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RECOVERY OF SEDIMENT CHARACTERISTICS IN MORAINE, HEADWATER
STREAMS OF NORTHERN MINNESOTA AFTER FOREST HARVEST"

Eric C. Merten, Nathaniel A. Hemstad, Randall K. Kolka,
Raymond M. Newman, Elon S. Verry, and Bruce Vondracek®

ABSTRACT: We investigated the recovery of sediment characteristics in four moraine, headwater streams in
north-central Minnesota after forest harvest. We examined changes in fine sediment levels from 1997 (prehar-
vest) to 2007 (10 years postharvest) at study plots with upland clear felling and riparian thinning, using canopy
cover, proportion of unstable banks, surficial fine substrates, residual pool depth, and streambed depth of refusal
as response variables. Basin-scale year effects were significant (p < 0.001) for all responses when evaluated by
repeated-measures ANOVAs. Throughout the study area, unstable banks increased for several years posthar-
vest, coinciding with an increase in windthrow and fine sediment. Increased unstable banks may have been
caused by forest harvest equipment, increased windthrow and exposure of rootwads, or increased discharge and
bank scour. Fine sediment in the channels did not recover by summer 2007, even though canopy cover and
unstable banks had returned to 1997 levels. After several storm events in fall 2007, 10 years after the initial
sediment input, fine sediment was flushed from the channels and returned to 1997 levels. Although our study
design did not discern the source of the initial sediment inputs (e.g., forest harvest, road crossings, other natural
causes), we have shown that moraine, headwater streams can require an extended period (up to 10 years) and
enabling event (e.g., high storm flows) to recover from large inputs of fine sediment.
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INTRODUCTION turbidity, reduced ability of aquatic organisms to feed,
clogged gills of fish and macroinvertebrates, smoth-
ered eggs and larvae, and homogenization of habitats

The effects of fine sediment on stream ecosystems (Waters, 1995; Sweka and Hartman, 2001). Fine sedi-
have been well documented and can include increased ment can enter streams through a variety of mecha-
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nisms, including eolian processes, landslides, overland
flow, bank erosion, or delivery from roads (Chamberlin
et al., 1991; Wondzell, 2001; Broadmeadow and Nisbet,
2004). However, sediment inputs from eolian processes
are minor in temperate forests (Steedman and France,
2000), and landslides are uncommon in streams with
hillslopes under 35 degrees (Johnson et al., 2007).

Forest harvest can also contribute excess sediment
to streams; excess sediment can manifest as increases
in total suspended sediment (Gomi et al., 2005),
streambed aggradation (Keim and Schoenholtz,
1999), or the proportion of surficial fine substrates
(Davies and Nelson, 1994; Thompson et al., 2009).
For example, suspended sediment during storm-flow
events increased significantly in a Fiji catchment
after salvage logging and slash burning; much of the
sediment was mobilized from new logging roads and
landing areas (Waterloo et al., 2007). Similarly, thin-
ning only 11% of the standing timber volume with
horse skidding produced a significant increase in sus-
pended sediment to a stream in Turkey (Serengil
et al., 2007a). Hydrographs also indicated signifi-
cantly more storm flow in both study areas (Serengil
et al., 2007b; Waterloo et al., 2007).

Increased flow can take decades to recover after
forest harvest (Moore and Wondzell, 2005) and may
lead to increased bank erosion (Brooks et al., 1997).
In a forest harvest study in British Columbia, peak
snowmelt discharge remained above preharvest levels
for the five-year duration of the study (Macdonald
et al., 2003). Verry (2004) noted that channel-forming
flows double or triple after 60% of a catchment is con-
verted from forest to nonforest conditions in the
upper Midwest; however, little work has been carried
out on the effect of elevated flows on sediment inputs.

Input processes aside, few studies have examined
the recovery of streams after large inputs of sediment
(Gomi et al., 2005). In one case, the bed load of fine
sediment required more than two years to return to
natural levels after road-improvement activities
(Kreutzweiser and Capell, 2001), and in another case
sediment eroded from logging roads and skid trails
was stored in stream channels for 3.4 years (Gomi
et al., 2006). In a review of available studies, Gomi
et al. (2005) noted that sediment yield usually recovers
within one to six years postharvest, barring landslides.
Previous research in Minnesota (Merten, 1999; Hems-
tad and Newman, 2006; Hemstad et al., 2008) suggests
that levels of fine sediment can increase significantly
after forest harvest. However, a need exists for longer-
term studies spanning more than a few years to deter-
mine how long fine sediment will persist in channels.

Our objective was to evaluate changes in fine sedi-
ment in four headwater streams following timber
harvesting in riparian areas in the Sugar Hills mor-
aine of north-central Minnesota. We predicted that
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fine sediment loading would increase after forest har-
vest, but that sediment levels would return to prehar-
vest conditions within 10 years. Hemstad et al. (2008)
suggested that basin-scale factors (responding
broadly to weather patterns, discharge regimes, and
geomorphic attributes) were more important to sedi-
ment in our study area than plot-level factors
(responding to harvest treatments in the immediate
area). Although our study did not discern between
changes due to forest harvest, road crossings, or nat-
ural causes, it did evaluate recovery at the basin
scale after a large input of fine sediment.

STUDY AREA

Twelve study plots were located in the Pokegama
Creek system in north-central Minnesota (47°8.039'N,
93°37.405'W); the basin included four small, forested
subcatchments with moraine hills rising 5-7 m above
the valley floor and hillslopes of 1-30% (Figure 1). One
plot was on an intermittent tributary and was thus
omitted from analyses. Soils and parent material in
the Sugar Hills moraine were loamy sands with gravel
lenses and cobble/boulder inclusions (Nyberg, 1987).
The upland soils were fertile and well-drained, sup-
porting late successional forests of sugar maple (Acer
saccharum Marsh) and basswood (Tilia americana
Linnaeus). Early successional forests within 10 years
of clearcut logging treatments included: paper birch
(Betula papyrifera Marsh), aspen (Populus tremulo-
ides and Populus grandidenta), and balsam fir [Abies
balsamea (Linnaeus) Miller]. Riparian forests at the
floodplain elevation included black ash (Fraxinus ni-
gra Marsh), along with sugar maple and basswood
and remnant early succession species (about 10% of
basal area). Preharvest riparian forests in 1997 aver-
aged 30 m?/ha of basal area (Palik e al., 2003).

The subcatchments of the four study streams varied
in size from 129 to 281 ha (Table 1). Harvested study
plots accounted for 2-11% of their respective subcatch-
ments, whereas open areas or young forest (<16 years)
in the catchment accounted for 25-49%. The slope,
width, and mean depth of the study streams were
measured at each plot and immediately upstream,
along with tree basal area in and above the plots
(Table 2). Channel gradients were relatively steep
(0.7-3.5%, one tributary was 7.2%) because they
drained glacial moraine hills. Sediment in the streams
was predominately fine sand, as evidenced by the
diameter of the 50th percentile of all particles (Ds5g).
The substrate contained gravel and cobble sizes at the
84th percentile (Dgy) where channels had a steeper
gradient. Cobble and small boulders were concentrated
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Plots 1, 7, & 9 are unharvested controls
Plots 3, 5, & 12 are upland clearcut with unharvested riparian buffers
Plots 2, 4, 6, 8, 10, & 11 are upland clearcut with thinned riparian buffers

FIGURE 1. Pokegama Creek System (3.62 x 4.3 km) Showing Riparian Plots (numbered), Stream
Channels and Tributaries, Roads, and Beaver Impoundments. Figure by Doug Kastendick.

in the glacial drift of Little Pokegama Creek (Table 2).
A paved road ran approximately 250 m to the north
and parallel to one stream (Pokegama Creek North),
and an existing gravel road with culverts crossed two
of the streams (Pokegama Creek North and Pokegama
Creek South) just upstream from the study plots. Two
additional culvert crossings were farther upstream on
Pokegama Creek North (Figure 1). Beaver dams and
impoundments were present below the confluence of
Pokegama Creek North and Pokegama Creek South,
and well upstream of Plots 1 and 2 on Jack Irving
Creek (Figure 1).
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METHODS

Harvested Study Plots

Harvest treatments were replicated throughout the
four subcatchments. Harvest treatments spanned the
stream at each plot (4.9 ha, with 2.45 ha on each side
of the stream) and included: unharvested controls
(n = 2), 30-m unharvested riparian buffer with the
upland clearcut (n = 3), or thinned to 12.3 m?/ha
within a 30-m riparian strip with the upland clearcut
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TABLE 1. Watershed Areas for Each Study Stream, Open or Young Forest Area, and the Area of Harvested Plots.

Total 1977 Open 2003 Open 2003 Open Harvest Harvest

(ha) (ha) (ha) (%) Study Plots Plots (ha) Plots (%)
Jack Irving 281 99.8 138.5 49 1,2 4.8 2
Pokegama North 168 23.7 42.8 25 3,4,5 11.7 7
Pokegama South 135 52.6 62.8 47 6,7,8 7.9 6
Little Pokegama 129 14.8 23.8 18 9, 10, 11, 12 13.7 11

Notes: Areas are based on 1977 and 2003 air photos with on-site reconnaissance in 1997. Open areas include road rights of way, harvested
riparian plots, and other harvest areas with trees <16 years old in the watershed.

TABLE 2. Channel Characteristics (slope, width, mean depth), Streambed Sediment Particle Sizes,
and Tree Basal Area in the Riparian Management Zone One Year After Forest Harvest.

Channel Particle Diameter at Percentile Basal

Plot (number) Slope (%) Width (m) Depth (m) D35 (mm) D50 (mm) D84 (mm) D90 Area (m?/ha)
Jack Irving Creek

Plot 1 2.3 1.8 0.40 0.08 0.09 1 50 18.6

Plot 2 3.0 2.4 0.15 0.08 0.09 1 23 15.4
Pokegama Creek North

Plot 3 1.4 1.9 0.21 0.09 0.10 65 128 20.4

Tributary to Plot 3 7.2 1.2 0.15 0.08 0.10 5 10 -

Plot 4 1.2 2.1 0.44 0.06 0.07 0.10 0.11 15.7

Plot 5 1.5 2.5 0.27 0.09 0.10 32 45 21.3
Pokegama Creek South

Plot 6 1.5 1.9 0.31 0.08 0.10 1 8 14.6

Plot 7 1.9 2.1 0.30 0.06 0.06 4 6 30.1

Plot 8 1.4 2.3 0.30 0.06 0.40 55 90 25.9
Little Pokegama Creek

Plot 10 1.0 2.3 0.37 0.16 0.32 100 120 30.3

Plot 11 2.5 2.9 0.38 0.09 0.60 128 180 14.4

Plot 12 2.3 3.0 0.40 0.09 0.10 128 150 30.4

Notes: Data were collected from riffles to yield the minimum channel cross section needed for bankfull flow.

(n =6). Trees were harvested in fall 1997 using
either a cut-to-length harvester paired with a for-
warder or a feller-buncher paired with a grapple
skidder (Palik et al., 2003). Preharvest data were col-
lected in 1997 and postharvest data were collected in
1998-2000 and 2006-2007. Each plot included 150-
200 m of stream length, and plots were ~200 m
apart. Three reaches were sampled at each plot: 50 m
immediately upstream of the treatment, 50 m imme-
diately downstream of the treatment, and 50 m at
the downstream end of the plot (Figure 1). Study
plots were established collaboratively (Merten, 1999;
Fox, 2000; Fredrick, 2003; Hanowski et al., 2003,
2007; Palik et al., 2003; Hemstad et al., 2008).

Examination of Year Effects at Study Plots
A variety of data were collected at the study plots
for examination of basin-scale year effects (i.e.,

overall differences between years when pooling all
plots regardless of treatment). Six variables were
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measured, as described below, to characterize stream-
bank and channel conditions: proportion of unstable
banks, canopy cover, surficial fine substrates, em-
beddedness, streambed depth of refusal, and residual
pool depth. Visual estimates of the proportion of bank
area that was unstable (not covered by vegetation,
roots, or rocks) were made in the three 50-m reaches
at each plot (Merten, 1999; Hemstad et al., 2008).
The value for each 50-m reach was the mean of three
17-m sections. Canopy cover was also determined at
the center of each 17-m section using a spherical
concave forest densiometer in all four directions
(Lemmon, 1957). Unstable banks and canopy cover
were assessed in July 1997 (preharvest) through
2000 and 2006-2007.

Surficial substrates were examined in the three
reaches at each of the 11 study plots. Each 50-m
reach at each plot was divided into five 10-m sub-
reaches, to avoid sampling substrates exclusively at
the upstream or downstream end of a 50-m reach.
Seven circular quadrats (28 cm in diameter) were
placed in random locations in each 10-m subreach to
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visually estimate the percentage of sand, silt, or clay
(i.e., fine substrates) on the streambed surface (for
a total of 1,155 quadrats per year). Embeddedness
was estimated in each quadrat as the degree to
which larger substrates were buried in fine sub-
strates (e.g., a quadrat with cobbles half-buried in
sand was 50% embedded, whereas a quadrat with
only fine substrates visible was 100% embedded).
Surficial substrates were examined in July 1997-2000
and 2006-2007.

Sediment storage in the channel was evaluated
using depth of refusal and residual pool depth. At
each of the 11 study plots, the 10 riffles with the larg-
est substrates and the 10 deepest pools were sam-
pled. Depth of refusal was determined at each riffle
and pool by probing with a rod to determine the
thickness of the fine sediment layer (i.e., sand or silt)
in the stream channel. A tapered aluminum rod was
used to probe the sediment. The depth of refusal for
each plot was the mean of the 10 riffles and 10 pools.
Depth of refusal was measured in summer 1997,
1998, 2006, and 2007. Residual pool depth (i.e., pool
depths minus riffle depths) was determined for each
plot in summer 1997, 2006, and 2007 with a laser
level following Lisle (1987).

In fall 2007, rain events that totaled 88 mm above
the September/October mean for the study period
caused high flows throughout the study area (Minne-
sota State Climatology Office, March 15, 2008). Depth
of refusal data were collected at all plots in November
2007 to investigate whether sediment had been
flushed from the streams by these high flows.

Previous work documented short-term effects of
forest harvest on sediment in the Pokegama Creek
system, and suggested that basin-scale effects were
more important than local-scale effects or harvesting
technique (Hemstad et al., 2008). Therefore, year
effects were evaluated at all study plots, regardless of
harvest treatment, using repeated-measures ANOVAs
that included our new data from 2006 to 2007. Two
factors were included in each analysis: a factor for
year and a blocking factor for the four streams. The
blocking factor was necessary to address a lack of
independence between sampling units on the same
stream. Variables were transformed as needed to
reduce heteroscadasticity and improve normality. A
repeated-measures ANOVA was examined separately
for canopy coverage, unstable banks, embeddedness,
and surficial fine substrates. In addition, repeated-
measures ANOVAs were used to evaluate year effects
on depth of refusal and residual pool depth, using a
year factor but no blocking factor (due to greater sep-
aration between sampling units and lower temporal
replication). When ANOVAs were significant (p <
0.05), Tukey’s HSD comparison was used to compare
differences in mean values for the response variable
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between years. The statistical software R was used
for all analyses (IThaka and Gentleman, 1996).

Comparisons With Pfankuch Channel Stability
Rating

We evaluated our methods for assessing fine sedi-
ment by comparing them with the Pfankuch Channel
Stability Rating (Pfankuch, 1975), an established
method for assessing geomorphic stability. The rating
uses qualitative categories for 15 metrics to describe
conditions of streambanks and channels, and sums
the values into a score from 38 (the most stable con-
dition) to 152 (the most disturbed condition). In 2007,
the Pfankuch Channel Stability Rating was deter-
mined at each of the 12 study plots, and was com-
pared with simple regressions against our measures
of surficial fine substrates, embeddedness, depth of
refusal, and residual pool depth (combining data from
all three reaches at each plot).

RESULTS

Year Effects at Study Plots

Canopy cover, unstable banks, embeddedness, and
surficial fine substrates were significantly different
across years during the study period (Table 3).
Although canopy cover was unaffected by harvest
itself (i.e., 1997 and 1998 were not significantly dif-
ferent), canopy cover declined as a result of wind-
throw by 2000 and had recovered to preharvest levels
by 2006 (Figure 2A). The proportion of unstable
banks increased between 1997 and 2000, but had
recovered by 2007 (Figure 2B). Embeddedness
increased from 1997 to 1998 and remained above

TABLE 3. Basin-Scale Year Effects for Canopy Cover,
Unstable Banks, Embeddedness, and Surficial Fine Substrates
From 1997 (preharvest) to 2007 (10 years postharvest) Using
Repeated-Measures ANOVAs.

d.f. Sum of Squares  F-Value P
Canopy cover 5 450.98 13.0034 <0.001
Residual error 152 1,054.33
Unstable banks 5 5,111.7 14.3824 <0.001
Residual error 152 10,804.5
Embeddedness 5 11,958.2 30.8455 <0.001
Residual error 152 11,785.5
Surficial fines 5 5,325 13.5825 <0.001
Residual error 152 11,919

Notes: The significance of the year factor is shown for each
response; blocking factors are not shown.
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FIGURE 2. Changes in Stream Conditions From 1997 to 2007. (A) Canopy cover remained high in 1998, the year after harvest, declined in
1999 and 2000 from windthrow, and recovered by 2006. (B) Unstable banks increased in the three years after harvest but recovered by
2006. (C) Embeddedness increased after harvest and remained high, (D) as did the proportion of surficial fine substrates. For all graphs,
error bars are 1 SE, columns with a letter in common are not significantly different (p < 0.05, Tukey’s HSD).

preharvest levels through 2007 (Figure 2C). Surficial
fine substrates also increased from 1997 to 1998, but
partially recovered in 1999 after a heavy summer
storm (Figures 2D and 3). The proportion of surficial
fine substrates again increased significantly relative
to preharvest levels in 2000 and 2006, but recovered
in 2007.

Sediment storage was also significantly different
across years during the study period. Residual pool
depths were shallower than preharvest conditions in
both 2006 and 2007 (Figure 4A). Depth of refusal was
not significantly different between 1997 and 1998 but
increased significantly between 1998 and 2006, and
remained significantly greater than preharvest levels
in summer of 2007 (Figure 4B). However, following
heavy rains in fall 2007 (Figure 3), large amounts of
freshly deposited sand were noted on the floodplains
and depth of refusal in November was no longer
significantly  different from preharvest levels
(Figure 4B).

Comparisons With Pfankuch Channel Stability
Rating

The Pfankuch Channel Stability Rating was corre-
lated highly and positively with the proportion of
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surficial fine substrates (R? = 0.78, Figure 5). The
correlations with other variables were weaker; the R?
for embeddedness, residual pool depth, and depth of
refusal were 0.40, 0.31, and 0.28.

DISCUSSION

Our study shows that headwater streams in mor-
aine landscapes may require 10 years to recover after
a large input of fine sediment, depending on the rate
of streambank revegetation and the frequency of
large storm events. Our data for the proportion of
surficial fine substrates were validated by the strong
correlation with the Pfankuch Stream Channel Sta-
bility Rating, which includes similar assessments of
surficial conditions. The weaker correlations for em-
beddedness, depth of refusal, and residual pool depth
may simply mean that they assess different aspects
of stream geomorphology, particularly the thickness
of the layer of fine sediment that is not considered by
the Pfankuch rating. After the input of sediment
between 1997 and 1998, stream conditions remained
significantly different 10 years later as indicated by
embeddedness (57% in 1997 to 79% in 2007), depth of
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refusal (0.11 m in 1997 to 0.23 m in summer 2007),
and residual pool depth (0.25 m in 1997 to 0.17 m in
2007). The year effects we documented may be
related to changes in bank scour, windthrow, storm
events, and damage from forest harvest equipment in
1997.

Bank scour throughout the study area may have
contributed fine sediment through at least 2000, as
evidenced by higher proportions of unstable banks.
Banks were fully revegetated and stabilized by 2007,
by which time bank scour was presumably reduced.
However, excess sediment (i.e., embeddedness, depth
of refusal, and residual pool depth) remained in the
streams through summer 2007. Storm events in fall
2007 led to high streamflows that flushed enough
sediment from the stabilized channels to return depth
of refusal values to 1997 conditions.

Local weather patterns can influence windthrow,
sediment storage, and sediment transport (Brooks
et al., 1997). Storm events occurred during 1998 and
1999, followed by a period through 2001 with no
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major storm events when sediment likely stayed in
the channel. Heavy rainfall events occurred again in
2002 and 2004, including summer storms with high
winds that may have caused windthrow and inputs of
associated sediment (Grizzel and Wolff, 1998) along
with bank scour from unstable banks. Another period
of relatively low storm frequency followed from 2005
through mid-2007 when sediment likely remained in
the channel, until the storms of fall 2007 flushed the
sediment from the stabilized channels. The analysis
of decade-long studies should be interpreted in the
context of such weather cycles.

Windthrow along the channel banks (Hemstad
et al., 2008) may also have led to increases in unsta-
ble banks and channel sediment (Grizzel and Wolff,
1998). Rootwads exposed by windthrow influenced
channel morphology in places by adding associated
sediment, partially blocking the channel, and induc-
ing bank cutting around the rootwad. Studies of
windthrow in riparian buffers in the upper Midwest
are rare (Heinselman, 1955, 1957; Elling and
Verry, 1978) but suggest that windthrow rates are
greatest near the edge of buffers (sensu Martin and
Grotfendt, 2007), thus wider buffers protect stream-
side trees from windthrow by increasing the
distance between the streamside trees and the edge
of the buffer.

The streams in the Pokegama Creek system may
have experienced increases in bankfull discharge
due to increases in water yield from harvested areas
(Brooks et al., 1997, Macdonald et al., 2003; Verry,
2004; Detenbeck et al., 2005; Moore and Wondzell,
2005; Waterloo et al., 2007). Although the harvested
percentages of the four subcatchments were only
2-11%, Serengil et al. (2007b) found hydrologic
effects after 11% of a basin was harvested. Lower
thresholds may simply be precluded by the accuracy
of hydrologic measurements (Verry, 1986). Hemstad
et al. (2008) found few plot-level effects of forest har-
vest in the Pokegama Creek system from 1997 to
2000, but suggested that basin-scale changes may
have masked impacts at the plot level. Hemstad and
Newman (2006) also found few plot-level effects in
the Knife River basin in northeast Minnesota, but
observed basin-scale increases in unstable banks
and surficial fine substrates 0-2 years after forest
harvest. It is noteworthy that the greatest changes
in surficial fine substrates and embeddedness during
the study period occurred immediately after forest
harvest, indicating a possible response to altered
hydrology or soil disturbance from harvesting equip-
ment.

Small tributary channels, if impacted by harvest-
ing equipment, can also contribute to sediment load-
ing in mainstem channels. Study Plot 3 contained a
small, yet steep (7.2%) intermittent tributary 1.2 m
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FIGURE 5. Comparison from 2007 for Pfankuch Channel Stability Ratings Against (A) Proportion of
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wide and 15 cm deep that was crossed repeatedly
with harvesting equipment (sensu unrestricted har-
vest treatment of Keim and Schoenholtz, 1999). The
machine traffic broke down the banks and razed the
intermittent channel. In subsequent years, the chan-
nel was reformed by bankfull discharges, delivering
large amounts of fine sand into the mainstem of
Pokegama Creek North. The pool in Pokegama Creek
North just below the confluence of the tributary was
nearly filled with sediment (89% loss of cross-
sectional area) and the mean depth was reduced by
82% (Elon S. Verry, Ellen River Partners, 2008,
unpublished data). Use of a temporary bridge at a
designated crossing site on the intermittent tributary
would likely have preserved channel dimensions and
prevented sediment delivery to the mainstem chan-
nel. Minnesota’s voluntary guidelines for forest har-
vest now recommend such crossings for intermittent
channels as well as perennial channels (Minnesota
Forest Resources Council, 2005). It bears mention
that the mainstem channels in the Pokegama Creek
system are themselves tributaries; sediment flushed
from them may have altered habitat conditions down-
stream.
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CONCLUSION

Previous research has shown that headwater
streams can be negatively impacted by fine sediment
following riparian logging and concomitant changes
in land use in the catchment (Kreutzweiser and Cap-
ell, 2001; Gomi et al., 2005; Hemstad et al., 2008).
Although our study did not separately quantify
changes due to forest harvest, stream crossings,
windthrow, or natural causes, we evaluated recovery
after a large input of fine sediment. Our study shows
that moraine, headwater streams can require an
extended period (up to 10 years) and an enabling
event (e.g., high storm flows) to recover from large
inputs of fine sediment. Although study plots were
relatively small (4.9 ha) and retained some riparian
trees, we observed basin-scale year effects for fine
sediment in the stream channels that are consistent
with forest harvest effects documented elsewhere
(Gomi et al., 2005).

Some recommendations may help mitigate load-
ing of fine sediment following forest harvest. First,
we concur with others (e.g., Brooks et al., 1997,
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Verry, 2004; Detenbeck et al., 2005) that it is wise
to minimize alterations to hydrology and bank scour
by reducing the percentage of the basin that is har-
vested. Second, impacts of roads and crossings
should be minimized, such as by preventing
machine traffic within a riparian buffer (Keim and
Schoenholtz, 1999; Lacey, 2000). When -crossings
are necessary, erosion control measures should be
taken and bridge spans or culverts should be large
enough to accommodate storm flows without caus-
ing backwater effects or hydraulic contraction
(Johnson, 2002). Similarly, harvesting and forward-
ing around and across intermittent stream channels
should use temporary bridges at designated crossing
points to protect the streambanks (Minnesota For-
est Resources Council, 2005). Our third recommen-
dation is to manage riparian areas for sustainable
stocks, where the annual growth increment exceeds
the losses due to windthrow. Forests, and streams,
can provide a variety of products and ecological ser-
vices (Neuman, 2007). Continued research on recov-
ery times from sediment inputs, whatever the
source, can allow more informed decisions about
forest management.
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