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1.0 INTRODUCTION

Cover crops, or non-harvested crops planted in windows between primary crops in
rotations, can increase on-farm diversity, ecosystem functioning, and soil health, especially when
planted in mixtures containing diverse plant functional groups with complementary traits (Blesh,
2018; Finney & Kaye, 2017; Isbell et al., 2017; Schipanski et al., 2014; Snapp et al., 2005;
Storkey et al., 2015; Weidlich et al., 2017). Plants of the same functional group share functional
traits, or characteristics that determine how they affect the surrounding environment (Díaz &
Cabido, 2001). For example, brassicas have large tap roots that can reduce soil compaction and
allelochemicals that reduce pest pressure; grasses have fibrous roots that are adept at retaining
nutrients; and legumes can fix nitrogen (N) gas from the atmosphere through biological N
fixation (BNF) (CTIC, SARE & ASTA, 2020; Jacobs, 2012; Snapp et al., 2005) and have low
carbon-to-nitrogen ratio (C:N) litter, both of which increase N availability in the soil (Blesh,
2018; Schipanski et al., 2012). The varying impacts of plant species on ecosystem processes
both across and within functional groups can be predicted using their functional traits, such as
specific leaf area (SLA), height, leaf %N, and C:N (Garnier & Navas, 2012; Wood et al, 2015).

Cover crop mixtures that include species with diverse sets of functional traits can
increase the provisioning of multiple ecosystem functions (i.e. multifunctionality) (Blesh, 2018;
Davis et al. 2012; Finney et al. 2017; Hector & Bagchi, 2007). For example, diverse
agroecosystems tend to be more resilient to extreme weather events and pest outbreaks,
especially when functions such as improved N supply, water and nutrient retention, and weed
management allow for reduced use of external inputs (Finney & Kaye, 2017; Kremen & Miles,
2012; Snapp et al. 2005). Yet, limited diversity-associated increases in multifunctionality may be
achieved if one functional group outcompetes another, because abundance is a key predictor of
contributions of species to the functioning of ecosystems (Grime, 2002). Ensuring that cover
crop species representing distinct functional groups have adequate representation within a
mixture poses a challenge given that growth rates and competitive potential vary across species
such that some functional groups tend to consistently competitively exclude others.

While competitive exclusion presents a challenge to building and maintaining diverse
cover crop species mixtures, priority effects present a possible solution. Priority effects refer to
the variation in effects that a species has on its environment resulting from its order of
establishment within a community. The order of establishment of species within a community
can influence the overall species richness, composition, and biomass of the community, which in
turn can affect ecosystem functioning (Fukami, 2015). Priority effects are caused by two
mechanisms: niche preemption and niche modification. Niche preemption occurs when two
species require the same resources and an early-arriving species reduces the resources available
to a later-arriving species, thus influencing subsequent community composition and function
(Fukami, 2015). Niche modification occurs when an early-arriving species enhances or degrades
the resources required by later-arriving species, thereby affecting their establishment, which also
influences subsequent community composition and function (Fukami, 2015).

While niche preemption may be expected to consistently reduce diversity in cover crop
mixtures, niche modification could either increase or decrease the diversity of cover crop
communities. For example, beneficial niche modification may occur when an early-establishing
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legume supplies N to soil, which could benefit later-establishing species and increase the
productivity of the community, especially within the first growing season as found by Weidlich
et al. (2017). In contrast, early-establishing grasses may reduce the growth of later-establishing
species by taking up space and resources with dense roots. In agroecosystems, priority effects
can potentially be managed to support evenness of cover crop mixtures by staggering the
planting of each species to control order of establishment.

Biotic interactions, and their impacts on co-existence and subsequently the diversity of a
community, are influenced by abiotic factors. Soil fertility is particularly important in influencing
species diversity and evenness in plant mixtures, as high-fertility soils tend to result in lower
species richness due to strong competitors taking advantage of the abundance of nutrients (i.e.,
selection effect) (Buckland & Grime, 2000; Ejrnæs et al., 2006; Kardol et al., 2013; Weidlich et
al., 2017). These impacts of fertility may be sensitive to the order of arrival of the different
species into the community. In a microcosm experiment, increasing the time between each
species’ establishment resulted in stronger priority effects that led to greater differences in
community composition, and this effect was more pronounced in more fertile soil (Kardol et al.,
2013). Conversely, in grasslands, there was no effect of soil fertility on the impact of order of
arrival of distinct functional groups on the resulting diversity of the system (Weidlich et al.,
2017). To our knowledge, no studies have tested whether priority effects impact evenness in
cover crop mixtures and subsequent multifunctionality in agroecosystems, and how these effects
are influenced by soil fertility levels.

To understand how mixture evenness and ecosystem functions provided by cover crop
mixtures are impacted by priority effects and soil fertility, we established five planting treatments
in a field experiment using one brassica, one grass, and two legume species, which were planted
in low- and high-soil fertility treatments in a fully factorial design. We measured the following
ecosystem functions to determine multifunctionality: above- and belowground N retention,
carbon (C) and N mineralization, BNF, and weed suppression. We also measured four plant
functional traits: maximum plant height, specific leaf area, leaf %N, and shoot C:N.

We hypothesized that the legume-first, low soil fertility treatment would lead to the
highest mixture evenness, given that prior research has found high fertility treatments to become
dominated by the strongest competitor. Although legumes may have a competitive advantage in
low-fertility soils due to their ability to host N-fixing bacteria, we did not expect this advantage
to supersede the relatively stronger competitive abilities of grasses and brassicas when
co-planted. The earlier planting date for legumes may improve their establishment by reducing
competition, and may also benefit subsequent species by supplying N through BNF. Second, we
hypothesized more even mixtures to have higher levels of multifunctionality given that there
would be adequate representation of all three functional groups. And, third, we expected to find
significant differences in plant functional trait expression for each species between the staggered
planting and soil fertility treatments. For instance, we expected to find higher leaf %N and lower
C:N in the legume-first treatments due to legumes’ ability to fix N, perhaps facilitating other
species’ abilities to acquire N.
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2.0 METHODS

2.1 Experimental Design

The cover crop mixture in the experiment included four species from three functional
groups – brassicas, grasses, and legumes. Oilseed radish (Raphaneus sativus [L.] var. oleiferus)
represented the brassica, and the grass was represented by oats (Avena sativa). We selected two
legumes, field pea (Pisum sativum) and balansa clover (Trifolium michelianum). These four
species have similar phenologies and are recommended species to plant in temperate cropping
systems (Johnny’s Selected Seeds, 2022; Midwest Cover Crops Council, 2011).

The experiment was conducted at the University of Michigan Campus Farm in Ann
Arbor, Michigan, USA (42.29759N, 83.66649W). We established plots in a 0.05 ha section of a
field with low fertility status based on an initial soil characterization (Section 2.2), which
provided a low baseline fertility level, permitting us to create a contrasting higher fertility
treatment by amending soil with compost. The field had been in agricultural production for five
years, with addition of pelletized, composted chicken manure the previous year, and contained
watermelons, sweet corn, and broccoli. Marginal amounts of crop residue were present in blocks
1, 2, 3, and 5, with watermelon vines in blocks 1-3 and broccoli stalks in block 5 (Figure 1).
Block 4 contained more substantial amounts of crop residue, with approximately five rows of
dried corn stalks. There is a slight slope across the field, averaging a grade of 5.4%. We therefore
placed our experimental blocks across the topographic gradient.

Figure 1: Experimental design showing the individual plot layout for five planting treatments
across two levels of soil fertility, with five replicate blocks
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The experiment was planted in a fully factorial, randomized, split-block design with five
replicates, with each block split to contain one strip each of the high and low soil fertility
treatment. Each treatment plot was 9 m2 (Figure 1). Treatments included planting brassicas first
(B), grasses first (G), and both legumes first (L); in each treatment the the two remaining
functional groups were planted 18 days after the first group, to test for priority effects based on
order of planting and establishment. Treatment S had all functional groups planted
simultaneously and treatment F was a weedy fallow control.

2.2 Baseline Soil Sampling and Analysis

On April 12, 2022, we collected six, 5 cm diameter soil cores to 20 cm depth from each
block. Cores were homogenized and a subsample of soil was sieved to 2 mm for analysis of
inorganic N (NH4

+ and NO3
-) and potentially mineralizable N (PMN) using 2 M KCl extraction

and a seven-day anaerobic incubation (Drinkwater et al. 1997). Extracts were frozen and later
analyzed colorimetrically for inorganic N on a discrete analyzer (AQ2; Seal Analytical, Mequon,
WI). Bulk density was measured by collecting three random cores of 4.8 cm diameter to 5 cm
depth from each block, drying each core at 60 ºC for forty-eight hours, and weighing each core.
A subsample of soil was also sent to A&L Great Lakes Laboratories, Inc. (Fort Wayne, IN) for a
standard soil test including macro- and micro-nutrients, soil texture, and pH. Baseline soil
samples indicated consistent pH, organic matter, texture, and nutrient levels across all five
blocks. The soil was slightly alkaline with a mean pH of 7.38 and 1.92 % organic matter. The
bulk density was an average of 1.49 g/cm3. The soil texture was classified as a sandy loam and
had an average cation exchange capacity of 6.52. The soil contained an average of 17.8 ppm P,
70.7 ppm K, 131 ppm Mg, and 1,050 ppm Ca.

2.3 Site Preparation
Overwintering crop residue was incorporated with shallow tillage (5 cm depth)

immediately following baseline soil sampling on April 12. On April 29, the high-fertility
treatment plots were amended with RevitaPro 3-4-3, an organic granular fertilizer (composted
chicken manure) at a rate of 890 kg/ha (Ohio Earth Food). Both the low and high fertility plots
were then tilled again to 5 cm depth to incorporate the compost into the high-fertility plot and to
create the same level of soil disturbance in the low-fertility plot.

2.4 Planting
We calculated seeding rates for each species in the mixture by dividing monoculture rates

by four (Table 1). Immediately following compost application and tillage, seeds were broadcast
for the first cover crop planting event on April 29. The plots were monitored until the plants
reached sufficient emergence (the first true-leaves have appeared on the dicots and the oats, and
monocots were at least 5 cm tall). Eighteen days later, on May 17, we broadcast-seeded the
remaining functional groups into treatments B, G, and L.
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Table 1: Seeding rates
Species Seeding Rate (kg/ha)

Balansa Clover (T. michelianum) 2.4 kg/ha

Field Pea (P. sativum) 12.2 kg/ha

Oats (A. sativa) 16.3 kg/ha

Oilseed Radish (R. sativus [L.] var. oleiferus) 4.1 kg/ha

2.5 Plant Sampling & Analysis

On June 5 and 6, aboveground biomass was collected from all plots, including fallow
plots, by placing a 0.25 m2 quadrat over a representative area of cover crops within each plot and
clipping aboveground biomass at soil surface level and sorting plants by species, with weeds
grouped into one category. The biomass was then dried for 48 hours at 60 ºC before being
weighed and ground to 2 mm in a Wiley Mill for analysis of C and N using dry combustion with
a Leco TruMac CN Analyser. C and N concentrations were multiplied to biomass dry weight to
determine aboveground C and N inputs, then divided (C/N) to determine shoot C:N.

To estimate belowground biomass and root:shoot ratio in each treatment, we collected
one root core per cover crop species in each plot for a total of four cores per plot. The core was 8
cm diameter and we sampled directly over each target species to a depth of 20 cm. The cores
were combined into a composite sample. In the event a particular species could not be found, a
duplicate core of another species was taken to maintain even volume, with peas and clover
standing in for the other since they are both legumes, and oats and radishes standing in for the
other since they are both non-legumes. Soil was washed from roots by placing the composite
sample in water, agitating the soil to free all roots, then sieving the root slurry through 2 mm,
then 0.5 mm sieves to extract the roots from the water. Roots collected in the 2 mm sieve were
picked through for ten minutes to remove any non-root debris, while a subset of roots collected
in the 0.5 mm sieve from each treatment were picked through for one hour to remove non-root
debris. The difference in pre- and post- cleaning weights for the 0.5 mm roots were used to
calculate a correction factor to apply to remaining fine root samples for each treatment.

Following washing, roots were dried at 60 ºC for a minimum of 48 hrs before being
weighed and ground into a fine powder. Each sample was analyzed for C and N concentration on
the Leco TruMac CN Analyser; a subsample of roots was also ashed to correct for any soil
material that might have contaminated the sample. C and N concentrations were multiplied by
root dry weight to determine belowground C and N inputs, and then divided (C/N) to determine
belowground C:N. The weight of total belowground biomass (roots) was divided by total
aboveground biomass excluding weeds (shoots) to determine community-level root:shoot. The
treatments in which a replacement species was sampled also had root C:N calculated at the
community level, but the cores from the replacement species were not used to calculate
root:shoot given the mass difference between radish and oat roots.

We sampled species within each treatment for functional traits (height, leaf %N, shoot
C:N, root:shoot ratio, and specific leaf area (SLA)) when the majority of plants were reaching
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reproductive maturity. The heights and leaves for SLA and leaf %N were collected for the
first-planting oilseed radishes on June 13, forty-five days after the first planting, given that they
had reached reproductive maturity earlier than the other species. The locations of the oilseed
radishes sampled on June 13 were marked and avoided during later aboveground biomass
collection.

Sixty-seven days following the first planting (forty-nine days following the second
planting), on July 5 and 6, we sampled the remaining species for maximum plant height and
SLA. Maximum plant height was measured for three representative individuals of each species in
each plot. We measured SLA as the ratio of leaf surface area to dry weight with leaves collected
from three representative plants of each species. We calculated leaf area using the software
ImageJ (Schneider et al., 2012), and then dried the leaves at 40 ºC for a minimum of 48 hours, at
which point they were weighed and ground into fine powder before being analyzed for leaf %N
using dry combustion with the LECO TruMac CN Analyser (Leco Corporation, St. Joseph, MI).
Fallow plots and weeds were not sampled for plant functional traits or roots. Following field
sampling, cover crops were mowed and tilled into the soil, making sure to maintain plot
boundaries.

2.6 Ecosystem Functions

To estimate total aboveground N, we multiplied aboveground biomass for each species
by their respective N concentrations and summed the N contributions from each species.
Similarly, for total belowground N, we multiplied root belowground biomass for each size class
(0.5-2 mm and >2 mm) by their respective N concentrations and summed their N contributions.
In order to quantify N inputs from legume N fixation, we used literature values to estimate the %
of aboveground N derived from fixation for each legume species. Specifically, we multiplied the
estimate of percent of N derived from air (Ndfa) by total legume N (in kg ha-1) to estimate BNF.
Ovalle et al (2006) found balansa clover to derive 92.6% of its N from air when in granitic,
sandy soils (similar to our site) and Schipanski & Drinkwater (2012) found that N derived from
air for fields peas was between 56-86%; we used the average of those percentages (71%).

Weed suppression was calculated as:

(Fallow Weed Biomass - Treatment Weed Biomass)
%Weed Suppression = __________________________________________ x 100

(Fallow Weed Biomass)

We used an aerobic incubation to measure C and N mineralization rates in each treatment
following cover crop termination. Two weeks following cover crop incorporation, we collected
soil from each plot. Within each plot, three 5 cm diameter soil cores were collected to 20 cm
depth and composited before a subsample was sieved to 4 mm. A subsample of soil was
immediately analyzed for extractable inorganic N (as described in Section 2.2) to set a baseline,
while another subsample was run through a fourteen-day aerobic incubation, modifying methods
outlined in Drinkwater et al (1996). Briefly, 30g of field-moist soil from each plot was placed in
a quart-sized jar. Bulk density was estimated for each sample, which was then used to determine
the amount of water to add to each sample to bring it to 60% water-filled pore space (WFPS)
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following a 24-hour degassing period. The jars were then tightly capped with lids with rubber
septa, and set in a dark area at 20ºC for 14 days. After 14 days, two air samples were extracted
from each jar with a syringe and injected into a LiCor-820 to be analyzed for CO2 content, which
was compared to baseline CO2 content collected at the beginning of the aerobic incubation. The
soil in the jars was then sieved to 2 mm and analyzed for inorganic N in triplicate using 2 M KCl
extraction. Pre-incubation baseline CO2 and N measurements were subtracted from
post-incubation measurements, then divided by fourteen days to calculate C and N
mineralization rate per day.

2.7 Mixture Evenness & Multifunctionality

Mixture evenness was calculated using the Shannon Diversity Index and then dividing
those values by H′max, which is ln(4) since there are four species in the mixture, excluding weeds.

Shannon’s Diversity Index: H′ = - Σpi* ln(pi)

Evenness = H′ / H′max

where pi is the proportion of aboveground biomass of species i within the mixture.

To calculate multifunctionality, we used the threshold approach outlined in Byrnes et al.
(2013). First, we defined the maximum potential level of each function as the mean of the top
10% of values. This was to reduce the likelihood of the maximum potential level being set by an
outlier. We then calculated the percentage of the maximum that each treatment achieved.
Multifunctionality for each treatment was then calculated as the average % function across all
functions.

2.8 Statistical Analyses

Statistical analyses were conducted in R (The R Foundation for Statistical Consulting,
Vienna, Austria, v3.5.1). We used two-way ANOVA models using the lmer function with
planting and soil treatments as fixed effects and block as a random effect. If planting or soil
treatments indicated significance at α ≤ 0.05 , we then performed a post-hoc Tukey HSD test
using the glht function to determine which treatments had significant differences. If the planting
and soil interaction was significant, we used emmeans pairwise comparisons.
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3. RESULTS

Overall, we found no significant effect of soil fertility on any of the measured response
variables, except for one trait; maximum plant height for radish and clover (Section 3.4).

3.1 Above- and belowground biomass

Total aboveground biomass was twice as great in both the simultaneous and grass-first
treatments compared to the brassica-first treatment (p = 0.01 and p = 0.04, respectively) and 4.8
times larger than the legume-first treatment (p < 0.001 and p < 0.01, respectively; Figure 2).
Overall, biomass for each species was greatest in the treatments in which they were planted first.
Oats dominated the grass-first and simultaneous treatments, while radish and the two legume
species comprised the majority of aboveground biomass in the respective treatments in which
they were planted first. Total belowground biomass was 1.5 times higher in the simultaneous
planting treatment compared to the legume-first treatment (p < 0.01; Figure 2).

Figure 2: Above- and belowground biomass by planting treatment (kg ha-1). Aboveground
biomass is shown at the species-level,while belowground biomass is shown at the
treatment-level.
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3.2 Mixture evenness

Mixture evenness was significantly lower in the grass-first planting treatment compared
to the brassica-first (p = 0.04), legume-first (p = 0.02), and simultaneous (p = <0.001) planting
treatments. There were no significant differences in evenness between the brassica-first,
legume-first, or simultaneous treatments (Table 2).

Table 2: Mixture evenness values by planting treatment (Values closer to 1 are more even)
Treatment Index Value Tukey

Letters

B 0.46 a

G 0.22 b

L 0.49 a

S 0.56 a

3.3 Ecosystem functions & multifunctionality

Differences in ecosystem functions across treatments suggest there are some tradeoffs
associated with planting treatment, but not soil fertility treatment. N supply from BNF, for
example, was nearly seven- and five-fold higher in the legume-first planting treatment compared
to the brassica-first (p < 0.01) and grass-first planting treatments (p = 0.01), respectively. Total
aboveground N retention was significantly greater in the simultaneous treatment compared to the
brassica-first and legume-first planting treatments (p = 0.02). Similarly, total belowground N
retention was also significantly greater in the simultaneous treatment compared to the
brassica-first planting treatment (p < 0.01), but unlike total aboveground N, belowground N in
the simultaneous treatment was greater than the grass-first planting treatment (p = 0.02) rather
than the legume-first treatment. Weed suppression was also 56% greater in the simultaneous, and
50% greater in the grass-first planting treatments compared to the legume-first treatment (p =
0.001). The only area where we did not observe trade-offs in ecosystem functioning was for C
and N mineralization rates, which were similar across all treatments. Mean values and standard
errors for each measured function are in the appendix (Table A1).
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Table 3: Ecosystem functions across treatments. Values represent the percent of the maximum
function level achieved by each planting treatment, with multifunctionality calculated as the
average of the six functions for each treatment.

Treatment

B G L S

Function

Aboveground BNF 7.39 10.44 51.29 29.51

C Mineralization 66.96 70.23 71.66 71.32

N Mineralization 53.18 51.18 54.14 53.15

Total Aboveground N 28.79 47.75 27.88 57.21

Total Belowground N 53.82 55.87 59.26 77.59

Weed Suppression 32.72 54.55 4.41 60.44

Multifunctionality 34.69 41.42 38.38 49.89

Overall, multifunctionality was highest in the simultaneous planting treatment, but only
statistically significant compared to the brassica-first planting treatment (p = 0.01). Figure 3
demonstrates the ecosystem benefits and trade-offs associated with each planting treatment.

Figure 3: Radar charts for each planting treatment showing the percentage of the maximum level
of six ecosystem functions achieved.
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3.4 Plant functional traits

At the community level, root:shoot was greater in the legume-first treatment than the
grass-first planting treatment (p = 0.02). Total aboveground and belowground C:N were
significantly lower in the legume-first planting treatment compared to all other planting
treatments (p = < 0.01) (Table 4). The grass-first planting treatment had a significantly higher
aboveground C:N compared to the brassica-first (p = < 0.001) and simultaneous (p < 0.01)
treatments.

Table 4: Community Root:Shoot, Aboveground C:N, and Belowground C:N
Community Root:Shoot Aboveground C:N Belowground C:N

Treatment Mean SE
Tukey
Letters Mean SE

Tukey
Letters Mean SE

Tukey
Letters

B 1.44 0.20 ab 27.27 0.93 a 32.76 1.61 a

G 0.95 0.22 a 33.90 0.58 b 29.671 1.21 a

L 3.05 0.80 b 18.61 1.19 c 23.632 1.19 b

S 1.18 0.28 ab 29.17 1.22 a 29.92 1.35 a

At the species level, oat traits varied the most across treatments. Oat SLA, height, leaf
%N, and shoot C:N were significantly different when comparing planting treatments B to G, B to
S, G to L, and L to S, with high degrees of significance (Table 4).

Clover was taller in treatment B than in treatment S, but only in high soil fertility (p =
0.03). There was insufficient clover biomass to measure leaf %N, and there were no significant
differences in clover SLA across treatments.

Field peas did not display any significant differences in C:N or leaf %N across
treatments. However, field pea SLA was significantly greater in the grass-first planting treatment
when compared to all other treatments. Field pea height was significantly taller in the
simultaneous planting treatment compared to the grass-first planting treatment.

Although there were no significant differences in radish SLA across treatments, radish
leaf %N was significantly greater in the legume-first planting treatment when compared to the
simultaneous and brassica-first planting treatments. Radish leaf %N was also significantly
greater in the grass-first planting treatment than the brassica-first planting treatment (p = 0.04).

Across planting treatments, radish height was greatest in the brassica-first and
simultaneous treatments compared to the grass- and legume-first treatments. However, there was
also a significant interaction between planting and soil treatments for radish height. Specifically,
radishes in treatments B and S were significantly taller in high soil fertility than low (p = <0.01),
but this trend did not hold true for treatments G and L.
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Table 5: Functional trait means and standard errors for each species by planting treatment
Different lowercase letters indicate significance at p < 0.05

*Data for radishes in treatment L includes low soil fertility plots only

4.0 DISCUSSION

Our study tested the impacts of staggered planting and soil fertility on cover crop mixture
evenness and multifunctionality, using priority effects as an ecological framework. By assessing
plant functional trait variation across treatments, we also aimed to gain insights into the
interactions and mechanisms driving cover crop outcomes. Although previous ecological
research has tested the effects of staggered planting and soil fertility on plant community
composition and function (Kardol et al., 2013; Weidlich et al., 2017), the priority effects lens has
yet to be applied in an agroecological context. Hayden et al. (2015) began to bridge this gap with
staggered planting of a rye-vetch cover crop mixture, but did not consider soil fertility and
evaluated a relatively small suite of functions. The present work integrates all of these concepts
to assess a potential strategy for improving cover crop performance and agroecosystem function.

4.1 Mixture Evenness

Adequate representation (e.g., biomass) of a functional group is necessary for that group
to meaningfully perform its function in an ecosystem (e.g., Grime, 2002). In this study, we
measured mixture evenness as an indicator of how evenly distributed the three functional groups
were, and in turn, able to perform their respective functions. In general, there was relatively low
mixture evenness across all the staggered planting treatments, while the simultaneous treatment
achieved slightly higher evenness. Each functional group ended up dominating the treatment in
which it was planted first, potentially reflecting either niche preemption, or simply that the
later-planted species had less time to accumulate biomass. Since oats dominated both the
grass-first and simultaneous treatments, this suggests grasses will outperform other functional
groups regardless of planting order, which is unsurprising given the vigorous competitive ability
of grasses (Helenius & Jokinen, 1994; Wang et al., 2022).
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Moreover, our hypothesis that the legume-first, low-soil fertility treatment would be the
most even due to beneficial niche modification by the legumes was not supported. This may be
because the legumes had relatively poor growth, even when planted first. Given that the amount
of N supplied by legumes is largely driven by legume biomass (Crews et al. 2016), there was
likely insufficient N from BNF to result in beneficial niche modification, and, in turn, promote
growth of the other species beyond that of the simultaneous treatment. Alternative seeding
methods or rates could help improve legume performance in future studies, although even with
greater biomass the mechanism of niche modification may not be important within mixtures of
annual cover crops, particularly with a short growth period like in this study. For instance, the
two-week head start provided by the staggered planting was likely too short to allow for
sufficient legume growth and N fixation prior to establishment of the remaining species. Kardol
et al. (2013) found that priority effects are more pronounced the longer the amount of time
between species establishment, so it is possible that a longer lead time for the legumes may have
resulted in stronger niche modification for later-planted species. Kardol et al. (2013) also found
high soil fertility to have a strong influence on the magnitude of priority effects and resulting
community composition, which we did not find here. Instead, our results fall more in line with
Weidlich et al. (2017), who also did not find significant interactions between order of arrival and
soil fertility. If the low fertility soil in our study was not sufficiently N-limited to provide
legumes with a competitive advantage (which may be the case in many agroecosystems), this
could have minimized the effect of soil fertility on cover crop outcomes.

The fact that the simultaneous treatment had the greatest evenness agrees with the
findings of Kardol et al. (2013), who found that species planted simultaneously in fertile soil
were able to better establish than later-planted species in a staggered planting regime, which led
to a more balanced community composition. In low soil fertility, they found no difference in
species establishment between simultaneous and staggered planting treatments. Although we did
not observe a significant soil fertility effect, this could be in part due to strong weed pressure
across all plots, which would have contributed to niche preemption in staggered planting
treatments regardless of soil fertility status. This could also explain why the simultaneous
treatment was the most even, since the establishment of all four cover crop species at once
helped reduce weed pressure, as well as why the legume-first treatment performed so poorly
given how much weed competition the legumes faced.

4.2 Multifunctionality

The simultaneous treatment had both the greatest evenness and multifunctionality, which aligns
with our expectation that adequate representation of each functional group is critical for
achieving a diverse set of ecosystem functions (Grime 2002). However, the evenness and
multifunctionality trends of the staggered planting treatments did not support our hypothesis. For
example, the grass-first treatment was the least even, but scored nearly as high as the
simultaneous treatment for multifunctionality. This reflects the fact that grasses generally excel
at several of the functions measured here, including weed suppression and total N retention given
that grasses are highly productive and excellent nutrient scavengers (Dabney et al., 2007; Dozier
et al, 2017). On the other hand, even though the legume-first treatment was not significantly less
even than the simultaneous treatment, it had lower multifunctionality due to poor weed control
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and lower total N retention. The legume-first treatment did excel at BNF, as expected, with five
times as much BNF as the grass- and brassica-first treatments, and almost twice as much as the
simultaneous treatment. These results highlight clear tradeoffs in functions across treatments
driven by differences between legumes and non-legumes. The only functions without major
trade-offs were soil C and N mineralization, which was surprising given the differences in
aboveground and belowground C:N inputs (Table 4). However, the high abundance of weeds in
the experiment may have masked differences between cover crop treatments; fields with lower
weed pressure may thus be more likely to reap the benefits of legume-first planting.
Alternatively, it is also possible that background soil organic matter pools were more important
drivers of decomposition than the effect of fresh litter inputs from the short-term experiment.

4.3 Plant functional trait variation

We found wide variation in plant functional traits both at the community- and
species-level. At the community level, root:shoot ratio was greatest in the legume-first treatment,
and lowest in the grass-first planting treatment, while the brassica-first and simultaneous
treatment had intermediate ratios.The high root:shoot ratio in the legume-first treatment could
reflect the strong weed pressure in this treatment; because the legumes were not effective at
suppressing weeds at the beginning of the cover crop growing season, the later-planted species
faced strong competition for soil resources and thus may have invested more energy
belowground. In the case of the grass-first treatment, weeds were more effectively suppressed,
potentially allowing for less investment belowground, which, coupled with the fact that oats are
highly productive, contributed to a low root:shoot ratio. Community level above- and
belowground C:N ratios were lowest in the legume-first treatment, indicating high-quality litter
additions to the soil, which could help compensate for the limited amount of biomass entering
the soil from this mixture and support subsequent cash crop growth (Fragaria et al., 2004;
Hoorman, 2009).

At the species level, most trait variation for the non-legumes was driven by differences in
plant growth stage at the time of sampling resulting from the staggered planting. For example,
oat shoot C:N and height were significantly higher, while SLA and leaf %N were lower, when
oats were planted at the first planting date (i.e., grass-first and simultaneous treatments). These
trends reflect that the oats from the first planting date were closer to the reproductive growth
stage when traits were sampled (Zhang et al., 2013; Tsai & Chang, 2022). This was also the case
for radish C:N, height, and SLA. However, we also observed a significant interaction between
planting and soil treatment for radish height, wherein radishes were taller in higher fertility than
in lower fertility soils for the brassica-first and simultaneous treatments. This could indicate that
radishes were better able to compete for sunlight with the other cover crop species, especially
oats, in the simultaneous treatment, and with weeds in the brassica-first treatment, when nutrient
availability was high at the outset of the growing season. Radish leaf %N in the brassica-first
treatment, where the radish was included in the first planting, was significantly lower than the
radishes in the legume-first treatment, suggesting that radish may have benefited from greater N
availability specifically when planted following legumes.

Except for plant height, there were no significant differences in clover traits, which could
be due in part to its poor growth overall. Clover was significantly taller in the simultaneous
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treatment compared to the brassica-first treatment, but only in the high soil fertility treatment.
This could reflect that clover faced strong competition for light in the high fertility simultaneous
treatment, likely from oats, but not when following radish.

Although there were no significant differences in pea shoot C:N or leaf %N across
treatments, SLA and height did show considerable variation. Pea SLA was greatest in the
grass-first treatment, suggesting competition for resources - either light or water - as peas tried to
establish themselves when planted after the oats. Pea height was significantly taller in the
simultaneous planting treatment compared to the grass-first planting treatment as well, but likely
not due to being planted earlier, as the legume-first peas were not significantly taller than the
grass-first peas. This suggests functional complementarity, as the peas may be using the oats as
structural support when they are co-planted. However, pea biomass (and N fixation input) was
higher when planted first, rather than simultaneously with other species, indicating that even
though peas grew taller in the simultaneous treatment, they were more productive and
contributed more to ecosystem functioning when given a head start.

4.4 Limitations and future directions

Given the poor performance of legumes, they likely would have performed better with a
higher seeding rate and drilling as the seeding method rather than being broadcast seeded. Not
only do clovers and peas perform better when drilled over being broadcast, but our seeding rates
were on the low end of recommended ranges for broadcast planting, which may have contributed
to low biomass production (Satell et al., 1998; St Aime et al., 2021). In addition, better weed
control would likely have improved the quality of our results. Twenty-four of the forty plots had
greater aboveground weed biomass compared to the biomass of all four target species combined.
Given that weed suppression was one of the target functions of our study, we did not actively
manage weeds. However, if weed suppression was not included in the study, it would allow for
weed management which could enhance the clarity of other functions, perhaps C and N
mineralization most of all.

We chose not to irrigate given that farmers are unlikely to water their cover crops, yet it is
possible that irrigation would have allowed our cover crops to produce stronger results. There
was a small rainshower on the day following the second planting (1.04 cm rainfall), but the
following eight days were hot and relatively dry, with total precipitation throughout that time
only amounting to 0.76 cm (National Weather Service, 2022). Although irrigating the cover
crops may diminish the real-world applicability of the study, offering optimal conditions for
cover crop growth in a controlled experiment may strengthen overall responses and interactions
of target functions and traits, making for more substantial contributions to ecological
understanding.

4.5 Implications for management

Our findings continue to build on management suggestions for maximizing cover crop
functions in agroecosystems. The trade-offs in overall N retention, BNF, and weed suppression
across planting treatments indicate that farmers should select a planting treatment based on their
specific management goals. If a farmer’s goals include weed suppression and retention and
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recycling of existing N in their soil, they should consider the simultaneous or grass-first
treatments. Given that farmers could plant all functional groups of the cover crop at once using
the simultaneous planting treatment, the simultaneous treatment would be the easiest option.
Furthermore, using cover crops to suppress weeds in lieu of herbicides can improve the
environmental quality of their land, decrease the development of herbicide-resistant weeds, and
reduce the health risk associated with proximity to herbicides, especially when planted early in
the season (Dorn et al., 2015; Hashimi et al., 2020; Mennan et al., 2020; Osipitan et al., 2018;
CTIC, SARE & ASTA, 2016).

However, farmers who primarily seek to increase N supply in their soil, for example,
should consider the legume-first treatment since it had the highest N input from BNF. Utilizing
BNF as a source of N instead of N fertilizers can benefit the environment as well as future cash
crops (CTIC, SARE & ASTA, 2016). N fertilizer production is energy intensive, requiring up to
10.8 GJ of energy to support a hectare of maize (Alluvione et al., 2011). In addition to the
emissions associated with fertilizer production, the application of N fertilizer is responsible for
the emissions of another potent greenhouse gas: N2O (Jensen, Hauggaard-Nielsen, 2003;
Shcherbak et al, 2014). In contrast to synthetic N fertilizers, atmospheric N fixed by legumes is a
renewable resource powered by the sun. N from BNF is also less prone to losses from leaching
and runoff compared to soluble N fertilizers (Jensen & Hauggaard-Nielsen, 2003). Reductions in
N leaching are essential for reducing eutrophication within aquatic ecosystems, which may
further reduce greenhouse gas emissions (Jensen & Hauggaard-Neilsen, 2003; Li et al., 2021).
Therefore, planting legumes first in a cover crop mixture can potentially benefit the field -
through increasing N supply - as well as the broader environment.

V. CONCLUSION

Findings from our field experiment indicate that there are limited tradeoffs in evenness
and multifunctionality when manipulating priority effects through the staggered planting of cover
crop mixtures. The one exception was that N supply from BNF was improved by planting
legumes ahead of grasses and brassicas. Even though the grass-first treatment had low mixture
evenness, it provided high levels of multiple ecosystem functions. Overall, simultaneous planting
of cover crop mixtures may be the best option for farmers because of the ease of planting and
similar levels of multifunctionality compared to the staggered planting treatments tested here.
iRegardless of the cover crop planting strategy farmers select, harnessing the functions provided
by diverse groups of cover crops in place of herbicides and fertilizers can contribute to more
environmentally friendly agricultural practices.
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Appendix

Appendix Table A1: True Values of Function Means and Standard Error

Appendix Table A1: True Values of Function Means and Standard Error

B G L S

Aboveground BNF (kg/ha) 1.24 (0.28) 1.75 (0.31) 8.60 (2.37) 4.95 (1.17)

Belowground N Inputs (g/m2) 7.53 (0.74) 7.82 (0.74) 8.30 (0.35) 10.81 (0.91)

Aboveground N Inputs (kg/ha) 14.20 (1.30) 23.55 (3.92) 13.75 (3.29) 28.22 (4.98)

C Mineralization (µg CO2-C/g/day) 4.73 (0.36) 4.96 (0.37) 5.06 (0.35) 5.04 (0.43)

N Mineralization (mg N/kg soil / day) 0.26 (0.06) 0.25 (0.03) 0.26 (0.05) 0.26 (0.02)

Weed Suppression (%) 25.33 (7.64) 42.14 (8.92) 3.413 (8.25) 46.79 (11.01)
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