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Abstract Rivers across the globe experience and respond to changes within the riparian corridor. 

Disturbance of the riparian corridor can affect warmwater, intermediate, and coldwater streams, 

which can negatively influence instream physical structure and biological communities. This study 

focused on assessing the influence of riparian habitat on instream structure within the Whitewater 

River, a coldwater stream system within an agricultural watershed in southeastern Minnesota, USA. 

Twenty variables (riparian, n = 9; instream, n = 11) were measured at 57 sites across three forks of 

the Whitewater. Canonical correlation detected significant associations between riparian and 

instream variables across the river forks, and indicated that wider riparian buffers, more bank grass 

and shrubs, longer overhanging vegetation, limited bare soil and more rocks on banks were 

significantly associated with increased instream cover, high levels of coarse substrates with reduced 

embeddedness, increased pool habitats, and reduced fine sediments. In contrast, excessive fine 

sediments, lack of riffle habitat, reduced coarse substrates, and high width to depth ratios indicative 

of impaired instream habitat were associated with narrow riparian buffers and high percentages of 

bare soil on banks. Riparian corridors have the capacity to enhance and protect physical instream 

habitat and overall ecosystem health when managed properly. Wide, grassy riparian corridors with 

stable banks, overhanging vegetation, and limited shade from trees should protect and/or enhance 

instream physical habitat, providing the structural diversity favored by aquatic communities. 

Keywords: canonical correlation; coldwater habitat; instream physical habitat; riparian 

 

1. Introduction 

Freshwater streams and rivers provide a variety of ecosystem services important for both aquatic 

communities and the riverscape [1], and human activities that alter landscapes can affect those 

ecosystem services. Human alterations often begin in land cover outside the river corridor, which 

change river processes and form [1]. Historic stratigraphic records show that humans altered 

riverscapes as far back as 7,000 years ago in both China [2] and southeastern Europe [3], but less than 

200 years ago in the United States [4]. Activities such as deforestation in northwestern Europe [5], 

agriculture in East Africa [6], cattle grazing in the United States [7], and road construction everywhere 

all have the potential to increase sediment yield, alter hydrology, and restructure physical instream 

habitat [8–10]. Human activities can be pervasive and damaging, and frequently encroach upon the 

riparian zones of rivers and streams [7,11]. Land alterations and degradation of riparian zones can 
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influence water quality, but certain characteristics of the riparian corridor can help buffer both 

instream processes and lotic structure [7]. 

Riparian zones are transitional areas between terrestrial and aquatic environments that allow 

for biological, physical, and chemical interactions between floodplains and the plants, animals, water, 

and substrates within river channels [12]. Influenced by water table levels, flooding regimes, and the 

water retention of soils, the diverse vegetative structure and composition of riparian zones regulate 

a range of environmental processes vital for healthy ecosystem functioning [13]. The degree of 

influence of a riparian zone on its river channel will vary according to stream size and channel 

planform, landscape context and history, and the hydrological regime [14]. For example, riparian 

zones are an integral part of riverine systems through their functional role as an energy source in 

riverine food webs [15,16], nutrient regulation and management of non-point source pollution 

[17,18], thermal buffering [19], bank stabilization [20], and creation of diverse instream habitat and 

refugia that enhances aquatic biodiversity [21,22]. 

In the context of ecological functionality and biodiversity, desirable characteristics of riparian 

zones are connectivity [23], heterogeneity [24], and resilience [23]. Connectivity within riparian zones 

is three-fold; lateral connectivity refers to the exchanges from a river channel across to its floodplain 

and broader river basin, vertical connectivity extends from the riparian canopy to underlying 

groundwater systems, and longitudinal connectivity follows the length of a river channel [7]. 

Riparian zones should be heterogeneous, in floral and faunal biodiversity and structure, as 

heterogeneity enhances productivity, species redundancy, and resilience [25,26]. Healthy riparian 

zones should, in turn, protect riverbanks from erosion, increase groundwater and instream water 

depths, and reduce instream sedimentation and associated nutrient loading [27]. Maintaining a 

healthy riparian zone in agricultural settings can include the creation of wide buffers [27] and/or 

excluding livestock by fencing the corridor [28]. Ideal instream conditions such as reduced 

temperatures [28], reduced fine sediment inputs [29], suitable instream habitat and cover for aquatic 

life [12], and narrower, deeper channels with stable banks [30] may be achieved via well vegetated 

banks and mixed deciduous trees [31].  

Undesirable characteristics of riparian zones include fragmentation, homogenization or 

simplification, and excessive modification of natural processes (e.g., acceleration of erosional 

processes and sedimentation or modification of flow regimes after dam construction), which may 

accompany land alterations such as intensive agricultural practices, urbanization, and 

industrialization [32,33]. Undesirable characteristics of riparian zones may include bare soil, patchy 

vegetation, highly eroded banks, incised river channels, and high proportions of non-native and/or 

invasive vegetation, which have been shown to reduce riparian and instream biodiversity and habitat 

[34,35], exacerbate sedimentation and nutrient loading within the river channel [36,37], and alter 

aquatic food webs [38] or instream productivity [39].  

Landscape alterations are well known to have negative impacts in the structure and functioning 

of lotic ecosystems [40]. Due to such extensive and pervasive human activity, the functionality, 

biodiversity, and resilience of riparian zones are frequently compromised [41]. In the present study, 

we examined physical characteristics in both the riparian zones and instream habitats within a 

catchment that has been subject to a long history of forest removal and agricultural activities [42]. 

Specifically, we examined the possible influences of riparian zones on physical instream habitat 

within a network of highly valued trout streams [43] in southeastern Minnesota, USA. We expected 

that there would be important correlations between riparian and instream physical characteristics, 

both positive and negative. We hypothesized that grassy, wide riparian zones would benefit physical 

instream structure, but poor riparian conditions within the study watershed would correlate with 

widespread, negative instream impacts.  

2. Methods 

2.1. Study Area 
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The Whitewater River, a catchment in southeastern Minnesota, USA, drains 829.6 km2 of 

agricultural land across three counties (Olmsted, Winona, and Wabasha). This catchment contains > 

189 km of fishable, coldwater, trout streams comprised of the mainstem, three forks (North, Middle, 

South), and smaller tributaries (Figure 1). This river system is known for its fisheries that include self-

sustaining populations of native brook trout (Salvelinus fontinalis) and introduced brown trout (Salmo 

trutta), plus regularly stocked rainbow trout (Oncorhynchus mykiss). 

 

Figure 1. This map is of the Whitewater River catchment located in southeastern Minnesota, USA. 

Displayed are the North, Middle, and South Forks along with main tributaries. 

The Whitewater River catchment is one of several in southeastern Minnesota located within the 

Driftless Area ecoregion, a geographic area missed by recent glaciation which has been described 

previously [27,44–46]. The coldwater stream fisheries within the Driftless Area are credited with 

generating an estimated US$1.6 billion annually in economic gain for the region [43]. Revenue 

generated from these recreational fisheries (i.e., spending by anglers and associated tourism) helps 

sustain local economies. 

In the mid-1800′s, the landscape surrounding the Whitewater River catchment, along with other 

catchments, began to change post-settlement due to human alterations. A long history of intense 

forest removal (logging), along with agricultural practices (steep slope plowing, hillside grazing, and 

planting of crops) reshaped physical instream habitat and covered much of the landscape under 

meters of eroded soils [42]. Affected by the aftermath of intense landscaping, the catchment 

experienced changes not only to instream structure, but to fish and other aquatic communities. 

Riparian conditions were altered, landscapes converted for agriculture, and the effects of poor land 

use habits induced conservation measures around the mid-1900′s to ameliorate the effects of land 

abuse past.  

Following decades of conservation practices, many streams within the Whitewater basin began 

to recover [27]. However, the drainage remains heavily impacted by agricultural practices, with >70% 

of the surrounding land converted for agriculture (i.e., crops and pastureland) [27,44]. This 

catchment, like many others in southeastern Minnesota, is classified as at-risk/impaired due to 

current physical (high turbidity), chemical (high nitrates), and biological (high bacteria counts, poor 

macroinvertebrate and fish assemblages) conditions [47]. To aid in reducing overland erosion and 

protecting instream habitats, a buffer law requiring new and/or expanded riparian buffers along 

streams was passed in 2014 by the State of Minnesota (Minnesota Statutes 2014, section 103B.101, 

subdivision 12, as amended in 2016 and 2020; https://www.revisor.mn.gov/statutes/cite/103F.48). The 
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buffer law mandated the presence of a continuous, vegetative buffer (perennially rooted vegetation, 

15-m average width, 9-m minimum width) between all public waters and cultivated lands. A recent 

study [27] examined instream conditions before and after the buffer law, concluding that more than 

5 years’ time may be needed before the positive effects of streamside buffers on instream habitats are 

observed. 

2.2. Stream Surveys 

During summer and early autumn (May – October) in 2018 and 2019, we surveyed stream 

habitats (riparian and instream) at 57 sites within the three forks of the Whitewater River catchment 

(North = 20 sites, Middle = 18, South = 19). Surveys were conducted at sites along each of the three 

river forks and within the larger tributaries to each fork. Sites included locations both on private lands 

(with landowner consent) and public lands (e.g., state parks and wildlife management areas). We 

attempted to select study sites located approximately every 1.5 km along each fork and larger 

tributaries. However, there were areas within all forks that were inaccessible due to terrain and lack 

of roadways, causing some spatial gaps among sites, especially along the lower reaches of the North 

and South forks.  

Habitat surveys - At each study site, instream and riparian variables were assessed along a 

representative, 150-m stream reach with transects every 10 m (15 transects/site). At each transect 

spanning the width of the stream, four variables each were assessed at four equidistant points along 

the transect: water depth (cm), current velocity at 0.6-depth (cm/sec), dominant substrate composition 

(estimated visually according to a modified Wentworth scale: clay, silt, sand, gravel, cobble, boulder, 

plus muck, vegetation, and detritus) [46], and embeddedness (the percent of large substrates such as 

cobbles covered by fine materials, estimated visually on a five-category scale: 1 = <5%, 2 = 5-25%, 3 = 

25-50%, 4 = 50-75%, and 5 = >75% [high score indicates high embeddedness]) [48]. Percent fines 

(estimated as an aggregate of sand, silt, clay, muck, vegetation, and detritus) was determined on a 

site-wide basis and presented as a percent of all substrates assessed. Similarly, width-to-depth ratios 

were determined for each site by using mean depth and mean width measurements. 

Additional instream features were estimated visually. Percent of the channel shaded by the 

riparian canopy at noon, the percentage of riffle, pool, run, and percent of channel with instream fish 

cover were estimated to the nearest 5%. Fish cover included all overhanging bank vegetation, woody 

structures, aquatic macrophytes, boulders, and water >60 cm in depth (contributions by specific cover 

types were not recorded). 

Riparian habitat measures were recorded on one stream bank per transect, alternating the side 

measured with each transect. Width of the riparian buffer was measured to the nearest meter with a 

rangefinder or meter tape. Average length of vegetation overhanging the stream was measured to 

the nearest 0.1 meter. Percentages of bank area as grass, forb, tree, shrub, bare soil, and rock were 

estimated visually to the nearest 5% for each category. Data collected from all transects were averaged 

to determine overall site values. 

2.3. Data Analyses 

Data were analyzed using Program R version 3.5.1 (R Core Team 2018), and Microsoft Excel. 

Basic descriptive statistics were used to describe riparian and instream habitat data (i.e., means, and 

standard deviation). Inferential statistical methods following [49] (e.g., analysis of variance 

[ANOVA], Chi-square goodness of fit analysis, two-sample t-test) were used as appropriate to test 

for differences across riparian and instream habitats among study reaches.  

Canonical Correlation analysis (CanCorr) [50] was used to explore multivariate relationships 

among riparian and instream measures. In contrast to multiple regression analysis, which finds the 

linear combination of the multivariate set of explanatory variables that is most correlated to a single 

response variable, CanCorr finds separate linear combinations for the riparian and stream 

multivariate data sets that have the maximum correlation with each other; these are denoted as the 

first canonical variate pair. Subsequent pairs of canonical variates (i.e., second, third, etc…) are 

independent of all previous canonical variates and show relationships among variables after 
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accounting for factors driving all previous canonical variates; however, correlation strength decreases 

for subsequent canonical variates so approximate F-tests [50] were used to test for non-zero 

correlations between canonical variate pairs. Heliographs [51] of the correlations between all 

significant canonical variates and the riparian and instream measures were used to portray 

multivariate relationships among stream characteristics. Prior to analysis, all percentage data were 

arcsine transformed as required to meet normality assumptions.  

3. Results 

3.1. Riparian and Instream Variables: General Assessment 

Riparian (n = 9) and instream (n = 11) variables were assessed across 57 sites in the Whitewater 

River catchment. Observations allowed us to describe typical conditions across all forks. In general, 

coarse substrates like rubble and gravel were present throughout the study area but embedded by 

fines while lacking boulders, width/depth ratios averaged 7 across all forks, with few riffles and pools 

and more run habitat. Riparian conditions throughout the study area were similar with a range of 

buffer width of 98 – 127 m and transitioned from forests to grasslands to grazed pasturelands (buffer 

type was not a measured component of this study but anecdotally noted). Bank structure within the 

riparian corridor consisted of more bare soil and grasses than forbs, shrubs, and trees collectively and 

a lack of overhanging vegetation.  

Following initial analysis, we ultimately decided to omit several variables. The first variable 

omitted was temperature due to its lack of contribution or influence on the study’s overall outcome. 

Width and depth were omitted and replaced with width/depth ratio as it has been used in recent 

studies as an effective variable describing physical instream conditions. Lastly, bedrock was omitted 

due to rarity (only two sites were observed with bedrock but used in figures below). After omissions, 

we analyzed the data with the new modifications with outcomes reported below.  

Data were analyzed using ANOVA single factor to test for differences in variables across all 

forks (North, Middle, and South) within the study area. Seven variables showed significant 

differences among the forks (Table 1): percent fines, percent gravel, embeddedness, percent riffle, 

percent run, percent pool, and percent cover. Riparian corridors generally were wide and vegetated 

for all forks; however, there was also high percentages of bare soil in riparian areas with instream 

areas showing high proportions of fines (Figure 2), embeddedness of coarse substrates (Figure 3), and 

run habitats. 

Table 1. Riparian (n = 9) and instream (n = 11) variables measured in this study. Means are represented 

followed by (+/-) one standard deviation parenthetically, ANOVA results with the F value and 

probability statistic. Data were collected during Summer in 2018 and 2019 across three forks (North, 

Middle, and South) of the Whitewater River in southeastern Minnesota, USA. 

Variable North Middle South F P 

Riparian Variables     

Shade % 52 (27) 34 (24) 34 (29) 2.57 0.086 

AOV (cm) 16 (18) 12 (13) 18 (20) 1.33 0.273 

WRB (m) 103 (38) 127 (28) 98 (37) 1.12 0.334 

Rock % 8 (13) 10 (13) 4 (6) 0.96 0.387 

Bare soil % 39 (23) 30 (26) 43 (28) 1.61 0.209 

Grass % 37 (25) 39 (27) 41 (26) 0.11 0.899 

Forbs % 12 (14) 19 (19) 12 (14) 1.82 0.170 

Shrub % 1 (2) 0.4 (2) 1 (2) 0.49 0.615 

Tree % 3 (6) 2 (4) 2 (5) 0.81 0.450 

 

Instream Variables 
    

Width/Depth 7 (4) 7 (4) 7 (2) 0.11 0.893 

CV (cm-1) 28 (21) 35 (25) 35 (25) 1.83 0.170 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 February 2024                   doi:10.20944/preprints202402.0782.v1

https://doi.org/10.20944/preprints202402.0782.v1


 6 

 

Fines % 41 25 43 3.23 0.04* 

Gravel % 10 24 30 5.77 0.005* 

Rubble % 30 34 21 1.68 0.196 

Boulder % 9 15 3 2.47 0.094 

Embed 2.8 (1.1) 2.1 (0.9) 2.9 (0.6) 5.15 0.009* 

Riffle % 21 (28) 36 (39) 21 (34) 2.05 0.03* 

Run % 55 (37) 53 (39) 70 (37) 3.58 0.03* 

Pool % 23 (27) 11 (20) 9 (16) 5.58 0.006* 

Cover % 33 (26) 25 (20) 20 (18) 3.66 0.03* 

 

Figure 2. A bar graph displaying substrate types. Data were gathered during Summer in 2018 and 

2019 across three forks (North, Middle, and South) and main tributaries of the Whitewater River 

located in southeastern Minnesota, USA. A mean percentage is presented with standard deviation 

error bars. From left to right, are coarse substrates with bedrock (BR), boulder (B), rubble (R), gravel 

(G), and Fines. Fines is an aggregate of sand, silt, clay, muck, vegetation, and detritus. 

. 

Figure 3. Displayed in the bar graph are mean embeddedness values (+/- on standard deviation error 

bars) from a scale of 1-5. Data were collected during Summer in 2018 and 2019 across three forks 

(North, Middle, and South) of the Whitewater River in southeastern, Minnesota, USA. 

3.2. Canonical Correlations Modeling: Riparian Influence on Instream Habitat  

CanCorr modeling was used to further investigate the correlation structure between riparian 

variables (n=9) and instream habitat variables (n=11) to determine whether riparian conditions can 

have an influence on physical instream habitat structure. The model produced a total of nine 

canonical variate pairs, of which the first three showed correlations strength significantly (P < 0.05) 

different from zero (Table 2). Heliographs revealed several variables with strong correlations in 
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describing both desirable and undesirable conditions (Figure 4). The first canonical variates of 

riparian and instream data sets had a 90% correlation and showed that high percentages of bare soil 

and trees on stream banks, along with narrow riparian buffers and a lack of forbs and rock on stream 

banks, were associated with high percentages of fines and run/pool habitat, high embeddedness, few 

riffles, a reduced width:depth ratio, and a lack of boulder and rubble substrates. The second canonical 

variates of the riparian and instream data sets had a correlation of 79%, in which greater percentages 

of grass, and AOV along with lack of bare soil, forbs, trees and shrubs, were associated with increased 

cover, pool, and rubble/gravel substrates along with low width/depth ratio, fines, run, and boulder 

habitats. The third canonical variates of the riparian and instream had a 72% correlation showing 

wide riparian buffers, more bank rock, and shrubs, along with a lack in grass, forbs, and shrubs along 

the stream bank, were correlated with more rubble, high width/depth ratios, faster flow and high 

embeddedness.  

Table 2. Canonical variates produced by Canonical Correlation modeling along with the correlation 

strength (Corr) between the variate pair, approximate F-test statistics (F) and P-values for tests of non-

zero correlations. Data for the model were collected during Summer in 2018 and 2019 across three 

forks (North, Middle, and South) of the Whitewater River in southeastern Minnesota, USA. 

Variate Corr F P 

1 0.893 2.4356 >  0.00001**** 

2 0.789 1.7832 0.0004*** 

3 0.722 1.429 0.0311* 

4 0.617 1.1038 0.313 

5 0.586 0.8665 0.683 

6 0.38 0.4577 0.986 

7 0.247 0.2755 0.996 

8 0.164 0.1721 0.994 

9 0.059 0.0525 0.983 

 

Figure 4. Heliographs of the first three canonical variates from Canonical Correlation modeling 

displaying the correlation between canonical variates and associated riparian (X) and instream (Y) 

variables. Length of bars are proportional to the absolute strength of the correlation; solid black bars 

are positive correlations while clear bars show negative correlations plotted on polar coordinates. 

Data were collected during Summer in 2018 and 2019 across three forks (North, Middle, and South) 

of the Whitewater River in southeastern Minnesota, USA. 

3.3. Important Riparian and Instream Characteristics 

In general, we noted typical characteristics in the riparian corridor which may have influenced 

physical instream habitat (Table 3). For example, the Middle Fork displayed more favorable riparian 
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conditions such as wide riparian corridors, a mix of bank conditions favoring grasses, moderate 

shade, low embeddedness, and more riffles. The North Fork was in less favorable condition with lots 

of shade, wide riparian corridors, bare soil, high fines, and high embeddedness. Conversely, the 

South Fork displayed poor conditions in comparison to the North and Middle Forks. The riparian 

corridor was narrow with more bare soil and high fines, embeddedness, and more runs. Based on 

our findings, we can speculate that with narrow riparian buffers and poor bank conditions, physical 

instream habitat can be adversely affected.  

Table 3. This table displays the physical characteristics that best describe which riparian conditions 

influence instream conditions. Data were collected during Summer in 2018 and 2019 across three forks 

(North, Middle, and South) of the Whitewater River in southeastern Minnesota, USA. 

Fork Typical Riparian Characteristics   Typical Instream Characteristics   

North 

        

 
 

High % Shade; Wide Buffer; High 

% Bare Soil; Less % Grass 

 
Low Width/Depth; Slow Flow; High % 

Fines; Moderate Rubble; High 

Embeddedness; High % Run             

Middle 

        

Wide Buffers; High % Grasses; Low % 

Shade; Less Forbs; Low % Bank Rock 

Fast Flow; Low Width/Depth; Low Fines; 

Moderate % Gravel; Moderate % Rubble; 

Low Embeddedness; High % Riffles          

South 

        

Narrow Buffer; Low % Shade; 

Overhanging Vegetation; High % Bare 

Soil; High % Grass;  

Low Width/Depth; Fast Flow; High % 

Fines; Moderate % Gravel; Low % Rubble; 

High Embeddedness; High % Run; Low % 

Pools 

4. Discussion 

4.1. Major Findings 

Riparian zones are physical features within the riverscape that promote the health and proper 

functioning of riverine ecosystems by providing protection from landscape processes. This study 

focused on investigating riparian conditions in a watershed with a long history (>150 years) of land 

alterations for agricultural activities (i.e., row crops, livestock grazing, forest removal). We sought to 

determine which riparian characteristics influenced desirable instream conditions, and which 

riparian characteristics were associated with unfavorable instream conditions. First, we found that 

wider riparian buffers, more bank grass and shrubs, longer overhanging vegetation, and limited bare 

soil and more rocks on banks were significantly associated with increased instream cover, high levels 

of coarse substrates with reduced embeddedness, increased pool habitats, and reduced fine 

sediments. Second, we observed that excessive fine sediments, lack of riffle habitat, reduced coarse 

substrates, and high width-to-depth ratios indicative of impaired instream habitat were associated 

with narrow riparian buffers and high percentages of bare soil on banks.  

Lotic systems in agricultural settings can be impacted negatively by surface runoff and nutrients 

[52]. However, vegetated riparian zones can insulate lotic systems from land-use effects [53]. Wide, 

intact continuous forest and grass buffers can intercept eroded soils before they enter streams, 

reducing instream fines and nutrient concentrations [54]. By comparison, forested buffers can provide 

woody structures important for physical instream habitat [55] and organic carbon inputs for food 

webs [13], while also reducing water temperatures and filtering out nutrients [56]. Grass and forb 

buffers are known to perform better in filtering than forested buffers [57], increasing suitable habitat 

for aquatic organisms [30], reducing overland flow of nutrients and increasing infiltration [54], and 

increasing stream velocity that flushes out fines and reduces embeddedness of coarse substrates 

[27,53]. Based on our findings, we suggest that certain physical conditions in the riparian zone can 

either protect suitable physical instream habitat from deteriorating or may help to restore previously 

damaged habitat. We observed mostly intact (continuity of buffer was not a measure, but visually 

noted) riparian buffers throughout the study area, with many being very wide (> 90 m).  
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Within the study area, there were well-vegetated grassy buffers, a few restored prairies, and 

some forested areas, likely due to good land stewardship and compliance with the state mandated 

buffer law (Minnesota Statutes 2014, section 103B.101, subdivision 12, as amended in 2016 and 2020; 

https://www.revisor.mn.gov/statutes/cite/103F.48). Studies suggest that there may be a significant 

time lag between establishment of new buffers and observable improvement in instream habitats, 

although it may be possible to observe some improvements soon after buffer establishment [58]. We 

observed several “good” characteristics typically associated with ideal riparian zones, including long 

overhanging vegetation [31], minimal bare soil [27], bank reinforcement with natural rocks, and 

scattered shrubs and trees on and/or along the banks [12]. These features were correlated with better 

instream cover, more coarse substrates, reduced embeddedness, more pool habitat, and reduced fine 

sediments. Each of these “good” instream features likely can be correlated to wide, grassy expanses 

of riparian zone across the study area [12,27,58]. 

Lotic systems have been subject to human activities for centuries and will continue to be subject 

to negative changes caused by the alterations of their floodplains, riparian ecosystems, and instream 

structure. Attempts have been made to enhance or restore degraded river ecosystems [59] with 

expectations to return stream functions to a desirable condition (i.e., better water quality, better 

physical habitat) [60,61]. However, results may vary, with both positive and no effect outcomes being 

possible [59]. We documented physical characteristics that were assessed as negative or negatively 

influencing certain physical instream habitat features. Overall, undesirable riparian characteristics 

included narrow riparian buffers with mostly bare soil (i.e., lack of vegetation cover). Modeling 

determined that these characteristics correlated significantly to instream impairments such as 

excessive fine sediments, lack of proper riffle structure, lack of coarse substrates, and high width-to-

depth ratios. Although most study sites were buffered, we did observe riparian areas that were 

minimally in compliance with the buffer law (i.e., mean width of 15 m, minimum width of 9 m). 

Narrow riparian zones are less effective in protecting streams and capturing eroding soils [62]; this 

likely explains our observations across many study sites. Unprotected riparian zones left open for 

livestock to freely graze also have negative impacts on streams due to reduced vegetation volume 

[55], failing (collapsing and eroding) banks, and stream widening, allowing sediments to enter the 

water column [45]. On many occasions, we halted field measurements due to the presence of livestock 

grazing the banks and wading in the water to drink. Such livestock impacts can be reduced by fencing 

that would limit livestock stream access only to designated watering locations, while also protecting 

and enhancing stream processes [28]. In areas where livestock were grazing on and near the banks, 

we often observed active channel widening (e.g., unstable collapsing banks). Wide streams often have 

higher width-to-depth ratios, which can create slower flows and reduced sediment transport, 

effectively embedding coarse substrates and altering physical habitat structure [44]. The lack of riffle 

structure likely can be explained by the lag time from implementation of improved riparian 

conditions and the instream response to that improvement [63], with desired conditions just not yet 

observable. We likely will continue to see physical instream habitat improvements over the next 

several years, with maximum effect potentially requiring one or more decades [63,64].  

The Whitewater River catchment has a long history of deforestation and agricultural practices 

beginning in 1853, the year farming practices began (Whitewater Watershed Project 2015). Despite 

determining that the “healthiest” part of the catchment was the Middle Fork, fines dominated 

physical instream habitat throughout the Whitewater watershed. Due to its lengthy history of human 

alterations, the catchment, like many others in the region, suffers from the effects of generational 

trauma known as legacy sediments. In river science, legacy has been used in connection with diverse 

past events including natural processes (i.e., wildfires, floods) [1]; here we use the term legacy 

sediments as it has been associated with human activities [65]. Land altering activities in the 

Whitewater catchment continue to negatively impact water quality, suffocate coarse substrates, and 

alter other physical habitat features. On land, the impact of land alterations is shown through meters 

thick accumulations of legacy sediments [27] that are then transported via floods during intense 

storm events [64]. The effects of land alterations are well known throughout the world (Sweden, [67]; 

Australia, [68]; Europe, [69]; U.S., [70]). To remediate such adverse impacts, revegetation, bank 
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stabilization techniques, and protection of riparian corridors through fencing and livestock exclusion 

are all common river management activities [71]. River scientists often intervene to remediate 

negative impacts, but these efforts are not always successful due to insufficient river management 

knowledge and or appropriate target scale [40]. 

4.2. Management Implications  

Over the last several decades, much has been learned about riparian zones, their importance, 

and their relationship with lotic systems. For example, riparian zones have the capacity to insulate 

streams from agricultural activities (i.e., capture soil runoff, retain nutrients; [27], provide subsidies 

for biological communities [55], cool down stream temperature [72], support primary production 

[73], provide ideal habitat [74], provide cover [46], and support local communities (e.g., subsistence 

(fish), drinking water) [1]. Following decades of interdisciplinary research, scale and riparian zone 

width were identified as major factors in a healthy and functioning riparian ecosystem [71]. Rivers 

are arrayed in a hierarchical nature (i.e., different levels of organization with a top-down structure; 

upper levels affecting lower levels), which makes it difficult to manage rivers at different spatial 

scales [40]. Managing rivers at the proper scale can prevent undesired effects at lower organizational 

levels [40]. When managing riparian zones, acknowledging their width and physical structure (e.g., 

grass and forest buffers) varies depending on river type, will aid in proper management approaches 

[7]; not all rivers and streams require the same buffer widths [75]. In the U.S., a minimum buffer 

width of 30 m is mandated around perennial rivers by the United States Department of Agriculture 

(USDA) and the National Forest Management Act (NFMA) [7] and increased from the prior 7.5 m 

minimum [75] to better capture nutrients and eroding soils. In New Zealand, a recent study [76] 

reviewed riparian management progress in perennial, low order streams (second to fourth order) [28] 

and found that most streams had a variable buffer width of 2–5 m as a compromise with private 

landowners to maintain productive arable land near streams. A study in Australia [77] described 

different widths protect against certain processes. For lowland floodplain perennial rivers, the 

minimum requirements are 28 m to moderate stream temperature and 29 m to improve water quality. 

However, for low order, high gradient streams, a 28-m minimum buffer width is required for 

temperature regulation and 38 m to improve water quality.  

The importance of riparian zones to aquatic ecosystems is well studied [8,14,27,78,79], and 

emphasizes the need to manage and protect these sensitive ecosystems. In the mid-1990s, the need 

for guidelines to protect riparian zones (at a basic level) was initiated by several nations, including 

the United States, Australia, New Zealand, Canada, United Kingdom, Sweden, and South Africa 

[80,81]. To that end, strategies to protect riparian areas began initially with forested buffers [75], later 

expanding to include grassy buffers [31,82]. Despite a deeper understanding (i.e., how to protect, 

issues with scale, determining necessary width, and so on), monitoring of important river features is 

often overlooked. Despite the relatively low cost of monitoring compared with ecosystem services’ 

benefits from environmental protection, monitoring often is neglected as it requires funding and 

long-term efforts by qualified researchers [83]. Protection of the riparian corridor must continue, 

which means allocating funding for protection, maintaining intact corridors with sufficient buffer 

width relative to the landscape template [14], establishing riparian areas that are spatially 

heterogeneous in nature (combinations of native grasses, mixed forests, prairie meadows) [84,85] and 

installing exclusions for livestock [28,76]. 

To better manage riparian ecosystems, we need to acknowledge that there are basic (at times 

minimal) management standards that should be followed. Researchers proposed a framework of five 

activities to conserve and protect riparian corridors: education, inventory, protection, sustainable 

management, and restoration [86]. Still, management of riparian corridors is met with challenges and 

patterns to overcome. One trend regularly emerging is the myriad of national, regional, and local 

legislation affecting riparian corridors [87] often focused only on water quality while failing to 

include non-aquatic features of lotic systems (e.g., the European Water Framework Directive, and in 

the USA the Clean Water Act, National Environmental Protection Act, and Farm Bill). An exception 

to this trend was the U.S. National Wild and Scenic Rivers Act (WSR Act, 1968). The WSR Act has 
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protected well over 20,000 km of streams and rivers across the U.S. that exhibit natural, cultural, or 

aesthetic qualities, to preserve water quality and other non-aquatic components vital to conservation. 

Trends in changing climate have demonstrated the magnitude of effects from floods and droughts 

which alter structure and functioning of riparian ecosystems, affecting response and recovery 

trajectories of aquatic organisms to disturbances [88]. Climate trends coupled with human-influenced 

impacts have a compounding effect which makes diagnosis of riparian conditions difficult due to lag-

time to the onset of impacts and how rivers respond [89]. This is important to identify early on to 

better protect and conserve riparian ecosystems which can be heeded with regular monitoring. 

Although many of the tools needed to protect riparian and river ecosystems are utilized, they are not 

broadly applied together with applicable standards needed to buffer lotic systems.  

5. Conclusion 

Understanding the importance of riparian zones and their role in river ecosystems is vital to 

water quality, conservation, and protection of riparia. To a much greater end, understanding how 

altering landscapes affect river ecosystems and all their components is equally important due to the 

hierarchical nature (top-down processes) of these ecosystems [40]. Recently, a study demonstrated 

the importance of riparian zones in improving water quality, and their buffering potential with 

increasing widths when attempting to improve overall structure and functioning of riparian and lotic 

ecosystems [27]. At the reach scale, the present study demonstrated the type of riparian conditions 

needed to maintain a healthy functioning ecosystem. Although broader scale riparian habitat type 

(i.e., forest, agriculture, pasture) was not a point of interest in this study, past studies have 

documented how the landscape surrounding the Whitewater River was converted and is now used 

[44,45,47,52]. Reducing or modifying the physical structure of the riparia at smaller scales can have 

undesired effects in the water column.  

Growing trends in land alterations, either naturally or humanly influenced, have been widely 

known to alter community composition and physical instream habitat [13,79]. Coldwater trout 

streams of the Driftless Area ecoregion are vastly important for the services they provide in the form 

of local economic gain and the sensitive biota that inhabit these coldwater systems [43]. However, 

due to decades of land abuse and legacy sediment accumulations, these sensitive ecosystems are 

impaired, negatively impacting important sensitive taxa Ephemeroptera, Plecoptera, and Trichoptera 

(collectively EPT taxa) [52]. Maintaining good stream health in river ecosystems is thus important for 

small local economies to continue to thrive, locally, regionally, and globally. A revision of riparian 

BMPs and setting minimum guidelines to better suit lotic systems in their current state is needed. 

Incorporating ecosystem monitoring to adapted BMPs and fostering land stewardship with private 

landowners can be an effective approach in improving river ecosystems in agricultural catchments. 

We propose that by having well vegetated, wide riparian corridors (>20 m), with rocks on banks, 

shrubs, and minimal bare soil on banks, and with continued monitoring for protection, 

improvements could be observed over time.  
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