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ABSTRACT

In many agricultural landscapes, topographic variability leads to downslope movement of soil, water, and nutrients, causing heterogeneity in both crop yield and soil fertility throughout production fields. Cover crops can slow these processes, but the impact of topography on cover crop growth and residue persistence is uncertain. We measured the growth, mixture biomass composition, and decomposition of a cereal rye (Secale cereale L.) cover crop, and cereal rye /crimson clover (Trifolium incarnatum L.) cover crop mixture at different positions along hillslopes within agricultural production fields at both an on-farm and a research farm location. We found that cover crop biomass and mass proportions of the two species in the mixture differed by landscape position. At the on-farm location, which had been in long-term crop production, cover crop biomass was greater on the toeslope than the backslope and summit. However, at the research farm location, which was recently converted from hay production, cover crop biomass was greater on the summit than the toeslope. The proportion of clover aboveground biomass in the mixture was greater on the backslope than either the toeslope or summit, depending on location. The decomposition of a constant quantity of cover crop residue was similar across landscape positions, but faster for the mixture than cereal rye. These findings indicate that topography affects cover crop growth, but not decomposition rates following termination.

INTRODUCTION

Topographic complexity creates spatial variability in soil properties, largely due to movement of soil, water, and nutrients downslope (Collins & Ovalles, 1986; Kravchenko & Bullock, 2000). These processes often lead to shallow soils on backslopes and deep topsoils on toeslopes. Due to lower water and nutrient availability, crops are often less productive in the backslope areas than summits and toeslopes. Over time, this effect is possibly compounded by decreased crop residue inputs to the soil in unproductive areas, which can cause a further decline in organic nutrient stocks. Thus, rolling cropland requires careful management to ensure long-term productivity. 
Cover crops reduce soil erosion, retain nutrients, and build soil organic matter (Kaye & Quemada, 2017). In particular, small grain cover crops such as cereal rye (Secale cereale) scavenge nitrogen from the soil profile throughout the fall, winter, and spring, but tend to reduce nitrogen supply to the subsequent crop because they decompose slowly and often immobilize nitrogen during the process (Martinez-Feria, Dietzel, Liebman, Helmers, & Archontoulis, 2016). This issue may be alleviated to some degree by the introduction of a leguminous cover crop interseeded along with cereal rye, which can provide an auxiliary nitrogen source during decomposition, aiding in timely nitrogen delivery from residue (Poffenbarger et al., 2015; Ranells & Wagger, 1996). 
In general, the soil conservation, nutrient retention, and organic matter-building benefits of cover crops increase with increasing cover crop biomass (Thapa et al. 2018). However, our understanding of cover crop biomass production and ecosystem services has been derived largely from homogeneous research plots. Recent research suggests that cover crop biomass production and its impact on soil properties and subsequent crop yield can differ by landscape position, with greatest cover crop biomass in depressional areas and greatest cover crop benefits on summits and slopes (Ladoni, Basir, Robertson, & Kravchenko, 2016; Muñoz & Kravchenko, 2012). However, because mixtures can shift in species composition depending on soil conditions (Blesh, 2018), the effect of landscape position on biomass production may be less pronounced for mixtures than for monocultures. Apart from topographical effects on biomass production, differences in soil moisture and temperature among landscape positions (Kang et al. 2003) may cause variation in cover crop residue persistence, which in turn could affect the impact of the cover crop on subsequent crop performance. 
Our objective was to determine the effect of topography on cover crop biomass production and decomposition of cereal rye and cereal rye-crimson clover (Trifolium incarnatum L.) mixtures in rolling hill type agricultural fields. We hypothesized that: (i) cover crop growth will be greater in toeslopes due to greater nutrient availability and water supply, (ii) the effect of topography on cover crop biomass production will be less pronounced for cover crop mixtures than monocultures due to shifting species composition by landscape positions, and (iii) that the decomposition of cover crops during the following growing season will be greater on toeslopes than summits and slopes due to greater soil moisture content in this position.
MATERIALS AND METHODS
Site Description and Experimental Design
Beginning in fall 2018, we conducted trials at two selected to represent a typical hillslope setting found in producers’ field in Kentucky. One trial took place at the University of Kentucky North Farm in Lexington, KY (38.123˚ N, -84.490˚ W), an experimental research farm managed by the University of Kentucky College of Agriculture, Food, and Environment. The second site was located in Hardin County, KY (37.602˚ N, -85.906˚ W) as a part of an on-farm collaboration with a local producer. The North Farm field had been in long-term hay production prior to the study, while the Hardin County field had been in long-term no-till crop production (previous crop was soybean, Glycine max L. (Merr.)). Both fields received phosphorus and potassium fertilizer inputs in fall of 2018 or early spring of 2019 as needed based on soil test results and University of Kentucky recommendations. 
We employed a randomized complete block split-plot experimental design with three replicates at both sites. In order to capture the differences in topography necessary for investigating our research question, at the North Farm location, all replicates were on one hillslope. At the Hardin County location, replicates were split over three hillslopes across the producer’s field. At the North Farm location, landscape position was treated as the main effect, while cover crop treatment was treated as a sub-plot effect. At Hardin County, this was reversed, and landscape position was treated as a subplot effect within the main effect of cover crop treatment. Soil and topographic properties of each landscape position at the two sites are presented in Table 1.
Management
Both fields were planted to cover crops in fall of 2018 (10/12/2018 for North Farm; 10/09/2018 for H) using a drill seeder (19 cm row spacing). The rye monoculture treatment was seeded at a target rate of 70 kg ha-1, and the crimson clover – cereal rye mixture treatment was seeded at a rate of 45 kg ha-1 rye + 20 kg ha-1 crimson clover. Prior to seeding of the cover crop, the North Farm location was moldboard plowed, and then disked to prepare the seedbed. Cover crops were chemically terminated using a mixture of glyphosate and 2,4-D on 4/13/2019 at the North Farm location and on 4/16/2019 at the Hardin County location. Corn (Zea mays L.) was planted on 4/30/2019 at the Hardin County location and on 5/8/2019 at the North Farm location. Both locations were drill-seeded into 76-cm rows for a target plant population of 78,000 plants ha-1, consistent with regional no-till practices. The plots were fertilized with 270 kg N ha-1 as 32% UAN, with 45 kg N ha-1 applied in a 2x2 placement at planting and the remainder dribbled on the soil surface at the V5 corn growth stage. 
Sampling
Cover crop biomass
Prior to termination, a 0.25 m2 aboveground biomass sample was taken from each plot at both locations (4/11/2019 North Farm; 4/14/2019 Hardin County). Samples were taken using electric clippers, cutting all aboveground biomass samples as close to the soil surface as possible. Fresh biomass samples were sorted into individual clover, rye, and weed groups. Following sorting, a subsample of the biomass was placed in the drier at 65 oC, dried for approximately one week, and then weighed for a biomass moisture content.
Cover crop decomposition
Litterbags were deployed at the North Farm to measure the decomposition from the cover crop following termination. The litterbags were constructed from 1 mm nylon mesh fabric, with dimensions of 40 cm x 18 cm. The amount of litter placed in each bag was determined based on the average fresh weight of aboveground biomass samples, scaled to the area of one litterbag. Bags deployed in rye monoculture treatments received 123.5 grams of fresh cereal rye litter, and mixture plots received 110.5 grams of cereal rye litter, and 14.8 grams of crimson clover litter. After scaling to the size of a litterbag, the difference in biomass between landscape position treatments was negligible, and all landscape position treatments received the same amount of residue. Five litterbags were deployed in one subplot of each replicate of the rye monoculture and crimson clover – cereal rye mixture plots at each landscape position (3 landscape positions x 2 cover crops x 3 replicates = 18 bags per sampling). These bags were stapled to the ground in the field following termination of the cover crop. Litterbags were removed from the field 14, 30, 62, 92, and 130 days after installation. Upon removal, the remaining residue was removed from the mesh bag and placed in the drying oven, then weighed and ground. A subsample of the ground material was ashed to account for any residual soil on the residue, and that ash weight was applied to the dry biomass weight. The proportion lost was then calculated as the ash adjusted dry residue weight/time zero dry residue weight. Decomposition rates (k) were compared after fitting the ash free residue weights to a non-linear model defined by the equation y = y0 e-kt(1-y0), in which y represents the proportion of litter remaining, y0 represents the original recalcitrant litter pool, and k represents a decay constant fit by the model.
Statistical analysis
Statistical analyses were conducted using mixed effect models in R (R Core Team, 2019), using the lme4 package (Bates, Mächler, Bolker, & Walker, 2015). Landscape position and cover crop were treated as fixed effects; block and either landscape position nested within block or cover crop nested within block were included as random effects. No significant interaction effects were found during analysis, so all analyses were fit as additive models. 
RESULTS AND DISCUSSION
Cover Crop Productivity and Composition
At the North Farm location, cover crop biomass was greatest in the summit position for both the mixture and the rye cover crop treatments (Fig. 1A). The toeslope position was significantly less productive than the summit position (p-value = 0.0051). There was no significant difference in biomass productivity between the two different cover crop treatments at the North Farm location (p-value = 0.8910). At the Hardin County location, cover crop productivity was significantly greater in the toeslope position compared to the summit and backslope areas (p-value = 0.0003; Fig. 1B). The Hardin County location also saw greater biomass production of the rye-clover mixture treatment compared to the rye monoculture treatment at all three landscape positions (p-value = 0.0032). We hypothesized that cover crop biomass would be greatest at the toeslope position due to greater nutrient and water supply in this landscape position and the cover crop biomass results from Hardin County supported this hypothesis. However, at the North Farm location, we observed lower cover crop biomass on the toeslope than on the summit. We attribute this to saturated conditions on the toeslope during the winter and spring, which may have limited cover crop growth. Further, because cover crops on the North Farm were planted into a long-term hayfield that had been recently plowed, nitrogen was probably abundant across all landscape positions, reducing the benefit of the organic matter-rich toeslope for cover crop growth at this location.  
We found that the cover crop mixture produced greater biomass than the cereal rye monoculture, across all landscape positions at Hardin County. At the North Farm, the mixture and monoculture treatments produced similar biomass levels at all three landscape positions. Therefore, our results did not support the hypothesis that the biomass production of a cover crop mixture would respond less strongly to topography than a monoculture. Although we did not observe an interactive effect of landscape position by cover crop on biomass, we did observe shifts in the mixture composition by landscape position (Figure 2). The proportion of clover by mass in the mixture was greater on the backslope than on the toeslope at the North Farm (p-value = 0.0291), but equally high on both the backslope and toeslope and lower on the summit at the Hardin County location (p-value < 0.0001). We expected the highest proportion of clover within the mixture would be present on the backslope, assuming that this position would provide the lowest plant-available nitrogen during cover crop growth (Ladoni, Kravchenko, & Robertson, 2015). This hypothesis was partially supported, but further investigation is needed to understand differences in the pattern of clover proportion across the hillslopes at the two sites.
Litter decomposition
Cover crop composition had a significant effect on decomposition rate of the cover crop residue (p-value = 0.006) (Figure 3), but landscape position did not (p-value = 0.6). We compared treatments by comparing exponential decay constants, which dictate the rate of mass loss within a given treatment. Higher decay constants indicate a more rapid rate of mass loss, and vice versa. The decay constant (k) ranged from 0.0004 to 0.0457 in the rye monoculture, and 0.0202 to 0.0443 in the crimson clover rye mixture. Mean decomposition constant values for the crimson clover – rye mixture and the cereal rye monoculture across all landscape positions were 0.0240 vs. 0.0323, respectively. We hypothesized that landscape position would affect decomposition of cover crop residue, but our results did not support this hypothesis. Instead, we saw an effect of cover crop composition, with the decay constant of the mixture treatment significantly greater than that of the rye. This effect seems to be driven primarily through enhanced decomposition of the mixture early in the growing season. This could be because of the lower C:N ratio of crimson clover than cereal rye, which usually leads to faster decomposition (Ranells & Wagger, 1996). It is worth noting that the clover did not account for a very large amount of the litter within the litterbags, and although the decay rates were statistically different between the mixture and monoculture, the difference was numerically minor. 
CONCLUSIONS 
Our results show that topography affects cover crop biomass and the proportion of clover biomass grown within a mixture, but the effects of landscape position differ depending on site conditions. In the farmer’s field, which had been in long-term crop production, cover crop biomass was greater on the toeslope than the backslope and summit. However, in the research farm field, which had recently been converted from hay production, cover crop biomass was greater on the summit than the toeslope. The proportion of clover in mixture was greater on the backslope than either the toeslope or summit, depending on location. Although we observed differences in biomass production and mixture composition by landscape position, the decomposition rate of cover crop residue was similar in all positions when the biomass and mixture composition was held constant across the positions.
Acknowledgments
[bookmark: _GoBack]This work was funded by the USDA Southeastern SARE Graduate Student Grant (Grant number: GS19-213) and the Karri Casner Fellowship. Thank you to Laura Harris, Tami Smith, Jason Walton, Rachel and Casey Cochran, Racheal Kral, Ernesto Reboredo, and Taylor Sturgill for all of your help in the field, the lab, and every step in between. We also thank Josh McGrath, Richard Preston, James Dollarhide, and Gene Hahn for your help with field operations.
Literature Cited
Bates, D., Mächler, M., Bolker, B. M., & Walker, S. C. (2015). Fitting Linear Mixed-Effects Models Using lme4. Journal of Statistical Software, 67(1), 1–48. https://doi.org/10.18637/jss.v067.i01
Blesh, J. (2018). Functional traits in cover crop mixtures : Biological nitrogen fixation and multifunctionality. Journal of Applied Ecology, 55, 38–48.
Collins, F., & Ovalles, M. (1986). Soil-landscape Relationships and Soil Variability in North Central Florida. Soil Science Society of America Journale, 50, 401–408.
Kang, S., Doh, S., Lee, D., Lee, D., Jin, V. L., & Kimball, J. S. (2003). Topographic and climatic controls on soil respiration in six temperate mixed-hardwood forest slopes , Korea. Global Change Biology, 9, 1427–1437.
Kaye, J. P., & Quemada, M. (2017). Using cover crops to mitigate and adapt to climate change . A review. Agronomy for Sustainable Development, 37(4), 1–17.
Kravchenko, A. N., & Bullock, D. G. (2000). Correlation of Corn and Soybean Grain Yield with Topography and Soil Properties. Agronomy Journal, 92, 75–83.
Ladoni, M., Basir, A., Robertson, P. G., & Kravchenko, A. N. (2016). Scaling-up : cover crops differentially in fl uence soil carbon in agricultural fi elds with diverse topography. Agriculture, Ecosystems, and Environment, 225, 93–103. https://doi.org/10.1016/j.agee.2016.03.021
Ladoni, M., Kravchenko, A. N., & Robertson, G. P. (2015). Topography Mediates the Influence of Cover Crops on Soil Nitrate Levels in Row Crop Agricultural Systems. PLoS ONE, 10(11), 1–17. https://doi.org/10.1371/journal.pone.0143358
Martinez-Feria, R. A., Dietzel, R., Liebman, M., Helmers, M. J., & Archontoulis, S. V. (2016). Rye cover crop effects on maize : A system-level analysis. Field Crops Research, 196, 145–159. https://doi.org/10.1016/j.fcr.2016.06.016
Muñoz, J. D., & Kravchenko, A. (2012). Geomorphology Deriving the optimal scale for relating topographic attributes and cover crop plant biomass. Geomorphology, 179, 197–207. https://doi.org/10.1016/j.geomorph.2012.08.011
Poffenbarger, H. J., Mirsky, S. B., Weil, R. R., Kramer, M., Spargo, J. T., & Cavigelli, M. A. (2015). Legume Proportion, Poultry Litter, and Tillage Effects on Cover Crop Decomposition. Agronomy Journal, 107(6), 2083–2096.
Ranells, N. N., & Wagger, M. G. (1996). Nitrogen Release from Grass and Legume Cover Crop Monocultures and Bicultures. Agronomy Journal, 782(July 1995), 777–782.
 Thapa, R., Mirsky, S. B., & Tully, K. L. (2018). Cover Crops Reduce Nitrate Leaching in Agroecosystems : A Global Meta-Analysis. Journal of Environment Quality, 47, 1400–1411. https://doi.org/10.2134/jeq2018.03.0107


Table 1- Select topographic and soil properties of each landscape positions at the two research sites.
	Site†
	Landscape position
	USDA soil taxonomy
	Elevation (m)
	Slope (degrees)
	Depth to bedrock (cm)
	Fall soil inorganic N content, 0-60 cm 
(kg ha-1)

	NF
	Summit
	Typic Paleudalf
	276
	2.1
	~100
	62

	NF
	Backslope
	Mollic Halpludalf
	274
	5.1
	~25
	52

	NF
	Toeslope
	Fluventic Hapludoll
	270
	1.4
	>100
	49

	HC
	Summit
	Typic Paleudalf
	204
	2.7
	~65
	35

	HC
	Backslope
	Typic Paleudalf
	202
	5.2
	~25
	40

	HC
	Toeslope
	Typic Paleudalf
	200
	2.7
	>100
	39

	
† NF: North Farm location, HC: Hardin County location
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Figure 1A and B - Biomass production of cover crop treatments at North Farm and Hardin County site locations. Landscape position was a significant driver of biomass production at both locations (p-value = 0.0020 and 0.0033, respectively). Cover crop treatment was significant at the Hardin County location (p-value = 0.0003).
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Figure 2A and B - Proportion of clover by mass at the North Farm location and Hardin County location. Landscape position had a significant effect on the proportion of clover in the mixture at both sites (p-value = 0.02907 and <0.0001, respectively).
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Figure 3 - Decomposition curves of cover crop residue averaged across landscape positions. Increased decomposition rate of the rye monoculture was observed (p-value = 0.006). Error bars represent one standard deviation. A slight offset has been introduced to the points in the horizontal direction to increase ease of readability.
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