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Abstract: Nonpoint source pollution from cultivated croplands has often been associated with
downstream water quality impairment in various watersheds. Given projected changes in global
climate patterns, this study contributes to the existing literature by elucidating the impacts of climate
projections on edge-of-field surface runoff and sediment and nutrient losses. We apply a well-tested
ecohydrological model, Agricultural Policy Environmental eXtender (APEX), to continuous corn
and corn–soybean fields in Buchanan County, Iowa, using climate scenarios developed from three
well-known representative concentration pathway (RCP) climate projections: RCP 2.6, RCP 4.5,
and RCP 8.5. Our results indicate that there will be a moderate to substantial increase in surface
runoff, sediment, and nutrient losses depending upon the reference point of comparison (baseline
scenario) and upon which climate scenario actually materializes. However, regardless of which
climate scenario materializes and regardless of the baseline for comparison, soluble nitrogen losses
are bound to increase, the magnitude depending upon the climate scenario. We find also that nutrient
losses will be higher from continuous corn fields than from corn–soybean fields, given the tillage
practices implemented on corn versus soybeans in the study area. Similarly, we find that nutrient
losses may be higher from fields that receive manure than fields that receive only inorganic fertilizer,
though this latter finding may be predicated upon the specific nutrient application rates utilized.

Keywords: climate change; sediment losses; nutrient losses; APEX; CMIP5; PRISM

1. Introduction

Surface runoff from agricultural fields has long been implicated for the water quality
impairment of downstream rivers, lakes, and oceans [1–6]. Phosphorus losses are the
primary concern from livestock impacted watersheds [7,8], while sediment and nitrogen
loads are the main indicators of concern from cultivated croplands [9,10]. In response,
agricultural producers and local, regional, and national government agencies across the
world have made significant investments in conservation practices to minimize surface
runoff and associated nutrient and sediment loads to downstream waterbodies [5].

While conservation practices have to some extent been effective at mitigating surface runoff
losses, their overall performance has been partly uncertain for various reasons [11,12]. Among
the key factors influencing the effectiveness of practice implementation is the prevailing
weather. Various studies, e.g., [13–16], indicate that weather is a highly significant factor
driving surface runoff and nutrient and sediment losses, as well as the effectiveness of the
practices implemented to mitigate those losses.

Given the importance of weather patterns as a key driver for surface runoff losses and
the effectiveness of mitigation efforts, it is vital to better understand the implications of
future climate projections for resource conservation. A number of studies have indicated
that future climate projections will result in the increased intensity of rainfall events,
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e.g., [17,18], with resulting increases in surface runoff and sediment and nutrient losses [19–24].
Notwithstanding the attention given to the impact of climate change on surface runoff and
nutrient and sediment losses from agricultural lands, a more comprehensive assessment
applicable to cultivated cropland is lacking. For instance, what are the relative impacts of
various rotations? What are the implications of utilizing manure nutrients versus inorganic
fertilizer?

In this study, we contribute to the existing literature by assessing the impacts of future
climate projections on corn and soybean production in a highly crop-intensive county in
northeastern Iowa. We explore the implications of multiple climate scenarios in order
to provide a broad perspective of the likely trajectory of nutrient and sediment losses
regardless of which future climate scenario actually materializes. To this end, we utilize
well-established crop management practices for that region, including the use of manure
and inorganic fertilizers. To capture future climate patterns, we use the most widely
accredited climate projections to determine the impacts of these climate forecasts on surface
runoff and sediment and nutrient losses from continuous corn and corn–soybean fields in a
predominantly cash crop-producing county in Iowa. The county chosen for this study—
Buchanan County, Iowa—was selected because of previous extensive model calibration and
validation efforts that produced a robust model capable of tracking edge-of-field runoff,
sediment, and nutrient losses. The computer model we used to arrive at the impacts of the
climate projections on the edge-of-field runoff and sediment and nutrient loss indicators
was the Agricultural Policy Environmental eXtender (APEX) [25,26], a well-tested and
calibrated ecohydrological model that has been widely applied in many contexts across the
globe [27].

This study leverages previous work in northeast Iowa that entailed APEX and Soil
and Water Assessment Tool (SWAT) [28] calibration and validation efforts [27,29]. A more
recent study performed additional APEX validation tests for Buchanan County and used
the model to simulate corn and soybean yields under projected climate change [30]. The
results of APEX validation efforts indicate that the model is well suited for simulating not
only crop yields but also the fate and transport of water, sediment, and nutrients from
cultivated croplands in Iowa under a broad spectrum of climate variability.

The main objective of this study is to determine the extent to which projected changes
in climate will impact edge-of-field surface runoff and associated sediment and nutrient
losses from cultivated croplands. In particular, the specific research question is: what are
the anticipated impacts of projected climate change on surface runoff and edge-of-field
sediment and nutrient losses from continuous corn and corn–soybean fields in midwestern
U.S. landscapes typical of northeastern Iowa? We draw attention to the differences in
edge-of-field indicators between fields that receive livestock manure and those that do
not, as well as between continuous corn and corn–soybean fields. We also highlight the
economic implications in relation to the choice of nutrient source and availability. The
results of this study contribute to our understanding of the expected trajectory of sediment
and nutrient losses and will enable conservation planners and policymakers to prepare
appropriate mitigation responses.

2. Materials and Methods

The fate and transport of sediment and nutrients are often simulated using a number
of algorithms within ecohydrological models such as SWAT and APEX. Climate variables
such as precipitation, temperature, wind speed and direction, relative humidity, and solar
radiation, among others, are captured in these models to determine the impacts of weather
on the growth of vegetation, soil physical and chemical characteristics, and surface runoff
and leaching of nutrients. In this study, we used APEX, which has been extensively tested
and validated for many locations around the world and has been specially calibrated and
validated in the northeastern Iowa region that encompasses Buchanan, Fayette, Clayton,
and Delaware counties [29,31]. Recent examples of APEX use in the literature include
applications related to evapotranspiration [32,33], corn yields and water balance [34],
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rainfall distribution and snowmelt [35], forage production [36], soybean–rice production
and irrigation management [37], climate change impacts [15,21,38], phosphorus transport
in subsurface tile drains [39], bacteria transport [40], rice paddy dynamics [41–43], and
groundwater interactions [44]. Many other applications of APEX have been documented
by Gassman et al. [27].

In a northeastern Iowa study culminating in 2000, Keith et al. [31] used the validated
APEX model in conjunction with SWAT to simulate the impacts of alternative tillage
practices on the yields of corn, soybeans, oats, and alfalfa in mixed livestock and crop
systems in the upper Maquoketa river watershed (UMRW) in northeast Iowa, as well as
water quality indicators at the outlet of the UMRW, e.g., [29]. That study also evaluated
the impacts of the status quo and various conservation practices on edge-of-field runoff
and nutrient and sediment losses. In the present study, we leverage the foregoing APEX
validation efforts to determine the impacts of climate change on the fate and transport
of edge-of-field environmental indicators on continuous corn and corn–soybean fields in
Buchanan County. We use APEX because it is one of the most robust models for simulating
crop growth and associated environmental implications. We also incorporate nutrient
management, tillage practices, and crop yields which are representative of these earlier
studies to maintain consistency with those investigations and the baseline simulation
period adopted for this study (1981–2005).

The results of this study will highlight the potential impacts of climate change projec-
tions on the fate and transport of sediment and nitrogen and phosphorus from cultivated
croplands. A recent study [30] used a similar methodology to project corn and soybean
yields under multiple climate change scenarios.

2.1. Modeling System

APEX [25] is a comprehensive field-scale model that was initially developed in the
1990s to assess the effects of management strategies on crop growth, livestock grazing, and
water quality. APEX is a modified version of the Erosion Productivity Impact Calculator
(EPIC) [45] model that has been used widely to simulate alternative management scenarios
such as alternative inorganic fertilizer and manure application rates, tillage practices, and
the implementation of a wide array of management practices. A detailed description of
APEX and how it was applied within the context of this study is provided in a recent
publication [30]. For this specific application, APEX has been validated against crop yield
data and water quality indicators [30]. The model is included in the Nutrient Tracking Tool
(NTT) [46] and has also been calibrated and applied in numerous contexts globally [27].

2.2. Study Area

Buchanan County covers part of the western portion of the UMRW (Figure 1), which
at the time of the initial APEX applications, was characterized by mixed crop and livestock
production. The UMRW is a 16,200-hectare intensive livestock and crop-farming watershed
in northeastern Iowa. Based on the diversity of livestock operations, manure applied on
cropland represents a mix of swine, dairy, and beef cattle manures. Corn and soybean
production account for about 67% of the total land area, and the watershed is characterized
by extensive tile drainage. The average slope in the watershed is about 4% with a range of
1 to 16% [31]. Soils in the watershed range from fine sandy loams to clay texture, though
loamy soils are predominant. In the present application, we focus solely on fields that were
utilized for continuous corn or corn–soybean in 2021.
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2.3. Data Sources

For this study, the following data were utilized. A detailed description of the data
sources is provided in a recent publication [30].

2.3.1. Crop Management Data

Detailed data on field operations were obtained from producers for continuous corn
and corn–soybean rotations as part of the UMRW assessments [29,31,47]. The producer
information indicates that the majority utilized a reduced tillage system as their status
quo crop management profile. The specific field operations used for the simulations are
outlined below.

Continuous Corn Field Operations

Information on the status quo continuous corn field operations received from pro-
ducers as part of the UMRW study [47] is listed in Table 1. Two types of crop nutrient
management were identified based on nutrient sources: crop production with only inor-
ganic fertilizer and crop production using a combination of inorganic fertilizer and livestock
manure. Fertilizer nutrient application rates were similar between fields receiving manure
versus fields that did not receive manure, with the only difference occurring for bulk spread
amounts in the fall. These application rates reflect the reality of very little manure nutrient
crediting by livestock producers in the UMRW as revealed in previous research [29,31].
This resulted in nitrogen fertilizer application rates that were essentially the same for fields
that received manure versus fields that did not receive manure. Separate simulations were
performed for fields receiving both inorganic fertilizer and manure versus those receiving
only inorganic fertilizer. Using information reported by Osei et al. [47], we estimate that
15.6% of cropland areas received manure. Furthermore, it was assumed based on current
data on crop distributions that 80% of corn and soybean growing areas were used for corn–
soybean rotation, while only 20% was used for continuous corn. These weights—15.6% and
84.4%, respectively, for manure and non-manure field simulations and 20% and 80% for
continuous corn and corn–soybean—were used to compute the weighted averages of the
APEX output reported in the results section. In addition to the weighted averages, separate
analyses are also presented by crop rotation and nutrient source.



Agriculture 2023, 13, 470 5 of 21

Table 1. Field operations simulated for continuous corn for 1998–2000 production years.

Date Manure Fields Non-Manure Fields

16 April Manure application (44.9 mt/ha)
29 April Herbicide application Herbicide application
1 May Field cultivation Field cultivation
3 May Regular planter Plant
3 May Starter fertilizer (kg/ha) (10.1 + 11.3 + 27.9) Incorporate starter fertilizer (kg/ha) (10.1 + 11.3 + 27.9)
12 June Row cultivate Cultivate

18 October Harvest corn Harvest corn
23 October Bulk spread (kg/ha) (17.9 + 20.2 + 41.9) Bulk spread (kg/ha) (28.0 + 30.0 + 55.8)

2 November Chisel plow Chisel plow
12 November Ammonia application (194.2 kg/ha) Ammonia application (194.2 kg/ha)

Corn–Soybean Field Operations

Similar information was received from producers for the corn–soybean rotation, as
reported in [47], reproduced in Table 2. The nutrient application rates reflect the previously
described conditions indicated earlier in this section. Simulations were performed sepa-
rately for fields receiving manure, as well as for fields where only inorganic fertilizer was
utilized as a nutrient source. Status quo tillage practices for the corn–soybean rotation also
represented a reduced tillage style of management.

Table 2. Field operations simulated for corn–soybean rotation for 1998–2000 production years.

Date Manure Fields Non-Manure Fields

Corn following soybean
16 April Manure application (44.9 mt/ha)
29 April Herbicide application Herbicide application
29 April Fertilizer N (128.2 kg/ha) Apply fertilizer N (128.2 kg/ha)
30 April Field cultivation Field cultivation
1 May Regular planter (corn) Regular planter (corn)
1 May Starter fertilizer (kg/ha) (10.1 + 11.3 + 27.9) Starter fertilizer (kg/ha) (10.1 + 11.3 + 27.9)
12 June Cultivate Cultivate

15 October Harvest corn Harvest corn
25 October Bulk spread (kg/ha) (17.9 + 20.2 + 41.9) Bulk spread (kg/ha) (28.0 + 30.1 + 55.8)

1 November Chisel plow Chisel plow

Soybean following corn
16 April Manure application (44.9 mt/ha)
29 April Herbicide application Herbicide application
10 May Field cultivation Field cultivation
12 May Regular planter (soybean) Regular planter (soybean)

2 October Harvest soybean Harvest soybean
27 October Bulk spread (kg/ha) (15.4 + 17.3 + 41.9) Bulk spread (kg/ha) (28.0 + 30.1 + 55.8)

For the two-year corn–soybean rotation, each polygon was divided into two equal
halves, one starting in the corn year and the other starting in the soybean year, in order
to ensure that each crop was simulated in each year so as to obtain an accurate weather
representation for all crops. Polygon divisions were accomplished in the APEX subarea
file prior to each simulation by replicating the subarea and assigning a negative sign to the
second subarea, thus specifying side-by-side addition rather than routing from one half to
the other.

2.3.2. Cropland Data Layer (CDL)

The GIS layer of cropland cover for Buchanan County was obtained from the USDA-
NRCS data server [48]. Details of the data and how they were used for this study are
provided elsewhere [30]. For continuous corn, simulations were restricted only to land
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parcels that were grown in corn. Similarly, for the results associated with the corn–soybean
rotation, all fields used for corn or for soybean in 2021 were simulated.

SSURGO soil data: Soil data for this study were obtained from the USDA-NRCS Soil
Survey Geographic Database (SSURGO) [49]. The SSURGO data layer was overlaid on
the CDL data in order to determine relevant soil types applicable to 2021 corn production
fields in the study area. A total of 88,322 unique crop–soil polygons were identified
as corn-growing fields for various soils within Buchanan County for 2021. Similarly,
69,651 polygons were associated with soybeans for the 2021 calendar year. Consequently,
157,973 crop–soil polygons were assigned to the corn–soybean rotation (88,322 + 69,651),
while 88,322 polygons were associated with continuous corn simulations.

2.3.3. Historical Weather Data

Precipitation, minimum and maximum temperature, solar radiation, and other key
weather variables were obtained from the USDA Parameter-elevation Regressions on
Independent Slopes Model (PRISM) [50] database to reflect actual current and historical
weather data. The PRISM weather data were used as baseline weather for the present
simulations and are also available on the NTT server. The PRISM data used for this study
are available at a 4 km resolution for the continental U.S. The simulations presented here
were performed with a 25-year time horizon to correspond to each climate scenario’s time
horizon. The baseline scenario was represented by PRISM weather time series covering the
1981–2005 period since it covers the period for which APEX was calibrated and validated
for the UMRW study using measured water quality data. The 1981–2005 period was also
chosen because it represents the last period of historical climate data prior to the beginning
of the CMIP5 projections in 2006.

2.3.4. Climate Projections

Future climate projections were obtained from the National Center for Atmospheric
Research’s Earth System Grid portal [51,52]. Chosen climate projections represent a middle
ground, an approximate average of a best-case lower emissions scenario, and an opposite
scenario wherein the current greenhouse gas emissions trajectory is maintained. Details
of the climate projections are provided in Osei et al. [30] and were based on the Coupled
Model Intercomparison Project—Phase 5 (CMIP5) weather projections [53,54].

Weather data on precipitation and minimum and maximum temperature were ex-
tracted from the CMIP5 databases for the following three 25-year periods for each of the
future climate scenarios: 1 January 2021–31 December 2045, 1 January 2046–31 December
2070, and 1 January 2071–31 December 2095. To provide relevant context, hindcasted
CMIP5 climate data were also included for two historical periods as separate climate sce-
narios: 1 January 1956–31 December 1980 and 1 January 1981–31 December 2005. The
future climate scenarios included in this study are RCP 2.6, RCP 4.5, and RCP 8.5, which
are defined according to anticipated radiative forcing levels. RCP 2.6, the most optimistic
scenario of the four for reducing global warming, corresponds to a radiative forcing of
2.6 Wm−2 as compared to the pre-industrial era and is projected to result in a 1 ◦C increase
in mean global temperatures by the 2046 to 2065 period. Similarly, RCP 4.5: and RCP 8.5
correspond to radiative forcing values of 4.5 Wm−2 and 8.5 Wm−2, respectively, for the
same time periods. RCP 8.5 is the most pessimistic scenario among the four for reducing
global warming.

2.4. Projected Changes in Climate Patterns

The foregoing three historical and nine projected climate outcomes—twelve in all—
were simulated in this study. Other than the PRISM scenario, the two historical and nine
projected CMIP5 scenarios are global climate model projections and are consequently
not actual climate realizations. Additional information and analysis related to climate
projections are provided elsewhere [30]. Each climate scenario presents a unique pattern
of weather trajectory for Buchanan County and is summarized in this section as averages
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across all grid points included in the simulations. However, simulations were based on
data for individual grid points.

2.5. Climate Scenarios Simulated

A summary of the climate scenarios is provided in Table 3. A total of twelve climate
scenarios were simulated: the baseline (PRISM for 1981–2005), two hindcasted CMIP5
scenarios, and nine CMIP5 climate projections—three time periods each for RCP2.6, RCP4.5,
and RCP8.5. In some of the analyses below, we will also use the 1981–2005 hindcasted
CMIP5 scenario as an alternative baseline to which the twelve CMIP5 scenarios will be
compared.

Table 3. Specific Climate Scenarios included in this study.

Scenarios 1956–1980 1981–2005 2021–2045 2046–2070 2071–2095

Historical (CMIP5) X X * - - -

Historical (PRISM) X: Baseline

RCP 2.6 (CMIP5) - X X X

RCP 4.5 (CMIP5) - X X X

RCP 8.5 (CMIP5) - X X X
* Used as alternative baseline, a CMIP5 baseline for comparing outcomes of CMIP5 projections.

Projected climate patterns are clearly different from current realizations. Average
annual precipitation—averages taken over each 25-year time horizon—are shown in Table 4,
and virtually all precipitation values shown in the table are significantly different from
each other at a 5% level of significance. Annual precipitation levels are clearly projected to
increase with all CMIP5 climate projections as compared to hindcasted values. However,
the actual gridded (PRISM) precipitation for the “current” (1981–2005) historical time
period is also significantly higher than the hindcasted CMIP5 values for the same time
period. For all projections, RCP8.5 promises the greatest increase in annual precipitation
totals, with the highest in the 2021–2045 period.

Table 4. Annual precipitation by climate scenario: mean, minimum, and maximum (mm/year).

Scenario 1956–1980 1981–2005 2021–2045 2046–2070 2071–2095

Historical (CMIP5) 882 (616, 1149) 874 (669, 1039)
Historical (PRISM) 886 (535, 1222)
RCP 2.6 (CMIP5) 876 (444, 1231) 907 (614, 1228) 904 (543, 1298)
RCP 4.5 (CMIP5) 860 (615, 1094) 914 (575, 1231) 907 (661, 1166)
RCP 8.5 (CMIP5) 973 (588, 1367) 950 (639, 1165) 967 (696, 1291)

The numbers in Table 4 are, respectively, the average annual precipitation, followed
by the minimum and maximum annual precipitation values in parentheses, each averaged
across all grid points simulated. The future CMIP5 annual precipitation projections are
clearly indicated to have a broader range than the hindcasted values, particularly in the
case of RCP 2.6.

To better highlight the trends and variability in annual precipitation levels, Figure 2
shows the trends in average annual precipitation, each line graph covering the entire
75-year time series of future CMIP5 projections and the 50-year time period of hindcasted
(historical) CMIP5 data. For simplicity of exposition, the figure excludes the PRISM series.
The legends displayed in the figure also show, respectively, in parentheses, the mean and
standard error of each CMIP5 series. As often stated in the literature, RCP 8.5 is projected
to result in wetter conditions. All CMIP5 projections indicate a greater variability of annual
precipitation patterns, with RCP 2.6 associated with the highest standard error. Analyses
of these climate projection data are relevant because they are the underpinnings of future
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trends in surface runoff and associated sediment and nutrient losses. Various studies
similarly analyze these patterns to better elucidate the output from model simulations,
e.g., [15,21,38].
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Besides being the wettest climate projection, RCP 8.5 is also associated with the highest
average temperatures. Both average monthly minimum temperatures and average monthly
maximum temperatures are highest with RCP 8.5. RCP 8.5 is associated with the highest
minimum and maximum temperatures, as expected, particularly for the 2071–2095 period
as compared to other CMIP5 projections. This is particularly true of the June through
September months, where RCP 8.5 monthly maximum temperatures are markedly higher
than those of the other two RCP projections. These and additional analyses of projected
temperature and precipitation patterns are provided by Osei et al. [30].

Higher temperatures and precipitation levels with RCP 8.5 mean that growing con-
ditions will be warmer and wetter. While not shown here, precipitation levels under all
CMIP5 scenarios—particularly RCP 8.5—are expected to favor high-intensity storm events,
which implies that a greater portion of total precipitation volumes for the year are associ-
ated with a few major storms. As reported in previous studies [16,55], these precipitation
outcomes indicate a greater likelihood of surface runoff losses even if total precipitation
volumes are the same. Monthly precipitation averages also suggest that a major portion of
annual precipitation increases associated with RCP 8.5 for the 2021–2045 period will likely
occur in the August through November period, partly but not wholly, benefiting corn and
soybean crops close to grain maturity for harvesting.

2.6. APEX Validation

As mentioned above, APEX was calibrated and validated for agronomic and edge-
of-field environmental indicators as part of the UMRW study [31]. Subsequently, Osei
et al. [30] completed further validation tests to show that the model performs very well in
simulating surface runoff and sediment losses. Nitrogen and phosphorus losses in surface
runoff are also quite close to validated results from the UMRW study, as shown here in
Table 5. Thus, we consider APEX sufficiently validated for the current study. The values of
key APEX parameters that were determined from the validation process are reported in
Osei et al. [30].
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Table 5. APEX model validation results for 1998–2000 application in northeast Iowa.

Agronomic or Environmental
Indicator

————Measured Data————– Simulated

Value Source and Notes Value

Crop yields (mt/ha): 1997–1999 production years
Continuous corn yield (mt/ha) 8.34 Average from UMRW

study [47]. Obtained from
survey of producers.

8.30
Corn following soybean yield (mt/ha) 8.60 8.31

Soybean yield (mt/ha) 3.22 3.54

Surface runoff (mm)
From USEPA [56]: data by HUC * 88.3 Buchanan County: 2002 79.3

From Osei et al. [47] 65.1 Flow for UMRW 79.3

Sediment loss from fields (mt/ha)
From USEPA [56]: data by HUC * 1.66 Buchanan County: 2002 2.71

From Osei et al. [47] 2.24 Sediment loss from UMRW 2.71

N loss in surface runoff from fields (kg/ha)
From Osei et al. [47] 6.11 Buchanan County: 2002 2.70

Sediment-bound N loss from fields (kg/ha)
From Osei et al. [47] 16.7 Buchanan County: 2002 16.44

P loss in surface runoff from fields (kg/ha)
From Osei et al. [47] 0.64 Buchanan County: 2002 0.70

Sediment-bound P loss from fields (kg/ha)
From Osei et al. [47] 3.36 Buchanan County: 2002 1.61

* Measured data represent averages for 2002 for all hydrologic unit codes (HUCs) in Buchanan County, Iowa.

2.7. Simulation Procedure

APEX simulation results reported by Osei et al. [30] indicated that results from 20% of
randomly selected crop–soil polygons are practically the same as (statistically indistinguish-
able from) results based on 100% of the population of crop–soil polygons for continuous
corn and corn–soybean in Buchanan County. Consequently, for this study, 20% of randomly
selected crop–soil polygons were simulated for each rotation. This represents 17,664 poly-
gons for continuous corn and 31,595 polygons for the corn–soybean rotation. Additional
details of the simulation procedure are provided in [30].

3. Results and Discussion

The environmental indicators of interest in this study are the following edge-of-field
indicators: surface runoff, sediment losses, and the totals and key components of nitrogen
and phosphorus losses. To obtain the results reported here, output from all crop–soil
polygons simulated were merged in SAS®, which was used to compute an area-weighted
average and other summary statistics for each indicator and for each scenario. We first
present weighted average impacts across both crop rotations and averaged also across
fields receiving manure and those receiving only inorganic fertilizer.

3.1. Average Climate Change Impacts across All Crop Rotations and Nutrient Sources

Summary results are arranged by indicator, by major climate scenario, and by time
period in Tables 6–8. The results for surface runoff and sediment losses are shown in
Table 6, Total Nitrogen and its key components in Table 7, and Total Phosphorus and its key
components in Table 8. In each table, we display results by major climate scenario in rows
and time periods in columns going from left to right in chronological order. In Tables 6–8,
average annual values for each respective indicator are reported, followed in parentheses
by two percentage change values. The first percentage change is relative to the baseline
scenario, the 1981–2005 PRISM climate scenario. The second percentage change is relative
to the 1981–2005 historical CMIP5 value, which served as an alternate baseline for CMIP5
comparisons. The reason for the two percentage changes will become apparent later on.
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Table 6. Simulated impacts of climate scenarios on average annual edge-of-field surface runoff and
sediment losses based on 1998–2000 management practices.

Scenario 1956–1980 1981–2005 2021–2045 2046–2070 2071–2095

Average annual surface runoff: mm (% changes from PRISM and CMIP5 baselines *)
Historical (CMIP5) 85.6 (−36, 16) 73.7 (−45, 0)
Historical (PRISM) 133.4 (0, 81)
RCP 2.6 (CMIP5) 105.8 (−21, 44) 90.9 (−32, 23) 97.5 (−27, 32)
RCP 4.5 (CMIP5) 91.3 (−32, 24) 114.8 (−14, 56) 95.8 (−28, 30)
RCP 8.5 (CMIP5) 132.8 (0, 80) 116.5 (−13, 58) 118.7 (−11, 61)

Average annual sediment losses: mt/ha (% changes from PRISM and CMIP5 baselines *)
Historical (CMIP5) 0.8 (−62, 13) 0.7 (−66, 0)
Historical (PRISM) 2.0 (0, 198)
RCP 2.6 (CMIP5) 1.7 (−16, 150) 1.3 (−32, 102) 1.5 (−23, 131)
RCP 4.5 (CMIP5) 1.7 (−15, 152) 2.0 (−1, 197) 1.4 (−31, 106)
RCP 8.5 (CMIP5) 1.5 (−27, 119) 2.0 (1, 201) 3.0 (48, 343)

* Numbers in parentheses are respective percentage changes from the 1981–2005 PRISM baseline and 1981–2005
historical (hindcasted) CMIP5 values.

Table 7. Simulated impacts of climate scenarios on average annual edge-of-field nitrogen losses based
on 1998–2000 management practices.

Scenario 1956–1980 1981–2005 2021–2045 2046–2070 2071–2095

Average annual soluble N losses: kg/ha (% changes from PRISM and CMIP5 baselines *)
Historical (CMIP5) 3.6 (−31, 7) 3.4 (−36, 0)
Historical (PRISM) 5.3 (0, 55)
RCP 2.6 (CMIP5) 4.5 (−14, 33) 5.0 (−5, 47) 4.3 (−19, 26)
RCP 4.5 (CMIP5) 5.0 (−5, 47) 7.4 (40, 118) 5.1 (−3, 51)
RCP 8.5 (CMIP5) 7.0 (32, 105) 6.0 (14, 77) 8.4 (60, 147)

Average annual sediment-bound N losses: kg/ha (% changes from PRISM and CMIP5 baselines *)
Historical (CMIP5) 8.4 (−55, 12) 7.5 (−60, 0)
Historical (PRISM) 18.7 (0, 150)
RCP 2.6 (CMIP5) 14.4 (−23, 92) 11.6 (−38, 55) 12.6 (−33, 68)
RCP 4.5 (CMIP5) 13.1 (−30, 75) 16.1 (−14, 115) 12.5 (−33, 67)
RCP 8.5 (CMIP5) 14.3 (−23, 91) 15.9 (−15, 112) 20.3 (8, 171)

Average annual total N losses: kg/ha (% changes from PRISM and CMIP5 baselines *)
Historical (CMIP5) 12.0 (−50, 10) 10.9 (−55, 0)
Historical (PRISM) 24.0 (0, 120)
RCP 2.6 (CMIP5) 18.9 (−21, 73) 16.6 (−31, 52) 16.9 (−30, 55)
RCP 4.5 (CMIP5) 18.1 (−25, 66) 23.4 (−2, 116) 17.6 (−27, 62)
RCP 8.5 (CMIP5) 21.3 (−11, 96) 21.9 (−9, 101) 28.7 (20, 164)

* Numbers in parentheses are respective percentage changes from the 1981–2005 PRISM baseline and 1981–2005
historical (hindcasted) CMIP5 values.

The top section of Table 6 presents the APEX simulation results for surface runoff.
The table indicates that average surface runoff from corn and soybean fields would vary
widely depending on the climate scenario. The highest average annual runoff volume—
133.4 mm/year—is associated with the PRISM baseline, followed closely by the 2021–2045
period of RCP 8.5. The other ten climate scenarios are associated with markedly lower
surface runoff volumes. Thus, percentage changes in surface runoff volumes from the
PRISM baseline are all negative or practically zero.
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Table 8. Simulated impacts of climate scenarios on average annual edge-of-field phosphorus losses
based on 1998–2000 management practices.

Scenario 1956–1980 1981–2005 2021–2045 2046–2070 2071–2095

Average annual soluble P losses: kg/ha (% changes from PRISM and CMIP5 baselines *)
Historical (CMIP5) 0.6 (−37, 11) 0.5 (−44, 0)
Historical (PRISM) 1.0 (0, 78)
RCP 2.6 (CMIP5) 0.8 (−15, 52) 0.7 (−29, 26) 0.7 (−24, 35)
RCP 4.5 (CMIP5) 0.7 (−31, 23) 0.9 (−7, 65) 0.8 (−20, 42)
RCP 8.5 (CMIP5) 1.0 (7, 90) 0.9 (−8, 64) 0.9 (−5, 69)

Average annual sediment-bound P losses: kg/ha (% changes from PRISM and CMIP5 baselines *)
Historical (CMIP5) 0.8 (−60, 8) 0.7 (−63, 0)
Historical (PRISM) 1.9 (0, 169)
RCP 2.6 (CMIP5) 1.5 (−21, 113) 1.3 (−33, 80) 1.4 (−29, 92)
RCP 4.5 (CMIP5) 1.5 (−20, 116) 1.8 (−8, 148) 1.3 (−31, 86)
RCP 8.5 (CMIP5) 1.5 (−20, 116) 1.8 (−7, 150) 2.5 (32, 256)

Average annual total P losses: kg/ha (% changes from PRISM and CMIP5 baselines *)
Historical (CMIP5) 1.4 (−52, 9) 1.3 (−56, 0)
Historical (PRISM) 2.9 (0, 129)
RCP 2.6 (CMIP5) 2.3 (−19, 87) 2.0 (−32, 56) 2.1 (−27, 67)
RCP 4.5 (CMIP5) 2.2 (−23, 76) 2.7 (−8, 112) 2.1 (−27, 67)
RCP 8.5 (CMIP5) 2.6 (−11, 105) 2.7 (−7, 113) 3.4 (20, 174)

* Numbers in parentheses are respective percentage changes from the 1981–2005 PRISM baseline and 1981–2005
historical (hindcasted) CMIP5 values.

However, it is important to note what the hindcasted climate scenarios imply. They
represent the historical climate regime that is implied by the CMIP5 climate projections. In
other words, the processes that generated the CMIP5 projections for 2021–2045, 2046–2070,
and 2071–2095 imply a historical climate record that is mimicked by the CMIP5 historical
data series in the 1956–1980 and 1981–2005 time periods. This means that in addition to
the comparison to the PRISM baseline, we should also compare the projected indicators to
the corresponding values of the CMIP5 historical scenario, particularly for the 1981–2005
period that we consider as the baseline time period.

Comparison of surface runoff volumes for each scenario to that of the 1981–2005
historical CMIP5 surface runoff leads to the expectation that surface runoff volumes will be
much higher than current levels if the historical CMIP5 conditions adequately represent
current conditions. The percentage changes indicate that ignoring the PRISM baseline, the
highest increases in surface runoff volumes will be associated with RCP 8.5, particularly
the 2021–2045 period, when we should expect an 80% increase in surface runoff compared
to the historical CMIP5 levels in the 1981–2005 period. Admittedly, anthropogenic effects
such as human activities related to cropland management have an impact on surface runoff
losses. However, as we will see in the next section, these losses are overwhelmingly driven
by climate patterns, primarily storm events.

It is insightful to note that annual average surface runoff is significantly correlated
with annual average precipitation (see Table 9). However, the weighted average aggregates
presented in Table 6 do not necessarily correspond to the relative precipitation levels
presented in Table 4. This is because, as expected, average annual aggregates even out
variabilities inherent in daily patterns that are, in reality, the drivers of surface runoff
volumes and other environmental indicators. Average annual aggregates are two steps
away from daily precipitation and runoff events, as they are first annual aggregates, and
then secondly, averages of the annual aggregates across the crop-soil polygons simulated.
For this reason, while average annual precipitation is much higher in the 2021–2045 period
of RCP 8.5 than the PRISM baseline, average annual surface runoff volumes are roughly
the same between the two scenarios.
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Table 9. Correlation coefficients between selected average annual indicators *.

Indicator Precipitation Surface
Runoff Sediment Sediment-Bound

N Soluble N Sediment-Bound
P Soluble P

Correlation matrix for hindcasted CMIP5 series
Precipitation 1.00 0.64 0.47 0.49 0.56 0.49 0.50

Surface runoff 0.64 1.00 0.50 0.54 0.70 0.53 0.85
Sediment loss 0.47 0.50 1.00 0.98 0.55 0.96 0.07

Correlation matrix for CMIP5 RCP 2.6 series
Precipitation 1.00 0.74 0.60 0.65 0.61 0.65 0.67

Surface runoff 0.74 1.00 0.72 0.76 0.60 0.75 0.93
Sediment loss 0.60 0.72 1.00 0.99 0.39 0.98 0.51

Correlation matrix for CMIP5 RCP 4.5 series
Precipitation 1.00 0.71 0.57 0.60 0.52 0.60 0.66

Surface runoff 0.71 1.00 0.71 0.76 0.66 0.74 0.95
Sediment loss 0.57 0.71 1.00 0.99 0.52 0.98 0.54

Correlation matrix for CMIP5 RCP 8.5 series
Precipitation 1.00 0.80 0.63 0.67 0.59 0.64 0.74

Surface runoff 0.80 1.00 0.70 0.74 0.60 0.70 0.94
Sediment loss 0.63 0.70 1.00 0.99 0.45 0.98 0.56

* Each row shows correlation coefficients between variable named in the row and variables in column header.
All indicators were computed as weighted averages across all crop–soil polygons simulated. All correlation
coefficients are highly significant except for correlation between sediment loss and soluble P under hindcasted
CMIP5 series.

Similar comparisons can be made among other climate scenarios. Nonetheless, broad
comparisons to hindcasted CMIP5 baseline data indicate that a significant increase in
surface runoff is in store, particularly if RCP 8.5 materializes.

The lower portion of Table 6 presents results for sediment losses in mt/ha/year. Once
again, the losses during the PRISM baseline are among the highest, except for the 2046–2070
and 2071–2095 periods of RCP 8.5. However, comparisons to the hindcasted CMIP5 results
suggest that sediment losses may likely increase dramatically even under RCP 2.6 and
RCP 4.5. Compared to the hindcasted CMIP5 results for 1981–2005, sediment losses would
more than double for all projected climate scenarios (a percentage change greater than
100) and could triple (a percentage change of 200) in the 2046–2070 period of RCP 4.5
or RCP 8.5, or even more than quadruple (a percentage change greater than 300) in the
2071–2095 period of RCP 8.5. The hindcasted CMIP5 data suggest that these dramatic
increases in sediment losses are all possible relative to the 1981–2005 period, if, again, the
CMIP5 baseline represents current reality as compared to future climate patterns. Once
again, it is not possible to infer these dramatic increases just by a comparison of average
annual input and output indicators. The correlations shown in Table 9, though highly
significant in most cases, do not reflect the underlying daily variations. It is partly for
these reasons that econometric models based on aggregates often fail to adequately predict
environmental indicators from widely available aggregate data.

Surface runoff and sediment losses are the two main conduits for edge-of-field nutrient
losses from cropland. Soluble nutrients such as nitrates and phosphates are transported as
dissolved minerals in runoff water. Similarly, sediment-bound nutrients such as sediment-
bound nitrogen and phosphorus (mostly as organic compounds) are transported attached to
sediment particles that leave the fields in surface runoff. The results in Tables 7 and 8 show
both soluble and sediment-bound nutrient losses from cropland as well as corresponding
total nitrogen and total phosphorus losses in kg/ha/year.

The top section of Table 7 shows soluble nitrogen losses followed by sediment-bound
nitrogen in the middle section and total nitrogen at the bottom section of the table. In the
case of soluble nitrogen losses, the hindcasted CMIP5 results are not as drastically different
from the PRISM baseline as is the case with other indicators we present in this study.
Consequently, regardless of which reference point we use, most of the CMIP5 projections
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call for a significant increase in soluble nitrogen losses as compared to the PRISM baseline
or hindcasted CMIP5 results. For the most part, soluble N losses are projected to more
than double under RCP 8.5 as compared to hindcasted CMIP5 results. This corresponds
well with various published studies [57,58] that also project substantially increased nitrate
losses as a result of climate change. Soluble N loss increases are considerably smaller in
magnitude under RCP 4.5 and especially RCP 2.6 as compared to RCP 8.5.

Sediment-bound nitrogen losses are projected to follow a pattern similar to sediment
losses. CMIP5 projections are mostly lower than under the PRISM baseline. However,
comparisons to hindcasted CMIP5 results in 1981–2005 suggest dramatic increases for most
climate scenarios if the CMIP5 baseline is a good reference point. Due to the fact that
sediment-bound N losses are much larger in magnitude than soluble N losses, for the most
part, total N losses follow the pattern of sediment-bound N losses.

A corresponding set of results is provided in Table 8 for phosphorus, with soluble P,
sediment-bound P, and total P, respectively, in the top, middle, and bottom sections of the
table. Once again, with few exceptions, the PRISM baseline is associated with the highest
losses. Soluble P losses are highest with the 2021–2045 period of RCP 8.5 at 1.0 kg/ha/year,
roughly the same as with the PRISM baseline. However, when compared to hindcasted
CMIP5 results, all climate scenarios are projected to result in increased edge-of-field soluble
P losses, with the highest associated with RCP 8.5.

The pattern of results is similar for sediment-bound P losses, with the 2071–2095
period of RCP 8.5 registering the highest losses, at 2.5 kg/ha/year, followed by the PRISM
baseline at 1.9 kg/ha/year. When compared to hindcasted CMIP5 values, all climate
change projections are once again anticipated to result in dramatic increases in edge-of-field
losses of sediment-bound P, as much as a 256% increase in the 2071–2095 period of RCP 8.5.
Finally, since sediment-bound P losses are greater in magnitude than soluble P losses, total
P losses mirror the patterns of sediment-bound P losses.

The climate change impacts shown in Tables 6–8 highlight the relative values of
average edge-of-field surface runoff and sediment and nutrient losses. However, one
important aspect of climate change impacts—variability inherent in the year-to-year runoff
and sediment and nutrient losses—is not reflected in these tables. To highlight the trends
and variability of these indicators, we present their time trends in charts. The charts are
displayed by a major CMIP5 climate scenario: 50 years of combined data for the historical
CMIP5 scenarios (1956–2005) and 75 years of combined time series (2021–2095) for each of
the CMIP5 RCP scenarios (RCP 2.6, RCP 4.5, and RCP 8.5). Each of the charts also displays
the overall mean and standard error of the major time series as part of the legend.

The trends of surface runoff (Figure 3) indicate that not only are the levels of surface
runoff losses expected to increase for each climate change projection as compared to the
CMIP5 baseline, as already shown in Table 6, but they also become more variable. Average
surface runoff levels for a given year—averaged across all crop-soil polygons—can be as
high as 350 mm and as low as well below 50 mm for RCP 8.5. Similar variabilities are
displayed for RCP 2.6 and RCP 4.5, though not as pronounced. In contrast, the maximum
average annual surface runoff for a given year—averaged across all simulated crop–soil
polygons—was only as high as about 200 mm under historical CMIP5 conditions.

Similar comparisons are obtained for trends in average annual sediment losses in
the runoff for the CMIP5 scenarios (Figure 4). Other than being associated with higher
sediment losses compared to hindcasted CMIP5 conditions, the year-to-year variability
in sediment losses is very pronounced under the CMIP5 projections, particularly under
RCP 8.5 and RCP 2.6, where average annual sediment losses can be as high as 8 mt/ha—an
average across all crop–soil polygons simulated—compared to an average peak of barely
5 mt/ha/year under hindcasted CMP5 conditions. Furthermore, while the variability in
sediment losses under hindcasted CMIP5 conditions appears to be attenuated over time,
that is not the case with RCP 2.6, RCP 4.5, and RCP 8.5 projections, with variabilities
maintained throughout the time series. Means and standard errors for sediment losses
under each CMIP5 projection are considerably higher than for the hindcasted series.
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Figure 4. Trends in average annual sediment losses in runoff by CMIP5 climate scenario.

Trends for key components of nitrogen and phosphorus losses are shown in Figure 5.
As with the case for surface runoff and sediment losses, the figure shows without exception
that there will be increased variability of soluble and sediment-bound components of
nitrogen and phosphorus as compared to hindcasted CMIP5 conditions. In each case,
means and standard errors are higher with all three CMIP5 projections than the hindcasted
CMIP5 series. Among the three CMIP5 projections, means and standard errors of soluble
and sediment-bound nitrogen and phosphorus are consistently the highest with RCP 8.5
and lowest with RCP 2.6.
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Figure 5. Trends in annual nutrient losses in runoff by CMIP5 climate scenario.

3.2. Climate Change Impacts by Crop Rotation and Nutrient Source

The edge-of-field results presented thus far have been weighted averages across all
crop–soil polygons of a given crop and then averaged across both continuous corn and
corn–soybean rotations both for fields using manure and those utilizing only inorganic
fertilizers. We now turn to the climate change impacts for specific crop and nutrient
source combinations. In particular, we explore results for continuous corn fields receiving
manure (M) and fields that do not receive manure (N-M). Similarly, we analyze results
from corn–soybean fields receiving manure (M) and those not receiving manure (N-M).
In the following tables of results, the names of all climate scenarios are listed in the first
column and the results for various indicators are presented by rotation and type of nutrient
source in separate columns from left to right.

The first set of results is presented in Figure 6 for surface runoff and sediment losses.
A fairly consistent but distinct set of impacts are revealed for both surface runoff and
sediment losses. Surface runoff losses are quite similar regardless of rotation or nutrient
source. However, there is a slight elevation of surface runoff when continuous corn
is planted rather than a corn–soybean rotation. This underscores the fact that climate
differences have a much greater direct impact on surface runoff losses than differences in
cropland management or other human activities. In other words, differences in surface
runoff losses for a given climate regime, but with different land management practices
or other human activities, are dwarfed by differences in surface runoff losses for a given
management practice but different climate regimes.
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Figure 6. Edge-of-field surface runoff and sediment losses by rotation and nutrient source.

On the other hand, there are clear distinctions regarding sediment losses. Average
annual sediment losses are higher for continuous corn than for the corn–soybean rotation.
This may be due primarily to the fact that there are very minimal tillage operations on
soybeans as compared to corn in this area. Furthermore, sediment losses are also higher
for fields that do not receive manure. Specifically, sediment losses on fields not receiving
manure are roughly double the rate associated with fields that receive manure. This result is
explained by the fact that the increased organic matter associated with manure applications
serves to reduce erosion rates.

Edge-of-field soluble N and sediment-bound N results are presented in Figure 7,
also with crop rotation and nutrient source for each climate scenario. The results are
markedly different by rotation and by nutrient source. Soluble N losses are clearly higher
from manure fields than from fields not receiving manure. Since surface runoff losses are
roughly similar for all rotations and nutrient sources, it implies that surface runoff losses
from fields receiving manure have a higher concentration of soluble N than from fields
that do not receive manure. Thus, this result may be largely predicated upon the manure
application rate versus the rate of nutrient application on fields not receiving manure; total
nutrient application rates are clearly higher on fields receiving manure. Finally, soluble N
losses are also higher from continuous corn fields than from corn–soybean fields.

The differences in results presented in Figure 7 for sediment-bound N losses are even
more marked between rotation and between nutrient sources. Depending on the climate
scenario, sediment-bound N losses from fields receiving manure are roughly quadruple
those from fields that do not receive manure. Similarly, sediment-bound N losses are
consistently higher from continuous corn fields than from corn–soybean fields. Since
sediment losses were shown to be higher with continuous corn fields, it is clear that
a portion of the increased sediment-bound N loss associated with the continuous corn
rotation is due to increased sediment losses. However, sediment losses were shown to be
lower with fields receiving manure. Thus, the fact that sediment-bound N losses are higher
with manure fields implies a drastically higher concentration of sediment-bound N that
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more than offsets the lower rate of sediment losses from fields receiving manure. Once
again, management practices, in particular, nutrient application rates, may hold the key
to reduced nutrient losses in this case. Changes in inorganic fertilizer prices may impact
producer nutrient utilization practices, and in turn impact nutrient losses, as also reported
by Xu et al. [1].
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Figure 7. Edge-of-field soluble and sediment-bound N losses by rotation and nutrient source.

The final set of results is shown in Figure 8 for soluble P and sediment-bound P losses.
Once again, the results are quite consistent, though not in all cases. The results for soluble
P losses are consistent: soluble P losses are higher from corn fields, and at least double
from fields receiving manure as compared to fields not receiving manure. The results for
sediment-bound P are less consistent. Sediment-bound P losses are mostly higher from
continuous corn fields than corn–soybean fields, but not always. Similarly, they are mostly
higher from fields receiving manure than from fields not receiving manure, again with few
exceptions.

The disparity of the results between crop rotations and nutrient sources highlights
some important economic implications. If producers choose to switch more fields from corn–
soybean to continuous corn due to market conditions, nutrient losses may be exacerbated.
Similarly, on fields where manure is applied, we may see higher nutrient losses even if
erosion rates are lower. It may be useful to determine to what extent this result is due to
the manure application rate. It is clear that as inorganic fertilizer prices rise, more use will
be made of livestock manure, raising the importance of the role of fields receiving manure
in the overall management of edge-of-field nutrient losses to downstream waters.
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4. Conclusions

Well-documented scientific studies indicate long-term atmospheric warming trends
over the past 100 years in the U.S., providing supporting evidence of global climate change.
If forecasted changes in climate materialize, there will be impacts on agricultural land
areas and relative ecological implications that are yet to be well understood. In this study,
we contribute to the general understanding of these impacts by projecting the impacts of
various climate change scenarios on surface runoff and sediment and nutrient losses from
croplands in Buchanan County, Iowa, a county in the heart of the U.S. Corn Belt where
corn and soybean productions are predominant land uses.

To determine the impacts of climate change on the aforementioned ecological indictors,
twelve climate scenarios were specified. Nine future CMIP5 climate change projections
consisted of three climate change model scenarios—RCP 2.6, RCP 4.5, and RCP 8.5—
each evaluated over three 25-year time periods: 2021–2045, 2046–2070, and 2071–2095.
Two hindcasted CMIP5 climate scenarios for two 25-year time periods—1956–1980 and
1981–2005—were also included, which gauge what the climate would have been in the
past if the future CMIP5 outcomes are plausible. Finally, the twelfth climate scenario is
the actual, albeit gridded, “current” realization: the PRISM time series for the 1981–2005
period, which served as the main baseline. The hindcasted CMIP5 scenario for 1981–2005
was also used as an alternate baseline for various comparisons.

Climate scenarios were simulated for continuous corn and corn–soybean fields. To this
end, the SSURGO soils database was overlaid on the CDL crop layer for 2021 to determine
appropriate crop–soil polygons to simulate. The closest climate grid point for each polygon
was determined by proximity based on the minimum Euclidean distance between the grid
point and centroid of the crop–soil polygon. A random selection of 20% of polygons was
then simulated in APEX, an ecohydrological model that was calibrated and validated for
such use in northeastern Iowa.
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Results of the scenario simulations indicate that, depending on the reference point
of comparison, surface runoff and sediment and nutrient losses are likely to increase
substantially under future climate change regimes. However, regardless of the point
of reference, and regardless of which climate scenario materializes, soluble N losses are
projected to increase substantially. If the point of reference is the hindcasted CMIP5 baseline,
all ecological indicators will increase substantially.

The results also indicate that edge-of-field losses from continuous corn fields would
be higher than from corn–soybean fields. Furthermore, nutrient losses would be higher in
fields receiving manure than in fields that do not receive manure, even though sediment
losses would be lower in fields receiving manure. Judicious use of nutrients seems to play
a role in these impacts, an aspect that deserves further study. Finally, the results highlight
the fact that market-driven changes in producer planting decisions would likely play a role
in the levels of nutrient and sediment losses under future climate projections.
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