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Abstract

Removal of trees for pasture or crop production is common along the stream reaches in the
Canadian Prairies, resulting in a patchwork of forested and nonforest riparian vegetation along most
streams. The effect of vegetation type on channel geomorphology and potential to influence
sediment dynamics was studied using eight paired reaches (forested and nonforest) within
agricultural watersheds in southern Manitoba, Canada. High potential for bank erosion was
observed at all sites (bank erosion hazard index scores), but Pfankuch channel stability scores were
significantly higher for forested reaches compared with nonforested reaches. Furthermore, forested
reaches had higher width to depth ratios, but flood-prone widths did not differ significantly, result-
ing in lower entrenchment ratios. Reduced channel width and cross-sectional area in nonforested
reaches created an overall reduction of in-stream habitat, increased velocity, and increased potential
for exceedance of channel capacity and floodplain access during high-flow events. Channel widening
in response to riparian afforestation efforts has been observed in a variety of other locations globally
and the results of this study suggest that widening with afforestation can still be anticipated in this
region where stream gradients are low, hydrology is dominated by snowmelt, and forest cover is
minimal.
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Introduction

Riparian vegetation is used in bank stabilization, bank erosion control, restoring channel
geomorphology, and habitat creation ( ). In comparison with forested stream reaches,
nonforest reaches typically have lower channel widths, and this has been observed in multiple
geographic locations including the Piedmont region of the United States ( ;

; ), the Midwestern USA (
; ), New Zealand ( ; ), and
the UK ( ). Channel incision and reduction of overall stream
habitat (i.e., benthic surface area) have generally been viewed as negative consequences of channel

>
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narrowing with deforestation in naturally forested regions ( ). However, with
riparian afforestation and the subsequent channel widening, unanticipated short-term changes in
channel size and increases in sediment delivery downstream also may occur ( ;

).

Most assessments of the impact of riparian vegetation on channel geomorphology have focused on
regions outside the Canadian Prairies with higher topographic gradients, where native vegetation
was primarily forest, and in regions where rainfall rather than snowmelt-driven runoff events are
common ( ; )- In other temperate regions, freeze-thaw cycles have
been observed to increase potential for soil losses through bank failure or loosening of material, with
highest rates frequently being observed under riparian forest ( ). Although
riparian soils on the prairies tend to remain frozen throughout the winter (

), bank thaw over the course of snowmelt and with inundation of flooded areas may be impor-
tant processes defining bank erosion potential. Loosening of streambank soil during summer
months following desiccation may also be an important factor influencing bank
stability ( ), and recent research into water use by riparian vegetation on
the prairies suggests that water use is likely to be highest under riparian forests (

).

Although the physical drivers by which riparian vegetation and stream flow interact to shape channel
geomorphology may be similar on the Canadian Prairies to those in other temperate agricultural
regions (e.g., ), it has not yet been validated whether recommendations for
riparian vegetation management that have been developed in other regions to increase bank stability
or alter in-stream habitat are applicable for the prairie climate. In the current study we investigate the
effect of vegetation type and health on channel geomorphology (cross-sectional characterization,
bank erosion, and channel stability indicators) using paired forested and nonforest stream reaches
located on the Canadian Prairies in southern Manitoba. Despite lower frequency of freeze-thaw cycles
and greater dominance of annual hydrology by snowmelt on the prairies as compared with other
regions, the results presented in this study indicate that wider channels are present with forested
riparian areas and that similar processes define channel geomorphology to those observed in other
regions.

Methods

Site selection

Using aerial photographs and site visits, the following criteria were utilized to select eight paired
reaches in southern Manitoba ( ):

1. The presence of one predominantly forested stream reach and one predominantly nonforested
(grass and (or) pasture) stream reach at a site.

2. The reach pairs are contiguous or nearly contiguous on the same stream.

3. The length of each reach is 120-200 m long and representative of the general characteristics of
the particular land use.

4. No major tributaries enter within or between the reaches.

5. No hydrological alterations such as culverts, berms, roads, or low level crossings are located
within the reach.

The paired reach approach was chosen to ensure consistency of those characteristics other than
vegetation type that influence channel form (soil, geology, topography, and climate).
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Location of paired study forest and nonforest stream reaches.

Site descriptions

Sites were located in predominantly agricultural watersheds with annual cropland being the
predominant land use ( ). Reach pairs were located on streams ranging from third order to
fifth order according to the Strahler classification system ( ) (

). shows two paired reaches used in this study. The drainage area
upstream of each paired site was delineated using a digital elevation model with either 1 or 15 m
resolution, depending on data availability (

). Drainage areas ranged from approximately 42 to 917 km? ( ). The forest reaches
were upstream from the nonforest reaches at four sites and downstream at four sites. Regardless
of whether the forest reaches were upstream of nonforest reaches or not, it was assumed that
both reaches would have similar characteristics except vegetation. The average width of the
stream corridors ranged from 24 to 336 m wide and the reach length ranged from 120 to 270 m.
Three of the sites were located on a landscape with a gently rolling topography (average slope
5%-9%), and the other five sites were located on the low relief landscape of the Red River Valley
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Table 1. Site characteristics.

Stream Drainage Land cover in paired reaches

Site ID Stream order” area (km®)  (upstream/downstream) Dominant land use in drainage area”

BN20 Boyne River 5 917 Nonforest (grass)/forest 63% annual cropland, 14% grassland/pasture, 13% trees

BN6 Boyne River 4 221 Forest/nonforest (pasture) 63% annual cropland, 15% grassland/pasture, 11% trees

DH2 Deadhorse Creek 4 128 Nonforest (pasture)/forest 71% annual cropland, 13% grassland/pasture, 8% trees

BW1  Tributary to Brierwood Creek 4 78 Forest/nonforest (grass) 67% annual cropland, 17% grassland/pasture, 4% trees

WCl1 West Branch Willow Creek 3 80 Nonforest (pasture)/ 71% annual cropland, 14% grassland/pasture, 5% trees,
forest (pasture) 3% forages

TH2 Thornhill Coulee 3 68 Nonforest (grass)/forest 56% annual cropland, 22% grassland/pasture, 11% trees

BN32 Tributary to Boyne River 3 65 Nonforest (grass)/forest 75% annual cropland, 12% forages, 7% trees

BN1 Tributary to Boyne River 3 42 Forest/nonforest (grass) 73% annual cropland, 12% nonforestland/pasture, 6% trees

“Stream order was obtained from the Provincial Designated Drains, Manitoba Conservation.
’Land use was determined using LandSat Imagery (BW1 site—2000 LandSat-7 Imagery; all other sites 2001 LandSat-5 Imagery).

Fig. 2. Photos showing examples of forest and nonforest paired stream reaches.

(average slope 0%-2%). Soil type in the location of the drainage areas are categorized as black or
grey Chernozems (Manitoba Conservation and Water Stewardship 2018c) (Table 2).

Field data collection

At each site, cross-sectional measurements of channel form were collected using methods described in
Kline et al. (2004). Measurement transects were located at 20 m intervals along the reaches resulting
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Table 2. Biogeoclimatic characteristics of research sites (data from Smith et al. (1998)).

Annual
Drainage class and soil precipitation
EcoDistrict Landscape order (mm) Climate
BN20 MacGregor ~ Smooth, level to very gently sloping  Imperfectly drained Gleyed 500 Cool, sub-humid boreal soil climate
sandy glaciolacustrine plain with Rego Black Chernozems

slopes that range from level to <2%

BN6 Stockton Level to hummocky proglacial Well-drained Black 490 Cool, subhumid, boreal soil climate
lacustrine plain Chernozemic soils

BN32, Winkler Level to very gently sloping Moderately well-drained to 515 Moderately cool, subhumid, boreal

DH2, TH2 glaciolacustrine plain imperfectly drained Black soil climate

Chernozems

DH2, TH2 Manitou Undulating to hummocky glacial Well-drained Black 530 Cool, subhumid, boreal soil climate
till plain Chernozemic soils

BW1, WC1 Hamiota Undulating to hummocky and Well-drained Black 460 Moderately cold, subhumid,
kettled glacial till plain Chernozems cryoboreal soil climate

WC1 Shilo Level to hummocky topography, Well-drained Black 480 Cool, subhumid, boreal soil climate

with fine to coarse sands deposited ~ Chernozemic soil
by glacial meltwaters

BN1, BN6, Pembina Strongly undulating and rolling to ~ Well-drained Dark Gray 540 Subhumid, moderately cold to cold,
BN20 hummocky topography Chernozems, to a lesser cryoboreal to boreal soil climate
extent, Gray Luvisols

in between 5 and 11 transects being measured per reach. Where possible, cross-sections were
measured at locations where riffles are generally present.

At each cross-section, bankfull elevation was determined by visually studying bankfull indicators such as
breaks in bank slope, tops of bars, and base of woody vegetation on stable banks. The bankfull elevation
was used as a reference elevation since it can provide a more consistent measurement of channel dimen-
sions that are comparable between sites. At each transect, bankfull depth measurements were taken
across the channel at 10 equally spaced intervals and mean bankfull depth was calculated as the average
of those 10 bankfull depths. This was accomplished by stringing a measuring tape horizontally across the
channel at bankfull elevation and measuring the depth to channel bottom using a survey rod. The cross-
sectional area of each transect was calculated by using the data from the cross-sectional survey measure-
ments for each transect and an average cross-sectional area was calculated for each reach. Flood-prone
width was measured at an elevation that corresponded to twice the maximum bankfull depth. Low bank
height was determined as the height of the lowest bank, relative to bankfull maximum depth.

Other information collected at each site included large woody material, detritus, streambank soil
texture, consistency of bank material, as well as streambank characteristics (bank height, root depth,
root density, bank angle, and surface protection). The large woody debris (LWD) was estimated by
counting the number of large pieces of wood that were found within the bankfull depth under each
land use type. Only wood pieces that are at least 6 feet in length, 6 inches minimum diameter, and
12 inches diameter at the wider end were counted as LWD (Kline et al. 2004).

Indicators

From the field measurements, width to depth ratio (bankfull width to mean bankfull depth),
entrenchment ratio (floodprone width to bankfull width), and incision ratio (maximum bankfull
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depth/low bank height) were calculated. Final values for each reach were determined by averaging the
measurements at each of the cross-sections.

The Bank Erosion Hazard Index (BEHI) was developed by to predict sediment contri-
bution from stream banks in Montana and Colorado. Several physical characteristics of the bank were
surveyed and used in estimating this multi-metric BEHI score, where stream banks are categorized
into four ratings (low, moderate, high, and very high) based on erosion potential of the stream banks.
Streambank variables collected for BEHI include bank height ratio (streambank height/maximum
bankfull depth), rooting depth/bank height ratio, rooting density, percent surface area of bank
protected by vegetation, and bank angle ( )

The Pfankuch Channel Stability Scoring (PCSS) was developed by to evaluate
overall stability of the channel and has been used in other parts of North America (

). A numerical score was assigned to each of the 15 parameters that was evaluated in the
PCSS, and the sum of the category ratings was transformed into a rating of reach condition by
stream type ( ). Since this evaluation was developed for mountain streams, certain
ratings were not relevant to the prairie streams investigated. In particular, the channel bottom
category, four parameters (rock angularity, brightness, consolidation of particles, and bottom size
distribution) were removed to make the PCSS more applicable. Similar to the modification made
in Arizona ( ), a correction factor of 1.27 was used to convert the scores equivalent with
the original Pfankuch scoring to categorize the channel stability. Sinuosity was calculated as the
ratio of meandering channel length to the straight-line valley length using aerial imagery

( ).

The riparian area vegetation in each reach was characterized in greater detail using the Alberta
Lotic Assessment ( ). The Alberta Lotic Assessment was simplified to include only
the key components to accommodate the smaller size of the study sites and the modifications to the
plant community classification ( ). The key components, identified as vegetation
canopy complexity ( ), presence and regeneration of tree and shrub species (

), and the percentage cover of invasive and disturbance plant species ( ), were
surveyed and a streambank vegetation health score was estimated for each reach at each site. The
methodology for compiling the data was taken from

All statistical analysis was carried out with JMP (version 12, SAS Institute Inc., Cary, North Carolina,
USA) with a probability of statistical significance tested at a@ = 0.05. The effect of vegetation type
(forest vs. nonforest) on different geomorphic parameters was compared using paired ¢ tests.

Results
The summary statistics (mean, +standard deviation, and p-value of paired ¢ test) of geomorphological
characteristics for both forest and nonforest reaches are given in . The mean (+standard

deviation) of LWD was significantly higher (p < 0.01) in forested reaches (7.5 & 1.65 pieces per
100 m) compared with nonforest reaches (1.0 + 0.65 pieces per 100 m). This pattern indicates that
LWD largely originates from adjacent forested riparian areas. The smaller amount of LWD that was
present in some nonforest reaches was likely transported from upstream locations during periods of
high flow. Maximum bankfull depths and mean bankfull depths were not significantly different
between forested and nonforested stream reaches. However, forest reaches were significantly wider
(1.21-2.23 times wider, p < 0.01) and had 1.5 + 0.4 times width to depth ratios (p < 0.05) compared
with nonforest reaches ( ) and this pattern was observed regardless of upstream contributing
drainage area ( ). The average cross-sectional area was also significantly higher (1.8 + 0.6 times,
p <0.05) in forested reaches compared with nonforested reaches ( , ).
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Table 3. Summary statistics of geomorphological characteristics for both forest and nonforest reaches.

Nonforest Paired t test
Parameter (units) Mean SD p-value
LWD (pieces/100 m of stream) 7.50 4.67 1.00 1.84 <0.01
Detritus (%) 39.19 16.98 24.69 17.12 0.05
Bankfull width (m) 8.49 2.50 5.69 2.51 <0.01
Mean bankfull depth (m) 0.85 0.23 0.80 0.35 0.84
Width to depth ratio (m/m) 10.53 3.09 7.65 2.60 <0.05
Flood prone width (m) 24.3 7.74 25.25 7.34 0.41
Entrenchment ratio (m/m) 3.16 1.12 549 2.08 <0.01
Incision ratio (m/m) 1.60 0.43 1.53 0.27 0.59
Cross sectional area (m?) 7.86 4.62 5.37 5.15 <0.01
Sinuosity (m/m) 1.5 0.35 1.25 0.30 <0.05
Land form slope (unitless) 5.77 1.95 4.17 1.58 0.05
Mass wasting (unitless) 7.84 2.10 6.78 2.01 0.32
Debris jam potential (unitless) 5.45 1.41 2.58 1.09 <0.01
Vegetative bank protection (unitless) 6.73 1.97 7.64 1.98 0.38
Channel capacity (unitless) 1.14 0.20 1.14 0.31 0.96
Bank rock content (unitless) 8.00 0.00 7.63 0.74 0.20
Obstructions to flow (unitless) 4.68 1.00 3.53 1.08 <0.05
Cutting (unitless) 10.31 2.48 10.00 3.17 0.72
Deposition (unitless) 9.03 1.61 7.92 3.07 0.24
Scouring and deposition (unitless) 14.15 3.48 14.25 2.49 0.92
Aquatic vegetation (unitless) 3.03 1.00 2.65 0.77 0.35
PCSS (unitless) 96.56 13.46 86.61 13.29 <0.01
Root depth (m) 041 0.11 0.28 0.08 <0.05
Bank height (m) 2.12 1.10 1.90 1.04 0.10
Root density (%) 57.47 15.10 48.70 17.53 0.08
Bank surface protection (%) 57.68 13.68 59.06 16.95 0.85
Lower bank angle (°) 71.48 10.10 75.21 9.79 0.29
Maximum bankfull height (m) 1.27 0.32 1.24 0.50 0.80
Bank height/max bankfull depth (m/m) 1.60 0.41 1.51 0.29 0.48
Root depth/bank height (m/m) 0.23 0.12 0.18 0.10 0.20
Weighted root density (unitless) 12.87 5.53 8.90 6.00 <0.05
Bank Erosion Hazard Index (unitless) 29.37 3.82 30.67 2.98 0.39
Vegetation assessment score (unitless) 18.25 3.11 11.25 3.96 <0.01
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In the prairie study region the vegetative bank protection rating (measured as a part of the PCSS and
shown in ) was slightly higher in nonforest reaches (7.64 + 0.70) compared with forested
reaches (6.73 +0.70), although that difference was not significant and the overall stream bank
vegetation health score measured using the modified Alberta Lotic assessment was significantly higher
in forest reaches compared with nonforest reaches (p < 0.01). Only two sites (BN6 and TH2) actually
exhibited poorer vegetative bank protection in nonforest reaches as compared with forest reaches and
BN6 was the only site showing impact from livestock grazing. BEHI was marginally lower in
forest reaches; however, differences between forest and nonforest reaches were not statistically
significant.

Discussion

The trend in LWD observed in Manitoba stream reaches was similar to those that have been
observed in naturally forested regions, but it was lower in magnitude. For example, in Vermont,
USA, nonforested reaches were almost without LWD whereas forested reaches had an average of
14.2 pieces per 100 m of reach length ( ) and reported that
compared with pasture, pine forest had 17 times higher LWD volume. The number of LWD found
in smaller streams is a function of age of the riparian forest where transport of LWD is minimal
( ). Although trees present in the current study were all well established,
the age of these stands was not defined. The reason for the low magnitude of LWD in the current
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study could be due to differences in age and species of the trees. Reaches where trees have only
recently been established are likely to have fewer pieces of LWD, but rates of accumulation over
time remain to be defined for tree species typical of the prairies.

Stream width and bank stability

Streams with cohesive bank material (e.g., clay) tend to be deeper while channels with noncohesive
bank material (e.g., silt and sand) tend to be wider and shallower (Baillic and Davies 2002); however,
the paired reach design of the current study allowed for some control over this effect and for detection
of vegetation specific differences in channel form. The width to depth ratio can be used as an indicator
to gauge the degree of control on stream channel capacity by vegetation rather than using flow-
resistance guides. According to Masterman and Thorne (1992), stream reaches with width to depth
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ratio of <16 have greater influence by vegetation on channel capacity than reaches with higher ratios.
In this study, with the exception of one forested reach, all reaches had width to depth ratios <16,
indicating significant influence of vegetation on flow capacity of the channels.

Wider bankfull widths ( ; ; ) and higher
cross-sectional areas ( ; ) in reaches have been observed for a
variety of regions outside the Canadian Prairies where native riparian vegetation is primarily forest.
Within a region, width and cross-sectional area tend to scale with watershed area (

) and this trend was observed for the current study, where, in all cases, width was higher for
forested reaches ( )- In the northern Vermont region observed no effect
of vegetation on channel form once catchment size exceeded 13 km? ( ).

noted that in larger watersheds (>10 to 100 km?) nonforested reaches were
wider than forested reaches, though this trend reverses for smaller watersheds where the equivalent
threshold in terms of channel width is 20 m. It should be noted that in the current study, all the
reaches have average widths less than this threshold with a maximum width of 12.5 m.
Furthermore, differences between reaches with forest and nonforest vegetation were also observed
for larger watershed areas; however, the largest differences tended to occur in smaller watersheds
( ). Lower annual water yield on the Canadian Prairies versus Vermont will typically result in
lower rates of flow for a given watershed area and may partially explain why these effects of vegetation
on channel form are also observed in larger watersheds in the current study.

The lack of statistical difference in erosion potential (measured by BEHI) indicates that the potential
sediment transport for both vegetation types could be quite similar, regardless of the differences in
LWD and channel width, once the channel is in equilibrium. However, it is still possible to have
higher sediment delivery from forest reaches during the channel widening process.

Potential implications of changes in channel form for stream
hydrology and sediment dynamics

Patterns observed across a variety of other study regions and in the current study area suggest stream
widening can be anticipated with reforestation of riparian areas that are currently dominated by grass
vegetation, and narrowing is likely to occur following deforestation. This pattern of reduced channel
width in reaches dominated by grasses has been attributed to higher cohesiveness of bank material
where the root system of grasses is present at a high density with greater bank stabilization and

reduced erosion ( ; )- Reaches with grass vegetation
may have a higher amount of sediment stored in their banks compared to similar reaches with trees
( ; ). Where reforestation occurs, nonforest reaches have the

potential for high sediment yield during the processes of channel adjustment, widening, and slumping
of bank material and can lead to sedimentation of channel bed and increased turbidity of the water

( ; ).

A significantly lower entrenchment ratio in forest reaches ( , P <0.01) indicates that channels in
forested areas were less likely to have access to the floodplain. Due primarily to lower channel widths,
nonforested reaches have smaller cross-sectional areas and it can be anticipated that these reaches
may tend to spill overbank more frequently in comparison to forested reaches. Given the narrower
cross-sectional areas of nonforested reaches it is possible that under high-flow conditions higher
stream velocities could result in the supply of more sediment from channel incision in nonforested
reaches than forested sites. Most of the reaches included in the current study are slightly entrenched
(entrenchment ratio > 2.2) and have a low width/depth ratio that is <12. In North Dakota (

) and in Ohio ( ), where similar geophysical conditions to Manitoba exist,
streams had a similar channel form.
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Assuming similarities between the Manitoba streams studied here and streams in other regions with
similar channel form, some insight can be gained into the likelihood for erosion, sediment transport,
and deposition. Similar stream types tend to have very high sensitivity to disturbance, good recovery
potential, low sediment supply, moderate stream bank erosion supply, and very high vegetation
controlling influence ( ). Extending the study to other areas of Manitoba and by
increasing the sample size, the confidence of this prediction can be increased.

Similar studies could be carried out to determine if a reach is degraded and provide information to
support whether restoration is warranted or not. For example, planting trees during restoration may
contribute to the widening of the channel and higher sediment yield than prerestoration levels.
So the vegetation effects on geomorphology should be viewed separately from the geological effects.
The results of the study provide insights into what kind of change/adjustments in channel form could
be expected if riparian reforestation is carried out. Also, with additional work, geomorphic metrics
presented in this study could be used to predict sediment transport or to develop new relationships
specific for the prairie region. If stream bank erosion is measured, the results can be used in conjunc-
tion to predict sediment delivery.

Research examining the implications of reforestation of riparian zones over time suggests that
after an initial period of channel adjustment a new equilibrium is achieved through aggradation
or development of an inset floodplain ( ). Prairie sites included in the current
study had relatively well-established tree and grass stands, but whether these represent a relatively
stable channel state is not a question that could be addressed without multi-year data. However,
the tendency toward wider channel, lower potential for floodplain inundation, and increases in
LWD accumulation under established stands of trees that has been observed in other regions
is present in the Canadian Prairie region. Given the similarities in trends between regions,
it is possible to adapt riparian management recommendations for control of channel form from
other regions.

Conclusion

Mean bankfull width, LWD, detritus, width to depth ratio, cross-sectional area, sinuosity, land
form slope, debris jam potential, obstruction to flow, root depth, PCSS, weighted root density,
and streambank vegetation health were significantly higher in forest reaches compared with
nonforest reaches. These patterns observed in the current study suggest that if riparian bank stabi-
lization and restoration efforts on the Canadian Prairies result in a shift from grass to tree vegeta-
tion, the impact on channel form and sediment dynamics may be very similar to that observed in
other regions. In Prairie streams where bank material is noncohesive, with a shift from grass to
trees, sediment yield may increase initially while the channel increases in width. However, on
stream channels where riparian trees are well established, the flow capacity of stream channels
tends to be greater, the area of in-stream habitat increased, travel times longer in comparison with
nonforest reaches, and the potential for exceedance of channel capacity and floodplain access
during high-flow events is reduced. Further research is required to better define how changes
associated with differing riparian vegetation might be anticipated to occur through time.
Furthermore, the stream reaches included in the current study were primarily nongrazed to avoid
the confounding influence of differing intensities of disturbance. Additional research is required to
define how the influence of vegetation type on channel form and erodibility is likely to be impacted
by grazing disturbance in the region. Streambank vegetation is naturally mixed on the Canadian
Prairies and was historically influenced by flooding, fire, and grazing. This study indicates that
forest and nonforest vegetation types on the Canadian Prairies are each likely to offer benefits
and trade-offs at differing timescales for channel stability, sediment delivery, in-stream habitat,
and channel capacity.
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