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Standing litter as a driver of interannual CO2 exchange variability in

a freshwater marsh

A. V. Rocha,1,2 D. L. Potts,1,3 and M. L. Goulden1
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[1] The San Joaquin Freshwater Marsh (SJFM) is a seasonally flooded Typha wetland in
Southern California that is characterized by high rates of Aboveground Net Primary
Production (ANPP) and a large accumulation of standing leaf litter. The ANPP, Gross and
Net Ecosystem CO2 Exchange (GEE and NEE), and Enhanced Vegetation Index (EVI) at
the SJFM fluctuate by �40% from year to year, in ways that are not directly attributable to
variation in weather or the maximum green Leaf Area Index (LAImax). We tested the
hypothesis that this variation is caused by a negative feedback between ANPP, the buildup
of leaf litter, shading of green leaves by litter, a reduction in GEE and NEE, and a
subsequent reduction in ANPP. Litter manipulations on replicated plots demonstrated that
the presence of standing litter decreased plot-level NEE by 17 to 47% and surface EVI by
25 to 48%, even as green Leaf Area Index (LAIgreen) was held constant. Plot level NEE
and surface EVI remained tightly correlated, and largely decoupled from LAIgreen, as
standing litter was varied. This pattern paralleled that observed for the entire marsh, where
NEE and EVI remained tightly correlated, and largely decoupled from LAImax, from year
to year. Correcting LAIgreen and LAImax for the amount of shading caused by standing
litter improved the correlations between LAI and EVI and NEE, indicating that EVI and
NEE are most sensitive to the amount of unshaded LAI. The accumulation of standing
litter at the SJFM decouples the relationships between LAI and EVI and NEE, and appears
to be important for controlling the interannual variability observed at the site.

Citation: Rocha, A.V., D. L. Potts, and M. L. Goulden (2008), Standing litter as a driver of interannual CO2 exchange variability in a

freshwater marsh, J. Geophys. Res., 113, G04020, doi:10.1029/2008JG000713.

1. Introduction

[2] Rocha and Goulden [2008a] demonstrated large in-
terannual carbon uptake variability under consistent envi-
ronmental conditions at the San Joaquin Freshwater Marsh
(SJFM) in Southern California. This variability resulted
from changes in photosynthesis, and was difficult to attri-
bute to interannual weather differences. Interannual photo-
synthetic variability was correlated with changes in surface
greenness as measured by the Enhanced Vegetation Index
(EVI), which were unrelated to differences in canopy green
Leaf Area Index (LAIgreen). These observations point to an
unknown factor that changed the photosynthetic efficiency
of the canopy (the rates of gross or net CO2 exchange per
LAI) and decoupled the expected relationships between LAI
and EVI and carbon uptake.
[3] The SJFM is a highly productive freshwater marsh

that is characterized by a large accumulation of standing

litter (Figure 1). The ability of litter accumulation to drive
interannual carbon uptake variability at the SJFM is un-
known, though previous studies have shown that litter can
alter ecosystem function, and confound the relationship
between green leaf area and remotely sensed vegetation
indices. Litter accumulation can decrease productivity and
limit the ability of an ecosystem to respond to environmen-
tal factors [Knapp and Seastedt, 1986; LeCain et al., 2000;
Wilsey et al., 2002]. Differential responses of Aboveground
Net Primary Production (ANPP) to weather in burned and
unburned tallgrass prairie were attributed to the accumula-
tion of litter and the resulting decrease in NPP in unburned
stands [Knapp and Seastedt, 1986; Briggs and Knapp,
1995]. Litter addition suppressed cattail growth in a Ches-
apeake Bay freshwater marsh by changing the physical
structure of the plant canopy [Jordan et al., 1990]. Shading
by standing litter caused oscillations and chaotic dynamics
in perennial grass ANPP through a time delayed inhibitory
effect on plant growth [Tilman and Wedin, 1991].
[4] Cattail marshes have high rates of ANPP and produce

copious amounts of litter [Findlay et al., 1990; Asaeda et
al., 2002]. The amount of litter at the SJFM is approxi-
mately double the average ANPP at the site [Rocha, 2008]
(2200 gC m�2 in 2004), and much higher than that observed
for tallgrass prairie. Much of the litter at the SJFM remains
upright [cf. Davis and van der Valk, 1977], and has the
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potential to shade subsequent year’s leaves and reduce
photosynthesis. Previous studies have suggested that stand-
ing litter affects photosynthesis in freshwater ecosystems.
Bonneville et al. [2008] found that the correlation between
canopy photosynthesis and aboveground green biomass in a
freshwater marsh was improved by accounting for the
amount of dead vegetation.
[5] The presence of standing litter also confounds the

interpretation of remotely sensed vegetation indices. The
Normalized Difference Vegetation Index (NDVI), a com-
mon predictor of green leaf area, poorly correlates with
green leaf area in mixtures of litter and green vegetation
[Huete and Jackson, 1987; van Leeuwen and Huete, 1996;
Wessman et al., 1997]. The effect of litter on NDVI depends
on its abundance, brightness, and orientation. Large
amounts of litter on top of green leaf area markedly
decreased NDVI, whereas small amounts of litter on top
of low green leaf area had little to no affect on NDVI [van
Leeuwen and Huete, 1996]. It is clear that litter affects both
the intercanopy light environment and canopy reflectance,
which are both important factors related to canopy carbon
fluxes [Asner et al., 1998].
[6] We hypothesized that a negative feedback between

ANPP, the buildup of leaf litter, shading of green leaves by
litter, a reduction in Gross and Net Ecosystem CO2 Ex-
change (GEE and NEE), and a subsequent reduction in
ANPP influences the interannual Net Ecosystem Production
(NEP) variability at the SJFM. We approached this issue by
sequentially manipulating standing litter in replicated
2.25 m2 plots, and measuring the effects on the intercanopy
light environment, canopy reflectance, and NEE. We fo-
cused on three questions: (1) How does NEE and EVI
change under constant LAIgreen and increased standing
litter? (2) Are changes in NEE and EVI under constant
LAIgreen and increased standing litter sufficient to account
for the interannual GEE and NEE variation observed for the
entire marsh? (3) Can changes in the amount of standing
litter under constant LAIgreen reproduce the observed corre-
lations between EVI, LAI and NEE observed in the long-
term eddy covariance record (i.e., the tight correlation

between NEE and EVI that was largely decoupled from
LAIgreen)?

2. Methods

2.1. Field Site

[7] Detailed descriptions of the San Joaquin Freshwater
Marsh and long-term interannual measurements of NEE,
LAI, and EVI are presented by Rocha and Goulden [2008a].
The SJFM is dominated by cattail (Typha spp.), and water
levels in the SJFM are managed for research and wildlife
habitat. The marsh is typically flooded to a depth of �1 m
above the mineral soil in winter, after which water levels
gradually decline through evapotranspiration and subsurf-
ical drainage. The lone exception to this pattern in the last
10 years occurred in 2004, when the marsh remained dry
year-round because of concern about the West-Nile virus
and a management decision to reduce mosquito habitat.
Plant growth and photosynthesis were negligible in 2004
because the initiation of plant growth requires the presence
of standing water [Rocha, 2008]. We therefore excluded
2004 from subsequent analyses because the goal of this
study was to determine the affect of standing litter on
carbon uptake.

2.2. Litter Manipulations

[8] The litter manipulation experiment was conducted
during the month of peak NEE (July) in 2007. The marsh
was flooded to a depth of 1 m in February 2007, and
standing water disappeared by June. Cattail canopy devel-
opment began in late February 2007 and had reached
maturity by late June.
[9] We sequentially manipulated the amounts of standing

litter (LAIlitter) and green leaf area (LAIgreen) in four 2.25 m
2

experimental plots to determine the effects of standing litter
on intercanopy Photosynthetic Active Radiation (PAR),
NEE, and EVI. We conducted the manipulations �50 m
southeast of the eddy covariance tower, in an area that was
out of the tower fetch so as not to interfere with the
micrometeorological measurements. The manipulation plots
were within �15 m of each other, in an area that appeared
homogenous and typical of the larger marsh. The manipu-
lations and associated measurements were made between
11 A.M. and 2 P.M. local time on four clear days over a week.
Scaffold was constructed adjacent to each plot, and rectan-
gular PVC chamber frames within each plot, before begin-
ning, to allow easy access while minimizing disturbance.
[10] Each plot was sequentially manipulated to four

treatment levels. The first treatment level (Added Litter)
involved adding Cattail litter from a nearby 1-m2 plot. The
second treatment level (Original Litter) involved removing
this supplemental litter. The third treatment level (No Litter)
involved removing all remaining litter. The fourth treatment
level (No Litter & Reduced LAIgreen) involved removing
�35% of the green leaf area. All material was removed
from the plots by clipping litter or living plants at the soil
surface.
[11] We used repeated measures ANOVAwith a post hoc

paired t-test to determine the statistical significance of our
treatment effects at the 90% confidence level. Statistical
analysis was done in Minitab (Minitab Inc., State College,
PA, USA).

Figure 1. Photograph showing the accumulation of
standing litter at the SJFM.
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2.3. Biomass Harvests and Calculation of LAI

[12] We recorded green and standing litter leaf biomass
for each plot treatment. Collected green and standing litter
leaves were dried in an oven at 65�C for 1–2 days before
recording the dry weight. Dry weights were used to calcu-
late LAIlitter and LAIgreen based on the observed specific leaf
areas [Rocha and Goulden, 2008a].

2.4. Canopy Reflectance and Light Profiles

[13] Surface reflectance was measured at a spectral reso-
lution of 1 nm from 325 to 1075 nm using a FieldSpec1

Handheld UV/VNIR Spectroradiometer (Analytical Spec-
tral Devices (ASD), Boulder, CO). Fifteen to twenty unob-
structed (i.e., free from artificial shadows) spectral
measurements were obtained for each treatment from a
height of 1.5 m above the canopy using the 10� field of
view optic. Reflectances were calibrated using a white
reference panel (99% Spectralon1, Labsphere Inc., North
Sutton, NH) prior to the start of each set of spectral
measurements. We also measured the spectra of green cattail
leaves and standing litter to determine the influence of each
member on canopy reflectance. Green cattail vegetation and
litter was harvested from the marsh and immediately placed
in front of a dark background for spectral reflectance
measurements.
[14] Each spectral plot was visually inspected, and only

high quality data were used in subsequent analyses. We
emphasized EVI instead of the more commonly used
Normalized Difference Vegetation Index (NDVI) because
EVI is less sensitive to background reflectance than NDVI
[Huete et al., 2002] and because past work has shown that
EVI is often tightly correlated with whole canopy CO2

uptake. EVI was calculated from reflectance at 680 nm
(r680), 800 nm (r800), and 510 nm (r510):

EVI ¼ 2*ðr800 � r680Þ
r800 þ 6*r680 � 7:5*r510 þ 1

ð1Þ

Canopy PAR profiles were measured in each treatment at
0.5 m height intervals starting at the soil surface. Ten
measurements were taken at each height with a 1-m
integrating light bar (Sunscan probe type SS1, Delta-T
Devices, Cambridge, UK). PAR at each height (PARintercanopy)
was averaged and converted to fraction of above canopy PAR
(PARintercanopy/PARabove canopy). Constrained linear regres-
sions (y-intercept set to zero) between log transformed
PARintercanopy/PARabove canopy and height were used to
quantify canopy light attenuation for each treatment [Pierce
and Running, 1988].

2.5. Tent Gas Exchange

[15] Net Ecosystem CO2 Exchange was measured using
large clear rectangular chambers following Arnone and
Obrist [2003]. Rectangular PVC chamber frames were
constructed around each plot and left in place for the
duration of the experiment. The chamber enclosed a rect-
angular volume of 5.63 m3 and was slightly taller than the
canopy. We used a close-fitting removable cover con-
structed from translucent plastic sheeting (Tufflite material,
Covalence Plastics, Minneapolis, MN) to enclose the cham-
ber during measurements. The plastic sheet attenuated 17%
of total light and enhanced the diffuse fraction by 25%.

Temperature increased 1-to-2�C min�1 during the gas
exchange measurements. The chamber enclosed three fans
along with an open path Infrared Gas Analyzer (IRGA)
(LI-7500) and a LI-6400 cuvette (both from LiCor, Lin-
coln, NE). The LI-7500, LI-6400 cuvette, and two table
fans were mounted on a tripod and placed within the
vegetation. The third fan was a low-pressure blower (static
pressure: 152 ft�3 min�1) attached to a duct that facilitated
mixing from the top of the chamber to the bottom.
[16] The LI-7500 and LI-6400 autologged CO2 concen-

tration and air temperature at 1 Hz after the plastic covering
was placed over the frame. A laptop computer connected to
the LI-7500monitored the CO2 and H2O trace in the chamber
for 1.5 to 3 min. Air temperature from the LI-6400 thermo-
couple was used to correct the LI-7500 CO2 and water
observations to mixing ratio using the ideal gas law. The
water- and temperature-corrected CO2 trace over time was
then used to determine the NEE following Jasoni et al.
[2005]. We made sure that initial CO2 concentrations for
each trace were within 10 ppm of each other (�380 ppm) and
used the first 100 s of data to calculate NEE. We report NEE
according to the meteorological sign convention, where
negative NEE indicates carbon uptake and positive NEE
indicates carbon loss. Differences in NEE between treatments
reflect changes in net photosynthesis, and not respiration,
because litter respiration rates are low when litter is dry
[Kuehn et al., 2004].

2.6. Landsat Data

[17] We obtained midsummer (end of June–mid-August)
Landsat images (Landsat 5 or 7) that included the SJFM
(Path: 40 or 41, Row: 37) for each year from 1999 to 2007
[see also Rocha and Goulden, 2008a]. Landsat images
were cross-calibrated against a LEDAPS surface reflec-
tance image (http://ledaps.nascom.nasa.gov/ledaps/ledaps_
NorthAmerica.html) and surface reflectance was used to
calculate the midsummer Enhanced Vegetation Index
(EVI). The Landsat record was used to determine differ-
ences in midsummer surface reflectance between years, as
well as the spectral properties of green cattail vegetation
and standing dead litter. Surface reflectance for the SJFM
was taken from a 90 by 90 m area immediately upwind of
the eddy covariance tower. The spectrum for green vege-
tation was acquired from pixels containing the largest EVI
values for the entire period. The spectrum for standing
dead litter was acquired from a year when the marsh was
not flooded (2004) and the growth of green vegetation was
negligible [Rocha, 2008]. Landsat data were taken after
the hydroperiod, and surface water did not affect the
vegetation indices.

3. Results

3.1. Effect of Litter Manipulations on LAI
and Canopy Properties

[18] Average LAIgreen in the Original Litter treatment was
2.3 m2 m�2, and LAIlitter was 3.0 m2 m�2. The LAIgreen in
the experimental plots in July 2007 was comparable to, or
slightly less than, that observed in the larger long-term
interannual survey in September 2007 (2.6 m2 m�2), con-
firming that the manipulation plots were typical of the larger
marsh. The LAIlitter in the experimental plots was similar to,
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or slightly less, than the LAIgreen observed in the long term
survey during the previous year (4.4 m2 m�2), implying that
the litter remains standing for roughly one year after leaf
senescence.
[19] We added on average 47% more standing litter in the

Added Litter treatments and reduced green leaf area by 35%
in the No Litter & Reduced LAIgreen treatments (Figure 2).
LAIgreen remained constant in the Added, Original, and No
Litter treatments, while LAIlitter ranged from 3.0 m2 m�2 to
zero (ANOVA p < 0.01). LAIgreen was reduced from 2.3 to
1.5 m2 m�2 in the No Litter & Reduced LAIgreen treatment
(p < 0.01).
[20] The removal of green leaf area and litter increased

the amount of light reaching the soil surface (Figure 3). PAR
decreased exponentially from the top to the bottom of the
canopy following Beer’s law [Jones, 1992]. Soil surface
PAR was lowest in the Added Litter treatment and highest
in the No Litter & Reduced LAIgreen treatment. The atten-
uation of PAR, as measured by the slope of log transformed
PARintercanopy/PARabove canopy and height, was 62% larger in
the Added Litter treatment than in the No Litter & Reduced

LAIgreen treatment. Removal of all standing litter decreased
the attenuation of PAR by 45%.
[21] The addition of litter and reduction of leaf area

markedly changed the spectral reflectance of the canopy
(Figure 4). The surface spectral reflectance of each treat-
ment resulted from the mixture of living green vegetation
and standing litter (Figure 4, inset plot). Green vegetation
exhibited absorption in the visible and strong reflectance in
the NIR. This increase in reflectance in the NIR for green
vegetation is known as the ‘‘red edge’’ [Horler et al., 1983].
Litter reflectance lacked a red edge, and was brighter in the
visible and darker in the NIR than green vegetation. The red
edge was most pronounced in the No Litter treatment. The
red edge also responded to changes in green leaf area and
was 11% reduced in the No Litter & Reduced LAIgreen
compared to the No Litter treatment.

3.2. Effect of Litter on EVI and NEE

[22] The EVI and -NEE measured in the Original Litter
experimental plots was comparable to, or slightly greater
than that observed in the long term survey during 2007. EVI
was 0.28 in the experimental plots and 0.23 in the long term
survey; -NEE was 11 mmol m�2 s�1 in the experimental

Figure 2. Average green (gray bars; LAIgreen) and standing litter (dark bars: LAIlitter) leaf area index for
each treatment. Error bars represent standard errors. Different letters indicate significant differences at the
90% confidence level, while superscript numbers indicate comparisons of (1) LAIlitter and (2) LAIgreen
among treatments.
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plots and 8.3 mmol m�2 s�1 in the long term survey. EVI
differed significantly between experimental treatments
(ANOVA p < 0.001) (Figure 5a). EVI was largest in the
No Litter treatment and lowest in the Added Litter treat-
ment. EVI differences between the No Litter and No Litter
& Reduced LAIgreen treatments indicated that EVI was
sensitive to changes in green leaf area. However, EVI also
differed between treatments with the same LAIgreen (i.e.,

Added, Original, & No Litter treatments) (Figure 2), estab-
lishing that the presence of standing litter decouples the
relationship between EVI and LAIgreen.
[23] -NEE differed significantly between experimental

treatments (ANOVA p = 0.005) (Figure 5b). -NEE was
largest in the No Litter treatment and lowest in the Added
Litter treatment. The Original Litter treatment had the
second highest rates of -NEE. -NEE in the No Litter &

Figure 4. Average spectra obtained from the different litter manipulation treatments and spectral
reflectance for green Cattail vegetation and Cattail litter (inset plot).

Figure 3. Average light profiles for the different treatments. Added Litter plots are represented by solid
circles, Original Litter plots are represented by open circles, No Litter plots are represented by closed
triangles, and No Litter & Reduced LAIgreen plots are represented by open triangles.
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Reduced LAIgreen treatment fell between the Original and
Added Litter treatments. Differences in -NEE between the
No Litter and Original Litter treatment were statistically
significant (p = 0.02), whereas differences in -NEE between
the Added and No Litter & Reduced LAIgreen treatment
were not (p = 0.20). -NEE in the Original Litter treatment
was higher than -NEE in the Added Litter (p = 0.08) and the
No Litter & Reduced LAIgreen treatment (p = 0.07). The
response of -NEE to each treatment was consistent across-
plots and establishes that the presence and the amount of
standing litter affects carbon uptake.

3.3. Reconciling the Relationships Between LAIgreen,
EVI, and NEE

[24] We observed poor correlations between LAIgreen and
-NEE (Figure 6a, inset plot; p = 0.60) and LAIgreen and EVI
(Figure 6b, inset plot; p = 0.72) for our experimental
manipulations and hypothesized that shading by standing
litter was confounding these relationships. We tested this
hypothesis by estimating the amounts of unshaded LAIgreen,
which we calculated by multiplying LAIgreen by the fraction
of green to total leaf area (fG = LAIgreen/(LAIgreen +
LAIlitter)) for each treatment and plot. Correcting green leaf
area for the amount of standing litter markedly improved the

correlations between leaf area and EVI and -NEE. Unshaded
green leaf area (fG*LAIgreen) was positively related to -
NEE (Figure 6a; r: 0.57; p = 0.02) and EVI (Figure 6b,
r: 0.60; p = 0.01).

3.4. Comparing Tower and Litter-Experiment
Observations

[25] Observations from the litter experiment matched the
long-term patterns observed for the marsh as a whole
(Figure 7 [Rocha and Goulden, 2008a]). Interannual vari-
ability in green leaf area (i.e., LAImax) was not significantly
correlated with either carbon uptake (Figure 7a; p = 0.15) or
midsummer EVI (Figure 7c; p = 0.22), while carbon uptake
and midsummer EVI were tightly correlated (Figure 7e; r:
0.78; p = 0.02). The litter manipulations showed that the
presence or absence of standing litter can decouple the
relationship between green leaf area (LAIgreen) and both
carbon uptake (Figure 7b; p = 0.60) and EVI (Figure 7d; p =
0.73), while maintaining a tight correlation between carbon
uptake and EVI (Figure 7f; r: 0.84; p < 0.001).
[26] Differences in midsummer Landsat surface reflec-

tance spectra in each year resulted from the mixture of
living green vegetation and standing litter (Figure 8) as
observed in the reflectance spectra of the litter experimental
treatments (Figure 4). Landsat spectra for green vegetation
and litter in the visible and NIR display the characteristic
features observed in Figure 4 (inset plot), with strong

Figure 5. Average (a) enhanced vegetation index (EVI)
and (b) Net Ecosystem Exchange of CO2 (-NEE) for each
treatment. Error bars represent standard errors, and different
letters indicate significant differences at the 90% confidence
level.

Figure 6. Relationships between measured (a) NEE and
unshaded green leaf area (LAIgreen) and (b) EVI and
unshaded green leaf area; measured LAIgreen and NEE
(Figure 6a, inset plot) and measured LAIgreen and EVI
(Figure 6b, inset plot). Lines indicate regressions that are
significant at the 95% confidence level.
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absorption in the visible and increased reflectance in the
NIR for green vegetation (Figure 8a). Standing litter was
more reflective in the ShortWave InfraRed (SWIR) (1200–
2500 nm) than green vegetation. Higher reflectance in the
SWIR and visible (i.e., 2001 and 2002) was observed
following years with high LAImax (i.e., 2000 and 2001),
suggesting the presence of a large amount of litter near the
top of the canopy (Figure 8b and Figure 8b inset plot).
[27] Relationships between leaf area, EVI and carbon

uptake for the long-term observations improved once the

amount of shaded LAImax was estimated (Figure 9). The
amount of standing litter for a given year was estimated as
the previous year’s LAImax and unshaded LAImax was
calculated following the approach used for the experimental
plots (e.g., Figure 6). Unshaded LAImax was unrelated to -
NEEmax (p = 0.13; r: 0.63), but the relationship between
unshaded LAImax and NEEmax explained more of the
interannual variability in NEEmax than LAImax alone
(Figure 7a). Unshaded LAImax was positively related to
EVI (p = 0.03; r: 0.79) and unshaded LAImax explained

Figure 7. Comparisons between correlations of (a and b) green leaf area index and carbon uptake,
(c and d) EVI and green leaf area index, and (e and f) EVI and carbon uptake for the (right) standing
litter experimental manipulations and (left) tower-based observations from 1999 to 2007. Lines
represent correlations that are significant at the 95% confidence level.
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more of the interannual EVI variability than LAImax alone
(Figure 7c).

4. Discussion

4.1. Could Variation in Standing Litter Explain
the Interannual Variability at the SJFM?

[28] The removal of litter from the manipulation plots
increased light levels in the lower meter of the canopy by
70% (Figure 3) and rates of -NEE by 48% (Figure 5). The
presence of litter unquestionably influenced NEE, though it
remains uncertain whether this impact was quantitatively
sufficient to account for the SJFM’s interannual variability.
The interannual relationship between LAImax and tower-
based NEE for the entire marsh showed a positive relation-

ship; years with increased CO2 uptake coincided with years
with higher LAIs (Figure 7a; 2000 and 2003). But there was
also considerable scatter; years with similar maximum green
leaf LAIs had NEEs that differed by as much as 38%
(Figure 7a; 2000 and 2003 versus 2001). This scatter may
be due, at least in part, to changes in the amount of standing
litter, with the upper envelope of years (1999, 2000, 2003,
2005) reflecting periods when litter had a minor effect on -
NEE and the lower envelope (2001, 2007) indicating
periods when litter reduced -NEE considerably (see also
Figure 7b).
[29] The plot experiments were conducted in 2007, dur-

ing a period when both LAI and -NEE were lower than in
most previous years. 2007 falls near the lower envelope of
years, with an -NEE that was �30% below that observed in

Figure 8. Surface reflectance spectra at the SJFM obtained from Landsat. (a) Landsat surface
reflectance of green vegetation (closed circle) and standing litter (open circle) at the SJFM. (b) Interannual
Landsat surface reflectance differences in the fetch of the eddy covariance tower, and differences in
LAImax at the SJFM from 1999 to 2003 (Figure 8b, inset plot). Error bars represent standard errors.
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2005 (Figure 7a). The observations in 2005 were made
during a period when the marsh had very little standing
dead litter. The marsh remained completely dry in 2004, as a
result of a management decision, and ANPP during that
year was negligible, resulting in a nearly complete depletion
of standing litter for 2005 (personal observation). The
LAImax was similar between 2005 and 2007, implying that
the accumulation of standing litter by 2007 was sufficient to
reduce -NEE by �30%. The removal of litter from the 2007
canopy increased NEE by 17% (Figure 5), which corre-
sponds to a rate comparable to that observed for the whole
marsh in 2005 (Figure 7). Additions of supplemental litter
in the experimental manipulations further decreased -NEE
(Figure 5), indicating that the impact of litter does not
saturate, and that reductions of �50% during years with
large amounts of litter are possible. We conclude that
standing litter can have a sufficiently large effect on NEE
to account for the observed interannual variability.

4.2. Does the Evidence Point to Standing Litter
as a Main Driver of Interannual Variability
at the SJFM?

[30] We have shown that the interannual NEP variability
at the SJFM is the largest reported for any terrestrial
ecosystem [Rocha and Goulden, 2008a], and have hypoth-

esized that these fluctuations are caused by a negative
feedback between ANPP, the buildup of leaf litter, shading
of green leaves by litter, a reduction in -GEE and -NEE, and
a subsequent reduction in ANPP. The critical remaining
issue is whether variation in standing litter is, in fact, a main
driver of interannual variability at the SJFM. Unfortunately,
we lack the ideal data set to address this question (direct
measurements of the interannual variability of standing
litter), and the evidence at this point becomes circumstan-
tial. However, four lines of evidence point to standing litter
as a strong driver of interannual variability.
[31] First, Rocha and Goulden [2008a] were unable to

relate the marsh’s variability changes in the physical envi-
ronment or LAIgreen.
[32] Second, the experimental litter manipulations estab-

lished that the middle steps of our hypothesized causal chain
(i.e., a large accumulation of litter shades green leaves and
reduces GEE and NEE) are physically plausible. Moreover,
the remaining steps in the chain (i.e., high ANPP leads to
the accumulation of litter, which influences subsequent
GEE and ANPP) are widely accepted [Tilman and Wedin,
1991; Knapp and Seastedt, 1986; LeCain et al., 2000;
Wilsey et al., 2002], leading to the conclusion that the
overall mechanism is possible.
[33] Third, midsummer Landsat surface reflectances show

a large increase in SWIR reflectance in 2001 and 2002
(Figure 8b). The observation during 2001 is especially
noteworthy because it occurred during a year with a high
LAImax (Figure 8b, inset). Standing litter is more reflective
in the SWIR than green vegetation because of the absence
of leaf water in plant litter [Woolley, 1971]. The high SWIR
reflectance in 2001 despite a high LAImax can be best
explained by the presence of a large amount of standing
litter that increased the overall reflectance in the SWIR and
red, and decreased the reflectance in the NIR (Figure 8) and
the EVI (Figure 7). These observations also exclude the
possibility of nutrient availability as a major driver of
interannual variability because reflectance in the SWIR is
insensitive to changes in leaf nutrient content at the canopy
scale [Yoder and Pettigrew-Crosby, 1995; Xue et al., 2004].
The apparent increased abundance of standing litter in 2001
and 2002 may be a legacy of the ANPP during previous
years. Years with above average leaf production (2000 and
2001) were followed by years with increased SWIR reflec-
tance and presumably increased amounts of standing litter
(2001 and 2002); years with below average leaf production
(1999 and 2002) were followed by years with decreased
SWIR reflectance and presumably decreased amounts of
standing litter (2000 and 2003).
[34] Fourth, we found that the NEE and EVI remained

tightly correlated, and largely decoupled from LAIgreen,
from year to year (Figure 7). This pattern is unusual and
distinctive, since it is generally assumed that the correlation
between CO2 exchange and vegetation indices such as EVI
is mediated by LAIgreen, and that the correlations between
LAImax and either EVI or carbon uptake would be expected
to be at least as strong as the correlation between EVI and
carbon uptake. We were able to mimic the pattern in the
tower observations by manipulating the amount of litter
(Figure 7). Moreover, we found that at both the plot
(Figure 6) and whole marsh levels (Figure 9), correcting
green leaf area for the amount of shading caused by

Figure 9. Relationships between (a) -NEEmax and un-
shaded leaf area (Unshaded LAImax) and (b) EVI and
unshaded LAImax for the SJFM from 2000 to 2007. Lines
indicate regressions that are significant at the 95%
confidence level.
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standing litter improved the relationships between green leaf
area, EVI and carbon uptake.
[35] We believe these four lines of evidence implicate

standing litter as a strong driver of interannual variability at
the SJFM. The first argument excludes the more conven-
tional explanations for interannual variability; the second
argument establishes that variation in standing litter could
cause interannual variability of the magnitude observed; the
third line of evidence indicates that standing litter varied
between years; the fourth argument shows that an unusual
and difficult to explain pattern in the long term interannual
record can be well explained by variation in standing litter.
[36] We emphasize that this attribution is not exclusive,

and that other factors, such as interannual shifts in the
physical environment or interannual shifts in plant carbo-
hydrate reserves [Rocha and Goulden, 2008b], may also
contribute to the observed interannual variability. Nonethe-
less, we conclude that there is strong evidence to support the
role of standing litter as a factor that influences interannual
variability at the SJFM.
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