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ABSTRACT

The magnitude of CO, flux from soil (Fs; ) varies with primary productivity and environmental drivers
of respiration, soil temperature (Tso; ) and moisture, all of which vary temporally and spatially. To quan-
tify the sources of Fsy; variability, we first compared F,; of three proximate forests within 30 km of one
another, ranging in age, composition, soil, and environment and, thus, productivity. We collected data
with automated soil respiration chambers during a 10-year period in a mid-rotation Pinus taeda planta-
tion (PP), for three-years in a mature P. taeda stand (OP), and for five-years in a mature, mixed-species
hardwood (HW) stand; PP and HW were on clay-loam soil and OP on a sandy soil. Among stands, F;
sensitivity to Ts,; was lowest in OP and highest in PP, reflected in mean annual F,; (£standard deviation)
0f 1033 + 226 (OP), 1206 + 99 (HW), and 1383 & 152 (PP) g Cm~2; both Fy; sensitivity to Ty and annual
Fsoi1 increased with leaf litterfall. For the second portion of our study, we established an additional three
plots at PP for a six-year period to examine within-stand variability. Within PP, sensitivity of Fsuj to Tsj
was similar, yet higher leaf area was correlated with a combination of lower soil temperature and below-
ground carbon flux, resulting in lower Fy;;. Temporally, diurnal to seasonal Fy,; followed Tg,; whereas
annual values were driven by soil moisture. Spatially, among the three stands Fy; increased with leaf

production, whereas within a stand (PP) F,; decreased with increasing leaf production.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Terrestrial ecosystem respiration is the second largest flux of
CO, globally, nearly equal to uptake by terrestrial photosynthesis
(Raich and Schlesinger, 1992; Schimel et al., 2001). Because the bal-
ance between carbon (C) loss and gain greatly influences terrestrial
C storage, quantifying the sources of variation of ecosystem respi-
ration is critical for assessing the influence of terrestrial ecosystems
on atmospheric CO, concentrations.

The largest loss of C from terrestrial ecosystems occurs as CO,
flux from the soil surface (hereinafter Fs;; Ryan and Law, 2005).
Fsoi is comprised of both autotrophic and heterotrophic respiration
and is affected by a set of interacting environmental and physiolog-
ical variables, leading to large variability spatially and temporally

Abbreviations: Fsii, s0il CO2 flux; F,, potential soil CO; flux under non-limiting
soil moisture; LAI, leaf area index; Ry;o, basal respiration at 10°C; REW, relative
extractable water; Ty, air temperature; T, Soil temperature; Tyg, Ts at 10 cm;
TBCF, total belowground carbon flux.
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(Curiel Yuste et al., 2005; Litton et al., 2007; Martin and Bolstad,
2009). Globally, Fs,; tends to increase with productivity across
biomes (Litton et al., 2007), which implies that both follow mean
annual temperature and, to a somewhat lesser extent, precipitation
(Bahn et al., 2010; Raich and Schlesinger, 1992; Wang et al., 2010).
Although the relationship between annual F,y; and soil tempera-
ture (T, ) is useful in broad applications, within a biome, mean
annual T; typically does not explain much of the spatial variation
of annual F;; within and among forests (Bahn et al., 2010; Janssens
et al,, 2001; Reichstein et al., 2003; Oishi et al., in preparation).
Attempts to account for spatial variability in F; often focuses on
small-scale differences among point measurements within a stand
aimed at linking F,,;; measurements with fine root biomass, prox-
imity to trees, soil C and nutrient content (Martin and Bolstad,
2009; Luan et al., 2012; Sge and Buchmann, 2005). Because Fg;
integrates many physical and biological processes, several models
have been developed to predict surface flux based on production
and diffusion through the soil (Daly et al., 2009; Phillips etal., 2011;
Suwa et al., 2004). Yet, the amount of information necessary to
scale these types of models from a single point to regional or global
models is prohibitive. To this end, there is a pressing need to find
a pragmatic, middle-ground approach that incorporates simple,
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easily measurable variables to explain spatial variability within and
among stands.

Underlying the large-scale spatial variability in Fs is the strong
exponential increase in Fsy; with T (Davidson and Janssens,
2006; Fang and Moncrieff, 2001). This relationship has been
described across wide range of ecosystems and has led to the
widespread use of the Qg parameter (the factor by which F;
increases with a change of 10°C), and R, (the basal rate of res-
piration at a reference temperature) in studies of temporal and
among-stand variation in soil CO, efflux. However, since Qo and
Ry, integrate all sources of soil CO,, each with different temperature
sensitivities and variability in substrate availability, the “appar-
ent Q10" (i.e. the empirically derived bulk soil Qq¢) should be
calculated and interpreted with caution (Davidson et al., 2006;
Trumbore, 2000). The apparent Q;9 can vary temporally (Curiel
Yuste et al., 2005) and among-site/study variation may reflect
differences in methodology, such as measurement frequency,
sampling depth, and observed temperature range (Davidson et al.,
2006; Subke and Bahn, 2010; Wang et al., 2010). Interpretation
of the temperature sensitivity of Fy; is further complicated by
co-variation of environmental drivers and time lags between the
biological response to these drivers and the signal in Fyg. For
example, T, directly affects enzyme kinetics, but it also co-varies
with solar radiation and phenology, and thus belowground pho-
tosynthetic inputs (Irvine et al., 2008; Savage et al., 2009). In
addition, the seasonal and spatial pattern of Ty likely affects
the size of fine root and microorganisms populations (Fenn et al.,
2010; Taneva and Gonzalez-Meler, 2011; but see Moyano et al.,
2008). Nevertheless, if carefully utilized, the general applicabil-
ity of a Qo function can still provide a useful, empirical tool
for estimating F,,; and comparing Fs,; among sites. Given the
widespread measurement of F;, increasingly done with auto-
mated, high-frequency systems, such an approach is particularly
valuable.

Soil moisture is the second most important environmental fac-
tor affecting F; as it directly limits microbial activity at low values
(Drake et al., 2012; Gaumont-Guay et al., 2006). Drought stress
can also limit photosynthesis through stomatal regulation (Oren
and Pataki, 2001; Schafer et al., 2002) which results in decreased
fine root production (Pritchard et al., 2008). Under high soil mois-
ture, reduction in air-filled porosity limits soil CO, diffusion rates
(Maier et al.,, 2011; Risk et al., 2002; Riveros-Iregui et al., 2007;
Suwa et al., 2004). Previous findings in warm temperate climates
demonstrate that under non-limiting soil moisture conditions, Fygj
is driven by variation of soil temperature diurnally and seasonally,
while inter-annual variation of Fyy; is controlled by variation of soil
moisture (Maier et al., 2004; Palmroth et al., 2005; Oishi et al., in
preparation).

Given the above, within a restricted geographic region where
mean annual temperature and precipitation are similar, can
among-stand characteristics explain variability in F,o;? One char-
acteristic that is well correlated with F; is leaf production (Bahn
et al.,, 2010; Bond-Lamberty and Thomson, 2010; Chen et al., 2010;
Davidson et al., 2002; Nadelhoffer and Raich, 1992; Palmroth et al.,
2005). Leaf production, quantified as either leaf litterfall or leaf
area index (LAI), is a reasonable proxy for overall productivity and
provides several compelling, yet not necessarily straightforward
links to Fqy;. First, LAI can directly impact the local environment.
For example, higher LAI reduces radiation and precipitation reach-
ing the forest floor and increases transpiration, resulting in cooler
and dryer soil conditions (Ngao et al., 2012; Palmroth et al., 2005;
Phillips et al., 2010). Second, leaf litterfall supplies much of the sub-
strate for the heterotrophic component of F;. Third, because the
autotrophic component of F; typically exceeds the heterotrophic
component, Fy,; must also depend upon substrate supplied
through primary productivity and thus the partitioning of recently

assimilated C belowground (Johnsen et al., 2007; Hogberg et al.,
2008; Mencuccini and Holttd, 2010).

Autotrophic respiration of all biomass components generally
increases with gross primary productivity (GPP; DelLucia et al.,
2007; Litton et al., 2007). Leaf area index increases with resource
availability (e.g. site fertility and water-supply) and is accompa-
nied withincreased GPP up to the point at which light absorption no
longer increases with LAI Palmroth et al. (2006) showed that across
young forests of different species, Fs,;; seemed to increase with LAI
when LAI was very low, essentially reflecting increasing soil vol-
ume occupation by roots. However, among stands with moderate
to high LAI, when GPP no longer increases with LAI, higher wood
production aboveground is at the expense of C allocated to support
fast turning soil pools such as F; (McCarthy et al., 2006; Palmroth
et al,, 2006; Oishi et al., in preparation).

In our previous studies we found that a mid-rotation loblolly
pine plantation (PP) and a mature mixed-species deciduous hard-
wood stand (HW), both on clay-loam soil and similar maximum LAI,
showed similar sensitivities of Fg; to Ty and soil moisture. How-
ever, different LAl dynamics and forest floor thickness affected both
these variables, resulting in different annual F;;. Roughly, ~1°C
higher mean annual Ty, caused ~10% higher Fsg; (Palmroth et al.,
2005). In contrast, within a single PP plot, ~1 °C higher T; (in years
with low LAI) resulted in ~60% higher Fj;. This indicates that vari-
ation of C flux to belowground pools, possibly linked to variation
of LAI can have a greater effect on interannual variability of Fyy;
than environmental variables (Butnor et al., 2003; Palmroth et al.,
2006).

In this study, we test three hypotheses on the sources of spatial
and temporal variability among and within forest stands experi-
encing similar climatic forcing and test whether the variability can
be linked to productivity indicators. Our first hypothesis (H1) is that
in all stands, inter-annual variability T; is small and thus, inter-
annual variability of Fy; is driven by precipitation and thus soil
water availability. Second, we hypothesize (H2) that, among forest
stands, increasing primary productivity, as reflected in leaf produc-
tion, results in greater temperature-sensitivity of soil CO, efflux and
higher annual F;;. And third, we hypothesize that within a stand,
increasing leaf production corresponds with lower annual Fyg;; as a
result of (H3.a) reduced belowground carbon supply, which leads to
lower temperature-sensitivity of Fy;;, or (H3.b) decreased radiation
reaching the forest floor, which leads to lower Tg;;.

We expand on previous work by extending the measurement
period to ten years at PP and five years at HW and including new
data spanning six years from three adjacent plots within the PP
stand and a mature loblolly pine stand on a low-fertility, sandy soil
(old pine; OP). All three stands were within 30 km in the Piedmont
region of North Carolina, USA and experienced similar environ-
mental conditions but, due to differences in site fertility and stand
composition, ranged in substantially in productivity.

2. Materials and methods
2.1. Study sites

The study was conducted in three stands within Duke Forest in
central North Carolina, USA (see Table 1 for site and stand charac-
teristics). An 18 year-old maturing loblolly pine plantation (PP) and
80-100 year-old mixed-species deciduous hardwood stand (HW)
are adjacent stands in the Blackwood Division, within 1 km of one
another. Soil at both of these sites have moderate water-holding
capacity in the upper layer, but low permeability in the lower level,
so it does not readily release water to plants (Soil Survey of Orange
County, 1977).The PP plots are part of the Duke Free Air CO, Enrich-
ment (FACE) site, but measurements for this study were taken in
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Table 1
Site characteristics for three Duke Forest stands: pine plantation (PP), hardwood (HW), and old pine (OP).
PP HW OP
Coordinates (Lat, Lon) 35°58'N, 35°58'N, 36°12'N,
79°08'W 79°08'W 79°17W
Elevation (m) 160 160 212
Stand characteristics
Stand age (years old in 2001) 18 ~80-100 ~35
Stem density (treesha—1) 3200 930 300
Basal area (cm? m~2) 42 22 28.5
Height (m) 20 35 25
Peak LAI (m3 m—3) 5.8 7.0 2.0
LAI by species (%)
Pinus taeda 54 0 78
Liriodendron tulipifera Not available? 12 Not available?
Liquidambar styraciflua Not available? 10 Not available?
Carya spp. Not available? 30 Not available?
Quercus spp. Not available? 18 Not available?
Other deciduous 45 29 22
Soil characteristics
Soil type Enon silt loam Iredell gravelly loam Durham sandy loam
Acidic clay-loam
Porosity (m3 m—3) 0.540 0.540 0.500
Field capacity (m3> m—3) 0.350 0.350 0.200
Hygroscopic point (m? m~3) 0.125 0.125 0.050
Site slope (%) <5 <3 <5
Rock content (%) 125 Not measured Not measured
Coarse fragment (%) 135 14.3 Not measured
Rooting depth (m) 0.30 0.30 2.00

2 LAI from deciduous trees was not separated by individual species at PP or OP.

four ambient CO, in plots in sectors without nitrogen amendments.
Sampling at HW was at the base of the Duke Hardwood Ameriflux
tower.

The third stand was a 35 year-old mature loblolly pine stand (old
pine; OP), located in the Dailey Division of Duke forest, approx-
imately 30 km northwest of the other two stands. This site was
thinned in 1993 and 1998, leaving a partially open canopy with
a small hardwood understory. The OP stand had deeper soil that
drained rapidly, as opposed to PP and HW, which had a low-
permeability clay layer at 0.35 m (Table 1; Soil Survey of Alamance
County, 1960; Oren et al., 1998).

2.2. Instrumentation

Air temperature (T,;;) was measured with sensors installed at
2/3 canopy height (HMP35C, Campbell Scientific, Logan, UT), and
incoming precipitation was measured at each site with above-
canopy tipping bucket installed at the top of a walkup tower
(TE525M, Texas Electronics, Dallas, TX).

Soil temperature was measured with permanently installed
thermistors (334-NTC102-RC, Xicon Passive Components, Mans-
field, TX) buried at 10cm (T;q). Soil temperature was averaged
among five thermistors at HW and six at OP. Spatial variability in Ty
among the sensors was small; the coefficient of variation (CV) for
the year was less than 9.5% (6.3% and 9.4% for HW and OP, respec-
tively). The greatest variability occurred during the winter when
temperatures and fluxes were low, so growing season CVs were less
than 5.0% (2.7% and 4.9%, respectively). Only one of the PP plots had
more than one thermistor installed at 10 cm, but variability of daily
T1o in this plot was also low (mean annual and growing season CVs
were 4.2% and 2.7% respectively; n=4). Soil moisture () was mea-
sured at each PP plot as volumetric water content with two time
domain reflectometry sensors (CS-615, Campbell Scientific, Logan,
UT) installed vertically, integrating over 0-30cm depth. At HW
and OP 6 was measured with vertically oriented frequency domain
sensors (ThetaProbe ML2x, Delta-T Devices, Cambridge, UK). We
deployed six sensors at HW and four at OP, half at 0-5 cm and half

at 20-25 cm, and a stand-level average 6 was generated averaging
data from all sensors at both depths. Data were filtered to eliminate
unrealistic spikes immediately following rain events (see Appendix
A).

To normalize soil moisture amongst stands and increase the
generality of our results, soil moisture is expressed in this study
as relative extractable water (REW =(6 — 6p)/(0gc —Om); Granier,
1987), where 0 is the volumetric water content, 6, is the hygro-
scopic point where soil water is no longer available for plants, and
Orc is 0 at field capacity. At both PP and HW, 0, was 0.125m3 m—3
and Orc was 0.35m3 m—3, respectively. At OP, 6, was set to the
recorded value where soil moisture hit the stable, minimum point
in the drought of 2005 (6 =0.05 m? m~3) and fgc was set to the aver-
age value reached during non-growing season months at least two
days after large precipitation events (6=0.20m3 m—3).

2.3. Ledf litterfall and leaf area index

Leaf litter was collected periodically throughout the study with
an array of baskets at each site and used to estimate litter mass and
LAL Data from PP and HW have been presented in McCarthy et al.
(2007) and Oishi et al. (2008), respectively.

At OP, litter was collected in ten 0.5m? baskets, oven dried,
sorted into pine and hardwood components, and weighed for total
mass. Leaf area index (LAI) was estimated from total litter mass
and specific leaf area, measured using a light table or digital scan-
ner. Time trends of LAl were measured with an optical plant canopy
analyzer (LAI-2000, Li-Cor, Lincoln, NE). Since LAI at OP was lower
than the point of optical saturation (McCarthy et al., 2007), data
from the LAI-2000 at OP was not rescaled to match litter-based LAI
estimates.

2.4. Soil CO; efflux

Fsoii was measured using the Automated Carbon Efflux Sys-
tem (ACES, USDA Forest Service, US Patent 6,692,970). The system
has been described in previous studies (Butnor et al., 2003;
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Table 2
Number of operational days for each ACES. Blank cells indicate that no system was installed during that year. Zero values indicate that no useable data was recoverable from
that year.
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
PP1 96 270 253 237 123 88
PP5 176 161 204 94 67
PP6 99 174 0 164 0 43
PP8 149 268 181 202 145 199 234 0 0 142
HW 172 290 246 295 43
OoP 179 178 45

Palmroth et al., 2005); briefly, it is an IRGA-based open system that
sequentially samples 15 chambers plus one null chamber (491 cm?
footprint, 10 cm height). Each chamber is sampled for a 10-min
cycle and the final record is accepted if air flow rates and CO, con-
centrations are stable and within a specified range; thus there can
be a maximum of 9 measurements for each chamber throughout
each day.

Terms relating to the spatial aggregation of samples are
described as follows: location refers to a measurement taken at
a specific soil efflux chamber in a specific position, plot refers to
an array of chambers connected to a single ACES (~25m diame-
ter range), and stand refers to a forested area with a similar age,
species composition, and soil characteristics (~1km diameter).
The HW and OP stands each consisted of one plot established in
2001 and 2003, respectively, and ran through early 2005 (Table 2).
Of the four PP plots, PP8 (the number referring the FACE plot
number) includes data from 2001 to 2010. Additional ACES were
added to PP1 and PP6 in early 2005 and PP5 starting in 2006
(this setup included redeployed ACES from HW and OP). For
each of the ACES, four of the chambers were connected to tree
stems and data collected are not used in this study. In PP plots,
five of the remaining chambers were located in the N-fertilized
sectors of the FACE plots. Therefore, PP consists of data from
six chambers while HW and OP consist of data from 11 cham-
bers.

Each chamber was alternated between one of two fixed loca-
tions in the plot and ran in a given position for 3-4 day periods.
Chamber movement is intended to minimize chamber effects on
the amount of litter and moisture arriving at the monitored sur-
face, and to increase the spatial sampling. Chamber locations were
changed several times during the study period, initially to minimize
disturbance to a sampling area and later to examine variability with
proximity to trees. The chamber bases have a sharp, metal edge that
extend beneath the soil surface approximately 1cm, but do not
use a permanently installed collar. Upon initial location establish-
ment, each chamber’s metal edge is used to cut into the soil surface.
This shallow circular trench is maintained by the presence of the
sampling chamber or an open-top, circular plastic placeholder ring,
thereby preventing the chamber location switches from severing
new fine root growth. Litter excluded during measurement cycles
was replenished (Appendix B).

ACES are designed to run continuously; however, several factors
reduced the amount of usable data. First, individual measurements
were filtered to exclude sampling periods where either air flow or
CO, concentrations were out of range. Second, systems were offline
periodically for general maintenance and recalibration. Third, over
the long duration of the study, systems were offline for repair
more frequently. Therefore, the measurements were not contin-
uous throughout the study period. In the case of PP6 and PP8,
few short segments between repairs beginning in 2009 and 2008,
respectively, forced us to exclude these data (Table 2). Nevertheless,
measurements did encompass much of the environmental variabil-
ity that occurred over the past decade, including several droughts
and wet growing seasons (Table 3).

To analyze the sensitivity of Fy; to environmental variables and
to fill gaps in data coverage, we utilized the model for Fy,; as a
function of T,o; and REW previously described in Palmroth et al.
(2005):

Fsoil :F;koj] x f(REW) (1)

where F; is mean daily soil CO flux for a specific location for days
when at least 5 measurements were taken (wmol CO; m—2s~1), Fa
is potential Fy; for a given T1¢ under non-limiting REW, and f{REW)
is a unitless function describing the limitations to F,; imposed by
REW. Our approach to fit parameters proceeded as follows. We first
estimated F} ,, by fitting measured Fs;; from each chamber location
as a function of Tjo under non-limiting soil moisture conditions.
These conditions were defined as REW > 0.33 in PP and HW (equiv-
alent to #>0.20 m3 m~3 in Palmroth et al., 2005) and as REW > 0.45
at OP, the point below which F,; was on average 90% of the values
in wetter conditions. The form used is
Fiii = Rp10exp(b(T1o — 10))

soil — (2)
where Tyo is daily mean Ty, (°C) at 10cm for the corre-
sponding plot, Ryj9 is estimated “basal” respiration at 10°C
(mmol CO; m~2s~1), and b is the temperature sensitivity param-
eter (exp(b x 10)=Qqp). The values of F,,;; were Log. transformed
so the data could be fit as a linear function using the ACOTOOL
function in Matlab (Version 6.0.1.450, Release 12.1, MathWorks
Inc.), with year as a categorical variable. Linear regressions were
not possible for all locations in all years due to limitations in data
for reasons described previously as well as uneven representation
of Ty ranges. For example, during the drought year of 2005, there
were very few days with temperature above the annual mean and
non-limiting soil moisture. Least squares fitting of these data led to
some unreasonable Qg values (e.g. <0). Therefore, we constrained
each location’s regressions by assuming a constant Qg parameter
across years, but allowing for varying Ry1o.

Limitations to Fs,; imposed by REW, f{lREW), were accounted
by fitting the proportionate reduction from F , under non-limiting
REW using Matlab’s least-squares, nonlinear NLINFIT function for
each chamber location:

f(REW) =1 — exp(—c x REW +d) 3)

where ¢ and d are coefficients describing the sensitivity of Fg;
to low REW. The combination of few low-REW days during some
years and gaps in observations in some plots in other years did not
provide us with enough data to fit fREW) independently for each
year. However, two of the driest years, 2005 and 2007, we were able
to fit fREW) for two PP plots to test for interannual differences in
the c and d coefficients. Neither ¢ nor d was different between the
two years (P>0.20; t-test). Thus, data were pooled across years to
allow estimation of ffREW) parameters over sufficiently wide range
of soil moisture and so represented the entire study period.

In both analyses, parameters from each chamber location and
from each of the years with enough data were within the 95% con-
fidence interval of parameters generated from the fit of the pooled
data of all years 78% of the time. For the four years before ACES were
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Table 3
Mean annual and growing season (DOY 100-285) soil temperature at 10 cm (Tyo; °C) and soil relative extractable water (REW).

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Mean annual Tyg
PP1 14.95 14.28 14.74 14.45 14.56 14.85 14.62 14.41 14.17
PP5 14.39 13.80 14.21 13.97 14.07 14.28 13.99 13.94 13.81
PP6 15.19 14.53 14.97 14.86 15.20 16.12 14.91 14.95 14.87
PP8 14.38 14.18 13.72 13.93 13.74 13.75 14.00 13.70 13.59 13.38
HW 14.94 15.58 15.17 15.40 15.22
oP 15.43 15.51 14.60
Mean growing season Tjo
PP1 19.53 18.98 19.43 19.00 18.66 18.76 18.65 18.73 19.40
PP5 18.46 17.97 18.32 17.97 17.76 17.90 17.77 17.73 18.40
PP6 19.68 19.14 19.69 19.46 19.08 19.72 18.96 19.42 19.99
PP8 18.62 18.86 18.27 18.59 18.19 17.77 17.85 17.64 17.71 18.24
HW 19.92 20.69 20.08 20.46 20.12
orP 20.54 20.19 19.06
Mean annual REW
PP1 0.55 0.60 0.74 0.74 0.51 0.61 0.44 0.70 0.63 0.50
PP5 0.55 0.61 0.74 0.74 0.51 0.60 0.43 0.69 0.63 0.51
PP6 0.51 0.59 0.73 0.74 0.54 0.61 0.43 0.65 0.59 0.44
PP8 0.54 0.59 0.74 0.73 0.52 0.62 0.45 0.66 0.61 0.47
HW 0.64 0.68 0.90 0.84 0.70
orP 0.80 0.70 0.58
Mean growing season REW
PP1 0.48 0.26 0.64 0.59 0.26 0.43 0.24 0.59 0.38 0.31
PP5 0.46 0.27 0.65 0.60 0.27 0.42 0.22 0.60 0.38 0.32
PP6 043 0.24 0.67 0.59 0.32 0.42 0.24 0.57 0.34 0.27
PP8 0.46 0.24 0.68 0.57 0.27 0.44 0.26 0.60 0.37 0.31
HW 0.57 0.39 0.83 0.74 0.55
oP 0.77 0.62 0.40

installed in PP1, PP5, and PP6, we estimated Fs,; using measured
T10 and REW and mean, plot-level parameters.

Matlab was also used to process raw data and for linear regres-
sions and statistical tests. SigmaPlot (v8.0.2, SPSS Inc.) was used for
additional curve fitting.

3. Results

We collected 283,572 data points across 6 plots between 2001
and 2010, accounting for 31 “plot-years” (Table 2), allowing us
to analyze variability in soil CO, efflux (Fs;) across temporal
and spatial scales. We first analyzed the temperature- and soil
moisture-sensitivities among different stands and among plots
within the maturing pine plantation (PP). We then estimated
annual Fy,;; to examine to what extent differences in environmental
drivers are leading to variability among stands and plots. Finally, we
examined whether leaf productivity explained variability among
stands and plots.

3.1. Soil temperature and moisture sensitivity of daily Fq,;

Soil moisture (i.e. relative extractable water; REW) and tem-
perature (T;o) showed strong seasonal variability (Fig. 1). During
winter months REW stayed near field capacity (REW ~ 1.0) and the
soil dried progressively during much of growing season (Table 3).

Between 66 and 82% of variability in daily soil CO, efflux under
non-limiting REW (F} ;) was explained by Ty across all plots (Eq.
(2); Table 4; Appendix C). At PP, mean R, values were simi-
lar among plots (P=0.39), but Q¢ differed (P<0.0001, although
some pairs of plots were similar; Table 4). An inverse relationship
was found between Q19 and Ry,;o among plots within PP (P=0.09;
r2=0.82), such that the overall temperature sensitivity of Fy, was
similar among plots over the majority of the range of Ty (Fig. 2a).In
other words, no plot had consistently higher or lower F} , over the
entire Ty range. However, Q19 and, less significantly, R, differed

among stands (P<0.003; but P=0.16 for Ry differences between

HW and OP; Table 4). Overall, PP exhibited the highest F} . across
the range of temperatures, followed by HW and then OP (Fig. 2b).

During the growing season, low REW led to reductions in F,; in
all plots and stands. The soil moisture reduction function ({REW),
Eq. (3)) explained approximately 50% of the variability remaining
in daily Fy; after accounting for Ty (Fig. 2c and Table 4). Parame-
ter estimates for REW reduction functions were different among
PP plots (P<0.003, Table 4), reflecting greater reduction in Fsg
with REW in PP8 than PP6, but PP1 and PP5 were not consis-
tently higher or lower than another plot across the range of REW.
Among stands, parameters at HW and OP were similar (P>0.13),
but the d parameter at PP was higher than the other two stands
(P=0.04). The values of c and d parameters were positively corre-
lated (r2=0.39, P<0.001). An increase in the ¢ parameter causes
fIREW) to begin declining at a lower REW while an increase in the
d parameter reduces f{lREW). Thus, the differences among both the
c and d parameters compensated for one another among stands,

Table 4

Parameters for estimating soil CO, flux under non-liming soil moisture conditions
(F;;»see Egs. (1) and (2)) and limitations as a function of relative extractable water
(REW, see Egs. (1) and (3)). SD in parentheses and superscript letters for parameters
represent significant similarities among PP plots (P>0.05).

Fegi SIREW)
Mean Ry Q1o r? c d r2
PP1 2.16 3.25 0.80 535 -0.42 0.52
(0.60YBD  (027)A0  (0.04)  (0.98)F  (0.18)C  (0.02)
PP5 1.91 3.83 0.82 441 -0.71 0.50
(0.42)ABCD (0.36)8¢ (0.07) (1.45)A8 (0.25)ABC (0.02)
PP6 2.07 3.58 0.71 9.52 -0.31 0.50
(0.83Y8CD  (0.52)C  (0.11)  (3.03)° (0300 (0.04)
PP8 2.15 3.00 0.77 7.89 -0.01 0.52
(03580 (042)A0  (0.12) (2.92)P  (0.56)P (0.03)
HW 1.59 2.97 0.71 7.01 -0.62 0.48
(0.32) (0.39) (011)  (5.81) (1.11) (0.02)
oP 1.46 2.71 0.66 6.26 -0.48 0.46
(0.51) (031) (0.12)  (3.30) (0.58) (0.02)
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Fig. 1. Soil temperature at 10 cm (Tyo) and soil moisture as relative extractable water (REW) averaged weekly for the study period (a) and averaged daily for a sample drought

year (b).

resulting in similar sensitivities of Fy; to soil moisture: f{fREW)
from each stand was within one standard deviation of the other
two stands across the range of REW (Fig. 2d). Reductions in F;
due to soil moisture limitation at HW was within 2% of PP for val-
ues of REW as low as 0.15, at which point PP declined more sharply.
Reductions in Fs,; at OP were within 5% of PP for REW as low as 0.25.

Under soil moisture-limited conditions (REW <0.33), Fsu
showed a rapid response to precipitation during the growing
season in all stands, increasing by an average of 20% (SD=34%,
P<0.001; data not shown). The precipitation-induced increases
of Fyy; tended to bring drought-period fluxes close to, but rarely
above the expected non-drought values. Small precipitation events
(<5mm) were not detected by soil moisture sensors and did not
affect Fyo; (P=0.90); of precipitation >5mm, the amount did not
affect the response (P>0.37). We did not observe a reduction in
Foj at soil moisture higher than field capacity (P=0.06).

3.2. Sources of variation of annual F,;; among plots and years

Annual F,,; varied among plots and years (Fig. 3a and b). Of
the PP plots, PP8 generally had the lowest F,; while PP1 and PP6
produced the highest fluxes. At the stand level, PP had the highest
Fsoi1» followed by HW, then OP. Interannual variability of potential

Fsoit (i.e. F} ;) was generally low, with plot-level standard deviations

ranging from 64 to 193 gCm~2y~! (average CV=7.7%) somewhat
lower than the range of actual F;;, which accounts for limitations
by REW (107-218gCm~2y~1; average CV=12.2%).

Over the study period, mean annual T;o showed small variability
within each site and plot (Fig. 1aand Table 3), with site- or plot-level
interannual standard deviations <0.5 °C or less than 1 °C differences
between highest and lowest annual T;o (with the exception of 1.5 °C
at PP6). Much of the variability in mean annual Ty originated from
the non-growing season (mean 8.3 °C, SD =0.8 °C), a period of little
influence on annual F,y;. During the growing season, the average
T10 (=19.2°C) was associated with small variability (SD=0.4°C).
Interannual variability in growing season T was not correlated
with LAI (P>0.42) with the exception of PP8 (P=0.026), the plot
with the highest leaf productivity. Thus, interannual variability in
Foii Was dependent on other factors.

Unlike T19, REW showed large interannual variability, depend-
ing on the magnitude and frequency of precipitation events during
the growing season (Fig. 1a and Table 3). Severe drought condi-
tions occurred in 2002, 2007, and 2010 and a moderate drought in
2005; our measurements captured two of these droughts at HW
(2002 and 2005) and one at OP (2005). Both annual and grow-
ing season REW was highest at HW, followed by OP and then PP
(Fig. 1b and Table 3). Comparing the three stands, PP showed the
greatest reductions of Fyy; from F} ;, (i.e. annual {REW) or Fyo;1 /Ff s

Fig. 3¢). The lowest annual ffREW) occurred during the four drought
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Fig. 2. Response of potential soil CO; flux under non-limiting soil moisture (F}, ) to soil temperature at 10 cm (T10) across all years (a and b) and relative reduction of soil CO,
efflux (Fsoi) from F; ;| due to a decrease in relative extractable water (fREW)) as a function of relative extractable water (REW) (c and d). Data from PP plots are presented in
(aand c) and for all stands in (b and d), including the mean and SD (shaded gray) for the four PP plots. The cumulative effect of ffREW) based on recorded REW values in the

drought year of 2005 in presented in Fig. 4d inset.

years. Under the extreme drought conditions of 2007, Fy; at PP
was 73% of potential. Across the study period and stands, annual
fIREW) was similarly driven by mean growing season REW (Fig. 4a;
P<0.0001). The non-linearity in the response of daily {REW) to
REW (Fig. 2c) is also apparent between the annual average values
(Fig. 4a). However, because F; was gapfilled using REW data, we
also compared growing season f{REW) with an independently mea-
sured growing season index of water availability (WAI) defined as
precipitation minus pan evaporation (from a nearby NOAA weather
station; www.ncdc.noaa.gov; Fig. 4b). At PP, where the greatest
range in WAI was available, the relationship between WAI and REW
was non-linear (inset in Fig. 4b; P=0.035 for quadratic fit; F-test
comparison of polynomial fit over linear fit, P=0.076). Across the
range of WAI, REW was lower at PP than at HW and OP (Fig. 4b
inset; P=0.032; however, HW and OP were similar, P=0.68). Thus,
the non-linearity between REW and f{REW) and between WAI and
REW resulted in a linear increase in ffREW) with WAI (Fig. 4b; linear
regressions for HW and OP were similar, P=0.85). Compared to the
other stands, Fyo;1/F,; was lower at PP across the common range
in WAI (P=0.01 for difference in intercept).

Annual Ry was unrelated to either REW or WAI (P>0.37).
Thus, the frequency of limiting REW conditions largely determines
reductions in F,,; and was the primary source of the interannual
variability in Fsg;. For example, Fy; was reduced to less than 60%

of non-limited conditions 37 of days during 2005 at PP, compared
to about 10 days at HW and OP; reductions to at least 80% occurred
70, 30, and 25 days in the three stands, respectively (Fig. 2d inset).

3.3. Relationships between mean inter-annual fluxes, stand
characteristics, and environmental variables

The variation of mean annual F} ;, among the three stands was
best explained by leaf litterfall (P=0.004; Fig. 5a). LAl was not well
correlated with litterfall across stands (P=0.43), and produced a
weaker relationship with F; ; (P=0.12, data not shown). Assuming
that soil C was in near equilibrium over the study period, and sub-
tracting leaf litterfall C from F;; gives a rough estimate of total
belowground carbon flux (TBCF; Giardina and Ryan, 2002). The
estimates of TBCF also increased with leaf litterfall across stands
(P=0.005; Fig. 5a). Across PP plots, F! ., and TBCF showed weak
inverse correlations with leaf litterfall (P=0.19 and 0.13, respec-
tively; Fig. 5a). However, leaf litterfall did not explain the variation
in F,,; among years at any of the sites (P>0.41; data not shown).
Nor was litterfall or LAl related to the parameters of ffREW) across
stands (P>0.61) or within PP (P>0.70). The inter-annual variation
of Fy,; across all stands and PP plots (represented as the annual
deviation from the interannual mean; Fig. 5b) was explained to a
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Fig. 3. Estimated annual soil CO; flux (Fsy) at (a) individual PP plots, and (b) the
three forest stands. (c) Deviation of Fyy; from potential Fg,; (IREW), estimated Fioj
from exponential functions under non-limiting soil moisture; Eq. (2). Error bars rep-
resent 1 SD. Solid/shaded symbols are estimated annual sums from measurements
taken throughout the year and gapfilled with parameters estimated from that year’s
data. Open symbols represent annual sums from years when too few measurements
were available to estimate parameters and average parameters from other years
were used for gapfilling (see Table 4).

large extent by the inter-annual variation of WAI (P=0.004). The
relationship was similar among the stands (P> 0.42).

Although mean non-growing season T;¢ was similar among PP
plots and among all stands (P> 0.07), mean growing season T1g at PP
was 1.8 °Clower than in HW (Fig. 1a and Table 3). This indicates that

among-stand differences in LAI alone could not explain variation
in Tyo (r?=0.04; P=0.87). However, Qo (and Ry;o) increased with
leaf litterfall (P=0.06 and 0.14, respectively; Fig. 6a and b), and the
resulting among-stand differences in the temperature response of
Fsoii (Fig. 1b) more than compensated for differences in Ty (Table 3).
In contrast, the temperature response of Fs,;; was similar in all PP
plots and unrelated to LAl or leaf litterfall (P> 0.86; data not shown).
Similarly, neither LAl nor leaf litterfall were related to the individual
temperature-sensitivity parameters (Qqg or Rpg; P>0.51, data not
shown), or the combined effect of these parameters based on esti-
mated F} ;, at the mode annual Ty (21 °C; P>0.18). Among PP plots,
leaf litterfall was well correlated with mean annual LAI (Fig. 7a;
P=0.06), and mean growing-season T1g decreased with increas-
ing LAI (ranging 1.2 °C among plots; Fig. 7b; P=0.25). Thus, mean
annual F}, increased with Tyo (Fig. 7c; P=0.063), yet an inverse
relationship with LAI was even stronger (Fig. 7d; P=0.069). Taken
together, the differences in T;9 contributed 55-85% to the differ-
ence of F} , among plots with the remaining differences explained

by between-plot differences in Qg (Table 4).

4. Discussion

Two broad classes of factors can contribute to spatial and
inter-annual variation of Fyy;: (1) the temperature- and moisture-
sensitivity of the flux, reflecting differences in attributes such as
litter quality and C availability, and (2) variation in temperature
and moisture, reflecting incoming radiation and water availability,
which are related to topography and soil characteristics but also to
forest attributes such as LAL Our study shows that that leaf litter-
fall works as an index of stand-level F,,; only over a wide range of
productivity (e.g. among stands). Within a narrower spatial scope,
such as within a forest stand that encompasses a smaller range in
productivity, LAl is inversely related to physical (soil temperature
and moisture) and physiological (belowground C supply) factors
driving F;. At this smaller scale, LAI can therefore provide some
insight into the relationship between above- and belowground C
allocation.

Our results support the first hypothesis (H1); in all stands, inter-
annual variability T,,; was small and thus, interannual variability
of F,,; was driven by precipitation and thus soil water availability.
The seasonal dynamics of F,; corresponded to those of Tg at all
chamber locations and, thus, plots and stands. When soil moisture
was non-limiting, increased Ty¢ resulted in an exponential rise of
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Fsoit (Eq. (2), Fig. 2a and b). The sensitivity of F;, to T1p was sim-
ilar among PP plots (Fig. 2a). Differences in Q9 among PP plots
were offset by the inverse correlation between Q1o and Ry;o. But,
among stands, PP showed the greatest sensitivity of F; ; to Ty, fol-
lowed by HW, then OP (Fig. 2b and Table 2). Although support for
a temporally constant Qg can be found from comparisons of labile
and recalcitrant soil carbon pools (Fang et al., 2005) to compari-
son among ecosystems over the globe (Mahecha et al., 2010), other
studies showed a linear increase of root respiration with Ty (i.e.
decreasing Q¢ with increasing T; over the growing season; Drake
et al., 2008), and declining annual Q¢ values after canopy closure
(Bernhardt et al., 2006). The observed Q¢ values were near the
global means for broadleaf deciduous and evergreen needle forests
and, as has been found in a global synthesis (Wang et al., 2010), Q19
increased with litterfall (Fig. 6a) but was unrelated to deciduous-
ness. Supporting our second hypothesis (H2), Q19 and the overall
temperature sensitivity of F} . increased with leaf litterfall across
our forest stands. However, in contrast to the expected decrease in
the temperature sensitivity with increased leaf production (H3.a),
the variation of these parameters among PP plots was small and
unexplainable by either leaflitterfall or LAL Instead, consistent with
(H3.b), higher LAI tended to correspond with lower T;q (Fig. 7b),
such that plot-level Ty explained as much of the variability in F}
as LAI (Fig. 7c and d).

All stands showed reductions in Fsy;; from F},, (i.e. lower [REW))
under dry conditions. In contrast to the temperature sensitivity of
F: ;) the sensitivity of the flux to soil water availability was similar
among stands despite differences in soil texture (sandy-loam soil
of OP versus clay-loam soil of the other two stands) and in growth
habits (deciduous versus evergreen). Although parameters of the
soil moisture sensitivity function differed among PP plots, their
variation was unrelated to the LAI or litterfall. Drought-induced
reduction of GPP will limit carbohydrate supply belowground and
may also induce variation in the temperature sensitivity of F}
inter-annually or during and after a drought cycle. While seasonal
variation of basal rate of respiration has been shown vary with C
uptake (Sampson et al., 2007), in our study, inter-annual variation
of Ry¢ was unrelated to variation in water availability, the resource
with the greatest influence on inter-annual variation of net pri-
mary production (McCarthy et al., 2010). At shorter timescales,
based on estimated transport times (Mencuccini and Holttd, 2010;
Stoy et al., 2007), the recovery of Fy; from drought would lag pre-
cipitation 2-5 days. However, given the complexity of covarying

factors contributing to the time lag between photosynthesis and
Fsoil (Kuzyakov and Gavrichkova, 2010) and the limitations to our
experimental design, we could not directly link photosynthesis to
Fqoii at these time scales.

Summarizing the results related to H2, we demonstrated
that the parameters capturing F} -sensitivity to Ty differed
among stands in relation to leaf litterfall, and were insensitive to
inter-annual variation in soil moisture or stand characteristics. Fur-
thermore, the stands shared a similar {REW). In contrast, F;; of PP
plots showed similar overall sensitivity to Ty, but, for unknown
reason, differences in fREW) parameters. These responses interact
with stand and plot T;9 and REW to produce the observed annual
Fsoil, and its inter-annual and spatial variation.

Annual and growing season mean T;¢ was nearly invariable in
all stands (Table 3), and in support of our first hypothesis (H1),
REW was the dominant source of inter-annual variability of F;.
Limitations of REW are expected to reduce photosynthesis through
stomatal regulation (Oren and Pataki, 2001; Schéfer et al., 2002),
which will, in turn, likely lead to reductions in both belowground
production and respiration. For example, annual fine root respira-
tion at PP was estimated at 645 g C m~2 (Drake et al., 2008), a sizable
portion of F;, so an observed water availability-induced variation
of fine root production at PP (Pritchard et al., 2008) could cause
large variation of F;. Indeed, differences in the drought-related
reductions in F,;; were driven by the frequency of low soil mois-
ture days (inset in Fig. 2d), and resulted in that the inter-annual
variation of Fy,; roughly corresponded to the inter-annual variation
in annual f{REW) (Fig. 3c). Thus, greater drought-induced reduc-
tions of Fy; at PP are not due to greater sensitivity to soil moisture
than other stands, but rather, lower REW at PP due to an earlier
start to the growing season than the deciduous HW stand (evi-
dent from the initiation of the decline in REW in Fig. 1b and the
increase in evapotranspiration; see Stoy et al., 2006, Fig. 4c) and
a shallower rooting zone than OP. For these reasons, in addition
to greater canopy and litter interception of precipitation, annual
fIREW) was lower at a given growing season WAI at PP than in
the other stands (Fig. 4b). All stands, however, subscribed to a sin-
gle relationship when growing season REW was used (Fig. 4a) thus
providing a common soil moisture-based function to account for
the inter-annual variation of Fg;. As result, the inter-annual varia-
tion of F;, expressed as a difference from the inter-annual mean of
each stand, was largely explained by the corresponding variation of
WAI (Fig. 5b). We attribute the lower intercept of annual {REW) at
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PP to higher rainfall interception loses at PP (compare Schéfer et al.,
2002 with Oishi et al., 2010) and higher overall evapotranspiration
(Stoy et al., 2006).

Inter-annual mean F,g; varied spatially among plots and stands
and these differences were of similar magnitude to the inter-annual
temporal variations at each plot and stand (Fig. 3a and b). We
showed that temporal variation in Fs,; at an annual scale was
largely explained by REW, and now focus on an explanation for
the spatial variation. Among stands, the inter-annual mean F{;
increased with leaf litterfall (Fig. 5a), as has been reported in ear-
lier studies (Chen et al., 2010; Davidson et al., 2002; Palmroth et al.,
2006). A rough estimate of TBCF (assuming steady-state litter and
soil C pools) across our three stands shows that even after sub-
tracting the effect of leaf litterfall, which accounts for ~20% of
Fsoi1, the flux still increases with leaf litterfall (Fig. 5a). Further-
more, the relationship tended to reverse among plots of PP, showing
decreasing F,; (as well as TBCF) with increasing litterfall. These
results demonstrate that litterfall is not a unique indicator of stand
and site factors controlling TBCF and Fj,;. Among the reasons, for
example, leaf litterfall was well correlated with LAl among PP plots
(Fig. 7a) but not among stands. Furthermore, annual litterfall is not
sensitive to leaf phenology, yet earlier budbreak of deciduous trees
can reduce springtime T,; and REW, meaning it is the inter-annual
dynamics of LAl rather than a representative value of LAI that affect
annual Fy; (Phillips etal., 2010). Indeed, HW, the site with the high-
est peak growing season LAI and lowest winter LAI, had the highest
growing season Ty (Fig. 1 and Table 3), which was likely influenced
by a more heterogeneous stand structure and thinner growing sea-
son litter layer at HW than PP. This highlights the importance of
accounting for LAI dynamics, horizontal heterogeneity in canopy
cover, litter quality, and probably soil thermal properties when
attempting to explain the variation of F,,;; among stands of different
structural attributes.

Summarizing results relevant to the hypothesized patterns
across stands, the increased T, -sensitivity of Fgy; with litterfall
(Fig. 6) suggest that differences in productivity and TBCF among
forests, rather than the relatively small differences in climatic forc-
ing (e.g. higher T;o in HW and lower REW in PP), determined
among-stand variation of Fg;, thus supporting H2.

Within PP, LAI varied among plots, reflecting nitrogen avail-
ability (McCarthy et al., 2006). Higher LAI reduced T;¢ (Fig. 7b) by
increasing radiation attenuation and, given the similar tempera-
ture response (Fig. 1a and Table 4), reduced F; , (Fig. 7c). However,
because LAI integrates spatial variation of radiation reaching the
forest floor, soil nutrient status, primary productivity, and carbon
allocation among stands of similar attributes, LAI explains the spa-
tial variation of F,,; better than leaf litterfall alone (Fig. 7d). The
analyses presented here show LAI and T;g to explain the varia-
tion of F} , equally well (Fig. 7c and d), leaving unanswered the
question, does lower F; . with higher LAI reflect a reduction of
TBCF with increased plot fertility, or simply reflect lower respira-
tion due to lower soil temperature? The minor range of LAl among
the four PP plots used in this study makes it difficult to answer the
question. However, Palmroth et al. (2006) observed among sev-
eral temperate forests an inverse relationship between F,; and
LAI (normalized by proportion of year in growing season) ranging
from approximately 1-5 m? m~2. Furthermore, a focused analysis
of the four CO, x N treatments at Duke FACE, in which treatments
induced a wider range of LAI had a similar outcome (Oishi et al.,
in preparation); neither of the studies show a clear positive rela-
tionships between F; ; and soil temperature. Finally, elevated CO,
induced 14% higher LAI (McCarthy et al., 2007). Thus, had lower
T1o due to higher LAI reduced autotrophic and heterotrophic res-
piration rates, soil C would have increased in plots under elevated
CO, relative to ambient plots—yet no such increase was detected
(Lichter et al., 2008). Thus we suggest that the relationships of F*
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with Ty are corollary to changes in LA, reflecting decreased TBCF
with increasing LAl in support of H3.a (Palmroth et al., 2006) rather
than decreasing respiration with soil temperature in contrast to
H3.b.

An inverse relationship between LAI and F;,; has been observed
within other forest stands. In a European beech forest, plots with
higher LAI had lower Ry;¢ and thus, lower growing season Fsgj
(Ngao et al., 2012). The authors attributed this trend to greater
soil water limitations in plots with higher LAI, caused by greater
transpiration and precipitation interception. We found that mean
growing season REW was lowest in PP where mean annual LAI
was greatest relative to the other stands (Tables 1 and 3); how-
ever, among PP plots, REW was similar and among stands, no trend
with LAI was observed. Thus, while differences in the soil mois-
ture reduction functions (fREW)) among PP plots contributed to
interannual variability in F,;, we demonstrate that spatial vari-
ability in F;; resulted from a combination of differences in T1g and
Q10, both of which may reflect decreasing TBCF with increasing LAI
(Fig. 7).

In a recent global synthesis, Bahn et al. (2010) combined site-
specific estimates of base respiration and Q¢ with mean annual
Tsoi to calculate Fyo; at mean annual Ty (Fig. 8a). As expected,
annual F,,; was related to the rate of Fy; at mean annual T, but
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neither Q¢ nor annual Fy;; were related to soil temperature. Using
this approach, which explicitly considers T, the rank of annual
Fsoi1 among our stands was preserved, and our estimates were close
to those expected based on the global relationship, averaging 8%
higher (+4% at PP and +10% at HW and OP, Fig. 8a).

We also compared our results to a global dataset presented by
Bond-Lamberty and Thomson (2010). Our reanalysis shows that
the relationship between Fy; and litterfall does not hold for stands
within any subcategory of forests (e.g. young or mature, evergreen
or deciduous), or among categories, with the exception of boreal
forests (Fig. 8b). The overall relationship emerges mostly at the
scale of biomes. Interestingly, our forests experienced near the
upper range of the flux data, reflecting the relatively warm nature of
the US southeast (~15°C versus ~10°C for many of the other tem-
perate forests) or the inclusion of fine woody material as litterfall,
which was excluded by some of these studies (Bond-Lamberty and
Thomson, 2010). The relationship clearly does not imply that litter-
fall controls F;;;, because on average litterfall accounts for roughly
a third of the flux; litterfall is but an indicator of stand and site fac-
tors controlling TBCF. Another such factor that covaries with overall
productivity across biomes is Tsy;. It decreases poleward with radi-
ation, and among stands with similar characteristics, it decreases
with increasing LAL

Thus, among stands, increased photosynthesis associated with
higher LAI or more supportive climate (i.e. higher temperatures
and lower water stress), along with increased decomposable litter
appears to lead to increases in Fgy;. However, within a stand, higher
LAI can be correlated to two potential mechanisms for reductions
in Fyg: lower radiative load heating of the soil and reduced allo-
cation of carbon to belowground uses. These results suggest that
including some simple forest characteristics, such as stand com-
position and LAI, with regional measurements of temperature and
water stress, will help to explain the variability in F,;; among plots
within biomes.
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Appendix A. Soil moisture measurements

Cross-correlation of cleaned data from the two different sen-
sors types installed concurrently at PP8 showed significant linear
relationships (P<0.001) in all pairings, and CS-615s were not con-
sistently higher or lower than ML2x probes at shallow or deep
depths or averaged across depths. Mean r2 among different sensors
was 0.68 (SD=0.11), slightly lower than correlation among ML2x
probes (r2=0.77, SD=0.08, t-test P=0.001) and not significantly
lower than correlation among CS-615 probes (r?=0.75, SD=0.12,
t-test P=0.20). Periods where 0 reached field capacity or the hygro-
scopic minimum were identified and the recorded values for each
sensor were rescaled to match these values. Missing data, due to
power outages in one of the plots or sensor failure, were gap-filled
using the best linear regressions with other working sensors. The
regressions were comprised of data on both sides of the gap, equal
to the length of the gap in each direction.

Appendix B. Leaf litter replenishment under soil chambers

Although chambers do temporarily exclude leaf litter, we
replenished litter with all biomass components in one of two ways.
In PP8 up to 2005, HW, and OP, litter was collected in baskets, har-
vested weekly during peak litterfall and monthly to bi-monthly the
rest of the year, weighed and redistributed at the chamber location
to maintain a similar input per unit ground area. After the deploy-
ment of ACES in all FACE plots in 2005, the protocol was changed
to redistribute litter that accumulated on the chamber top each
time location was switched (twice weekly). The revised approach
was designed to solve two issues, (1) it immediately replaced lit-
ter that had been excluded, preventing a lag in measurements
and drying while the litter remained in the basket, and (2) it pro-
vided a more similar quantity and quality of litter that reflected
the within-plot species distribution. We assessed the likely effect
of the changed approach setting up a study in a 5 x 5 m plot adja-
cent to PP6 and compared litter collected in two baskets (0.5 m?
each) with 8 “dummy” chambers during the peak of leaf fall, from
mid-September through early December. The chamber-top litter
approach collected approximately 15% more (SD =12%) litter than
the basket method, but the amount was not significantly differ-
ent (P>0.05) during 13 out of 17 collection periods. The revised
approach has likely resulted in an addition of 50gCm~2y~! in
litter added to the chamber footprint, or less than 5% of previ-
ously reported annual F; from this site (1231-1330gCm—2y~;
Palmroth et al., 2005).

Appendix C. Temperature response model performance

Data from profile measurements (Daly et al., 2009) revealed that
the time of day T;,; reached its peak was similar at all depths and for
all months (P> 0.06), and that using daily mean T, from either 5 or
10 cm depth produced similar estimates of annual Fs,; (P=0.32),
justifying gap-filling daily F,; using more consistently available
T10.

In order to compare the exponential model with other com-
monly used function, we fit location data for PP8 under non-limiting
soil moisture conditions (REW >0.33). A modified Arrhenius equa-
tion (Lloyd and Taylor, 1994) explained only ~1% more of the
variation and did not lead to a significant difference in annual num-
bers (<1%; t-test P=0.87). We also attempted to test for different
temperature sensitivities between winter (where contribution of
recently assimilated carbon is nearly or entirely eliminated) and
summer. This approach did not yield useful results because extrap-
olating exponential function derived based on highly scattered data
outside of the data range led to many unreasonable predictions at
higher temperatures. Furthermore, large variability of F,,; during
the growing season (even after filtering out low REW conditions)
often did not produce significant fits (P> 0.05, 32% of growing sea-
son fits).

Appendix D. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.agrformet.
2012.12.007.
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