., 2008), land surface phenology (Richardson
et al., 2009), seasonal air temperature (Barr et al., 2007; Hollinger
et al., 2004), summer drought (Granier et al., 2007), forest distur-
bance (Baldocchi, 2008), snow conditions (Nobrega and Grogan,
2007), and carbon uptake phenology, particularly in autumn (Wu
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et al., 2013). While considerable progress has been made, uncer-
tainties still remain regarding the spatial distribution of C sinks,
the interannual variability of NEP, the complex interrelationships
of GEP and Rg with environmental and ecosystem controls, and,
ultimately, the vulnerability of C pools (Baldocchi, 2008; Luyssaert
etal., 2008; Pan et al., 2011). There continues to be a need for addi-
tional measurements to better assess the interannual variability in
fluxes and to understand the ecophysiological processes, as well as
the climatic and biophysical controls on these processes. Long-term
eddy covariance measurements are particularly well-suited for this
purpose (Baldocchi, 2008; Barr et al., 2007; Zha et al., 2013).

The Borden Forest Research Station offers many possibilities for
suchresearch. Borden Forest is in the Great Lakes-St. Lawrence for-
est ecotone, which extends across eastern North America between
44 and 47°N. This forest ecotone is a transition zone containing both
southern temperate forest species (e.g., red maple (Acer rubrum),
red oak (Quercus rubra), eastern white pine (Pinus strobus)) and
northern boreal species (e.g., black spruce (Picea mariana) and jack
pine (Pinus banksiana)), many of which are at or near the limits of
their temperature and moisture ranges (Goldblum and Rigg, 2005,
2010; Leithead et al., 2010). Consequently, this transitional region
isidentified as being particularly susceptible to climate change, and
may experience substantial changes in forest composition, with
northward migration of temperate species into boreal forest, as a
result of small variations in climate (Fisichelli et al., 2013; Frelich
andReich, 2010; Leithead et al.,2010). Long-term datasets of carbon
budgets and their drivers are required to better understand which
environmental and climatic factors affect forest composition and
what impacts these changes in species composition will have on
carbon budgets, especially in light of a changing global climate.

Borden Forest Research Station has been the site of eddy covari-
ance measurements of carbon dioxide, water, and energy fluxes for
almost two decades. This makes the Borden site an important con-
tributor among the group of long-term flux tower sites located in
predominantly deciduous forests; other such sites include Harvard
Forest, USA (Goulden et al., 1996), Takayama Forest, Japan (Saigusa
et al., 2002), the Southern Old Aspen site, Canada (Black et al.,
2000) and the Walker Branch forest, USA (Greco and Baldocchi,
1996). Previous investigations of forest-atmosphere exchange at
Borden Forest have been reported for the periods 1995-1998 (Lee
et al., 1999) and 1996-2003 (Teklemariam et al., 2009). This paper
extends the analysis from 1996 to 2013. The availability of such an
extensive near-continuous dataset makes it possible to examine
longer term trends and to draw more robust conclusions about the
main environmental controls on forest productivity. The aims of
this paper are: (1) to investigate the changing patterns of both CO,
exchange and meteorological variables across monthly, seasonal,
annual, and multi-year time scales and (2) to identify the environ-
mental and climatic drivers of interannual CO, flux variability at
this mixed temperate forest.

2. Materials and methods
2.1. Borden Forest Research Station

The Borden Forest Research Station, hereafter referred to as
Borden Forest, is located in a mixed deciduous and coniferous
boreal-temperate transition forest near the southern tip of Geor-
gian Bay in southern Ontario (44°19'N, 79°56'W) in the Great
Lakes/St. Lawrence forest region (Fig. 1). According to tree surveys
conducted in 1995 (Lee et al., 1999) and 2006 (Teklemariam et al.,
2009), red maple (A. rubrum) accounts for approximately 50% of the
stems in the forest; Eastern white pine (P. strobus), large-tooth and
trembling aspens (Populus grandidentata and Populus tremuloides),
white and red ash (Fraxinus americana and Fraxinus pennsylvanica),
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Fig. 1. Location of the Borden Forest flux tower site, within the deciduous-boreal
ecotone. Source: Goldblum and Rigg (2010).

and American beech (Fagus grandifolia) are among the other main
species. The forest is a natural regrowth from farmland abandoned
in the early 20th century. Mean canopy height is 22 m and the leaf
area index has been measured to be between 4.1 and 5.1 m? m—2
in mid growing season (Neumann et al., 1989; Staebler et al., 2000;
Teklemariam et al., 2009). Over the last 15 years, mean annual tem-
perature at the site was 7.4 °C and mean annual total precipitation
was 784 mm.

The flux tower is located near the northern edge of a tract
of forest approximately 5km wide, surrounded by agricultural
lands. The fetch of largely uninterrupted forest extends to distances
of 1.5-4km in southeastern and southwestern quadrants, and to
1000 m in the northeastern direction; however, in the northwest
quadrant, there are extensive grass- and crop-lands at distances
as small as ~400 m. The topography within a 4 km radius of the
tower is relatively flat. On length-scales on the order of a few hun-
dred meters, the terrain slopes by 1-2 m (downslope toward the
northeast). On shorter length-scales, however, larger variations in
elevation do occur, including a river valley of 20 m depth and 40 m
width, approximately 1 km south of the tower and a small stream
valley of 5 m depth and a few 10s of m width, approximately 100 m
south of the tower.

2.2. Instrumentation

The main measurement platform is a tower instrumented for
eddy covariance and profile measurements (44 m tall from 1995
to 2003; the replacement tower constructed at the same location
in 2004 is 42 m tall). Details on instrumentation can be found in
Appendix A.

Measurements of turbulent fluctuations of wind velocity, tem-
perature, water vapor, and CO, - used in computing ecosystem
fluxes — are made at a height of 33 m using a sonic anemometer
(Kaijo Denki prior to 2001, CSAT from 2001 to 2003, and ATI K-type
since 2004) coupled with a closed-path infrared gas analyzer (IRGA,
LI-COR Li-6262). The IRGA is located in a temperature-controlled
hut at the base of the tower; air is drawn from an inlet ~0.5 m
from the anemometer to the IRGA at a rate of 20 L/min, sufficient
to maintain turbulent flow. Both the IRGA and the anemometer are
operated at 10 Hz.

Meteorological measurements that have been made since 1995
include: temperature and relative humidity at two heights (33 and
41 m); temperature at 12 heights (from 1.5 to 44 m); incoming
photosynthetically active radiation (PAR) and shortwave radiation
(both at 44 m until 2003, then at 41 m); net global radiation (at
33 m); wind speed and direction (at 44 m); and barometric pres-
sure (at 2 m). Additional meteorological instruments were added
more recently, including: 4-component incoming & outgoing radi-
ation (33 m), downwelling PAR transmitted through the canopy
to a height of 1.5m, and reflected PAR (see Appendix A for dates
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of instrument installations or changes). A gas profile system was
installed in 2001 to measure concentrations of water vapor, CO,,
03, and SO, at six heights (1.5-41 m); using a manifold system,
air from the six intakes is sequentially sampled and diverted to
three instruments (LI-COR Li-6262 IRGA, Thermo 49 O3 analyzer,
and Thermo 43 SO, analyzer). Soil temperature profiles (from 5 to
100 cm depth) are measured at two locations with a combination of
thermocouples and thermistors; soil heat flux plates are installed at
a depth of 7 cm at each of these profile sites. Soil moisture profiles
are measured at two locations (depths from 2 to 100 cm). Finally,
bole temperatures are measured in two trees (red maple and aspen)
at heights of 2, 5, and 9 m.

2.3. Flux calculations

Eddy covariance fluxes are determined as the covariance
between the vertical velocity component and the fluctuating scalar
of interest. The fluxes, as well as means and standard deviations of
all velocity components and scalars, are computed for every half-
hour. Computation of the Borden Forest gas fluxes was performed
by a data processing program developed at SUNY Albany. Spikes
that fall outside 10 standard deviations from the mean within
each half-hour were identified and eliminated. Mean values of the
six de-spiked time series (three components of velocity, sonic tem-
perature, and CO, and H,0 mole fractions) were computed and
subtracted from the half-hour time series to calculate perturbation
values (w/, C’ etc.). The standard deviation of each variable and all
covariances were determined from these time series of de-spiked
perturbation values.

The sensible heat flux (Qq [W m~2]) was calculated from the
vertical turbulent flux of the temperature (w'T’' [Kms~1]) as:

Qu = PairtW'T’ (1)

where p,;; is the density of air and ¢, is the specific heat capacity of
air. The density of air is computed from the air temperature at 33 m
and the atmospheric pressure. The air temperature perturbations
(T') were determined from the sonic temperature, with corrections
for moisture fluctuations (all years) and momentum fluctuations
(Kaijo-Denki anemometer, only), following Schotanus et al. (1983)
Gas fluxes were corrected for density effects due to water vapor
fluctuations following Webb et al. (1980), (hereafter WPL). WPL
corrections for temperature fluctuations were not needed, as these
were effectively removed by the heated sample line and closed-
path analyzer located in a temperature-controlled hut. The latent
heat flux (Qg [W m~2]) was calculated from the WPL-corrected ver-
tical turbulent flux of water vapor mole fraction (W'H,O'yp.) as:

irLyWwHp O \yp M
QF = Pairly 2V wpLMH,0 2)
Mair

where Ly is the latent heat of vaporization of water and My, and
M,;, are the molar masses of water and air, respectively. The CO,
flux (Fco, [wmol m~2s~1]) was calculated from the WPL-corrected

vertical turbulent flux of the CO, mole fraction (W' CO%yp ) as:

Fco, = M (3)
air

The net ecosystem exchange (NEE [pmolm~2s~1]) was calcu-
lated as the sum of Fco,, the vertical CO; flux at 33 m, and Sco,, the
change of CO, storage. Horizontal turbulent fluxes and both verti-
cal and horizontal advection of CO, were assumed to be negligible
(Staebler and Fitzjarrald, 2004). The storage change in the layer
below 33 m was estimated as the vertical integral of the rate of

33m
change of CO, concentration with time (t): Sco, = / %dz. This

0
estimate was made using the gas profile measurements when avail-

able or using the single-point measurement of CO, from the eddy
covariance sensor at 33 m, when profile data were unavailable.

2.4. Data quality assessment and analysis

All data (means, standard deviations, and covariances from the
flux system and means of meteorological, gas profile, and soils data)
were inspected for sensor drift, instrument malfunction, calibration
problems, or outliers. Calibrations or drift corrections were applied
when possible; outliers and data involving instrument malfunc-
tion were removed from the dataset. In addition, some data were
removed from the dataset at times when field notes indicated work
was done on or near an instrument. Computed fluxes were rejected
if the mean or standard deviation of either base variable of that flux
(velocity, temperature, H, 0, or CO,) was rejected from the dataset.
Major causes of data loss included instrument or computer failures
or bad weather. While the fetch of uninterrupted forest at Borden is
generally >2000 m to the south of the tower, to the northwest there
are some extensive areas of agricultural fields or grasslands, as close
as 400 m to the tower. With the short fetch, the fluxes measured on
the tower may not be representative of the forest processes; there-
fore, all data observed when wind direction was >285° or <20° were
filtered out.

Eddy covariance measurements are well known to systemati-
cally underestimate nighttime ecosystem fluxes during stable, low
wind conditions when turbulence is poorly developed. A com-
mon approach to this problem is to filter data using a friction
velocity threshold (u,y,), below which measured NEE is assumed
unrepresentative of ecosystem activity. To objectively determine
an appropriate threshold for Borden Forest, we use the change
point detection method of Barr et al. (2013). Annual u,7,, values
ranged from 0.24 to 0.40 ms~! with typical 95% confidence inter-
vals of ~0.15ms~!. These annual estimates were pooled across
years, to give a value of 0.3+0.15ms"!. This threshold value is
higher than previously reported for this site (Lee et al., 1999;
Teklemariam et al., 2009). There was some seasonal variation in the
threshold with values as low as 0.2 ms~! in summer and averaging
0.4ms~! in winter. However, as the winter season has the smallest
NEE values, errors introduced by using too low of a u* threshold
on winter NEE data are expected to be small; thus, no attempts
were made to use seasonally-dependent thresholds to filter the
data.

2.5. Energy balance closure

A common check of the quality of the flux data is the energy
balance closure - the balance between net radiation minus stor-
age heat flux and the turbulent energy fluxes measured using the
eddy covariance system. The storage heat flux calculated for Bor-
den Forest includes: soil heat flux, bole heat flux, change in sensible
and latent heat storage in the air volume below the EC system,
and energy consumption during photosynthesis (following Blanken
et al. (1997) for photosynthetic energy consumption and Oliphant
etal.(2004) for all other fluxes). Including all terms, the energy bal-
ance closure at Borden Forest was between 66% and 90%, in each
of the 17 years, averaging 75%. These values are not atypical of
Fluxnet sites (e.g., Blanken et al. (1997) observed closure of 87%
for 1 year, while Oliphant et al. (2004) observed 72% closure over
4 years). Interannual variability of the energy closure was primar-
ily due to the uncertainty in latent heat flux. The energy balance
closure at Borden was slightly higher in summer months than in
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Fig. 2. Annual variations in the energy balance closure, determined as the slope,
using all available half-hourly values, of the sum of the sensible (Qy) and latent (Qg)
turbulent heat fluxes and the available energy, (Rnet — Qstorage ). The partitioning of
available energy is indicated by the slope of each of Qu and Qg Vs (Rnet — Qstorage)-
Qstorage includes ground heat flux, bole heat storage, latent and sensible heat storage
in the air volume below the EC system, and photosynthetic energy consumption.

winter months; however, there was no significant trend from year
to year (Fig. 2).

On a seasonal basis, variability in the heat storage was largely
due to both the ground heat flux and the photosynthetic energy
consumption, while heat storage in the boles or air volume below
33 m had minimal contributions (Fig. 3a). On a diel basis, all terms
contributed to the heat storage (Fig. 3b and c). Oliphant et al.
(2004) made similar observations at Morgan-Monroe State For-
est regarding the contributions of soil, bole, and air heat fluxes
to energy storage. Inclusion of all five terms, rather than just the
soil heat storage improved the energy balance closure by 5-8%
(relative to available Rpet - Qstorage) in all years. This supports the
inclusion, when possible, of all terms, not only the ground heat
flux.

3. Analysis
3.1. Gap-filling

Gaps in meteorological data were filled using statistical rela-
tions of the Borden Forest data to data from a weather station
at Egbert, located 15km to the southeast of the Borden site.
The meteorological variations at the two sites were found to be
quite similar. A linear regression of half-hourly temperatures at
the two sites yielded a slope=0.98 and R2=0.99, while linear
regressions of half-hourly daytime solar radiation had R%=0.93
with a slope=2.0 wmolm~2s~1 / (Wm~2) when comparing PAR to
shortwave radiation and a slope = 1.0 when comparing shortwave
radiation to shortwave radiation.

Gaps in the CO, flux data were filled using the model described
in Barr et al. (2004). Using this method, net ecosystem productivity
(NEP=-NEE) was partitioned between gross ecosystem productiv-
ity (GEP) and ecosystem respiration (Rg). Rg was estimated as -NEP,
when GEP is zero during nights and/or cold seasons (defined as
having both air and 5 cm soil temperatures below 0°C). Respira-

tion was empirically modeled as the product of a logistic function
of soil temperature, and a time-dependent coefficient, ry(t):

Tw (£)1
(1 + exp {r2 (r3—Ts)})

The coefficient ry(t) was determined, within a 100-half-hour-
point moving window, as the slope of a linear regression, forced
through the origin, of the model R and the measured respiration.
Gaps in nighttime and cold-season Rg were filled and all warm-
season daytime Rg values were estimated using Eq. (4).

GEP was estimated during warm-season daytime periods as
NEP +Rg. From these estimates, GEP was empirically modeled as
the product of a Michaelis-Menten type light response curve,
GEPo(PPFD), and a time-dependent coefficient, py,(t):

Re = 1w (t)Reo (Ts) = (4)

GEP = py (t) GEPo (PPFD) = I%mﬁfm (5)

The coefficient pw(t) was determined, within a 100-point mov-
ing window, as the slope of a linear regression forced through zero,
of the modeled GEPy and measured gross productivity. Gaps in day-
time warm-season GEP were filled using Eq. (5), while nighttime
and/or cold-season GEP was assumed to be zero. All gaps in NEP
were filled as GEP-Rg.

Both time-dependent functions, r, and py, were determined
within moving windows of fixed number (100) of available half-
hour points, rather than fixed length in time, with the computed
slope assigned to the mean time of the 100 points; between these
assigned times, r, and p,, were estimated via linear interpolation.

4. Results
4.1. Monthly and annual variations in environmental variables

Monthly and annual climatic variations over the 17 year mea-
surement period are shown in Fig. 4 (note: there are no data
for 2004 due to instrument and tower replacement). The aver-
age annual air temperature during these 17 years was 7.4°C,
~0.9°C warmer than the 30-year (1981-2010) normal at the
nearby Cookstown, Ontario climate station. Annual air tem-
peratures increased by 0.09°Cyr~! (R=0.52; p<0.05); summer
(June-August) air temperatures increased by 0.10°Cyr~—! (R=0.51,
p<0.05), while winter (November-March) temperatures increased
by 0.08°Cyr~! (R=0.25, p>0.05). Monthly mean winter air tem-
peratures throughout the 17 years displayed greater range than
summer temperatures. Precipitation averaged 784.6 mm annually,
with 314.4mm in the June-September growing season. While
there was considerable variability both between years and between
months, there were no significant trends in either annual or
growing season precipitation. The driest year was 2007, with a
total annual precipitation of 631 mm and only 146.6 mm during
the growing season, less than half the summer average over all
years. The wettest year (2008) had a total annual precipitation of
1006 mm, more than 85 mm higher than any other year; both 2000
and 2008 had particularly wet summers, with nearly 50% more pre-
cipitation than the summer average. Vapor pressure deficit (VPD)
displayed strong intra-annual variations, with maximum values
occurring in summer months, but no overall trends at decadal time-
scales. Photosynthetically active radiation (PAR) varied greatly
from month to month, with the winter of 1996/1997 having very
low average PAR (49 pmolm—2s~!) and the summers of 2007
and 2012 having higher than normal averages. Summer maximum
values increased slightly, leading to the mean annual PAR increas-
ing by 2.47 pumolm~2s-! per year (R=0.69, p<0.001) over the
17 year time period. Annual mean soil temperatures increased at
0.08°Cyr~! (R=0.71, p<0.001). Although soil moisture had a large
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amount of missing data during three years (1996, 1999, 2003), sum-
mertime values in the middle of the time period (2001-2007) were
low, indicating summer droughts, followed by a very wet sum-
mer and fall in 2008. While the data indicate soil moisture may
have increased slightly over the years (0.001 m3® m—3 yr-1, R=0.50,
p<0.05), we cannot rule out that this trend may be instrumen-
tal drift; certainly, with temperatures increasing and precipitation
remaining fairly constant, a decrease in soil moisture is expected,
not an increase.

4.2. Monthly, seasonal, and annual variations in CO, fluxes

Fig. 5 shows the monthly and annual totals of GEP, Rg and
NEP for 1996-2013. Borden Forest was a net CO, sink over this
time period (mean annual total NEP: 177gCm~2yr—1), but was
a weak source in two years (1996: —36gCm=2yr-! and 2001:
—35gCm~2yr-1). Over the 17 years, NEP had an increasing trend of
15.7gCm~2yr-1yr-! (R=0.75, p<0.001), with the largest annual
NEP occurring in 2013 at 372gCm~2yr~!. Annual Rg showed a
declining trend of 42gCm~2yr~'yr-! (R=-0.12, p>0.05), with a
mean annual total Rg of 1196 gCm~2yr~!. Annual GEP increased
by 11.5gCm—2yr-lyr-! (R=0.39, p>0.05), with a mean annual
value of 1373gCm~2yr~'. In 2007 and 2008, both GEP and Rg
were considerably lower than other years; 2007 had an unusually
dry growing season while 2008 was unusually wet throughout the
year.

The monthly Rg totals varied considerably among the
years, particularly in the growing season; July Rg during
2007 was 98gCm~2month~!, compared to July 2000, at
304 gCm~2 month~'.In contrast, the monthly GEP totals during the
summer were relatively consistent throughout the 17 years, with

slight reductions in 2001-2008. In the spring and fall transition
months (April-May and September-November), the interannual
variability in monthly GEP was large relative to the monthly mean
over the 17 years, indicating the variability in growing season
dynamics. In winter months, both Rg and GEP showed less vari-
ation. Monthly summer NEP totals also varied between years,
typically with an indirect relationship to Rg values. Extreme low
values of NEP occurred in April or October/November of some
years, as a result of respiration that started before or ended after
GEP.

Seasonal totals for NEP, Rg, and GEP showed variability between
years and notable trends over the 17-year time series (Fig. 6).
The increasing trend in annual NEP is primarily due to sum-
mertime (JJA) increases of 4.65gCm~2month~!yr-! (R=0.81,
p<0.001); winter (JEM) NEP decreased slightly through time
(—0.65gCm—2month~'yr-!; R=-0.62, p<0.005). Summer (JJA)
GEP increased over the time period (3.82gCm~2month~1yr-1;
R=0.60, p<0.005), while summer (JJA) respiration, in contrast,
showed considerable scatter and had no significant trend. For both
GEP and Rg, lower values occurred during 2007 and 2008, which
were unusually dry and wet, respectively (Fig. 4). In winter, the
decreasing trend in NEP is associated with an increasing trend in
Rg 0f 0.49 gCm~2 month~!yr~1 (R=0.45, p <0.05), likely associated
with observed increases in soil temperature.

Temporal ‘fingerprints’ show the variability in net ecosystem
productivity (Fig. 7) over each day, over each year, and among years.
Each fingerprint shows positive NEP values during growing season
daylight hours, negative NEP (i.e., respiration) during growing sea-
son nighttime hours, and near-zero values of NEP during the winter
and transition seasons. Yet, variability is evident in the magnitude
of NEP within each growing season and among years. In recent
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years (especially 2009-2013), there has been an increase in the
higher NEP values (>1.6gCm~2h-1), although larger values also
occurred in 1997; however, there was no increase in low night-
time values (<—0.7gCm~2 h~1). Interestingly, the two years with
negative NEP values show very different temporal patterns, with
1996 having a short growing season with some higher NEP values
and 2001 having a very long growing season with no high NEP val-
ues, due to high rates respiration. The blue band across the top
of the positive NEP portion of some fingerprints (notably 2001)
indicates a greater-than-normal lag of springtime GEP increase
behind respiration increase. This is due to both warm early spring-
time temperatures driving increased respiration and/or a period
of unusually low temperatures following bud-break that impede
CO; assimilation. Another notable observation is the very low sum-
mer night-time respiration contributions in 2007, indicated by the
absence of a blue ring surrounding the positive NEP values (Fig. 6),
coinciding with very low summertime precipitation and soil mois-
ture levels (Fig. 4). These fingerprints emphasize the complexity of
the forest response to the varying environmental conditions both
within and among years.

4.3. Carbon uptake period and annual carbon fluxes

Recent research has found relationships between interannual
variations in carbon uptake metrics (e.g., growing season length or
carbon uptake period), climate variability, and CO, fluxes (Wang
et al., 2011, 2012). Increases in the length of the growing season,
either through an earlier spring or extended fall season, may result
in increased primary productivity (Richardson et al., 2010). Three
key seasonal carbon uptake period (CUP) metrics were derived
from smoothed curves of daily NEP observations: the spring start
(SCUP) and autumn end (ECUP) of the carbon uptake period were
defined by the zero-crossings of the smoothed NEP time series from
source to sink and sink to source, and the duration of carbon uptake
period (DCUP) was calculated as the difference between those dates
(Gonsamo et al., 2012, 2015; Wu et al., 2012).

The timing of the carbon uptake period varied considerably on
an annual basis (dates listed in Fig. 7), with SCUP ranging from
day of year (DOY) 124 to 159, ECUP varying from DOY 258 to 292,
and the duration, DCUP, ranging from 111 to 164 days. Using only
1996-2012 data, Gonsamo et al. (2015) found that of these CUP
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metrics, only the DCUP had a statistically significant (p <0.05) rela-
tionship with NEP. Here we extend the analysis, to include 2013
data and to compare the CUP metrics with GEP and Rg (Fig. 8).
NEP increased with longer duration of the carbon uptake period
(DCUP: R=0.57, p<0.01) and decreased with later start of the car-
bon uptake period (SCUP: R=-0.42, p<0.05). Over the 17-year
time series, Rg was significantly correlated with both the timing
of the ECUP (R=-0.58, p<0.01) and the duration of CUP (R=—0.44,
p<0.05). However, these correlations appear to be heavily influ-
enced by very low respiration and late ECUP in the unusually dry
year 2007 and the unusually wet year of 2008; if these years are
removed from analysis, Rg is not significantly correlated with any
of the CUP metrics. Using all available years, GEP showed no statis-
tically significant relationship with any of the CUP metrics (Fig. 8);
however, with the unusual years of 2007 and 2008 removed from
the dataset, GEP was negatively correlated with SCUP (R=-0.48;
p<0.05), as might be expected.

Despite the large variation in carbon uptake timings (Fig. 8),
the start, end, and duration of the carbon uptake period appear
to have limited conclusive influence on the annual variability in

NEP and component fluxes. While the unusually dry and unusually
wet years (2007 and 2008) are obvious counterpoints to any rela-
tionship between CUP metrics and carbon dioxide fluxes, we also
note the large variability in growing season NEP across all years, as
seen in the temporal ‘fingerprints’ (Fig. 7). Together, the poor cor-
relations with CUP metrics and the variability in flux fingerprints
demonstrate that it is inappropriate to use only simple indicators
such as start/end dates of the growing season to explain year to
year variations in annual carbon budgets. Other important factors
include the intensity of the NEP values in the middle of the growing
season, the decreased respiration rates during the drought years,
and the early season temperatures after bud-burst.

4.4. Intra-annual dependency of carbon exchange on
environmental drivers

The Borden Forest long-term record allows analysis of variations
in the temporal dependency of carbon exchange on environmental
controls. Intra-annual patterns may be seen by comparing monthly
NEP totals and monthly mean values of several environmental vari-
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due to the dominance of Rg and limited contribution of GEP. In
spring and fall, until 13 °C is reached, any change in temperature
failed to result in a change in NEP. The relationships of NEP to VPD
and PAR display an interesting temporal component with different
responses in fall as compared to spring; this indicates an underlying
hysteresis, affected by plant physiological factors or a dependence
on other environmental controls (Niu et al., 2011). In the case of
PAR, for example, the same light intensity did not lead to the equiv-
alent NEP response in spring as it did in summer or fall months,
which could be due to a delay in the photosynthetic efficiency in
the spring, as chlorophyll is accumulating (Croft et al., 2014).

Fig. 9 also reveals that the dependence of NEP on different
environmental factors varies among the seasons. NEP was most

strongly correlated with VPD (R=0.65, p<0.001) and air temper-
ature (R=0.60, p<0.001) in spring months, with PAR (R=0.53,
p<0.001) in summer months, and with PAR (R=0.88, p<0.001),
soil temperature (R=0.86, p<0.001), and air temperature (R=0.84,
p<0.001) in fall months. While precipitation showed a significant
relationship with NEP only in summer (R=-0.27; p<0.05), soil
moisture appeared to be a secondary regulating factor in spring
(R=-0.65, p<0.001) and autumn months (R=-0.65, p<0.001). In
the winter months (ND/JFM), NEP decreased with increasing air
temperature (R=-0.50, p<0.001) and soil temperature (R=-0.61,
p<0.001), due to the temperature dependence of Rg. Wintertime
NEP was also correlated with PAR (R=0.21; p<0.05) and VPD
(R=-0.26; p<0.01); however, these may reflect the complex rela-
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Table 1

Interannual relationships (correlation coefficient R) between seasonal net carbon fluxes (NEP, Rg, and GEP) and environmental variables, determined using seasonal totals
(precipitation) or means (all other variables). Months are abbreviated by their first letter. Soil temperature is at 10 cm depth and soil moisture at 2-5cm depth.

Air temp (°C) Soil temp (°C) PAR (pmol/m?/s) VPD (kPa) Precipitation (mm) Soil moisture (m3?/m?3)?
NEP JEM 0.01 —0.43° -0.57" 0.02 0.49° 0.46
AM 0.50" 0.49 041 0.63" -0.20 -0.44
JA 0.40 045 061" 021 ~031 0.42
SO 0.39 0.39 0.53" 0.28 —0.04 -0.07
ND 0.03 0.31 0.30 0.01 0.32 0.23
Annual 0.19 0.35 0.53" 0.15 -0.24 0.20
JFEM 0.07 0.50 0.43° 0.17 -0.59" —0.31
AM 042 0.51 0.13 0.37 -0.43" —-0.20
Re JJA -0.18 —0.04 —0.48" -0.14 0.34 0.21
SO -0.16 -0.14 -0.35 —0.08 -0.15 0.01
ND 0.08 -0.19 -0.11 0.16 -0.39 -0.26
Annual 0.22 0.08 -0.42" 0.11 —0.04 0.27
JFM 0.21 0.21 -0.31 0.50 -0.29 0.19
AM 0.68" 0.74" 0.40 0.74" —0.47 —0.50"
GEP JIA 0.16 0.37 0.02 0.03 0.09 0.54
SO 0.05 0.08 —0.07 0.08 -0.20 —0.04
ND 0.20 0.10 0.23 0.31 -0.27 -0.15
Annual 0.39 0.33 -0.10 0.23 -0.22 0.44

“Significant at 95% confidence interval; ~significant at 99% confidence interval.

2 Soil moisture results are from a reduced dataset (years with missing data: 1996, 1997, 1999 and 2003).

tionships of each variable with air or soil temperature or snow
cover, rather than direct forcings. While these winter relationships
are notable in terms of the strength of their correlation coefficients,
it should be noted that the contribution of winter NEP to total
annual CO, flux is limited.

4.5. Environmental controls on annual and seasonal carbon fluxes

The comparisons of monthly mean NEP with monthly means of
environmental variables (Fig. 9) show the response of the ecosys-
tem to changes across the seasons. However, the relationships
depicted in Fig. 9 are dominated by differences between the months
rather than by interannual differences (e.g., the difference between
May and April temperatures in a given year tends to be as large, if
not larger than, either the range of May temperatures or the range
of April temperatures among years). To examine the influence of
environmental drivers on the interannual variations in NEP, Rg, and
GEP, we report correlation coefficients for seasonal mean environ-
mental variables and CO, fluxes, and also between annual mean
values(Table 1). Total annual NEP has the strongest correlation with
mean annual PAR(R=0.53,p <0.05). Annual R also had a significant
relationship with PAR (R=-0.42, p<0.05), while annual GEP did
not have any significant correlation with any of the environmental
variables tested.

Correlations at seasonal time-scales also show notable differ-
ences. GEP is well-correlated with all environmental variables
except PAR in spring (AM), but only correlated with soil moisture
during summer (JJA) and did not correlate with any environmen-
tal variables in the fall (SO) transition period. Seasonal Rg results
indicate the importance of air temperature, precipitation and soil
temperature early in the year (JFM and AM) and of PAR in the grow-
ing season (JJA: R=-0.48, p<0.05). Strong negative correlations of
precipitation with winter and spring Rg (JFM: R=-0.59, p<0.01;
AM:R=-0.43,p<0.05)and spring GEP(AM: R=—-0.47,p <0.05) may
indicate the retarding influence of wintertime snow and spring rain
on ecosystem processes. However, while these relationships are
notable in the strength of their correlation coefficients, the contri-
bution of winter and spring Rg and GEP to total annual CO, uptake
is limited. Seasonal NEP shows a shift from a dependence on air
temperature (R=0.50, p <0.05), soil temperature (R=0.49, p<0.05)
and VPD (R=0.63, p<0.01) early in the year (AM), to a dependence
on PAR (R=0.61, p<0.01) and soil temperature (R=0.44, p<0.05)

in summer (JJA) and a dependence only on PAR (R=0.53, p<0.05)
in the fall (SO).

Summer seasonal mean GEP values displayed little correlation
with summertime PAR or temperature over the 17 years (Table 1),
whereas summer monthly mean values of these environmental
variables were moderately correlated with summertime monthly
GEP (air T: R=0.35, p<0.01; soil T: R=0.34, p<0.01; PAR: R=0.24,
p<0.05; not shown), demonstrating the difference between using
monthly (or shorter) time intervals binned by season (which show
intra-annual patterns, Fig. 9) and seasonal time intervals (which
better describe the interannual variability, Table 1).

5. Discussion
5.1. Long-term trends in annual NEP and ecosystem dynamics

The long time series at Borden Forest reveals an increasing trend
inNEP (by 15.7 gCm~2 yr—1 yr-1),associated with a slightly increas-
ing annual GEP (11.5gCm2yr-!yr-!) and declining annual Rg
(—4.2gCm~2yr-'yr-1). Over the 17-year time frame, Borden For-
est was a moderate sink with net sequestration of 177 gCm—2 yr~!,
comparable to other mature northern temperature forests. Stud-
ies of CO, exchange over the temperate deciduous Harvard forest
from 1992 to 2004 (Urbanski et al., 2007) showed a remarkably
similar systematic increase in carbon sequestration amounting to
15gCm~—2yr-1yr-1, which was attributed to changes in species
composition and LAL In the managed beech-dominated Sorg forest
in Denmark, annual carbon sequestration was observed to increase
by an average of 23gCm2 yr—! yr~! from 1996 to 2009 (Pilegaard
et al., 2011), with the net carbon gain hypothesised to be mainly
sequestered in woody biomass. At Borden Forest, changes in carbon
sequestration may be influenced by changes in forest composition
and structure, with LAl increasing from 4.1 to 4.6 m? m~2 from 1995
to 2006 (Teklemariam et al., 2009). However, a number of key cli-
mate variables also changed steadily and may contribute to the
changing carbon dynamics. Air and soil temperature increased by
0.09°Cyr~! and 0.08 °Cyr~1, respectively, over the 17 year period.
Annual PAR also increased by 2.5 wmolm~2s~!yr-1, Annual total
precipitation remained fairly stable, with a slightly decreasing
trend of —4.5mmyr-!. Warming may impact the forest carbon
budget through enhanced respiration and through changes in rates
of nutrient cycling, which may lead to long-term increases in CO,
uptake (Eliasson et al., 2005; Melillo et al., 2002, 2011).
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5.2. Carbon uptake period dynamics and annual CO, exchange

A number of studies have noted that, with warming climate
in northern latitudes, the timing of the plant phenological stages
has shifted to earlier in spring and later in autumn, extending the
length of the vegetation growing season (Barichivich et al., 2013;
Richardson et al., 2010). At Borden Forest, the dynamics of the
carbon uptake period varied considerably from year to year, with
the start of season varying from DOY 124 to 159, and the end of
season from DOY 258 to 292. The overall duration of the carbon
uptake period ranged from 111 to 164 days. Relationships of the
CUP dates with annual CO, budgets were inconclusive (Fig. 4 of
Gonsamo et al., 2015; Fig. 8 of this paper). Both GEP and Rg were
negatively correlated with the end of the season; however these
correlations were heavily influenced by low GEP and Rg values in
the extremely dry year of 2007 and extremely wet year of 2008.
With these years excluded from analysis, there were no significant
relationships between Rg and the start, end, or duration of the CUP,
while GEP increased slightly with earlier start of CUP. These incon-
clusive findings for CUP metrics and annual carbon budgets contrast
recent work, which links climate change to changes in plant phenol-
ogy and thus to ecosystem processes (Churkina et al.,2005; Dragoni
et al., 2011; Pan et al., 2011; Richardson et al., 2009, 2010; Wu
et al., 2013). The length of the carbon uptake period was found
to be the best explanatory phenological metric for annual NEP at
Borden Forest (R=0.57, p<0.01); this correlation is not affected by
the inclusion of the two anomalous years that skew the GEP or Rg
relationships with CUP metrics. The complexity of the response of
annual net CO, fluxes to variability in carbon uptake period may
be influenced by site characteristics such as the vegetation species,
meteorological variables, water table depth, or soil nitrogen avail-
ability. For example, increasing autumn temperatures may prolong
the growing season in boreal coniferous forests and other high-
latitude ecosystems; however, the autumn warming may have little
effect on annual NEP due to light limitations on photosynthesis or
respiration losses that exceed any photosynthetic gains (Piao et al.,
2008; Richardson et al., 2010; Suni et al., 2003; Wu et al., 2013).

5.3. Carbon fluxes in response to environmental controls

The findings from this long-term analysis suggest that the
annual CO, budgets at Borden Forest are predominantly corre-
lated to PAR (R=0.53, p<0.01) (Gonsamo et al., 2015). However,
during individual seasons other environmental variables are well
correlated with NEP, indicating a change throughout the year in
the environmental control of ecosystem productivity. Using either
monthly or seasonal means, NEP is correlated to VPD and tempera-
ture in spring (AM), but to PAR in summer (JJA) and fall (SO) (Fig. 9,
and Table 1). The positive relationship between NEP and PAR is
likely due to the role of PAR in photosynthetic processes and thus
C sequestration, as PAR is absorbed from sunlight by chlorophyll-
a and its accessory pigments (chlorophyll-b, carotenoids). In fall,
air and soil temperatures were strongly correlated with NEP using
monthly means, but not using seasonal means, indicating that tem-
perature influences the cessation of growth toward the end of the
season but may have limited influence on interannual variability in
carbon uptake.

Respiration showed strong correlations with precipitation and
soil temperature in winter and spring (JFM and AM), with reduced
Rk in seasons with cooler temperatures and greater precipitation.
The relationship with precipitation may indicate the retarding
influence of a heavy snow pack and/or high soil moisture on
ecosystem processes. Correlations of respiration with summer
environmental variables were generally weaker, indicating the
complexity of growing season processes. For example, while there
was no statistically significant correlation of Rg with soil moisture,

Fig. 5 shows large decreases in summer maximum monthly Rg rates
in the middle of the time series, which appear to correspond to
several years of summertime low soil moisture content (Fig. 4).
Barr et al. (2007) also noted that Rg, mainly heterotrophic respira-
tion, significantly decreased in drought years at a moderately well
drained aspen site in Saskatchewan, Canada. These observations are
consistent with a decrease in microbial activity and heterotrophic
respiration when volumetric soil water content is low (Ju et al.,
2006). Conversely, high soil water content may also limit micro-
bial activity and respiration, as conditions become increasingly
anoxic (Juetal., 2006); while the mean monthly soil moisture never
exceeded 0.2 m3 m~3 (Fig. 4), high monthly mean values are gener-
ally a result of several days or weeks with very high soil moisture
values and possible anoxia. These contrasting responses at the two
extremes of soil moisture content may explain the poor correlation
with respiration at Borden Forest.

Summer GEP was also found to be related to mean soil mois-
ture content (R=0.54, p<0.05). This was an expected result as
soil water content controls transpiration and thus photosynthe-
sis (Harris et al., 2004; Ju et al., 2006). Photosynthesis increases
with increasing soil water content, from zero at the wilting point
to a peak near field capacity; above the field capacity, photosynthe-
sis decreases slightly (Ju et al., 2006). Consequently, non-drought
years are likely to sustain photosynthetic rates longer into the late
growing season, assuming other conditions — such as adequate tem-
peratures and light availability — are met. GEP was most strongly
correlated with spring environmental variables, including mean
spring VPD (R=0.74, p<0.01) (likely due to correlation of VPD with
air temperature) and spring soil temperature (R=0.74, p<0.01),
which may be a proxy for snow melt. The strong springtime rela-
tionship of GEP to soil temperature also likely reflects a triggering
of C sequestration by long-term, consistent temperature increases,
rather than short-term air temperature fluctuations.

5.4. Seasonal hysteresis in NEP response

The influence of climate on the productivity of forest ecosys-
tems is highly complex. Barr et al. (2007) noted direct, immediate
responses (e.g., the effect of light and temperature on photosyn-
thesis) and indirect or transient responses and feedbacks (e.g., the
effect of temperature on leaf physiology). An interesting finding
from Borden Forest is the apparent hysteresis of NEP in response to
some environmental variables. Hysteresis in the response of NEP
to air temperature has been noted in some forests, although this
mechanism is relatively unexplored (Niu et al., 2011). While the
results from Borden Forest show no seasonal hysteresis for air or
soil temperature controls, there was a strong hysteresis for both
PAR and VPD. For a given radiation intensity (PAR), springtime NEP
was noticeably lower than fall or summer NEP; furthermore, the
rate of change of NEP with PAR was higher in fall than in spring.
This slow springtime response was likely because the leaves, par-
ticularly in deciduous species, are still accumulating chlorophyll
and the photosynthetic apparatus following budburst in the early
growing season and are not physiologically optimized for pho-
tosynthesis. The absence of a hysteretic response to air or soil
temperature may indicate that temperatures are the dominant
environmental drivers of NEP in this system; once favorable tem-
perature conditions are met and the biotic foundations are in place,
secondary controls such as VPD and PAR become influential.

6. Conclusions

This study presents the meteorological and carbon flux
analysis from Borden Forest for a long-term 17-year dataset
(1996-2013). Borden Forest is a low-to-moderate sink, with an
average CO, budget of 177gCm~2yr!, with standard error of
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the mean of 28gCm~2yr~! and net sequestration increasing by
15.7gCm~2yr-! per year. This provides more evidence contra-
dicting traditional assumptions that mature forests are C neutral
and not important as sinks in the global carbon budget (Carey
et al.,, 2001; Luyssaert et al., 2008). In two years, however, Bor-
den Forest was a weak carbon source (—36gCm~2yr—! in 1996
and —35gCm~2yr-! in 2001), indicating that the ecosystem can
switch quickly from a carbon sink to a carbon source in response to
environmental or climatic drivers. A long-term warming trend was
observed in both air temperature (0.09°Cyr-!, R=0.52, p<0.05)
and soil temperature (0.08°Cyr~!, R=0.71, p<0.001). Photosyn-
thetically active radiation and soil temperature were found to have
the strongest correlation with interannual variability in NEP, par-
ticularly in the June-August season (R=0.61, p<0.01 and R=0.45,
p<0.05, respectively). Annual NEP values were related to length of
the growing season (R=0.57, p<0.01), with a longer carbon uptake
period (CUP) leading to more biomass accumulation. However, the
relationship of NEP and its component fluxes with start, end, or
duration of the growing season is not straightforward, due to vari-
ability in environmental conditions within the growing season. We
have focused here on identifying trends and possible drivers of
carbon exchange, but note both the interdependencies among envi-
ronmental variables and the temporal complexity of the ecosystem
response; further investigation beyond the scope of this paper,

using multivariate model-data fusion, may yield additional insights
into the underlying mechanisms controlling annual and seasonal
carbon budgets. The meteorological and carbon flux results from
this long-term dataset demonstrate the importance of monitoring
the feedbacks among climate, ecosystems, and carbon flux; this
information may help to predict future shifts under anthropogenic
climate change.
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Appendix A.

Instrumentation at Borden.

Category Measurement Manufacturer Instrument Height(s) Dates
Fluxes 3-D wind, sonic Kaijo Denki DAT-310 334m 06/95-04/01
temperature Campbell Sci. CSAT 334m 04/01-12/03
Applied Technologies Inc. Type K 334m 04/05-present
CO, and H,0 LI-COR Inc. LI-6262 Inlet at 33.4m 07/05-12/03;
04/05-present
Radiation Net radiation Middleton Instr. CN1-R 44 m 06/95-12/03
4-component Kipp & Zonen CNR-1 33.7m 06/00-12/03
net radiation Inc. 33.7m 04/05-present
Incoming Eppley Lab PSP 44m 06/95-12/03
Shortwave 41.5m 04/05-present
Incoming PAR LI-COR Inc. LI-190SA 44m 06/95-12/03
41.5m 04/05-present
LI-COR Inc. LI-191 line 1.5m 07/98-12/03;
quantum sensor 04/05-present
Reflected PAR LI-COR Inc. LI-190SA 33.6m 04/05-present
Meteorology Wind speed & RM Young Co. Model 05103 44m 06/95-12/03
direction 43m 04/05-present
Temperature & Rotronic Instr. Corp. MP-100 41,33 m 06/95-12/03
relative Vaisala HMP-35C 41,33 m 04/05-08/05
humidity Vaisala HMP-45C 41,33 m 08/05-present
Temperature Ventilated 41, 33, 29, 26, 23, 20, 06/95-12/03;
profile thermocouples 16,13,10,6,3,1.5m 04/05-present
Barometric Setra 270 2m 06/95-12/03;
pressure 04/05-present
Gas profile CO, and H,0 LI-COR Inc. Li-6262 34,25,18,10,5,1m 01/01-12/03;
33,26,18,10,5,1m 04/05-04/08
42,33,26,17,5,1m 04/08-present
03 Thermal Environmental Inc. Model 49 Same as CO, Same as CO,
SO, Thermal Environmental Inc. Model 43 Same as CO, 04/05-present
Soil & Boles Soil Campbell Sci. 107 thermistors Site 1: 5, 10, 20, 50, 100 cm; 07/05-12/03;
temperature Site 2: 5cm 04/05-present
Thermocouples Site 2: 10, 20, 07/05-12/03;
50, 100cm 04/05-present
Soil heat flux Campbell Sci. HFPO1 7.5 cm (3 sites) 07/05-12/03;
04/05-present
Soil moisture Campbell Sci. CS615 2,5,10, 20, 50, 07/97-11/03;
100 cm (2 sites) 04/05-present
Bole Campbell Sci. 107 thermistors 2,5,10m (red maple); 08/95-12/03;

temperatures

2,5,9m (aspen)

04/05-present
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