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ABSTRACT

Storm events are the primary mechanisms of delivering fluvial organic carbon (OC) in both dissolved (DOC) and par-
ticulate (POC) forms but their sources and flow pathways can vary with seasonal land use and weather. Within the low
relief and poorly drained landscapes of a predominantly agricultural watershed in Eastern Iowa, six storm events were
monitored for DOC and POC concentrations over a two hydrological year period in order to investigate the export
mechanisms, landscape connectivity, and hydro-climatological controls of fluvial OC under representative events
and associated management practices. Event-driven dynamics favored POC over DOC, where POC accounted for
54-94 % of total OC export during events, highlighting a sampling-driven bias against POC in the absence of event
monitoring. The disparity between POC and DOC export exhibited a seasonal effect, where the POC:DOC export
ratio was low (1.3-1.7) for October events while June/July events yielded a much higher value (up to a value of
14.7). The relationships between event DOC and POC export, Normalized Difference Vegetation Index of landscapes,
and antecedent wetness conditions suggest a strong interaction or competing influences between vegetation coverage
and runoff-generation threshold. While we recognize the low statistical power of the limited data set (n = 6), the storm
events could be binned into two clusters: a “bare soil” period and a crop “rapid growth” period. Specifically, intra-
storm variations in OC concentration and concentration-discharge (C-Q) hysteresis patterns demonstrated a
seasonally-dependent access to contributing OC sources, which can be viewed as the rapid liberation of DOC during
the “bare soil” period, and a progressive leaching of terrestrial DOC during the “rapid growth” period. Although
high resolution event monitoring of fluvial carbon is rare this work highlights the importance of such efforts to predict
C sourcing and transformation in inland water systems under variable land use and across seasons.
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1. Introduction

Fluvial organic carbon (OC), which exists along a dynamic continuum
of dissolved (DOC) and particulate (POC) forms, is an important, albeit
poorly understood, component of the global carbon cycle (Cole et al.,
2007; Drake et al., 2018). The amount, composition, and reactivity of
DOC and POC within fluvial networks are highly variable in space and
time (Dalzell et al., 2007; Hernes et al., 2008; Wilson and Xenopoulos,
2009; Lambert et al., 2017), and much of this variability comes down to
the interplay among the mechanisms of creation, mobilization, and subse-
quent transport (Battin et al., 2008). Understanding the relative contribu-
tion of POC and DOC in streams and how they vary in response to
hydrological regimes is critical for identifying and modeling the responsible
processes and drivers (Pawson et al., 2012). Specifically, the transport of
soil-derived POC to streams is thought to require a higher transfer energy
threshold than DOC (Jeong et al., 2012; Dhillon and Inamdar, 2014) as
much allochthonous POC must first be detached from soil aggregates
(Hou et al., 2021) and/or entrained from land surface by shear fluid action
(Battin et al., 2008; Hilton et al., 2010). In contrast, DOC creation or liber-
ation and subsequent mobilization to streams is a function of connected sur-
face and subsurafce flow paths that integrate dissolved carbon from sources
including root exudates, microbial metabolites, desorption from soil min-
eral surfaces or soil aggregates, and leaching from litter decay, algae, and
plants, but all susceptible to alteration based on the rates of microbial de-
composition within the flowpath (Sanderman et al., 2009; Inamdar et al.,
2011).

While numerous studies have focused on fluvial OC export at relatively
large temporal intervals of a predetermined frequency, such as seasonal
and/or annual monitoring usually at the watershed outlet (e.g., Dalzell
et al., 2005; Cai et al., 2008; Alvarez-Cobelas et al., 2012), few have re-
ported high-resolution sampling during storm events (e.g., Lambert et al.,
2014; Blair et al., 2021), and even fewer on relationships between event
DOC and POC export across the drainage network (e.g., Dalzell et al.,
2007; Oeurng et al., 2011; Dhillon and Inamdar, 2014). Storm events are
the major driver of hydraulic forcing in a watershed, which can amplify
POC and DOC delivery processes through raindrop-induced breakdown of
soil aggregates and enhancement of overland runoff (Wacha et al., 2018,
2020). Recent studies have demonstrated how storm events are responsible
for disproportionately greater export of terrestrial OC than baseflow pe-
riods (Raymond and Saiers, 2010; Dhillon and Inamdar, 2014). In an assess-
ment of 31 small forested watersheds in the eastern US, it was reported that
over 50 % of annual DOC was exported in large storms that made up only 5
% of the annual water events (Raymond and Saiers, 2010). Additionally,
greater storm response of OC export was reported in agricultural landscapes
within the U.S. Midwest for both POC and DOC where ~80 % of annual
DOC export occurred during 20 % of the water year (Dalzell et al., 2007).
Similarly, while discrete storms accounted for only 22 % of the water
year in a large agricultural catchment in southwest France, these events ac-
counted for 62 % and 76 % of total DOC and POC export, respectively
(Oeurng et al., 2011).

The magnitude of the mobilization and export of OC within agricultural
landscapes is a function, in part, of human-induced modifications that ac-
celerate water and mass transfer (Raymond et al., 2008). Agricultural prac-
tices replace the dominant vegetation cover, physically disrupt soil
structure, change surface roughness, and expose soils to rain and wind en-
ergy for long periods after tillage and harvest (Raymond et al., 2008;
Elhakeem et al., 2018). One of the most significant impacts on OC mobili-
zation and export dynamics in the US Midwestern agricultural regions
may be the extensive, intentional hydraulic “modification” of the landscape
through ditching and tile drain emplacement, altering surface and subsur-
face flow pathways (Dalzell et al., 2007; Blair et al., 2021). It is estimated
that 84 % of continuously drained croplands in the US are in the upper Mid-
west and the drained area has increased dramatically, by approximately 14
%, in the last decade (USDA National Agricultural Statistics Service, 2017;
Valayamkunnath et al., 2020). This enhanced drainage leads to a decrease
in water residence time, an increase in infiltration rate (Schilling et al.,
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2018), and an increase in moisture deficit and runoff-generation threshold
(Cain et al., 2022). It has been speculated that below-ground drainage can
also increase the contribution of deeper soil OC pools to total OC export
through enhanced oxidation of previously anaerobic soil C (Dalzell et al.,
2007; Amado et al., 2017).

A variety of management, geomorphic, and weather-related drivers
must be considered, such as thresholds of precipitation and antecedent
soil wetness condition, when attempting to understand what controls the
activation of the surface and subsurface transport pathways for POC and
DOC in storms (Papanicolaou et al., 2015a, 2015b; Blair et al., 2021; Cain
et al., 2022). Lambert et al. (2017) reported that agricultural management
favors POC in terrestrial OC transfer, and suggested the reason is the in-
creased soil erosion - consistent with greater sediment loading found in ag-
ricultural watersheds (Van Oost et al., 2007; Wilson et al., 2012; Abban
etal., 2016). Our previous study utilized a high-resolution sampling scheme
to assess POC dynamics from storm events in the Clear Creek Watershed
(CCW) of eastern Iowa, a low-lying tile-drained Midwest agricultural water-
shed (Blair et al., 2021). That study attributed the major POC sources to in-
stream production, upland surface soil erosion, and stream bank erosion
that were delivered in a sequential process. While Blair et al. (2021) consid-
ered the contribution of tile drain to POC export as minor, tile drains may
exert a greater influence on DOC export (Dalzell et al., 2011) particularly
when storm events coincide with specific management practices (Battin
et al., 2008).

Foundational conceptual models constructed for natural systems pri-
marily attribute event-driven DOC sources the riparian upper soil horizons,
where prolonged saturation is followed by drainage of OC-enriched pore
water into a waterway (Royer et al., 2006). Given that tile drainage can
quickly deliver OC into stream channels, thereby bypassing the riparian
zone (Schilling et al., 2018), these models of how terrestrial OC is delivered
into the fluvial network do not capture the “hydraulic plumbing” impacts
that artificially drained agricultural landscapes have. Thus, knowledge
gaps remain in our understanding of how storms in intensively managed ag-
ricultural landscapes in the US Midwest control OC export and influence
the responses of surface and subsurface transport pathways of POC and
DOC.

The work presented herein leverages our previous study of POC dynam-
ics at CCW (Blair et al., 2021) by incorporating DOC monitoring from the
same storm events and sampling sites within the drainage network to pro-
vide a more complete picture of the event-driven, fluvial OC export dynam-
ics and associated relationships between event DOC and POC export under
different mnagament. We investigated the interplay of management and
hydro-climatological controls on hydraulic connectivity from contributing
sources to flow transport into streams, covering storm events during repre-
sentative time periods in agricultural management across a two-
hydrological year period. We hypothesized that (1) Storm-derived high
flow magnitiudes will yield a higher relative contribution of POC over
DOC in total fluvial OC export; (2) The extent of the differential POC and
DOC contribution to fluvial OC will depend upon management periods in
an agricultural cycle with controls on crop growth stage, tillage, and soil ex-
posure; and (3) Agricultural management and hydro-climatological con-
trols will generate a cumulative critical control over DOC export
dynamics, as runoff energy derived from a storm can be attenuated or
strengthened by crop coverage at different growing stages.

2. Materials and methods
2.1. Study sites

The 270-km? Clear Creek Watershed (CCW), hydrologic unit code
(HUC-10: 0708020901), is located in southeastern Iowa, USA. The Clear
Creek flows from west to east as a tributary that drains the CCW into the
Iowa River and eventually to the Mississippi River (Fig. 1a). The regional
climate is humid-continental with a mean annual temperature of 9 °C,
and abundant freeze-thaw cycles in early spring and late fall. The mean an-
nual precipitation is 889 mm/year, with approximately 70 % of annual
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Fig. 1. (a) Elevation map of Clear Creek Watershed (CCW) showing drainage area of three stream gauge stations, stream network, and hourly precipitation site (yellow dot at
southeast of the CCW); and (b) land cover of the CCW in 2015 derived from USDA/NASS Cropland Data Layer (https://www.nass.usda.gov/Research_and_Science/Cropland/
SARS1a.php). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

precipitation falling as rain during the months of May to September (the
growing season) (Papanicolaou et al., 2009). During this wet period,
heavy convective storms are capable of producing peak floods with signifi-
cant hillslope erosion and sediment discharge into streams as a result of in-
tensive tillage and stream channelization in the headwaters (e.g., Abaci and
Papanicolaou, 2009; Wilson et al., 2018).

The CCW landscape is characterized as steep rolling, loess mantled hills
with most of the soils being silty clay loam, silt loam, or clay loam Mollisols
or Alfisols (Prior, 1991). Elevations range from 164 to 278 m above sea
level with average slopes ranging from 6 % to 14 % at uplands. Over
80 % of the CCW is in some form of agricultural management (Bettis
et al., 2003), predominantly cultivated crops (corn-soybean rotations)
with combinations of conservation and conventional tillage. The normal
timeline of row crop management is spring tillage/planting in early May,
and harvesting/fall tillage in October (Abaci and Papanicolaou, 2009).

As part of the National Science Foundation Intensively Managed Land-
scapes - Critical Zone Observatory (IML-CZO), the CCW has been recently
studied to assess how storm events control the delivery of soil, plant matter,
and stream sediment and POC to the streams (Wilson et al., 2012;
Papanicolaou et al., 2015a, 2015b; Abban et al., 2016; Blair et al., 2021;
Houetal., 2021). Additionally, over the last 140 years, like much of the flood-
plains and poorly drained soils in the upper Midwest of the US, an
integrated network of belowground drainage tiles has been installed that has-
tens the delivery of the precipitation and the shallow groundwater to the
streams (Schilling et al., 2018).

2.2. Storm event selection, gauge stations, and DOC sampling

During a two-hydrological year period (September 2014-August 2016),
six storms were chosen from the nine events monitored in Blair et al. (2021)
(Fig. 2). The six storms represented the most successful efforts to collect
samples throughout the events at multiple stations within the drainage net-
work. These six storms were small to intermediate in size and relatively
short in duration. Small to intermediate-sized and short term events ac-
counted for 82.9 % of the precipitation and 90 % of the storm duration

(~2 day each) during the monitored period (Fig. Al). The sampled
events occurred during periods of harvest, crop emergence, vegetative
growth stage (Vn), reproduction growth stages of R1 and R2, and post-
harvest/fall tillage (https://www.nass.usda.gov/Statistics_by_State/Iowa/
Publications/Crop_Progress_&_Condition/).

The gauge and sampling station in the headwaters of CCW was located
near South Amana (41°43’50”N, 91°54’26”W) and it captured drainage
from a basin area of 26.0 km?. It has been in operation since 2006 (Wilson
et al., 2018). Land use there is mostly row-crop agriculture (Fig. 1b,
Table 1). There is significant hydrologic connectivity between hillslopes
and receiving channels, as a result of steep reach slopes (~6 %), narrow ripar-
ian zones, and agricultural practices (Abaci and Papanicolaou, 2009). The
sampling stations at the middle and lower reaches were located proximal to
the active U.S. Geological Survey (USGS) gauge stations; one near Oxford
(USGS 05454220, in operation since 1993) and other near Coralville (USGS
05454300, in operation since 1952). The sampled drainage areas were
147.5 km?® and 251.4 km?, respectively. The middle-reach zone, while dom-
inated by row crops, has increasing amounts of forest and grassland, espe-
cially along riparian zones (Fig. 1b; Abban et al., 2016). The lower reach of
the CCW, while still agricultural, is proportionately the most developed
with urban areas, and though it is a low-relief landscape, impervious surfaces
accelerate runoff and flashiness (Fig. 1b; Papanicolaou et al., 2018). Channels
are wider and deeper moving downstream, and valley cross-sections shifts
from V-shape at headwater, to U- and box-shape at middle and lower reaches
(Blair et al., 2021).

Stream stages and discharges were monitored at all three sites every
15 min along the main channel of the Clear Creek. Data at the S. Amana
site were obtained from Blair et al. (2021) and those of the Oxford and
Coralville sites were retrieved from USGS website (http://nwis.waterdata.
usgs.gov) (Fig. 2b). Hydroclimatic characteristics during each event at dif-
ferent sampling stations were summarized in Table 2.

Stream waters were sampled—for POC (Blair et al., 2021) and filtered
for DOC which the present study is based—shortly before, during, and on
the tail of the storm events (Fig. 2), with frequency that varied from one
sample every 2 to 4 h, depending on discharge variations. We attempted
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Fig. 2. Long-term monitoring of a) daily precipitation near Iowa City (retrieved from the NOAA National Centers for Environmental Information https://www.ncdc.noaa.
gov/cdo-web/search?datasetid = GHCND); and b) 15-min discharges at three stations at S. Amana (red), Oxford (green) and Coralville (blue) in 10° L/s in the CCW. Black
arrows and numbers denote the individual event selected in present study. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

to complete the data set for both DOC and POC in the hydrograph across all
three stream discharge sites covering all six storm events (Table Al). All
water samples were collected in pre-rinsed 1-L Nalgene polycarbonate bot-
tles equipped within the ISCO autosamplers (Teledyne ISCO, 6712 Portable
Sampler), and transported to the laboratory to be frozen until processing.
The ~800 mL thawed samples were filtered through roasted 0.7 pm pore
size glass fiber filters (Millipore Sigma, Darmstadt, Germany). The filtered
water was split into subsamples and placed in Nalgene bottles. Those for
DOC were refrozen at —20 °C and stored in the freezer until analysis.
Samples were kept in the dark to the extent possible. Freezing as a pre-
analysis preservation strategy has been assessed for influence on DOC con-
centration with equivocal results with findings—suggesting an increase
(Peacock et al., 2015), decrease (Fellman et al., 2008), and no difference
(Rochelle-Newall et al., 2014). Though we recognize that water samples
with high DOC concentrations (> 5 mg C/L) could be affected by aggrega-
tion, freezing was still the best preservation method for preserving the
integrity of the chemical composition (Fellman et al., 2008).

2.3. DOC concentration analysis

DOC concentrations of filtered stream samples were determined using a
high temperature combustion total organic carbon analyzer (Thermalox;
Analytical Sciences Ltd., Cambridge, UK). Prior to analysis, 2 M HCl was
added to the samples and purged to remove dissolved inorganic carbon. Po-
tassium hydrogen phthalate (KHP; Inorganic Ventures, VA, USA) was used

Table 1

Land use coverage (km?) and relative contribution in % of S. Amana, Oxford, and
Coralville drain areas (data was retrieved Cropland Data Layer (CDL) for year 2015
from the USDA CropScape Website https://nassgeodata.gmu.edu/CropScape/).

Land use km? (%) S. Amana Oxford Coralville
Row crop 21.8 (85) 101.4 (70) 145.1 (60)
Grassland 2.2(7) 30.7 (20) 59.9 (23)
Forest 0.2 (1) 4.0 (2 17.5 (6)
Developed 1.7.(7) 11.0 (8 27.8 (11)

Italic number in parentheses is proportion land use of row crop, grassland, forest and
urban use in %, corresponding within each sub-watershed.

as the calibration standard (long-term R* = 0.9998). Four replicated mea-
surements were taken for each sample, with a target coefficient of
variation (CV) of 3 %. One additional replicate was added if the target CV
was not achieved. Approximately, 10 % of samples were repeated in a
separate run and those are reported with a mean value in the Results
section. The maximum CV within a sample run and among different runs
were 6.4 % and 11.9 %, respectively.

2.4. Fluvial OC export and hydro-climatological indices

Event-based OC export with respect to particulate (POC) and dissolved
(DOC) forms, were estimated following (Blair et al., 2021),

Water yield (V,m’) :Eiwx (ti—ti 1) @)
Event OC export (kg) = V x (G < Q) @

210

where V was calculated by integrating the 15-min discharge data over the
event period, Q; is discharge (L/s), C; is DOC and/or POC concentration
(mg C/L) of the instantaneous sampling point at time (t;), and n is the
number of samples. An early flush of DOC and/or POC was determined
only if a prominent OC concentration peak appeared on the rising limb of
the hydrograph within less than the 50th percentile of peak discharge
(Table 2). Note that POC data were retrieved from the supplementary
material in Blair et al. (2021).

Several normalizations were used to allow fair comparisons among mul-
tiple sites and various storm magnitudes. Concentration-discharge (C-Q)
trajectories were normalized based on (Lloyd et al., 2016).

Ci — Cmin

Cinorm = =" and O, pom =
i,norm Conae — Coin Qz,norm

Qi _ Qm'm

3
Qmax - Qmin ( )

where Q; is discharge and C; is DOC and/or POC concentrations at time i;
Qmax and Quin, and Cy,q and C,y,;, are the maximum and minimum dis-
charge and DOC and/or POC concentrations (mg C/L) during the storm, re-
spectively. Specific event export for DOC and POC (kg C km ™2 mm™?) was
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Comparison of storm characteristics for the six storm events across three sub-watersheds in terms of total precipitation during event (Py), hydrograph duration (Dy,), anteced-
ent precipitation (APs), runoff coefficient (RC), unit stream power (SP), Flashiness Index (FI) and event integrated export of dissolved (DOC), particulate (POC), and early

flush OC proportion (%).
P, (mm) Dy, (h) AP3o (mm) RC SP (W/m) FI Integrated OC export (kg)* % Early flush
oc?
POC DOC POC DOC
S. Amana #2 (Jun. 2015) 35.1 40 72.4 0.18 180 0.038 NA 478 NA NA
#3 (Jun. 2015) 35.8 40 214.2 0.51 405 0.036 NA 1655 NA NA
#5 (Oct. 2015) 36.4 52 41.2 0.13 39 0.009 714 528 (43 %) 11.3 11.5
#6 (Jun. 2016) 249 28 111.7 0.04 13 0.009 95 45 (32 %) NA NA
Oxford #1 (Oct. 2014) 66.1 112 20.9 0.24 263 0.009 22,074 12,488 (36 %) 3.4 27.0
#2 (Jun. 2015) 30.5 40 69.7 0.16 271 0.020 NA 3218 NA NA
#3 (Jun. 2015) 29.6 40 191.4 0.33 459 0.020 NA 5738 NA NA
#4 (Jul. 2015) 45.5 32 73.4 0.08 195 0.026 14,397 2083 (13 %) 2.6 3.0
#5 (Oct. 2015) 36.2 52 46.0 0.14 125 0.009 6203 3894 (39 %) 4.4 4.0
#6 (Jun. 2016) 25.4 26 127.6 0.04 42 0.007 780 407 (34 %) NA NA
Coralville #4 (Jul. 2015) 39.2 30 67.3 0.05 148 0.029 11,967 2054 (15 %) NA NA
#5 (Oct. 2015) 36.1 54 49.4 0.10 121 0.009 5273 4137 (44 %) 3.1 3.3
#6 (Jun. 2016) 30.0 26 157.3 0.11 396 0.042 34,290 2331 (6 %) NA NA

# POC data was extracted from Blair et al., 2021. Proportion (%) of DOC over total OC export was reported in parentheses. NA (not available) means there was not enough
data points to calculate POC export and/or no early flush of POC/DOC during specific events.
b If there is a peak of OC concentration at the early stage of rising limb on hydrograph, the early flush OC was identified and quantified as % of total event OC export.

calculated by dividing the absolute OC export (kg) by the sub-watershed
sizes (km?) and precipitations (P, in mm). Flow weighted mean concentra-
tions for DOC and POC (FWMCpoc and FWMCpoc, mg C/L) was calculated
by dividing the event-based OC export (kg) by the total water yield (m®).

To quantify hydro-climatological characteristics of each storm, a data-
base containing critical indices was selected and calculated for each storm
event within each sub-watershed (i.e., S. Amana, Oxford, and Coralville)
(Table 2). Specifically, runoff coefficient (RC) was calculated by dividing
total yield stormflow (mm) by the total precipitation (mm), indicating a wa-
tershed's draining capability when receiving waters (Blume et al., 2007).
Unit stream power (SP) was adjusted from Bagnold (1966) equation,

SP=pgQS 4

(a) Event #1 (2014-09-13 to 2014-10-12)

(c) Event #3 (2015-05-21 to 2015-06-19)

(e) Event #5 (2015-09-27 to 2015-10-26)

APz mm

N 230
A 024 8km .
Lo bl 15

where SP is stream power per unit of flow length (W/m); p is water density
(kg/m3); g is gravitational acceleration (m/s?); Q is the peak discharge dur-
ing the period of storm event in this study (Qnax, m°®/s); and S is local chan-
nel slope (m/m). SP is widely used in sediment studies as an indicator of
energy supply for functional transport, with consideration of both hydrol-
ogy (i.e., discharge) and waterway geomorphology (i.e., channel slope)
(De Rosa et al., 2019).

Richards-Baker Flashiness Index (FI) was adopted based on Baker et al.
(2004),

FI
2

)

(b) Event #2 (2015-05-08 to 2015-06-06)

() Event #6 (2016-05-27 to 2016-06-26)

Fig. 3. Maps showing the spatial interpolation on the antecedent precipitation in the 30 days prior to the event day (AP3) for storm events #1-#6 (a-f). Legend shows the
cumulated precipitation in mm, with the black outline on the maps highlighting each sub-watershed drainage area in the CCW, which was used for area weighted mean value
calculations. Data was retrieved from the NOAA National Centers for Environmental Information (https://www.ncdc.noaa.gov/cdo-web/search?datasetid = GHCND).
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The FI parameter measures “flashiness” in flow change relative to the total
hydrograph, reflecting the rapidity of difference between high and low
flows. Additionally, event precipitation (P, mm), hydrograph duration
(Dp, h), peak stream discharge (Q.ux, L/s), and antecedent precipitations
(AP, mm) were also reported for each event (Table 2, and Table A2). Ante-
cedent precipitations (APs, AP,, AP 4 and AP5,) were cumulative precipita-
tion of 3, 7, 14, and 30 days prior to event day.

2.5. Spatial precipitation estimation

Hourly precipitation data was only available at Iowa City (6-km southeast
of the Coralville outlet of CCW, yellow dot in Fig. 1a) through the Iowa Envi-
ronmental Mesonet (http://mesonet.agron.iastate.edu). To compare storm
event precipitation distributions across three sub-watersheds in the CCW,
given the lack of hourly data at the headwaters (S. Amana) and the mid-
reach (Oxford), the daily precipitation data of nine USGS rain gauge stations
surrounding the CCW were retrieved from the NOAA National Centers for En-
vironmental Information (https://www.ncdc.noaa.gov/cdo-web/search?
datasetid = GHCND) (Fig. A2). Daily precipitation and antecedent cumulated
precipitation distribution data were then spatially interpolated using the in-
verse distance weighting (IDW) method (Garcia et al., 2008). Interpolation
and generation of spatial maps shown in Fig. 3 (e.g., antecedent precipitations
of 30 days prior to event day, AP3), were performed in Arc GIS 10.7.1 soft-
ware, where mean estimated precipitation (mm) for individual events across
three sites were quantified upon sub-watershed areas (Tables 2 and A2).

2.6. Land cover and NDVI data

Spatial land coverage in CCW was characterized using the Cropland Data
Layer (CDL) for the year 2015 from the USDA CropScape Website (https://

(a) Event #1 (2014-10-14, harvest)
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nassgeodata.gmu.edu/CropScape/) (Boryan et al., 2011), which provides a
geo-referenced, crop-specific land cover map for the U.S. since 1997. The
CDL was downloaded and reclassified as row crop land, grassland, forest,
open water areas, and developed urban areas (Fig. 1b). The proportions of dif-
ferent land use coverage were then delineated and quantified based on sub-
watershed area for each site (i.e., S. Amana, Oxford, and Coralville) in ArcGIS
10.7.1 software (Table 1).

NDVI (Normalized Difference Vegetation Index) is calculated as a ratio
between the red (R) and near-infrared (NIR) values with the formula (NIR -
R) / (NIR + R), derived from atmospherically corrected land surface reflec-
tance; this results in a value between 0 and 1. The NDVI has been proven to
improve the sensitivity of assessing vegetation conditions, where higher
values associated with denser vegetation (> 0.80 for well-vegetated for-
ests), and more sparse vegetation and/or exposed bare soil surface are asso-
ciated with lower values (< 0.30) (Yang et al., 2013). As a vegetation index,
NDVI has been reported to be closely related to surface coverage and above-
ground productivity (Carlson and Ripley, 1997) to assess land degradation
(Yengoh et al., 2015; Ren et al., 2020). Additionally, the NDVI has been
used to link vegetation productivity to DOC concentration in lakes and
water reservoirs (Larsen et al., 2011a, 2011b; Mzobe et al., 2018). A weekly
NDVI map spanning the time immediately before each monitored storm
event was extracted from the USDA National Agricultural Statistics Service
Vegetation Condition Explorer (https://nassgeo.csiss.gmu.edu/VegScape/)
(Fig. 4), imported in Arc GIS 10.7.1 software, and delineated based on sub-
watershed areas.

2.7. Statistical analyses

A Pearson correlation matrix showing coefficients with significance
levels (Table 3), was generated to compare the relationship between

(b) Event #2 (2015-06-07, crop emergence)

NDVI [l <0.29
T 029-0.39

A 024 8km

[ 049-059

0.39-0.49

I 079-089
B 089

0.59 - 0.69

0.69-0.79

Fig. 4. Weekly Normalized Difference Vegetation Index (NDVI) maps during or before the storm events #1- #6 (a-f). Event date and corresponding periods of planting and
growing at that time derived from Iowa Crop Progress and Condition Report are given in parentheses. Raster maps were extracted from USDA National Agricultural Statistics
Service Vegetation Condition Explorer (https://nassgeo.csiss.gmu.edu/VegScape/). Black outline on the maps highlights each sub-watershed drainage area in the CCW,

which was used for area weighted mean value calculations.
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Table 3
Pearson Correlation matrix among selected hydroclimatic variables and flow-weighted mean concentration (FWMC), event integrated export (EXP) of DOC and POC, and
export ratio of POC:DOC.
P, RC Sp FI AP, NDVI FWMCpoc EXPpoc FWMCpoc EXPpoc POC:DOC

P, 1

RC 0.18 1

SP 0.11 0.73** 1

FI —-0.09 0.33 0.61* 1

AP3q —0.51 0.55 0.61* 0.47 1

NDVI -0.18 —0.02 0.25 0.30 0.61* 1

FWMCpoc 0.63* 0.20 0.10 -0.31 —0.54 -0.55 1

EXPpoc 0.36 0.96%** 0.69** 0.14 0.36 -0.14 0.43 1

FWMCpoc 0.04 —0.08 0.78* 0.95%** 0.46 0.53 -0.14 -0.20 1

EXPpoc 0.28 0.39 0.97%*** 0.80** 0.30 0.22 0.04 0.23 0.84** 1

POC:DOC -0.13 -0.11 0.79* 0.96%** 0.64 0.53 —0.34 —-0.28 0.94%%* 0.87%* 1

Correlation coefficients notes in bold with significant p-values at * p < 0.05; ** p < 0.01; and *** p < 0.001.

See Materials and method section for variable description.
n = 9 for correlation including POC, otherwise n = 13.
POC data was extracted from Blair et al., 2021.

selected hydroclimatic and watershed variables to event DOC and/or POC
concentrations, and OC export for all six events. Agglomerative hierarchical
clustering with Ward's method employed, was used to group all the
events into two clusters based upon selected hydro-climatological vari-
ables (i.e., sub-watershed NDVI and 30-day antecedent precipitation).
Events within each cluster are coherent internally but distinctly differ-
ent between clusters. Pearson correlation analysis was then conducted
for cluster 2 (Fig. 6) between selected hydro-climatological variables
and DOC export with significance at the 95 % confidence interval. Be-
cause of non-normality of DOC export in cluster 1 (right-skewed distri-
bution), Spearman rank correlation was carried out with Bonferroni
correction for P values adjustment. All statistical analyses were per-
formed with the R Studio program (Version 2022.7.1.554, R Core
Team, Inc., Boston, MA).

3. Results
3.1. Event integrated DOC versus POC export

Overall, DOC export integrated for individual events increased from
headwater to middle and lower reaches, with ranges of 45-1655 kg,
407-12,488 kg, and 2331-4137 kg observed at S. Amana, Oxford, and
Coralville station, respectively (Table 2). Combined with POC export re-
ported in Blair et al. (2021), DOC accounted for only 6-44 % of total fluvial
OC export (Table 2), and the differences were tied to key hydrologic indi-
ces, i.e., runoff coefficient and stream power (Fig. 5). Specifically, POC ex-
port was strongly correlated with the stream power (SP, r = 0.97; p <
0.001; Fig. 5d), an index of sediment transport (De Rosa et al., 2019). Sim-
ilarly, DOC exhibited a strong correlation between the export and the runoff
coefficient (RC,r = 0.96; p < 0.001; Fig. 5¢), an index of draining capability
(Blume et al., 2007). Conversely, the SP— DOC export and the RC — POC ex-
port correlations were weak (Table 3, Fig. A.3). Accordingly, POC:DOC ex-
port ratios did not consistently correlate with either index. Hydrographic
‘flashiness’ (FI) was strongly correlated with POC associated parameters
(Table 3).

3.2. Management and hydrological controls on clustered DOC exports

We hypothesized that two indices, weekly NDVI and AP, would influ-
ence DOC export (Fig. 6a and b). Linear relationships were not evident
when all data are considered within a single group. Visual inspection of
the data (Fig. 6 a, b), and unsupervised hierarchical clustering (Fig. 6¢) re-
vealed two groups of data however, of the two clusters, only one (cluster
2) exhibited significant correlations, where DOC export responded nega-
tively to NDVI and positively to APsq (p < 0.05, Fig. 6d). No significant cor-
relations were found in cluster 1. Cluster 2 was best characterized as having

a near uniform and relatively high vegetation cover, as well as higher AP3,
values.

3.3. Temporal variation of OC concentration and C-Q hysteresis patterns

The temporal variability of the DOC and POC concentrations behaved
differently among the six storm events across three sampling stations in
CCW (Figs. 7, 8, A4 and A5). For events #3, #4, and #6, which were cap-
tured during the rapid growing season (i.e., cluster 2), in June/July, there
was a tendency for a lagged DOC peak concentration following peak dis-
charge and peak POC concentration (Figs. 8 and A5). Events #1 and #5 oc-
curred post-harvest in late October (i.e., cluster 1), when agricultural fields
contained fresh crop residue and bare surface soil (Iowa Field Office). They
showed significant positive correlations between DOC and POC concentra-
tion (Figs. 7 and A4). The differential responses of DOC and POC across the
entire CCW reflected several general patterns of 1) greater concentration
difference between POC and DOC at the middle (Oxford) and lower
(Coralville) reaches of the watershed compared to the headwaters (S.
Amana), and 2) greater difference between POC and DOC during the
June/July events (event #4 and #6) compared to the October events
(event #1 and #5).

DOC concentration (C) to discharge (Q) relationships (Cpoc-Q) ex-
hibited both clockwise and counterclockwise hysteresis patterns in con-
trast to Cpoc-Q relationships that typically shown clockwise patterns for
all the events (Figs. 7, 8, A4 and A5). Specifically, the Cpoc-Q relation-
ship exhibited a clockwise pattern for October events #1, and #5
(Figs. 7 and A4), while counterclockwise Cpoc-Q trajectories were ob-
served in June/July events #3, #4 and #6 (Figs. 8 and A5). One excep-
tion is event #2 in early June 2015 which demonstrated clockwise
Cpoc-Q relationship like the reported October events (Fig. A4 d and f).
Based on the Iowa Crop Progress and Condition Report, crops were at
the early stage of seed emergence during the week of event #2, though
in the wet growing season of early June, where land was still bare, with
limited surface coverage. Unsupervised hierarchical clustering grouped
this event with other October events in the same cluster (i.e., cluster 1,
Fig. 6¢).

4. Discussion
4.1. Storm-induced POC export consistently exceeds DOC export

In contrast to the present work, numerous studies on OC export have re-
ported greater contributions of DOC over POC, however, these estimates
normally were extrapolated from surface water fluvial OC concentrations
derived from periodic/non-event based sampling (e.g., Hedges et al.,
1997; Cai et al., 2008; Alvarez-Cobelas et al., 2012; Fabre et al., 2019; Mu
et al., 2019). In a review of worldwide annual OC export, Alvarez-Cobelas
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et al. (2012) estimated that DOC was 73 = 21 % of total OC exports
from catchments across a wide range of sizes, land uses, soil types, and lo-
cations. However, and similar to our findings, some recent studies based
on a high-resolution sampling strategy designed to capture OC exports

during high-flow periods have proposed a chronic underestimation of
POC (e.g., Oeurng et al., 2011; Jeong et al., 2012; Dhillon and Inamdar,
2014). We found that event-induced OC export exhibited a consistently
greater dominance of POC compared to DOC, across multiple storm events,
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where the export ratio of POC:DOC ranged between 1.3 and 14.7 (Table 2).
To generalize the POC and DOC export pattern beyond our limited data
sets, we compiled fluvial OC export data reported in published studies mon-
itoring both DOC and POC during high-flow conditions (Oeurng et al.,
2011; Jeong et al., 2012; Caverly et al., 2013; Cerro et al., 2014; Dhillon
and Inamdar, 2014; Ramos et al., 2015). These six studies included detailed
event characteristics and integrated export for both DOC and POC, and so
the OC exports can be normalized based on precipitation and drainage
area and be directly compared with our own findings. The export ratios
of POC:DOC from the high-resolution sampling studies ranged between
0.1 and 14.7, with over 81 % of events (n = 69) exhibiting a POC:DOC ex-
port ratio above 1.

To highlight how sampling strategy can control OC export dynamics in
our work, we created a theoretical sampling calculation comparison with
one scheme sampling baseflow only and another sampling scheme captur-
ing both baseflow and storm flow, where we then estimate monthly POC
and DOC exports in October and June at the Oxford station between
2014 and 2016. The resulting non-event based estimations from this exer-
cise consistently showed POC export being under-evaluated monthly, by a
factor of 1.9-5.4 fold. A non-event based sampling resulted in a clear sam-
pling bias with POC:DOC export ratio of 0.5-1.5, as compared to a POC:
DOC export ratio of 1.4-4.2 where storm-flow OC was included. These es-
timations demonstrate how event-driven dynamics favor POC over DOC ex-
port and that low-resolution and non-event based analysis of fluvial OC

dynamics will under assess not only total OC export but the importance of
POC as a proportion of total fluvial OC export.

Greater storm event response of POC over DOC can be explained, in
large part, by the direct relationship between particulate transfer and surfi-
cial erosional processes triggered by hydraulic forcing (Battin et al., 2008).
Using 8'°C and 8"°N isotopes of POC and particulate nitrogen (PN), Blair
et al. (2021) demonstrated complex watershed-scale interactions control-
ling POC dynamics in CCW that were driven by sequential processes of sur-
ficial erosion as well as stream bed scouring associated with increasing
precipitation and discharge. In that study, it was proposed that POC export
tends to be intermittent and influenced by the locations of source areas,
geomorphology, and obstruction along its pathway to the stream
(Papanicolaou et al., 2015a, 2015b). Likewise, our evidence of a strong,
positive correlation between POC export and unit stream power in CCW
supports this conclusion (Fig. 5¢). Compared to a weaker correlation be-
tween DOC export and unit stream power (Fig. A3b), POC export should
thus be more sensitive to event-induced transferring flow with high hydro-
dynamic energy than DOC export.

In line with this erosion-driven mechanism, more prominent POC ex-
port would most likely occur if storms are selectively sampled with higher
levels of hydrodynamic forces, i.e., stronger storms, that can promote up-
land soil and/or stream bank erosion (Blair et al., 2021). On the other
hand, DOC export responding to stronger storms might be distinguishable
as an accretion or dilution effect, resulting in varying POC:DOC export
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Fig. 7. Temporal variations of POC and DOC concentrations (mg C/L) over the discharge measured at three sampling stations (a), (b), and (c) for event #5 in October 2015;
and normalized C-Q (DOC and POC concentration to discharge) relationships show hysteresis patterns across different stations ((d)-(i); arrows are shown the direction over
time). Precipitation bars are hourly values reported at the station situated at southeast of the CCW. POC data was extracted from Blair et al., 2021.

ratios. That is, during a strong storm, more DOC pools can be activated with
increased transfer energy, or this energy-induced influence can be outpaced
by total event water input (Vaughan et al., 2017). During Hurricane Irene,
Caverly et al. (2013) measured 1270 kg km ~2 of DOC flux from an agricul-
tural watershed in Virginia, USA. Also during Hurricane Irene, Dhillon and

Inamdar (2014) reported a forested watershed in Maryland, USA exported
330 kg km 2 of DOC. With comparable rainfall, these two studies yielded
differential POC:DOC export ratios of 0.5 and 6.7, respectively (circled
points in Fig. 9). These observations suggest caution is needed when evalu-
ating POC and DOC export relationships, particularly under future climate
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change scenarios with expected increases in frequency and magnitude of
drought and extreme events (Stanley et al., 2012).

4.2. Seasonal controls on event-driven POC and DOC export

During the two hydrological year period monitored in the present study,
summer events (June/July) were generally associated with high-intensity
rainfall and produced flashy/short-duration of stormflow hydrographs
(Figs. 2 and 9). Besides producing flow with high hydrodynamic energy,
summer events were also likely associated with abundant OC supply driven
by warming and repeated drying-rewetting cycles. Elevated temperature
and successive events in summer have been shown to enhance both
above- and below-ground productivity, in-stream primary production
(Baumann et al., 2013), and decomposition, dissolution, and desorption
of soil organic matter (Raymond and Saiers, 2010). During summer
June/July events of the present study, POC responded nearly instanta-
neously to rapid increase of discharge, and this resulted in a greater dis-
parity, up to 32 times, between peak POC concentration and that of DOC
as compared to events in late fall (Figs. 8 and A5). The lagged and

attenuated DOC concentration peak observed suggests different thresh-
olds of transport flow and/or OC supply for DOC and POC in summer
events. This phenomenon of seasonal controls in relative POC/DOC ex-
port has been observed in a variety of landscapes including primarily
forested systems (e.g. Dhillon and Inamdar, 2014) in which case high-
intensity flow transport occurred during times of increased primary
and secondary production in summer.

The CCW events from late fall (October) were less flashy and produced
gradual/longer-duration flow hydrographs (Fig. 2). Integrating OC concen-
tration over the entire hydrograph, revealed an event export ratio of POC:
DOC that remained relatively low (1.3-1.7) even when the sediment trans-
port associated flow parameters (i.e., the unit stream power and runoff co-
efficient) were increasing, which contrasted with the June/July events that
yielded a much higher (up to a value of 14.7) POC:DOC export ratio (Fig. 5e
and f). During these October events, smaller differences were observed be-
tween total POC and DOC export, and the POC and DOC dynamics were
similar in the timing and magnitude of maximum concentrations (Figs. 7
and A4), further implying that a common OC source is activated and a com-
mon preferential pathway for delivering both OC forms.
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4.3. Event-driven DOC export response to NDVI and antecedent wetness
conditions

While event-driven export and peak concentration for DOC were always
less than the corresponding POC values in both June/July and October
events (Tables 2 and A2), the distinct DOC concentration dynamics
among storms suggest a threshold control on OC supply and transport path-
way that differ seasonally. Seasonality-based agricultural management in
CCW generates potential sub-watershed differences in surface coverage
and biotic productivity throughout the growth stages that influence surface
erosion, below-ground water transfer, and overall OC export dynamics. The
Normalized Difference Vegetation Index (NDVI) and antecedent precipita-
tion (AP30) for CCW were used as indices of vegetation coverage and ante-
cedent wetness conditions in the present study to illustrate their controls
over DOC export. Although the number of monitored events in the present
study was few (n = 6), they fell into two general agricultural and hydrocli-
matic periods that are common in midwestern agricultural systems; the
antecedently-dry, bare soil period (cluster 1, referred as the “bare soil” pe-
riod below), and the antecedently-wet, rapid growth period (cluster 2, re-
ferred as the “rapid growth” period below, Fig. 6¢).

Overall, the relationships between NDVI and AP5,, and event DOC ex-
port were non-linear (Fig. 6a and b) with significant correlations only ob-
served in cluster 2 (“rapid growth” period) where event-driven DOC
export responded negatively to NDVI and positively to AP3o. Although
not significant, DOC from cluster 1 appears to exhibit a reversed (positive)
relationship to NDVI and (negative) to AP3o. NDVI has been shown to ex-
hibit a close linkage with OC export in freshwater systems, where higher
NDVI values are thought to correspond to increased OC leachates from
plant primary production (Larsen et al., 2011a, 2011b). With this perspec-
tive in mind, DOC pools available for events occurring within cluster 2
could be considered as “supply-abundant” OC, and thus any observed de-
creases in the amount of DOC delivered to the stream (Fig. 6a) would be
a result of differences in transport flows (i.e., changes in runoff vs tile
flow) not available at a source. Hence, event-driven DOC export with in-
creased APs in cluster 2 (Fig. 6b) can be explained by a “wetter” watershed
exhibiting a lower threshold of runoff generation that facilitates runoff-
associated DOC export in response to rainfall (Cain et al., 2022). In contrast,
low OC availability at a site, as inferred by low NDVI, could be a controlling
factor for event-driven DOC export within cluster 1 (Fig. 6a). A potential ex-
planation for the seemingly negative correlation between DOC export and
APs in cluster 1 (Fig. 6b), could be that during the “bare soil” period,
less surface coverage by crops enhances overland flow generation when re-
ceiving rainfall, and thus could potentially outpace the influence of ante-
cedent wetness of watershed on runoff generation (Blair et al., 2021; Cain
et al., 2022).

While we recognize the weak statistical power due to the limited data
set, our analysis suggests that there may be a strong interaction or compet-
ing influences between the surface coverage of vegetation (as a surrogate
for active production of terrestrial OC) and runoff-generation threshold
controls by antecedent watershed wetness, which allows for the discrimina-
tion of the six storm events for three sub-watersheds, highlighting differen-
tial responses. The data from the CCW, considered from a management and
hydroclimatic control perspective through NDVI and AP3, lens, indicates
there are seasonal shifts in DOC source and transport pathway driven pri-
marily by the degree of vegetation coverage/growth.

4.4. Intra-storm Cpoc-Q hysteresis reflects OC source and transport mechanisms

The relationship between concentration (C) of POC and DOC and dis-
charge (Q) can provide key insights into the nature of delivery processes
for fluvial OC (Vaughan et al., 2017; Liu et al., 2021). In the present
study, POC displayed a consistent clockwise hysteresis for both clusters,
while DOC revealed clockwise and counterclockwise patterns for events
in cluster 1 and cluster 2, respectively (Figs. 1, 8, A4, and A5). Blair et al.
(2021) attributed the clockwise Cpoc-Q hysteresis in the CCW to the deliv-
ery of in-stream sources, easily erodible sediment, and stream bank sources
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during the rising limb of the hydrograph, and then these sources were
exhausted and/or diluted later in the storm. A thorough examination of
intra-storm DOC dynamics between events in two clusters helps explain dif-
ferent hysteresis patterns seen for Cpoc-Q. Here we chose October 2015
event (#5, Fig. 7) and June 2016 event (#6, Fig. 8) as representatives of
cluster 1 (“bare soil” period) and cluster 2 (“rapid growth” period) contrast-
ing times where dominant crops were post-harvest or in a reproduction
growth stage (R1).

4.4.1. The “bare soil” period exhibits rapid liberation of DOC

During the October 2015 event, the three sub-watersheds (i.e., S.
Amana, Oxford, and Coralville) all exhibited clockwise Cpo~Q hysteresis,
suggesting a DOC transport mechanism of rapid liberation from within-
and near-to-stream sources and/or upland sources that are easily erodible
in early stormflows (Blair et al., 2021). A pronounced early DOC pulse oc-
curred during the very early stage of the rising limb and its mobilization
was due to easy accessibility and erodibility (Fig. 7). Using stable carbon
and nitrogen isotope analyses, Blair et al. (2021) identified the sources of
accompanied POC pulse as a combination of leftover of corn and soybean
residue mixed with upland agricultural soils. These easily erodible OC-
rich sources were then exhausted or cut off as precipitation ceased. Follow-
ing the ‘early pulse’, the main DOC peak that increased with increasing dis-
charge subsided sharply before the peak discharge. Our finding of an early
DOC pulse are in-keeping with others who similarly explain this C-Q rela-
tionship feature as dominated by rapid mobilization from hillslopes
(Jeong et al., 2012), one where a proximal OC-rich sediment source near
and/or within streams is mobilized (Dhillon and Inamdar, 2014), and
where preferential pathways from overland and direct percolation into
the tiles can be a primary source in agricultural systems in the Midwest
(Blair et al., 2021; Cain et al., 2022).

In the present study within CCW, a tile drained agricultural landscape,
observations of DOC supply not keeping up with an increase in discharge
is likely due to a deficit in tile-accessible water storage (Cain et al., 2022).
To activate subsurface transport flow paths during a storm event, along
with associated OC sources, both above-tile and below-tile soil water stor-
age must be filled before water can be laterally connected to streams.
This “filling and connecting” process can be slow and even unachievable
over the course of a storm event, in the antecedently-dry, bare soil period
when the water-table is typically low in agricultural uplands (Schilling
et al., 2018). Such a condition can be characterized as a disconnectivity be-
tween upland subsurface soil C pools and the stream during a storm event.
Taken together, this would result in a clockwise C-Q hysteresis pattern as
was found for both POC and DOC with higher concentrations on rising
limbs (Fig. 7).

4.4.2. The “rapid growth” period exhibits progressive leaching of DOC

The counterclockwise patterns of Cpoc-Q, observed herein, indicate
DOC contributors on the falling limb contained higher DOC than those on
the rising limb - a situation reported by other studies as an accretion pattern
resulting from sources that are later activated in the storm and/or distal
from stream sampling point (Dhillon and Inamdar, 2014; Ramos et al.,
2015; Vaughan et al., 2017; Liu et al., 2021; Rose and Karwan, 2021).

For the June 2016 CCW event, we propose that progressive leaching of
DOC from soil explains the counterclockwise Cpoc-Q pattern (Fig. 8). June,
is in general when most of the crops in CCW are in the rapid-growing stage,
are near to full shielding capacity, and exhibit high evapotranspiration and
water uptake rates, and when taken together all attenuate surface transport
pathways for DOC (Blair et al., 2021). Further, we propose the DOC leach-
ates from soil would be transported through a subsurface flow system that
includes tile drains, in keeping with findings from Schilling et al. (2012) re-
lated to CCW. Extending the concept of above-tile and below-tile threshold
of tile-runoff generation to this scenario, activation of various DOC sources
is controlled by the generation of sufficient transferring flows up to the
point when landscape soil water storage has been progressively filled
(Cain et al., 2022).
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4.5. Implications of findings to downstream evolution of fluvial OC

Clear Creek Watershed, Iowa can serve as a model for numerous US
Midwestern watersheds to study export and evolution of upland/upstream
OC as this system contains a number of typic geomorphic, sedimentologi-
cal, and land use transitions along its flow paths, given its glacial origins,
land use history, decreased hydrological connectivity from agricultural
headwaters to its lower reaches, and increased forest riparian zone and ur-
banization at the watershed outlet (Fig. 1a; Blair et al., 2021). Estimating
the degree of (dis)connectivity between hillslope and riparian area/stream
would require further investigation on all potential DOC/POC sources
within the different landscape units. Using POC 8'>C and biomarker mea-
surements (e.g., lignin phenols), previous studies (Kim et al., 2020; Blair
et al., 2021), highlighted that the CCW October event was characterized
by an early pulse of corn-derived OC, which was delivered during the rising
limb in the headwaters (i.e., S. Amana) and arrived at the lower reaches
(i.e., Coralville) during the falling limb. Since our Cpoc-Q closely resemble
Cpoc-Q in Blair et al. (2021) for event #5, we speculate that a similar early
mobilization of DOC would carry a strong corn signal from upland row crop
downstream. Such a rapid delivery of upland OC might fuel subsequent bi-
ological processes downstream and within the inland aquatic system (Berhe
et al., 2012). The highly disproportionate export of fluvial carbon during
storm events identified herein should influence many subsequent biogeo-
chemical processes in floodplains, streambed, inland, and coastal water
bodies, with important implications for our estimates of the fluvial OC ex-
port and contribution to the atmospheric CO, (Stanley et al., 2012; Field
and Barros, 2014).

5. Conclusion

Globally, row crop agriculture and the associated hydrologic manage-
ment have dramatically altered both surface and subsurface flow pathways
compared to the pre-settlement landscapes. This is particularly true in the
central and upper Midwest USA where storm events provide frequent,
flashy responses in low relief, naturally poorly drained watersheds, and fa-
cilitate rapid mobilization of terrestrial OC through expanded fluvial net-
works. Expanding upon our previous work exploring storm-event driven
POC (Blair et al., 2021), we provide findings based on a high-resolution
study of fluvial OC (both POC and DOC) in the agriculturally dominated
Clear Creek Watershed (CCW) of eastern Iowa, USA.

We demonstrated a greater dominance of POC over DOC during the
high-flow (storm) periods where the event-induced POC accounted for
54-94 % of total fluvial OC export. Extrapolation of a data treatment of
our observation applying a hypothetical periodic monthly-only sampling
of fluvial OC export would under-evaluate POC export by a factor of
1.9-5.4 fold because high POC concentrations during high-flow periods
would be missed. This sampling bias perspective sheds a critical light on
the importance of high-resolution analysis and event-based monitoring ap-
proaches. The disparity between event-driven POC and DOC export also ex-
hibited a seasonal effect, where event-driven POC:DOC ratio was low
(1.3-1.7) for October events while June/July events yielded a much higher
POC:DOC export ratio up to a value of 14.7. The six storm events moni-
tored, albeit a limited data set, could be binned into two clusters, cluster
1 (a “bare soil” period) and cluster 2 (a crop “rapid growth” period),
through an evaluation of the watershed NDVI and AP3, during the storms.
The response of DOC within the two clusters highlights a potential strong
interaction or competing influences between surface coverage of vegetation
and antecedent watershed wetness that indicates a seasonal shift in DOC
source and transport pathway driven primarily by the degree of vegetation
coverage/growth. Additionally, intra-storm variations in OC concentration
and C-Q hysteresis patterns all demonstrate a seasonally-dependent shift,
which can be viewed as the rapid liberation of easily erodible DOC during
the “bare soil” period, and a progressive leaching of terrestrial DOC during
the “rapid growth” period. Our multi-proxy, high-resolution, event-driven
analysis demonstrates both competing and reinforcing drivers for DOC
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and POC export that highlight mechanisms controlled by agricultural man-
agement, geomorphology, and climate.
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