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Research Impact Statement

Conservation of forested areas in the U.S. Midwest can be effective in reducing stream nutrient concentrations within agriculturally
dominated watersheds.

1 | INTRODUCTION

Anthropogenic impacts on freshwater environments are a major concern for states that comprise the Great Lakes region of the U.S. Midwest,
especially as agricultural production continues to lead to severe water quality degradation (Falcone et al., 2018; Giri & Qiu, 2016; Renwick
et al., 2018). Nonpoint source pollutants, including from cropland runoff, are widespread across U.S. Midwestern landscapes, making them dif-
ficult to track and regulate (Mello et al., 2018). Excessive nutrient inputs can result in eutrophication, which can lead to increased algal growth,
anoxic zones, and the release of toxins (Carpenter et al., 1998; Dodds & Smith, 2016). Prior to colonization and widespread anthropogenic
land conversion of the U.S. Midwest and subsequent declines in water quality, these landscapes primarily consisted of forests or grasslands.
Remaining undeveloped land areas within agriculturally dominated watersheds may result in nutrient reductions within stream environments.

Many previous studies have shown the important role that land use has on stream nutrient dynamics. Generally, agricultural land cover is
associated with higher phosphorus and nitrogen concentrations and loads (Carpenter et al., 1998; Nielsen et al., 2012; Ostrofsky et al., 2018).
Forest cover and riparian zones, in contrast, have been shown to improve water quality through phosphorus and nitrogen removal (Lefebvre
etal.,2005; Lowrance et al., 1997; Ostrofsky et al., 2018; Peterjohn & Correll, 1984; Webber et al., 2003; Weigelhofer et al., 2018). Furthermore,
forest cover is one of the most important land cover types to preserve water quality in low order streams (Mello et al., 2018). However, due
to extensive forest loss throughout the agricultural U.S. Midwest, most previous studies are limited to a focus on the effects of relatively thin
riparian buffer strips (e.g., almost always <100 m and often <20m) rather than more substantial forested areas (Bosompemaa et al., 2021; Lee
et al., 2004). Larger forested areas may be more effective at removing nutrients as small riparian buffers are often ineffective at improving
water quality in agricultural watersheds (e.g., Grudzinski et al., 2020).

In some areas, hydrogeological setting within a riparian zone may have a more significant impact on water quality than riparian buffer
properties (Hill, 2017; Vidon & Smith, 2007). Fluctuations of hydrological characteristics may also drive changes in stream nutrient levels. For
example, increases in precipitation and surface runoff can increase stream discharge and groundwater exchange rates (Arntzen et al., 2006;
Shrestha & Kazama, 2007; Vega et al., 1998). Nutrient flux from the watershed can also increase as streamflow increases from higher rates of
overland flow during storm events (Petry et al., 2002). Sediment mobilization from runoff may release additional sediment-bound nutrients
particularly phosphorus into the water column (Wallbrink et al., 2003). High flows decrease water residence time in fluvial systems due to
increased water velocity (Rech et al., 2018; Withers & Jarvie, 2008), while nutrient uptake by vegetation and stream algae can increase during
periods of low flow and high water residence time (Bernot et al., 2006; Chen et al., 2010; Jansson et al., 1994; Royer et al., 2004). In the U.S.
Midwest, land cover and stream hydrology may have variable impacts on nutrient concentrations. For example, in one study, both agricultural
land cover and stormflow discharge were found to be significant drivers of total nitrogen (TN), orthophosphate (POi‘ -P), and total phosphorus
(TP) concentrations, but stormflow discharge was not a significant driver of nitrate (NOj - N) concentrations (Lazar et al., 2019). Nitrate con-
centrations may be more heavily influenced by streamflow associated with seasonal changes rather than storm pulses (Kalkhoff et al., 2016).
Phosphorus concentrations may also remain more consistent than nitrogen concentrations through seasonal changes in streamflow but have
been shown to be more sensitive to larger storm events (Kalkhoff et al., 2016; Vanni et al., 2001). Therefore, peaks in phosphorus input may
be higher during months with the greatest precipitation.

In addition to land use and stream hydrology, seasonal changes in vegetation cover can also influence water quality (Griffith et al., 2002).
Within a forested riparian buffer, vegetation condition or “greenness” is often quantified using the Normalized Difference Vegetation Index
(NDVI), derived from satellite remote sensing. Vegetation growth, photosynthetic capacity, and greenness are typically highly correlated with
NDVI (Griffith et al., 2002; Robinson et al., 2017; Zhu et al., 2015). NDVI has previously been shown to be more correlated with water qual-
ity parameters than actual land cover and land use (Griffith et al., 2002). Early growing season NDVI, which is also referred to as the onset
of greenness, can be a strong predictor of water quality parameters (Griffith et al., 2002). Previous studies in regions with seasonality have
found sub-basin NDVI to be a significant factor in predicting nonpoint source nutrient loading (Oki & Yasuoka, 2008; Ouyang et al., 2009).
Additionally, the utilization of riparian buffers with high NDVI adjacent to farmlands was found to be an effective management strategy for
reducing nonpoint source nutrients (Ouyang et al., 2009). Increased TN and TP input in the spring and summer can also increase hydrophyte
growth and consequently increase vegetation index values as well as nutrient uptake (Chen et al., 2010; Zhu et al., 2015).

Channel morphology and stream size may also impact stream nutrient dynamics. Larger streams have a higher water volume to creek
bed ratio than smaller streams (Alexander et al., 2000; Royer et al., 2004). This relationship results in less nitrogen and phosphorus exchange
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with the creek bed and therefore, potentially, a decreased reduction in nutrients within the water column (Alexander et al., 2000; Bernot &
Dodds, 2005; Withers & Jarvie, 2008). Low order streams are also expected to have a shallower depth, which increases light penetration. With
increased light penetration primary production rates and nutrient uptake may increase (Withers & Jarvie, 2008). Increased channel complex-
ity and sinuosity can also increase flow paths, hyporheic exchange, transient storage, and residence time (Covino, 2017; Roley et al., 2012).
Streams with a more complex morphology may yield the highest denitrification rates (Alexander et al., 2000; Bernot & Dodds, 2005; Opdyke
et al., 2006). Studies have shown that riffles with coarse sediment may have lower denitrification rates than storage zones such as pools with
finer sediment, higher organic matter concentrations, and increased residence time (Hill et al., 1998; Opdyke et al., 2006). Pools may also pro-
vide short term retention of phosphorus due to sorption by sediment, while long term retention may be a result of biological uptake; however,
retention is limited by transport during storm events and high flows (Meals et al., 1999; Withers & Jarvie, 2008). Therefore, channel morphol-
ogy may have less of an influence on phosphorus retention in comparison to hydrology and biochemical processes associated with phosphorus
uptake (Bernot & Dodds, 2005; Withers & Jarvie, 2008).

Currently, research that examines how various stream types (e.g., size, morphology, and hydrology) can impact water quality within pre-
served temperate forested parks located in otherwise agricultural watersheds is lacking. Additionally, studies that examine nutrient removal
within forested streams are largely based on short term nutrient additions which can alter natural nutrient uptake processes. Thus, the primary
goal of this study was to determine if a forested landscape, contained within a state park, can provide water quality improvements within an
agriculturally dominated watershed in southwest Ohio. The secondary goal of this study was to identify additional factors that may influence
spatial changes (upstream vs. downstream) in nutrient concentrations within a forested area.

1.1 | Primary research question
Does a forested state park impact nitrogen and phosphorus concentrations in an agriculturally dominated watershed in Southwest Ohio?

Hypothesis I. All nutrient concentrations (TN, NO3 -N, TP, POi‘ -P) will decrease within the forested state park.

1.2 | Secondary research question
Do discharge, vegetation condition (NDVI), or stream characteristics impact changes in nutrient concentrations within the forested state park?

Hypothesisl. Anincrease in discharge and lower water residence time will result in a decrease in nutrient reduction within the

state park due to lower potential for nutrient uptake, nutrient deposition, and denitrification.

Hypothesis Il. An increase in NDVI will be associated with a greater decrease in all nutrient concentrations due to increased
uptake by vegetation.

2 | METHODS
2.1 | Studyarea

This study was completed within the Four Mile Creek Watershed, which is located on the border of Southwest Ohio and Southeast Indiana,
U.S., and is part of the greater Great Miami River watershed (Figure 1; Figure S1). The four creeks sampled for water quality were Four Mile
Creek, Little Four Mile Creek, Marshall's Branch, and Deer's Ear (Deer's Ear is an unofficial colloquial name). All four study creeks drain into
the northern portion of Acton Lake, within Hueston Woods State Park. Each creek had two sampling locations: one located at the northern
park boundary of the state park with farmland and another located downstream within the state park prior to each of the creeks flowing into
Acton Lake or where lake water backs up into a creek from the lake and thus flow ceases (Figure 1). The watershed is dominated by corn and
soybean production, but a variety of sustainable agricultural practices have been put in place to manage nutrient and sediment runoff (Kelly
etal., 2019; Renwick et al., 2018; Figure S1). Despite these efforts, the creeks and lake within the watershed remain subject to eutrophication.

The geologic units present within the study area include Ordovician bedrock, glacial till, and glacial outwash. The bedrock is mostly lithified
limestone or unlithified shale and is mostly overlain by Wisconsin glacial till. Creeks primarily consist of step-pool and pool-riffle geomorphol-
ogy (Rech et al., 2018), however, the creeks have variable underlying geology, including median creek bed sediment particle size, bedrock
exposure, and overall channel morphology (Table 1). Four Mile Creek has the largest total watershed drainage area and average channel area,
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FIGURE 1 Sampling was completed on the four main creeks that drain into Acton Lake: Four Mile Creek, Little Four Mile Creek,
Marshall's Branch, and Deer's Ear. Each creek had a sampling location at the park boundary and a point downstream before water enters the
lake or where the lake seasonally backs up into the stream channel during periods of high lake levels.

TABLE 1 The total drainage basin area (km?) was measured in ArcGIS Pro 2.7.2 following watershed delineation. The discharge (m®/s) and
pool volume (m®) were measured in the field during baseflow conditions during October 2020. Residence time (RT) is a function of discharge
(Q) and pool volume (V) and is calculated as RT=V/Q. The average channel width and depth were also measured in the field during baseflow
conditions in December 2020. The average channel area (m?) was calculated by multiplying each cross section width by average depth.
Creek bed sediment surveys were completed in October 2020 utilizing a Wolman pebble count.

Watershed characteristics and stream morphology

Parameter Four Mile Creek Little Four Mile Creek Marshall's Branch Deer's Ear
Total drainage basin area (km?) 134.36 83.60 14.33 10.88
Percent of basin area within park (%) 0.39 0.62 991 5.71
Total pool volume in study area (ms) 1198.40 1033.50 908.27 34712
Discharge (m°/s) 0.51 0.28 0.047 0.051
Baseflow RT (min) 39.54 64.09 323.41 113.19
Distance between sampling points (m) 398.72 1361.80 1180.36 975.16
Average width (m) 18.36 17.48 12.25 9.09
Average depth (m) 0.62 0.63 0.48 0.42
Average channel area (m?) 11.43 11.06 6.08 4.20
Average width: depth 29.50 27.63 27.03 23.36
D-16 (mm) creek bed particle size 4.85 45.00 22.50 16.00
D-50 (mm) creek bed particle size 22.50 128.00 60.00 60.00
D-84 (mm) creek bed particle size 128.00 Bedrock 128.00 90.00

followed by Little Four Mile Creek, Marshall's Branch, and Deer's Ear. Marshall's Branch and Deer's Ear have the largest proportion of their
overall watershed areas within the forested state park (Table 1). Four Mile Creek is the widest, while Marshall's Branch is the deepest creek
within the state park. Four Mile Creek and Little Four Mile Creek have the highest amount of pool volume within the state park and Marshall's
Branch has the longest residence time (Table 1).

In the study area, the wettest months of the year are generally March through July. As temperature reaches its peak at the end of July and
into August, the precipitation begins to decrease. The driest months are August through October and February (Debrewer et al., 2000; Rech
etal.,, 2018). Summer and spring precipitation events tend to be shorter and more intense than those in fall and winter (Debrewer et al., 2000).
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The highest discharges in the creeks are typically observed in March and April and the lowest discharges are typically observed from August
to October. During the study period, stream discharge followed typical seasonal patterns for the study area and storm events occurred across

all seasons (Figure 2).

2.2 | Data collection and analysis
2.21 | Water sampling

There were a total of eight creek surface sampling points (Figure 1), with two surface sampling points on each creek (Four Mile Creek, Little
Four Mile Creek, Marshall's Branch, and Deer's Ear). Water samples were collected approximately every 2weeks from December 2019 to
December 2021 with the exception of a pause from March 8, 2020, to May 22, 2020, due to the beginning of the COVID-19 pandemic along
with August 18, 2020-November 3, 2020, and September 19, 2021-October 24, 2021, due to regular seasonal drying. Additional opportun-
istic sampling was also completed following occasional storm events (Figure 2). Following the initial COVID-19 lockdown, several weekly sam-
ples were collected to account for the pause in sampling. Samples were collected in 4 L bottles and kept on ice until sampling was completed.
A total of 46 sampling days occurred throughout the study period. Water samples were stored in a temperature-controlled room at 4°C until
processing.
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FIGURE 2 Hydrograph for Four Mile Creek with sampling days (top) and precipitation throughout the study period (bottom).
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2.2.2 | Nutrient analysis

All samples were processed within 48 h of collection. The water samples were processed for TN, TP,NO; -N, and POf‘" -P. From each water
sample, one 125mL sub-sample was filtered using a type a/e glass microfiber filter to isolate NO3 -N and POi‘-P present in the sample.
All samples were acidified with 188 pL of sulfuric acid for preservation until analysis. Nitrate was measured using the cadmium reduc-
tion method (QuikChem® 10-107-04-1-A), and POi‘-P was measured using the molybdate blue method (QuikChem® 10-115-01-1-Q).
An unfiltered TN and TP subsample was analyzed following a manual persulfate digestion to convert all the nitrogen and phosphorus
into NO3 -N and POi"—P, respectively. The concentrations of the digested subsamples were then measured using the aforementioned
methodology for NO3 -N and POi" -P analyses. All nutrient analyses were completed using a Lachat QuikChem® 8500 Series Il nutrient

analyzer.

2.2.3 | Hydrological and morphological data

Stream stage (m) was recorded using Onset HOBO® automatic water level loggers, which were installed on Four Mile Creek, Little Four Mile
Creek, and Marshall's Branch within monitoring wells. Stages were converted to discharges with previously created stage-discharge rating
curves for the study area (Kelly et al., 2019; Renwick et al., 2018). For statistical modeling, the stage-discharge value that corresponded with
the time of sampling was utilized. The discharge in Deer's Ear, which is ungauged, was scaled by the relative watershed area of Marshall's
Branch. Marshall's Branch and Deer's Ear are adjacent to one another and are similar in size and thus have similar discharge characteristics.
Water samples were collected during a wide range of hydrologic conditions ranging from 100% baseflow to >99% runoff. In general, low dis-
charge periods contained the highest fractions of baseflow.

Total pool volume (m®) was calculated within the park between the upstream and downstream sampling points for the four study
creeks during baseflow by summing the volume of individual pools. Pool volume was calculated by multiplying the average length (m),
width (m), and depth (m) of each pool within a creek. These morphological parameters were collected using a stadia rod (pool depth)
and a reel tape measure (width and length). During the same day, discharge was measured on each creek to calculate residence time.
Residence time (min) was calculated as pool volume (m®)/stream discharge (m®/s). Riffles were not included in the residence time cal-
culation as the amount of time that water is located within a riffle in the study area is negligible (always <1 min and often less than
10s per riffle, based on visual observation). It is important to note that residence time will vary within each creek under various flow
conditions. However, relative residence time will remain consistent between streams. Streams were at a moderate baseflow when
residence time was calculated for this study. Discharge was measured in the field using the velocity-area method. For the velocity-
area method, velocity and area were measured within each creek using a Flow Tracker 2 Acoustic Doppler Velocimeter (ADV®)
(Herschy, 1998).

Morphological measurements were also taken at cross sections on each creek between sampling points. On Little Four Mile Creek,
Marshall's Branch, and Deer's Ear, a minimum of 10 equidistant cross sections were established, while four cross sections were established
on Four Mile Creek due to the shorter distance between upstream and downstream sampling sites and consistent channel morphology.
Bankfull width (m) was measured from the top of the lower bank to the equivalent elevation on the opposite bank. Depth (m) measurements
were taken along the bankfull width and averaged. The W:D was calculated by dividing the channel width by the average depth. The average
channel area (m) was calculated by multiplying the width by the average depth for each cross section. All width, depth, W:D, and channel area
measurements were then averaged by each creek (Grudzinski & Daniels, 2018; Harrelson et al., 1994). A Wolman pebble count was completed
using a gravelometer to compare creek bed particle size among the different creeks (Wolman, 1954). One hundred substrate samples were
measured (mm along the b-axis) at each cross section within the four creeks. The median D-16 (16th percentile), D-50 (median), and D-84
(84th percentile) particle sizes (mm) for each creek were calculated following the Wolman pebble count method (Grudzinski & Daniels, 2018;
Olson et al., 2005).

2.2.4 | Remote sensing

Vegetation conditions were quantified using the NDVI derived from 10m Sentinel-2 imagery. Image processing was completed within the
Google Earth Engine (GEE) cloud computing platform (Gorelick et al., 2017). NDVI was calculated using red and near-infrared (NIR) wave-
lengths: (NIR-Red)/(NIR+Red) (Reed et al., 1994). Ten-day composites surrounding water sampling dates (five before and five after) were
used to determine vegetation conditions during sampling events and to limit effects of cloud coverage. One-hundred-meter buffer zones
were created around the creeks in QGIS v. 3.16.1 (QGIS Development Team, 2009). We selected a 100m buffer width due to relatively nar-
row floodplains and decreased likelihood of vegetation outside of the 100 m distance to have direct interactions with water within the stream



EFFECTS OF A FORESTED STATE PARK ON STREAM NUTRIENT CONCENTRATIONS IN

AN AGRICULTURALLY DOMINATED WATERSHED IN THE U.S. MIDWEST 857
g s J AW R ALl
X

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

channel (e.g., due to root network extension), while also providing an adequate sample size of 10 m Sentinel-2 pixels to capture vegetation and
not just water and the stream channels. Mean NDVI was calculated within the buffer zones between the boundary sampling point and the

most downstream in-park sampling point using the zonal statistics plugin within QGIS v. 3.16.1.

2.2.5 | Data analysis

All statistical modeling was completed in R v. 4.3.2. A pre-post analysis of covariance (ANCOVA) was used to model the nutrient reduction
within the park (i.e., park effect); essentially a convolution of linear regression and analysis of variance (ANOVA). This technique can best be

understood by considering the equation of a simpler pre-post regression model:
Ypost = Bo + B1Ypre + f2Disharge + f3NDVI.

Here, the “post” nutrient concentration is the downstream sample within the park (see Figure 1), which is a function of the “pre” nutrient
concentration sampled at the park boundary where each creek enters from farmland. The effects of discharge and NDVI are also incorpo-
rated into the model. The “ANOVA” part of the approach allows each g-coefficient to vary by creek (a unique g; for each of the four creeks).
A pre-post ANCOVA is recommended by the United States Environmental Protection Agency (USEPA) to assess changes in water quality as
the result of a treatment in a paired-watershed study design (United States Environmental Protection Agency, 2016). Numerous studies have
utilized this approach to model upstream versus downstream water quality changes (e.g., Bishop et al., 2005; Grabow et al., 1999; Uwimana
etal., 2017).

As a visual analysis, nutrient reductions (mg/L) were calculated as the downstream concentrations minus the upstream concen-
trations. Thus, a negative value indicates a water quality improvement. To statistically assess the impact of the forested state park
on nutrient concentrations, a regression coefficient t-test was used to determine if the nutrient concentrations at each downstream
sampling point were significantly less than the upstream sample concentrations (Cressie & Whitford, 1986), by testing if the g, coeffi-
cient is less than unity. To test for a global park effect in this study, the change in concentration coefficient g; was independent of the
different creeks (i.e., a single g, coefficient is in the model, instead of one for each creek). After testing for a global park effect, Akaike
information criterion, Bayesian information criterion, and adjusted R? values were used to build a more parsimonious model (Burnham &
Anderson, 2004; Johnson & Omland, 2004) which all suggested that the park effect differed within each creek (all suggest a unique g,
for each of the four creeks). Confidence intervals were calculated from the fitted model to examine the influence of the park, discharge,
and NDVI within each creek (Bishop et al., 2005; Chaffin et al., 2018; Nielsen et al., 2012), where an interval on the park coefficient
is significant if it is below the value unity, and discharge and NDVI effects on the downstream measures are significant if the interval
does not include zero. A Bonferroni multiple comparisons correction was used to mitigate type | error from building multiple intervals
(Armstrong, 2014). Channel morphology characteristics were not included in the statistical models as the number of creeks would not
allow for robust analyses on the impact of these variables. Residual analysis was performed to assess model assumptions and test for
the presence of autocorrelation (Fisher & Gallagher, 2012). We found the residuals from the fitted ANCOVA models were approximately
normally distributed and uncorrelated.

3 | RESULTS
3.1 | Total nitrogen

Concentrations of TN over the study period ranged from 0.21 to 11.58 mg/L. Raw upstream and downstream TN concentrations for each
study stream are shown within Figure S2. The ANCOVA and regression coefficient t-test suggest that there was not an overall park effect for
TN reduction (p=0.073). However, the tests indicated that the impact of the park, the impact of discharge, and the impact of NDVI on TN
concentrations varied by creek (p <0.001, p=0.037, and p<0.001, respectively; Table 2; Table S1).

The confidence intervals derived from the model showed that the park significantly reduced TN concentrations within Marshall's Branch
(Cl: 0.74, 0.93, Figure 3a; Table 2). The park did not have a significant impact on TN concentrations within Four Mile Creek, Little Four Mile
Creek, or Deer's Ear. Within Marshall's Branch TN experienced the greatest downstream reductions during low discharges (Cl: 0.023, 2.78;
Figure S3). There were no statistically significant relationships between discharge and TN reductions within Four Mile Creek, Little Four Mile
Creek, or Deer's Ear. Within Marshall's Branch TN experienced the greatest downstream reductions during periods of high NDVI (Cl: -2.54,
-1.05; Figure S4). No significant relationship was detected between NDVI and TN reduction within Four Mile Creek, Little Four Mile Creek,
or Deer's Ear.
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TABLE 2 Model summary statistics of park effect for each of the four creeks. The ﬁvalues correspond to regression coefficients in the
analysis of covariance models—the proportional reduction in nutrient level. 95% confidence intervals were built with a Bonferroni correction
within each nutrient type. Values less than 1 correspond to a reduction in nutrient level (a significant park effect). Significant responses are
highlighted in bold.

p SEE Cl: lower limit Cl: upper limit

TN

Four Mile Creek 1.03 0.027 0.96 1.10

Little Four Mile Creek 0.99 0.020 0.94 1.04

Marshall's Branch 0.83 0.038 0.74 0.93

Deer's Ear 0.98 0.037 0.89 1.07
NO3 -N

Four Mile Creek 1.01 0.018 0.97 1.06

Little Four Mile Creek 1.00 0.013 0.96 1.03

Marshall's Branch 0.90 0.025 0.84 0.96

Deer's Ear 0.94 0.024 0.88 1.00
TP

Four Mile Creek 0.99 0.067 0.82 1.16

Little Four Mile Creek 0.78 0.046 0.66 0.90

Marshall's Branch 0.50 0.047 0.39 0.62

Deer's Ear 0.87 0.12 0.55 1.18
PO -P

Four Mile Creek 1.06 0.0601 0.91 1.21

Little Four Mile Creek 0.97 0.0710 0.79 1.15

Marshall's Branch 0.43 0.0498 0.30 0.55

Deer's Ear -0.0031 0.0473 -0.12 0.12

3.2 | Nitrate

Concentrations of NOj; - N over the study period ranged from 0.019 to 11.60mg/L. Raw upstream and downstream NO}, - N concentrations for
each study stream are shown within Figure S5. The ANCOVA and regression coefficient t-test suggests that there was an overall park effect
forNOj -Nreduction (p=0.016). The ANCOVA model indicated that the influence of the park, the impact of discharge, and the impact of NDVI
on NOj -N concentrations varied by creek (p<0.001, p=0.005, p <0.001, respectively; Table 2; Table S1).

The park significantly reduced NO3 -N within Marshall's Branch and Deer's Ear (Cl: 0.84, 0.96; 0.88, 1.00, respectively; Figure 3b; Table 2).
Within Four Mile Creek and Marshall's Branch NO3 -N experienced the greatest downstream reductions during low discharges (Cl: 0.021,
0.073; 0.084, 0.71, respectively; Figure S6). However, these relationships were largely driven by one sample point during a high flow event.
There was no statistically significant relationship detected between discharge and NOj - N within Little Four Mile Creek or Deer's Ear. Within
Marshall's Branch NOj -N experienced the greatest downstream reductions during periods of high NDVI (Cl: -1.89, -0.86; Figure S7). No sig-
nificant relationship was detected between NDVI and NO3 -N within Four Mile Creek, Little Four Mile Creek, or Deer's Ear.

3.3 | Total phosphorus

Concentrations of TP over the study period ranged from 0.0080 to 0.42mg/L. Raw upstream and downstream TP concentrations for each
study stream are shown within Figure S8. The ANCOVA and regression coefficient t-test suggests that there was an overall park effect for TP
reduction (p<0.001). The results of the ANCOVA indicated that the impact of the park, the impact of discharge, and the impact of NDVI on
TP concentrations varied by creek (p <0.001, p<0.001, p=0.003, respectively; Table 2; Table S1).

The confidence intervals derived from the model showed that the park significantly reduced TP concentrations within Little Four Mile
Creek and Marshall's Branch (Cl: 0.66, 0.90; 0.39, 0.62, respectively; Figure 3c; Table 2). Within Little Four Mile Creek and Marshall's Branch,
TP experienced the greatest downstream reductions during low discharges (Cl: 0.0005, 0.015; 0.12, 0.27, respectively; Figure S9). There were
no statistically significant relationships detected between TP and discharge within Four Mile Creek or Deer's Ear. Within Marshall's Branch TP
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FIGURE 3 Changes in total nitrogen (TN) (a), nitrate (NO3 -N) (b), total phosphorus (TP) (c), and orthophosphate (POi‘ -P) (d) concentration
(mg/L) between study creeks. The “*” indicates a statistically significant reduction within a certain creek.

experienced the greatest downstream reductions during periods of high NDVI (Cl: -0.088, -0.020). No significant relationship was detected
between NDVI and TP in Four Mile Creek, Little Four Mile Creek, or Deer's Ear (Figure S10).

3.4 | Orthophosphate

Concentrations of POi“ -P over the study period ranged from 3.36 to 377 ug/L. Raw upstream and downstream POi" -P concentrations for
each study stream are shown within Figure S11. The ANCOVA and regression coefficient t-test suggests that there was an overall park effect
for POi" - P reduction (p <0.001). The results of the ANCOVA indicated that the influence of the park, the influence of discharge, and the influ-
ence of NDVI on POf" -P concentrations varied by creek (p <0.001, p<0.001, p=0.002, respectively; Table 2; Table S1).

The confidence intervals derived from the model showed that the park significantly reduced POi’-P concentrations within Marshall's
Branch and Deer's Ear (Cl: 0.30, 0.55; -0.12, 0.12, respectively; Figure 3d; Table 2). Within Marshall's Branch and Deer's Ear POi‘-P experi-
enced the greatest downstream reductions during low discharges (Cl: 34.48, 73.89; 74.33, 131.27, respectively; Figure S12). However, these
relationships were largely driven by one sample point during a high flow event. There were no statistically significant relationships detected
between discharge and POi" -P reduction within Four Mile Creek or Little Four Mile Creek. Within Marshall's Branch POZ" -P experienced the
greatest downstream reductions during periods of high NDVI (Cl: -77.87, -17.29). There was no significant relationship between NDVI and
change in PO?{ - P concentration within Four Mile Creek, Little Four Mile Creek, or Deer's Ear (Figure S13).

4 | DISCUSSION

The findings of this study demonstrated that a forested state park can improve water quality by reducing nutrient concentrations within
agriculturally dominated U.S. Midwestern watersheds. These findings are consistent with other studies that have shown reductions in
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nutrients from riparian buffers within agricultural watersheds (Lowrance et al., 1984; Peterjohn & Correll, 1984), yet unique as they reveal
the effects of a larger forested area and the importance of stream characteristics. The results of the statistical models that examined the
influence of the park were primarily driven by reductions in TN, NO3 -N, TP, and POi" -P within the two smallest study creeks (Marshall's
Branch and Deer's Ear). The modest nutrient reductions resulting from the forested state park within the smaller creeks are likely related
to morphological and hydrological characteristics of these creeks along with a greater portion of the overall watershed areas being lo-
cated within the forested state park (Table 1). For example, Marshall's Branch had nearly 10% of its watershed area within the forested
state park, had the longest distance between sampling points, and exhibited consistent improvement across all water quality parameters.
Deer's Ear had the second highest frequency in improved water quality parameters and had over 5% of its overall watershed area within
the state park. Meanwhile, Four Mile Creek and Little Four Mile Creek each had <1% of their watershed areas within the forested state
park and only TP within Little Four Mile Creek showed a statistically significant improvement (Tables 1 and 2). Little Four Mile Creek
which had the longest distance between sampling points, did not show consistent improvements in water quality, indicating that a large
stream distance between sampling points does not by itself drive improvements in water quality. Smaller streams also exhibit a smaller
water volume to stream bed surface area ratio compared to larger streams, which increases the potential for benthic exchange and nutri-
ent removal (Alexander et al., 2000; Bernot & Dodds, 2005; Withers & Jarvie, 2008). Additionally, as stream size increases, denitrification
has been shown to be a less significant mechanism for reductions in nitrogen loads (Bernot & Dodds, 2005). Furthermore, Marshall's
Branch and Deer's Ear have the highest water residence times which provides even more opportunity for nutrients to settle or be taken
up by biota (Hill et al., 1998; Meals et al., 1999; Opdyke et al., 2006; Withers & Jarvie, 2008). Overall, during our study period, the great-
est improvements in water quality occurred during warmer months (May-August). Warmer periods may be more conducive to improving
water quality as streams move through forested areas, due to increased chemical processing, including through instream denitrification
and riparian uptake. However, it is important to note that seasonal changes in water quality may vary year to year due to differences in
hydrologic and weather conditions. Additionally, in our study, seasonal patterns and changes in water quality were not always consistent
across all streams.

It was expected that changes in nutrient concentrations would be impacted by stream discharge (Covino, 2017; Kalkhoff et al., 2016; Kelly
et al., 2019; Lazar et al., 2019; Wallbrink et al., 2003). Discharge was found to be predictive of changes in all nutrient concentrations within
Marshall's Branch and also for NOj - N within Four Mile Creek, TP within Little Four Mile Creek, and POi" -P within Deer's Ear. Due to poten-
tially variable nutrient spiraling lengths, additional forested area and thus longer forested stream lengths may be needed to reduce nutrient
concentrations within larger creeks (Covino, 2017; Doyle, 2005; Ensign & Doyle, 2006). Legacy nutrient deposits within the watershed can
also complicate the relationship between discharge and nutrient concentrations by releasing buried nutrients into the water column (Kreiling
et al., 2019; Kusmer et al., 2018; Van Meter et al., 2018; Weigelhofer et al., 2018).

NDVI was found to be predictive of nutrient reductions only within Marshall's Branch, which also has the greatest residence time (Table 1).
Increased residence time may allow for more efficient nutrient withdrawal via riparian vegetation and denitrification. There are complex rela-
tionships with phosphorus and nitrogen limitation in aquatic ecosystems that examining was outside the scope of this study. For example, algal
and fish communities can have a significant influence on nutrient concentrations in freshwater environments (Andersen et al., 2019; Bernot
etal., 2006; Dodds et al., 2002; Hamilton et al., 2001). Additionally, vegetation can also reach saturation points, which reduces nutrient uptake
capacity (Bernot et al., 2006; Finkler et al., 2018; Schade et al., 2010). Future studies that quantify nutrient transfer from streams into riparian
vegetation across seasons within geomorphologically heterogenous streams would be highly informative.

This study helps to fill a research gap pertaining to the influence of a forested state park on nutrient concentrations within an agricul-
turally dominated watershed, while taking anthropogenic and natural drivers of water quality into consideration. The results of the study
demonstrate the importance of natural area protection and where preservation efforts could be prioritized. The findings of this study
suggest that a forested state park can be effective at reducing nutrient concentrations in fluvial environments that drain agricultural land.
Results indicate that 5%-10% of watershed area may need to be forested to consistently improve water quality. Our results also indicate
that without increased proportions of watersheds (e.g., >10%) within forested land cover, water quality improvements may remain limited
in agricultural landscapes. Additionally, this study highlights the importance of stream morphology when considering which stream charac-
teristics to include in conservation areas if water quality improvements are a goal. Small order streams with a high residence time showed
the greatest improvements in water quality. However, studies outside of this park (and biome) are needed to determine if results from this
study are consistent within other areas.

One of the limitations of this study is the limited size of the state park (~3000 acres or 1200ha). We encourage future studies to examine
larger protected areas to determine how watershed and stream size within a forested area may impact water quality. If larger forested areas
are found to be needed to improve water quality in larger streams (e.g., such as Four Mile Creek), a significant investment may be needed to
convert greater land areas from agricultural land use to forested land cover. If larger areas are not available for conservation purposes, con-
serving smaller forested streams with longer residence times may show the greatest benefit for water quality.

Long-term studies may provide additional insights into trends associated with nutrient concentrations, discharge, and NDVI that may
have been limited by a 2-year study period. Although nutrient concentrations were generally reduced within the forested park, it is currently
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unknown how far downstream the modest nutrient reductions are retained once water drains out of the forested area and back through farm-
land. The results of this study could also vary within different regions of the United States that have adopted different agricultural practices

and exhibit different climates, soils, vegetation patterns, and land use histories.

5 | CONCLUSION

Based on the results of this study, conservation of forested areas within agriculturally dominated watersheds can have a positive impact on
water quality in the U.S. Midwest. The results of this study were primarily driven by nutrient reductions within the smaller streams in this
forested state park. Substantial investments may be needed to conserve adequate watershed areas for water quality to improve, particularly
in larger stream networks. Discharge was a driving factor for changes in nutrient concentrations but impacts varied by site and water quality
parameters. The larger residence times in smaller creeks appear to be beneficial at the scale of this study. NDVI was found to have a significant
impact on water quality within one of four study streams. Stream characteristics related to channel morphology and hydrology should be

considered when planning forest conservation if the objective is to improve local water quality.
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