

  forests-13-01509




forests-13-01509







Forests 2022, 13(9), 1509; doi:10.3390/f13091509




Article



Applying the “Goldilocks Rule” to Riparian Buffer Widths for Forested Headwater Streams across the Contiguous U.S.—How Much Is “Just Right”?



Maneesha T. Jayasuriya *, René H. Germain and John C. Stella





Department of Sustainable Resources Management, SUNY College of Environmental Science and Forestry, Syracuse, NY 13210, USA









*



Correspondence: ktjayasu@syr.edu







Academic Editor: Elisabetta Salvatori



Received: 14 August 2022 / Accepted: 10 September 2022 / Published: 17 September 2022



Abstract

:

Delineating riparian management zones (RMZ) around streams to protect riparian ecological functions is critical during forest management. This study compared the area dedicated to RMZ using the USFS functional-based riparian buffer approach versus individual state-defined riparian buffer allocation strategies along headwater streams across 17 states within the US. The USFS method uses a variable-width riparian buffer that seeks to capture the functions of a riparian area. Our study sought to contrast this USFS method with various state-defined RMZ guidelines. The functional approach delineated the highest percentages of the watershed area around headwater streams in most watersheds, sometimes >20% of forestland, whereas state RMZ guidelines delineated <10% of forestland around headwater streams in many watersheds. Although many state guidelines failed to identify the variable widths of functional riparian areas, some watersheds in the Great Lakes states over-allocated forestland as riparian when compared to a functional riparian delineation. The topographic and forest composition differences observed across the study area were not represented by their respective state RMZ guidelines, and these variables strongly influence the delineation of a functional RMZ.
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1. Introduction


Headwater streams dominate channel networks and can comprise up to 80% of an entire stream network within a watershed [1]. Riparian areas around these headwater streams provide numerous ecosystem services and benefits, such as reducing the flow of sediment and nutrients into waterways, increasing bank stability and preventing erosion, regulating stream water temperatures by provisioning shade, contributing organic material, and providing habitat and refugia for wildlife [2,3]. Headwater streams are often under-represented, i.e., not mapped to the actual density seen in the field, compared to standard inventories, such as the National Hydrographic Dataset [4,5,6]. As a result, they receive less attention during land management activities compared to larger order streams. This oversight can have a negative impact on water quality as well as the many ecosystem services associated with riparian areas.



Due to the high density of headwater streams within working forested landscapes, forest managers typically delineate buffers around streams to limit activities in and around them to protect the ecological integrity of the stream and its riparian ecotone. Sediment, which washes into streams as a non-point source pollutant, is generally considered to be the most prevalent type of water pollutant associated with forest operations in the U.S. [7]. Riparian management zones (RMZs) are a forestry Best Management Practice (BMP) designed to reduce non-point source pollution during forest operations [8]. Several decades of BMP studies have confirmed the effectiveness of RMZs against non-point source pollution [9]. Sediment trapping efficiencies can exceed 95% along headwater streams with riparian buffer allocations of between 7.62–30.48 m (25–100 ft.), even under intense silvicultural systems in upland forests [10,11]. In addition to effectively ameliorating the negative impacts of harvesting, RMZs can also protect wildlife habitats and provide other ancillary benefits [12,13].



The high density of headwater streams within a watershed has a cascading effect on the total stream length throughout the network that needs protection and, thereafter, the amount of land area that needs to be allocated for either restricted harvests and/or no harvest zones during harvesting operations. The management decisions leading towards defining RMZs can be further complicated when deciding on the type of buffer delineation method to be implemented along high densities of first and second-order streams in working forested landscapes. Assigning a fixed width buffer may underestimate or overestimate the area within which critical riparian processes are operating and thus the extent and/or effectiveness of ecological functions that the local riparian zone provides to streams. Over-estimations of protected RMZs may have opportunity costs for the landowner and may discourage them from complying with BMP guidelines, whereas an underestimation can lead to negative environmental consequences. Depending on the stream/drainage densities of watersheds, these opportunity costs could be exacerbated. Therefore, it is important to know the proportion of land area headwater streams occupy within watersheds as this provides the underlying context for RMZ delineation has on forest management.



Variability in defining RMZs across political and management jurisdictions reflects regional differences in the integration of ecological, economic, and social factors [14]. Most of the potential contributions of riparian vegetation to the ecological functions within a stream corridor are realized between 4.57 m to 30.48 m (from 15 to 100 ft.) from the stream bank [15,16]. This range of riparian buffers provides at least 50% of their potential effectiveness and often 75% or greater effectiveness at protecting various stream functions [9,17]. Forty-six states within the U.S. have BMP guidelines or regulations, including recommendations for operating within or adjacent to RMZs [18]. Ten of these 46 states regulate the implementation of their BMPs, while 18 are quasi-regulatory and 17 states have voluntary BMP guidelines [19]. Quasi-regulatory states generally have voluntary BMP guidelines, but water quality infractions may result in fines. State-specific RMZs are defined either as (i) a fixed or standard width that may vary based on a water body/channel type or (ii) a variable width that is based on the slope gradient of the terrace or hill slope landform surrounding the stream. Sixteen states approach RMZ guidelines with fixed width buffers while 30 states have RMZ guidelines for variable width buffers based on slope gradient [18].



In recent decades, in light of continued research on stream protection and riparian areas, researchers are recommending the adoption of variable width buffers. Variable-width buffers are delineated with a focus on one or more riparian functions. Most commonly, these buffers have been modeled based on slope gradients for regulating sediment volume in streams. Variable-width riparian buffers have also been delineated using other topographic features such as loading areas of streams [20], terrain analysis [21], and hydrology [22,23]. The USFS follows a “functional” approach method to delineate a variable-width buffer [24] (Figure 1).



This variable-width buffer seeks to capture the functions of a riparian area by considering (1) the stream, (2) the floodplain, which (if present) is seasonally inundated, (3) the terrace slope, which (if present) is either partially or fully inundated during a 50-year flood, and finally (4) one tree length from the top of each terrace [24], under the assumption that coarse woody debris delivered to the stream is sourced from a streambank zone as wide as the average tree height, which is dependent locally on forest composition and community structure [9]. The variable terrace slope or hill slope widths of functional riparian buffers (hereafter known as functional RMZs) are assumed to support riparian vegetation that provides bank stability, overhanging bank cover, and nutrient uptake from groundwater and stream water [2,25,26]. The average canopy tree height represents the distance of natural recruitment of large woody debris by trees directly falling into the stream [9,24,27]. Large woody debris provides allochthonous nutrient inputs into streams that serve as food for aquatic organisms, create and increase instream habitat diversity, and help dissipate energy during high flows to reduce sediment movement to downstream reaches [28,29,30]. Because this variable-width buffer encompasses numerous riparian ecosystem functions, it is generally considered a more comprehensive approach that is adaptable to local conditions.



To provide context and illustrate the prevalence of headwater streams in forest management, we first estimated the drainage densities of first- and second-order streams across the selected watersheds across forested regions of the U.S. As the main objective of this study, we compared differences in the land area delineated between RMZ widths as defined by individual state BMP guidelines/rules and a functional RMZ as defined by Ilhardt et al. [24]. Lastly, we estimated the percent of land area that each RMZ delineation approach occupied along headwater streams.




2. Materials and Methods


2.1. Study Design


We considered states within the contiguous U.S. with a significant amount of timberland, defined as ≥15% or more forest cover, and a sizable forest-based economy based on the state’s GDP industry share [31]. For these states, areas that were designated as timberland or managed land were overlaid with land cover data. Publicly available spatial data for timberland or managed forestlands were used and thus, these land area designations were for public forestlands. From this selection, forested watersheds were highlighted. These forests were further filtered by the availability of LiDAR-derived digital terrain model (DEM) data of 1 m spatial resolution or higher. Two watersheds were selected at random from each state’s candidate watersheds, except for Wyoming, which had a paucity of LiDAR-based DEM data for forested lands. This process resulted in a sample of 17 states, totaling 33 watersheds (Figure 2). Next, within each watershed, three smaller scaled stream networks comprising headwater streams (first- and second-order) were randomly selected for the buffer allocations.




2.2. Data Sources


Watershed boundaries for the analysis were downloaded to the 12-digit hydrologic unit (HU) through the National Hydrography Dataset (NHD) published by the United States Geological Survey (USGS). Hydrographic data of HU-8 subbasin extent was downloaded to the target areas of the watersheds. The NHD layer was mapped to 1:24,000 map scale.



A raster layer of the USGS National Land Cover Database (NLCD) was used to identify all forest cover categories of deciduous, evergreen, and mixed forests. Selected watersheds had over 90% forest cover.



DEMs with a spatial resolution of 1 m or higher resolution were obtained from either State GIS Clearinghouses/GIS databases, The National Map of the USGS, or Open Topography [32]. Data for each watershed area was downloaded as tiles, which were used to create a mosaic of continuous coverage to the extent of the watershed.



Information on silvicultural treatments and managed forestlands was obtained from the data published by the USDA Forest Service [33] as file geodatabases. Forest Inventory Analysis (FIA) data were obtained through the FIA Data Mart published by the USDA Forest Service [34]. The plot coordinates within areas of interest in and around watersheds and tree data for those plots were matched and retrieved from the FIA data mart. A plot cluster generally contains 4 subplots that are 7.32 m radius (24 ft. or 1/24 ac plot) in size.



FIA data were used to calculate forest stand summary statistics for each watershed. FIA plots within a 6–15 km (3.7–9.3 miles) radius of watersheds in the inventory years after 2015 (2016, 2017, 2018, 2019) were selected. The radii were based on capturing data coverage for 20–30 FIA overstory subplots. This was performed under the assumption that the standard error per plot was 20% or less around the mean basal area at α = 0.05 [35]. The precision of FIA subplot locations was of concern only to the extent of their watershed. Therefore, this analysis was not affected by the errors in ‘fuzzy’ plot cluster locations provided by the USFS in their public domain. Overstory data for trees with a dbh ≥ 12.7 cm (5 in.) were subsequently used to calculate the average canopy tree heights for the dominant and co-dominant trees within a watershed (Table 1). Table S1 in Supplementary Materials provides a summary of the forest composition for all watersheds.




2.3. Data Analysis


Stream networks within each watershed were generated with 1 m DEMs using the Hydrology toolset in ArcGIS. The NHD layer was used as a reference tool for the delineated network. Stream orders were defined for the delineated raster stream networks using the Strahler method [36] via the Stream Order tool in ArcGIS.



2.3.1. Drainage Density


Total drainage density was calculated for all study watersheds using Equation (1). Drainage density is defined as the total length of all streams and rivers in a drainage basin, i.e., watershed, as a proportion of the total watershed area [37].


   Drainage   density  =    Length   of   streams     (  km  )     Watershed   area     (    km  2   )     



(1)







Drainage density of headwater streams, comprising all first- and second-order streams, was also calculated by dividing their summed length by the watershed area. Additionally, headwater stream percentage for a watershed was calculated as a proportion of total length of streams and rivers within the watershed.




2.3.2. Functional Riparian Buffer Delineations


Ilhardt et al. [24] defined a variable-width, functional buffer as the stream, floodplain, terrace slope, and one-tree length from the top of the terrace slope (Figure 1). In this context, the term ‘terrace’ refers to abandoned floodplains that occur at a higher elevation than the active floodplain, and ‘terrace slope’ refers to the transitional land surface between the active floodplain and the higher terrace or upland area [24]. The majority of first- and second-order streams do not have established floodplains and terraced slopes. Rather than a ‘terrace slope’, these lower order streams have a ‘hill slope’. Using the “Ridge Finder” tool [18] developed using ArcGIS Pro 2.5.1 and R [38], we identified the floodplain (if present) and the upland boundary of the hill slope (i.e., where it transitions to the upland surface) along the selected first- and second-order streams. For example, in deeply V-shaped stream valleys, we used geomorphic indicators such as the upland extent of hillslope slumping to define the hill slope upper boundary, following guidance by Ilhardt et al. [24]. We furthermore delineated the horizontal width of an average tree height from the hill slope upper boundary, using the local FIA canopy data for each watershed. In the instances where no floodplain and hill slope development are present or when hill slope gradient is <5%, the buffer width of a functional RMZ was determined by the average canopy tree height [24]. Once this functional RMZ was delineated around the selected stream networks, the land areas representing this buffer for first- and second-order streams within a network were calculated through ArcGIS, as well as their ratio to the total watershed area.




2.3.3. State-Specific RMZ Delineation


Within the U.S., RMZ guidelines and buffer delineations are unique to each state (Table S2). Washington, Oregon, Idaho, California, and West Virginia have regulatory state RMZ guidelines, while Wisconsin, Michigan, Pennsylvania, New York, Vermont, New Hampshire, and South Carolina have quasi-regulatory state RMZ guidelines. Minnesota, Mississippi, Arkansas, Arizona, and Wyoming have voluntary state RMZ guidelines [19]. Five of the 17 states have separate guidelines for fish-bearing streams, and therefore, state stream network GIS files were used to identify those fish-bearing streams. Following state guidelines, RMZs were delineated for the three selected stream networks within watersheds using ArcGIS Pro 2.5.1 per methodologies developed by [18]. Thereafter, the RMZs for first- and second-order streams within a network were isolated and their respective land area allocations were recorded.




2.3.4. Standardizing RMZs and Calculating RMZ Widths


Standardization of RMZs was required since streams selected for the analysis were of differing lengths, and thus a per unit measurement was required for comparing between and amongst stream orders. Therefore, areas for the functional and state-specific RMZs were standardized to their respective stream lengths according to the following equation (Equation (2)).


   RMZ   width  =    RMZ   area     (   m 2   )     Stream   length     ( m )     



(2)







The RMZ width represents twice the average buffer width laterally on each side of the stream. For example, a stream length of 400 m having a state-specific RMZ of 20,000 m2 would have an RMZ width of 50 m, and the average state-specific buffer width for that stream is 25 m. The same calculation strategy was followed for determining the average buffer width for a functional RMZ.



The buffer width of a functional RMZ is the sum of the hill slope width and the average canopy tree height (Figure 3). In order to calculate the hill slope width for functional RMZs, we first divided the functional RMZ width by two to yield the average functional buffer width. Then the average canopy tree height for that watershed was deducted from the average functional buffer width to calculate the average hill slope width for a stream (Figure 3).




2.3.5. Comparing Land Area Differences between Functional and State-Specific RMZ Widths


To investigate the land area differences between a functional RMZ allocation and state-specific RMZ, a nonparametric two-way ANOVA was performed on the dataset [39,40]. The aligned rank test was performed on factors of states and stream orders. This allowed the investigation of land area differences between buffer allocation methods across states and stream orders. In addition, the hill slope width that represents the topography around streams was compared across states and stream orders. The ARTool package in R Studio [40] was used for the analysis.




2.3.6. Proportion of RMZs within a Watershed


As stated above, it was assumed that the RMZ width represents twice the average buffer width. The average RMZ width calculated for the selected stream networks within a watershed was also assumed to be representative of headwater streams within that watershed. This allowed the calculation of the percentage of watershed area those RMZs occupied through extrapolation.



The RMZ width for each order of headwater streams within a watershed was multiplied by its stream length. This provides the total area occupied by the RMZs along the order of the headwater streams within that watershed. After calculating the areas occupied by both orders, the percentage of watershed area for headwater RMZs was calculated as a proportion of the watershed area. For example, within a 240 km2 watershed, 19.2 km2 of headwater stream functional RMZ would comprise 8% of the watershed area. This calculation was performed for each RMZ allocation method and regional averages of percent watershed areas were calculated.






3. Results


3.1. Drainage Density


Drainage densities in study watersheds ranged between 0.49 km km−2 (0.30 miles miles−2) in South Carolina and 5.08 km km−2 (3.16 miles miles−2) in California (Table 1). The highest drainage density of 5.08 km km−2 was recorded in a watershed within the Mendocino National Forest in California, while the lowest drainage densities (0.49–0.61 km km−2) were located in woody wetland watersheds within the Hiawatha National Forest in Michigan and Marion National Forest in South Carolina. Between 61% and 96% of the stream networks within the study, watersheds were made up of headwater streams (Table 1).




3.2. Functional RMZ Width Differences across States


The nonparametric factorial ANOVA test revealed that the functional RMZ widths varied significantly across states (p < 0.001) and stream orders (p = 0.0014). In watersheds in states such as Arizona and Washington, functional RMZ widths were over 100 m (328.08 ft.) along both stream orders, with median functional buffer widths greater than 50 m (164.04 ft.). Study watersheds in states such as Minnesota and Wisconsin had functional RMZ widths extending less than 50 m (164.04 ft.), with median functional buffer widths of less than 25 m (82.02 ft.) (Figure 4).



The ANOVA test for the assessment of hill slope width provided a topographic comparison of stream hill slopes across the study watersheds within states. Significant differences in delineated hill slopes existed across states (p < 0.001). The hill slope width was greatest along streams in the study watersheds of Arizona, Washington, Idaho, West Virginia, Wyoming, and California. For instance, along second-order streams in study watersheds of Arizona, the median distance was 50 m and extended up to 100 m. The functional RMZ width along the headwaters of study watersheds within these states was heavily influenced by the hill slope width (Figure 5). Headwater streams in study watersheds of Wisconsin showed no hill slope development, indicating very low topographic relief within sampled watersheds, which is exemplified by the 0 m median hill slope width. The median hill slope width ranged between 0 and 12 m (0–40 ft.) in the study watersheds of Michigan, Minnesota, Mississippi, South Carolina, New York, Oregon, Vermont, and Pennsylvania. The canopy tree height was a strong influence in determining the functional RMZ width along headwater streams of study watersheds within these states (Figure 5).




3.3. State-Specific RMZ Width Differences across States


The land area dedicated to state-specific RMZ widths along headwater streams showed significant differences across states (p < 0.001). There was also a significant difference between the land area between first- and second-order streams as delineated by state-specific RMZ widths across states (p = 0.029), in which second-order streams included more land area than first-order streams within the RMZ. State-specific RMZs allocated more land area along headwater streams in the study watersheds of the Great Lake states, which is exemplified by the study watersheds of Minnesota, where the widest state-specific RMZ widths were documented, extending up to 90 m (295.28 ft.) across the stream, or approximately a 45 m (147.64 ft.) buffer width (Figure 4). Significant differences in land area for state-specific RMZ allocations were also evident between first- and second-order streams in the study watersheds of Oregon and Wisconsin, in which the RMZ delineated more land area along second-order streams than first-order streams. Conversely, in the study watersheds of West Virginia, state-specific RMZs delineated more land area along first-order streams than second-order streams (Figure 4).




3.4. Comparison of Land Area Allocation between a Functional RMZ and a State-Specific RMZ


There was a significant difference in land area allocations between a functional RMZ and a state-specific RMZ between states (p < 0.0001). First- and second-order streams in the study watersheds of Minnesota and second-order streams in the study watersheds of Wisconsin are allocated more land area using state-specific RMZs when compared to a functional RMZ. The median deviation of the RMZ width was over 14 m (45.93 ft.) for second-order streams in the study watersheds of Wisconsin, while in the study watersheds of Minnesota the deviations were over 25 m (82.02 ft.) for both stream orders (Figure 4). The median functional RMZ width and state-specific RMZ width delineated along headwater streams in the study watersheds of Michigan were comparable to each other, showing deviations of only 5 m (16.40 ft.) (Figure 4). Functional RMZ widths in the study watersheds of Arizona and Idaho allocated over 75 m (246.06 ft.) and the study watersheds of Oregon, Pennsylvania, and Washington allocated over 50 m (164.04 m) across headwater streams than their respective state-specific RMZ widths.




3.5. Riparian Buffer Areas in Watersheds


When comparing the USFS functional method with state-specific guidelines, the functional method allocated more area as riparian in all regions except for the study watersheds of the Great Lakes states of Michigan, Minnesota, and Wisconsin, where average state-specific RMZ widths were wider in the study watersheds of Minnesota and Wisconsin and only slightly more in Michigan. Functional RMZs made up between 2% and 31% of the watershed area, whereas state-specific RMZs occupied between 1% and 23% of the watershed area within the study watersheds (Table 1). Overall, the highest percent watershed area delineated was 31% in the North Fork Creek watershed within the Mendocino National Forest in California, while the lowest percent watershed area was 1% in the forested wetlands in South Carolina and the Hiawatha National Forest in Michigan. In the study watersheds of Washington, California, Arizona, Oregon, Mississippi, Idaho, West Virginia, Michigan, New York, and Vermont ≥10% of the watershed was made up of functional RMZs, whereas state-specific RMZs only exceeded 10% of the watershed area in the study watersheds of Michigan (11%), Washington (18%), and California (23%).





4. Discussion


This study investigated and contrasted riparian buffer delineation techniques on headwater streams across 17 timber producing states of the contiguous U.S. The USFS functional riparian buffer method [24] that incorporates local topography and regional forest structure was compared with riparian buffers defined using state-specific regulations or voluntary guidelines. The functional RMZ is delineated based on near-stream topography and forest structure and is designed to encompass the zone of greatest efficacy for riparian functions such as stream shading, streambank integrity, pollutant filtering, and large wood and organic material contributions to the aquatic ecosystem [2,25,26,41]. This functional approach incorporates stream channel topography, including adjacent hill slopes that are easily erodible, to ensure bank stability. With an additional canopy tree height, laterally extending from the stream, it seeks to incorporate functions of, but not limited to shade, stream temperature regulation, allochthonous inputs of fine and coarse woody debris, and wildlife habitat [9,25,26].



Assigning the “just right” RMZ is an important management decision considering the high density of first- and second-order streams in working forested landscapes, and consequentially the potentially large area of forest land that would be precluded from land management activities. The practice of delineating the RMZ needs to strike a balance, neither undermining riparian protection nor creating an inordinate economic burden to the landowner.



4.1. State-Wide Differences in Functional RMZ Delineations


The functional RMZ delineation identifies hill slope width along the lateral widths of a stream, which varies between states. This buffer allocation method also accounts for the vertical forest structure adjacent to streams. It should also be noted that these sampled watersheds are not representative of the topography of those states and that terrain characteristics may be watershed specific. The median hill slope width was ≥22 m (72.18 ft.) in study watersheds located in states such as Arizona, Idaho, Washington, West Virginia, Wyoming, and California, and this was reflected by the wider functional RMZ widths for these states. Similarly, study watersheds in Oregon also displayed a wide functional riparian width along headwater streams, which was influenced to a large degree by the average canopy tree heights of the Douglas-fir forest types. The study watersheds in Northeastern and Southeastern states were comparable to each other with moderate hill slope widths (0–12 m (0–39.37 ft.)), except in the West Virginia study catchments where wide hill slope widths were observed in the mountainous Monongahela National Forest. The study watersheds in the Great Lakes states of Minnesota and Michigan also displayed moderate hill slope widths along first- and second-order streams. Headwater streams in the study watersheds of Wisconsin displayed no hill slope development, indicating that the functional RMZ within its watersheds was determined only by its average canopy tree height of roughly 20 m (65.62 ft). Thus, this variable-width RMZ reflects both the topography around the streams through the hill slope development and forest structural characteristics through the average canopy tree height.




4.2. Comparing State Prescribed RMZs with Functional RMZs


Comparisons between the state-specific RMZs and functional RMZs revealed that in the study watershed of Michigan, the combined topography and forest structure represented by the functional RMZ are reflected in their state-specific RMZ prescriptions. The Great Lake states of Michigan and Minnesota, along with the southeastern state of West Virginia, allocated the widest buffers around headwater streams in their state-specific prescriptions, whereas states such as Arkansas, Arizona, Idaho, Mississippi, Pennsylvania, and Oregon prescribed the narrowest buffers compared to other states. When comparing these state-specific RMZs to their functional RMZ counterparts, functionally defined buffers in the study watersheds of Minnesota comprised less land area than if they were delineated using state-prescribed guidelines, whereas the study watersheds in states such as Arizona, Idaho, and Oregon would require more riparian land area protected using the functional allocation approach compared to existing state guidelines.



Numerous synthesis studies of riparian buffer efficacy have noted that the influence on buffer functions such as pollutant filtration and in-stream temperature mitigation is sensitive to buffer width. In a meta-data analysis of a riparian efficacy study by [9], riparian buffers between 10 and 30 m (32.81–98.43 ft.) trapped sediment with an efficiency of between 65% and 85%. Thus, this is a useful standard by which to compare state buffer prescriptions. Groom et al. [42] reported for first- to third-order streams within the Coastal Range Forests of Oregon that RMZs with 15.24–21.34 m (50–70 ft.) of buffer width registered an average increase of 0.7 °C in maximum stream temperature between pre- and post-harvest periods, compared with no change for wider buffer widths ranging from 30.48 to 53.34 m (100–175 ft.). Changes in stream temperature can have significant impacts on trout habitat [43] and increases in sedimentation can have adverse impacts on aquatic habitat for both macro and micro invertebrate communities [44,45]. In this context, the state-specific RMZ prescriptions for Arizona, Idaho, and Mississippi are ≤10 m (32.81 ft.), which may not properly buffer sediment runoff or increased temperatures from forest operations within these watersheds. Given that the study watersheds within Arizona and Idaho displayed high topographic relief with wide hill slope widths, riparian buffers required to regulate sedimentation in this context may exceed 30 m (~100 ft.) in watersheds with similar topography. Similarly, in the study watersheds of Washington and Oregon, state-specific guidelines define fixed-width RMZs for non-fish-bearing streams that are ≤15 m (50 ft.). Because headwater streams in the steep and mountainous Pacific Northwest region typically have wide hill slope widths, particularly in Washington, the state-specific RMZ prescriptions for these states do not account for the key elements used in functional RMZ delineations to protect water quality and ecosystem integrity.



Functional RMZs delineated from topography and forest characteristics usually result in RMZs that exceed buffer prescriptions commonly used in the U.S., whether defined as fixed or variable width buffers in their state BMP guides. Such is the case in this study for most states, except for study watersheds in the Great Lakes states, characterized by low topographic relief. Forested watersheds with similar topography and forest structure as represented by the study watersheds in the Great Lakes states will likely experience opportunity costs due to state-specific guidelines that define riparian buffers greater than those identified by a functional RMZ. However, in watersheds where state-specific RMZs fail to capture wide hill slope widths on steeper landscapes (ex: West and Pacific Northwest watersheds), they should ensure that riparian buffers incorporate full hill slope widths where the soil is more susceptible to erodibility.




4.3. Proportion of RMZs in Watersheds


Headwater streams dominated channel networks by their cumulative stream lengths in all watersheds. They represented between 61% and 96% of entire stream networks across the study watersheds. The study watersheds in California, Washington, Michigan, Oregon, New York, and Arizona recorded some of the highest watershed stream densities in the study with an average range between 1.99 and 3.84 km km−2 (1.24–2.39 miles miles−2) while the study watersheds in Great Lakes states recorded some of the lowest average watershed drainage densities that ranged between 1.05 and 1.07 km km−2 (0.65–0.66 miles miles−2). These values are consistent with other studies from these regions [46,47,48,49,50].



High drainage densities within watersheds are generally correlated with areas of high topographic relief [47]. The study watersheds in Arizona, Washington, and California displayed wide hill slope widths with high slope gradients as well as high drainage densities. High surface flow rates in high drainage density watersheds with steep slopes could make land adjacent to streams more susceptible to erosion [51]. Wider buffer widths may allow for more infiltration time in these areas and reduce the risk of erosion. Therefore, a functional RMZ that identified wide lateral slope widths of headwater streams may be more appropriate for streams in these watersheds.



Headwater RMZs in the study watersheds of Washington, California, Arizona, and Oregon accounted for the highest proportions of watersheds. This might be due to the high drainage densities, topographic relief, and wider hill slopes observed within these watersheds. Functional RMZs resulted in the largest proportion of land delineated as riparian in comparison to state-specific RMZs in all regions except in the study watersheds in the Great Lakes states. This was due to the low drainage densities, lack of topographic relief, and little to no hill slope development. Lippke et al. [52] estimated that 14.8% of commercial forest land in western Washington would fall within a riparian buffer of 45.72 m (150 ft.) for fish-bearing streams (classes I to III), 30.48 m (100 ft.) for class IV streams, and 15.24 m (50 ft.) for class V streams. These buffer parameters reflected state-specific RMZ prescriptions during the time of this research. When extrapolated to represent all headwater streams, the percent acreage of riparian areas represented approximately 11% of the commercial forest. Our study recorded an average area of 12% delineated for state-prescribed RMZs along headwaters for the study watersheds in the Olympic Peninsula in Washington. In a study conducted across the USDA Crossett Experimental Forest, University of Arkansas Forest, Ouachita National Forest, and Ozark National Forest, Kluender et al. [53] reported an average of 6.3% of forestland dedicated to all streams with a 20.12 m (66 ft.) fixed-width buffer. If extrapolated to the percent of headwater streams represented by both functional and state-specific RMZ delineation, the study watersheds in Arkansas dedicated approximately 5.8% of forestland to RMZs along headwaters.



Drainage density plays a key role in determining the proportion of the forestland delineated as RMZs in addition to the buffer allocation method used. As drainage densities within a watershed increase, the percent acreage of RMZs increases proportionately. Headwater streams tend to be under-represented by current NHD layers within forested watersheds where their actual densities may be higher than those represented by hydrographic datasets [4,5,6] and vice-versa. Field verification is therefore required and recommended when mapping headwater streams within working forests for management as this can have a significant impact on costs for allocating RMZs regardless of the buffer allocation method used.




4.4. Implications for Forest Managers


RMZs are an integral part of forestry BMPs for controlling sediment runoff and protecting other riparian values during and after forest operations. As accessibility and resolution of DETMs rapidly increase, the delineation and adaptation of variable-width buffers that consider topography is becoming easier to implement on any given forest landscape. Riparian delineation tools used for this research (‘Ridge Finder’) as well as the RBDMv6x Tool developed by Abood et al. [54] may be used for allocating variable width buffers such as the USFS functional riparian method. Regardless of whether RMZs are regulated or voluntary, it is important to define buffers around headwater streams to protect and preserve the integrity of aquatic and riparian ecosystems. As this study reveals, the percentage of the area designated as riparian areas along headwater streams can range from as low as 1.5% to nearly 25%. Jayasuriya et al. [50] estimated that riparian areas in the Catskill region of New York represented a stumpage value for northern hardwoods of over USD 3707 ha−1 (USD 1500 ac−1). They reported that if RMZ harvesting restrictions limited removals to 1MBF ac−1, the opportunity cost of allocating RMZs along headwater streams accounted for 7% of the total timber revenue for that timberland. Lakel et al. [55] recorded values from as little as USD 135 ha−1 (USD 55 ac−1) to USD 3128 ha−1 (USD 1266 ac−1) for stands that were mainly composed of loblolly pine and white oak in an efficacy study estimating the minimum riparian width along first-order streams in watersheds of the Piedmont Plateau in Virginia. Considering differences in forest cover types across the various states in this study, the RMZ can hold a substantial amount of valuable timber [50,55,56,57]. Thus, partial harvesting management options such as single tree selection, without compromising riparian functions, can be allowed within RMZs to decrease the cost of allocating riparian buffers along headwater streams.




4.5. Study Limitations


The sampled watersheds included in this study were limited to public lands and, furthermore, only provide a fraction of the topography seen within a state and may not represent the topographic range seen across working forests within those states. Therefore, further research on terrain analysis that includes more watersheds distributed across a state is required to facilitate policy decisions related to revising or amending state-specific RMZ guidelines. In addition, the increasing attention received for ‘tailored riparian area protection’ highlights the importance of investigating other riparian functions in addition to water quality protection, such as (but not limited to) biogeochemical cycling, groundwater recharge, biomass accumulation, and wildlife habitat—all of which could influence RMZ guidelines.





5. Conclusions


Headwater streams dominate channel networks, comprising between 61% and 96% of the entire stream networks in all watersheds examined in this study. The high density of headwater streams within working forests poses challenges to forest managers seeking to conduct financially viable timber operations while simultaneously protecting riparian and aquatic ecosystem functions. At high stream densities, delineating the “just right” riparian buffer around headwater streams becomes a consequential management decision due to the risks of overestimating or underestimating appropriate riparian areas using different buffer allocation methods. If forest managers choose to use functional RMZ guidelines, they should expect topography and forest structure to strongly influence the RMZ area.
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Figure 1. Decision tree for delineating a “functional”-based riparian area [24]. 
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Figure 2. Locations of selected watersheds within the contiguous United States. 
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Figure 3. Illustration of a cross section of a function RMZ along a headwater stream. The functional buffer width is the sum of the hill slope width and the average canopy tree height. In the absence of a hill slope development, the functional buffer width is represented by the average canopy tree height. 
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Figure 4. Riparian Management Zone (RMZ) widths of headwater streams across states in the U.S. This bar plot represents the average RMZ widths along first- and second-order streams for RMZs delineated using the USFS functional approach and state-specific RMZ guidelines or rules. 
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Figure 5. Relationship between the average canopy tree height and average hill slope along headwater streams of the study watersheds within 17 states. The diagonal reference line helps identify the variable that drives the width of a functional RMZ. The standard error (+/−) for each variable is represented by the error bars on the x and y axis. 
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Table 1. Statistics of sampled watersheds.
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State

	
ID

	
Watershed Location

	
Avg. Dominant/Co-dominant Tree Height (m)

	
Drainage Density of Headwater Streams (km km−2) 1

	
Avg. Headwater Stream Network Percentage (%) 2

	
Percent Watershed Area (%)




	
Functional

	
State RMZ






	
Arizona (AZ)

	
Lookout Lakes

	
Kaibab National Forest

	
17.4

	
1.66

	
70

	
13

	
2




	
Moquitch Canyon

	
17.4

	
2.31

	
71

	
21

	
3




	
Arkansas (AR)

	
Dardanelle

	
Mount Magazine State Park

	
18.3

	
1.68

	
80

	
8

	
3




	
Ouachita

	
Ozark National Forest

	
21.6

	
1.41

	
80

	
9

	
3




	
California (CA)

	
North Fork Creek

	
Mendocino National Forest

	
21.6

	
5.08

	
76

	
31

	
23




	
Smith Neck Creek

	
Tahoe National Forest

	
16.5

	
2.59

	
70

	
17

	
8




	
Idaho (ID) (lower)

	
Granite Creek

	
Boise National Forest

	
19.8

	
1.36

	
73

	
9

	
2




	
Minneha Creek

	
19.8

	
1.45

	
84

	
15

	
2




	
Michigan (MI)

	
Hiawatha

	
Hiawatha National Forest

	
20.1

	
0.54

	
70

	
2

	
2




	
Ottawa

	
Ottawa National Forest

	
21.6

	
2.61

	
77

	
11

	
11




	
Minnesota (MN)

	
Burnside

	
Burnside State Forest

	
16.5

	
1.23

	
74

	
4

	
6




	
Superior

	
Superior State Forest

	
17.1

	
0.86

	
61

	
2

	
5




	
Mississippi (MS)

	
Sugar-Coffee Bogue

	
Bienville National Forest

	
30.5

	
2.14

	
77

	
11

	
3




	
Rocky Branch

	
Homochitto National Forest

	
23.9

	
3.27

	
72

	
15

	
4




	
New Hampshire (NH)

	
WM1

	
White Mountains National Forest

	
13.1

	
1.35

	
79

	
6

	
5




	
WM2

	
18.9

	
1.42

	
77

	
8

	
5




	
New York (NY)

	
Huntington Wildlife Forest

	
Adirondacks

	
23.5

	
1.64

	
80

	
7

	
4




	
Frost Valley

	
Catskills

	
23.5

	
2.43

	
73

	
10

	
6




	
Oregon (OR)

	
South Fork Cow Creek

	
Rouge River National Forest

	
32

	
2.49

	
73

	
16

	
3




	
Thunder Creek

	
Umpqua National Forest

	
28

	
1.98

	
78

	
12

	
3




	
Pennsylvania (PA)

	
Farnsworth

	
Alleghany National Forest

	
24.1

	
1.27

	
68

	
8

	
2




	
Salmon Creek

	
25.6

	
1.42

	
74

	
7

	
2




	
South Carolina (SC)

	
Echaw Creek

	
Marion National Forest

	
19.8

	
0.49

	
96

	
2

	
1




	
Wedboo Creek

	
21

	
0.61

	
85

	
3

	
2




	
Vermont (VT)

	
GM1

	
Green Mountains National Forest

	
16.2

	
1.75

	
78

	
10

	
8




	
GM2

	
17.4

	
1.63

	
74

	
5

	
5




	
Washington (WA)

	
Quilcene River

	
Olympic National Forest

	
25.3

	
2.46

	
76

	
22

	
6




	
Skokomish River

	
21.6

	
3.17

	
74

	
28

	
18




	
West Virginia (WV)

	
Pocahontas

	
Monongahela National Forest

	
23.8

	
1.55

	
74

	
12

	
6




	
Pendleton

	
19.2

	
1.34

	
65

	
8

	
5




	
Wisconsin (WI)

	
Taylor County WS

	
Chequamegon-Nicolet National Forest

	
20.7

	
1.09

	
76

	
3

	
4




	
Price County WS

	
18.9

	
1.05

	
76

	
3

	
3




	
Wyoming (WY)

	
Fish Creek

	
Teton National Forest

	
16.5

	
1.39

	
81

	
9

	
5








1 Drainage density is the ratio of the summed stream lengths within a catchment divided by the total catchment area. 2 Headwater stream network percentage is the ratio of summed headwater (first- and second-order) stream length to the total stream length within a catchment.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  forests-13-01509


  
    		
      forests-13-01509
    


  




  





media/file8.jpg
Hill slope width (m)






media/file6.jpg
i





media/file1.png
Defining Riparian Areas Along Streams

|

Floodplain & terrace slopes are identifiable

|

The riparian area consists of:
- The stream
- The floodplain
- The terrace slopes adjacent to the
floodplain
- One tree length on top of each terrace

'

Either floodplain or terrace slopes not identifiable

|
' '

Slopes < 5% adjacent to Slopes > 5 % adjacent to
stream or floodplain stream or floodplain
| - The stream
l l - The terrace slope to its
top

Streams < 10 ft. wide Streams > 10 ft. wide - One tree length beyond
at bankfull at bankfull slope top

- The stream - The stream

- One tree length - 10 x bankfull

on each side of width, each side

stream





media/file7.png
(w) yaipim ZNY

State

I State-specific Guideline

i Functional Approach





media/file9.png
Canopy tree height (m)

401

301 —$—
OR
MS+
AT
Y
NY wat
WV
+
20- Sce = 1 ol
wi® . cal
-.VT .t e
MN i * —.WL A7
NEI %
10+
0 _
0 10 20 30 40 50 60

Hill slope width (m)






media/file5.png
-— RMZ width

4— Buffer width —»

ke 0
(ﬁm e

Canopy tree height

Hill slope width

Stream





media/file3.png
; 5

ID Watershed
1T WM2

2 Wit

3 GM1

4 GM2

5 Huntington
6 Frost Valley
7 Farnsworth
8 Salmon Creek
9 Hiawatha

10 Ottawa

11 Price

ID Watershed
12 Taylor

13 Superior

14 Burnside

15 Pendleton

16 Poahontas

17 Echaw Creek
18 Wedboo Creek
19 Sugar-Coffee Bogue
20 Rocky Branch

21 Quachita

22 Dardanelle

ID Watershed
23 Fish Creek

24 Granite Creek
25 Minneha Creek
26 Moquitc Canyon
27 Lookout Lakes
28 Smith Neck Creek
29 North Fork Creek
30 Thunder Creek
31 South Fork

32 Quilcene River
33 Skokomish River

@ Watersheds
I States sampled L4 4

1,000 Kilometers
|






media/file4.jpg





media/file0.jpg
Defining Riparian Areas Along Streams

T

et stopes e idenifable

4

Thesipaian e consss o
The Roodplsin
Th temace dopes adsnt o the
Hondplan
Onetoe et o top o xch e

Bendp

v or i

——

Stoeams I0M wide Steame > 100 wide

The rcam Thestresm
One e et 10" kil
pigiesrn i cxch

The st
ristensy






media/file2.jpg





