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Abstract
Soil phosphorus (water-extractable) measured in harvested and forested areas of a headwater aspen forested catchment in

north-central Alberta was related to surface and ground water total dissolved phosphorus (TDP). No differences in water-

extractable soil phosphorus concentrations ([ext-P]) were observed between harvested and forested areas. Topographic position

explained most of the variance in the [ext-P] of surface soils. Soil [ext-P] in surface horizons was large in upslope areas

compared to low-lying areas, ephemeral draws, and wetlands. Forest floor and surface organic soils (0–10 cm) had greater

concentrations of ext-P (>70 mg g�1) and total P (tot-P) (>1000 mg g�1) than mineral soils ([ext-P] <2 mg g�1 and [tot-P]

<300 mg g�1). Phosphorus buffering capacity was small in organic surface soils (EPC0 > 5000 mg L�1) and large in mineral

soils (EPC0 A horizon = 100–400 mg L�1; EPC0 B horizon < 100 mg L�1). This was reflected in greater levels of TDP in

surface water (range = 2–2350 mg L�1, median = 85 mg L�1) and soil water (range = 22–802 mg L�1, median = 202 mg L�1)

which flowed through organic soils, compared with small concentrations of TDP in ground water which flowed through mineral

soils (range = 0–1705 mg L�1, median = 23 mg L�1). Our results indicate that increases in ground water TDP following harvest

are unlikely due to the large adsorption affinity of mineral soils. Phosphorus-rich surface soils have a large potential for

phosphorus release to surface water but this does not differ between harvested and forested areas. Sub-humid climatic conditions

and rapid aspen regeneration lead to soil moisture deficits and limited surface runoff which may reduce harvesting effects on P

mobilization on the Boreal Plain.
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1. Introduction

The glaciated Boreal Plain of the western Boreal

Forest is being developed rapidly for forestry, mining,

oil and gas extraction, and recreation (AEP, 1998).

Much of this landscape is covered with extensive
.
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stands of aspen that are desirable to the pulp and paper

industry. Timber harvesting (clearcut) may impact soil

properties and processes in the Boreal Forests of

Alberta (Schmidt et al., 1996; Westbrook and Devito,

2002). Such disturbance may influence the availability

and export of soil inorganic phosphorus (P) to surface

and ground water, leading to eutrophication of

receiving waters (Schindler, 1977). It is necessary

to understand the natural variability of P cycling and

export in aspen forests to predict the potential impacts

of disturbance on surface water quality in this sub-

humid region.

The effects of harvesting on P availability in

forest soils in sub-humid regions of the Boreal

Forest on the Boreal Plain are not known. The

removal of a forest leads to changes in soil

microclimate, including wetter and warmer condi-

tions that may lead to increased P mineralization

(Covingon, 1981; Hornbeck et al., 1986; Martin

et al., 2000) and therefore P availability (Krause and

Ramlal, 1987; Kimmins, 2004). In humid climates,

the combination of higher runoff and P availability

after harvesting results in increased P export in

runoff (Likens et al., 1970; Bormann et al., 1974).

However, in sub-humid climates, rapid regrowth of

clonal aspen species (Populus tremuloides, Michx.)

and aspen suckers may result in reduced soil

moisture and soil temperature and therefore reduced

P mineralization. Even if P mineralization is not

reduced, low levels of runoff that occur in most

years (Devito et al., in press) may prevent

hydrologic flushing of inorganic P prior to the P

being taken up by aspen regrowth or reactions with

minerals in subsoils.

The effects of clearcut harvesting on dissolved P

export from forest soils in sub-humid regions are

also not well understood. Previous studies on the

impacts of harvesting have focused on impacts to

surface rather than ground water. Several studies

have reported increased P concentrations in soil

solutions in organic layers after harvesting but not in

mineral layers where P concentrations reflect the

adsorption affinity of the mineral soil (McColl,

1978; Stevens et al., 1989; Yanai, 1991). The

desorption and subsequent export of available P

from organic soils near the surface has been linked

to the position of the water table and hydrologic

flushing processes during wet periods (Devito et al.,
2000). In sub-humid regions, evapotranspiration,

infiltration and storage dominate the water balance

of the aspen forest in most years (Devito et al., in

press) and consequently organic soils near the

surface are infrequently flushed. Studies of land-

scape influences on lake [TP] dynamics indicate that

P export was high in lakes in both harvested and

forested catchments following extreme runoff years

(Devito et al., 2000). This suggests that surface and

near-surface inputs from forests may contribute P. In

contrast, less increase in [TP] was observed in lakes

in ground water discharge locations (Devito et al.,

2000), indicating that ground water sources may

dilute or buffer the influence of high [P] from

surface soils and runoff. While harvesting may or

may not increase P mobility to ground water, how

the adsorption capacity of mineral soils may effect

[P] in ground water is not well understood.

Furthermore, the effects of topography on P

turnover rates in the soil may mask the effects of

harvesting on P. Topographic position has been shown

to influence the distribution of soil moisture and P

content (Huang and Schoenau, 1997; Ohrui et al.,

1999; Welsch et al., 2001). Soil P content has been

shown to increase in the downslope direction due to

redistribution from upslope to downslope areas

(Smeck, 1973; Honeycutt et al., 1990). Unequal

distribution of topographic positions between har-

vested and forested areas can confound interpretation

of the effects of harvesting on P distributions

throughout the landscape.

Herein we examine the influence of topographic

position and harvesting on soil P and ground water

and surface water P in an aspen dominated

catchment in the sub-humid Boreal Forest of

northern Alberta. The hydrology of the catchment

has been examined in a previous study (Devito et al.,

in press). A harvest (clearcut) of sections of the

catchment occurred during one of the wettest

periods (1997) with the highest surface runoff on

record (250 mm year�1). During the years follow-

ing, annual surface runoff decreased dramatically to

10 mm in 1998 and less than 2 mm in 1999–2001

from both harvested and forested portions of the

catchment. We assessed temporal and spatial

variability in soil ext-P and surface and ground

water TDP concentrations in forested and harvested

portions of an aspen forested headwater catchment
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on the Boreal Plain to address the following specific

questions:
(1) W
hat is the topographically regulated distribution

of soil moisture and soil [ext-P]?
(2) I
s there a difference in soil moisture and soil [ext-

P] between harvested and forested portions of the

catchment?
(3) I
s there a relationship between the distribution of

soil [ext-P] and the surface and ground water TDP

concentrations in harvested and forested parts of

the catchment?
2. Study site

This study was conducted in a 53 ha catchment

(LLB20) draining into Moose Lake in the sub-humid

Boreal eco-climatic region of north-central Alberta

(55.18N, 113.88W, Fig. 1) 250 km northeast of

Edmonton, Alberta. The regional climate is char-

acterized by warm summers and cold winters. The

long term, mean annual temperature is 1.5 8C, with

mean January and July temperatures of �16.7 and

16.3 8C, respectively. Long-term 30-year (1970–

1999) averages of potential evapotranspiration

(530 mm year�1) exceed precipitation (468 mm

year�1, 100 mm as snowfall) in most years (Environ-
Fig. 1. Location of the Moose Lake
ment Canada, 2002; Devito et al., in press). The largest

portion of annual precipitation (>60%) occurs

between June and August as short, localized con-

vective storms (Wolniewicz, 2004).

Significant natural variability in precipitation

occurred throughout the study period (Devito et al.,

in press) providing the opportunity to contrast

hydrologic and biogeochemical cycling in relatively

dry (precipitation <350 mm year�1), wet (precipita-

tion >500 mm year�1), and average hydrologic years.

The first year post-harvest (1997) was a very wet year

during which there was significant runoff (250 mm

year�1) (Devito et al., in press). In contrast, runoff was

<12 mm year�1 in the 4 years following, 1998–2001

(Devito et al., in press).

The first order catchment has three sub-catchments

with ephemeral streams that drain into a minero-

trophic mixed-wood swamp prior to draining into

Moose Lake (Fig. 2). Well-drained uplands are

dominated by Gray Luvisols and Eutric Brunisols

while poorly drained low-lying areas are dominated by

Gleysols and organic soils (Devito et al., 2000; Evans

et al., 2000). Dominant vegetation in uplands is

trembling aspen (Populus tremuloides, Michx.) and

white spruce (Picea glauca (Moench.) Voss) whereas

black spruce (Picea mariana, Mill. B.S.P.), balsam

poplar (Populus balsamifera), paper birch (Betula
Watershed in central Alberta.



M.L. Macrae et al. / Forest Ecology and Management 206 (2005) 315–329318

Fig. 2. Map of LLB20 sub-catchment of the Moose Lake Watershed. The harvested section (gray dashed line), roads (black dashed line) and soil

sampling transects (black bars) are shown.
papyrifera, Marsh.), and tamarack (Larix laricina,

Michx.) dominate wet habitats.

Upland soil profiles consist of forest floor (litter–

fibric–hemic layers) (�10 cm) and A horizons

(�10 cm). The A horizons contain a mix of organic

material and fine sand and silt. Soils below 20 cm from

the surface are B horizons consisting of sandy clays

that extend to at least 130 cm depth in most areas of

the catchment. Soil profiles in low-lying and wetland

areas contain an organic (peat) horizon extending to

approximately 30 cm depth. This is underlain by

mineral horizons containing a mixture of sandy clays

and organic material.

Approximately 50% of the study catchment (Fig. 2)

was harvested (clearcut) during winter on frozen

ground with minimal soil disturbance as part of the

Terrestrial and Riparian Organisms, Lakes and

Streams (TROLS) project (Prepas et al., 2001).

Timber harvesting occurred in January 1997 and
was administered to portions of three sub-catchments

within the study catchment (Fig. 2). Two sub-

catchments within the catchment were harvested

(clearcut), and another sub-catchment was harvested

(clearcut) across the top portion of the catchment. The

sub-catchment in the lower reaches of the catchment

was not harvested. Although harvested and forested

areas are within the same study catchment, gradients

in hillslopes were away from the ephemeral draws and

no water flow moved from cut areas into uncut areas

with the exception of the wetland at the bottom of the

catchment. Trees were cut by faller buncher and logs

were skidded to nearby roads and landings. Only one

main haul road was constructed and runs roughly mid-

way through the harvested block perpendicular to the

slope (Fig. 2). Although some wood was left on site,

much of the biomass was removed. Rapid forest

regeneration occurred in the harvested blocks, with

suckers of trembling aspen exceeding 30 cm in height



M.L. Macrae et al. / Forest Ecology and Management 206 (2005) 315–329 319
by the end of the 1997 growing season and 1 m in

height by the end of the 1998 growing season (Devito

et al., in press).
3. Materials and methods

3.1. Soil sampling

Soil cores were collected in July 1998, June 1999,

August 1999, June 2000 and 2001. Cores (10 cm in

length) were taken along 27, 100 m transects

throughout the harvested and forested portions of

the catchment (Fig. 2). Sampling transects were

established along a range of topographic positions

including: uplands (upper-, mid- and lower-slope

positions), low-lying areas and ephemeral draws and

wetlands. Along each transect, five locations (approxi-

mately 20 m apart) were sampled at two depths. For

uplands and ephemeral draws, the surface sample

consisted of forest floor, while the subsurface sample

consisted of the upper mineral soil (0–10 cm of A and

B horizons). In the wetlands, samples were collected at

0–10 and 10–20 cm depths and the materials were

predominantly organic.

Soil core samples were analyzed for moisture

content, bulk density, and water-extractable P. Water-

extractable P (ext-P) was chosen over other types of P

extractions because it is strongly correlated with

concentrations of dissolved P in runoff (Pote et al.,

1996). Core samples were placed in bags, hand mixed

until visually homogenized, and a subsample of

approximately 5 g (dry weight) was removed. Sub-

samples were extracted in 50 mL of distilled–

deionized water for colorimetric analysis of available

phosphorus (PO4–P) using a spectrophotometer

(Varian Corporation, Palo Alto, CA). The remaining

core sample was dried to determine gravimetric

moisture content and to determine bulk density using

the dimensions of the core sampler. All moisture

contents are reported as volumetric moisture content

(m3 m�3).

Additional soil samples were collected in 1998 to

examine variability in ext-P and tot-P concentrations

with depth and to determine zero equilibrium

phosphate concentrations (EPC0). Samples were

collected from pits dug along hillslopes at upper-,

middle-, and lower-slope positions in the catchment.
Samples were collected by inserting 10 cm long PVC

(5 cm i.d.) cylinders laterally into individual soil

horizons between 0 and 2 m depth. Samples were

dried and prepared for ext-P analysis using the

methods described above. A second set of subsamples

was digested for six hours with 10 mL of H2SO4 and

copper (II) sulphate for tot-P concentration. A third set

of subsamples was used to determine EPC0. Three

grams of dry soil were combined with 25 mL of

known P concentrations and shaken for 1 h. Mineral

soils were placed in solutions of 50, 100, 200, 500, or

1000 mg P L�1. Forest floor samples were placed in

solutions of 200, 1000, 2000, 5000 and

20,000 mg P L�1. Samples were subsequently filtered

through Whatman 42 filters and analyzed for PO4–P

using colorimetric analysis (Technicon, Edmonton,

AB). EPC0 were determined based on isotherms, with

EPC0 being the P concentration at which point soils

did not sorb or desorb any P from solution (Froelich,

1988).

3.2. Statistics

Non-normal distributions in the data prevented use

of parametric statistics. The Sheirer–Ray–Hare test, a

non-parametric equivalent of the two-way ANOVA

(Sokal and Rohlf, 1995), was used to test for

interactions between treatment and topographic

positions.

Topographic positions were combined into three

categories for analyses: upland, low-lying, and

ephemeral draws and wetlands. This was done

because there were no significant differences in soil

moisture and [ext-P] between upland topographic

positions (upper- versus middle-slopes), low-lying

topographic positions (lower-slopes versus low-lying

areas), or ephemeral draws and wetlands.

3.3. Surface and ground water

The monitoring of surface runoff and saturated

areas is described in detail in Devito et al. (in press).

Briefly, surface runoff was monitored automatically

and continuously at the outflow and two other

locations in the catchment using stage–discharge

relationships developed for 608 and 908 V-notch weirs.

Weirs were inserted to a depth of 30–50 cm in the

substrate and sealed with plastic, sheet metal, and clay
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substrate or bentonite clay. Subsurface runoff was

estimated using well and piezometers nests installed

above and below each weir. A network of wells and

piezometers was also installed throughout the catch-

ment to allow for ground water sampling and

calculation of ground water fluxes. Wells were fully

perforated and wrapped in filter socks prior to

installation. Piezometers were constructed from

PVC pipe (1.9 cm i.d.) and coupled to 0.2 m slotted

and shielded PVC heads. Wells were inserted into pre-

bored holes extending into the underlying confining

material, and back-filled with aggregate. Piezometers

were inserted to pre-bored holes at �1–1.5 m depth

intervals until the confining material was intercepted.

Piezometers were sealed with bentonite clay over the

interval from the ground surface to the top of the

screened portion to ensure no surface water entered the

piezometer.

Lysimeters to capture shallow subsurface flow

samples were installed throughout the catchment.

Lysimeters were constructed from ABS pipe inserted

vertically into the ground (similar to piezometers).

Pipes were screened between 0 and 10 cm beneath the

ground surface and sealed at the bottom with PVC caps.

Given the climate trends over the study period,

significant surface runoff occurred only in 1997.

Surface saturation was observed in 1997 and the

spring of 1998 but not in late summer of 1998 or in
Table 1

ANOVA (Sheirer–Ray–Hare test, non-parametric equivalent of parametr

extractable-P concentrations, comparing the effects of treatment (Tr) (harve

Wetland) for two years (1998, wet and 1999, dry) and two depths (surfac

Depth Year Source Moisture con

SS

Surface horizons July 1998 Tr 361.2

Pos 49891.0

Tr � Pos 864.9

August 1999 Tr 358.1

Pos 15399.9

Tr � Pos 764.4

Deeper soil July 1998 Tr 2474.1

Pos 46061.6

Tr � Pos 2614.9

August 1999 Tr 134.8

Pos 13506.8

Tr � Pos 1914.4

The sum of squares (SS), test statistic (F) and significance (P-value) are
1999. Surface and ground water samples were

collected once in May 1997 and approximately every

2 weeks from July to October 1997 and from May to

October 1998. Ground water samples were also

collected six and three times between April and

September 1999, and 2000–2001, respectively. Wells

and piezometers were purged the day before sampling.

Wells were sampled with a Nalgene bailer attached to

a stainless steel chain and piezometers were sampled

with a tube attached to a Nalgene Ehrlenmeyer flask

and hand vacuum pump or to a syringe with a three-

way valve chain (Evans et al., 2000). All containers

were pre-washed with 10% HCl, and pre-rinsed with

distilled water and sample. All samples were kept on

ice for 12–48 h until prepared for analysis. Samples

were filtered through 0.45 mm Millipore membrane

filters and stored at 4 8C. Concentrations of total

dissolved phosphorus (TDP) were determined using

the potassium persulfate method (Menzel and Corwin,

1965; Prepas and Rigler, 1982).
4. Results and discussion

4.1. Soil moisture and phosphorus patterns

There was no significant difference in soil moisture

or [ext-P] between harvested and forested sections of
ic two-way ANOVA) results examining soil moisture content and

sted vs. forested) and topographic position (Pos) (Upland, Low-lying,

e horizons, deeper soils)

tent Soil ext-P

F P-value SS F P-value

0.10 0.749 140.7 0.04 0.839

14.18 0.001 39012.7 11.42 0.003

0.25 0.884 464.9 0.14 0.934

0.17 0.406 260.5 0.13 0.508

7.45 0.002 20414.5 9.88 0.06

0.37 0.695 2296.4 1.11 0.885

0.69 0.677 1529.8 0.44 0.723

12.84 0.024 19622.0 5.63 0.007

0.73 0.831 855.2 0.25 0.574

0.06 0.812 118.6 0.05 0.824

5.64 0.06 12631.3 5.28 0.072

0.80 0.67 4290.7 1.79 0.408

provided for treatment, topographic position and interaction.
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the catchment for measurements made during July

1998, June 1999, or August 1999 (Table 1, Figs. 3 and

4). Topography exerted a larger influence than harvest-

ing on the distribution of soil moisture and [ext-P] in

this catchment (Table 1; Figs. 3 and 4). Soil moisture

was dry in uplands and wet in wetlands in both dry

(1998) and very dry (1999) years (Fig. 3). Similar trends

were observed for both surface soils (i.e., forest floor in

uplands and organic soils in wetlands) and subsurface

soils, although the influence of topographic position on

soil moisture was stronger in surface soils than in deeper

soils (Fig. 3). Ext-P concentrations in soils were

inversely related to soil moisture, with largest [ext-P] in

uplands and smallest [ext-P] in wetlands (Fig. 4).

Similar trends between [ext-P] and soil moisture were

observed for both surface and subsurface soils, although

[ext-P] was larger in surface than in deeper soils (Fig. 4).

Soil [ext-P] was more strongly linked to topographic
Fig. 3. Box plots showing volumetric moisture content in soils along a topo

of the catchment in June 1998 (a, b) and August 1999 (c, d). Surface horizo

soils in wetland areas and subsoils (b, d) refer to mineral subsoils in upland

percentiles. The 10th and 90th percentiles are shown with whiskers.
position in 1998 (P < 0.01) than in 1999 (P < 0.06).

Soil [ext-P] was less in 1999 which corresponds to the

drying trend observed in both harvested and forested

areas (Table 1).

The topographic pattern in soil moisture was

expected whereas the trend in soil [ext-P] was not. Our

results are in contrast to the results of Smeck (1973)

and Honeycutt et al. (1990) who observed larger P

levels in downslope areas of catchments due to

redistribution. However, in the sub-humid climate of

the study region, the redistribution of P from upslope

to downslope areas may not readily occur. The smaller

ext-P levels observed in downslope areas may be a

result of a lack of hydrologic flows from upslope to

downslope areas and (or) hydrologic flushing of

mobile P from seasonally saturated soils in downslope

areas (Devito et al., in press). The spatial pattern of

soil moisture and soil [ext-P] indicate that plot studies
graphic gradient in harvested (white) and forested (shaded) sections

ns (a, c) refer to the forest floor in upland areas and organic surface

s and organic subsoils in wetlands. Boxes show the 25, 50 and 75th



M.L. Macrae et al. / Forest Ecology and Management 206 (2005) 315–329322

Fig. 4. Box plots showing soil extractable phosphorus along a topographic gradient in harvested (white) and forested (shaded) sections of the

catchment in June 1998 (a, b) and August 1999 (c, d). Surface horizons (a, c) refer to the forest floor in upland areas and organic surface soils in

wetland areas and subsoils (b, d) refer to mineral subsoils in uplands and organic subsoils in wetlands. Boxes show the 25, 50 and 75th

percentiles. The 10th and 90th percentiles are shown with whiskers.
with subtle differences in topography may reach

different conclusions when assessing the impacts of

harvesting if catchment distributions of soil moisture

and nutrients are not determined.

Little is known about the effects of harvesting on P

cycling in sub-humid landscapes. Generally, changes in

soil P are not as dramatic as changes in carbon or

nitrogen following harvesting, as fewer transformations

occur and P is tightly cycled between immobilization

and mineralization processes (Stewart and Tiessen,

1987). In humid regions, mineralization has increased

available soil P levels following harvesting (e.g. Likens

et al., 1970) in response to favourable soil moisture and

temperature conditions. Soil moisture is often greater in

harvested areas due to suppressed evapotranspiration

(Likens et al., 1970; Jones and Grant, 1996). However,

in this study, increased soil moisture was not observed

in harvested areas (Fig. 3) and soil [ext-P] was similar in
harvested and forested areas (Fig. 4). The rapid

regeneration of aspen suckers in 1998 may have

restored the soil microclimate in harvested areas to near

pre-harvest levels and prevented increased soil P

mineralization from occurring.

The soil moisture and [ext-P] trends along topo-

graphic position were observed in each of the 4 years

following the harvest (Figs. 5 and 6). Trends in soil

moisture were similar for both harvested and forested

areas of the catchment throughout the study years.

Forest floor and soils in uplands were consistently dry

(Fig. 5). Wetlands were generally wet throughout the

study years although they demonstrated a drying trend

between 1998 and 1999 in response to lower amounts of

precipitation, and a wetting trend in 2000 and 2001 in

response to larger amounts of precipitation in 2000

(Devito et al., in press). Trends in soil [ext-P] were also

similar for both harvested and forested areas of the
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Fig. 5. Boxplots of soil moisture in upland (a, b) and wetland (c, d) surface soils (a, c) and deeper soils (b, d) from 1998 to 2001 in harvested

(white) and forested (shaded) sections of the catchment. Boxes show the 25, 50 and 75th percentiles. The 10th and 90th percentiles are shown

with whiskers.
catchment throughout the study years. One exception

exists in wetland surface soils where in 1999 soils in

harvested areas contained greater [ext-P] than forested

wetlands; however in 2000 soils in harvested and

forested wetlands contained similar concentrations of

ext-P, possibly due to a hydrologic flushing of soil P in

wetlands upon rewetting in 2000. This exception

suggests that more hydrologically active areas of the

catchment, including riparian areas, wetlands and

ephemeral draws, may be more affected by harvesting

than other areas and should be managed more carefully,

as hypothesized by Devito et al. (2000).

Similar trends in soil [ext-P] in forested and

harvested areas suggest that harvesting had no effect

on soil P. It is possible that there was no change in soil P

mineralization in harvested areas because of the soil

moisture limited conditions. Alternatively, it is possible

that increased soil P mineralization in harvested areas
was masked by rapid uptake of P by regenerating aspen,

or possibly the fixation by calcium or the oxides of

aluminum or iron in some soil horizons. Previous

studies in northern hardwood forests suggest that

enhanced available P concentrations in soil following a

harvest decline through several years as the soil

microclimate is restored to pre-harvest conditions with

forest regeneration (Marks, 1974; Covingon, 1981).

This study suggests that any enhanced available P

concentrations in soil that occur following a harvest

decline within a year due to rapid regeneration of aspen

or possibly P fixation.

4.2. Variability in phosphorus pools and buffering

capacity with depth

Ext-P and tot-P concentrations in soils were

stratified with large concentrations in the forest floor
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Fig. 6. Boxplots of soil phosphorus concentrations in upland (a, b) and wetland (c, d) surface soils (a, c) and deeper soils (b, d) from 1998 to 2001

in harvested (white) and forested (shaded) sections of the catchment. Boxes show the 25, 50 and 75th percentiles. The 10th and 90th percentiles

are shown with whiskers.
and smaller concentrations in subsurface soils (Fig. 7).

Tot-P showed similar trends to [ext-P], although tot-P

was larger and exhibited a more gradual decline with

deeper horizons. EPC0 was large (>1000 mg L�1) in

the forest floor (0–10 cm) and declined sharply (100–

1000 mg L�1) in the A horizon (over a depth of 10–

30 cm) (Fig. 8). EPC0 was small (EPC0 < 100 mg L�1)

in B horizons (below 30 cm) and little change in EPC0

was observed in these horizons (Fig. 8). There was

limited sampling for EPC0 and soil [ext-P] with depth

and soil horizons, but little difference was noted

between harvested and forested areas of the catchment.

EPC0 values appear to be higher in wetlands than in

upland areas. This pattern is consistent with depth. The

high EPC0 values are plausible given the fact that soils

in wetlands are more organic than in uplands.

Stratification in P in soil profiles has been widely

observed in podzolic soils (e.g. Cade-Menun et al.,
2000; Wood et al., 1984; Giesler et al., 2002). Cade-

Menun et al. (2000) suggested that in podzolic soils, P

cycling in surface soils is controlled by biotic

processes whereas P cycling in deeper soils is

governed by geochemical processes. The small soil

P levels and small EPC0 in deeper soil horizons in the

study catchment suggest P levels are controlled by the

P adsorption affinity of the soil and that large changes

in soil P levels resulting from harvesting are unlikely.

4.3. Phosphorus patterns in surface and soil water

In 1997, the first year following the harvest when

regrowth was minimal and therefore the influence of

regeneration was at its least, large TDP concentrations

were observed in soil water in lysimeters at the base of

both the harvested and forested sections of the

catchment during runoff events. Larger TDP concen-
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Fig. 7. Extractable P and total P at various soil depths in upland forested areas (closed circles) and upland harvested areas (open circles) and

forested wetlands (squares). Values shown for upland areas are median values of samples collected at the upslope, midslope and slope base. The

range of values observed is shown with error bars. The approximate locations of the LFH, A and B horizons are also shown.
trations were observed in soil water in upland areas

adjacent to ephemeral draws that were generating

runoff (Fig. 9). No water was observed in lysimeters

after 1997.

Surface runoff occurred in 1997 and 1998 but little

was observed in 1999–2001. As the catchment dried

out in 1998, the sampling of surface water revealed
Fig. 8. Zero equilibrium phosphate concentrations (EPC0) at var-

ious depths in soils in forested areas (closed symbols) and harvested

areas (open circles) at upslope (circles), midslope (triangles), slope

base (squares) and wetland (diamonds) locations. The approximate

locations of the LFH, A and B horizons are also shown.
variable but similar TDP concentrations in harvested

and forested sections of the catchment (Fig. 10). It

appears that in this landscape, surface water will

contain large quantities of P regardless of whether or

not harvesting has occurred. The large TDP levels are

a result of the interaction of surface runoff with

organic surface soils. This is supported by Evans et al.

(2000) who observed significant P movement in both

harvested and forested areas during this period. Devito

et al. (2000) observed a flushing of P into lakes in both

harvested and forested areas in the same region in

1997. Our results suggest that this was due to high

water levels rather than harvesting.

TDP concentrations were smaller in surface waters

where there were ground water springs. Giesler et al.

(2002) observed a similar pattern in Sweden and

attributed this to the redistribution of Al and Fe into

the surface layer from mineral soils below, which

created sorption sites for P. Devito et al. (2000) also

observed buffering of surface water [TP] in lakes

located in ground water discharge locations and

hypothesized that this was due to the adsorption

capacity of mineral soils through which ground water

flowed.

The potential is great for P release to receiving

waters from both harvested and forested areas

(Fig. 10). However, in most of the study years
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Fig. 9. TDP concentrations in surface soil lysimeters between August 1997 and June 1998. Boxes show the 25, 50 and 75th percentiles. The 10th

and 90th percentiles are shown with whiskers and the black circles show the range. Data are presented for lysimeters in harvested areas and two

forested sub-catchments within the study catchment.

Fig. 10. Median TDP concentrations in surface water in harvested and forested portions of LLB20 in 1998. TDP concentrations in areas with

groundwater springs are shown with open circles and all other locations are shown with closed circles.
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drainage networks were not well connected and

subsurface flowpaths were predominant. Large soil

moisture deficits brought on by potential evapotran-

spiration exceeding precipitation limits such export to

receiving streams and lakes in most years (Devito

et al., in press).

4.4. Phosphorus patterns in ground water

The concentration of TDP in ground water varied

with soil depth in uplands. Concentrations of TDP

were larger in organic soils at or near the surface of the

soil profile (Fig. 11) where there were larger [ext-P]

and EPC0 in the soil (Fig. 8). While there was

significant variability, the concentrations of TDP

declined deeper in the soil profile (Fig. 11) where there

were smaller [ext-P] and EPC0 in the soil. This pattern

was more pronounced in uplands (Fig. 11a) than in

ephemeral draws (Fig. 11b). Large concentrations of

TDP are expected in organic surface horizons due to

the fact that organic material can decrease the sorption

of P by blocking sorption sites on metallic oxides

(Holtan et al., 1988; Sample et al., 1980). Small TDP

concentrations are expected in the deeper ground

water because P is strongly adsorbed in mineral soils

(Holtan et al., 1988). Ground water TDP concentra-
Fig. 11. Median and range of TDP concentrations in ground water in (a)

water moving through mineral soils is indicated by closed symbols, and orga

forested areas are shown by circles. Riparian areas in the wetlands are sh
tions in springs at the base of forested and harvested

hillslopes (Fig. 11d) were relatively small compared to

elsewhere in the catchment. The concentration of TDP

in ground water showed no pattern with soil depth in

wetlands where organic soils occurred deeper within

the soil profile.

Ground water TDP concentrations in deeper soils

(i.e. B horizon) were similar to the EPC0 (10–

100 mg L�1). The EPC0 is the point at which soils

display their maximum buffering ability (Froelich,

1988) and final ground water TDP concentrations will

resemble this value if dissolved P is recharged to the

ground water. Shallow ground water concentrations at

the surface exceeded 1 mg L�1 in LFH layers yet

deeper ground water TDP concentrations remained

low. This suggests that P-rich surface water recharged

to the ground water system is buffered in the B

horizons.

There was no significant difference in ground water

TDP concentrations between harvested and forested

areas (Fig. 11) (P < 0.20). The [ext-P], EPC0, and the

potential for P losses were large in surface soils of both

forested and harvested areas. However, there was no

rise in the water table and no increase in near surface

or surface flows (Devito et al., in press), and therefore

no significant P loss following the harvest. Devito
uplands, (b) ephemeral draws, (c) wetlands and (d) springs. Ground

nic soils by open symbols. Harvested areas are shown by squares and

own with triangles.



M.L. Macrae et al. / Forest Ecology and Management 206 (2005) 315–329328
et al. (in press) also did not observe major changes in

ground water fluxes with respect to harvesting in this

sub-humid climate.
5. Conclusions

Our study indicates that the harvesting has little

effect on soil moisture and soil [ext-P] in aspen

dominated sub-humid catchments. No difference in

soil [ext-P] was observed between harvested and

forested areas of the aspen forest over a 4-year period

following harvesting. Soil [ext-P] distributions in

surface layers across the catchment were related to

topographic position rather than harvesting. The forest

floor and organic surface soils in both harvested and

forested areas were rich in [ext-P] and had a large

potential for P release to surface water. In contrast,

subsurface soils in both harvested and forested areas

were poor in [ext-P] in topographic positions where

mineral soils were prevalent.

The distribution of soil [ext-P] throughout the

catchment was reflected in the distribution of TDP

concentrations in surface and ground water. During

wetter periods, surface water and porewater TDP

concentrations were high in both harvested and

forested areas. Sub-humid climatic conditions and

rapid aspen regeneration lead to soil moisture deficits

and limit surface runoff (Devito et al., in press). Thus,

such conditions may limit P export and dampen

harvesting effects on P mobility on the Boreal Plain

during most years. However, soil P export from

ephemeral draws and wetlands is possible because

these are the areas where runoff occurs (Devito et al.,

2000, in press). Devito et al. (2000) observed higher

increases in lake [TP] in harvested areas surrounded

by well-connected wetlands and ephemeral draws in

this region. Thus, it may be important to manage

wetlands and ephemeral draws more carefully (Devito

et al., 2000).

Our results indicate that increases in TDP in deeper

ground water following harvest are unlikely due to the

large adsorption affinity of mineral subsoils. The

buffering role of mineral soil and dilution of P in

surface waters in ground water discharge areas has

been observed in lakes on the Boreal Plain (Devito

et al., 2000). Our results support the work of Devito

et al. (2000) who suggested that sources of P to lakes
in this region were hydrologically active, near surface

flows from well organized ephemeral draws and

wetlands rather than from deeper ground water inputs.

Prepas et al. (2001) examined the role of harvesting

on P concentrations in lakes in the Boreal Plain and did

not conclude that harvesting had an effect. Our study

demonstrates that harvesting did not have an effect on P

distributions in soils and groundwater over the 4 years

following the harvest. Our study also shows that the

ability to evaluate the effects of harvesting on P

dynamics in soils and receiving surface waters in this

region requires an understanding of topographic

controls on the distribution of P pools within

catchments. This study and the work of Devito et al.

(2000, in press) suggests that from a landscape

perspective, uplands may play a smaller role in P

export whereas well-connected ephemeral draws and

wetlands play a major role in P export. This results from

the fact that ephemeral draws and wetlands are the areas

that generate runoff in this region and these areas have a

lower P buffering capacity than mineral soils in uplands.
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