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Abstract: Soil phosphorus (P) enrichment from external inputs can result in considerable changes in

wetland ecosystem structure. What is not known is whether many of the microbial physiological

measures that are effective at determining ongoing impact are equally sensitive to reductions in the soil P

content. The study was conducted over a two year period (1999–2000) in two areas located in Blue

Cypress Marsh Conservation Area (BCMCA), an area (Enriched) with historically elevated soil P

(1,544 mg kg21 in 1995, 877 mg kg21 in this study) and a reference area (Reference) with background

soil P contents (698 mg kg21). Nutrient loading to this wetland was terminated in 1994. Microbial

ecophysiology measures were obtained quarterly and consisted of soil microbial biomass carbon (MBC)

content, b-glucosidase and acid phosphatase, and end products of anaerobic microbial metabolism (CO2

and CH4). All measures exhibited significant temporal variation with higher values for MBC content,

enzyme activities, and respiration rates during summer months (June and September) and lower in the

winter months (December and March). We found no significant differences between site mean MBC

(Enriched: 7.24, Reference: 8.22 mg21 kg21), CH4 production (Enriched: 4.41, Reference: 4.73 mmol

CH4 gr21 d21), or b-glucosidase activity (Enriched: 56.14, Reference: 57.70 mg MUF gr21 h21). The site

mean acid phosphatase (Enriched: 56.92, Reference: 78.74 mg MUF gr21 h21) and CO2 production rates

(Enriched: 11.00, Reference: 13.69 mmol CO2 gr21 d21) were found to be significantly different.

Microbial communities at the two sites were different in terms of their metabolic activities, but not in

terms of C-pathways. We also found that enzyme profiles at the enriched site did not change appreciably

over the two year period. The results obtained in this two year study suggest that most microbial

community ecophysiology measures were not responsive to decreasing concentrations of P. However, at

both sites, b-glucosidase and anaerobic microbial activities were higher in the second year (41.80 vs.

68.27 mg MUF gr21 h21 and 10.34 vs.13.85 mmol CO2 gr21 d21) and acid phosphatase activities lower

(72.54 vs. 63.11 mg MUF gr21 h21). A drawdown that took place in the winter months of late 1999 and

early 2000 might have released labile soil components, resulting in increases in overall metabolic activities

and repression of the acid phosphatase activities. This has management consequences as P from the

enriched areas can be remobilized and move further downstream in surface water.
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INTRODUCTION

Phosphorus enrichment in wetlands can result in

significant changes in ecosystem structure as the

plant community composition responds to a more

eutrophic environment. These changes can be fairly

dramatic, in which sawgrass (Cladium jamaicenses)

is displaced by cattail (Typha latifolia) and willow

(Salix caroliniana). Examples of these changes have

been described by DeBusk et al. (1994) and Newman

et al. (2001) for areas in the Everglades, and by

Ipsilantis and Sylvia (2007) for other Florida

marshlands. However, once the external load has

been diverted or removed, little is known about how

a marsh environment will respond and whether this

intervention is sufficient to eventually restore the

wetland system to its original condition.

Phosphorus enrichment in wetland soils is known

to increase the rates of P, carbon (C), and nitro-

gen (N) cycling (DeBusk and Reddy 1998, White

and Reddy 2000, Newman et al. 2001). Numerous

authors have documented changes to the microbial

community in these soils as a result of P enrichment

such as increases in the overall microbial community

size (DeBusk and Reddy 1998, White and Reddy

2001) and changes in microbial physiology (Castro

et al. 2002). In reviewing this body of literature, P

enrichment is noted to directly affect the microbial

community ecophysiology by alleviating existing

nutrient limitations (McCormick et al. 1996) but

also by changing the quality of soil litter and organic

material (DeBusk and Reddy 1998). In previous

studies (Corstanje and Reddy 2006, Corstanje et al.

2007), we studied the effect of these two confound-

ing factors, and found that measures associated to

the P cycle, such as the extracellular enzyme activity

phosphatase and microbial mineralization of organ-

ic P, are ‘first responders’ to P enrichment. This is

followed by increases in the size of microbial

biomass and respiratory activities (CO2 and CH4

production), which is driven by changes in substrate

quality and changes in the litter source.

Once the external supply of P to a wetland is

diverted, the main mechanisms thought to reduce

internal P levels are either burial through soil

accretion or P flux from the soil to a now nutrient

depleted water column. In a controlled environment,

these P enriched soils will release P to the water

column (Corstanje and Reddy 2004), but it is still

unclear how this process operates in the natural

environment. Furthermore, as the soil biogeochem-

istry of the P enriched areas has already been altered

by both the changes in plant community composi-

tion and the effects of elevated soil P levels, it is

uncertain whether many of the microbial physiolog-

ical measures that are effective at determining

ongoing impact are equally sensitive to reductions

in the soil P content.

This paper presents a two year study (1999–2000)

on a central Florida marsh that received point

source influx of nutrient laden surface water until

the early 1990s, after which the inflow point was

blocked and the nutrient laden water diverted. The

external nutrient loading resulted in eutrophication

of the areas closest to the nutrient inflow, changing

the predominant vegetation from Cladium to Typha,

and affecting soil properties (Olila et al. 1995). Since

then, a preliminary study has documented a re-

duction in the levels of P at this site (D’Angelo et al.,

1999). We hypothesized that variables correspond-

ing to the soil microbial ecophysiology will be

effective measures of change in response to further

reductions in P levels at the enriched sites and could

therefore constitute a measure of the system re-

covery. As this change in P was gradual and subject

to seasonal variability, we compared those changes

to those observed in a second site in the relatively

pristine marsh interior. We note here that recovery

as understood in this study is a narrow concept

defined by P levels in the soil.

METHODS

Site Description

Blue Cypress Marsh Conservation Area (BCMCA)

is an 8,000 ha subtropical freshwater marsh located

in south-central Florida, at the headwaters of the

St. Johns River (Figure 1). The headwaters contain

a range of ecosystems from cypress and hardwood

swamps to freshwater marshes that ultimately

connect into a series of inter-linked lakes that form

the upper reaches of the river. The marsh itself is

contained to the east, south, and west by levies and

the north by Blue Cypress Lake. The hydropattern

of the marsh is primarily a function of precipitation

and corresponds to a typical Florida climate of

distinct dry and wet periods. The winter months

generally are slightly colder and drier (Figure 2).

The marsh historically received nutrients from two

inflow points, a primary inflow point in the northeast

and a second, lesser inflow point in the southwest.

The source of these nutrients was drainage water

from the surrounding agricultural land (Corstanje

and Reddy 2006). The areas containing the western

watersheds leading into BCMCA were purchased by

the St. Johns Water Management District in the

1980s and converted into the Fort Drum Marsh

Conservation Area. The eastern inflows were

diverted in 1992 into water conservation areas,
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blocking the eastern nutrient inputs. The northeast

corner is the deepest area of the marsh and is

characterized by tree islands and Cladium jamaicense

clumps surrounded by deeper slough areas where

Nymphaea odorata is predominant. Towards the

interior of the marsh, sloughs are replaced by

Panicum hemitomon wet prairie occasionally inter-

mingled with Sagittaria lancifolia and Cephalanthus

occidentalis. Towards the lake, Cladium coverage

increases to form distinct areas surrounded by

Panicum flats (Prenger and Reddy 2004).

A series of changes in plant communities were

associated with nutrient influxes in the northeast

(Corstanje and Reddy 2004, Prenger and Reddy

2004, Ipsilantis and Sylvia 2007). The slough areas

were initially invaded by water hyacinth (Eichhornia

crassipes) and subsequently the area became in-

creasingly characterized by the presence of Typha

latifolia. Although the major nutrient influxes were

diverted in the early 1990s, Typha communities still

dominated the enriched areas. Soils found in the

BCMCA are predominately of the Terra Ceia series

(Euic, hyperthermic Typic Haplosaprists), which are

poorly drained deep organic soils (St. Johns River

Management District 2000).

Sampling Protocol

Sampling was initiated March 1999 and terminat-

ed December 2000, with samples taken at three

month intervals. A single sample period (December

1999) was omitted due to drought conditions

making sites inaccessible. Samples were obtained

from two sites. In the northeast, an Enriched site

was selected (location: 27u41947.00N, 80u40950.30W)

with documented high concentrations of soil P

(15,44 mg kg21). In the northwest, a second Re-

ference site was chosen (location: 27u69944.90N,

80u72965.10W) representative of the pristine marsh

interior (741 mg kg21 P, Olila et al. 1995). Both the

Enriched and Reference sites were positioned close

to those sampled in earlier studies (Olila et al. 1995

and D’Angelo et al. 1999). The predominant

vegetation type in the enriched area was a dense

monotone stand of Typha amongst a number of tree

islands. Sampling at the Enriched occurred within

Typha at least 100 m from the closest tree stand. The

reference area was characterized by Cladium stands

mixed in densely populated Panicum flats. Samples

at the Reference were collected mainly in Panicum.

The detritus sampled was defined as easily

recognizable plant material that was no longer

attached to the parent plant. This mostly consisted

of detrital material from Typha at the Enriched site

and Panicum at the Reference site. Detritus was

Figure 2. Monthly mean rainfall and mean daytime

temperatures at Vero Beach Municipal Airport (27u399N,

80u259W), the closest weather station to BCMCA. Data

obtained from National Climate Data Center, National

Oceanic and Atmospheric Administration.

Figure 1. Location of Blue Cypress Marsh and approx-

imate position of the sampling sites. Asterisk indicates the

approximate location of Vero Beach Municipal Airport.

The scale refers to the inserted map of BCMCA.
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sampled directly above the soil coring location

within a 25 cm 3 25 cm quadrant (625 cm2 of soil

surface). The underlying soil was sampled using

a 10 cm internal diameter (ID) stainless steel push-

core. The edge of the corer was sharpened with

undulating teeth to minimize compaction. This

design allows the corer to ride over roots as the

corer is manually rotated, cutting the root material.

Soil cores were sectioned in 0–5 and 5–10 cm depth

intervals, placed in zip lock bags, packed in ice until

arrival at the laboratory, and put into 4uC storage

(usually on the day of sampling). Three soil cores

and three detrital samples were taken at each site per

sampling event.

Analytical Methods

Soil and detrital samples were homogenized in

a grinder after removal of any visible live plant

material. Soil bulk density was determined on a dry

weight basis (70uC). Total P (TP), C (TC), and N

(TN) concentrations were determined on oven dried

samples (70uC). TP was determined using the ashing

method (Andersen 1976) and analyzed by the

ascorbic acid colorimetric procedure (Kuo 1996,

Technicon Autoanalyzer II, Terrytown, New York,

USA). TC and TN was determined with a Carlo-

Erba NA 1500 CNS Analyzer (Haak-Buchler

Instruments, Saddlebrook, New Jersey, USA).

Potential anaerobic metabolic activities (CO2 and

CH4 production rates) were determined within two

weeks of sampling. Soil and detrital slurries for

anaerobic incubations were prepared by placing 5 g

of sample in 27-mL anaerobic tubes (Bellco Glass,

Vineland, NJ, USA) with 10 mL of distilled

deionized (DDI) water. The tubes were capped with

butyl stoppers and aluminum crimps (Wheaton,

Millville, New Jersey, USA) and the soil slurry was

purged with N2. They were subsequently placed

horizontally in the dark at 28uC. Shaking was set at

180 rpm, a rate that earlier work had demonstrated

did not affect methanogenesis (D’Angelo and Reddy

1999). Samples were pre-incubated for two weeks to

ensure complete anaerobosis. Upon completion, the

headspace was purged again with N2. Initial

conditions were established in terms of headspace

pressure and CO2 and CH4 content. The samples

were then incubated for four days under the

previously described conditions and the CO2 and

CH4 headspace content monitored. Headspace CO2

was measured using thermal conductivity (TCD

detector temperature at 30uC, Shimadzu 8AIT GC)

and headspace CH4 was analyzed by means of flame

ionization detection (FID, detector temperature at

110uC, Shimadzu 8AIF GC). For more detailed

information on the procedure, see D’Angelo and
Reddy (1999). As this was a laboratory evaluation of

microbial respiratory activities, these assays repre-

sented potential microbial CO2 and CH4 production

in these soils.

Microbial biomass carbon (MBC) was determined

using the chloroform fumigation incubation pro-

cedure coupled with a 0.5 M K2SO4 extraction

(Vance et al. 1987, White and Reddy 2001). The

extracted dissolved organic C (DOC) was deter-

mined on a Shimadzu Total Organic Carbon

analyzer (TOC-5050A). Microbial biomass carbon
was calculated using the extraction efficiency factor

kEC 5 0.37 (Sparling et al. 1990) as the difference

between treated (fumigated) and untreated soils.

The extracellular enzyme activities (EEA) of b-1,

4-glucosidase (EC 3.2.1.21), and acid phosphatase

(EC 3.1.3.1) were assayed using a fluorescent

artificial substrate methyl-umbelliferone (MUF-b-

D-glucoside and MUF-phosphate, respectively)

according to the procedure described by Prenger

and Reddy (2004). Briefly, a 1 g to 20 mL soil slurry

was made with DDI water and further homogenized
using a Tissue Tearor (Fisher Scientific).

Subsequently, 200 mL of a 1/100 dilution of this

soil slurry was transferred to eight wells of a 96-well

micro titer plate and 50 mL of substrate added to
four wells (and four blanks). Plates were incubated

at room temperature (25 6 2uC) for 2 hrs for

phosphatase, and for 24 hrs for b-glucosidase.

Enzyme activity was expressed as the average of

the differences in fluorescence reading between the

blanks and samples after the incubation period (Bio-

Tek FL600 fluorometric plate reader, Bio-Tek

Instruments, Inc.).

Data Analyses

The rates of CO2 and CH4 production were

analyzed as zero order kinetic reactions and

estimated as the coefficient of simple linear re-
gression. Enzyme activities were normalized by the

highest value obtained for a particular enzyme

(Sinsabaugh et al. 1997) expressed as Ep for acid

phosphatase and Ec for b-glucosidase.

Temporal trends in data were fitted using repeated

measures in a mixed procedure setting (proc mixed,

SAS institute version 8.2). This procedure allowed

for the allocation of variance to both the temporal

effects and over the site effect with separate repeated

and random model segments (variance covariance

structures), using a predominant likelihood based

estimation. The covariance structure associated with
the temporal effect was modeled as a Markov type

(Muller and Barton 1989, Khattree and Naik 1999).
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From this procedure, we were able to obtain the

standard error for the differences (SED) for the

comparisons of interest; the associated least square

differences (LSD) were computed at the 5% error

level. This approach assumes that sites are in-

dependent. As both sites were located in the same

marsh and there was a hydrological connection

through sheet flow from the Enriched site to the

Reference site, this assumption may have not always

been met. We were unable to quantitatively ascer-

tain either the degree to which these sites were

connected or the temporal variation in this associ-

ation. The separation distance between sites was

about 5 km. Statistical procedures also assumed

normality, so data were examined for normality and

homoscedacity of variance. Outliers were identified

as observations that fell beyond 1.5 6 interquartile

range, and eliminated from the analyses.

RESULTS

Both sites exhibited similar bulk soil character-

istics. Bulk density (dry weight basis) over all cores

ranged from 0.053–0.081 g cm23. The soil at both

sites was slightly acidic and did not vary by site, with

only a slight decrease in pH by depth (Table 1).

Physico-chemical characteristics of these soils were

generally similar to other wetlands dominated by

histosols (White and Reddy 2000).

Total Phosphorus (TP) levels of the marsh

differed significantly in the detrital layer, with higher

concentrations (1,228 6 154 mg kg21) in the En-

riched site than the Reference site (805 6

240 mg kg21,Table 1). Soils showed considerable

variability in TP content, with no significant

differences between the two sites. The C:N:P ratios

of the detritus and the 0–5 and 5–10 cm intervals

between the Enriched and Reference sites were

404:29:1 vs. 595:34:1, 542:35:1 vs. 617:45:1, and

821:54:1 vs. 787:54:1, respectively. There was no

significant difference in C:N ratios across the sites.

The largest differences in C:N ratios were by depth,

with detritus having the highest C:N ratio (Table 1).

Microbial biomass in the detrital pool was higher

than that in the soils (Figure 3), and depth was

Table 1. Selected physical parameters of soil samples. Data shown are means and standard deviations, and TC to TN

ratios are weight based.

Site Depth cm

Bulk Density

g cm23
Water Con-

tent %

Ash Content

% pH

TC{

g kg21
TN{

g kg21
TP{

mg kg21 TC:TN

Enriched Detritus n.d. 63 (15) 5.3 (1.9) 6.03 (0.16) 480 (45) 35 (4) 1228 (154) 25.1 (9.7)

0–5 0.064 (0.017) 88 (4) 5.1 (0.7) 6.09 (0.6) 475 (82) 33 (3.6) 805 (240) 14.2 (1.4)

5–10 0.071 (0.009) 91 (2) 5.5 (0.5) 5.46 (0.11) 467 (75) 31 (2.4) 598 (152) 15.1 (0.9)

Reference Detritus n.d. 91 (2) 5.6 (1.6) 6.04 (0.02) 493 (78) 28 (10) 776 (78) 21.8 (3.5)

0–5 0.067 (0.004) 91 (4) 4.4 (0.6) 6.05 (0.4) 476 (34) 35 (1.8) 698 (190) 13.7 (0.8)

5–10 0.068 (0.003) 89 (3) 5.5 (0.2) 5.51 (0.56) 477 (48) 33 (1.9) 620 (141) 14.2 (0.9)
{ Data are the means and standard deviations are for 3 soil cores from the first (March 1999) and last (Dec 2000) sampling periods,
respectively. TC 5 total carbon, TN 5 total nitrogen, TP 5 total phosphorus.

Figure 3. Seasonal variation in mean microbial biomass

carbon content at Reference and Enriched sites of

BCMCA. Data shown are mean values and standard

deviations. The standard error of differences (SED) was

2.3. Note differences in scale.
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a significant factor in MBC variation (Table 2).

Average levels of microbial biomass in the detrital

layer were 14.7 g kg21 (6 5.87), and that of the

underlying soil were 5.6 (6 1.8) and 2.9 (6 1.7)

g kg21 for 0–5 and 5–10 cm layers, respectively.

There was no significant difference in MBC between

sites; mean microbial biomass content in the

Enriched site was 7.2 g kg21 (6 5.4) and in the

Reference site 8.2 g kg21 (6 7.3). There was

a significant site*depth interaction, which was the

result of a somewhat higher (P 5 0.0637) MBC

content in detritus of the Reference site (17.7 g kg21

6 6.7) compared to the Enriched site (12.9 g kg21 6

5.1). Microbial biomass C content tended to increase

from March to June, and decreased by December.

This effect was more evident in the Reference

site than the Enriched site, and summer/winter

changes in the Reference were significant (LSD .

4.5, P # 0.05).

The temporal trend in microbial biomass was also

found for microbial metabolic response measures in

the detrital strata (i.e., CO2 and CH4 potential

production rates; Figure 4). Temporal patterns in

CO2 and CH4 production were only evident in the

detrital layer and were most obvious in the

Reference site. No temporal trends were observed

in the soils below. Highest CO2 and CH4 potential

rates were observed in samples collected in June/

September, and rates were lowest in March and

December (LSD 5 3.7 and 2.1 for CO2 and CH4,

respectively; P # 0.05). Differences were most

evident for methane production and less so for

CO2 production. Potential methanogenic rates

mirrored these patterns throughout soil depth

(Table 2), with highest methane production rates

in the top detrital layer, 9.02 6 4.8 mmol g21 d21, and

3.4 6 1.7 mmol g21 d21 and 1.22 6 0.8 mmol g21 d21

for the 0–5 and 5–10 cm strata. This difference was

not as pronounced for anaerobic CO2 production,

with values of 18.7 6 7.6, 10.8 6 5.6, and 7.1 6

3.8 mmol g21 d21 for detrital, 0–5, and 5–10 layers,

respectively. Average CO2 production rates at the

Enriched site (10.0 6 6.2 CO2 gr21 d21) and the

Reference site (13.7 6 8.3 mmol CO2 gr21 d21)

were found to be significantly different, whereas

CH4 production rates were not, with 4.41 6 3.7

CH4 gr21 d21 at the Enriched site and 4.73 6

5.0 mmol CH4 gr21 d21 at the Reference site

(significant LSD levels were 3.7 and 2.1 for CO2

and CH4 production rates, respectively).

Acid phosphatase activities (Figure 5) were ini-

tially higher in the Reference site (P 5 0.0002) than

the Enriched site for the first year of the study, but

this was no longer the case in the second year. In the

first year, activity levels were highest in soils sampled

in June and lowest in March at both sites. No

significant differences between sampling months

were noted in the second year (P . 0.05). In

contrast to the acid phosphatase activity, b-glucosi-

dase activity did not differ by site (Table 2). By

depth, overall enzyme activity was higher in the

detrital layer (91 mg MUF g21 h21 and 68 mg MUF

g21 h21 for acid phosphatase and b-glucosidase

activities, respectively; P 5 0.0004 and P 5 0.0001)

than the 0–5 cm layer (65 mg MUF g21 h21 and

55 mg MUF g21 h21 for acid phosphatase and b-

glucosidase activities, respectively), which in turn

was higher than the 5–10 cm layer (47 mg MUF

g21 h21 and 47 mg MUF g21 h21 for acid phospha-

tase activity and b-glucosidase activities, respective-

ly; P 5 0.0101 and P 5 0.0011). We found that

temporal change was most pronounced for these

activities, with activity levels in the soils being

highest in June and September and lowest in March

and December, with temporal differences being

significant at all soil layers (LSD 5 13.3, P # 0.05).

Table 2. Results of repeated measures analysis for microbial ecophysiology measures; biomass carbon (MBC) content,

anaerobic microbial metabolic activities (CO2 and CH4 production) and extracellular enzyme activities of b-glucosidase

(bGA) and acid phosphatase (APA) for two sites in BCMCA. Data are mean values and standard error (n 5 3).

Site MBC (g kg21)

CO2

(mmol g21 d21)

CH4

(mmol g21 d21)

bGA (mg MUF

g21 h21)

APA (mg MUF

g21 h21)

Enriched 7.24 (5.4) 10.7 (6.3) 4.41(3.7) 56 (30) 57 (23)

Reference 8.21 (7.3) 13.7 (8.5) 4.72 (5.1) 57 (19) 78 (36)

Mixed procedure

Source of Variation df ----------------------------------------------------------------------------------- P-----------------------------------------------------------------------------------

Site 1 0.052 , 0.0001 0.160 0.3781 0.0020

Time 6 , 0.0001 , 0.0001 , 0.0001 , 0.0001 , 0.0001

Depth 2 , 0.0001 , 0.0001 , 0.0001 , 0.0001 , 0.0001

Site*depth 4 , 0.0001 , 0.0001 , 0.0001 0.1300 0.0264

Site*time 6 0.216 , 0.0001 , 0.0001 , 0.0001 , 0.0001

Site*depth*time 24 , 0.0001 , 0.0001 , 0.0001 , 0.0001 0.0003
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DISCUSSION

Anthropogenic inputs of nutrients in the enriched

area of the marsh ended in the early 1990s, probably

1994. Since then, the main hydrologic input in the

marsh and presumably the main external nutrient

source has been precipitation. The enriched area of

the marsh had been sampled twice before the current

study (Table 3) and overall levels of TP have

decreased, with the exception of the detrital layer

in the enriched area. The current C:N:P ratios

observed at the Enriched site would indicate that P

mineralization is still the dominant process, and

therefore the site functions as a net source of P. The

C:N:P ratios at the Reference site indicate net P

immobilization by microorganisms, and limited P

availability to plants in both the soils and in the

detrital layer (Reddy et al. 1993).

The nutrient input resulted in significant changes

in the predominant plant communities. Prior to

nutrient enrichment, the enriched area consisted of

a patchwork of slough communities (Nymphaea

odorata), Cladium clumps, and tree islands. The

input of nutrients resulted in an initial displacement

of Nymphaea by Eichhornia crassipes, followed by

encroachment of Typha. Despite decreases in soil

nutrient content, Typha remained the predominant

macrophyte in the enriched area during the exper-

imental period.

The temporal response profiles presented in

Figures 3, 4, and 5 generally show similar trends,

with increased levels of microbial activity in the

Figure 4. Seasonal trends in anaerobic microbial CO2 (left) and CH4 (right) mean production rates (mmol g21 hr21) at

Reference and Enriched sites of BCMCA. Data shown are mean values and standard deviations. The standard errors of

differences (SED’s) were 1.1 and 1.9 for CO2 and CH4, respectively. Note differences in scale.
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summer and reduced activity in the winter period. It

is perhaps not surprising that the temporal effect

was most evident in the microbial ecophysiology of

the detrital layer as this area is most exposed to

temperature or hydrological changes.

Higher levels of available P result in lower

phosphatase activities (Chróst 1991). This inverse

relationship has been demonstrated in natural

wetland systems (Wright and Reddy 2001a, Cor-

stanje et al. 2007), and under controlled experimen-

tal settings (Corstanje and Reddy 2006). The plot of

acid phosphatase activity in 1999 and 2000 shows

a noticeable decline in phosphatase activity in the

detrital layer of the Reference site, but no significant

change in acid phosphatase activity at the Enriched

site (Figure 5). The plot of b-glucosidase activity

shows an inverse trend, with significantly higher

activity levels in the 2000 period at all depth

intervals in all sites. The activity of b-glucosidase is

known to respond to organic matter input and

influences litter decomposition rates (Sinsabaugh

and Moorhead 1994).

Because the production of extracellular enzymes is

a resource intensive activity for microbial organisms,

a trade-off exists between the production of one type

of extracellular enzyme versus another. Relative

activities of enzymes can be a fingerprint of mi-

crobial ecophysiology. A substantial shift the mi-

crobial community ecophysiology in response to

changing environmental conditions occurred at the

Reference site between 1999 and 2000, a change that

was not observed at the Enriched site (Figure 6).

These results have two implications. For the

Enriched site, acid phosphatase activity did not

Figure 5. Seasonal variability in activities of extracellular enzymes at Reference and Enriched sites of BCMCA. Data

shown are mean values and standard deviations. The standard errors of differences (SED’s) were 11.5 and 6.8 for acid

phosphatase activity and b-glucosidase activity, respectively. Note differences in scale.
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increase in response to decreasing soil P levels,
whereas an increase in b-glucosidase activity was

observed at both sites. Neither enzyme measure

seems to suggest that P levels at the Enriched site

were diminishing. Instead, what we observed was

that enzyme profiles at the Reference site were

increasingly similar to those at the Enriched site,

suggesting that available P at the Reference site has

increased. An important event that occurred be-
tween 1999 and 2000 was a drawdown in the winter

of late 1999 and early 2000. In separate studies using

soils from our sites, Corstanje and Reddy (2004) and

Bostic and White (2007) experimentally dried and

reflooded on soils and both found that soils from the

enriched area released P upon reflooding. Corstanje

and Reddy (2004) observed that drawdown and

subsequent reflooding also stimulated b-glucosidase
and microbial metabolic activities.

The proportion of basal respiration (CO2 pro-

duction) to microbial biomass C (i.e., metabolic

coefficient qCO2; Anderson and Domsch 1990) has

been identified as a sensitive response variable of soil

organic matter quality (Kaiser and Heinemeyer

1993, Meyer et al. 1996). Conceptually, any type of

sublethal stress, such as nutrient or substrate

limitations, will lower the proportion of C assimi-

lated versus that being catabolized to CO2 (Killham

1985), and raise qCO2 values. In our study, qCO2

values differed between sites, with higher qCO2

values at the Reference site (0.027 6 0.003 and 0.036

6 0.002 for Enriched and Reference sites, respec-

tively; P 5 0.0014). Superimposed on this site

difference was an overall increase in this parameter

between 1999 and 2000 at both sites. Both sites had

equivalent ratios of about 1:3 CH4 to CO2, which is

similar to results from other studies (Wright and

Reddy 2001b) and indicates very active soil fermen-

tation processes. In terms of the C cycle at the two

sites, we found that 1) the metabolic rates per unit

biomass differed, 2) the drawdown affected micro-

bial activities equally across sites, and 3) sites did not

differ in terms of metabolic C pathways.

We therefore hypothesize that the drawdown in

BCMCA, which introduced oxygen to the sediment,

and the subsequent reflooding, mobilized a signifi-

cant fraction of the soil labile fractions. This resulted

in the observed increase in the overall metabolic

activities at both sites. We also infer from the

decrease in phosphatase activity levels observed in

the reference area that that this event released P

from the enriched area, which then moved along the

hydraulic gradient to the reference area. This has

important management consequences as P from the

enriched areas is remobilized and moves further

downstream in surface waters.
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