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ABSTRACT.—Nitrogen (N) and phosphorus (P) affect the structure and function of
grasslands by altering plant competitive interactions, shifting patterns of above and below
ground biomass allocation, and increasing net primary production. However, the influence of
N and P on net ecosystem CO2 exchange (NEE) is poorly understood. In a field-based
factorial N- and P-addition experiment, we measured shallow soil moisture, leaf area index,
and component fluxes of midday ecosystem CO2 exchange throughout the growing season in
a restored temperate grassland near Buffalo, New York. Throughout the growing season, Naddition increased gross ecosystem CO2 exchange (GEE) and correspondingly altered NEE
to increase ecosystem CO2 uptake. In contrast N-addition caused a seasonally dynamic
decline in leaf area adjusted GEE, a pattern consistent with increased photosynthetic light
limitation. P-addition did not significantly increase Re, and N- and P-addition interacted to
significantly weaken the ecosystem as a midday CO2 sink. Moreover, water limitation and
phenological constraints during the middle and late growing season appear to limit plant
responses to nutrient addition. These results suggest influences of N- and P-addition on
ecosystem processes are seasonally dynamic and by differentially influencing above and below
ground components of ecosystems, the availability of N and P in soils may interact to
influence ecosystem CO2 exchange.

INTRODUCTION
Anthropogenic climate change, species introductions, changing patterns of land-use, and
shifting patterns of nutrient cycling are altering ecosystem structure and function worldwide
(Schlesinger, 2006; Vitousek et al., 2010). Terrestrial ecosystems have both above and below
ground components, which, though linked through litter inputs and the rhizosphere,
respond differently to changes in the environment (Wardle et al., 2004; Kardol and Wardle,
2010). For example nitrogen deposition has increased greatly due to a combination of
anthropogenic factors associated with the burning of fossil fuels and the use of industrial
fertilizers in agriculture (Vitousek et al., 1997). Nitrogen deposition has a wide range of
effects in terrestrial ecosystems (Pardo et al., 2011). These effects may include altered species
richness, increased photosynthesis and above ground net primary productivity, and shifted
above and below ground plant biomass allocation as well as increased emissions of biogenic
greenhouse gases (Stevens et al., 2004; LeBauer & Treseder, 2008; Liu & Greaver, 2009;
Phoenix et al., 2012). In turn these changes may modify the biogeochemistry of water,
carbon, and phosphorus in terrestrial ecosystems (Hessen et al., 2004; Elser et al., 2007;
Peñuelas et al., 2012).
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Nitrogen and phosphorus availability influences the structure and function of grassland
ecosystems (Tilman, 1987; Chapin et al., 1987; Menge and Field, 2007), and may co-limit
temperate grassland productivity (Niinemets and Kull, 2005; Craine et al., 2003a; Harpole et
al., 2011). N-limitation to above ground productivity is primarily photosynthetic in nature;
N-addition is associated with increasing concentrations of ribulose-1, 5-bisphosphate
carboxylase oxygenase (Rubisco), the enzyme responsible for primary carboxylation in C3
photosynthesis, and, hence, photosynthetic capacity (Field and Mooney, 1986; Evans, 1989).
However, increasing phosphorus availability may indirectly increase shoot length by shifting
patterns of above and below ground allocation in response to soil P availability (Marschner
et al., 1996). Below ground enhanced N can directly result in greater plant P-limitation, as
higher biomass and physiological demand can out-strip plant capacity for P-uptake,
especially in fast growing species such as grasses (Craine et al., 2003b). N-addition may also
indirectly influence soil microbial communities by increasing plant productivity and thereby
reducing labile carbon limitation through increased litter and root exudate production (de
Gaaff et al., 2010; Metcalfe et al., 2011). Conversely, N- and P-addition may influence soil
microbes directly by altering community composition, biomass, and microbial respiration
(Bardgett et al., 1999; Piceno and Lovell, 2000; Kennedy et al., 2004). While the direct effects
of P-limitation on microbial communities are expected to be strongest in deeply weathered
tropical and subtropical soils (Liu et al., 2012), at least occasional limitation of microbial
respiration by P availability has been noted in temperate soils (Allen and Schlesinger, 2004).
Nutrient-influenced shifts in ecosystem productivity may mediated by altered plant
phenology (Harpole et al., 2007) as well as the availability of soil moisture driven by
precipitation characteristics (Knapp et al., 2008) and feedbacks associated with plant
canopies themselves (McLaren et al., 2004). Whereas the effects of rainfall variability on
temperate grassland structure and function is well characterized (Knapp et al., 2001; Knapp
et al., 2008), the interplay between nutrient availability, soil moisture, and grassland
ecosystem function is less well known (Harpole et al., 2007; Xu and Wan, 2008). Adding to
this complexity, plants and soil microbes have differing metabolic sensitivity to resource
availability depending on antecedent environmental conditions and phenology (Hessen et
al., 2004; Potts et al., 2006; Harpole et al., 2007) while plants may feedback to increase soil
moisture heterogeneity (McLaren et al., 2004) to further constrain metabolic processes.
By integrating above and below ground biological activity, net ecosystem CO2 exchange
(NEE) represents an important ecosystem function (Potts et al., 2006). NEE represents the
balance of ecosystem photosynthesis (gross ecosystem CO2 exchange, GEE) and ecosystem
respiration (Re) and is sensitive to above or below ground factors such as soil moisture,
resource availability, or disturbance that can differentially influence NEE constituent fluxes
(Xu and Baldocchi, 2004; Niu et al., 2009; Yan et al., 2011; Potts et al., 2012). By differentially
influencing above and below ground processes, N and P availability may mediate ecosystem
CO2 exchange and in turn alter terrestrial carbon cycle source-sink dynamics (Hessen et al.,
2004). Our objective was to determine how N- and P-addition influence seasonal patterns of
shallow soil moisture, canopy development, ecosystem CO2 exchange, and above ground
net primary productivity (ANPP). In the context of an N- and P-addition experiment in a
restored temperate grassland, we predicted N-addition would stimulate canopy development and photosynthesis, therefore increasing net ecosystem CO2 exchange (NEE) and
depletion of shallow soil moisture. As P-limitation to grassland processes usually follow
relaxation of N-limitations (Chapin et al., 1987; Phoenix et al., 2003a), we did not expect to
P-amendment alone to alter canopy development or ecosystem gas exchange fluxes.
Though soil microbial respiration and populations are often P-limited (Bardgett et al., 1999;
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Piceno and Lovell, 2000; Kennedy et al., 2004), Re in grasslands follow soil contributions
primarily determined by plant root respiration (Knapp et al., 1998) and above ground plant
biomass (Flanagan et al., 2002; Flanagan and Johnson, 2005). Therefore, we expected
canopy development, NEE, GEP, and Re to be enhanced further with the addition of P with
N-enrichment.
MATERIALS AND METHODS
SITE DESCRIPTION

This research was conducted at Tifft Nature Preserve (TNP) in the city of Buffalo, New
York (42.87uN, 78.87uW; elev. 181 m), located on a former industrial site south of downtown
Buffalo on the shore of Lake Erie. TNP is managed by the Buffalo Museum of Science as
a nature preserve that contains wetlands, riparian forest, and grassland areas. The
experimental site is located on the gently sloping east face of a former municipal landfill
that was capped in 1973. Soils at the experimental site are shallow (,45 cm deep) and are
situated on top of an impermeable layer of bentonite clay. Soils at the site originated as
pond dredging during excavation of surrounding wetlands. This organic-rich silty–clay soil
was subsequently compacted during the capping of the landfill (D. Spiering, pers. comm.).
Climate at site is humid continental-type, strongly influenced by the presence of the Great
Lakes. The nearest climate data is recorded approximately 16 km away at the Buffalo
Niagara International Airport in Cheektowaga, New York (42.56uN, 78.43uW, elev. 222 m)
where the mean annual temperature is 9 C with mean annual precipitation of 924 mm.
Precipitation during the 2010 Apr.–Nov. growing season was 617.98 mm (Fig. 1A).
The site was seeded in 1973 with a mix of nonnative grasses and forbs. Presently, the plant
community is dominated by the cool-season grasses Festuca rubra (red fescue) and Bromus
inermis (smooth brome). Other, less abundant species include the cool-season grass, Agrostis
gigantea (red top) and the nonnative forbs, Coronilla varia (crown vetch) and Lotus
corniculatus (bird’s foot trefoil).
EXPERIMENTAL DESIGN

Five experimental blocks, each containing four 1 3 1 m plots, were delineated in May
2009. Block locations were selected based on similar slope position, proximity to one
another, and contained similar representative vegetation. Within each experimental block, a
1 m aisle separated experimental plots to facilitate access and to provide a buffer between
experimental treatments. Plots corners were demarcated using short lengths of 0.5 in PVC
pipe and were randomly assigned as a control (C), nitrogen-addition (N), phosphorusaddition (P), or nitrogen and phosphorus-addition (N + P). The plots were fertilized for 2 y
beginning in 2009; nutrients were applied on Apr. 1, Jun. 14, Aug. 1, and Sep. 14. Nitrogen
was applied by hand in the form of calcium nitrate (CaNO3) pellets totaling a rate of 10 g
N/m2/yr, and phosphorus was applied by hand in the form of triple super phosphate (TSP)
pellets at a rate of 8.6 g P/m2/yr, consistent with similar nutrient addition experiments
(Baddeley et al., 1994; Phoenix et al., 2003a, b; Harpole et al., 2007; Niu et al., 2010).
MEASUREMENTS OF SOIL MOISTURE, CANOPY DEVELOPMENT

Volumetric soil moisture (h) was measured every 7 to 10 d using a portable meter fit with
12 cm probes (Hydrosense Campbell Scientific, Logan, Utah) between Apr. 22 and Oct. 8,
2010 using the instrument’s factory calibration. Probes were inserted vertically into the soil
in three representative locations in each plot, and measurements of h were averaged.
Seasonal patterns of leaf area index (LAI) were estimated by measuring canopy interception
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FIG. 1(A).—Daily precipitation during the 2010 growing season. (B) Mean 6 SE volumetric soil
moisture (H) taken using a 12 cm soil moisture probe in control, N-addition, P-addition, and NPaddition plots during the 2010 growing season in a restored, temperate grassland near Buffalo, NY

of photosynthetically active radiation (PAR) using a line ceptometer (Accupar, Decagon
Devices, Pullman, Washington) every 7 to 10 d between Apr. 22 and Oct. 8, 2010 during the
midday under clear sky conditions. For above-canopy measurements of PAR, the line
ceptometer was oriented level and positioned 25 cm above the canopy, facing south. For
below-canopy measurements, three measurements of PAR were made at even intervals,
positioned level above the soil litter layer, facing south and averaged. Leaf area index was
calculated from measurements of canopy light interception using the line ceptometer’s
built-in algorithm.
MEASUREMENTS OF ECOSYSTEM CO2 EXCHANGE

We measured midday ecosystem CO2 exchange using a portable static chamber
measuring 1.0 m by 1.0 m by 1.5 m, constructed of PVC piping, and covered by a tightly
sewn translucent polyethylene cover (Durashield 6000, Thor Tarp, Oconomowoc,
Wisconsion). These measurements were repeated eight times over the course of the 2010
growing season (May 10, May 25, Jun. 18, Jul. 2, Jul. 22, Aug. 7, Aug. 29, and Sep. 26) under
clear sky conditions between the hours of 1100–1300. To measure net ecosystem CO2
exchange (NEE), the chamber was positioned over a plot and secured to the ground by a
heavy chain to minimize leaks. Inside the chamber, two 23 cm diameter electric fans
mounted on a portable tripod mixed the chamber atmosphere while a pump connected to
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flexible tubing cycled chamber atmosphere to and from an infrared gas analyzer (Li-840,
Licor Environmental, Lincoln, Nebraska) positioned outside of the tent. After an initial
mixing period of 30 s, changes in CO2 concentration inside the tent were logged to a
portable computer for 90 s.
To measure ecosystem respiration (Re), the chamber was ventilated, reseated, and the heavy
chain was replaced. Then, an opaque cover was placed over the chamber, the chamber was
allowed to mix for 30 s, and the increase in chamber CO2 concentration was logged for 90 s.
Air temperature inside the chamber was recorded with a fine-wire thermocouple attached to a
portable reader (Fluke 51–54 Series II Thermometer, Everett, Washington) at the beginning
and end of each measurement of NEE and Re. During the 120 s that would elapse during a
typical measurement of NEE, air temperature would increase ,2 C over ambient. In addition
light conditions inside the chamber were recorded with a photosynthetically active radiation
(PAR) sensor connected to a bubble-level and attached to the portable tripod (Decagon
Devices, Pullman Washington) during each measurement. We calculated NEE and Re using
air temperature and change in CO2 concentration with time according to Jasoni et al. (2005)
and estimated gross ecosystem CO2 exchange (GEE) as the difference between NEE and Re.
Leaf area within plots varied greatly throughout the growing season and between
experimental treatments. To better understand seasonal and treatment mediated shifts in
GEE per unit leaf area, we standardized GEE measurements with LAI measurements to
calculate leaf area normalized GEE (GEELA) as:
GEELA ~GEE=LAI
where LAI was taken within +/2 2 d of the ecosystem CO2 exchange measurements.
MEASUREMENTS OF ABOVE GROUND NET PRIMARY PRODUCTIVITY

We estimated above ground net primary productivity (ANPP) and litter abundance by
clipping a 10 cm 3 100 cm strip in each experimental plot during the second week of Oct.
2010. Clipped biomass was sorted in the field as grasses, forbs, and litter; returned to the
laboratory; oven dried for 48 h at 50 C; and weighed. We report ANPP as the sum of areaadjusted live grass and forb biomass and expressed on a per square meter basis.
STATISTICAL ANALYSIS

Data were examined to see if they met the normality assumption of parametric statistics.
In the case of ANPP, data were log transformed and in the case of h, data were arcsine
transformed (Zar, 1999). A three-factor repeated measures ANOVA (JMP, SAS Institute,
Cary, North Carolina) was used to test for the significance of N-addition, P-addition, time,
and their interactions using NEE, GEE, Re, h and LAI as response variables. We used a twofactor ANOVA to test the effect of N-addition, P-addition, and their interaction on ANPP.
To better understand the effects of N- and P-addition on the linkage between above and
below ground processes, we compared plot-averaged GEE and Re across all dates using
linear regression and tested for separate slopes.
RESULTS
Across nutrient addition treatments, volumetric soil moisture (h) reflected seasonal
patterns of precipitation (Figs. 1A, B). Early in the growing season, frequent rainfall was
associated with greater h. As the growing season progressed, smaller, less frequent storms
were associated with declining h across treatments (Table 1, Time). Throughout the
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TABLE 1.—Degrees of freedom (df ) and F-statistics (F ) of a repeated- measures ANOVA of arcsine
transformed volumetric soil moisture (H) and leaf area index (LAI) during the 2010 growing season in
factorial nitrogen (N) and phosphorus (P) addition field experiment in a restored temperate grassland
near Buffalo, New York. * indicates significance at P , 0.05; ** indicates significance at P , 0.01
H

LAI

Factors

df

F

df

F

Nitrogen
Phosphorus
N3P
Time
Time 3 N
Time 3 P
Time 3 N 3 P

1, 16
1, 16
1, 16
16, 1
16, 1
16, 1
16, 1

24.9**
0.98
1.19
235.7*
47.8
1.74
2.35

1, 16
1, 16
1, 16
14, 3
14, 3
14, 3
14, 3

59.3**
0.003
0.34
139.9**
2.60
0.31
0.31

growing season, N-addition influenced a decline in h in comparison with untreated controls
(0.25 m3 m23 6 0.86 and 0.29 m3 m23 6 0.72 SE, respectively; Table 1, Nitrogen). In
contrast P-addition did not influence h.
Beginning in mid-Apr. and continuing through early Oct., continuous grassland canopy
development was reflected in increasing leaf area index (LAI) throughout the growing
season (Fig. 2; Table 1, Time). This seasonal long trend was temporarily interrupted during

FIG. 2.—Mean 6 SE leaf area index (LAI) in control, N-addition, P-addition, and NP-addition plots
during the 2010 growing season in a restored, temperate grassland near Buffalo, NY
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FIG. 3.—Aboveground net primary productivity (ANPP; g/m2) in control (C), N-addition (N), Paddition (P) and NP-addition (NP) plots in a restored, temperate grassland near Buffalo, NY. Error bars
indicate SE

early and mid-Jul., a period of rapidly declining soil moisture (Fig. 1A). Similar to h,
N-addition influenced increased LAI throughout the growing season (Table 1, N). The
positive effect of N-addition on LAI was reflected in the significant positive effect of
N-addition on ANPP (Fig. 3). In contrast P did not significantly increase ANPP nor did the
positive effect of N-addition depend on the addition of P (Fig. 3).
Net ecosystem CO2 exchange (NEE) varied throughout the growing season (Table 2;
Time, Fig. 4A). The greatest rates of midday net CO2 uptake (indicated by large negative
values of NEE) occurred during the early growing season. As the growing season progressed,
TABLE 2.—Degrees of freedom (df ) and F-statistics (F ) of a repeated-measures ANOVA of net
ecosystem CO2 exchange (NEE), gross ecosystem CO2 exchange (GEE), ecosystem respiration (Re) and
leaf-area adjusted GEE (GEELA) during the 2010 growing season in factorial nitrogen (N) and
phosphorus (P) addition field experiment in a restored temperate grassland near Buffalo, New York.
* indicates significance at P , 0.05; ** indicates significance at P , 0.01
NEE

GEE

Re

GEELA

Factors

df

F

F

F

F

Nitrogen
Phosphorus
N3P
Time
Time 3 N
Time 3 P
Time 3 N 3 P

1, 16
1, 16
1, 16
7, 10
16, 1
16, 1
16, 1

8.61**
0.01
4.73*
32.2**
10.68**
0.94
1.87

17.24**
0.25
1.60
47.86**
4.12*
2.12
0.58

10.34**
0.43
0.14
113.8**
3.08*
1.05
1.13

15.75**
0.85
0.05
71.2**
8.83**
1.16
0.77
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FIG. 4.—Components of mean midday ecosystem CO2 exchange in control, N-addition, P-addition,
and NP-addition plots during the 2010 growing season in a restored, temperate grassland near Buffalo,
NY. Error bars indicate 6SE. (A) Net ecosystem CO2 exchange (NEE; mmol CO2/m2/s); greater negative
values indicate increasing ecosystem CO2 assimilation. (B) Ecosystem respiration (Re; mmol CO2/m2/s);
positive values indicate increasing ecosystem CO2 loss. (C) Gross ecosystem CO2 exchange (GEE; mmol
CO2/m2/s); greater negative values indicate increasing ecosystem CO2 assimilation. Note the difference
in y-axis scale in panel A
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midday NEE became less negative (indicating a weakening of the ecosystem as a midday Csink) and became more negative again during the late-growing season.
Consistent with our prediction, N-addition influenced greater negative values of NEE
(Table 2; Nitrogen, Fig. 4A). The effect of N-addition was greatest during the early-growing
season and declined as the growing season progressed (Fig. 4; Table 2, Time 3 N). In
contrast P-addition did not influence NEE (Fig. 4A). However, N and P in combination were
associated with a weakening of the ecosystem as a midday CO2 sink (as indicated by values of
NEE closer to zero) compared those that received only N-addition (Table 2, NxP).
Ecosystem respiration (Re) varied throughout the growing season (Fig. 4B; Table 2,
Time). During the early growing season, Re increased rapidly, with large positive values
indicating increased respiratory losses of CO2 by plants and soil microbes, and then
declined steadily through Jul. A slight increase in Re was observed during Aug. followed by a
gradual decline in Re through late Sep. Contrary to prediction, P-addition did not
significantly increase Re (Fig. 4B). Similar to NEE, the influence of N-addition on Re was
seasonally dynamic such that the positive influence of N on Re was greatest during the
earliest part of the growing season (Table 2, Time 3 N).
Like the other component fluxes of NEE, gross ecosystem CO2 exchange (GEE) rapidly
became more negative (indicating greater ecosystem CO2 assimilation) during the earlygrowing season followed by a middle growing season nadir and a late growing season
recovery (Fig. 4C). Moderate temperatures and abundant soil moisture during the early
growing season created an ideal environment for C3 photosynthesis (Fig. 1B). However, in
the middle portion of the growing season, high temperatures and low soil moisture
(Fig. 1B) may explain the drop-off in photosynthesis (Fig. 4C). The most negative GEE
values occurred in the early growing season (May 10, May 25, Jun. 18) and the greatest
differences between nutrient addition treatments also occurred at these times (Fig. 4C).
Similar to ecosystem respiration, N-addition significantly increased gross ecosystem CO2
exchange (GEE) as predicted (Table 2, Nitrogen). The treatment effect of N on GEE was
seasonally dynamic, being pronounced in the early portion of the growing season and later
declining (Fig. 4C; Table 2, Time 3 N). Consistent with the responses of NEE and Re,
P-addition did not influence GEE.
To better understand the influence of N- and P-addition on the relationship between GEE
and Re, we used least squares linear regression to compare treatment averaged GEE and Re,
from each sampling date throughout the growing season (Fig. 5). Regardless of treatment,
increasingly positive Re (indicating increasing CO2 efflux) was correlated with increasingly
negative GEE (indicating increasing CO2 uptake by the ecosystem; Fig. 5). However, the 95%
confidence interval of slope of best-fit line included 1 suggesting that throughout the growing
season changes in midday GEE are consistently matched by changes in Re of the same
magnitude (mean 5 21.16, 95% CI 5 21.37–20.96, n 5 32). Treatment-specific regressions
did not explain significant additional variance, suggesting nutrient addition does not alter the
fundamental relationship between these component ecosystem carbon-balance fluxes.
In contrast with seasonal patterns of GEE, leaf area-adjusted GEE (GEELA) declined
throughout the growing season (Fig. 6). A seasonal decline in GEELA reflects a steady increase
in LAI coupled with more consistent values of GEE throughout the growing season (Figs. 2,
4C respectively). Interestingly, N-addition had the effect of reducing GEELA (less negative
values) compared to other plot types (Table 2; Nitrogen) and the effect of N-addition tended
to decline through the growing season (Table 2; Time 3 N). This pattern of response suggests
a complex interplay between plant N allocation, leaf level photosynthetic capacity, and light
limitation.
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FIG. 5.—Midday ecosystem respiration (Re; mmol CO2/m2/s) versus midday gross ecosystem CO2
exchange (GEE; mmol CO2/m2/s) for all sampling days in control, N-addition, P-addition, and NPaddition plots during the 2010 growing season in a restored, temperate grassland near Buffalo, NY.
Symbols follow Figure 1B. Increasing negative values of GEE note increasing ecosystem CO2 assimilation

DISCUSSION
Differential responses of above and below ground components of grassland ecosystems to
N- and P-addition influence ecosystem CO2 exchange and hence, ecosystem carbon balance.
Moreover, these responses are seasonally dynamic reflecting plant phenology and allocation
plasticity as well as the limitation of temperature and soil moisture on photosynthesis and
soil microbial activity. In the present study, the mid-season decline in midday NEE we
observed may be attributed to a decline in GEE (values closer to zero) associated with high
midday temperatures and water limitation leading to stomatal closure and high rates of
photorespiration in this plant community dominated by the C3 photosynthetic pathway
(Sharkey, 1988). While several studies have experimentally established the linkage between
soil moisture and ecosystem CO2 exchange in semi-arid (Potts et al., 2006; Patrick et al.,
2007) and Mediterranean-type grasslands (Harpole et al., 2007; Potts et al., 2012), much
remains to be learned regarding the role of seasonal water deficit in constraining ecosystem
CO2 exchange in grassland ecosystems not typically associated with water limitation (Novick
et al., 2004; Xia et al., 2009).
While mid-season high temperatures and water limitation may have worked together to
constrain ecosystem C-uptake, N-addition strengthened ecosystem C-uptake (Fig. 4A).
Whereas Flanagan et al. (2002) observed close correlation between changes in GEE and
changes in LAI in a temperate shortgrass steppe with relatively low LAI (,1), we observed
the most negative GEE during the early growing season, well before peak LAI (,7; Fig. 2).
Increasing light limitation with increasing LAI may explain the observed weak linkage
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FIG. 6.—Leaf area adjusted midday gross ecosystem CO2 exchange (GEELA; mmol CO2/m2/s) in
control, N-addition, P-addition, and NP-addition plots during the 2010 growing season in a restored,
temperate grassland near Buffalo, NY. Error bars indicate SE. Increasing negative values note increasing
uptake of CO2 by the ecosystem

between LAI and GEE. Indeed, canopy light limitation has been implicated in altering the
structure of tallgrass prairie and meadow communities (Knapp and Steastedt, 1986; Hautier
et al., 2009) though its influence on grassland CO2 exchange remains poorly studied (Niu
et al., 2010).
We observed that N-addition was associated with a decline in leaf area adjusted GEE
(GEELA) suggesting the positive effect of supplemental N on leaf-level photosynthesis is
offset by canopy-scale light limitation. Increasing LAI may have reduced incident photon
flux densities to inner-canopy leaves thereby reducing maximum leaf-level photosynthesis
(Anten et al., 1995). In addition N-amendment accelerated canopy development (Fig. 2),
which, coupled with light-attenuation, may have increased inner-canopy leaf senescence.
Attached senescent leaves would contribute to total LAI, but not to GEE, thereby reducing
GEELA. If we had partitioned LAI into green and standing dead biomass, it may be that GEE
scaled to green leaf area index were similar, or even higher, in N-amended grassland plots
(Hamerlynck et al., 2010).
In addition to influencing a decline in GEELA, N-addition positively influenced Re.
Enhanced Re in N-addition plots may be explained in part by the greater plant biomass that
these plots supported (Flanagan and Johnson, 2005; Potts et al., 2008; Xu and Wan, 2008; Xia
et al., 2009). Also, if the senescent LAI fraction increased proportionally with increased canopy
development in N-addition plots, decomposition of this aboveground pool may have
contributed to enhanced Re (Zhou et al., 2009). Moreover, N-addition may have indirectly
increased soil microbial respiration through the increased availability of labile carbon in the
rhizosphere (de Graaff et al., 2010). The close correlation between GEE and Re across
experimental treatments is consistent with the idea that these important ecosystem functions
are tightly coupled to one another though plant productivity (Fig. 5; Metcalfe et al., 2011).
Contrary to our prediction, P-addition had little influence on Re and NEE. Instead, the
effect of P-addition on ecosystem CO2 exchange depended on nitrogen availability (Table 2,
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N 3 P). By stimulating plant productivity, N-addition may have indirectly increased labile
carbon supply to the soil through enhanced root activity and increased root exudates
(Högberg and Read, 2006) in turn shifting microbial activity from C- to P-limitation.
However, while this explanation is supported by the response of NEE, the interactive effects
of N- and P-addition on Re are less consistent suggesting the possibility that the interactive N
+ P effect is mediated by other environmental conditions such as temperature or soil
moisture. Alternatively, a lack of Re response to P-addition may be related to a decrease in
plant allocation to fine roots and root exudates with increased P-availability (Marschner et
al., 1996). By reducing below ground allocation of carbon by plants, increasing labile carbon
limitation to microbial activity may have offset P-mediated increases in soil microbial
respiration.
Driven by increasing LAI, N-addition significantly increased growing season GEE, Re and
NEE. In contrast the effect of P-addition on NEE depended on the availability of N and
influenced a weakening of the ecosystem as a carbon sink. The significant interaction of
these factors reinforces the critical role of plant-mediated labile carbon allocation to the
rhizosphere (Metcalfe et al., 2011) and the close coupling of nitrogen and phosphorus
availability in controlling carbon balance in terrestrial ecosystems (Kardol and Wardle,
2010).
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