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Abstract

Microbes perform the biological transformations of organic material that is 

responsible for soil carbon cycling and the availability of nutrients essential for plant 

growth. Perhaps the most important (and least understood) factor in influencing rates of 

ecosystem processes is the interaction between aboveground plant communities and 

belowground microbial communities. However, the mechanisms controlling this 

relationship between plant and microbial communities are still poorly understood. I 

conducted both field and laboratory experiments to address the mechanisms of plant- 

microbe interactions and their importance in ecosystem processes. Both in a field study 

and a controlled substrate-addition experiment in the laboratory, I found that the 

composition, quantity, and diversity of organic inputs to microbial communities 

significantly affect microbial community structure and function in soil. First, I conducted 

a field study at Cedar Creek Natural History Area and found that increased fire frequency 

caused declines in both soil nitrogen availability and litter nitrogen concentrations. 

However, rates o f litter decomposition and litter nitrogen dynamics were primarily 

controlled by litter characteristics, not differences in soil nitrogen availability. Thus, fire 

has a significant indirect effect on microbial activity through changes in litter nitrogen 

concentrations. Second, I conducted a substrate addition experiment in soil microcosms 

to determine the mechanisms by which organic inputs to soil affect microbial community 

structure and function. I found that the composition, quantity, and diversity of substrates 

added all significantly affected extracellular enzyme activity. However, the response of 

enzyme activity to substrate variation was dependent on the enzyme assayed. Finally, I
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explored the response of microbial community structure to added substrates and found 

that the composition of the community was significantly influenced by substrate 

composition and diversity. There were significant correlations between microbial 

community structure and function that were strongly correlated with labile C acquisition. 

I conclude that variation in inputs to microbial communities does significantly affect the 

structure and function of the microbial community and can have important consequences 

for ecosystem processes.
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Chapter 1 

Introduction

Microbes perform the biological transformations of organic material that is 

responsible for soil carbon cycling and the availability of nutrients, such as nitrogen and 

phosphorous, essential for plant growth. The rates of these processes are dependent on 

several factors, including temperature, moisture and the physical properties of soil. 

However, perhaps the most important (and least understood) factor in influencing rates of 

ecosystem processes is the interaction between aboveground plant communities and 

belowground microbial communities (Wardle 2002). Plant and microbial communities 

are inextricably linked. Microbial communities are dependent on inputs from plant 

communities, through litter and root exudates, as a source of energy and nutrients.

Further, plants are dependent on the transformations o f organic material by microbes to 

provide an available pool of nutrients for their own growth. However, the mechanisms 

controlling this relationship between plant and microbial communities are still poorly 

understood (Hooper et al. 2000).

For my dissertation, I chose to investigate two main questions with respect to the 

controls on plant-microbe interactions:

1. How do disturbances, in particular fire, that alter plant community composition 

and plant nutrient content influence ecosystem processes mediated by microbes?

2. How does variation in resource quality, quantity, and diversity o f inputs 

commonly associated with changes in plant community composition affect the 

structure and function of microbial communities?

1
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One potential mechanism by which plants influence microbial communities is 

through variation in the composition of resource inputs. Changes in plant community 

composition due to disturbances such as fire and biodiversity loss can alter the chemical 

composition, diversity, and quantity of inputs to soil, each of which has the potential to 

affect microbial community structure and function. The composition, diversity and 

quantity of resource inputs determines the type of microbes that are able to utilize the 

available substrates, which regulates enzyme production and rates of ecosystem processes 

such as decomposition and nutrient mineralization. These ecosystem-level processes 

have important consequences for plant growth and ultimately feedback to determine soil 

nutrient availability and the structure o f plant communities.

In this dissertation, I examine the interactions between plant and microbial 

communities by way of changes in resource composition and availability and the 

consequences of these interactions on ecosystem processes. In chapters 2 and 3 ,1 

investigate a long-term fire frequency experiment in Minnesota oak savanna to determine 

how variation in the composition of the plant community and nutrient content of leaf 

litter as a result of fire affects soil nitrogen and phosphorous availability and rates of litter 

decomposition. In this experiment, fire frequency and plant community composition 

interact to determine soil nutrient availability. I explored the causes of patterns in 

nutrient availability and consequences for plant nutrient concentrations, rates of litter 

decomposition, and microbial biomass.

In chapters 4 and 5 ,1 evaluate the effects of variation in carbon inputs to soil 

microcosms on the structure and function of the microbial community. I added common 

constituents of plant material to soil microcosms and varied the quality, diversity, and

2
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quantity of resource inputs. These chapters explore the mechanisms controlling 

microbial community structure, enzyme production, rates of soil respiration, and the 

correlations between measures of microbial community structure and function.

3
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Chapter 2 

Effects of fire frequency on oak litter decomposition and N dynamics

Daniel L. Hernandez and Sarah E. Hobbie

Abstract

Fire can affect a multitude of ecosystem properties that have the potential to affect rates 

of litter decomposition and nitrogen dynamics. In this study, we examined the effect of 

long-term variation in fire frequency in Minnesota oak savanna on rates o f litter mass loss 

of a common tree species (Quercus ellipsoidalis) to determine how site and intraspecific 

litter characteristics impacted by variation in fire frequency affect rates of decomposition, 

litter nitrogen dynamics, and litter microbial biomass. Although an increase in fire 

frequency resulted in higher litter temperatures, lower litter moisture, and decreased soil 

nitrogen (N) and phosphorous (P) availability, site characteristics did not significantly 

influence rates of mass loss. Rather, litter C:N ratio, which declined with increased fire 

frequency, was the dominant predictor of rates of decomposition and litter N dynamics. 

Decreased litter C:N lead to increased rates of decomposition, regardless o f the 

characteristics of the site of decomposition. Therefore, it is the indirect effects of long

term variation in fire frequency on litter characteristics rather than fire’s direct effects on 

site characteristics that determine fire effects on decomposition and nitrogen dynamics. 

Introduction

Fire plays a major role in the structure and functioning of many ecosystems. It is a 

disturbance with a high potential to influence decomposition and nutrient cycling, as it 

affects ecosystems both physically and chemically, impacting site as well as litter

4
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characteristics. Both the frequency and intensity of fire determine the magnitude of its 

effects on ecosystem processes. In systems where fire is a common phenomenon, such as 

in savannas and grasslands, the frequency and intensity of burning can have a major 

impact on carbon (C) and nitrogen (N) cycling (Certini 2005). Because fire effects on 

ecosystems can influence so many of the factors important in determining rates of 

decomposition simultaneously, it is unclear how rates of litter mass loss will respond to 

changes in fire frequency.

Fire effects on ecosystem properties that are relevant to litter decomposition can be 

grouped into three related and often interdependent categories— effects on physical 

characteristics, effects on the plant community, and effects on soil C and nutrients. 

Although the magnitude of the effect can vary with fire intensity, ecosystem type, and 

climate, increased fire frequency in savanna and grassland systems generally results in 

increased canopy openness (Reich et al. 2001), increased soil pH (Tester 1989; Certini

2005), decreased litter moisture and increased litter temperature (Raison et al. 1986). In 

savanna systems, fire leads to a more grass-dominated plant community (Reich et al. 

2001) and encourages the recruitment of species tolerant of fire (Bond and Keeley 2005). 

Some species respond to increased fire frequency with changes in plant traits such as 

growth form and biomass allocation (Ojima et al. 1994, Bond and Keeley 2005). Fire can 

also cause declines in soil C and N pools (Harden et al. 2003) and in rates o f N 

mineralization (Ojima et al. 1994, Turner et al. 1997, Reich et al. 2001, Dijkstra et al.

2006). Some species also respond to the altered soil N availability resulting from 

increased fire frequency through declines in leaf and litter N (Reich et al. 2001). Soil 

phosphorous (P) availability can increase after fire because P volatizes at relatively high

5
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temperatures, causing P in biomass to accumulate in soil and become temporarily more 

biologically available following fire (Certini 2005).

These factors influenced by fire can potentially impact rates o f decomposition 

through effects on both the environment for decomposition and on litter characteristics. 

Rates of decomposition are influenced by site characteristics (i.e., climate, soil nutrient 

availability, characteristics o f the microbial community) (Meetenmeyer 1978, 

McClaugherty et al. 1985, Wardle 2002) as well as litter characteristics such as the 

chemical composition of the decomposing litter (Melillo et al. 1982, Hobbie 1992; 

Enriquez et al. 1993). Studies to determine the relative importance o f site versus litter 

characteristics in determining rates of decomposition are common (McClaugherty et al. 

1985, Ashton et al. 2005, Hobbie 2005). However, it is unknown how the relative 

importance o f site and litter characteristics changes with fire frequency.

In this study we took advantage of a long-term prescribed burning experiment in a 

Minnesota oak savanna to determine the role of fire in influencing rates of intraspecific 

litter decomposition and nutrient dynamics. A gradient in both soil N availability and 

Quercus ellipsoidalis litter N concentrations has developed as a result o f variation in fire 

frequency at this site, with both factors showing a decline with increased frequency of 

fire (Reich et al. 2001). Higher fire frequency has also increased soil pH (Tester 1989), 

increased canopy openness (Reich et al. 2001), and lowered N mineralization rates below 

trees in frequently burned sites compared to unbumed sites (Reich et al. 2001, Dijkstra et 

al. 2006). We hypothesized that increased fire frequency would reduce rates of 

decomposition through effects on both site and litter characteristics. As a result of 

decreased litter moisture and decreased soil N availability, we expected increased fire

6
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frequency would result in lower rates of decomposition through its effects on site 

characteristics (regardless of litter characteristics). In addition, because of decreased 

litter N concentrations, we expected increased fire frequency to slow rates of 

decomposition through its effects on litter chemistry (regardless o f site characteristics). 

We hypothesized that litter decomposition is N-limited, and expected low-N litter to 

show high rates of N immobilization, especially when decomposed in sites with high N 

availability. Finally, we expected microbial biomass to be positively related to both rates 

of decomposition and N immobilization since both processes are microbially mediated. 

Methods 

Study area

We conducted a leaf litter decomposition experiment at Cedar Creek Natural History 

Area, an NSF Long Term Ecological Research site in Anoka County, MN (45° 25’ N, 93° 

10’ W). Soils at this site are sandy, infertile and excessively drained (Typic and Alfic 

Udipsamments). Mean annual precipitation is 79 cm, with mean daily temperatures 

ranging from 22°C in July to -1 1 .5°C in January.

A prescribed burning experiment was initiated at this site in 1964 to examine the 

response of the plant community to varying fire frequency and to maintain oak savanna 

vegetation (Peterson and Reich 2001). Aerial photographs reveal that woodlands with 

scattered grass patches dominated vegetation in the area o f this experiment prior to the 

initiation of the burning experiment. Nineteen burn units ranging from 2.4 to 30 ha have 

received bum treatments ranging in frequency between 0 and 0.84 fires per year. 

Prescribed bums are conducted in the spring and are of relatively low intensity, typically 

not hot enough to completely burn the litter layer (Dijkstra et al. 2006). Units that have

7
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remained unburned are characterized by closed canopy oak forest (primarily northern pin 

oak, Quercus ellipsoidalis E.J. Hill) while frequently burned sites are open savanna 

dominated by C4 and C3 grasses and sedges (Andropogon gerardii Vitman, 

Schizachyrium scoparium (Michx.) Nash, Sorghastrum nutans (L.) Nash, Poa pratensis 

L. and Carex spp.) with interspersed oak stands (Q. ellipsoidalis, and bur oak, Q. 

macrocarpa Michx.).

Experimental design

Our goal for this experiment was to investigate the effects o f fire frequency on oak 

litter decomposition and N dynamics. We selected pin oak litter because it is the 

dominant tree species across the entire gradient. Bur oak is common in the frequently 

burned sites, however it is rare in the unbumed sites. In addition, pin oak litter N 

concentrations decrease significantly with increasing fire frequency (Reich et al. 2001). 

Because soil N availability also declines with increasing fire frequency even within oak- 

dominated patches (Dijkstra et al. 2006), we were specifically interested in comparing the 

relative importance of site and litter characteristics on decomposition simultaneously.

We acknowledge that increased fire frequency changes plant community composition 

from tree to grass-dominated vegetation (Peterson and Reich 2001), affecting the 

composition of litter at the large scale of a bum unit. However, beneath trees, oak litter 

makes up the dominant litter type regardless of bum frequency (Hernandez, personal 

observation). Additional research at this site is currently underway to study the effects of 

the shift in vegetation on litter composition in burned and unbumed sites and how this 

shift influences rates of root and litter decomposition (Norris et al. in prep.).

8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



For this study, we classified burn units into three categories—high bum units (bum 

frequency >0.80), medium bum units (bum frequency between 0.33 and 0.50) and control 

units (unbumed since 1964). We selected three units in each category for a total of nine 

units. We selected locations (“plots”) in each unit that were similar in plant community 

composition and structure. We established three plots within each bum unit that were 

averaged for analyses, so our level of replication for all analyses is three. In order to 

isolate the influence o f site N availability, we aimed to minimize the microclimate 

variation caused by differences in canopy openness across the bum frequency gradient by 

selecting plots in control units that were characterized by forest gaps— openings in the 

canopy near a mature pin oak tree, while plots in the more frequently burned units were 

located in stands o f one or several mature pin oak trees surrounded by grassland.

In October 2001, Q. ellipsoidalis leaf litter was collected from three units 

representing each o f the three bum frequencies—high, medium, and control. Subsamples 

of collected litter were ground and analyzed for initial chemistry using the methods 

described below (n = 5 per bum frequency). Litter was dried at 65°C and stored in plastic 

bags in the laboratory until the following spring when it was placed in 20 x 20 cm 

litterbags made from 1-mm mesh fiberglass window screen. Approximately 1.5 g dry 

weight was added to each litterbag and initial litter mass was recorded for each litterbag. 

Litterbags were deployed in May 2002 and all litterbags were placed below the canopy of 

a mature Q. ellipsoidalis tree.

We employed a reciprocal transplant experimental design in which litterbags 

containing litter from each of the three bum frequencies were placed in every plot. 

Therefore, with each litterbag we controlled the fire frequency at location of litter origin

9
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(“litter type”) as well as the fire frequency at the site of decomposition. We placed nine 

litterbags of each litter type in each plot so that three litterbags of each litter type could be 

collected at each of three collection dates (243 total litterbags): October 2002, May 2003, 

and October 2003. In March 2003, in the middle of the experiment, all litterbags were 

collected from the field and stored at 10° C for two weeks to avoid combustion by the 

prescribed bums conducted in some sites.

Data collection and analysis 

Site characteristics

We characterized sites for N and P availability, litter layer moisture content, and litter 

layer temperature. We used ion-exchange resin (IER) bags to measure nutrient 

availability in the soil and litter layer (Giblin et al. 1994). Fifteen ml of resin (Dowex 

Marathon MR-3 mixed bead resins [R-100835], Superlco Parke, Bellefonte, PA) were 

placed in nylon stocking bags. Bags were acid-washed in 10% HC1 for two hours and 

rinsed with deionized water. In May 2002 and 2003, three resin bags were placed at 10 

cm depth and tied with flagging tape to another resin bag that was left on the surface in 

close proximity to litterbags in each plot. Resin bags were collected and replaced in July 

and September with a final collection in November. Collected resin bags were rinsed 

with deionized water, air-dried in aluminum tins and weighed. We extracted the resins 

using 100 ml of acidified 2M NaCl. We analyzed extracts for nitrate, ammonium, and 

phosphate concentrations using an Alpkem autoanalyzer (OI Analytical, College Station, 

TX) and express inorganic N and P accumulations on a resin mass basis.

In 2003, the second year of the study, we characterized the litter layer in all plots for 

temperature and moisture content (we assume that relative differences among sites were

10
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the same for 2002 and 2003). We placed temperature data loggers (Optic StowAway® 

temperature logger, Onset Computer Corp., Bourne, MA) in each site to measure 

temperature in the litter layer. Data loggers were placed in a litterbag along with 

approximately 2-3 g oak litter to approximate the conditions of the litterbags used in the 

experiment. Temperature was recorded hourly during the six-month growing season. 

Gravimetric moisture (65° C) was measured in the litter layer three times over the 

growing season by collecting litter from a 0.5 m area in each plot.

Litter characteristics

Subsamples of initial litter (n=6 ) from each fire frequency were analyzed for nutrients 

(N and P) and C chemistry. Initial litter C fractions were determined using an Ankom 

Fiber Analyzer (Ankom Technology, Fairport, NY). Litter was extracted for soluble cell 

contents, cellulose, hemicellulose and bound proteins, and lignin and recalcitrant 

fractions. To measure litter C, N, and P content, litter was ground with a Wiley mill and 

a subsample finely ground with a mixer mill (CertiPrep 8000-D). Samples were analyzed 

for total C and N content by combustion on an ECS 4010 element analyzer (Costech 

Analytical, Valencia, CA) at the University of Nebraska, Lincoln. Total litter P content 

was measured using a persulfate digestion of ground litter. We quantified P content 

colorimetrically on an Alpkem autoanalyzer (OI Analytical, College Station, TX).

We measured litter mass loss at each collection date by comparing final to initial dry 

mass of each litterbag. Care was taken to only include material that was in the litterbag 

initially, and we removed soil and other material before weighing. We measured C, N 

and P content at each collection date using the methods described above. To determine

11
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the change in litter N and P content we compared nutrient content at each collection to 

initial litter nutrient content.

At the second and third collection we analyzed litter for microbial biomass using the 

chloroform fumigation-extraction technique (Robertson et al. 1999). This technique has 

been used previously to measure soil microbial biomass, however we found that it is also 

effective in estimating litter microbial biomass. Litter was divided into three samples. 

One sample was dried at 65 °C to determine moisture content. The rest of the litter was 

homogenized by hand (the small amount of litter remaining at collection made 

mechanically grinding the litter impossible) while wearing latex gloves. Remaining litter 

was then divided into two subsamples— fumigated and non-fumigated. Non-fumigated 

samples were extracted with 0.5 M K2SO4 and filtered. Fumigated samples were placed 

in a vacuum desiccator with boiled chloroform for 2  days and then extracted using the 

methods above. Extracts of fumigated and non-fumigated samples were analyzed on a 

total organic carbon analyzer with a nitrogen measuring unit attached (Shimadzu TOC- 

V cp n )- In our analyses we used the difference in labile C in fumigated and non- 

fumigated litter (measured in mg per gram litter) as an estimate o f microbial biomass. 

Data Analysis

All data were analyzed using the statistical package JMP version 5.1 (SAS Institute,

Cary, NC).

Results

Initial litter chemistry was similar in C and P across litter types; however there were 

significant differences in initial litter N (Table 1). There were small but significant 

differences in % cellulose, with litter from control sites having slightly greater %

12
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cellulose than litter from high bum sites (Table 1). Other C fractions showed no 

significant differences between sites. Litter N content was significantly higher in control 

litter when compared to litter from high bum sites, with litter from control sites having 

28% more N than litter from high bum sites (Table 1).

Similar to the results of previous studies at Cedar Creek (Reich et al. 2001, Dijkstra et 

al. 2006), we found that soil N availability declined with increased fire frequency (Fig.

1). Soil ammonium and nitrate availability measured using IER was significantly higher 

in control sites than in high bum sites (Tukey’s HSD; Fig. 1). Soil phosphate availability 

was also higher in control sites. Fire also influenced temperature and moisture in the 

litter layer, with control sites significantly cooler and wetter than burned sites (Tukey’s 

HSD; Table 1).

Despite the significant effect of fire frequency on these site characteristics, litter 

decomposition was not significantly different among sites (2-way ANOVA, p = 0.338; 

Fig. 2). In contrast, litter type (i.e., site of litter origin) significantly influenced rates of 

litter decomposition (2-way ANOVA, p = 0.048; Fig. 2). Litter from high bum sites 

decomposed more slowly than litter from control sites, regardless o f the site in which the 

litter was decomposed (Tukey’s HSD, p <0.05). Litter from medium bum sites did not 

differ in rates of decomposition from either the control or high bum site (Tukey’s HSD, p 

> 0.05). There were no significant site by litter type interactions (p = 0.94).

In contrast to mass loss, litter N dynamics were dependent on both site and litter 

characteristics (Fig. 3). Although litter from medium burn frequency sites and control 

sites showed only small changes in N content over time, litter from high burn sites 

showed a net immobilization of N (Fig. 3).

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The site of decomposition was a significant predictor of litter N dynamics in the first 

year of decomposition (2-way ANOVA, p < 0.001; Fig. 3). Between the first and second 

collection dates litter in high and medium bum sites showed a period o f N release while 

litter in the control sites did not exhibit the same trend (Fig. 3). However, site was not 

significant in the second year of the study (p = 0.215).

Litter P content increased over time, however final litter P content measured in the 

litterbags showed no differences between litter types or across sites (data not shown).

Microbial biomass was a significant predictor of rates of mass loss in the litter. 

However, there was no relationship between microbial biomass and N dynamics. Total 

litter mass loss measured at the end of two growing seasons was positively related to 

microbial biomass (p < 0.001, r2 = 0.20; Fig. 4), with greater mass loss occurring in 

litterbags in which we measured higher microbial biomass. A similar relationship was 

observed after only the first year of decomposition as well (p < 0 .0 0 1 ; data not shown). 

There was no relationship between litter microbial biomass and N content in the litter in 

the first or second year of the study (p = 0.352 and 0.298, respectively; data not shown), 

suggesting that some factor other than the biomass of the microbial community is 

responsible for the change in litter N concentrations.

Discussion

Fire frequency is highly variable at our site (due to experimental manipulation) and 

fires consume much of the aboveground litter before it can be completely decomposed. 

However, because fires only occur with a maximum frequency of 4 out of 5 years and are 

of low intensity (resulting in incomplete combustion of the litter layer), examining the 

early stages of decomposition remains important. Previous research at this site found that
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fires in frequently burned sites consume 73% of aboveground litter on average in plots 

beneath trees (Dijkstra et al. 2006). In this experimental mosaic, burned sites range from 

a minimum of a 2-year respite from fire once every 5 years to a 10-year respite from each 

fire. Therefore, rates of decomposition and nutrient dynamics in the early stages of litter 

decay play a role in determining the overall effect of fire on C and nutrient cycling in 

burned as well as unbumed oak ecosystems at this site, even in the most frequently 

burned sites.

We found that litter characteristics were better predictors o f rates o f decomposition 

than site characteristics, with litter from high bum sites decomposing more slowly than 

litter from medium or control sites, regardless of the site in which the litter was 

decomposed. Research at Cedar Creek has shown primary production to be N limited 

(Tilman 1984), and the faster rates of decomposition of high-N litter (from high bum 

sites) along with the high rates of N immobilization in decomposing litter suggest that 

decomposition is N limited as well. Therefore we expected that fire would influence 

decomposition by way of a decline in soil N availability resulting in a decrease in N 

supply to decomposers. In contrast, the primary effect of soil N availability on 

decomposition appears to be through its indirect effect on litter chemistry, rather than 

directly supplying exogenous N to decomposers. We hypothesize that this effect is 

primarily due to differences in initial litter N content, as other aspects of initial litter 

chemistry did not vary significantly among litter types (Table 1). Along this fire 

frequency gradient, oak trees in more frequently burned sites respond to decreased soil N 

availability by producing high C:N litter—initial litter N concentrations were nearly 70%
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higher in control sites compared to high bum sites. This low-quality litter o f frequently 

burned sites then decomposes more slowly than litter from trees in unbumed sites.

Our results indicate that the differences in site characteristics due to fire had little 

effect on decomposition. The increase in litter temperatures and decrease in litter 

moisture with increased fire frequency may have been too small to have a biological 

effect (Table 1). However, relative soil N availability was 5-10 times higher in control 

sites than high bum sites (Reich et al. 2001, also see Figure 1), so the lack o f site effects 

on rates of decomposition was surprising. Previous studies investigating the role of 

exogenous and litter N on decomposition also have found a lack o f an effect of 

exogenous N supply on decomposition (McClaugherty et al. 1985, Prescott 1995, Knorr 

et al. 2005) including previous studies at Cedar Creek (Pastor et al. 1987, Hobbie 2005). 

However, other studies investigating the effect of N fertilization on decomposition have 

shown results ranging from positive (O’Connell 1994, Hobbie 2005) to negative (Fog 

1988, Prescott 1995) effects of exogenous N on rates of mass loss. In a recent meta

analysis of studies on N-enrichment effects on decomposition, Knorr et al. (2005) found 

that on average, increasing exogenous N availability had no effect on litter decay.

Contrary to our hypotheses we also found no interaction between soil N availability 

and litter quality. It has been suggested that when N availability is high the importance 

of litter N content in influencing rates of decomposition is reduced (Melillo et al. 1982); 

however despite large differences in soil N availability across sites in our study, we found 

litter N content to be the most significant predictor of rates of decomposition of all the 

variables we investigated across all sites. Interactions between litter quality and 

exogenous N have been reported in previous studies (Hobbie 2000, Knorr et al. 2005)
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where differences in litter quality were due to variation in lignin concentrations rather 

than N, although the direction of the effect is variable among studies.

Previous studies on the effects of fire on decomposition have found results ranging 

from no effect (Stark 1977, Grigal and McColl 1977, Monleon and Cromack 1996) to 

significant reductions in decay rates following fire (Springett 1976, Raison et al. 1986, 

Monleon and Cromack 1996). Most of these studies have reported the effects of a single 

fire event on decomposition, either in the year immediately following the fire or in a 

chronosequence of sites varying in time since last burning. Our results suggest that the 

major influence of fire on decomposition is through its effect on litter quality. Although 

changes in litter quality have been shown to occur fairly rapidly (Ojima et al. 1994), it is 

possible that these effects are not being captured in studies on infrequently burned sites or 

that do not take long-term fire history into account.

Results of litter N dynamics suggest that the decomposer community is limited by N 

in litter from high bum sites, but not in the other litter types (Figure 3). Litter from high 

bum sites that had lower initial N content, showed the highest amounts of N immobilized 

over the two-year study. Litter from medium burn and control sites showed less N 

immobilized, presumably because initial litter N content was sufficient to meet the 

demand of the decomposer community.

The combined effects of slower rates of decomposition and increased N 

immobilization associated with increased fire frequency could result in a positive 

feedback (Figure 5). Fire causes an increase in N losses through volatilization resulting 

in decreased soil N availability in frequently burned sites. Sites with low N availability 

have decreased litter N content which results in decreased rates of decomposition and

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



increased rates o f N immobilization. N that is immobilized into litter is taken up by 

microbes from the soil N pool, further decreasing soil N availability and creating a 

positive feedback (Figure 5a). When a fire does occur, the litter burned has a relatively 

higher N content than it did initially, potentially causing even greater declines in soil N 

over time (Figure 5b). Although we do not know the relative importance of this effect on 

N dynamics compared to the effect of changes in plant community composition that 

occurs as a result of fire, this phenomenon certainly represents a pathway of N loss 

beneath trees across the fire frequency gradient.

We observed that microbial biomass was positively related to rates of decomposition. 

However, microbial biomass showed no correlation with litter N dynamics. Litter N 

dynamics are certainly microbially mediated, but it is not necessarily the biomass of 

community that determines these dynamics. More likely it is not the size of the microbial 

biomass, but its composition that determines community function. In a related study at 

this site, we found that excluding fungi from litterbags through the use of fungicide 

resulted in a significant decline in N immobilization (unpublished data). In addition, 

Norris et al. (in prep.) found that across the fire frequency gradient fungal abundance was 

a significant predictor of rates of both root and litter N dynamics. Therefore it is possible 

that litter with high rates of N immobilization has similar total microbial biomass as that 

with low rates, but the former has relatively more fungal biomass than the latter. 

Additional research is needed to determine how shifts in microbial community 

composition affect rates of decomposition and N dynamics in litter.

We acknowledge that this study focuses only on one species of litter and that a major 

effect of fire at this site is that of changing plant community composition from oak-
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dominated forest to a C4 grass-dominated oak savanna. The change in community 

composition has significant effects on nutrient cycling, rates of root and litter 

decomposition, and other ecosystem properties (Dijkstra et al. 2006, Norris et al. in 

prep.). However, long-term differences in fire frequency also have caused significant 

differences in intraspecific litter chemistry (Reich et al. 2001), likely due to reduced soil 

N availability, further influencing rates of litter decomposition (this study) and net N 

mineralization (this study, Dijkstra et al. 2006). Thus, indirect and direct intraspecific 

responses to burning can be a significant pathway by which fire influences C and N 

cycling.
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Table 1. Initial litter and site characteristics. Different letters within a column represent 

significant differences between sites (Tukey’s HSD). Values presented are means 

(standard errors).

Initial Litter C fractions
Site bum 
frequency

Litter N (%) Litter P (%) Cell solubles 
(%)

Hemicellulose 
and proteins (%)

Cellulose (%) Lignin & 
recalcitrants 

(%)
High 0.631 (0 .0 3 )a 0.049 (0 .0 0 1 )a 50.9 (0.52) 14.2 (0.21) 16.6 (0 .4 3 )a 18.6 (0.20)

Medium 0.769 (0 .02)ab 0.050 (0 .0 0 1 )a 49.5 (0.36) 14.6 (0.11) 17.4 (0 .2 3 )ab 18.7 (0.25)
Control 0.887 (0 .0 4 )b 0.056 (0 .0 0 2 )b 46.8 (1 .84) 16.6(1.78) 17.9 (0 .3 2 )b 18.8 (0.23)

Site bum 
frequency

Litter temp.
(°C)

Litter moisture 
(%)

High 18.9 (0 .4 2 )a 13.8 (0 .8 )a
Medium 18.3 (0 .38 )a 14.1 (1 .4 )a
Control 17.6 (0 .3 6 )b 21.6 (2 .3 )b
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Figure Legends:

Figure 1. Fire frequency effects on soil nitrogen and phosphorous availability measured 

using ion-exchange resin bags during the 2003 growing season. Data shown represent 

nutrient availability (mean +/- 1 standard error) summed over the three sampling dates 

during the growing season. Colored bars denote the bum frequency of sites used in the 

study.

Figure 2. Mean litter mass loss after two growing seasons (error bars represent +/- 1 

standard error). Colored bars represent the bum frequency of the site o f decomposition 

(high, med, control). Columns represent the bum frequency o f the site of litter origin (H, 

M, C).

Figure 3. N dynamics in decomposing litter. Values over 1.0 indicate an increase of N 

per gram litter over initial litter N content. Lines represent litter type (dark circles = high 

burn litter, open circles = medium bum litter, triangles = control litter). Values given are 

means with +/- 1 standard error.

Figure 4. Relationship between litter mass loss and microbial biomass C. Chloroform 

fumigation extraction (CFE) labile C is the difference between fumigated and 

nonfumigated subsamples of litter.
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Figure 5. A positive feedback of decreased soil N availability due to fire is caused by (a) 

the immobilization of soil N into low-N litter by microbes, or (b) increased N losses 

when fire bums litter that has increased N content due to immobilization.
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Chapter 3 

Long-term fire frequency affects N and P cycling in soil, plants, and microbes

Daniel L. Hernandez, John D. Schade, Adam D. Kay, and Sarah E. Hobbie 

Abstract

Fire plays an integral role in the structure and functioning of savanna ecosystems. In this 

study, we examined the effects of long-term variation in fire frequency in Minnesota oak 

savanna on nitrogen (N) and phosphorous (P) in soil, plants, and microbial communities. 

We sampled both beneath tree canopies and in grassy openings across a 40-year 

experimental fire frequency gradient to determine the effect o f fire on the interactions 

between soil nutrient availability and the composition of vegetation. Increased fire 

frequency decreased soil ammonium availability, but did not affect nitrate or phosphate 

availability. However, canopies exhibited higher soil nitrate and phosphate availability 

than grassy openings. Phosphorous availability was positively correlated with soil 

ammonium and nitrate availability, likely due to the coupling of N and P in plants and 

subsequent control of P cycling through litter decomposition dynamics. Foliar and 

microbial N concentrations were correlated positively with ammonium, but not nitrate, 

availability and the foliar N concentration of both oaks and grasses declined across the 

fire frequency gradient. While foliar N and P concentrations were tightly correlated in 

oaks and forbs, there was no significant effect of fire frequency on this relationship. Our 

results suggest that fire has both direct and indirect effects on soil nutrient availability 

that influence, and are dependent on, the heterogeneity of vegetation structure in oak 

savanna.
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Introduction

Fire is a key factor influencing the structure and functioning of many ecosystems. 

Savanna ecosystems, comprising a heterogeneous mixture of open grassland and tree 

patches, are particularly dependent on fire to maintain plant community composition 

(Scholes and Archer 1997). In savanna, increases in fire frequency lead to a more open 

grassland system and decreased cover o f trees and other woody species (Peterson 2007). 

In addition, frequent fire can lead to losses of soil nutrients (Certini 2005), creating the 

potential for fire to have both direct and indirect effects on plant communities. Due to 

the heterogeneity of vegetation structure and the changes in soil nutrient availability in 

response to fire, savannas provide an excellent model for examining the interactive 

effects of fire on plant community composition and soil nutrient availability.

Fire effects on soil properties

Fire can significantly impact numerous soil properties, decreasing soil pH, increasing 

bulk density, altering soil albedo, and affecting soil nutrients such as nitrogen (N) and 

phosphorous (P) (Tester 1989, Giovannini et al. 1988, Certini 2005). Although the 

magnitude of the effect varies with bum frequency, intensity, and ecosystem type, 

repeated fire generally decreases soil carbon (C) and N pools (Harden et al. 2003) and 

rates of net N mineralization (Ojima et al. 1994, Turner et al. 1997, Johnson and Matchett 

2001, Dijkstra et al. 2006). Nitrogen volatilizes at relatively low temperatures, similar to 

that of C (~200° C), resulting in a decline in organic N stocks immediately following fire 

(Boerner 1982, Certini 2005). Fire can also cause organic N to change chemical form to 

ammonium, resulting in a “pulse” o f biologically available N immediately following fire 

(Christensen and Muller 1975). However, if nitrified, ammonium may be lost from the
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system through leaching, creating another pathway of N loss (Certini 2005). In a meta

analysis examining the fates of N following fire, Wan et al. (2001) showed that soil 

ammonium concentrations generally increase immediately following fire, then slowly 

return to pre-fire levels over the year following fire, while soil nitrate reaches its peak 6 - 

1 2  months following fire and then declines.

Fire has also been shown to affect soil P availability, although the effects of fire on P 

cycling have received less attention compared to N. Phosphorous volatilizes at a much 

higher temperature than N (> 500° C) and therefore is not lost easily through 

volatilization (Neary 1999). Rather, fire converts organic P to orthophosphate (Cade- 

Menun et al. 2000), resulting in a short-term increase in biologically available P (Certini 

2005). However, field studies have commonly found neutral effects of fire on soil P 

under prescribed burning regimes (Saa 1993, Wright and Hart 1997, Ferwerda 2006), 

possibly due to the low intensity of prescribed fires. Although the majority o f P in an 

ecosystem is in soil and not in litter, the organic P found in litter is more biologically 

available; thus the burning of the litter layer can have significant impacts on P cycling 

(Neary 1999).

Fire effects on plant and microbial communities

Plant nutrient concentration typically reflects soil nutrient availability (Vitousek et al. 

1995, Reich et al. 1999, Aerts and Chapin 2000, Hobbie and Gough 2002); thus any 

disturbance that affects soil nutrient availability has the potential to cause indirect 

changes in plant chemistry. Both foliar and root N have been shown to decrease 

following repeated fire (Johnson and Matchett 2001, Reich et al. 2001a, Rieske 2002, 

Hart et al. 2005). In addition, microbial biomass C and N decline following fire
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(Mabuhay 2003, Palese et al. 2004). Nutrient availability is tightly coupled between 

plants and microbial communities. Plants are dependent on microbial processes to 

convert organic N to inorganic forms, while microbes also compete with plants for 

inorganic N. Thus microbes play an integral role in ecosystem N cycling (Knops et al. 

2002). Fire effects on microbial nutrient concentration or community composition may 

have significant impacts on plant nutrient availability.

Changes in plant community composition and soil nutrients as a result of fire are 

often patchy, even within the same ecosystem. This patchiness is particularly evident in 

savanna ecosystems where plant growth form can vary dramatically, ranging from 

herbaceous plants to trees. Tree patches are associated with greater soil nutrient 

availability, soil temperature and soil moisture, creating islands of fertility in the 

landscape (Jackson et al. 1990, Vetaas 1992, Dijkstra et al. 2006). Increased N cycling 

has been attributed to greater litter production and higher litter N concentrations in trees 

than in grasses (Jackson et al. 1990). In savanna ecosystems, the number and size of tree 

patches is correlated with fire frequency (Reich et al. 2001a). Therefore, the effect o f fire 

on plant community structure could have consequences for landscape-level soil nutrient 

availability.

The effect of fire on plant P concentration has received little attention to date. In 

temperate soils, P is not lost as easily as N, and direct losses from fire are likely to be 

minimal. However, in systems experiencing frequent fire, even small changes in soil P 

availability as a result of burning could significantly affect plant P over time. Fire could 

also have indirect effects on plant P through changes in N availability. N and P are found 

in many of the same compounds involved in growth and reproduction, resulting in tight
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biological coupling of these two elements (Bloom et al. 1985, Sterner and Elser 2002). 

Previous studies have demonstrated that plant N and P are tightly coupled over broad 

geographic gradients and are largely dependent on soil nutrients (McGroddy et al. 2004, 

Reich and Oleksyn 2004). However, it is not clear how a disturbance such as fire that 

changes plant community composition as well as soil nutrient availability might affect the 

coupling of N and P in the biota.

We utilized a long-term fire frequency experiment to explore the role of fire in 

influencing the relationships between N and P in soil, plants, and microbial biomass. 

Previous research at this site has shown that net N mineralization rates decrease with 

increasing fire frequency (Reich et al. 2001a), but are higher under trees than in grassy 

openings in burned sites (Dijkstra et al. 2006). Tree patches and grassy openings are 

found across the fire frequency gradient. However, the effect of fire frequency on the 

interaction between soil nutrient availability and vegetation composition across the fire 

frequency gradient has not been previously explored. In addition, while much attention 

has been given to the importance of N in this system, the effects of fire on P cycling are 

unknown.

In this paper, we address how variation in soil nutrient availability and changes in 

vegetation structure as a result of fire interact to influence plant nutrient concentrations 

and the cycling of N and P. We hypothesized that fire’s effects on soil N availability 

have significant direct impacts on plant N concentration and indirect effects on plant P 

through the biological coupling of N and P. Soil N availability decreases following fire, 

resulting in less N available for plant uptake, lower N litter and subsequently slower rates 

of decomposition and N cycling, creating a positive feedback to low N availability

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ultimately caused by the direct losses of N through fire (Hernandez and Hobbie, in 

revision). Due to the stoichiometric coupling of N and P in plants, we expected that the 

decline in rates of N cycling could lead to slower rates of P cycling as well, due to the 

slower rates of P release in slowly decomposing low N litter.

In addition, we expected that the relative difference between tree islands and gaps in 

soil and plant nutrients is proportional to gap size (i.e., the larger the gap, the larger the 

difference between trees and gaps) and is thus smaller in more closed-canopy, less 

frequently burned sites. Since gap size is directly related to fire frequency, this effect 

could be due to direct losses of nutrients through fire, or through indirect effects of 

changes in plant community composition that change litter quality and quantity (Norris et 

al., in preparation). The heterogeneity o f vegetation structure provides patches of high 

nutrient availability due to higher N concentrations in oak litter than grass litter and thus 

faster rates of decomposition (Norris et al., in preparation), and we expected that these 

patches are reflected in both plant and microbial nutrient concentration and community 

composition.

Methods 

Study area

We collected soil, root, and foliar samples in plots within a long-term fire frequency 

experiment at Cedar Creek Natural History Area in Anoka County, MN (45° 25’ N, 93° 

10’ W). This site lies at the prairie-forest ecotone and is characterized by sandy, well- 

drained soils of the Sartell and Zimmerman series (Grigal et al. 1974). Mean daily 

temperatures range from -11°C in January to 22°C in July and mean annual precipitation 

is 79 cm.
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The fire frequency experiment was initiated in 1964 and consists o f nineteen bum 

units ranging from 2.4 to 30 ha (for a thorough description of the prescribed burning 

experiment see Peterson et al. 2007). Fire frequency ranges from 0 to 0.84 fires per year, 

creating a landscape mosaic of open oak savanna with patches of closed canopy oak 

forest. Vegetation at this site is dependent on fire frequency with frequently burned sites 

characterized by a C4-dominated grassland with interspersed oak trees while unbumed 

sites are characterized by a closed canopy oak forest (Quercus ellipsoidalis and Q. 

marcocarpa) with interspersed openings of grasses and forbs. Dominant understory 

species include Andropogon gerardii, Schizachyrium scoparium, Sorghastrum nutans, 

Poa pratensis and Amphicarpa bracteata, Rhus radicans, Parthenocissus vitacea, and 

Carex spp. Woody canopy openness ranges from less than 10% in unbumed plots to 80% 

in frequently burned plots (Reich et al. 2001a). Prescribed bums are conducted in the 

spring and are of low intensity, typically not hot enough to completely burn the litter 

layer (Dijkstra et al. 2006).

Experimental design

To determine the effect of fire frequency on N and P cycling, we selected nine bum 

units within the fire frequency gradient. For the purposes of this study, we categorized 

bum units into three groups-high bum units (bum frequency > 0.80 fires y"1), medium 

bum units (bum frequency between 0.33 and 0.50 fires y '1), and control units (unbumed 

since 1964)— and selected three units within each category. In each bum unit we 

established three “plots”, for a total of 27 plots. Each plot was selected near a mature bur 

oak tree (Quercus macrocarpa) and contained a neighboring opening in the canopy with 

vegetation characterized by a mix of grasses, forbs, and occasionally shrubs (primarily
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Corylus americana). We selected bur oak as our canopy species because it occurs across 

the fire frequency gradient. This design allowed us to control for canopy species 

composition across the burn gradient as well as examine the response o f soils and 

vegetation both beneath tree canopies and in forest gaps, or grassy savanna openings. 

Because vegetation structure differs significantly across the fire frequency gradient, plots 

in high bum units were located near a mature oak tree surrounded by grassland, while in 

the control units, plots were located adjacent to a gap in the oak forest canopy.

Therefore, the size of the “gap” ranged from several square meters to an acre or more, 

and was positively correlated with fire frequency. In all plots, we restricted our gap 

sampling to within 1 0  m of the target canopy tree.

Soil nutrient availability

During the 2002 growing season we assessed each plot for nitrate, ammonium, and 

phosphate availability using ion-exchange resin bags (Giblin et al. 1994). 15 ml of resin 

(Dowex Marathon MR-3 mixed bead resins [R-100835], Supelco Parke, Belfonte, PA) 

were placed in nylon stocking bags. Bags were acid-washed in 10% HC1 and rinsed with 

deionized water before being deployed in the field. In May of each year, three resin bags 

were placed in the soil at 1 0  cm depth beneath the tree canopy (hereafter referred to as 

“canopy” sites) and three bags were placed in the grass-forb patch (hereafter referred to 

as “gap” sites). Resin bags were collected and replaced in July and September with a 

final collection in November. Collected resins were rinsed with deionized water and air- 

dried in aluminum tins for 2-3 days. We extracted resins with 100 ml of acidified 2M 

NaCl and analyzed extracts using an Alpkem autoanalyzer (OI Analytical, College
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Station, TX). We report all data on nutrient availability as a cumulative value over one 

growing season.

Plant nutrient analysis

In June and August 2002, we sampled canopy and gap vegetation for nutrient 

concentration. Oak canopy samples were collected by hand. To control for potential 

differences in nutrient concentration among leaves receiving varying amounts of sunlight, 

we used a ladder and selected green leaves from each tree receiving the maximum 

amount of sunlight. To collect gap vegetation we used hand held electric clippers to cut 5 

strips approximately 20 cm wide and 0.5 m long. Clip strips were pooled for each plot 

and then separated into grasses and forbs (due to low biomass o f any particular species 

represented across the burn gradient, analyzing species for nutrient concentration was not 

possible). Canopy and gap vegetation samples were dried at 65° C, ground using a Wiley 

mill, and a subsample was finely ground using a mixer mill (CertiPrep 8000-D). In June 

and August 2002 we collected roots (to 10 cm soil depth) in both canopy and gap sites 

using a 10-cm diameter core. Three samples were taken in each site and pooled for 

analysis. Root samples were rinsed on a fine-mesh screen to remove soil, then dried and 

ground according to the methods above. Nutrient concentrations for all plant samples 

were averaged across the two sampling dates.

All vegetation samples were analyzed for C and N concentrations by combustion on a 

Costech element analyzer (ECS 4010, Costech Analytical Technologies, Valencia, CA) at 

St. Olaf College, Northfield, Minnesota. Phosphorus concentrations were measured using 

a persulfate digestion of ground leaves or roots. We quantified P concentrations 

colorimetrically on an Alpkem autoanalyzer (OI Analytical, College Station, TX).
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Microbial biomass

We measured microbial biomass using chloroform-fumigation direct-extraction 

(Robertson et al. 1999). Soil cores were taken in close proximity to the locations o f ion- 

exchange resin bags. Cores were divided into three subsamples. One subsample was 

dried at 65° C to determine moisture content. The second subsample was immediately 

extracted with 0.5 M K2SO4 and filtered. The third subsample was fumigated with 

chloroform in a vacuum desiccator for two days and then extracted as above. Extracts 

were analyzed on a total organic carbon analyzer with a nitrogen measuring unit attached 

(Shimadzu TOC-TNcpn)- We used the difference in dissolved organic C and total 

dissolved N between fumigated and non-fumigated samples as an estimate of microbial 

biomass C and N, respectively.

Statistical analysis

All statistical analyses were performed using the statistical package JMP version 6.0 

(SAS Institute). Two-way ANOVAs were used to determine the effects o f fire frequency 

(high, medium, control) and location (canopy, gap) on soil and plant nutrients. We 

analyzed our data using a nested ANOVA design, with plot as a random effect nested 

within bum frequency. Thus, in our results n = 3 for each level o f fire frequency. Mean 

comparisons among bum frequencies were determined using Tukey’s HSD. All mean 

comparisons are noted in the Results section. Correlations between soil nutrient 

availability and plant nutrient concentrations were determined using the Pearson’s 

correlation coefficient. Regressions of N and P in vegetation components were 

performed using simple linear regression.
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Results

Soil nutrient availability

Both ion-exchange resin soil nutrient availability and plant nutrient concentrations 

were influenced by fire frequency. Soil ammonium, nitrate and phosphate availability 

were all positively correlated with one another (Table 1). However, fire frequency had 

unique effects on each nutrient. The main effect o f fire frequency was significant for soil 

ammonium availability (Figure 1; p = 0.005), and control sites had significantly higher 

ammonium availability than medium or high bum sites (Tukey’s HSD, p < 0.05). The 

main effect of bum frequency was not significant for nitrate (p = 0 .1 2 ) or phosphate (p = 

0 .2 2 ).

Site location (canopy versus gap) had a significant effect on soil nutrient availability 

(Figure 1). N and P availability was generally greater beneath canopies across the bum 

gradient. Canopy sites had significantly higher nitrate (p = 0.02) and phosphate (p < 

0.001) availability than gap sites (Figure 1). Site location was not significant for soil 

ammonium (p = 0.17). There were no significant interactions between bum frequency 

and location for any of the soil nutrients, suggesting that the difference between canopies 

and gaps in soil nutrients is the same across the bum gradient.

Plant nutrient concentrations

Variation in fire frequency also had significant effects on plant nutrient 

concentrations in both canopy and gap vegetation (Table 2). In canopy oak leaves, %N 

was significantly higher in control plots when compared to medium and high bum plots 

(Tukey’s HSD). In gap vegetation, grasses also had higher %N in control plots. 

However, forb %N did not differ significantly across the fire frequency gradient (Table
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2). While oak and forb % P was highest in control plots, this effect was not significant 

and fire frequency did not significantly affect leaf P for any of the vegetation types 

(Table 2).

Root biomass and nutrient concentration were not significantly influenced by fire 

frequency, despite higher root N and P concentrations in control plots (Table 2). In 

contrast to what has been found previously at Cedar Creek (Reich et al. 2001), root 

biomass was not significantly different among fire frequencies (data not shown).

The effect of fire on oak and grass leaf %N was similar to the effects of fire on soil N 

(i.e., N increased in control plots), and plant nutrient concentration was correlated 

positively with soil ammonium availability for oak %N, forb N:P, and grass N:P (Table 

1). However, no other significant correlations were found between soil nutrient 

availability.and plant nutrient concentration. Similarly, root N and P were not correlated 

with the availability of soil nutrients.

Leaf P concentration was positively related to leaf N concentration in oaks and forbs 

(Figure 2; r2 = 0.40 and 0.20, respectively, p < 0.001), but not in grasses (p = 0.88). The 

slope of this relationship was similar among bum frequencies and the interaction with 

bum frequency was not significant; therefore we only report the overall relationship 

between leaf N and P for oaks and forbs.

Microbial biomass

Soil microbial biomass C and N did not differ across the fire frequency gradient or 

between gaps and canopies (data not shown). However, microbial biomass C:N was 

lower in control plots than in burned plots (Figure 3) and was significantly negatively
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correlated with ammonium, but not nitrate availability (Table 1). Microbial C:N was also 

negatively correlated with P availability.

Discussion

Soil nutrient availability

Periodic to frequent burning over the last 40 years has decreased soil N availability. 

Burned plots, regardless of fire frequency, were similar to one another in their 

biogeochemical response and differed significantly from control plots. In previous 

studies at this site, fire frequency has been reported as a continuous variable, although the 

basic pattern of greater similarities between burned plots in contrast to control plots is 

similar (Reich et al. 2001a). The results for soil N are similar to previous research at this 

site demonstrating a decline in net N mineralization rates in response to fire (Reich et al. 

2001a, Dijkstra et al. 2006). These findings suggest that repeated fire decreases soil N 

availability, either through volatilization, leaching, or likely a combination of both. Thus, 

although a pulse o f nutrient availability occurs immediately following fire (Wan et al. 

2001), the long term effect of repeated burning is a decrease in soil N (Blair 1997).

In contrast to N, soil P availability was not significantly affected by fire frequency. 

This lack of an effect is not surprising given the fact that P is not easily volatilized or 

leached from soils. While some studies suggest that soil P availability actually may 

increase following fire (Certini 2005), we see no evidence of this as a result of long-term 

fire frequency.

Differences in vegetation also influenced soil N and P availability. In a recent study 

at Cedar Creek, Dijkstra et al. (2006) found that within burned plots o f high fire 

frequency (0.84 fires / year), oak patches had higher net N mineralization rates than grass

40

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



patches. We also find that canopies have significantly higher soil N availability 

compared to gaps. Contrary to our hypotheses, the magnitude of this effect was similar 

across the bum frequency (Figure 1). Control plots had much smaller “gaps” than burned 

plots, but the effect of canopies versus gaps was the same in all sites. This suggests that 

the effect of trees in increasing soil N availability is confined to the area immediately 

under the tree canopy and that even small gaps in the forest canopy can act as patches of 

low nutrient availability. We expect that this effect results from the high N litter inputs 

by oaks. In oak savanna, the standing stock of oak litter can be 4-10 times higher beneath 

trees than in grassy openings (Jackson et al. 1990), providing a large source of N that 

appears to be confined to the area immediately under the tree canopy.

While burning does not appear to have a direct effect on soil P, the indirect effects of 

changes in plant community composition from trees to herbaceous vegetation with 

increased fire frequency, and associated declines in N availability, does influence P 

availability, such that P availability is lower in gaps than under canopies as well. We 

address the interactions between vegetation composition and soil nutrient availability in a 

later section.

Plant and microbial nutrient concentration

Plant nutrient concentrations generally correlated with soil nutrient availability. Oak 

and grass foliar N concentrations and microbial biomass C:N were correlated positively 

and negatively, respectively, with ammonium availability. Despite strong correlations 

between ammonium and nitrate availability, plant N was not correlated with soil nitrate. 

This suggests that plant and microbial chemistry respond most strongly to ammonium 

availability. Fire results in a pulse of inorganic N and, in the short-term absence of plant
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uptake following fire, may be quickly nitrified by microbes (Grogan et al. 2000, Wan et 

al. 2001), and subsequently leached from the soil (Grogan et al. 2000). Previous research 

at this site has demonstrated inorganic N losses (primarily nitrate) following fire (Dijkstra 

et al. 2006).

At Cedar Creek, fire frequency and canopy openness affect herbaceous plant 

community composition (Peterson et al. 2007). C4 grass cover increases with increased 

burning and C3 grasses are most common at 40-60% canopy openness. Forb cover is also 

greatest at intermediate fire frequencies, with the abundance o f N-fixing forbs highest in 

shaded areas (Peterson et al. 2007). Based on the N concentrations o f these major plant 

groups at Cedar Creek (Reich et al. 2001b) we would expect that the shifts in community 

mentioned above would cause understory vegetation to have the highest N concentrations 

in shaded, unbumed sites with a relatively high abundance of legumes, intermediate N in 

medium bum sites dominated by C3 grasses, and the lowest N in the C4-dominated high 

bum sites. In this study we were not able to analyze understory vegetation at the species 

level for nutrient concentrations and thus cannot say for certain whether the changes in 

grass N in response to fire frequency are a result of changes in community composition 

or an intraspecific shift in stoichiometry as we observed in oaks. However, we expect 

that the differences we observed in understory plant N are likely due to shifts in plant 

community composition. Additional research targeting understory species that occur 

across the fire frequency gradient is needed to determine if nutrient concentrations in 

these species vary to the same degree as in canopy species.

Root biomass was not significantly different among bum frequencies or between 

canopies and gaps. Reich et al (2001a) found that root biomass was positively correlated
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with canopy openness. Given the high root biomass of grasses, we expected to find 

differences between canopy and gap sites. However, it is possible that by restricting our 

sampling to areas relatively near canopies that tree roots were present in canopy and gap 

samples. Therefore we may not have accurately measured the effect of fire on root 

biomass on the burn unit scale. There were slight differences in root N and P across the 

fire gradient in gap sites, but the differences were small and again likely influenced by 

the proximity (and thus inclusion) of tree roots in gap sites. Previous research describing 

a significant negative relationship between root N and fire frequency (Reich et al. 2001a) 

is likely an effect of changes in the dominant plant species from trees to grasses across 

the bum gradient. In the present study, we examined a single tree species across the bum 

gradient and found no effect of burning on root N.

Microbial biomass C and N were not significantly affected by either fire frequency or 

location. However, microbial C:N was lower in control sites when compared to burned 

sites (Figure 3). We expected that, similar to plant N, microbial N would be higher under 

canopies than in gaps. However, there was no significant difference in microbial C:N 

between canopies and gaps. Increased nutrient availability, in the form of N-fertilization 

has been shown to decrease microbial C:N at Cedar Creek (Keeler and Hobbie 2007) and 

litter microbial biomass follows a similar pattern in this fire frequency experiment 

(Hernandez and Hobbie, submitted). While the change in microbial C:N across the fire 

gradient was small, this effect may be attributed to changes in microbial community 

composition in response to changes in nutrient availability. Since bacteria generally have 

a lower C:N ratio than fungi (Paul and Clark 1996), a lower C:N of the microbial 

community as a whole may signify shifts from a bacteria-dominated community in
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nutrient-rich plots, to increasing fungal dominance in nutrient-poor plots (Bradley et al. 

2006).

N  and P coupling in soils and plants

At Cedar Creek where plant productivity is N-limited and P is abundant relative to 

plant demand (Tilman 1984), it is likely that P cycling is constrained by soil N 

availability, as soil ammonium, nitrate, and phosphate availability were all tightly 

correlated. We hypothesize that differences in soil P availability in canopies and gaps is 

due to differences in litterfall and rates of decomposition of oak versus grass litter. In a 

related decomposition experiment at this site, Norris et al. (in preparation) found that oak 

litter had -60%  higher N concentrations than grass litter, decomposed -15%  faster, and 

showed more rapid N release than grass litter. We expect that in gaps, low P availability 

is due to the lower amount of litter produced by grasses and forbs compared to oaks and 

slower rates o f decomposition associated with low N grass litter. Slower rates of litter 

decomposition retard the release of N, but also P and other nutrients. Thus, N availability 

may control P cycling in N-limited systems (Treseder and Vitousek 2001, Giisewell 

2004).

The tight association between foliar N and P was apparent in oaks and forbs, but not 

in grasses. Since P uptake by plants in dependent on the amount o f N plants can acquire 

(Reich and Oleksyn 2004), we expected that sites with low N availability would have a 

stronger relationship between leaf N and P. However, the relationship between foliar N 

and P was similar across fire frequencies, suggesting that the strength of biotic coupling 

of N and P is similar across the fire frequency gradient. Considering that plant N:P ratios 

< 14 are generally considered indicative o f N limitation (Reich and Oleksyn 2004), our
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results suggest that N is the limiting nutrient for oaks and grasses, even in high N sites, 

creating conditions that would cause N availability to constrain P cycling.

In summary, long-term fire frequency has significant effects on soil nutrient 

availability and plant nutrient concentrations. The reduction in soil N availability with 

increased fire frequency is likely due to direct effects o f repeated burning and this causes 

significant declines in plant and microbial N. Both N and P availability were higher under 

oak canopies than in grassy openings, regardless of fire frequency, although soil P was 

independent of fire frequency. Higher soil P associated with oak trees likely resulted 

from greater litterfall in canopies compared to gaps and more rapid decomposition and 

nutrient release from high N oak litter that enriched surface soils in available P. The 

indirect effects of fire on P availability may cause significant declines in rates of 

ecosystem-level P cycling. Studies describing fire effects on P cycling in temperate 

systems are rare. However, due to the significant effects o f fire on N and the biotic 

coupling of N and P, the cycling o f both nutrients could be important in determining the 

cumulative effects of fire on ecosystems, especially when considering the effects of fire 

on plant growth and higher trophic levels.
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Table 1. Pearson correlation coefficients between soil nutrients, foliar nutrients, and microbial C:N. Values presented are 

correlation coefficients followed by p-values in parentheses. A value o f “ns” denotes relationships that were not significant (p > 

0.05). Oak %P and N:P, as well as %N and %P for grasses were not significantly correlated with soil nutrient availability and thus 

are not included in the table.
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Table 2. Nutrient concentrations and nutrient ratios for oak, grass, and forb leaves and

for roots in relation to bum frequency. Values are group means with standard errors in

parentheses. Plot-scale measurements were pooled and averaged for each bum unit.

Therefore, n = 3 for each treatment mean. Superscript letters represent significant

differences among fire frequencies for a given vegetation component (Tukey’s HSD).

Vegetation Fire frequency
component

High Medium Control

Oak %N 2.31 (0.15)a 2.23 (0.10)a 2.76 (0.06)b
Oak %P 0 . 2 2  (0.008) 0 . 2 2  (0 .0 1 0 ) 0.24 (0.011)
OakN:P 10.55 (0.24) 10.52 (0.16) 11.81 (0.42)

Forb %N 1.62 (0.09) 1.76 (0.07) 2.03 (0.13)
Forb %P 0.21 (0.052) 0.18 (0.034) 0.27 (0.026)
Forb N:P 16.12(8.74) 21.09(13.82) 7.69(1.11)

Grass %N 1.15 (0.06)a 1.26 (0.14)ab 1.48 (0.06)b
Grass %P 0.21 (0.033) 0 . 2 1  (0 .0 2 0 ) 0.18(0.016)
Grass N:P 5.21 (0.51) 6.20 (0.33) 9.05 (0.85)

Root %N (canopy) 1.02 (0.03) 1.09 (0.04) 1.13 (0.04)
Root %P (canopy) 0 .1 2 (0 .0 0 2 ) 0.11 (0.005) 0.13 (0.005)
RootN:P (canopy) 8.74 (0.33) 9.80 (0.83) 9.37 (0.41)

Root %N (gap) 1.05 (0.02) 1.03 (0.05) 1.16(0.08)
Root %P (gap) 0.11 (0.005) 0.11 (0.004) 0.13 (0.007)
Root N:P (gap) 9.62 (0.40) 9.42 (0.80) 9.22 (0.73)
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Figure Legends:

Figure 1. Soil ammonium (A), nitrate (B), and phosphate (C) availability in relation to fire 

frequency as measured using ion-exchange resin bags (see Methods). Plot-scale 

measurements are pooled for each bum unit, thus each bar represents the average value of the 

three bum units within the same bum frequency (n = 3). Dark bars represent canopy sites 

and light bars represent gap sites. Error bars are ± 1 standard error.

• • 2Figure 2. The relationship between nitrogen and phosphorous in oak leaves (r = 0.40, p <

0.001) and forbs (r2 = 0.20, p < 0.001) across a fire frequency gradient. Each point 

represents the pooled average of all samples within one plot (n = 9 for each level of fire 

frequency). There was not a significant interaction with bum frequency for either of the 

comparisons.

Figure 3. Average microbial biomass C:N, grouped by bum frequency. Dark barks represent 

canopy sites, light bars represent gap sites. Plot-scale measurements are pooled for each bum 

unit, thus each bar represents the average value of the three bum units within the same bum 

frequency (n = 3). Error bars are ± 1 standard error.
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Chapter 4 

The Effects of Substrate Composition, Quantity, and Diversity on Microbial Activity 

Daniel L. Hernandez and Sarah E. Hobbie 

Abstract

Microbial activity is regulated in part by the composition o f organic matter inputs from 

plant communities. While inputs to microbial communities have the potential to influence 

microbial community function in soil, the relationship between variation in organic matter 

inputs and microbial community function is largely unknown. In this study we determine the 

effects of variation of substrate composition, quantity, and diversity on soil extracellular 

enzyme activity and respiration in laboratory microcosms. Soil respiration responded 

predictably to substrate additions and was maximized by the addition o f labile substrates. 

Substrate quantity had a positive effect on soil respiration, while there was no effect of 

substrate diversity. Substrate composition had a significant effect on enzyme activity.

Carbon (C) degrading enzyme activities were maximized by the addition of glucose and 

aminopeptidase activity was maximized by the addition of organic nitrogen (N), suggesting 

resource limitation was the likely mechanism controlling activity for these enzymes. In 

contrast, phosphatase activity was maximized with C and N added together, supporting the 

common notion that addition of limiting resources increases the production of enzymes to 

acquire other nutrients (resource acquisition model). Chitinase activity was maximized with 

the addition of chitin, suggesting that some enzymes may be stimulated by the addition of the 

substrate they degrade (enzyme stimulation model). Substrate quantity also had a positive 

effect on enzyme activity for four of the six enzymes assayed, although the response
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saturated at low levels of substrate addition. Finally, substrate diversity increased enzyme 

activity for three o f the six enzymes assayed. These results suggest that while composition, 

quantity, and diversity of inputs to microbial communities affect microbial enzyme activity, 

the mechanisms controlling these relationships are unique for each particular enzyme. 

Introduction

Microbes produce extracellular enzymes to acquire energy and nutrients through the 

breakdown of complex organic substrates. The activity of extracellular enzymes has been 

linked to rates of decomposition (Carreiro et al. 2000) nutrient mineralization (Allison and 

Vitousek 2005), suggesting that they play a major role in regulating ecosystem functions.

The production of extracellular enzymes is largely regulated by the inputs of resources from 

plants. Plants provide inputs of resources in the form of litter, throughfall, and root exudates 

which stimulate enzyme production and provide a source of energy and nutrients for 

microbes. Because plant inputs and microbial activity are tightly linked, variation in inputs, 

through changes in plant productivity, community composition, or shifts in resource 

allocation, have the potential to affect microbial activity and thus, ecosystem function 

(Hooper et al. 2000, Waldrop and Firestone 2006). However, the mechanisms driving this 

effect are still poorly understood. The goal of this study was to examine the relationships 

between resource availability, enzyme activity, and soil respiration. We used a substrate 

addition experiment in which we varied the composition, quantity, and diversity of inputs to 

soil to test among three conceptual mechanistic models of enzyme production.

Most studies examining the effect of substrate composition on enzyme activity have used 

changes in plant community composition as a proxy for change in substrate composition. 

While these studies have clearly demonstrated the importance of plant community
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composition in influencing enzyme production (Kourtev et al. 2002), it is difficult to isolate 

the influence of specific attributes (e.g., amount, diversity, composition) o f substrates in field 

studies. Thus, these studies only provide an indirect test of the effects of substrate 

composition on enzyme activity. However, previous models o f microbial enzyme activity 

have suggested that enzyme-substrate interactions play a major role in determining activity 

and turnover rates (Sinsabaugh et al. 1992). In a direct test of substrate composition effects, 

Allison and Vitousek (2005) found that when simple and complex forms o f carbon (C), 

nitrogen (N), and phosphorous (P) were added to soil microcosms, the composition of 

substrates added was a significant factor in influencing enzyme activities.

Three possible conceptual models exist to explain how substrate composition could affect 

the production of enzymes by microbes. First, because the production of enzymes requires 

an investment of energy and nutrients, particularly nitrogen (N), by microbes, they are 

energetically and nutritionally expensive to produce and thus may be regulated by the 

availability of a labile C and N source. Previous studies have shown that increases in C and 

N availability can increase enzyme production (Carriero et al. 2000, Gallo et al. 2004, 

Waldrop and Firestone 2006), and that the effect of these additions is dependent on the 

enzyme of interest and the form of C or N added. In this model (herein referred to as the 

resource limitation model), microbes may be limited by C, N, or both. This model would 

predict that additions of a limiting resource would increase the activity of all enzymes for 

which the resource is limiting.

In contrast, microbes may produce enzymes to acquire resources that are not otherwise 

readily available (herein referred to as the resource acquisition model). In this case, microbes 

would respond to the addition of a resource by increasing the production of enzymes to
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acquire other resources. For example, previous studies have shown that acid phosphatase 

activity increases with the addition of inorganic N fertilizer (Olander and Vitousek 2000, 

Sinsabaugh et al. 2002). In the resource acquisition model, nutrient additions would inhibit 

the activity of enzymes involved in acquiring the added nutrient (Sinsabaugh and Moorhead 

1994), but increase the activity of enzymes to acquire other nutrients (Harder and Dijkhuizen 

1983).

Finally, enzyme production could simply be regulated by the presence of the substrate 

which it degrades (herein referred to as the enzyme stimulation model). This model would 

predict an enzyme-specific response to substrate additions in which resource additions would 

increase the activity of enzymes involved in degrading the added resource, but have little 

effect on other enzymes not associated with the added resource. Previous studies have 

shown that chitin additions can stimulate the activity o f chitin-degrading enzymes (Smucker 

and Kim 1987) and it has been hypothesized that the degradation o f cellulose and lignin-rich 

substrates is dependent on the production of lignocellulase enzymes (Sinsabaugh 1994). 

Stimulation of enzyme production by the addition of its substrate could either be due to 

specific microbes increasing their production of a particular enzyme, or to a shift in the 

composition of the microbial community to taxa better able to utilize the available resource.

While substrate composition certainly plays a major role in regulating enzyme 

production, microbial activity could also be influenced by the diversity and quantity of 

substrates available to microbes. The importance of substrate diversity and quantity in 

influencing microbial activity has received little attention to date (Orwin et al. 2006). 

However, both aspects of input variation have the potential to affect soil respiration and 

enzyme activity in soil. Increasing the number of substrates could increase the number of
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niches available to microbes, supporting a more diverse microbial community (Grayston et 

al. 1998). A more diverse microbial community could result in microbes having a greater 

capacity to respond to a range of substrate additions, thus increasing enzyme activity overall. 

Only the enzyme stimulation model suggests that increasing substrate diversity could 

increase enzyme activity overall. In this model, high substrate diversity would provide 

substrate for the maximum number of enzymes, thus increasing activity overall. However, 

the relative importance of substrate diversity for enzyme activity is more dependent on the 

selection o f both the substrates added and the enzymes to be assayed than on the mechanisms 

controlling enzyme production. Therefore, it is difficult to ascribe the effect of substrate 

diversity to a particular mechanistic model.

The quantity of available resources may also affect microbial activity. Although we 

know of no studies to date that have investigated the effect of substrate quantity on enzyme 

activity directly, we expect that increased substrate quantity could influence microbial 

community composition and result in differences in enzyme production. While we expect 

that enzymes regulated by the resource limitation model are most likely to be affected by 

substrate quantity, it is possible for increased substrate quantity to increase enzyme activity 

in all three mechanistic models.

Methods

For this experiment, we chose nine substrates that are common constituents of plant litter. 

Substrates were grouped into three “functional groups”—simple (glucose, xylose, alanine), 

moderate (cellulose, starch, pectin), and complex (lignin, chitin, tannic acid)— according to 

their presumed decomposability, or complexity of their chemical structure. Two of the nine 

substrates added contained N— alanine, a simple substrate, and chitin, a complex substrate.
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These substrates were chosen to examine the effect of added organic N on microbial activity 

in both a labile and recalcitrant form. Alanine has relatively low N content relative to other 

amino acids and is similar to the N content of chitin (approximately 10% N by mass). All 

other substrates added contain only C, hydrogen, and oxygen.

We designed a substrate addition experiment in soil microcosms to examine the effects of 

substrate composition, quantity, and diversity on microbial activity. Substrates were divided 

into four treatments (Table 1). Soil microcosms were amended with one substrate, treatment 

A; three substrates, all from one functional group, treatment B; three substrates, one 

randomly selected from each functional group, treatment C; and all nine substrates added in 

mixture, treatment D. Treatments A and D were fully replicated at both low and high 

substrate quantities. Treatments B and C were only added at low quantity. Control 

microcosms received no substrate additions.

The microcosms consisted of 175 1-L mason jars filled with 500 g dry weight of 

homogenized soil. Soil was collected from Cedar Creek Natural History Area (45° 24’ N,

93° 12’ W) on July 23, 2004. Soil was taken from a grassland plot in the southeast 

“savanna” section of Cedar Creek and collected to a depth of 20 to 30 cm. Soil from this site 

is sandy and infertile with low soil organic matter (Typic and Alfic Udipsamments; Grigal et 

al. 1974). Soil was sieved through 2 mm mesh to remove plant material. We then 

homogenized soil by mixing it in an electric cement mixer for approximately 30 minutes. A 

subsample of soil was used to determine initial moisture content and the corrected fresh 

weight equivalent was added to each jar. Microcosms were brought up to 10% gravimetric 

water content (slightly below field capacity of approximately 16%) and were covered with 

clear polyethylene plastic to allow gas exchange with the atmosphere, but minimize moisture
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loss. All jars were stored at room temperature (approximately 22° C) in the dark to eliminate 

C additions from autotrophic growth.

In order to maximize the microbial community response to substrate additions, we waited 

several weeks before beginning the substrate additions to allow any residual labile C to be 

respired. We measured microbial respiration (see methods below) three times between July 

30 and September 1 to ensure that labile energy sources were significantly reduced before 

beginning the experiment. We began the substrate additions on September 8  and substrates 

were added weekly for a period of 36 weeks.

Substrate additions

0 1Substrate additions were added at the equivalent o f 100 g C m ' y‘ (assuming 20 cm soil

-t i
depth to calculate volume) for the low quantity treatments and 250 g C m '  y' for the high 

quantity treatments and divided into 36 equal amounts to be added each week. These 

amounts were chosen to correspond to average annual net primary productivity (ANPP) at 

Cedar Creek and both the low and high quantity treatments are within ANPP values 

measured at this site (Tilman et al. 2001). The total amount o f substrate added differed 

slightly for each substrate or substrate mixture depending on the % C in each compound.

Soluble substrates (glucose, xylose, alanine, and tannic acid) were added in solution 

while all other substrates were added in dry powder form. All microcosms (including the 

control treatment) received 1 ml of water per week either with substrates dissolved in the 

water or 1 ml deionized water dripped on top of the dry substrates. This amount of water 

was sufficient to replace water lost through evaporation and keep the microcosms at 8 - 1 0 % 

water content. Jars were gently rotated once every four weeks to better incorporate added 

substrates into the soil.
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Soil respiration

We measured soil respiration on each microcosm five times during the experiment (in 

addition to the three measurements described above): one day before substrate additions 

began and one week, 6  weeks, 32 weeks, and 36 weeks after the substrate additions began.

At each measurement, the plastic wrap covers on the jars were removed, vented with ambient 

air and replaced with airtight canning lids fitted with silicone septa. The rate of soil 

respiration was measured by taking a 7-ml subsample of headspace gas immediately after 

capping the jars and again 4-5 hours later. Samples were injected into a gas chromatograph 

(Shimadzu GC-14A) with a thermal conductivity detector. To standardize measurements for 

the duration of the experiment and account for the relative contribution o f initial soil organic 

matter to total soil respiration, all data are presented relative to average soil respiration of the 

control treatment.

Enzyme assays

We measured microbial enzyme activity three days following the final substrate addition. 

We chose to assay six enzymes that are important in the breakdown of the compounds we 

added in the substrate additions or that play a role in microbial acquisition of N or 

phosphorous— a-l,4-glucosidase (aGLU), P-l,4-glucosidase (PGLU), L-leucine 

aminopeptidase (LAP), P-l,4-N-acetlyglucosaminidase (NAG), acid phosphatase (PHOS), 

and peroxidase (PER).

Enzyme assays were performed according to the methods of (Saiya-Cork et al. 2002). 

Sample suspensions were created by adding 1 g soil to 125 ml pH 5 sodium acetate buffer. 

Samples were homogenized using a Binkmann Polytron Homogenizer (Brinkmann 

Instruments, Inc.) and poured into a Petri dish. The suspension was continuously stirred on a
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stir plate while 200 pi was added to 96-well microplates using an 8-channel pipettor, with 16 

replicate wells per sample. Except for the peroxidase assay, a 7-amino-4-methyl coumarin 

(for leucine aminopeptidase) or 4 methylumbelliferone (MUB)-linked substrate was added to 

the sample wells. To account for quenching by soil particles a MUB or methyl coumarin 

standard was added to sample solutions in eight replicate control wells for each soil. To 

control for quenching by the substrate and buffer alone, there were also eight replicates per 

microplate of each of the following: blank wells (buffer and soil solution), reference 

standard wells (standard and acetate buffer), and negative control wells (substrate and 

buffer). Microplates were incubated at room temperature in the dark for 1-7 hours, 

depending on the assay. Enzyme activity was determined by measuring flouresence on a 

microplate reader (BioTek Instruments).

Peroxidase activity was measured using L-3,4-dihydroxyphenylalanine (DOPA) plus 

0.3% H2O2 as the substrate. There were 16 replicate wells for each soil and 8 replicates of 

blank wells (sample, H2O2 , and acetate buffer) and negative control wells (DOPA, H2O2, and 

acetate buffer). Peroxidase activity was determined spectrophotometrically.

Statistical analysis

All statistical analyses were performed using JMP version 6.0.3 (SAS Institute Inc.). In 

our analyses we excluded outliers if  their value was outside ± 2 standard deviations of the 

group mean. All cases where outliers were removed from the data set are noted in the figure 

legends. We used multiple comparisons to determine the effect of substrate composition on 

enzyme activity (Table 3) and used a Bonferroni-corrected alpha level to determine 

significance (p < 0.0056). In our analysis of soil respiration (see Results, Table 2), 

differences between treatments (i.e., treatment B vs. C or D-high vs. D-low) were performed
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using a two-tailed T-test and differences between functional groups (i.e., simple, moderate, 

complex) within a treatment were determined using the Student’s t-test (a = 0.05).

Results

Soil Respiration

Measures o f soil respiration confirmed our a priori classifications o f substrate functional 

groups, although simple substrates were more distinct than moderate or complex substrates. 

After the first substrate addition (week 1), simple substrates showed significantly higher 

respiration rates than moderate and complex substrates (Table 2, treatment A). After one 

month, relative soil respiration of moderate and complex substrates still did not differ from 

one another. However, by the end of the experiment (8 months), respiration at all three 

levels o f substrate complexity— simple, moderate, and complex— were significantly different 

from one another, with more labile substrates inducing higher rates of soil respiration, either 

when added singly (treatment A) or in mixture (treatment B).

Not surprisingly, substrate quantity also had a significant effect on soil respiration. 

Increased substrate quantity (treatment D-high vs. D-low) resulted in a small increase in soil 

respiration on the first two sampling dates. However, by the final date increased substrate 

quantity resulted in a 60% increase in relative soil respiration rates (Table 2). Treatment A 

(high vs. low) showed a similar effect of substrate quantity and there was no quantity by 

substrate interaction.

The diversity (within or among functional groups) of inputs to soil microcosms did not 

affect soil respiration rates. On the final collection date, the average relative soil respiration 

for treatment B, in which three substrates in a single functional group were added (7.39 ± 

0.97) was not significantly different than treatment C, in which three substrates from each of
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the three functional groups were added (6.29 ± 0.31) (Table 2; Student’s t-test, a  = 0.05).

This suggests that respiration in treatment C (three substrates, one from each functional 

group) is equal to its expected value based on the average of the three groups in treatment B. 

Similarly, increasing substrate diversity from three substrates to nine (treatment C vs. D-low) 

while maintaining a constant number of functional groups did not affect relative soil 

respiration.

Additions of N-containing substrates in mixtures did not affect rates of soil respiration 

differently from additions of mixtures without N-containing substrates. In treatment C 

microcosms, we compared soil respiration on the final sampling date in jars that received 

alanine (n = 14, eight o f which also contained chi tin) to those that did not (n = 31, six of 

which contained chitin). We performed the same analysis for chitin, again using treatment C 

alone. The results were similar (i.e., no significant effect of N additions) when using jars that 

only had one N-containing substrate present when compared with jars that received no form 

ofN .

Enzyme assays

The identity of substrates added influenced enzyme activity (Table 3). In treatment A, 

there was a significant effect of substrate composition in all enzymes assayed (p < 0.05). 

However, there was no effect of substrate quantity and no significant interactions between 

substrate added and quantity for any of the enzymes assayed (two-way ANOVA; p > 0.05). 

Therefore we pooled the high and low quantity treatments for our presentation of treatment A 

(Table 3). In treatment D there was a significant effect of substrate, quantity, and a 

significant interaction between substrate and quantity (two-way ANOVA; p < 0.05). 

Therefore we report only data from the low quantity treatment in our analysis of the effects
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of substrate identity (Table 3) and address the effects o f substrate quantity in Figure 1 and the 

effect of substrate diversity in Figure 2.

Microcosms receiving glucose additions showed significantly higher activity for both 

aGLU and (3GLU than the control treatment (Table 3). Xylose also resulted in significantly 

higher aGLU activity. LAP activity was increased in microcosms receiving alanine, 

although this effect (p = 0.036) was not significant with the Bonferroni correction. Alanine 

additions also resulted in greater activity than the control treatment in the 0GLU, NAG and 

PHOS assays. Taken together, these results seem to support the energy limitation model of 

enzyme production. However, PHOS activity was greatest in microcosms receiving all 

substrates (treatment D), supporting the resource acquisition model. In contrast, chitin 

additions maximized enzyme activity for NAG, following the substrate utilization model. 

Although chitin also maximized the activity o f PER, activity for this enzyme was extremely 

low and no treatment had higher activity than the control. Microcosms in treatment D 

consistently showed high enzyme activity that was significantly greater than the control 

treatment for five of the six enzymes assayed (Table 3). In only one case was there evidence 

for strong inhibition of enzyme production due to the addition of a particular substrate. In 

the LAP assay, activity was significantly inhibited by lignin addition. We found no evidence 

for the products o f any enzyme to inhibit that enzyme’s activity.

There was a significant effect of functional group on enzyme activity for four o f the six 

enzymes assayed (treatment B, Table 4). However, this effect was likely driven by presence 

of one substrate that maximized activity for a particular enzyme (Table 3). For the four 

enzymes that did show a significant effect, aGLU, pGLU, LAP and PHOS, the simple
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functional group exhibited higher enzyme activity than the moderate or complex group, 

although the moderate and complex groups did not differ.

Increasing the quantity of substrate added (treatment D-high vs. D-low) increased 

enzyme activity for four of the six enzymes— aGLU, PGLU, NAG, and PHOS— and had no 

effect in the other two enzymes (Figure 1). The main effect o f quantity in treatment A did 

not influence activity for any o f the enzymes we assayed, nor were there any interactions 

between substrate quantity and functional groups that would suggest the quantity effect was 

due to increasing quantity of only the most labile substrates.

The diversity of inputs added influenced potential enzyme activity for some of the 

enzymes assayed. PGLU, LAP, and PHOS activity increased significantly with an increase 

in substrate diversity (C vs. D-low; Figure 2). However, for the other three enzymes, there 

was no effect of substrate diversity on activity (Figure 2). Functional group diversity 

(treatment B vs. C) only affected LAP (p = 0.032). In this case, greater functional diversity 

lead to a decrease in average enzyme activity (data not shown).

The effect o f N-containing substrates on enzyme activity was dependent on the form in 

which N was added. Using microcosms only from treatment C, we observed that jars 

receiving alanine (n = 14, eight of which also contained chitin) had higher enzyme activity 

than jars that did not (n = 31, six of which contained chitin) (Figure 3). This effect was 

significant for PGLU (p = 0.04), PHOS (p < 0.01), and PER (p = 0.02), and was marginally 

significant for LAP (p = 0.09; one-way ANOVA, each enzyme fit separately). When we 

removed microcosms receiving chitin from our analysis the results varied slightly. Alanine 

additions increased enzyme activity for aGLU (p = 0.02), PGLU (p < 0.01), PHOS (p < 

0.001), but there was no significant effect for the other enzymes.
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Microcosms receiving chitin (n = 14, eight of which also contained alanine), the other N- 

containing substrate, exhibited increased activity of only two enzymes— LAP (p < 0.01) and 

NAG (p <0.01; one-way ANOVA). Chitin additions decreased aGLU and pGLU activity, 

but the effect was not significant (p = 0.48 and 0.23, respectively). When we removed 

microcosms receiving alanine from our analysis, NAG and LAP remained significant and 

PHOS activity was also significantly increased under these conditions (p < 0.01).

Discussion

In our examination of six enzymes involved in the acquisition of C, N, and P we found no 

single mechanistic model explains the controls on enzyme productions. Rather, we find 

evidence for enzyme-specific responses to substrate additions in which all three proposed 

mechanistic models of enzyme production were supported, while some enzymes (aGLU, 

PGLU, and LAP) appear to be maximized by the addition of their products.

Lablie C inputs maximized aGLU activity, suggesting C-limitation. Similarly, C- 

amended soils resulted in high pGLU activity. These results partially support the resource 

limitation model for the regulation of enzyme production. However, we would expect that if 

glucosidase activity was indeed C limited, then other labile C additions such as xylose would 

also increase enzyme activity. Activity o f aGLU was significantly greater than the control 

treatments under xylose additions (Table 3), but activity was more than two times greater 

under glucose additions. In the PGLU assay, both C and N additions increased enzyme 

activity, but enzyme activity in microcosms receiving glucose was 30% greater than the other 

microcosms in treatment A, and xylose-ammended microcosms were not significantly greater 

than the control treatment.
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The fact that enzymes involved in the acquisition of C would be maximized under C- 

amended soils seems counterintuitive. Although microbial communities are commonly 

thought to be C-limited for growth (Paul and Clark 1996), studies examining enzyme activity 

show no effect of labile C additions on increasing or decreasing enzyme production (Allison 

and Vitousek 2005). Soils from our study site are low in C (Johnston et al. 1996). In 

addition, we waited several weeks after setting up our experiment before adding the 

substrates to minimize contributions from C already in the soil. Therefore, low soil C 

content may explain the strong response of glucosidase enzymes to C additions, although this 

effect is not seen in the other enzymes we assayed. However, this does still not explain the 

fact that glucose additions in particular would maximize glucosidase activities.

An alternative hypothesis is that microbes perceive the products of enzyme degradation 

as a “reward” for the production of that enzyme. Since the enzymes we assayed are excreted 

by microbes and active outside the cell, it is possible that microbes perceive the products of 

an enzyme as a signal that the substrate degraded by the enzyme is available in the soil. This 

“reward” for the production of an enzyme may stimulate the production o f additional 

enzymes. Given the fact that the production of enzymes requires an investment of both 

energy and nutrients, it is possible that in the highly competitive environment of the soil 

matrix, microbes may respond in part to the resources they are receiving and invest further in 

acquiring this resource. While the product of an enzyme has not been previously shown to 

increase its production and contradicts theoretical models of enzyme production (Sinsabaugh 

and Moorhead 1994), controlled experiments using pure additions of labile substrates are 

rare.
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Aminopeptidase activity was also maximized by the addition o f its product. Contrary to 

our expectations, and those of previous studies (Sinsabaugh and Moorhead 1994), alanine 

additions maximized LAP. LAP releases N in the form of amino acids through the 

breakdown o f proteins. Therefore, according to the resource acquisition model, increased N 

supply should inhibit these enzymes. One possible explanation for the increase in LAP 

activity is that although alanine contains N, it is in an organic form and provides a labile C 

source for microbes as well. It is possible that the combined addition of labile C and N 

within one substrate resulted in the observed response. However, additions of other labile C 

sources did not significantly increase LAP activity compared to the control treatment.

In contrast to the glucosidase and aminopeptidase enzymes, PHOS activity closely 

follows the resource acquisition model of controls on enzyme production. Similar to the 

results of other studies (Elfstrand et al. 2007) Allison and Vitousek 2005), PHOS activity was 

elevated in alanine amended soils and was maximized when C and N were added in 

combination. This suggests that when N is added, microbes quickly become energy limited 

and thus activity is maximized when both C and N are available.

NAG activity did not support either the resource limitation or resource acquisition model 

of enzyme production. Instead, NAG was maximized by the addition o f chitin, the 

compound it degrades, supporting the enzyme stimulation model. Although chitin also 

contains both C and N, it is a complex compound that is difficult to decompose (Olander and 

Vitousek 2000) and did not result in enzyme activities significantly greater than the control 

treatment for any of the other enzymes assayed (Table 3). Therefore, it is unlikely that chitin 

represents a readily available C or N source for microbes. We hypothesize that the effect of 

chitin additions on NAG activity is likely due to a change in microbial community
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composition. Although NAG is produced by both bacteria and fungi, the latter are the 

dominant producers in soil. It is possible that long-term chitin additions shifted the microbial 

community to one dominated by fungi and increased NAG activity. We address the effects 

of input variation on microbial community composition for this experiment in a companion 

paper (D.L. Hernandez and S.E. Hobbie, unpublished data).

Effects o f  N  addition on enzyme activity

The addition of N has been shown to inhibit the activity of aminopeptidase (Allison and 

Vitousek 2005, Stursova et al. 2006), peroxidase (Carriero et al. 2000, (Gallo et al. 2004, 

Sinsabaugh et al. 2005)) and chitinase (Olander and Vitousek 2000). However, we found no 

evidence for the inhibition of any enzyme from N additions as alanine or chitin (Figure 3). In 

fact, in treatment C alanine additions significantly increased LAP and PER activity (Figure 3) 

and in treatment A alanine increased NAG activity (Table 3).

One important contrast between our studies and previous studies is that the N we added 

was in organic form (rather than as inorganic N). It is possible that organic and inorganic N 

additions have contrasting effects on enzyme activity. Recent studies have found that the 

presence of N-fixing trees increase the activity of enzymes involved in the degradation of 

organic N compounds (Selmants et al. 2005, Allison et al. 2006). The authors suggest this 

may be due to the response of microbes to complex inputs of organic N. These complex N 

compounds produced by N-fixers require enzymatic breakdown before they can be 

assimilated by microbes, resulting in the increase in enzyme activity seen in these studies. 

Contrary to this hypothesis, our results suggest that aminopeptidase activities may increase 

with the addition of both simple and complex forms of organic N (Figure 3). Given the 

prevalence of studies examining the effects of simulated N deposition on enzyme activity
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(Caldwell 2005, Sinsabaugh et al. 2005), and the importance o f N as the primary limiting 

nutrient in many ecosystems, this apparent contrast in the effects o f organic and inorganic N 

should be further investigated.

The only case where we found significant inhibition o f an enzyme was for LAP activity 

in response to lignin additions. It is not clear why lignin would inhibit aminopeptidase 

activity and this response to high lignin substrates has not been previously reported in the 

literature. Other studies have suggested that high amounts of polyphenolic compounds in 

soil can inhibit enzyme activity by binding to enzymes and making them inactive (Kraus et 

al. 2003, Allison 2006). However, lignin additions did not inhibit any other enzyme we 

assayed. While tannins have also been shown to inhibit enzyme activity in soil (Kraus et al.

2003), we found no evidence for inhibition of any enzyme from the addition of tannic acid. 

Effects o f  substrate diversity and quantity

It is surprising that a combination of all substrates (treatment D) only significantly 

increased enzyme activity for PHOS when compared to the one-substrate treatment 

(treatment A). In the other enzymes, activity for treatment D was equal to or less than the 

substrate inducing maximum activity in treatment A (Table 3). We expected that because 

microcosms receiving all 9 substrates contained labile C, N, and more recalcitrant 

compounds, activity would be maximized, supporting the resource acquisition model. Given 

our results show unique controls for each enzyme, it is difficult to hypothesize a single 

mechanism to explain this effect, although changes in microbial community composition or 

enzyme-specific environmental controls likely play a role. However, it is clear that the 

resource acquisition model is not the sole mechanism controlling the production and activity 

of extracellular enzymes.
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Increasing the number of substrates from three to nine, while maintaining the same 

number of functional groups present, significantly increased enzyme activity for PGLU,

LAP, and PHOS (Figure 2). In a recent study on the effects of resource input diversity on 

substrate induced microbial respiration and community composition, Orwin et al. (2006) 

found that the effects of substrate diversity saturated at low levels (i.e., there was no effect of 

adding more than two substrates). In the present study, we found mixed results, with a 

significant effect of substrate diversity at relatively high levels for some enzymes assayed 

and neutral effects for the other enzymes as well as for soil respiration. This latter finding 

supports the results of Orwin et al. (2006) and the theoretical model o f Loreau (2001) which 

suggests that diverse substrate mixtures are not likely to increase rates o f microbial functions. 

Given enzyme activity in treatment D was not significantly greater than the maximum 

activity measured in treatment A for most enzymes, we expect that the activity of any 

particular enzyme is dependent on substrate identity, not diversity.

Substrate quantity had a significant effect on four of the six enzymes and no effect in the 

other cases (Figure 1). Since enzymes are a catalyst, we expected that the presence of a 

small amount of substrate would induce enzyme production and a further increase in the 

amount of substrate would have neutral or negative effects on enzyme activity. In addition, 

research on plant communities has shown that increases in a limiting resource resulted in a 

decrease in diversity (Tilman 1987). If we consider enzyme activity to be a measure of 

microbial functional diversity (i.e., considering the expression and rate o f enzyme activity 

overall as a relative proxy for the diversity of functional abilities of microbial communities; 

Caldwell 2005) we would expect that increasing substrate quantity would decrease the 

expression of most enzymes. Contrary to this hypotheses, increasing substrate quantity
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resulted in an increase in enzyme activity overall and followed no specific pattern with 

respect to the mechanistic models of enzyme production. Not surprisingly, relative soil 

respiration was also greater in high quantity treatments (Table 2). However, the effect of 

substrate quantity was only apparent in treatment D where any individual substrate was 

added at very low quantities. In treatment A, there was no significant effect of substrate 

quantity on enzyme activity. Therefore, it is possible that this effect saturates at relatively 

low levels of resource addition.

This study highlights the importance of variation in inputs in regulating microbial activity 

in soil. In general, substrate composition, quantity, and diversity all had a significant effect 

on microbial enzyme activity. However, this study suggests that enzymes may be regulated 

by different mechanisms, particularly with respect to controls on enzyme production and the 

response o f microbial communities to nutrient additions, even within the same soil type. 
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Table 1. Experimental design of substrate addition experiment.

Treatment Quantity
# substrates 

added/ 
microcosm

# functional 
groups/ 

microcosm

Possible substrate- 
functional group 

combinations

Replicates Total number o f  
microcosms/ 

treatment

A
100g 1 1 9 5 45

A 250 g 1 1 9 5 45

B
100 g 3 1 3 5 15

C 100 g 3 3 3 15 45

D 100 g 9 3 1 10 10

D 250 g 9 3 1 10 10

Control 0 g 0 0 0 5 5
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Table 2. Relative soil respiration (treatment/control) for three sampling dates in 

treatments. Values are reported are means with standard errors in parentheses.

Treatm ent Functional Relative soil respiration Relative soil respiration Relative soil 
group 1 week 1 month respiration

8 months

11.02 (0.85) 
6.94 (1.09) 
4.91 (0.69)

13.10 (0.97)
10.37 (1.37) 
5.63 (0.77)

11.74 (1.45) 
6.07 (0.49)
4.37 0.33)

6.29 (0.31) 

5.72 (0.57) 

9.51 (0.84)

Simple 3.60 (0.21) 2.25 (0.14)
A-low Moderate 1.21 (0.12) 1.80 (0.18)

Complex 1.19 (0.07) 1.76 (0.11)

Simple 4.73 (0.36) 2.69 (0.16)
A-high Moderate 1.25 (0.12) 2.40 (0.26)

Complex 1.25 (0.08) 1.84 (0.17)

Simple 3.21 (0.10) 2.01 (0.07)
B Moderate 1.33 (0.06) 2.57 (0.09)

Complex 1.26 (0.01) 1.88 (0.06)

C Mix 1.91 (0.06) 1.97 (0.06)

D-low Mix 2.03 (0.07) 2.04 (0.04)

D-high Mix 2.35 (0.06) 2.62 (0.04)
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Table 3. Enzyme activities of individual substrates in treatment A (averaged among high and low quantity treatments) and treatment 

D (low quantity treatment only). All values are expressed as pmol/g soil/hr with standard errors given in parentheses. Values marked 

with an asterisk (*) had activities significantly greater than the control treatment (p < 0.0056). Values in bold denote the treatment 

that induced maximum activity for a particular enzyme. Columns with more than one bold term had multiple treatments that were not

significantly different than one another. A cross (f) indicates terms where one outlier was removed.

Treatm ent Substrate aG LU PGLU LAP NAG PHOS PER

A Glucose 8 .42 (1 .37 ) * 94.20 (9.70) t  * 5 .74(1 .26) 48.66 (9.25) 183.35 (11.34) 0.059 (0.005)

A Xylose 3.46 (0.44) * 45 .46 (1 .45 ) 8.41 (2.01) 43 .32(10 .61) 188.25 (9 .85)* 0.054 (0.004)

A Alanine 3.41 (0.97) 60.70 (2.53) t  * 16.87 (3.68) f  * 77.57 (7.83) * 257 .72(10 .91) * 0.048 (0.004)

A Cellulose 2.91 (0.72) | 57.62 (2.99) 5 .26(1 .60) 54.56 (8.79) 188.31 (10.10) * 0.055 (0.007)

A Starch 2.86 (0.44) 76.98 (6.56) * 4.63 (1.23) 49.66 (6.85) 164.00 (7.52) 0.053 (0.004)

A Pectin 3.88 (0.85) 43.88 (1.36) 5.25 (1.33) 52.90 (8.29) 179 .30(9 .09)* 0.047 (0.004)

A Lignin 2.06 (0.44) 46 .52 (1 .43 ) 0.003 (0.003) * 38.40 (2.09) 101.59 (5.83) 0.044 (0.006)

A Chitin 3.06 (0.81) 57.58 (3.60) 7.63 (2.65) 118.04 (15 .56)* 185.98 (8.44) 0.070 (0.007)

A Tannic acid 2.80 (0.35) 69.25 (2.58) * 2.58 (0.84) 40 .17 (5 .15 ) 131.77(6.27) 0.060 (0.003)

D All 3.47 (0 .39)* 103.00 (3.16) * 1 1 .29 (0 .83 )* 66.89 (5.93) * 459.12 (25.73) * 0.055 (0.004)

Control None 1.16(0.10) 43.09 (2.91) 5.57 (0.53) 29.39 (2.06) 129.88 (4.80) 0.050 (0.005)
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Table 4. The effect o f substrate functional group on enzyme activity. Values represent the mean activity for microcosms in treatment 

B (three substrates, all from one functional group) and are expressed as pmol/g soil/hr. Standard errors are given in parentheses. 

Superscript letters represent significant differences between functional groups within each enzyme (Student’s t-test, a  = 0.05).

Treatm ent Functional group aG LU PGLU LAP NAG PHOS PER

B Simple 4.66 (1.71)a 100.78 (3.85)a 14.83 (3.70)a 52.08 (3.65)a 274.08 (1 9 .18)a 0.058 (0.005)3

B Moderate 2.19 (0 .18)ab 57.88 (5.65)b 7.79 (1.34)ab 35.89 (3 .5 l ) a 167.00 (9.65)b 0.047 (0.004)ab

B Complex 1.45 (0.24)b 55.46 (13.56)b 5.73 (2.12)b 37.34 (10.14)a 143.59 (11.26)b 0.042 (0.006)b
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Figure Legends:

Figure 1. The effect of substrate quantity on enzyme activity in the treatment D (all nine 

substrates added in mixture). Means and standard errors are given for low quantity 

(black bars) and high quantity (gray bars) treatments.

Figure 2. Effect of substrate diversity on enzyme activity. Means and standard errors are 

given for treatment C (three substrate, one from each functional group; black bars) and 

treatment D (all substrates; gray bars). Only microcosms receiving the low quantity 

additions were used for the analysis of treatment D.

Figure 3. The effect of N additions on enzyme activity. Values are the average percent 

change in enzyme activity in response to the presence of alanine (black bars) or chitin 

(gray bars) in treatment C (three substrates, one randomly selected from each functional 

group).
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Chapter 5 

The effects of substrate composition and diversity on microbial community 

structure

Daniel L. Hernandez, William C. Eddy III, and Sarah E. Hobbie

Abstract

Plant communities can have a major influence on the composition of microbial 

communities through variation in the composition and diversity o f resource inputs. 

However, plant productivity and nutrient content often co-vary with changes in plant 

diversity, making it difficult to determine the mechanisms responsible for plant 

community effects on microbes. To test the effects o f substrate composition and 

diversity on microbial community structure, we designed a substrate addition experiment 

in soil microcosms. Substrates varying in their complexity were added either singly or in 

mixture and changes in microbial community composition were determined using 

phospholipid fatty acids (PLFAs). In addition, we compared changes in PLFA 

composition to two measures of microbial community function (soil respiration and 

enzyme activity). Microcosms receiving labile and recalcitrant substrates showed few 

differences in PLFA profiles and there was no effect of substrate composition or diversity 

on total microbial biomass. Variation in PLFA composition was more dependent on the 

nutritional status of soil as a result of substrate additions than on differences in substrate 

complexity (i.e., decomposability); substrate additions containing labile sources of carbon 

(C) and nitrogen (N) resulted in the biggest differences in PLFA profiles among groups. 

Substrate diversity did have effects on several fatty acids indicative o f specific microbial
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groups, including normal saturated fatty acids, mid-branched saturates, monoenoics, and 

polyenoics. PLFA composition and a-glucosidase activity were broadly correlated for a 

number of microbial groups. However, the relative proportion of these groups was not 

correlated with the activity of any other enzymes. Measures o f soil respiration were 

significantly correlated with several measures of nutritional stress. Our results suggest 

that nutrient availability and the availability of labile, but not recalcitrant, C may be 

important drivers of microbial community composition in soil.

Introduction

Microbes are a dominant biotic factor influencing ecosystem processes. Through 

decomposition, heterotrophic microbes in the soil perform the biochemical 

transformations o f litterfall and soil organic matter that make nutrients available to plants. 

Plants take up nutrients from the soil and provide new inputs of organic material to the 

microbial community through litterfall, root turnover, and exudates, resulting in a close 

relationship between plants and microbes. Studies have shown that the composition of 

the plant community affects ecosystem processes mediated by microbes (Chapin et al. 

1997, Hooper and Vitousek 1997, Tilman et al. 1997). In addition, microbial 

communities differ beneath soils of different plant species (Grayston and Campbell 1996, 

Waldrop et al. 2000, Grayston et al. 2001, Kourtev et al. 2002), suggesting that the plant 

community is an important factor influencing microbial community composition. 

However, the mechanisms driving this relationship between plants and microbes are 

largely unknown (Hooper et al. 2000).

It is hypothesized that changes in plant diversity modify resource availability for 

microbes and thus affect the structure and function of the community (Zak et al. 2003).
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Previous studies examining the effects of plant diversity on microbial community 

structure and function have consistently found that variation in plant diversity is 

associated with shifts in microbial community composition (Zak et al. 2003, Carney and 

Matson et al. 2005, Chung et al. 2007), although there is no consistent pattern in the 

response of microbial communities to changes in plant diversity among studies. These 

studies have also demonstrated linkages between microbial community composition and 

ecosystem processes such as nutrient cycling and decomposition, suggesting that 

variation in resources has direct impacts on microbial community function. However, in 

field studies the effect of increasing plant diversity is confounded by increasing 

productivity and total plant nitrogen (N). Therefore, it is difficult to determine whether 

shifts in microbial community composition are an effect o f changes in the composition of 

available resources or of an increase in resource quantity associated with greater plant 

productivity (Zak et al. 2003).

Studies examining the effect of added carbon (C) resources on microbial community 

composition have found that the addition of recalcitrant substrates has a greater effect on 

microbial community composition than more labile substrates (Waldrop and Firestone

2004). The addition of more recalcitrant compounds generally leads to decreases in 

bacterial:fungal ratios and causes larger shifts in community composition as a whole 

when compared to labile substrate addtions. In addition, microbial communities found in 

soils with high amounts of recalcitrant C (i.e., lignin and tannins) are better able to utilize 

recalcitrant compounds, while there appears to be little difference in the ability of 

microbes to utilize labile compounds, regardless of initial soil conditions (Waldrop and 

Firestone 2004, Brant et al. 2006). These results support the hypothesis that fewer
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microbial species are capable of utilizing recalcitrant compounds, and that these 

microbial groups play a larger role in regulating ecosystem processes than those that 

degrade more labile compounds (Schimel and Gulledge 1998).

The addition of N can also cause significant shifts in microbial community 

composition (Gallo et al. 2004, Waldrop et al. 2004). Inorganic N deposition increases 

the degradation of cellulosic litter and decreases the degradation of recalcitrant litter (Fog 

1988). This response has generally been attributed to declines in oxidative enzyme 

activity with increased N addition that have been attributed to shifts in microbial 

community composition (Saiya-Cork et al. 2002, Gallo et al. 2004). However, the 

response of microbial community structure and function to N additions differs among 

habitats, and while N additions decrease fungal activity in some systems, they can 

increase activity in others (Waldrop et al. 2004). Therefore, the mechanisms controlling 

microbial responses to added N are still not well understood.

Shifts in microbial community composition may affect the function of the community 

through changes in the production and activity o f extracellular enzymes (Zogg et al.

1997, Waldrop et al. 2000, Gallo et al. 2004). In particular, enzyme activities and 

community composition have been shown to correlate with respect to the degradation of 

recalcitrant compounds (Gallo et al. 2004, Waldrop et al. 2004). However, other studies 

have found that microbial community structure and function are not correlated in soil 

(Balser 2002). It is possible that common measures of microbial community structure do 

not identify microbial groups responsible for variation in functional attributes of the 

microbial community (Waldrop and Firestone 2004). However, due to the heterogeneity
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of the soil environment, it may be difficult to correlate measures of community structure 

and function in a field setting.

The goals of this study were to examine how variation in the composition and 

diversity of organic inputs to soil affects microbial community structure. We used 

substrate additions of common constituents of plant material to determine how the 

decomposability, nutrient content, and diversity of inputs affects microbial communities. 

In a companion paper, we measured soil respiration and enzyme activity in response to 

the same treatments and found that both the composition and diversity o f inputs had 

significant effects on microbial community function: in summary, while soil respiration 

was significantly dependent on the decomposability of substrates added, the mechanisms 

controlling enzyme activity were dependent on the enzyme being assayed. We expect 

that these enzyme-specific responses are due to variation in microbial community 

composition as a result of variation in resources. Thus an additional objective was to 

examine the relationship between measures of microbial community structure and 

function.

We tested three main hypotheses with respect to the effects o f variation in inputs on 

microbial community function. First, we hypothesized that the decomposability of 

substrates would significantly influence microbial community composition, with more 

recalcitrant substrates causing the largest shifts in composition and specifically increasing 

those groups that are capable of utilizing recalcitrant compounds as an energy source. In 

contrast, we expected that the addition of labile substrates will not cause large shifts in 

community composition because the capacity to utilize these substrates is ubiquitous 

among microbial groups (Schimel and Gulledge 1998).
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Second, we expected that increased substrate diversity would broaden range of niches 

available to microbes and thus result in an increase in total microbial biomass as well as 

alter community composition. A high diversity of inputs is more likely to contain both 

simple and recalcitrant compounds than inputs of low diversity (i.e., a sampling effect). 

Therefore, we expected that increased substrate diversity will increase the relative 

abundance of microbes involved in the degradation of recalcitrant compounds such as 

fungi, and decrease the relative abundance of microbes that depend on more labile energy 

sources such as bacteria.

Finally, we expected that both soil respiration and enzyme activity would be 

correlated with microbial community composition, and that the direction o f this 

correlation would be dependent on the specific enzyme being assayed. Because the 

abundance of microbial groups associated with the degradation o f recalcitrant C are 

thought to have the most significant effect on community composition, we expected that 

the correlations between composition (characterized using phospholipid fatty acid 

(PLFA) profiles) and function will be strongest for enzymes involved in the degradation 

of recalcitrant substrates, such as lignin and chitin, when compared to the correlations 

with more labile substrates, such as glucose and alanine.

Methods

Experimental design

We designed a substrate addition experiment in which common plant constituents 

were added, either singly or in mixture, to soil microcosms. Microcosms contained 500 g 

dry weight of soil collected from Cedar Creek Natural History Area, MN. For a complete 

description o f the experimental design, see Hernandez and Hobbie (in preparation).
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Substrate additions were added to microcosms at the equivalent of 100 g C m2y ' 1 

(assuming 20 cm soil depth to calculate volume) and were divided into 36 equal amounts 

to be added weekly for the duration of the 36-week experiment with 1 ml water per week. 

Control microcosms only received water additions. All analyses were performed on soil 

collected at the end of the experiment.

We selected a subset of the microcosms used in the full experiment to test for effects 

of substrate composition and diversity on microbial community structure. Selected 

microcosms received zero, one, three, or nine substrates and although the number of 

substrates added differed among treatments, we varied the quantity o f each substrate so 

that each microcosm received an equal amount of C equally partitioned among all 

substrates added. Microcosms receiving one substrate (treatment A in Hernandez and 

Hobbie, in preparation) received glucose, alanine, lignin or chitin. Those receiving three 

substrates (treatment B) received one of three additions— simple substrates (including 

glucose, alanine, and xylose), moderate substrates (including cellulose, starch, and 

pectin), and complex substrates (including lignin, chitin, and tannic acid). The final 

subset o f jars received all nine substrates mentioned above (treatment D). There were 5 

replicates of each substrate addition in treatments A, B and control, and 10 replicates of 

microcosms receiving all nine substrates. However, due to errors in the PLFA extraction 

procedure for some samples our results include fewer replicates for each treatment (3-4 

replicates for treatments A, B, and control; 7 replicates for treatment D).

PLFA extraction

Microbial community composition was characterized using phospholipid fatty acid 

extraction (PLFA) from soil and microbial biomass was estimated as the total extractable
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PLFA (White et al. 1979). Freeze-dried soil from each microcosm was extracted using a 

single-phase chloroform-methanol-aqueous buffer system (Bligh and Dwyer 1959). The 

lipid extract was fractionated into functional classes by siclic acid chromatography and 

the polar lipids were isolated and transesterified into fatty acid methyl esters using a mild 

alkaline system (White et al. 1979). Fatty acids were analyzed using capillary gas 

chromatography with flame ionization detection on a Hewitt Packard Chromatograph 

using a 50 m non-polar column. The column temperature started at 60 °C for 2 min and 

then ramped up to 150 °C at a rate of 10 °C min'1, followed by a ramp up to 312 °C at a 

rate of 3°C m in'1. We used the mole percentage of each PLFA to indicate the relative 

abundance of bacteria, fungi, and actinomycetes in soil. To calculate the mole percentage 

of PLFAs, and we used two internal standards (9:0 and 19:0) that were added to our 

sample at the end of the procedure. To determine the efficiency of our extraction 

procedure, a third standard (2 1 :0 ) was added at the beginning of the extraction procedure. 

We used the ratio of 21:0 to 19:0 standards in our sample to calculate efficiency. 

Microbial community function

To characterize microbial community function, we measured the activity o f six 

extracellular enzymes: a-l,4-glucosidase (aGLU), P-l,4-glucosidase (PGLU), L-leucine 

aminopeptidase (LAP), P-l,4-N-acetlyglucosaminidase (NAG), acid phosphatase 

(PHOS), and peroxidase (PER). A complete description of the methods used and results 

for enzyme assays can be found in Hernandez and Hobbie (in preparation). Enzyme 

assays were performed on soil collected at the same time as the soil used for PLFA. In 

addition, we measured soil respiration at regular intervals throughout the experiment. We 

examined correlations between measures of community structure and function to
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determine how changes in community composition affect these processes. For soil 

respiration, we only examined correlations between PLFAs and the final measure of soil 

respiration because the sampling dates were within two days o f one another.

Analysis o f  PLFAs and Statistical analysis

We examined the relative abundance (mole %) of particular fatty acids as well as 

different classes of fatty acids. Results are reported in mole % instead of absolute 

amounts o f PLFA in each sample because we were interested in compositional shifts in 

microbial communities rather than absolute changes in the amount o f fatty acids present. 

Different fatty acids are indicative of particular groups of microbes (Gram-positive and 

Gram-negative bacteria, actinomycetes, and fungi). The fatty acids associated with each 

of these microbial groups have been well-characterized in the literature (Zak et al. 1996, 

Zelles 1999, Peacock et al. 2001, McKinley et al. 2005) and are noted in the Results. We 

also compared treatments to indicators of nutritional stress. Several ratios o f fatty acids 

have been shown to be indicative of nutritional stress (Hendrick et al. 2005, McKinley et 

al. 2005). The ratio of iso/anteiso in 15:0 and 17:0 increases with nutritional stress. In 

addition, the ratios o f cyclopropyl fatty acids to their monounsaturated precursors, normal 

saturated to monounsaturated fatty acids, and ratios between trans and cis 

monounsaturates decrease with nutritional stress.

All statistical analyses were performed using the statistical package JMP version 

6.0.3 (SAS Institute, Inc.). Analyses of variance (ANOVA) were used to compare the 

effects of all treatments on the average mole % of fatty acids identified in our samples. 

Mean comparisions were performed using Tukey’s HSD to determine significant 

differences among groups within treatments. Pairwise correlations were performed
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between PLFAs and measures of microbial community function (soil respiration and 

enzyme activities). We report Pearson’s correlation coefficients and only report 

statistically significant correlations (p < 0.05).

Results

Variation in the composition and diversity of inputs to microbial communities had 

significant effects on microbial community composition but not on total microbial 

biomass. The fatty acids that differed significantly among groups were those indicative 

o f Gram-negative bacteria and actinomycetes, as well as one fatty acid indicative of 

fungi. The effect of substrate composition (treatment A) on microbial community 

composition was more dependent on whether or not substrates contained N than on the 

identity of substrates in general (Table 1). In fact, of the 53 fatty acids identified in our 

samples, only two (15:1 and cyl7:0) were significantly different among microcosms in 

treatment A. However, when we compared those substrates that contained N (alanine 

and chitin) to those that did not (glucose and lignin), several microbial groups exhibited 

significant differences. The mole % of fatty acids indicative o f Gram-negative bacteria 

(monounsaturated fatty acids in general; 16:lco7c and 18:lco7c, in particular) declined 

with the addition of N-containing substrates. One fatty acid indicative o f fungi (16:lco5c) 

also declined with N additions. Two fatty acid ratios indicative o f nutritional stress 

(iso/anteiso and saturated/monounsaturated fatty acids) also declined in microcosms 

receiving N.

In microcosms that received three substrates grouped according to their 

decomposability (treatment B), fatty acids indicative of Gram-negative bacteria, 

actinomycetes, and fungi were again significantly different among treatments (Table 2),
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although patterns were not consistent among groups. The percent o f one fatty acid 

indicative of Gram-negative bacteria (16: lco7t) was significantly greater in microcosms 

receiving simple substrates (glucose, xylose, and alanine), while the other Gram-negative 

fatty acid (18:lco7c) was lowest in this group. Similarly, the two fatty acids indicative of 

actinomycetes ( 1 2 m el6 : 0  and 1 0 m el8 :0 ) showed contrasting effects with respect to 

substrate composition. As hypothesized, fungi (16:lco5c) were highest in the moderate 

and complex functional groups and lowest in the simple substrate group.

Several measures o f nutrient stress were significantly different among treatments 

(Figures 1 and 2). In treatment A, microcosms receiving alanine had a significantly 

lower iso/anteiso ratio and significantly higher ratio of cy 17/16:1, both indicative of 

decreases in nutritional stress (Figure 1). The other substrate treatments were not 

significantly different from the control treatment (Tukey’s HSD). Indicators of nutrient 

stress were also significantly different in treatment B (Figure 2a-c). Substrates in the 

simple functional group had the lowest iso/anteiso ratio and highest ratios o f both 

cy 17/16:1 and cy 19/18:1. Microcosms receiving all nine substrates were consistently 

intermediate in measures of nutrient stress (Figure 2a-c).

Substrate diversity also had a significant effect on microbial community composition 

(Figure 3). The significant effects were among broad groups of microbes, rather than in 

particular fatty acids as we observed in other treatments. The percentage o f normal 

saturated fatty acids, produced by all microbial groups, was highest in treatments 

receiving 1 substrate and significantly greater than in the three substrate treatment (Figure 

3a). Mid-branched saturated fatty acids, indicative of actinomycetes (Zak et al. 1996), 

were highest in the control and lowest in microcosms receiving 1 or 9 substrates (Figure
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3b). Monounsaturated fatty acids, indicative o f Gram-negative bacteria, were lowest in 

the control, but did not differ across the other treatments (Figure 3c). Finally, 

polyunsaturated fatty acids, generally indicative o f fungi, were greatest in the one 

substrate treatment and intermediate in the three and nine substrate treatments (Figure 

3d). The ratio of bacterial / total PLFAs also showed a greater proportion of fungi in the 

one substrate treatment (Figure 3e).

Measures o f community structure and function were correlated for soil respiration 

and a-glucosidase activity, but other enzymes were not correlated with microbial 

community composition (Table 3). We also calculated biomass-specific enzyme 

activities for each assay (Waldrop et al. 2000). However, results were similar whether 

we used specific or absolute measures of enzyme activity and thus we only report the 

latter. Soil respiration was correlated with several measures of nutrient stress. The ratio 

of 16 trans/cis, cy 17/16:1, and cy 19/18:1 were all significantly positively correlated with 

soil respiration and the ratio of iso/anteiso fatty acids showed a significant negative 

correlation (Table 3). Only one particular fatty acid, 10mel8:0 was significantly 

correlated with soil respiration. The activity of a-glucosidase was correlated with several 

broad classes of fatty acids. Normal saturated and polyunsaturated fatty acids were 

positively correlated with a-glucosidase activity (Table 3). Mid-branched saturated and 

branched monounsaturated fatty acids were both negatively correlated with a-glucosidase 

activity (Table 3). a-Glucosidase activity was positively correlated with two individual 

fatty acids, 18:1 co9c and cyl9:0. In the other enzymes assayed, only one individual fatty 

acid was correlated with any other measure of enzyme activity. In this case cy!9:0
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showed a positive correlation with p-glucosidase activity (Pearson correlation coefficient 

= 0.34).

Discussion

Effects o f  substrate composition

Both the composition and diversity of substrates had significant effects on microbial 

community composition. Contrary to our hypotheses, we found that the chemical 

complexity of single substrate additions was less important in determining community 

composition than whether or not substrate additions contained N. We expected that 

additions of recalcitrant compounds (chitin and lignin) would result in significant 

changes in the composition of the microbial community when compared to labile 

substrate additions. However, the individual substrate additions did not result in 

significant differences in the subsequent proportion of any fatty acids. Rather, the 

addition of nitrogen-containing substrates decreased the relative proportions of several 

fatty acids indicative of Gram-negative bacteria and one fatty acid indicative of fungi. 

Gram-negative bacteria and fungi have been shown to be sensitive to N additions (Bohme 

et al. 2005). Studies have shown that increases in N availability lead to a decrease in 

fungal biomass (Bardgett et al. 1999, Zak et al. 2003, Gallo et al. 2004). However, 

proportions of gram-negative bacteria have been shown both to increase (Gallo et al. 

2004, Waldrop et al. 2004) and decrease (Zak et al. 2003, Gallo et al. 2004) with 

increases in N availability.

The significant effect of N-containing substrates on microbial community 

composition may be expected given the low N content of the soil at Cedar Creek (Tilman 

1984). In a related study, Hernandez and Hobbie (in preparation) showed that N had a
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significant effect on enzyme activity. In treatments receiving a random mix of three 

substrates from the nine substrate pool, alanine additions stimulated the activity of all 

enzymes and chitin additions had a stimulatory effect on four of the six enzymes assayed 

when compared to those microcosms that did not receive N. N is thought to affect 

microbial community composition by reducing the activity o f lignin-degrading enzymes, 

which ultimately slows rates of decomposition (Carreiro et al. 2000). However, N 

additions have also been shown to have a neutral effect on oxidative enzyme activities 

(Keeler and Hobbie, in preparation) and N can have positive or neutral effects on 

decomposition (Hobbie 2005). We found that the relative abundance of one fungal PLFA 

decreased with N additions, although there was no correlation between the abundance of 

this fatty acid and the activity of oxidative enzymes.

Measures o f  nutritional stress

Nutritional stress was consistently lowest in treatments that contained a labile source 

of C and N. Measurements of nutritional stress are based on laboratory studies which 

have found changes in certain fatty acid ratios (increases in iso/anteiso ratios in 15:0 and 

17:0; decreases in ratios of cyclic saturated fatty acids to their monoenoic precursors and 

between trans and cis monoenoics) in response to the starvation o f microbial 

communities (Guckert et al. 1986, Vestal and White 1989, White et al. 1996). Since all 

o f our microcosms received an equal amount of C, measures of nutrient stress in our 

experiment are independent of total C availability and thus reflect the ability o f microbial 

communities to utilize C in the form it was provided.

We found that levels of nutrient stress were relatively high when microbes received 

either no labile C sources, or a smaller proportion of labile C. Additions of alanine alone,
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which provide a labile source of C and N, showed the lowest levels o f stress compared to 

other single substrate additions. However, microcosms receiving all nine substrates 

showed higher levels of stress than those that received any simple substrate, despite the 

presence o f both labile and recalcitrant compounds in the high diversity treatment. This 

suggests that it is not only the presence of labile C and N, but the relative proportion of 

labile energy sources that determines nutrient stress in microbial communities.

Effects o f  substrate diversity

In contrast to differences within treatments, changes in microbial composition 

between treatments had greater effects on entire classes of PLFAs, rather than on 

particular fatty acids. The proportion of normal saturates, produced by all microbial 

groups, was highest in microcosms receiving only one substrate (treatment A) and lowest 

in the control. Since microbes often produce monoenoic fatty acids instead o f saturated 

fatty acids in response to nutritional stress, differences in normal saturated fatty acids 

may be due to differences in stress among treatments. Mid-branched saturates, 

predominantly characteristic of actinomycetes, followed the opposite pattern and made 

up the highest proportion in the control microcosms. Actinomycetes are capable of 

surviving harsh soil environments (Peacock et al. 2001), therefore it is not surprising that 

they comprised nearly half of all microbes present in the control treatment that were 

likely depleted in available C.

Our results with respect to substrate diversity are in contrast to other studies that have 

found a positive effect of plant diversity on fungal biomass and total microbial biomass 

(Zak et al. 2003, Chung et al. 2007). Contrary to our hypotheses, we found that 

increasing substrate diversity decreased the relative proportion of fungi and increased the
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relative proportion of bacteria in our treatments. Microcosms receiving only one 

substrate had a significantly higher proportion of polyenoic fatty acids, generally 

indicative of fungi, and a lower ratio of bacterial/total PLFAs when compared to the other 

treatments. However, individual substrates (treatment A) did not differ with respect to 

total polyenoics or bacterial/total PLFAs when analyzed separately; therefore we cannot 

determine whether the effect of diversity on fungal biomass is due to changes in the 

number or composition of substrates. Zak et al. (2003) determined that much of the 

effect of plant diversity on microbial communities could be attributed to associated 

changes in plant productivity. Since the quantity of C supplied to our microcosms was 

equal in all treatments except the control, our results suggest that diversity alone may 

have a significant effect on microbial communities, and that the effects o f diversity on 

community composition may be opposite of that found for the effect o f resource quantity. 

Correlations between structure and function

Measures o f respiration and a-glucosidase activity were positively and negatively 

correlated (depending on the microbial group) with microbial community structure. We 

predicted that shifts in microbial community composition would be most tightly 

correlated with the enzymes responsible for the degradation of recalcitrant compounds 

(i.e., chitinase and ligninase). In contrast to our expectations, the only enzyme that was 

significantly correlated with microbial community structure was one involved in the 

degradation of cellulose, a relatively labile C compound. Fatty acids indicative of 

actinomycetes and Gram-negative bacteria were both negatively correlated with a- 

glucosidase activity and those indicative of fungi were positively correlated. Across all 

treatments, these three groups were responsible for most of the differences in PLFA. It is
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unclear why a-glucosidase alone was correlated with microbial community composition. 

However, since microbial communities in many of our treatments had relatively high 

levels of nutritional stress, the ability to acquire C through the production o f C-degrading 

enzymes may be the most important factor in determining microbial community 

composition.

Soil respiration was not significantly correlated with any particular microbial group, 

but rather with several measures of nutritional stress. In all cases, greater nutritional 

stress correlated with decreases in soil respiration. While previous studies have shown 

linkages between PLFAs and C cycling in soil (Chung et al. 2007, Carney and Matson 

2005), we know of no other studies that have demonstrated correlations between 

measures of nutritional stress and soil respiration. Levels of nutritional stress comparable 

to those we report have been found in natural and managed ecosystems (McKinley et al. 

2005), suggesting that nutritional stress is a common occurrence in natural microbial 

communities. Therefore, nutritional stress in microbial communities has direct 

implications for soil C cycling and measures of both soil respiration and microbial 

community composition could provide insight into actual C quality as perceived by 

microbes.

Our results suggest that the composition and diversity of inputs to soil has significant 

effects on microbial community structure. While gram-negative bacteria, fungi, and 

actinomycetes were all shown to be sensitive to variation in inputs, the most significant 

effects of this variation were due to effects on the nutritional status of the microbial 

community. Contrary to the findings of other studies, the addition of recalcitrant 

compounds was not significantly related to changes in community composition, enzyme
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activity, or rates of soil respiration. Rather, the addition of labile C and N seemed to be 

the major driver of changes in community composition. Thus, nutrient availability in 

infertile soils can have significant impacts on the composition of microbial communities 

and may play a larger role in structuring microbial communities than the chemical 

composition of C compounds.
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Table 1. The effects of substrates in treatment A on PLFA composition for substrates that contained nitrogen (+ N) compared to those 

that did not contain nitrogen (no N). Only fatty acids or ratios o f fatty acids that were significantly different among treatments are 

reported (one way ANOVA, p < 0.05). Where relevant, the microbial group associated with a particular fatty acid is given.

Treatment 16:lra7c 16:l(»5c 18:lca7c M ono-unsaturated iso /  anteiso saturated /  unsaturated

Gram - Fungi Gram - Gram -

+ N
alanine + chitin)

1.86 1.05 1.69 20.76 0.89 1.00

no N 2.58 1.37 4.22 24.99 1.08 1.33
(glucose + lignin)
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Table 2. The effect of substrate complexity on microbial community composition in treatment B (three substrates, all from one 

functional group). Mol percentages of fatty acids that showed significant differences among groups are reported along with the 

microbial group represented by the particular fatty acid. Values within the same column that have the same superscript letter are not 

statistically different from one another (Tukey’s HSD).

Treatm ent 15:0 16:lco7t 16:lto5c 12m el6:0  18:lco7c 10m el8:0

Gram  - Fungi Actinom ycetes Gram - Actionm ycetes

Simple 0.59“ 0.50a 0.85a 1.46a 2.70a 2.23a

Moderate 0.49b 0.09b 1.6 l b 3.66b 6.52b 0.99b

Complex 0.82ab 0.20b 1.58b 3.27ab 5.50b 0.94b
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Table 3. Pearson’s correlation coefficients between PLFAs and soil respiration (above) 

and a-glucosidase activity (below). All correlations were statistically significant (p < 

0.05).

Fatty acid or ratio Pearson’s correlation coefficient

16 trans/cis 0.60

cyl7/16 0.57

Soil respiration cy 19/18 0.34

iso/anteiso -0.37

10mel8:0 0.55

Normal saturated 0.35

Mid-branced saturated -0.46

a-Glucosidase Branched monounsaturated -0.39

Polyunsatrated 0.37

18:1cg9c 0.60

cyl9:0 0.57
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Figure Legends:

Figure 1. The effect of substrate identity (dark bars, treatment A) on two measures of 

nutritional stress: ratio of iso / anteiso for 15:0 and 17:0 (upper box) and the atio of 

cyl7:0 / 16:lco7c (lower box). Bars with the same letter are not statistically different 

from one another (Tukey’s HSD). Values for microcosms receiving no substrate inputs 

(light bars, control treatment) are reported for comparison and were included in the 

analysis.

Figure 2. The effect of substrate composition (light bars, treatment B) on measures of 

nutritional stress: (A) ratio of cyl7:0 / 16:lco7c, (B) ratio of iso /anteiso for 15:0 and 

17:0, and (C) ratio of cyl9:0 / 18:lco7c. Bars with the same letter are not statistically 

different from one another (Tukey’s HSD). Values for microcosms receiving all 

substrates (dark bars, treatment D) are reported for comparison and were included in the 

analysis.

Figure 3. The effect of substrate diversity on PLFA composition, including normal 

saturates (A), mid-branched saturates (B), monoenoics (C), polyenoics (D), and the ratio 

o f bacterial PLFAs to total PLFAs (E). Bars with the same letter are not statistically 

different from one another (Tukey’s HSD).
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