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Abstract Fifty streams, located in southern Ontario,

Canada, were visited in September 2008 to investigate the

effect of varying land use, land cover, and associated

resource inputs on water column bacterial abundance

(BACT), production (BP), and extracellular enzyme

activity and stoichiometry. Principle components analysis

was used to summarize landscape data, producing three

components (PCs), which explained 79.2% of the vari-

ability in the data. The PCs grouped into the following

gradients: (PC1) urban land use and continuous annual

cropping to wetland-like cover, (PC2) rotational cropping

to forest-like cover, and (PC3) increasing rural and agri-

cultural land uses with increasing watershed size. These

landscape gradients created imbalanced resource avail-

ability. Nutrient resources were more abundant in streams

with more intensive anthropogenic land uses, but carbon

availability was primarily controlled by the abundance of

natural land covers (wetland and wooded areas). BACT,

BP, and enzyme activities were positively related primarily

to nutrient availability and/or anthropogenic land use

(Stepwise R2 range: 0.33–0.73). The ratio of b-glucosidase

to alkaline phosphatase activity approached a 1:1 balance

with increasing anthropogenic land use, decreased wetland

and forest cover, and increased total dissolved nitrogen.

The ratio of leucine-aminopeptidase to alkaline phospha-

tase activity approached 1:1 with both increased dissolved

organic carbon and nitrogen. Moreover, enzyme C:N:P

ratios moved closer to 1:1:1 with faster water column

bacterial turnover times. These results suggest that water

column microbial communities are better able to balance

resource availability with growth in streams receiving

nutrient subsidies from anthropogenic sources and under

these conditions when carbon resources increase.
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Introduction

The landscape through which a stream flows strongly

influences the carbon (C), nitrogen (N), and phosphorus

(P) concentrations in its waters. Anthropogenic land uses

contribute resources to stream ecosystems at rates and in

proportions that can differ significantly from natural land

covers. This human induced alteration of resource delivery

rates can lead to imbalances between resource supply and

stream microbial community’s elemental demands. Dis-

solved organic carbon (DOC) concentrations tend to be

higher in streams with a greater proportion of wetland or

poorly drained soil in the watershed and lower in streams

with higher slope and groundwater contribution (Frost et al.

2006; Wilson and Xenopoulos 2008; Mattsson et al. 2009).

In general, DOC concentration in streams does not relate to

agricultural and human land uses (Wilson and Xenopoulos

2008), although some studies have shown a decline in DOC

concentration or export with increased human land use
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(Cronan et al. 1999; Mattsson et al. 2009; Wilson and

Xenopoulos 2009). In contrast to DOC, stream water col-

umn N and P inputs tend to be higher in streams with

increased fractions of human land use in their catchment

(Boyer et al. 2002; Mattsson et al. 2009; Wilson and Xe-

nopoulos 2009). These contrasting patterns of resource

delivery might be expected to differentially impact

microbial standing stocks and activity. Moreover, as

resource availability is altered the balance of microbial

activity devoted to the acquisition of required elements will

also change to allow microbial communities to maximize

resource use and growth.

Extracellular enzymes are one mechanism by which

bacteria and microbes respond to changes in C, N, and P

availability in the environment. These enzymes are

attached to the outer cell membrane of microorganisms,

within the periplasmic space of gram negative bacteria, and

can be freely dissolved in the water column. Extracellular

enzyme hydrolysis is often the rate limiting step in

microbial uptake of carbon and nutrient resources in

aquatic systems, as these enzymes target substrates that are

generally not able to be taken up directly without extra-

cellular decomposition (Hoppe 1983; Williams and Jochem

2006; Sinsabaugh et al. 2010). As such, extracellular

enzyme hydrolysis rates should be sensitive to the effects

of differing watershed landscape on microbial function and

provide a mechanistic indicator of how land use and cover

influence organic matter processing and microbial resource

acquisition in streams.

Recently, the balance between C, N, and P acquiring

extracellular enzyme activities (e.g., b-glucosidase, ami-

nopeptidase, and phosphatase, respectively) in sediment

and soil microbial communities was found to be fairly

constrained to stoichiometric C:N:P ratios near 1:1:1. This

enzymatic equilibrium is likely maintained through chan-

ges in the microbial community in response to altered

resource availability (Sinsabaugh et al. 2009). Planktonic

microbial communities tend to have slightly higher C:P

enzyme activity ratios than sediment/soil community C:P

enzyme ratios because planktonic biomass C:P elemental

ratios tend to be higher (Sinsabaugh et al. 2010). Enzyme

activity N:P ratios are similar between benthic and pelagic

communities but decrease below the 1:1 equilibrium when

microbial growth rates are high due to disproportionate

increases in P demand (Sinsabaugh et al. 2010). In addi-

tion, enzymatic N:P ratios have been suggested to be a

better indicator of nutrient limitation in streams than

ambient nutrient concentrations (Hill et al. 2010b). Given

the large C:N:P resource imbalances that can be imposed

by differing landscape characteristics, it may be expected

that extracellular enzyme ratios in lotic ecosystems will

deviate predictably from a 1:1:1 equilibrium in response to

altered resource availability and associated microbial

growth rates.

In the current study, we investigated the impacts of land

use and cover on water column bacteria abundance, pro-

duction, extracellular enzyme activity, and the

stoichiometric ratios of extracellular enzyme activity in

streams of mixed land use in southern Ontario, Canada. We

hypothesized that agricultural and urban land uses stimu-

late bacterial communities through nutrient enrichment.

This stimulation should be reflected in increased bacterial

standing stocks and more rapid processing of stream

organic matter (i.e., higher extracellular enzyme activities)

in streams with higher nutrient loads. In addition, we pre-

dicted that streams with increased anthropogenic land use

will have enzyme activity N:P ratios near or below 1:1,

indicating that these microorganisms are enzymatically

balanced and/or experiencing a growth stimulated elevated

P demand. Extracellular enzyme C:P activity ratios are

predicted to increase from that found in wetland and forest

dominated streams because of increased N and P avail-

ability driving the microbial response toward increased C

acquisition. Moreover, the current study determined how

water column processes across a broad spatial scale vary

with respect to resources and landscape and if water col-

umn enzymatic activities and their ratios provide evidence

of anthropogenically induced imbalances in resource

supply.

Materials and methods

Study sites and sampling

Fifty streams were sampled once during September 2008.

Streams were located in southern Ontario, Canada, south of

the Canadian Shield bedrock formation (Fig. 1). The

sampling network included streams with different propor-

tions of natural land covers and human land uses in their

catchments. All sampling points, except two tributaries,

comprised independent stream drainages and were not

nested longitudinally within a stream network. The two

sites nested within larger watersheds made up \1% of the

total watershed area of the catchment and are considered

independent for the current study. This sampling strategy

provided a temporally limited but spatially broad snapshot

of stream environmental and microbial water column

conditions across independent streams with diverse land

covers and uses. At each stream, temperature, specific

conductivity, and discharge were measured and water was

collected from *10 cm below the surface in acid-washed,

sample rinsed polyethylene bottles. For bacterial activity

analyses, whole water samples were collected in triplicate
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from each stream. Water samples were stored cool and in

the dark for transport back to the laboratory for processing.

Environmental and microbial variable analyses

Stream discharge (m3 s-1) measurements were taken using

a SonTek FlowTracker handheld ADV. Water temperature

(�C) and specific conductivity (lS cm-1) were measured

with an YSI 30/10 FT handheld probe. Total suspended

solids (TSS; mg l-1) were measured by filtering 0.25–1 l

of stream water through a pre-weighed 0.7 lm GF/F filter,

drying collected particles at 60�C until constant weight,

and then subtracting the mass of the filter from that of the

filter and collected particles. For DOC (mg C l-1) and total

dissolved nitrogen (TDN; mg N l-1) analysis, whole water

was filtered serially through 0.7 lm GF/F and 0.2 lm GE

polycarbonate filters and the filtrate measured using O.

I. Analytical Aurora Model 1030 total organic carbon

analyzer with an external total bound nitrogen unit in

combustion mode. Total dissolved phosphorus (TDP;

mg P l-1) was measured using the above filtrate following

persulfate digestion in an autoclave using the molybdate

blue colorimetric assay.

Microbial extracellular enzyme potential activities

(Vmax) were determined from unfiltered, whole water

samples in the evening (within 12 h of collection) of each

sampling day using fluorogenic model substrate analogs

(Hoppe 1983; Williams and Jochem 2006). Model sub-

strate analogs and target enzymes were L-Leucine-7-amido-

4-methylcoumarin for aminopeptidase (AMA), 4-Methyl-

umbelliferyl (MUF) phosphate for alkaline phosphatase

(APA), and MUF b-D-glucopyranoside for b-glucosidase

(b-glu). Kinetic enzyme assays were incubated in 96-mi-

crowelled plates, in the dark, at 20�C, and in quadruplet,

where one replicate was sacrificed at the start of enzyme

incubation. Model substrates were added at four concen-

trations (0.9–181.8 lmol l-1) and incubated for 4–6 h,

depending on enzyme. At the start of each enzyme incu-

bation, one replicate was sacrificed by adjusting the pH to

*10.2 with glycine-NaOH buffer and fluorescence was

measured immediately using a BioTek FLx800TB com-

puter-controlled plate reader. At the end of each incubation

time, glycine-NaOH buffer was added to the triplicate

sample sets incubated at ambient pH and then model

substrate fluorescence was measured. The fluorescence

generated by enzyme hydrolysis was converted to molar

concentration using pH adjusted fluorescence end-product

standard curves at the appropriate instrument settings and

then subtracting initial/background fluorescence deter-

mined in the sacrificed replicate from that at the end of

the triplicate ambient pH incubations. Apparent enzyme

activities (nmol l-1 h-1) were determined by fitting

hydrolysis rate and substrate concentration data to the

Michaelis–Menten kinetic model, which yielded the

potential maximum enzyme hydrolysis velocity (Vmax) for

each enzyme system. The enzyme C:P and C:N activity

ratios were calculated using natural log normalized carbon

(b-glu), nitrogen (AMA), and phosphorus (APA) acquisi-

tion enzymes activities (Sinsabaugh et al. 2009, 2010). In

addition, cell specific potential enzyme activities were

calculated as Vmax divided by bacterial count (amol

cell-1 h-1) for AMA and b-glu. These cell specific rates

should be consider as rough estimates of the true bacterial

specific cell activities in the water column because its

Fig. 1 Southern Ontario

regional map with stream

sampling locations indicated
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likely that many of the bacterial cells in the water column

were inactive, and enzymes can be transported into flowing

waters through nearby soils, produced from benthic

microbial biofilms, and/or occur fully dissolved (dissoci-

ated from cell membranes) in the water column (Findlay

et al. 2001; Freese et al. 2006).

Water column bacterial abundance (BACT; 9109

cells l-1) was determined using a FACSAria flow cytom-

eter. Upon returning to the lab, whole water was fixed with

1% formaldehyde solution (final concentration), flash fro-

zen in liquid nitrogen, and stored at -20�C until analysis.

Prior to enumeration, water samples were thawed at 4�C

and in the dark for 24 h, passed through a 20 lm screen to

remove large particles, and stained with SYBR Green I in

presence of 30 mmol l-1 potassium citrate (Marie et al.

1997). Bacterial counts were converted to concentration

using weight calibrated instrument flow rates.

Water column bacterial production (BP; lg C l-1 d-1)

was measured using 3H-leucine incorporation following the

standard centrifuge method (Kirchman 2001). Thirty ll of
3H-leucine working solution (specific activity = 28.25

nmol lCi-1; final leucine concentration = 50 nmol l-1)

was added to 1.5 ml of whole water and incubated for 1 h in

the dark at 20�C. Incubations were conducted in triplicate

with one formaldehyde-fixed control. Proteins were har-

vested through precipitation with trichloroacetic acid (TCA;

5% final concentration) and centrifugation. Unincorporated
3H-leucine was removed from protein precipitates by

repeated washing with 5% TCA and deionized water.

Washed precipitates were then allowed to dry, suspended in

scintillation cocktail, and incorporated radioactivity mea-

sured by liquid scintillation counting. For each stream,

water column bacterial turnover time (d) was calculated by

converting BACT to carbon units assuming 20 fg C cell-1

and dividing by BP.

Watershed and riparian landscape features

Watershed area, watershed slope, soil drainage character-

istics, land cover and land use in stream catchments and

riparian zones were determined from Geographic Infor-

mation Systems (GIS) data for southern Ontario using

spatial analyst and hydrology toolboxes in ArcMap 9.0

software. Digital elevation models (DEMs) and stream

network data were obtained from the Ontario Ministry of

Natural Resources (2002). Land use characteristics were

obtained from the Southern Ontario Interim Landcover

geospatial data set (SIL 2007). Soil drainage characteristics

were obtained from the Ontario Ministry of Agriculture

and Food (2004). Watershed area (km2) was calculated

using DEMs as the total area upstream of the sampling

point that could drain into the sampling point. Watershed

slope was calculated as the average percent rise between

neighboring DEM cells for the entire watershed using the

SLOPE tool in ArcGIS. Riparian land cover/use and soil

drainage characteristics were calculated as percent of total

land cover/use and drainage within a 100 m buffer of each

stream for the complete watershed upstream of the sam-

pling point. In southern Ontario, riparian and total

catchment land cover and use positively correlate to each

other, but land cover and use determined in the 100 m

riparian buffer acts as a slightly better predictor of stream

water chemistry (Wilson and Xenopoulos 2008, 2009).

Thus, only riparian land cover and use were reported in the

current study.

Riparian land cover and use was characterized by SIL

(2007) as percent continuous annual cropland, rotational

cropland, forage crop and idle land, wooded, wetland, and

built-up impervious area among others (Fig. 2). Continu-

ous annual row cropping (classified in SIL as monoculture

cropland) is the most intensive from of agriculture in

southern Ontario and is defined as continuously farmed

cropland with bare soils in spring. Rotational croplands

(classified in SIL as mixed croplands) are areas where

annual crops are rotated with forage crops as indicated by

land cover change analysis of three sequential dates over a

10–15 year period. Forage crop and idle lands are areas

that appeared as foliated ground in spring and are generally

dominated by grasses and/or legumes. Impervious surfaces

include built-up areas such as pavements and buildings.

Wooded and wetland areas represent less anthropogeni-

cally altered, natural land covers in southern Ontario. In

Ontario, surface soils have been classified into seven

drainage classes based on the speed at which water per-

meates through the soil layer. For the current study, only

poorly drained soils as the sum of very poorly and poorly

drained area are presented because this soil classification

was shown to relate well to visible and cryptic wetlands in

Southern Ontario (Creed et al. 2003; Wilson and Xenop-

oulos 2008).

Statistical analysis

Prior to statistical analysis, data were natural log, square

root, or fourth root transformed to meet the assumptions of

normality. Principle components analysis (PCA) was used

to reduce watershed variables (i.e., watershed area, slope,

poorly drained soils, annual cropland, rotational cropland,

forage crop and idle lands, wetlands, wooded area, and

impervious surfaces) into statistically distinct components.

PCA components with Eigenvalues over one were extrac-

ted. Varimax rotation with Kaiser Normalization was

applied to the result solution. Pearson’s bivariate correla-

tion (r) and univariate and stepwise multiple linear

regression analyses (R2) were used to determine significant

(p \ 0.05) relationships between principle component (PC)
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scores, water chemistry, and microbial variables. Variables

were excluded from multiple regression models due to

collinearity when the condition index (CI) was[30 and/or

variance influence factor (VIF) was [10. Simple and

partial Mantel tests were used to check for spatial auto-

correlations within the data set (Pearson’s r; King et al.

2005).

Results

Watershed and riparian zone characteristics

The 50 southern Ontario streams under study included

headwater through 5th order streams with watershed areas

that ranged from 2.9 to 992.6 km2 (Fig. 2). Watershed

slopes ranged from fairly flat, 1.2% rise, to moderately

steep sloped catchments, 8.8% rise. On average, 14% of the

soils in the watershed had poorly drained soils, suggesting

that much of the study area comprised rather permeable

soils. Riparian land use consisted of composites of built-up

urban areas and agricultural lands, which included a wide

range of activities from intensive continuously farmed row

crops to idle grasslands (Fig. 2). Overall, the current study

captured a broad distribution of human associated land uses

in stream riparian zones, which ranged from 4 to 93%.

Similarly, natural land cover (i.e., wetland and wooded

area) ranged from nearly absent (4%) to the dominant land

cover (85%) in stream riparian zones (Fig. 2).

Principle components analysis of the above watershed

and riparian landscape characteristics (Fig. 2) produced

three principle components (PCs) that explained 79.2% of

the total variance in the landscape dataset (Table 1). PC1

explained 26.8% of the variability in the data and included

poorly drained soils and wetland area in the positive

direction and annual cropland and impervious built-up area

in the negative direction. PC2 explained 23.7% of the

variability in the data and included watershed slope and

woodland area in the positive direction and rotational

cropland in the negative direction. PC3 explained 18.7% of

the variability in the data and included watershed area,

forage crops and idle lands, and annual croplands in the

positive direction. Overall, the PCA reduced the dataset

into the following gradients: (PC1) urban land use and

continuous annual cropping to wetland-like cover, (PC2)

Fig. 2 Total watershed area (km2), slope (% rise), percent poorly

drained soils, and riparian land use and cover (%) for the complete

catchment. Box-Whisker plots display mean (dotted line), median

(solid line), and points outside the 10th and 90th percentile (dots). See

methods for descriptions of land use categories

Table 1 Principle component analysis (PCA) was used to reduce

watershed variables across southern Ontario streams

Variable PC1 PC2 PC3

Ln watershed area 0.25 0.27 0.60

HSlope -0.14 0.75 -0.12

HPoor drained soils 0.83 -0.22 0.20

HAnnual cropland 20.62 -0.33 0.55

HRotational cropland -0.20 20.63 -0.23

HForage and idle lands -0.08 -0.06 0.81

HWoodland 0.09 0.93 0.01

HWetland 0.85 0.05 -0.42

HImpervious built-up area 20.70 -0.26 -0.28

% Total variance explained 26.8 23.7 18.7

PCA produced three principle components (PC), which explained

69.2% of the total variation in the data. Correlations between vari-

ables and the first three PCs are shown after Varimax rotation.

Variables included in each PC are indicated by bold-face type
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rotational cropping to forest-like cover, and (PC3)

increasing rural and agricultural land uses with increasing

watershed size. Simple Mantel tests revealed that PC3 was

spatially autocorrelated (r = 0.36, p \ 0.001) between

sites, but PC1 and PC2 were not influenced significantly by

stream location. These PCA results will be used from here

forward to determine the influence of the watershed and

riparian zone characteristics on stream environmental and

microbial parameters.

Environmental variables and water column resources

Across streams, environmental variables did not spatially

autocorrelate, and correlations between PCs and environ-

mental variables (Table 2) were not influenced by spatial

patterns (Partial Mantel test, p [ 0.05). Stream discharge,

water column temperature, specific conductivity, and TSS

varied widely between streams (Fig. 3a–d). Discharge

generally increased with increased watershed slope and

wooded area (PC2), but water temperature correlated

poorly with PC loadings. Specific conductivity correlated

negatively with PC2 but positively with PC3, while TSS

increased strongly with PC1.

Stream resource levels varied widely across streams and

were influenced differently by watershed and riparian zone

characteristics (Table 2; Fig. 3e–g). Stream resource con-

centrations, other than TDN, were not influenced by spatial

autocorrelation. DOC increased with PC1 but decreased

with increasing PC2. TDN correlated positively with PC3,

though some of this relationship was due to the spatial dis-

tance between streams. TDP correlated negatively with PC1

and PC2. DOC:TDN:TDP molar ratios ranged widely across

streams (Fig. 3h–j) and tended to suggest P-limiting condi-

tions relative to C across all streams but a mixture of N and P

potentially limiting conditions as inferred through TDN:

TDP ratios. With respect to landscape influences, DOC:TDP

ratios correlated positively with PC1, DOC:TDN ratios

Table 2 Pearson bivariate correlation between landscape principle

component (PC) scores and environmental and microbial variables

PC1 PC2 PC3

Environmental variable

Ln discharge -0.08 0.34 0.23

Ln temperature -0.18 -0.26 0.00

Specific conductivity -0.05 20.38 0.40

Ln TSS 20.69 -0.22 0.11

Ln DOC 0.51 20.44 0.18

Ln TDN -0.08 -0.14 0.58a

Ln TDP 20.38 20.42 0.06

Ln DOC:TDP 0.73 0.05 0.08

Ln DOC:TDN 0.34 0.11 20.43

Ln TDN:TDP 0.17 0.13 0.52

Microbial variable

Ln BACT -0.30 20.55 0.35
4HBP 20.39 -0.28 0.34

Ln Bact. turnover time 0.34 0.04 -0.19

Ln AMA 20.51 0.07 -0.22

Ln APA 20.69 -0.36 0.20

Ln b-glu 20.66 20.52 -0.04

b-glu:APA 20.46 20.55 -0.01

AMA:APA -0.05 0.43 -0.26

Bold face type indicates significant at p B 0.01 and italic type indi-

cates significant at 0.05 C p [ 0.01. See Figs. 3 and 4 for variable

abbreviations
a Correlation affected by spatial autocorrelation. Correlation coeffi-

cient after accounting for spatial autocorrelation by Partial Mantel test

was 0.24 (p \ 0.001)

Fig. 3 Environmental variable box-Whisker plots, displaying mean (dotted line), median (solid line), and points outside the 10th and 90th

percentile (dots) across 50 southern Ontario streams
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correlated negatively with PC3, and TDN:TDP ratios cor-

related positively with PC3 (Table 2). Overall, N and P

resources tended to be higher in streams with increased

human land use, while C was higher in streams with

increasing wetland and poorly drained soil area and/or

decreased wooded area.

Influence of resource and landscape characteristics

on microbial parameters

BACT, BP, bacterial turnover time and microbial extra-

cellular enzyme potential activities varied widely across

the study streams (Fig. 4a–f). Bacterial specific enzyme

activity potentials were also variable and ranged 66–12,638

and 17–576 amol cell-1 h-1 for AMA and b-glu, respec-

tively. These microbial variables were influenced by

resource concentrations and landscape characteristics

(Tables 2, 3). In general, indicators of microbial activity

were lower in streams with a greater fraction of natural

land cover and higher in streams with a greater percentage

of human land uses and increased water column nutrients.

b-glu:APA and AMA:APA ratios ranged from 0.30 to 0.84

and from 0.8 to 2.0, respectively (Fig. 4g, h). Across

southern Ontario streams, b-glu:APA ratios increased

toward 1:1 (i.e., stoichiometric equilibrium, sensu Sinsab-

augh et al. 2009, 2010) with TDN, TDP, anthropogenic

land use, and faster bacterial turn over times (Table 2;

Fig. 5). AMA:APA ratios decreased toward 1:1 with

increased TDN and DOC, loss of natural land cover, and

faster water column bacterial turnover times. b-glu:APA

ratios declined with increasing DOC:TDP and DOC:TDN

resource ratios (r = -0.48 and -0.41, p = 0.002 and

0.012, respectively), but AMA:APA ratios did not relate to

resource stoichiometric ratios (data not shown).

Stepwise multiple linear regression analysis was used to

determine the major ecosystems drivers (PCs and resource

concentrations) of water column microbial dynamics

(Table 3). BACT and BP were influenced by resource

levels and watershed and riparian zone characteristics.

BACT was higher in streams with less forest land cover,

increased P levels, and increased agricultural and rural

riparian land use. Higher BP was associated with higher N

concentration, less riparian wetland influence, and higher

DOC concentrations. Bacterial turnover time was less

predicable than abundance and production. Only 25% of

the variation of bacterial turnover time could be explained

by TDN concentration and PC1. Thus, bacterial popula-

tions tended to be turned over faster with increased water

column N concentrations and increased intensive human

land use relative to wetland-like areas.

Extracellular enzyme potential activities for the various

C, N, and P acquiring systems under study responded

similarly to ecosystem drivers (Table 3). Water column

AMA was best predicted by including DOC and TDP in a

stepwise model, indicating that peptide potential hydrolysis

rates increased with decreasing C and increasing P con-

centrations. In this sense, AMA appears to be important for

microbial acquisition of both C and N. APA was best

predicted by the PC1 and PC2 axes, where APA was higher

in streams with increased human land use and decreased

natural land covers. The best stepwise multiple regression

for b-glu potential activity was similar to that of APA, but

in addition to PC1 and PC2, TDN was also a significant

predictor of residual variation. The ratio of b-glu:APA was

Fig. 4 Microbial variable box-Whisker plots, displaying mean (dotted line), median (solid line), and points outside the 10th and 90th percentile

(dots) across 50 southern Ontario streams
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best predicted by negative relationships with PC2 and PC1

and a positive relationship with TDN. The majority of the

variation in the AMA:APA ratio was explained by negative

relationships with DOC and TDN. However, when bacte-

rial turnover time was included as stepwise independent

variable, the explanatory power was increased from 33 to

55%. This model suggested that microbial demand for

nitrogen and phosphorus is more balanced in stream with

faster bacterial turn over times and increased carbon

availability (Table 3; Fig. 5).

Discussion

The 50 streams under study cover a gradient from 93%

human land use to 85% natural land cover. This landscape

Table 3 Stepwise linear multiple regression analysis of microbial dynamics (dependent variable), stream resource (independent variables) and

landscape principle components (independent variables)

Dependent variables Independent variables included in stepwise model R2

Ln BACT -0.366*PC2 ? 0.277*PC3 ? 0.52*LnTDP ? 0.319 0.49
4HBP 0.419*LnTDN - 0.617*PC1 ? 0.934*LnDOC ? 0.594 0.43

Ln Bact. turnover time -0.588*LnTDN ? 0.470*PC1 – 2.046 0.25

Ln AMA -1.244*LnDOC ? 0.816*LnTDP ? 10.602 0.51

Ln APA -0.437*PC1 - 0.220*PC2 ? 4.126 0.60

Ln b-glu -0.509*PC1 - 0.489*PC2 ? 0.262*LnTDN ? 2.419 0.73

b-glu:APA -0.086*PC2 - 0.056*PC1 ? 0.67*LnTDN ? 0.563 0.60

AMA:APA -0.257*LnDOC - 0.082*LnTDN ? 1.744 0.33

AMA:APAa 0.096*Ln Bact turnover time - 0.240*DOC ? 1.934 0.51

Independent variable and intercept means are indicated with regression coefficient (R2). All models were significant at p \ 0.001. See Figs. 3 and

4 for abbreviations
a Bacterial turnover time was included as an independent variable to determine if bacterial growth influenced enzyme stoichiometry

Fig. 5 Extracellular enzymatic b-glucosidase : alkaline phosphatase

(b-glu:APA; C:P, squares) and aminopeptidase : alkaline phosphatase

(AMA:APA; N:P, circles) ratios and their relationships to resource

levels, water column bacterial turnover times, and the first two

landscape principle components. C:P and N:P relationships reflect

enzymatic stoichiometric ratios and are not resource or biomass based

molar ratios
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imposed variability produced contrasts in nutrient supply

and created a situation in southern Ontario streams where C

resources were less abundant in streams that had increased

levels of N and P resources. We found an increase in enzyme

activity in the water column of streams with more intensive

human land use. This observation supported our hypothesis,

which links anthropogenic activity with enhanced organic

matter processing rates, but the pattern was not specifically

related to one particular category of land use, rather there

was a general pattern of higher extracellular enzyme activity

and BP in watersheds with less natural land covers

(Tables 2, 3). Coupled with these increased nutrient levels,

b-glu:APA ratios increased toward 1:1, while DOC:TDP

ratios decreased, which supported our hypothesis that C

demand would increase in anthropogenically impacted

streams. Patterns for AMA:APA ratios only partly supported

our hypothesis. Streams with intensive forms of human land

use (e.g., annual row cropping and impervious surface areas)

did reach N:P enzyme ratios of 1:1, but five streams with

ratios \1:1 occurred under less intensive forms of human

land use. These low enzyme N:P ratios suggest rapid

microbial growth but the mechanism behind these low val-

ues was unclear during our study. Together, these results

suggest that water column microbial communities have

greater access to enzyme degradable resources with human

land use and that these resource gains allow for faster pop-

ulation turnover times. These more rapid turnover times and

increased availability of enzyme substrates then helped

drive extracellular enzymatic activity toward equilibrium

rates.

In general, as was found here for southern Ontario

streams, agricultural practices and human land uses are

associated with increased nutrient loads to streams, while

wetlands, forests, water flow path, and soil drainage more

strongly impact carbon concentrations (Tables 1, 2; Boyer

et al. 2002; Wilson and Xenopoulos 2008; Mattsson et al.

2009). This divergence in landscape associated resource

inputs was illustrated in the current study by decreasing

DOC:TDP and DOC:TDN molar ratios with increased

anthropogenic land use (Table 2). In addition to higher

nutrient concentrations relative to C with more intensive

land use, the structure of the dissolved organic matter pool

has also been observed to become less humic and poten-

tially more labile (e.g., increased protein-like and microbial

sourced material; Wilson and Xenopoulos 2009; Williams

et al. 2010). Although resource levels in southern Ontario

streams correlated with landscape drivers in typical ways

(Table 2), individual microbial response variables were not

explained consistently by the same combination of envi-

ronmental and resource factors (Table 3; Fig. 5). Both

nutrient concentration and broader scale landscape char-

acteristics were identified as significant predictors of

microbial activity indicating that both local resource supply

and longer term history of supply are likely important in

shaping water column microbial activity.

Resource levels, BACT, BP, and potential enzyme

activities were variable between streams and indicated

oligotrophic to eutrophic conditions across stream land-

scapes. Overall, water column BACT and BP were within

the range of other pelagic lotic habitats (Chappell and

Goulder 1995; Sinsabaugh et al. 1997; Ainsworth and

Goulder 2000; Castillo et al. 2004), similar to or slightly

lower than that measured for epilithic microbial commu-

nities (Hudson and Roff 1992; Carr et al. 2005), and few

orders of magnitude lower than that measured in aquatic

sediments (Fischer et al. 2002, 2005; Wilczek et al. 2005).

Extracellular enzyme activities tend to be variable across

habitats and streams. As such, enzyme activity potentials

determined in the water column in southern Ontario streams

ranged from greater than, to similar to, to lower than

activities estimated for soil, sediment, and biofilms (Artigas

et al. 2009; Sinsabaugh et al. 2009; Smart and Jackson

2009). When standardized to cell abundance or productiv-

ity, extracellular enzyme activities are comparable across

soil, sediment, and water column zones (Fischer et al. 2002;

Sinsabaugh et al. 2010; Suberkropp et al. 2010; this study).

However, average cell specific activities in the current study

tended to be high for lotic ecosystems, which might indicate

that some enzymes were produced outside the water column

and originated from a benthic or terrestrial habitat.

Across ecosystems, extracellular enzyme activities typ-

ically follow a common hydrolysis gradient: AMA [
APA [ b-glu (Fig. 4; Chappell and Goulder 1995; Taylor

et al. 2003; Wilczek et al. 2005; Williams and Jochem

2006). In the current study, water column extracellular

enzyme activity potentials followed this trend and were

within the range of activities reported for lotic ecosystems

(Fig. 4; Chappell and Goulder 1995; Sinsabaugh et al.

1997; Ainsworth and Goulder 2000). Extracellular enzyme

activities tend to be higher in eutrophic ecosystems than in

oligotrophic ones, but enzyme activities can vary by orders

of magnitude within a catchment as well as between rivers

of similar trophic status due to changes in inorganic and

organic matter availability and temperature (Sinsabaugh

et al. 1997; Ainsworth and Goulder 2000; Cunha et al.

2000; Wilczek et al. 2005). In the present study, the

extracellular enzyme patterns across streams seemed con-

trolled by changes in land use within a catchment and

associated impacts to the organic matter pool, and tem-

perature differences between streams did not appear as a

significant driver of potential stream enzyme activity. The

lack of a temperature effect was likely because samples

were collected within the same season.

Extracellular enzyme activities in most aquatic systems,

including southern Ontario streams, tend to increase with

nutrient availability and organic matter quality (Sinsabaugh
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et al. 1997; Fischer et al. 2005; Hill et al. 2010b; Williams

et al. 2010). For example, b-glu activity can increase with

increased anthropogenic land use, indicating greater

demand for a more limited supply of organic matter

(Wilczek et al. 2005). Hence, more of the bulk organic

matter pool was processed in human impacted streams than

those with more natural land covers. In contrast, AMA

correlated most strongly with decreased DOC:TDP ratios

that occurred within anthropogenically impacted streams.

An increased bacterial N demand appears to occur in

streams where P limitation may be relaxed. Still, correla-

tions between AMA and human land use may be in part a

function of the altered composition of the organic matter

pool that has been observed in urban and agricultural

streams in southern Ontario. In agricultural and urban

impacted aquatic system, dissolved organic matter has an

increased contribution of labile and protein-like material,

which tends to be smaller sized, more accessible to the

microbial community, and more N-rich than the organic

pool in less impacted systems (Kelton et al. 2007; Williams

et al. 2010). In support of this, DOC was a tertiary predictor

of BP, indicating that the availability and potentially the

composition of the DOC pool (e.g., Williams et al. 2010)

regulated water column production to a small degree

(Table 3).

Enzyme C:N:P ratios are suggested to provide a better

indication of nutrient limitation to the microbial commu-

nity than resource concentrations (Hill et al. 2010b). When

the microbial communities growth is in balance with the

available resources, C:N:P ratios based on natural log

transformed extracellular enzyme activities tend to be

rather invariant, occurring around a 1:1:1 homeostasis

(Sinsabaugh et al. 2009). Hence, deviations from this

enzymatic homeostasis across landscapes should provide

evidence that the microbial community has not approached

a steady state with the resource available in the ecosystem.

Across southern Ontario streams, mean b-glu:APA (0.59;

Fig. 4) was more similar to ratios produced in benthic

biofilms (mean = 0.65) than freshwater pelagic microbes

(mean = 1.05; Sinsabaugh et al. 2010). Mean AMA:APA

(1.20; Fig. 4) were higher on average than both benthic and

pelagic enzyme N:P ratios, which tended to be just below

1.0 across aquatic systems (Sinsabaugh et al. 2010). These

comparisons indicate that on average the water column

microbial community of southern Ontario streams had a

high N demand relative to P and a higher P demand relative

to C, suggesting that resource supply does not match the

water column microbial community demand for growth.

Across landscapes, enzyme C:N:P ratios were variable,

but increased nutrients and/or anthropogenic land use

allowed water column b-glu:AMA:APA ratios to approach

1:1:1 (Fig. 5). These relationships suggest that elemental

demand supplemented through microbial extracellular

enzyme activity was better balanced with the substrate

supply in streams impacted by anthropogenic land use. In

addition, streams with AMA:APA ratios closer to and

below 1:1 exhibited faster water column bacterial turnover

times than those streams with higher AMA:APA ratios.

Overall, pelagic extracellular enzyme activities likely

provide a good indicator of organic resource availability

and levels of microbial resource limitation in streams,

though information regarding inorganic nutrient supply and

demand was not collected during our study. Similar con-

clusions were drawn in a study examining extracellular

enzyme activities in both benthic and pelagic habitats (Hill

et al. 2010a, b).

Extracellular enzyme activities for C sequestration and

BP also increased with anthropogenic land use in our

streams. This pattern is predicted to occur when bacterial

growth limitations imposed by nutrients are relaxed (Sin-

sabaugh et al. 1997; Taylor et al. 2003), conditions which

occur in our highly anthropogenically impacted stream.

Coupled with these increased nutrient levels, b-glu:APA

ratios increased toward 1:1, while DOC:TDP ratios

decreased. Similarly, across a gradient of agricultural

intensity in Pennsylvania, USA, stream biofilm enzyme

C:P ratios correlated positively with P levels, indicating

that C acquisition increased relative to P with increasing

stream nutrient resources (Rier et al. 2011). In urban

streams of Melbourne, Australia, b-glu activity decreased

but AMA increased with increasing impervious surface

area, suggesting that bacterial metabolic demand for sub-

strates shifted and/or substrate availability changed with

increased urban influence on streams (Harbott and Grace

2005). However, in the current study, AMA and b-glu

potentials both increased with impervious surface area (i.e.,

PC1), suggesting that the overall demand for C increased in

these nutrient rich, human impacted streams rather than a

broad-based shift from one C substrate toward another. In

addition, bacteria cell specific AMA and b-glu potentials

were higher with decreasing DOC concentrations (rela-

tionships not shown) further indicating their important role

for carbon acquisition.

For the most part, b-glu:APA and AMA:APA ratios

deviated greatly from 1:1:1 (Fig. 4), indicating that water

column microbial growth rates were not balanced with the

available enzyme accessible resources. Only with anthro-

pogenic land use associated resource increases did stream

enzyme C:N:P ratios more closely reflect proposed enzy-

matic homeostasis. Enzyme activities and their ratios were

predicted well by water column resource levels and

watershed variables, indicating that despite the variability

of supply imposed by the dynamics of flowing water these

enzyme activities are a broad integrator of conditions

within a streams watershed. In this sense, water column

activities might broadly provide a good indication of
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anthropogenic impacts on organic resource availability in

stream ecosystems. With increased anthropogenic activity

enzyme C:N:P approached 1:1:1 suggesting that with

anthropogenic activity and increased resource levels

microbial communities where better able to achieve

enzymatic homeostasis and balance available resources

with their growth demands.
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