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ABSTRACT

Soil microorganisms and soil fauna (e.g., microarthropods) are important trophic groups in northern hardwood forests.  Both play integral roles in forest floor food webs, and consequently influence the nutrient cycling of the greater ecosystem.  In this study we examined the compound effects of carbon (C) resource additions and pH manipulation on the microbial and microarthropod communities in the soil.  In June 2000, additions of both C and calcium (Ca) were performed on five sites within the Bear Brook watershed of the Hubbard Brook Experimental Forest (HBEF) in northern New Hampshire.  A factorial design gave four treatments: control, Ca addition only, C addition only, and both Ca and C addition.  In June 2000, Ca, in the form of wollastonite (CaSiO3), was added in the amount of 667 g m-2.  A total of 120 g C m-2 was added in equal parts glucose and cellulose over five dates during 2000.  Soils were sampled four times over the summer, with one additional sampling performed in July 2001.  The organic horizons (Oa and Oe) were separated from the mineral horizon and then analyzed for pH, microbial biomass C and nitrogen (N), soil respiration, and microarthropod density.  Frequent measurements of in situ soil respiration were also taken.  Microbial respiration, biomass C and N, and microarthropods did not respond to added C resources.  However, an increase in microbial respiration probably occurred, but was either missed by too coarse a sampling regime or obscured by poor penetration of C into the forest floor.  In Ca amended plots, pH increased by roughly one unit and microbial field respiration showed an increase, likely due to stress associated with a change in soil chemical environment.  Though no significant response to Ca was seen in microarthropods, there was evidence of a decline in number with raised pH.  This may indicate raised pH affected the character of the microbial community, resulting in altered food resources for microarthropods.  It is possible a pH driven decrease in the fungal to bacterial ratio had trophic consequence for the primarily fungivorous microarthropods.  Thus, we saw tentative evidence of a bottom-up pH control of the microarthropod community adapted to acidic forest soils.  

INTRODUCTION

     
Soil ecosystems perform a critical function in the landscape by recycling nutrients from detrital material.  Yet, compared to aboveground processes, we understand relatively little about those belowground.  The nature of the soil community is a function of numerous controls, both biotic and abiotic, including temperature, moisture, pH, substrate character (C:N), and interactions within the soil food web (Alexander 1977; Seastedt 1984; Visser 1985; Moore & de Ruiter 1991; Wardle & Lavelle 1997).  Recent shifts in some of these factors because of anthropogenic activities lend importance to their study with respect to below ground processes.  One factor is pH, affected over a large scale in forest ecosystems by acid rain deposition (Likens et al. 1996).  Another is substrate quality, potentially subject to increased C inputs as a result of increasing atmospheric CO2 levels (Schimel et al. 2000).  A multitude of studies has focused on the consequences of shifts in pH (Lewis & Grant 1979; Lohm et al. 1984; Pitelka & Raynal 1989; Yanai et al. 1999) and C availability (Emanuel et al. 1984; Raich & Nadelhoffer 1989; Bazzaz & Williams 1991; Hollinger et al. 1994) in forest ecosystems, yet neither the interaction between these factors nor their effects on soil food webs are well understood.  The response of the forest floor decomposer community is a complicated subject because changes in pH and C resources, two important factors external to the community, may influence the biotic interactions that shape the community from within.

In forest ecosystems, the role of trophic interactions in regulating soil biota is not well understood.  An important part of the belowground food web is the relationship between microbe (bacteria and fungi) and microarthropod populations.  Soil microarthropods are important grazers of fungi, which are the dominant decomposers in temperate forests.   Each of these two functional groups have a number of limiting factors in common.  Microbial populations can be limited by both C supply and soil nutrient availability, in addition to pH.  Both microbial population size (biomass) and activity (respiration) have shown extensive positive correlation with soil C content, though the strength of this correlation depends on the accessibility of the C source and the availability of other soil nutrients, such as N, phosphorus (P), and soil macronutrient cations (Wardle 1992).  Furthermore, chemical stress induced by low or high pH may also affect both size and activity of microbial populations (Wardle 1992; Blair et al. 1994; Weyman-Haczmarkowa & Pędziwilk 2000).  Microarthropod communities are subject to similar controls.  Blair et al. (1994) identify pH and C availability (i.e., litter quality and soil organic matter) as two primary determinants of microarthropod abundance.

The response of the decomposer community to such environmental controls as C availability and pH is complicated by the question of the direction of trophic influence, top-down or bottom-up.  A food resource limitation approach might cite the consumable microbial population as a control of grazer organisms like microarthropods.  Wardle and Yeats (1993) offer evidence of such bottom-up control exerted by microbial biomass on grazer fauna in an agricultural system.  A similar mechanism is supported in forests indirectly by findings from Hågvar and Amundsen (1981) and Huhta et al. (1986) in which microarthropod numbers decreased in response to increased pH.  These results may indicate a decrease in fungal food resources, commonly observed at raised pH (Fritze & Bååth 1993; Blagodatskaya & Anderson 1999), exerting a control over a primarily fungivorous faunal population.

Other studies provide evidence of the contrary; suggesting that grazers exert top down trophic regulation over microorganisms.  According to Visser (1985), microarthropods can influence microbial respiration by processing and exposing soil resources.  They can also affect the microbial community through preferential grazing pressures; altering total microbial biomass, growth rates, and fungal to bacterial ratios.  For example, Hanlon and Anderson (1979) showed that increasing exposure of microbes to grazing collembola resulted in both increased respiration and decreased fungal to bacterial ratios in the soil 

Additional factors may complicate the question of limitation with respect to microbe-microarthropod relationships.  Among them are uncertainty of feeding habits of microarthropods (Walter 1987; Klironomos & Kendrick 1995), the existence of competitive forces within both microbe and microarthropod populations (Hågvar 1990), and the potential for co-limitation by N in trophic pathways (Weil & Kroontje 1979; Au et al. 1998).

We examined both pH and C resource controls of below ground systems in the northern hardwood forest, where the soil environment is characterized by low pH and C limitation of decomposer biomass.  We experimentally investigated the nature of interactions between decomposer microorganisms and microarthropods.  The basic approach was similar to a study by Groffman (1999) in which C, in the forms of acetate and bicarbonate, was added to soils in the northern hardwood forest to observe any direct trophic effects on microbial activity and biomass.  With the assumption that microbes are C limited in this ecosystem, puzzling results were found by Groffman (1999): in C-amended plots microbes exhibited an increase in respiration but no change in biomass.  An expanded view of the soil food web could explain these results by factoring in the potential for an increased grazing response by microarthropods.

By adding simple C forms (glucose and cellulose) to forest floor soils, we hoped to further develop this work with a bottom-up approach.  Other studies have shown that soluble sugar additions, including glucose and sucrose, elicit significant increases in microbial population levels in woodland ecosystems (Dighton 1978).  Furthermore, we ameliorated conditions of low soil pH stress by the addition of wollastonite, a mineral Ca source, thereby changing the soil chemical environment. The C and Ca additions were combined in a factorial experiment design, yielding four treatments (including control) overall.  

By manipulating pH and C availability, we hoped to alter food web interactions, and consequently soil respiration, microbial biomass, and grazing microarthropod populations.  The observation of these trophic groups over multiple experimental additions was intended to illuminate both direct and interactive effects on the soil biotic community related to pH and C limitation.  We suspect that microarthropod abundance is indirectly mediated by C availability through a microbial food source pathway.  We also expect that microbial activity and microarthropod populations are affected by Ca via soil pH.  

MATERIALS AND METHODS

Study Sites


Research was conducted at the Hubbard Brook Experimental Forest (HBEF) in the White Mountains National Forest of New Hampshire (43° 56’ N, 71° 45’ W).  This area is a study site in the Long Term Ecological Research (LTER) network, characterized in detail (Likens & Bormann 1995), and comprises the watersheds feeding the Hubbard Brook.  Dominant vegetation consists of American beech (Fagus grandifolia Ehrh.), yellow birch (Betula alleghaniensis Michx.) and sugar maple (Acer saccharum Marsh.), with red spruce (Picea rubens Sarg.), balsam fir (Abies balsamea L.), and paper birch (Betula papyrifera Marsh.) prevalent at higher elevations.


This study took place in the Bear Brook watershed mid-elevation (585 m) study area described by Bohlen et al. (2001).  Five replicate sites were chosen in reference to existing litter collection transects within the mid-elevation study area.  Criteria for each site included relative uniformity in vegetation, microtopography, and hydrology as well as lack of major recent disturbance, over a roughly 70 m2 area.


In each site we established a cluster of four treatment plots, each 1 m x 1.5 m.  The first plot (for this study’s purposes called A) was control, a second (plot B) received a C addition, a third (C) received a Ca addition, and a fourth (D) plot received both C and Ca.

Treatments


Plots C and D of each site in Bear Brook were fertilized in early June 2000 with wollastonite (CaSiO3).  We used a fine powder form obtained by grinding down granules in a wiley mill with a size 40 screen.  The fine powder was uniformly distributed over each plot using a three window-screen mesh filter at a rate of 667 g m-2.

Plots B and D each received C additions every two weeks from early June through late July 2000.  We added C in the form of glucose, a readily available source that is metabolized by most microorganisms, and as cellulose, a more slowly available C source intended to be more similar to plant structural compounds in leaf litter.  Equal quantities of glucose and cellulose were dissolved in water taken from Bear Brook (except for the final application when the stream was dry, de-ionized (DI) water was used) and applied to plots B and D with a Solo™ backpack sprayer five times over the summer.  In the initial addition, plots received 40 g C m-2 (20 g glucose-C and 20 g cellulose-C) in 3 L water (equivalent to 0.2 cm of precipitation).  In four subsequent additions, plots received 20 g C m-2 (10 g glucose-C and 10 g cellulose-C) in 3 L of water, for a total of 120 g C m-2 added over the summer.  Control and Ca plots (A and C) each received 0.2 cm of water at each application.  This extended addition was intended to deliver an input of 40 g C m-2 per month, roughly 1.5 times the amount of standing microbial biomass C-- estimated at 28 g m-2 (Zak et al. 1994; Bohlen et al. 2001).

Sampling


A forest floor’s organic layer, composed of Oi, Oe, and Oa horizons, supports significant biotic activity (Bohlen et al. 2001).  Microbial populations are most active in the Oa layer, while, at this study area microarthropod populations tend to be highest in the slightly decomposed layer of the Oe.  To examine soil biotic response to our treatments, we conducted field measurements of soil respiration and returned soil samples to the lab to quantify microarthropod abundance, microbial biomass, microbial respiration, and pH.  


Three respiration collars made of 5.76 cm PVC pipe were randomly placed in fixed positions within each plot.  We used a Li-Cor™ 6200 gas analyzer with a soil respiration chamber to quantify soil respiration from each collar.  Field respiration was read every two weeks from late May to late July of 2000.  


Microarthropod populations were sampled from all treatment plots (A, B, C and D) on four dates in 2000: 30 May, 26 June, 24 July, and 14 September, and from two treatment plots (A and C) once in 2001 on 29 July.  Two 3 cm diameter cores were taken to a depth of 5 cm at random in each plot and then transferred to extractor sleeves taking care not to disrupt the litter structure.  The sleeves were taken back to the lab in tightly wrapped bags, weighed, and placed in a standard Tullgren-type microarthropod extractor (Crossley & Blair 1991) for five days.  Extracted microarthropods were sorted into the following functional groups: collembola, oribatid mites (mature/immature), mesostigmatid mites, and prostigmatid mites.  Leftover soil samples from microarthropod extractions were then combusted at 450ºC in a muffle furnace to determine percent organic matter.  Final microarthropod counts were expressed three ways: per unit ground area, per unit soil mass, and per unit organic matter mass. 


Forest floor samples (Oe and Oa horizons) were collected on five dates: 24 May, 7 June, 26 June, 24 July, and 14 September 2000.  Two to three cores, 3 cm in diameter, were taken randomly from each plot to 10 cm depth, and forest floor was separated from mineral soil using standard visual criteria.  Cores from the same plots were combined and returned to the laboratory for processing.  


After no more than two days of refrigeration at 5º C, samples were homogenized to remove rocks, large litter pieces, and large roots and root networks, then weighed fresh.  A roughly 10 g subsample was taken to determine moisture content.  Soil lab respiration was measured on 20 g subsamples with a base trap incubation method as described by Zibilske (1994).  


Microbial biomass C and N were estimated using chloroform fumigation extraction (CFE) methods described by Vance et al. (1987) and Brookes et al. (1985), respectively.  For each sample, one subsample (15-17 g) was immediately extracted with 0.5 M K2SO4 using a filter funnel setup with whatman type-2 glass fiber filter.  A second subsample was fumigated for 5-6 days with chloroform in a vacuum dessicator before extraction.  Samples were then analyzed for microbial C content in a CO2 Coulometer.  Methods are further described in detail by Fisk and Fahey (2001).


After long-term storage (up to five months) at 5º C, soil pH was measured.  In 2000, pH was read on all treatment plots, while in 2001 only plots A and C were sampled.  Samples were mixed with DI water in a 1:3 dry-weight soil to water ratio to obtain a pasty consistency.  After sitting for approximately 30 minutes in order to equilibrate, samples were then stirred once more before being tested with an Orion™ pH meter.  

Statistical Analyses


Data were analyzed using one-way analysis of variance and a general linear model to determine significance of responses to experimental treatments.  With ANOVAs, each response variable was considered with respect to several independent variables: treatment, date, and treatment x date interaction.  A two-sample t-test was used to determine significant differences between treatment responses at single dates.  Results were accepted as significant using a 95 % confidence interval (P < 0.05).  The Minitab™ statistical software package was used. 

Auxiliary Study


An additional study was conducted in 2001 to explore the nature of C solution penetration into the forest floor, as well as the short-term fate of the added C.  It was done in the Wedge watershed, which lies adjacent to the main site and where general ecosystem characteristics are similar.  Three blocks of two 1 m x 1.5 m plots were set up using similar criteria as above, totaling six plots.  The plots were labeled according to site: 1,2, or 3, and treatment: C+ (C addition) and C++ (high C addition).  Three replicate PVC respiration collars were placed in each plot.

In July of 2001, C solution was applied to these plots in the same way as for the initial addition performed in June 2000.  The application for C+ plots was identical: 40 g C m-2 (20 g glucose and 20 g cellulose) applied with a total of 3 L DI water solution (0.2 cm).  The C++ plots received 50 % more total C (40 g glucose and 20 g cellulose) in the same volume water solution.  

Soil respiration was measured intensively using the Li-Cor™ 6200 immediately preceding and following the addition.  Measurements were taken 18 and 12 h before the addition, and 6, 12, 24, 30, 36, 48, 54, 60, 72, 108, and 195 h following the addition.  

RESULTS


In Ca-amended plots we observed a significant increase in pH during the summer of 2000 (Figure 1).  In 2000, Ca plots also showed a significant increase in field soil respiration that became more prominent as the summer progressed (Figure 2).  

During the 2000 season in the overall ANOVA model, we detected no significant response in microbial biomass C, microbial biomass N, lab soil respiration (Table 1), or microarthropod numbers (Table 2) to any treatment: C, Ca, or C, and Ca combined.  Because the C and Ca treatments showed no interaction when tested using ANOVA, we regrouped data in two ways: no-C (control and Ca treatments) and C (C and C & Ca), and no-Ca (control and C) and Ca (Ca and C & Ca).  This allowed analysis of C effects independent of Ca, and of Ca effects independent of C, respectively.  

When regrouped independent of Ca, data showed no significant response to the C addition.  When regrouped independent of C, data showed no new significant patterns: microbial biomass C, microbial biomass N, and lab respiration remained non-significant.  However, the strength of the field respiration response in Ca plots increased from P = 0.001 (Figure 2) to P = 0.0002 (Figure 3).  In addition, regrouped pH data from 2000 could be better compared with measurements made in 2001, and showed a continued increase of pH in Ca plots through the second season (Figure 4). In July 2001, Ca treatment plots had a mean pH of 4.8 (± 0.3) while no-Ca plots had a mean pH of 3.8 (± 0.1).


Microarthropod response remained non-significant when regrouped by Ca and C, both during the summer of 2000 and 2001.  However, when regrouped by Ca, non-significant trends during the summer of 2000 and across summers 2000 and 2001 suggested that microarthropods might have decreased in Ca treatments.  Expressed either per g organic matter (Figure 5) or per g dry weight soil (Figure 6), microarthropod numbers in Ca plots showed a weak tendency to decline relative to no-Ca plots in late summer 2000 and in summer 2001 (Figure 7).  


The auxiliary experiment in 2001 showed a marked short-term response in soil respiration to both C+ and C++ treatments (Figure 8).  Within roughly 10 h of the applications, soil respiration increased by twofold.  A second peak in respiration was observed about 38 h thereafter.  After these two spikes, a period of relative stability followed, with C++ plots showing a prolonged increase above C+ plots.  By one week after the additions, respiration rates had settled at a level roughly 65 % above pre-treatment values.  In light of this, the data from 2000 were regrouped (Figure 9) to show the importance of timing of field respiration measurements relative to C additions.

DISCUSSION


With the addition of simple C resources and a mineral Ca source to the soil, we hoped to affect the interaction of decomposer microorganisms and microarthropods and ultimately better understand their relationship in forest systems.  The Ca treatments resulted in increased soil pH over two seasons, as well as increased microbial respiration in the first season.  The C additions, however, did not elicit significant response in either the microbial or microarthropod communities.  Examination of microarthropod populations during 2000 and 2001 showed non-significant decreasing trends in Ca-amended plots.  

C addition

That C addition to the forest floor did not stimulate microbes or microarthropods was surprising.  In light of Groffman’s (1999) findings, we expected microbial biomass or activity or microarthropod numbers to increase with C resource additions.  At the very least, we expected a simple respiratory response of forest soils to C application; something well established in literature (Christensen et al. 1992 and 1996; Dahlin 1997; Tsai et al. 1997).  With neither of these results, we became concerned with the apparent disappearance of C.  

Our data from 2000 show neither the incorporation of C into biomass, nor its mineralization to CO2.  But it is unlikely that such a labile resource would go unprocessed by the forest floor community in a C-limited system.  Thus, the design of the addition and measurement regime during the summer of 2000 came into question.  The auxiliary study conducted in 2001 may shed light on some of the confounding factors involved. 

Following additions, soil respiration peaked quickly, first near 125 % above background levels, second at 175 %, but then settled at a sustained increase of 65 % one week later, demonstrating a significant response of microbial activity to increased C availability.  However, methodological questions were also raised by the sub-study that may help explain the lack of a respiration response in 2000.

The penetration of liquid resources into the forest floor was one issue brought to light by the supplemental study.  After the initial peak in respiration, roughly 10 h after C additions, a steep downward trend began, but was interrupted by a second, sharper peak 30 h later.  It is our suspicion that a precipitation event during this period influenced the penetration of C into the forest soil.  About 0.2 cm of rain fell on 31 July 2001; directly between the two observed respiration peaks.  In this specific window, both observed peaks in activity (10 and 38 h) were closely preceded by a precipitation event (0.2 cm of solution at 0 h, and 0.2 cm rain at ~30 h).  This suggests that the amount of C that actually reached the soil beneath the litter layer may have been water limited.  Visual evidence supports this hypothesis.  After additions, both in 2000 and 2001, a white crust was seen atop the litter layer, indicating all of the C had not made it down to the soil where microbes could process it.  The thick litter layer may have thus created micro-catchments, in which solution pooled, and dissolved C settled out.  The end result after water evaporated was a plot with only a fraction of C accessible in the soil and the remainder deposited over the leaves.  This C may eventually reach the soil, but only with aid from subsequent precipitation events over time, effectively resulting in a temporal dilution of our treatment.  

A second important issue raised was the short-lived character of the soil respiration response.  In 2001, the primary response took place within 48 h, showing that large amounts of available C stimulate an immediate spike in microbial activity.  In this case there was also a sustained response detectable one week later, though probably due to the additional water input provided by precipitation.  During a dry week, it is conceivable that a short, two-day peak in respiration could be followed by a quick return to non-significant rates. In 2000, C additions and respiration measurements were broadly spaced rather than closely coordinated: at times, C addition and respiration measurement were separated by up to one week—probably making the observation of such an ephemeral response difficult. 

Observations in 2000 were actually made with the long-term responses of microbial and microarthropod population size in mind.  The objective of the C resource addition was not to induce mineralization of C, but its incorporation into the food web, and eventually influence trophic interactions.  Our data strongly suggest the experiment failed in this respect.  Questions then remain: whether the forms of C (glucose and cellulose) were optimal for biomass stimulation, whether more C needed to be added, and whether spatial variation of the microbial populations in these soils obscured any response.  

We propose that our C treatments did not result in growth of either the microbial or microarthropod community, but did support increased periods of microbial respiration in 2000.  The enhanced activity was likely obscured by complications with both the method of application and the timing of sampling, as well as spatial variation.  Different C resource forms or higher amounts of C could be required to stimulate an increase in microbial or microarthropod populations.  Further studies in which microbial respiratory or biomass responses to highly usable C resources are of importance should consider these factors in their design.  

pH effects

The positive response of pH and microbial activity to Ca treatments was clear, particularly when data were regrouped independent of C additions.  With a pH roughly one unit higher, Ca plots supported significantly more microbial respiration than no-Ca plots.  This observation agrees with a number of studies that have reported increases in microbial activity with the liming of acidic forest soils (Lohm et al. 1984; Zelles et al. 1987; Bååth & Arnebrant 1994; Blagodatskaya & Anderson 1998).  One interpretation of this associates respiration with biomass—suggesting microbial growth results from a decrease in chemical stress in the soil environment.  Yet, this assumes an increase in biomass as well.  A second hypothesis suggests that at higher pH, the microbial community responds with increased activity, growth, and mortality—meaning the population is turning over more often in the presence of favorable conditions, but not gaining mass.  Thus, the net signal in this scenario is increased microbial respiration.  A number of studies show weak or inconsistent relationship between responses of microbial activity and biomass at raised pH (Zelles et al. 1987; Illmer & Schinner 1991; Fritze & Bååth 1993; Weyman-Haczmarkowa & Pędziwilk 2000).  This might then support a contrary thought: altered chemical environment stresses microbes adapted to low pH, and respiration increases relative to a static biomass (Bååth & Arnebrant 1994).  This study saw just that: more microbial activity, but no significant increase in biomass.  Considering the acidity of northern hardwood forest soils, a stress response to raised pH by a well-adjusted microbial community is certainly a possibility.  


We found weak evidence for a trophic response to the Ca effect on the microbial community: in late summer 2000 and again in 2001 there was a non-significant trend towards reduced microarthropod abundance in Ca-treated plots.  Fungi are better adapted to soils with low pH, and thus constitute the majority of microbial biomass in acidic soil environments (Dickinson 1974; Alexander 1977; Bagyaraj 1984).  A common product of experimentally raised pH is a decrease in the fungal to bacterial ratio of the decomposer community (Fritze & Bååth 1993; Bååth & Arnebrant 1994; Weyman-Haczmarkowa & Pędziwilk 2000).  This might have had implication for microarthropods in this study, as they primarily rely on fungal biomass for food.  Hågvar (1990) cited competition as a main reason microarthropods are prevalent in low pH soils, and food resource competition likely factors in this.  Thus, it seems there is tentative evidence for a bottom-up effect of an altered microbial community on dependant consumer fauna in the northern hardwood forest.  The increase in microbial respiration observed was probably the signal produced by an agitated microbial community; lowered numbers of organisms dependent on this community as a food source may have been the trophic consequence.
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