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Abstract:
A large portion of nitrogen deposition on southern California’s chaparral and coastal
sage scrub (CSS) is due to anthropogenic sources. The implications of increasing soil nitrogen,
and the relationship between soil nitrogen and carbon on soil microorganism growth and
activity, are not well understood. Possible interactions between N inputs and soil C availability
on soil respiration and microbial biomass were assessed in chaparral and CSS plots that have
been experimentally treated with N for about 12 years. Soil (microbial + autotrophic)
respiration and microbial biomass were measured in four conditions: in plots exposed to added
and ambient N, and within these plots, under shrubs and in open spaces, which represent
microsites with differing N and C availability. We measured soil respiration and microbial
biomass in these conditions every 3 months for a period of 1 year to test the hypothesis that
respiration and microbial biomass would (1) increase in plots with higher C and N availability
and (2) be higher during the winter and spring because of higher soil water availability. Our
results indicate that soil respiration was significantly higher under shrubs but not in plots
exposed to added N while microbial biomass was significantly higher in plots exposed to added
N but not under shrubs. Soil respiration and microbial biomass were higher in the summer
months than during the winter and spring months. These results were observed for both CSS
and chaparral, indicating that the effects of long-term N exposure on soil microbial activity and
biomass may be general for semiarid shrublands. While speculative, the N-induced increase in
microbial biomass, without an increase in activity (respiration), suggests that N exposure has
altered the soil microbial community. A change in the soil microbial community has important
implications for soil N and C cycling and storage, especially in semi-arid chaparral ecosystems
subject to large inputs of atmospheric N.
Introduction
Southern California’s vegetation is comprised primarily of Coastal Sage Scrub (CSS) and
Chaparral, which are adapted high temperature, low moisture conditions, and low soil fertility

(Westman 1981). Southern California is a Mediterranean climate, which is characterized by
winter rainfall and summer drought, resulting in summer deciduous vegetation in CSS and
evergreen, sclerophyllous vegetation in chaparral (Westman 1981; Krohne 1997). CSS plants are
adapted to rapid pulses in water and nutrient availability by having a relatively shallow root
system, rapid response to winter rains, and fast, inherent growth rates (Gray 1983; Kummerow
et al 1978). Thus, when a seasonal rain occurs CSS plants quickly use water and nutrient pulses
and grow. Once the resources are depleted, many CSS shrubs will drop their leaves in order to
retain water. Chaparral is also adapted to southern California nutrient regime and climate, but
shrubs have deep root systems and an evergreen leaf phenology (Gray 1983). Thus, chaparral
grow more slowly, make leaves and stems that are robust, and use deep water and nutrient
resources in order to make it through drought. Previous studies indicate that the growth of CSS
and chaparral shrubs is limited by nitrogen (N) (McMaster et al. 1982; Kummerow et al 1982;
Padgett et al. 1999; Schlesinger 1985; Vourlitis 2012). There are large amounts of
anthropogenic N deposited on CSS and chaparral soils of southern California (Galloway et al.
2004; Bytnerowicz and Fenn 1996; Ellis et al 1983). Understanding how this added N affects
ecosystem processes is important because changes in N availability have the potential to alter
ecosystem carbon (C) and N storage and cycling (Fenn et al. 2003; Vourlitis et al. 2009; Vourlitis
and Fernandez 2012).
Carbon and N availability play a vital role in governing productivity and other dynamics
of terrestrial ecosystems (Zaehle 2013). Within the carbon cycle, plants transform atmospheric
C from abiotic pools (CO2) into biotic components by photosynthesis, while biotic forms of C are
oxidized by heterotrophic and autotrophic respiration into CO2, which is released back into the
atmosphere (Bond-Lamberty et al 2004; Tang and Baldocchi 2005). However, nitrogen cycling in
terrestrial ecosystems is controlled almost entirely by soil microbes. Biological N fixation,
mineralization and immobilization of organic N or inorganic N, respectively, and gaseous losses
of N that reduce nitrate (NO3) to nitric oxide (NO), nitrous oxide(N2O), and di-nitrogen gas (N2)
are controlled by soil bacteria (Liu and Greaver 2009; Zaehle et al. 2011). The growth and
activity of these soil microorganisms are driven by water, nutrients, and C availability (Miller et
al. 2005; Jenerette and Chatterjee 2012; Vourlitis and Fernandez 2015). For example, C
limitations cause a reduction in microbial growth and activity, while surplus C can increase in
microbial activity but also lead to nutrient limitations to growth (Goodale et al. 2005; Jenerette
and Chatterjee 2012; Vourlitis and Fernandez 2015). In turn, water limitations to microbial
growth and activity may be even more important than nutrient or C limitations, especially in
the southern California where there is prolonged summer drought (Miller et al., 2005; Saetre
and Stark 2005).
Elevated anthropogenic N deposition to southern California shrublands has significantly
increased soil N availability (Galloway et al. 2004; Fenn et al. 1996, Fenn et al. 2003; Vourlitis et

al. 2009; Vourlitis and Fernandez 2012). Many studies have shown that soil N enrichment
results in a reduction in microbial respiration (Bowden et al. 2004; Ramirez et al. 2010; Biudes
and Vourlitis 2012). However, others state that an increase in N deposition will increase
microbial respiration (Brumme 1992, Sillen and Dieleman 2012). While many of these studies
conclude with a disclaimer that the microbial response to N deposition may differ over time
(Bowden et al. 2004; Ramirez et al. 2010; Brumme 1992), one possible reason for the different
microbial responses to N is due to the potential feedbacks between C and N (Goodale et al.
2005; Jenerette and Chatterjee 2012; Vourlitis and Fernandez 2015).
The purpose of this study is to measure microbial population size and activity in
response to variations in C and N to gain a better understanding of how additions of
anthropogenic N to southern California soils affect microbial populations and CO2 emissions. As
populations of soil microbes grow, their activity increases, corresponding in greater CO2
production through heterotrophic respiration (Stotzky 1965; Jenerette and Chatterjee 2012).
However, respiration measurements alone will not be able to differentiate between an increase
in microbial population growth and an increase in microbial activity (Cheng et al 2013; Allison et
al 2008), as both would lead to an increase in soil respiration. Thus, it is important to measure
microbial biomass as well. Spatial variations in C availability in the field can be found between
shrub and interspace patches (Jenerette and Chatterjee 2012), as patches under shrubs have
higher stocks of C due to vegetation litter input; interspace areas lack continuous plant litter
input (Schlesinger et al. 1996), while variations in soil N availability can be obtained through
experimental manipulation. Here, microbial activity (respiration) and biomass were assessed
under shrubs and in shrub interspaces in field plots that have been exposed to either ambient N
or experimental N inputs over the last 12 years (Vourlitis and Fernandez 2012). Based on
previous research in chaparral and CSS (Biudes and Vourlitis 2012; Jenerette and Chatterjee
2012; Vourlitis and Fernandez 2015), I hypothesize that microbial respiration and biomass will
be highest under shrubs in added N plots due to an increase in both C and N availability,
intermediate under shrubs in ambient N plots because N limitation will be more important than
C limitation, and lowest in shrub interspaces regardless of whether the plot is exposed to
ambient or elevated N. Furthermore, because microbial growth and activity in semiarid soils are
known to be sensitive to rainfall variations (Miller et al. 2005; Jenerette and Chatterjee 2012), I
hypothesize that microbial respiration and biomass will higher during the winter and spring
because of higher soil water availability.
Materials and Methods:
Site Description
This experiment was conducted at the Santa Margarita Ecological Reserve (SMER) and
Sky Oaks Field Station (SOFS). SMER is a CSS ecosystem that is located in the SW region of

Riverside County, California, USA and is dominated by the semi-deciduous shrubs, Artemisia
californica Less (California sage) and Salvia mellifera Greene (Black sage) (Vourlitis and
Fernandez 2012). The soil consists of a sandy loam according to Vourlitis et al. (2007). Rainfall
occurs from December through April and approximately 36cm falls annually (Vourlitis and
Fernandez 2012).
SOFS is a chaparral ecosystem that is located in the NE San Diego County, California,
USA and is dominated by an evergreen shrub Adenostoma facciculatum H. & A. (Chamise) and
is sub-dominated by Ceanothus greggii A. Gray (Desert Ceanothus). The soil consists of a sandy
loam texture (Vourlitis et al. 2007) and precipitation is approximately 53cm from November to
April, with the occasional snow (Vourlitis and Fernandez 2012). July 2003 this area burned
during a wildfire, consuming all of the above ground biomass (Vourlitis and Hentz 2016).
Experimental Design
At each site there were eight 10x10m plots, four that received N fertilizer (50 kgN ha-1 y1
) and four that served as unfertilized control plots. Arrangement of the plots was randomized
in pairs, with each control plot paired with an N-enriched plot. N plots were fertilized with
granular N fertilizer (either NH4NO3, (NH4)2SO4, or urea) that has been added annually in
September-October since 2003 (Vourlitis and Fernandez 2012). At both sites, two random
points within each plot were chosen, and at each random point, one 10 cm polyvinyl chloride
(PVC) collar was placed under the nearest shrub (high C) and another in the interspace (low C).
Collars were installed to a depth of 5 cm into the surface soil (n = 4 total collars in each plot)
and were allowed to acclimate in the soil one month prior to measurements to ensure that the
soil was as undisturbed and natural as possible (Janerette and Chatterjee 2012). Once installed,
the collars remained in the same location throughout the year.
Respiration Measurements
Respiration measurements were taken as CO2 emissions from soil within each collar. A
portable photosynthesis system (LI-6200, LiCor, Lincoln, NE, USA) was used to take respiration
measurements. The LI-6200 consists of 3 major components: an opaque chamber, within which
air temperature and CO2 are sampled; the LI-6200 analyzer which measures CO2 concentration
and flow rate; and a control console which is the computer system that stores all inputs and
outputs. The infrared gas analyzer (IRGA) shines infrared light through a sample cell and a
reference cell (0 ppm CO2) to a detector, and the difference in absorption between the
reference and samples cells is proportional to the CO2 concentration within the chamber. To
make a measurement, the chamber is placed on top of the PVC collar where it is sealed against
leakage by a closed-cell foam gasket. The sample tube between the chamber and the gas
analyzer is removed as the chamber is being placed on the collar to reduce the possibility of
pressure differentials to develop between the chamber and external environment; however,

the tube is immediately re-attached to the chamber prior to measurement to allow chamber air
to be drawn into the gas analyzer. The internal CO2 concentration within the chamber is then
reduced to below ambient by diverting the chamber stream through an external soda-lime
canister. Once the chamber CO2 concentration begins to rise consistently and reaches the
ambient CO2 concentration the logging function of the computer system is initiated and the
change in CO2 concentration is measured every 10 seconds over a total of 30 seconds. The rate
of soil CO2 efflux (plant + microbial respiration; mol m-2 s-1) is calculated using the LI-6200
software based on the sample volume, collar area, flow rate, and the change in CO2
concentration. Each measurement takes approximately 1-3 minutes per collar. On each
sampling date, 4 measurements of respiration were made in each plot; two collars placed under
vegetation and two collars placed away from vegetation. Respiration measurements at each
site were made approximately every 3 months from January 2015 to October 2015.
Microbial Biomass and Inorganic N
To measure microbial biomass, soil samples were collected next to each collar on the
same sampling dates that respiration was measured. A stainless steel bucket-auger (78411;
Forestry Suppliers; Jackson, MS, USA) with a diameter of 5cm and a total volume of 196.35cm3
was used to collect the soil at a depth of 10cm. The soil samples were placed in a plastic bag,
stored in a cooler while in the field, and transported to a freezer (-20˚C) in the lab until
processed. Soil was placed in freezer to reduce rates of microbial activity prior to processing.
Microbial biomass in each soil sample was measured using a fumigation and extraction
procedure (Joergensen 1995). Ten grams of fresh field soil was weighed and incubated in the
dark for 5 days while an additional 10g of fresh field soil was weighed, exposed to chloroform,
and fumigated in the dark for 5 days. After fumigation, fumigated and un-fumigated samples
were extracted in 0.5M K2SO4. Twenty milliliters of the fumigated and un-fumigated K2SO4
extracts was treated with 10ml K2Cr2O7 (potassium dichromate) and 20 ml of H2SO4 (sulfuric
acid) and incubated in a fume hood for 20 minutes. After incubation, the absorbance of the
fumigated and unfumigated extracts was read at 600 nm (Sims and Haby 1970) using a
spectrophotometer (Perkin Elmer, lambda 20, Waltham, Massachusetts, USA). Organic C
concentration was related to absorbance from a standard curve of glucose (Witt et al. 2000).
Microbial biomass C was determined as the difference in organic C between the fumigated and
un-fumigated samples (Jorgensen et al. 2011; Cook 2008; Bailey et al. 2002).
Soil NO3 and NH4 were extracted before and after incubation using 0.5M K2SO4, and
extracts were analyzed for NO3 and NH4 concentration using an auto-analyzer (Quikchem 8000,
Lachat Instruments, Milwaukee, Wisconsin, USA).

Soil Moisture and Organic C and N
After sieving soil through a 2mm sieve, soil was weighed in a crucible and placed in a
drying oven at 105˚C for several days. Percent soil moisture was calculated as [(fresh soil – dry
soil)/dry soil]*100.
A portion of the oven-dried soil sample was ground into a fine powered using a ball-mill
(MM200, F. Kurt Retch GmbH & Co. Han, Germany). From the ground soil, a portion (15-20mg)
was weighed and measured for N and C concentration using a CHN analyzer (ECS 4010, Costech
Analytical Technologies, Inc., Valencia, California, USA) (Voutlitis 2009).
Statistical Analysis:
Repeated-measures ANOVA was used to assess whether N addition, location, and/or
time caused significant (P < 0.05) variations in the microbial biomass, soil respiration, soil
moisture, extractable N, and total N. A significant direct effect of N addition, location (under
shrubs or interspace), time, and/or interactions were taken to indicate a significant change in a
given response variable. Statistical analyses were conducted using NCSS (version 2004; NCSS,
Kaysville, Utah, USA). Corrected probability values were calculated using the GeisserGreenhouse corrections for data that violated the assumptions of the test (Harris 1985).
Results
Soil moisture varied significantly over time for SOFS (Table 1) and SMER (Table 2). SOFS
displayed high soil moisture in winter and summer but not in winter and fall (Fig. 1). There was
a significant N x T interaction (Table 1), which is probably attributed to rain in the winter and
high soil moisture in the summer in N plots. Soil moisture in SOFS also varied in location with a L
x T interaction (Table 1), probably due to higher water retention in the shade. SMER exhibited
high soil moisture in the summer and low soil moisture for the rest of the year (Fig. 1). Soil
moisture in SMER varied significantly across the seasons, and there was a significant N x T
interaction (Table 2), which was probably caused by the relatively higher soil moisture in the N
plots in the summer but not during the rest of the year (Fig. 1).
Nitrogen fertilization significantly increased the amount of extractable NH4 at both SOFS
(Table 1) and SMER (Table 2); however, extractable N pool size was not significantly affected by
location (under vs. away from shrubs). Mean (+se; n = 4) extractable NH4 in fertilized and
control plots at SMER was 3.58±0.54 and 0.24±0.04 g/m2, respectively with the largest
differences observed in October and February which probably accounts for the N x T interaction
(Table 2; Fig. 2A). Similarly, mean NH4 in the fertilized and control plots at SOFS was 4.77±0.77
and 0.08±0.02 g/m2, respectively. There was a significant interaction of N x T (Table 1) for NH4
levels found in the soil which could be due to the different conditions of each season, as
differences between N and control plots were bigger in winter than the rest of the year (Fig.

2B). Location and time also showed a significant interaction (Table 1) for SOFS, which could also
possibly be attributed to higher uptake from shrubs in the growing season.
Nitrogen fertilization, but not location, significantly increased the amount of extractable
NO3 at both SOFS (Table 1) and SMER (Table 2). Experimental plots exhibited higher amounts of
NO3 in the SOFS site than the control plots, 3.0±0.45 and 0.34±0.09 g/m2 (±se) (Table 1; Fig. 2
D). NO3 measured at the SMER site, also, displayed higher amounts in the experimental plots
than control plots, 1.1±0.17 and 5.8±0.50 g/m2 (±se) (Table 2; Fig. 2 C).
As with NH4, total inorganic N (TIN) in both SOFS and SMER was significantly higher in N
plots (Tables 1 and 2), with mean (+se; n = 4) TIN being 9.32±0.81 and 1.32±0.18 g/m2 for SMER
N and control plots, respectively (Fig. 2E) and 7.77±1.11 and 0.42±0.09 g/m2 for SOFS N and
control plots, respectively (Fig. 2F). There was a significant interaction between N treated plots
and seasons in SMER (Table 2), which can be attributed to higher amounts of N in experimental
plots than control plots in the winter versus the rest of the year.
Soil samples that were exposed to experimentally added N or ambient N did not have
significant differences in total C and N, nor were there significant difference in soil N and C as a
function of location (data not shown).
Microbial biomass was higher in N plots and during the spring (SOFS and SMER) and
summer (SOFS), resulting in a statistically significant N treatment and seasonal effect for both
sites (Tables 1 and 2). SOFS also had a significant N x T interaction which was probably caused
by differences in microbial biomass between N and control plots in the spring and summer (Fig.
3). Similar patterns were observed for SMER; however, seasonal variations in the difference in
microbial biomass between the N and control plots were apparently not sufficient to cause a
significant N x T interaction (Fig. 3).
Soil respiration, which not only includes microbial communities but plant roots as well,
showed differences between season and location (under shrubs versus interspace) for both
SMER and SOFS sites (Tables 1 and 2). Respiration in both locations showed an increase in the
summer at SOFS and in the spring at SMER (Fig. 4), which probably accounts for the significant L
x T interaction (Table 1 and 2). Respiration measurements for both SMER and SOFS showed no
difference between the N addition and the control plots (Tables 1 and 2; Fig. 4).
Discussion
I hypothesized that microbial respiration and biomass would be highest under shrubs
and in plots that were experimentally treated with N due to an increase in both C and N
availability. This hypothesis was partially supported by the respiration measurements, which
were higher under shrubs than in the interspace, suggesting higher C availability under shrubs

(Jenerette and Chatterjee 2012). However, total soil C was not significantly different between
shrub and interspace locations, so it is unclear whether the increase in respiration was to
heterotrophic respiration alone. Rather, some of the increase in respiration under shrubs was
likely do to an increase in the density of roots (Sun et al. 2015; Lipson et al. 2014). Respiration
was highest in the summer months, which is typically the peak growing period for chaparral and
CSS (Gray 1983; Gray and Schlesinger 1981). Soil moisture was also high in summer for both
sites, which may have stimulated microbial and plant respiration (Miller et al. 2005).
Contrary to what I hypothesized, there was no significant difference in respiration due
to added N, indicating that soil microbial respiration is not N limited in these semi-arid
ecosystems. Similar results have been reported from both field (Bowden et al. 2004; Compton
et al. 2004) and laboratory studies (Buides and Vourlitis 2012; Vourlitis and Fernandez 2015) of
chaparral and CSS soils. If soil microorganisms are not limited by N and limited by something
else, like C or P, then respiration measurements would not show a difference to N input (Allen
and Schlesinger 2004; Gallardo and Schlesinger 1992). Overall high respiration amounts are due
to water availability, C availability, and plant primary production during the growing months of
spring and summer (Cook and Orchard 2008; Fang and Moncrieff 2004; Karhu et al. 2014).
Microbial biomass was higher in plots that were treated with N were higher than in
control plots. Higher microbial biomass, coupled with no difference in respiration between
control and N plots, could be attributed to different soil microbial communities present in plots
treated with N and control plots. Unfortunately, this interpretation is speculative because soil
respiration and microbial biomass measurements do not include any information about the
composition of soil microbial communities (Nannipieri et al. 2003). Areas with different abiotic
factors have shown to have different soil microbial communities that have different rates of
respiration and biomass (Whitaker et al. 2014; Schoning et al. 2013). There are differences in
broad functional groups of microorganisms that differ in their ability to mineralize C and N
(Treseder et al. 2011; Cheng et al. 2007). Even though we found no differences in respiration
due to added N we cannot separate autotrophic from heterotrophic respiration. Thus, it is
possible that differences in microbial respiration was confounded by differences in plant
respiration (Thurgood et al. 2014; Kou et al. 2007). If so, microorganisms in the control and the
N plots could have different respiration rates, growth rate, and C use efficiency because the
addition of N could have changed their species composition (Hogberg et al. 2007; Wan et al.
2015). Different microbial communities in these two plots could explain the inconsistency in
trends between respiration and microbial biomass.
There was also a significant difference in the amount of microbial biomass found
throughout the different seasons. The differences in microbial biomass in N treated plots versus
control plots were much higher in the summer than in the winter. This is contrary to what I

hypothesized, and could be due to the amount of rain the plots received in spring leading to an
increase of primary production (Thomey et al. 2011; Baldrain et al. 2010; Yuste et al. 2007).
Another reason could be the microorganisms in the soil experienced a more optimum
temperature and moisture to function in spring and summer. Other studies have shown that
experimental warming has increased activity and biomass of microorganisms in the soil (Niu
and Wan, 2008; Niu et al. 2008). Warmer temperatures have also shown to increase root
exudates that can be used by the microorganisms (Hamilton and Frank 2001; Uselman et al.
2000), leading to high productivity in spring and summer months.
Changes in microbial communities and their responses to anthropogenic N deposition
may be an important component of these N polluted southern California ecosystems (Compton
et al. 2004; Bozzolo and Lipson 2013). Due to the difference in amount of microorganisms in the
experimentally treated plots, it is important to understand the relationship between N inputs
and microbial activity. Changes in microorganism communities due to N deposition could have
impacts on other factors in these areas such as nutrient cycling, leaching, plant species
composition, and soil organic matter (Whitaker et al. 2014; Schoning et al. 2013; Miller et al.
2005, Compton et al. 2004). Understanding the different effects of N deposition on respiration
and microbial biomass can provide insight in these N impacted semi-arid woodlands in order to
predict or mitigate possible present and future threats of N deposition.
Tables and Figures
Table 1.
Repeated measures ANOVA results (F-statistic) for SOFS soil moisture (θw), inorganic N (NO3
and NH4), total inorganic N (TIN), microbial C, and soil respiration as a function of N addition
(N), location under or away from shrubs (L), time (T), and 2- and 3-way interactions. Degrees of
freedom (df; effect, error). *p<0.05, †p<0.01, ¥p<0.001
Source
N
L
NxL
T
NxT
LxT
NxLxT

DF
1,12
1,12
1,12
3,12
3,12
3,12
3,12

θw
0.1
0.1
0.9
319.0¥
3.2*
10.3¥
1.6

Respiration
0.3
25.1†
1.7
137.2¥
0.1
13.7¥
1.7

Microbial C
8.7*
0.1
0.1
27.5¥
6.7†
0.2
0.1

NO3
17.0†
0.9
0.3
1.9
1.3
0.1
0.5

NH4
11.9†
0.02
0.02
3.4*
3.3*
3.3*
3.2

TIN
13.8†
0.2
0.07
2.1
2.3
1.2
1.5

Table 2:
Repeated measures ANOVA results (F-statistic) for SMER soil moisture (θw), inorganic N (NO3
and NH4), total inorganic N (TIN), microbial C, and soil respiration as a function of N addition

(N), location under or away from shrubs (L), time (T), and 2- and 3-way interactions. Degrees of
freedom (df; effect, error). *p<0.05, †p<0.01, ¥p<0.001
Source
N
L
NxL
T
NxT
LxT
NxLxT

DF
1,12
1,12
1,12
3,12
3,12
3,12
3,12

θw
0.1
0.02
0.01
31.6¥
4.41†
0.43
0.37

Respiration
0.3
13.6*
0.07
70.9¥
0.6
5.7*
0.01

Microbial C
9.5*
0.1
1.7
20.9¥
2.6
0.1
0.4

NO3
48.1¥
0.04
0.2
2.4
0.5
0.1
0.2

NH4
54.8¥
0.01
0.01
12.9†
12.2†
0.04
0.07

TIN
60.92¥
0.01
0.1
2.5
4.9†
0.1
0.1

Figure 1.
Mean (+se; n = 4 plots) seasonal variation in soil moisture for the SMER (top panel) and SOFS
(bottom panel) research sites under four conditions; Control Under (CU, solid circles), Control

Interspace (CI, open circles), Nitrogen Under (NU, solid triangles), and Nitrogen Interspace (NI,
open triangles).

Figure 2.
Mean (+se; n = 4 plots) seasonal variation in soil extractable NH4 (A and B), NO3 (C and D) and
total inorganic N (NH4+NO3 (E and F) for the SOFS (right panels) and SMER (left panels) research

sites under four conditions;; Control Under (CU, solid circles), Control Interspace (CI, open
circles), Nitrogen Under (NU, solid triangles), and Nitrogen Interspace (NI, open triangles).

Figure 3.
Mean (+se; n = 4 plots) seasonal variation in microbial biomass C for the SMER (top panel) and
SOFS (bottom panel) research sites under four conditions; Control Interspace (CI, closed circles),
Control Under (CU, open circles), Nitrogen Interspace (NI, closed triangles), and Nitrogen Under
(NU, open triangles).

Figure 4.
Mean (+se; n = 4 plots) seasonal variation in soil respiration for the SMER (top panel) and SOFS
(bottom panel) research sites under four conditions; Control Under (CU, solid circles), Control

Interspace (CI, solid triangles), Nitrogen Under (NU, open circles), and Nitrogen Interspace (NI,
open triangles).
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