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Phylogenetic relatedness can 
influence cover crop‑based weed 
suppression
Uriel D. Menalled 1*, Richard G. Smith 2, Stephane Cordeau 3, Antonio DiTommaso 1, 
Sarah J. Pethybridge 4 & Matthew R. Ryan 1

Cover crops are plants grown to provide regulating, supporting, and cultural ecosystem services in 
managed environments. In agricultural systems, weed suppression services from cover crops can be an 
important tool to promote sustainability as reliance on herbicides and tillage for weed management 
has caused pollution, biodiversity loss, and human health issues. However, to effectively use weed 
suppression services from cover crops, farmers must carefully select species that fit within their 
rotations and suppress their problematic weeds. Understanding how the relatedness between cover 
crops and weeds affects their interactions will help farmers select cover crops for targeted weed 
management. The phylogenetic distance between species reflects their relatedness and was studied 
through a series of field experiments that compared weed suppression in winter and summer cover 
crops with tilled controls. This study demonstrates that cover crops can reduce up to 99% of weed 
biomass and alter weed community structure by suppressing phylogenetically related weed species. 
Results also suggest that cover crop planting season can influence weed community structure since 
only overwintering treatments affected the phylogenetic distance of weed communities. In an applied 
context, these results help develop cover crop-based weed management systems, demonstrating that 
problematic weeds can be managed by selecting phylogenetically related cover crop species. More 
broadly, this study provides a framework for evaluating weed communities through a phylogenetic 
perspective, which provides new insight into plant interactions in agriculture.

Weeds are a major constraint to crop production1,2 and are often managed with herbicides and tillage. However, 
the overuse of both management strategies has contributed to important challenges for agriculture. For example, 
reliance on herbicides has led to the selection of herbicide-resistant weeds3, which reduces the long-term viability 
of chemical weed management. Of particular concern is increasing weed resistance to multiple herbicide modes 
of action, threatening the efficacy of existing herbicides3,4, and metabolism-based herbicide-resistance pathways, 
which can compromise the efficacy of future herbicides4,5. Although tillage is an effective tool for suppressing 
herbicide-resistant weeds6, reliance on tillage can degrade soil health7–9 and result in higher erosion rates than 
those of natural soil formation10. To support crop productivity and food security, it is important to identify 
weed management strategies that let farmers suppress problematic weeds without degrading agroecosystems.

One approach to sustainable weed management is cover cropping, which is the growth of plants that are pri-
marily intended for regulating natural processes, supporting ecosystem health, and offering cultural benefits to 
agricultural land rather than solely providing marketable products11. When managed properly, cover crops can 
suppress weeds12 while reducing soil erosion13,14, improving soil health13,15, and diminishing fertilizer require-
ments in subsequent cash crops16. Policymakers recognize these ecosystem services and have shown interest in 
cover crop usage. For example, in the United States, government programs helped drive a 50% increase in cover 
crop acreage from 2012 to 201711. Similarly, surveys of farmers in the European Union link government initia-
tives to increased cover crop use17. Research on the effective use of cover crops for weed suppression can help 
farmers take advantage of an increasingly supportive political environment surrounding cover crop adoption.

Despite clear evidence of weed suppression in properly managed cover crops12, there is little consensus on 
whether cover crops affect weed community structure. Past research highlights this discrepancy because while 
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some experiments report that cover crops affected weed communities18–20, others argue that cover cropping 
had no effect on weed communities21,22. Even in experiments where cover crops affected weed community 
structure, it is unclear if cover crop species or biomass influenced results18. The ability to predict how cover 
cropping affects weed communities would help farmers manage their most problematic weed species, including 
herbicide-resistant biotypes.

It is important to understand weed community management during the cover crop phase of a crop rotation 
because these weeds can influence the success of subsequent cash crops. One of the primary ways that weed 
communities in cover crops affect future crop productivity is through the weed soil seed bank. Soil seed banks 
are important reservoirs for future weed infestations23 and reflect weed suppression of previous crops within a 
rotation24–26. Crops affect the density of weed species within soil seed banks by lowering weed seed production 
when they reduce weed biomass27,28. Consequently, if cover crops change weed community structure by sup-
pressing some weeds more than others, they may influence the weeds in future cash crops29.

Patterns in weed community structure could be revealed by examining the phylogenetic relationships of weed 
species in different crop management scenarios. Phylogenetic trees reflect evolutionary relationships among 
species based on shared ancestry30. The position of a species in a phylogenetic tree reflects its overall ecologi-
cal grouping31–36, particularly when evaluating communities with diverse taxonomic lineages34 and comparing 
communities across habitat gradients37. Consequently, evaluating communities with a phylogenetic perspective 
describes the underlying processes affecting their assembly. Indeed, past research has reported an association 
between a plant’s phylogenetic grouping and its distribution across different habitat gradients37–44. It is possible 
that the link between plant phylogenetics and habitat tolerance could be relevant in agricultural systems since 
crop management alters habitat conditions in ways that affect weed community structure45,46. Considering the 
conservation of ecological niches within phylogenetic groups31–36, cover crops might create habitats that are more 
resource-limited to phylogenetically related weed species.

This study examined how cover crops can affect weed community structure by evaluating weed community 
biomass and phylogenetic distance. We first tested whether the abundance of weed species differed across treat-
ments through a Permutational Multivariate Analysis of Variance (PERMANOVA), an established method of 
assessing community structure18,46. Then, we elaborated upon this approach by testing whether cover crop-based 
weed suppression affected the phylogenetic distance of weed communities. To test if cover crops had species-
specific effects on weed community structure, variation in phylogenetic distance was partitioned by cover crop 
species and biomass. Finally, to evaluate if cover crops most strongly suppressed related weed species, we tested 
if cover crops were phylogenetically distinct from coexisting weed communities. The results from this study 
provide a new approach to weed community research and help farmers create targeted weed management plans.

Methods
Site description and experimental design
All experiments in this study were conducted at the Hudson Valley Farm Hub (hereafter referred to as ‘Farm 
Hub’; Hurley, NY USA 41° 54′ 35.96″, − 74° 5′ 29.41″) and the Cornell University Musgrave research farm 
(hereafter referred to as ‘Musgrave’; Aurora, NY USA 42° 44′ 2.40″, − 76° 39′ 22.98″). At each site, experiments 
were repeated over two growing seasons, resulting in four site-years. Within each site-year, all treatments were 
maintained in 24 by 12 m plots and replicated across four blocks in a randomized complete block design. The 
weather at both sites is characterized by four distinct seasons, and the Farm Hub and Musgrave sites received 
an average of 95 and 99 cm of precipitation per year throughout the experiment (2020–2022), respectively47.

This study is based on winter and summer cover crop experiments, each comparing four cover crop treat-
ments to a tilled control (n = 80 plots experiment–1, total across all four site-years). Winter cover crops are species 
that are typically planted in the fall and overwinter. The winter experiment evaluated the following cover crops: 
canola (Brassica napus), cereal rye, (Secale cereale), hairy vetch (Vicia villosa), and a cereal rye × hairy vetch mix. 
Summer cover crops are planted in spring and grow throughout the summer. The summer experiment evaluated 
the following cover crops: buckwheat (Fagopyrum esculentum), sorghum sudangrass (Sorghum bicolor × Sorghum 
sudanense), sunn hemp (Crotalaria juncea), and a sorghum sudangrass × sunn hemp mix. All cover crops were 
seeded using standard practices in our study region (see Supplementary Table 1 for seeding rates, seeding depth, 
planting date, and equipment used to establish treatments).

Each field used in this experiment had been a uniform crop stand prior to our study. Specifically, before the 
winter cover crop experiment, spring wheat (Triticum aestivum) was grown at the Farm Hub, and oat (Avena 
sativa) and corn (Zea mays) were grown at Musgrave before the 2020 and 2021 seasons, respectively. Prior to 
the summer cover crop experiment, oat and red clover (Trifolium pratense) were grown at the Farm Hub in 2020 
and 2021, respectively. At the Musgrave site, a cereal rye and hairy vetch mix was grown in 2020, and a spring 
wheat monoculture was grown in 2021 prior to the summer cover crops.

Before planting the cover crops used for this study, all fields were prepared with tillage. The tilled controls 
were plots that were not planted with cover crops and reflected the resident weed community that existed in the 
absence of cover crop-based weed suppression. None of the treatments in this experiment received supplemental 
fertility, weeding, or irrigation after planting.

Sampling
Sampling occurred in the standing cover crops, when farmers typically terminate these species to plant their main 
cash crops. Cover crop maturity at sampling is described using the Biologische, Bundesanstalt, Bundessortenamt, 
and Chemical (BBCH) scale, a universal descriptor of crop and weed growth48. Winter cover crops were sampled 
in late spring: canola was between BBCH stages 79–81, cereal rye was between BBCH 66–73, and hairy vetch at 
BBCH 66–75. In the summer experiment, sampling occurred in late summer: buckwheat was between 75 and 
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82 on a modified BBCH scale49, sorghum sudangrass was between BBCH 40–50, and sunn hemp was at BBCH 
69–71.

Two 0.25 m2 (76 cm × 33 cm) quadrats were randomly placed in each plot to sample crop and weed biomass 
in each treatment. Each quadrat had a width that was a multiple of the cover crop row spacing and was placed 
perpendicularly over four crop rows to ensure a consistent proportion of crop row and interrow area in each 
sample. All individuals larger than 5 cm tall or wide were cut at the soil surface, identified, and stored at the 
species level. Sampling two quadrats in each experimental unit helped account for variability within cover crop 
plots. To avoid pseudoreplication, samples were summed at the plot level. The samples were dried at 60 °C for 
at least 2 weeks before obtaining dry weight for analysis.

Analysis
Each experiment (winter and summer cover crops) was analyzed separately to ensure that our study compared 
treatments that had received comparable management. Analyses were based on linear50 and generalized51 mixed 
effects models that were carried out using R version 4.2.152. All models accounted for variation through a crossed 
random intercept that consisted of the four blocks within each site-year. After confirming model fit with the 
residuals of linear mixed effect models and the simulated residuals53 of generalized linear mixed effects models, 
fixed effects were tested with type three ANOVA tests. Post-hoc tests were then conducted on estimated marginal 
means and slopes for all categorical and continuous variables, respectively54.

To assess cover crop-based weed suppression across the different species, total weed biomass was modeled 
as a function of the interaction between experimental site and treatment. Post-hoc FisherLSD tests were used 
to compare weed biomass amongst treatments. Then, to test if cover crop biomass affected weed suppression, 
weed biomass was described as a function of the interaction between experimental site and cover crop biomass. 
Weed suppression models in both experiments were generalized linear mixed effects models with a log-linked 
Tweedie distribution.

PERMANOVA tests were done to determine whether weed community structure differed across treatments 
in the winter and summer experiments. Before evaluating weed community structure with PERMANOVAs, the 
homogeneity of multivariate groups was confirmed by assessing beta dispersion of weed communities across 
all treatment levels. Both PERMANOVA tests evaluated the effect of site, treatment, and their interaction on 
Bray–Curtis dissimilarity matrixes of natural logarithm plus one transformed weed species biomass. Tests for 
the two experiments were based on 999 permutations and conducted using the ‘vegan’ package55.

All analyses of weed community phylogenetics used abundance-weighted interspecific mean pair-wise 
distance (interspecific MPD). Compared with other metrics of phylogenetic distance, interspecific MPD has 
relatively low error rates and is unaffected by species richness56. Interspecific MPD was calculated using the 
phylogenetic variance–covariance matrix of the species in each experiment and weighted using species biomass 
data. The phylogenetic variance–covariance matrices were made with ‘V.PhyloMaker2’57, an R package that 
creates phylogenetic trees from various molecular-based mega-trees58. Across our entire study, five unknown 
weed species had to be omitted from the phylogenies, and out of the sixty-one remaining species, nine were 
not defined by ‘V.PhyloMaker2’. All undefined species were replaced by sister taxa identified using published 
molecular phylogenies (see Supplementary Table 2 for a list of undefined species and the sister taxa used in the 
analysis). After creating a phylogenetic tree for each experiment using species included in the ‘V.PhyloMaker2’ 
database, a polytomy across three Poa species (P. annua, P. pratensis, and P. trivialis) was randomly resolved into 
a series of dichotomies with zero-length branches59. Interspecific MPD was calculated with the phylogenetic 
variance–covariance matrixes of the resulting ultrametric trees.

The interspecific MPD of weed communities was modeled as a function of the interaction between experimen-
tal site and treatment to determine if cover crop species affected weed community phylogenetic distance. Post-
hoc Fisher’s least significant difference (LSD) tests were used to compare interspecific MPD across treatments 
and determine whether cover cropping affected weed community phylogenic distance compared with the tilled 
control. In the winter and summer cover crop experiments, variation in interspecific MPD across treatments was 
tested with log-linked Gaussian generalized linear mixed effects models. Then, the effect of cover crop biomass 
on interspecific MPD was tested with linear mixed effects models, where experimental site, cover crop species, 
and cover crop biomass were interacting fixed effects; because the tilled control had no cover crop biomass, it 
was excluded from these regressions. The effect of cover crop biomass on interspecific MPD was then compared 
across treatments with post-hoc Fisher’s LSD tests.

After testing if the phylogenetic distance of weed communities in cover crops was different from the tilled 
controls and describing whether cover crop biomass affected the phylogenetic distance of weed communities, we 
could determine if cover crop species were more or less related to weed communities than expected by chance 
(InterMPDrelativized; Fig. 1). This was accomplished by calculating how phylogenetically distant cover crops were 
from the weeds in the cover crop treatments (∆InterMPDcov.crop) and the tilled control (∆InterMPDcontrol; Eq. (1)). 
Without accounting for the phylogenetic distance between the cover crops and resident weed communities (∆ 
InterMPDcontrol; Eq. (1)), results would be biased by differences between the phylogenetic distance of a cover 
crop and the weed species in a specific experimental location.

�InterMPDcov. crop = InterMPDcov. crop+weeds in cov. crop − InterMPDweeds in cov. crop,

�InterMPDcontrol = InterMPDcov. crop+weeds in control − InterMPDweeds in control,

(1)InterMPDrelativized = �InterMPDcov.crop −�InterMPDcontrol,
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For both the winter and summer cover crop experiments, Inter.MPDrelativized was assessed as a function of 
the interaction between experimental sites and cover crop treatments using linear mixed effects models. Post-
hoc t-tests determined whether positive values indicated overdispersion of weeds relative to the cover crop and 
negative values phylogenetic clustering of weeds relative to the cover crop.

Results
The winter and summer cover crop experiments had 48 and 40 weed species, respectively. Samples from the tilled 
controls reflected the emerged resident weed communities of the two experiments. Average weed biomass in 
the tilled controls was 2053 kg ha–1 in the winter cover crop experiment and 2101 kg ha–1 in the summer cover 
crop experiment. Generally, the tilled controls of the two experiments were dominated by weeds with similar 
emergence patterns as the cover crops specific to each experiment. For example, the tilled control in the winter 
cover crop experiment had high amounts of Barbarea vulgaris, Sinapis arvensis, and Stellaria media, which can 
all emerge in the late summer and fall60 (Fig. 2A). Similarly, the control in the summer cover crop experiment 
had a high biomass of weeds that can emerge in the spring and early summer, such as Sinapis arvensis, Panicum 
dichotomiflorum, and Digitaria ischaemum (Fig. 2B).

All cover crop treatments suppressed weeds relative to the tilled control (P < 0.05), and both experiments 
had treatments that suppressed 99% of weed biomass (Fig. 3). This high level of cover crop-based weed suppres-
sion was observed in the buckwheat, cereal rye, and cereal rye × hairy vetch mix at Musgrave, and the sorghum 
sudangrass at Farm Hub. In both experiments, weed suppression increased with cover crop biomass (P < 0.001). 
Furthermore, PERMANOVA tests on weed species biomass indicated that weed community structure differed 
across treatments in the two experiments (P < 0.001).

The effect of cover crop species and cover crop biomass on the average phylogenetic distance within weed 
communities differed across experiments. In the winter cover crop experiment, all treatments except canola 
reduced weed community interspecific MPD relative to the tilled control (P < 0.05; Fig. 2A). However, the extent 
to which winter cover crop biomass affected interspecific MPD differed by species (P < 0.001; Fig. 4). Specifically, 
canola and cereal rye biomass did not affect interspecific MPD, increasing hairy vetch biomass was associated 
with a reduction in interspecific MPD (P < 0.01), and increasing cereal rye × hairy vetch biomass was associated 
with increased interspecific MPD (P < 0.05). In contrast to the winter experiment, none of the summer cover 
crops affected weed community interspecific MPD compared with the tilled control (Fig. 2B). Interspecific MPD 
was also unaffected by the biomass of summer cover crops (P = 0.84).
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Figure 1.   Procedure to evaluate if cover crop-based weed suppression caused treatments to be more or less 
related to weed communities than expected by chance. Calculating abundance-weighted interspecific mean pair-
wise distance (Inter.MPD) with and without the cover crop species (∆Inter.MPD), measures the phylogenetic 
distance of cover crops relative to weed communities in the cover crop treatments (∆InterMPDcov.crop) and 
the tilled control treatment (∆InterMPDcontrol; Eq. (1)). The difference between cover crops and the weed 
communities in these two treatments (Inter.MPDrelativized), measures the effect of cover cropping on weed 
community phylogenetic distance while accounting for any phylogenetic dissimilarity between cover crops and 
resident weed communities.
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Comparing phylogenetic distance between cover crops and their weed communities (∆InterMPDcov.crop; 
Eq. (1)) with cover crops and the weed communities of the tilled control (∆InterMPDcontrol; Eq. (1)) describes 
if phylogenetic relatedness affected weed suppression (Fig. 1). All cover crop treatments with cereal rye were 
phylogenetically distinct from weed communities (P < 0.05; Fig. 5). While the other cover crop treatments were 
not phylogenetically distinct from weed communities, weed species in these treatments were never more related 
to cover crops than expected by chance (P > 0.05; Fig. 5).
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Figure 2.   Cover crop effects on weed community phylogenetic distance (boxplots) and biomass (heatmaps) 
in the winter (A) and summer (B) cover crop experiments. Treatments are organized through hierarchical 
clustering, and boxplots show average abundance-weighted interspecific mean pair-wise distance (interspecific 
MPD). Letters above the boxplots denote the statistical group of each treatment (P < 0.05). In both experiments, 
weed species are arranged using phylogenetic trees. Weed community filtering can be inferred from reduced 
phylogenetic distance in the boxplots and reduced spread in weed species in the heatmap of the cover-cropped 
treatments.
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Discussion
The phylogenetic approach used by this study builds upon past research by providing insight into the underlying 
ecological structure of weed communities. For example, results from the PERMANOVA—an established analy-
sis of community structure based on species-level biomass—reported that treatments in both the winter and 
summer experiments affected weed community structure. However, only cover crops in the winter experiment 
influenced the phylogenetic distance of weed communities (Figs. 2, 4, and 5), indicating that weed suppression 
in the summer cover crops was independent of the phylogenetic relatedness between cover crops and weeds. 
Understanding how and why weed suppression was affected by the phylogenetic distance between cover crops 
and weeds in the winter experiment provides initial steps for targeted weed management with cover crops.

While all cover crops in this study suppressed weeds (Fig. 3), only treatments in the winter experiment 
changed the phylogenetic distance of weed communities relative to the tilled controls (Fig. 2). Specifically, three 
of the four cover crop treatments in the winter experiment affected weed community phylogenetic distance: cereal 
rye, hairy vetch, and cereal rye × hairy vetch. In all cases, phylogenetic distance was lower in weed communities 
of the cover crops than in the weed communities of the tilled control. The reduction in phylogenetic distance 
indicates that winter cover crop treatments filtered weed communities by selecting a subset of the possible weed 
phylogenetic groups.

It is possible that the cover crops in the winter experiment were more likely to influence the phylogenetic 
distance of weed communities because of their emergence timing relative to summer annual weeds. Unlike 
the summer cover crops, which emerged alongside summer annual weeds, overwintering cover crops were 
established by spring, giving them a greater probability of altering the habitat conditions where summer annual 
weeds had to emerge and establish. The finding that only the biomass of winter cover crops affected phylogenetic 
distance (Fig. 4) supports this observation, suggesting that the accumulation of cover crop biomass after weed 
seedling establishment may improve weed suppression (Fig. 3) but not modify the phylogenetic distance of weed 
communities (Fig. 4).

More broadly, cover crop biomass was examined to determine if the phylogenetic distance of weed com-
munities was influenced by the quantity of cover crop biomass instead of the relatedness between cover crop 
species and weeds. When cover crop biomass influenced weed community phylogenetic distance in the winter 
experiment, its effects were inconsistent across species (Fig. 4). Specifically, the reduction in phylogenetic distance 
compared with the tilled control observed in the cereal rye, hairy vetch, and cereal rye × hairy vetch treatments 
(Fig. 2A) was only promoted by increased biomass in the hairy vetch treatment (Fig. 4). The inconsistent effect 
of cover crop biomass on weed community phylogenetic distance aligns with past research, reporting that cover 
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Figure 5.   Relativized phylogenetic distance (InterMPDrelativized; Eq. (1)) between cover crops and weed 
communities. Points in this figure are estimated marginal means showing the phylogenetic distance between 
cover crops and the weed communities in the cover crop treatments (∆InterMPDcov.crop; Eq. (1)), relativized 
by the phylogenetic distance caused by cover crop species selection (∆InterMPDcontrol; Eq. (1)). Positive values 
indicate that cover crops were phylogenetically distinct from weeds, whereas negative values indicate weeds were 
clustered around the cover crop. Error bars are the 95% confidence intervals of the estimated marginal means, 
and P-values indicate whether each marginal mean differed from zero.
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crop biomass was only partially responsible for changes to weed species richness18. Thus, cover crops have species-
specific effects on weed communities, and species selection may be a means to alter weed community structure.

The effect of phylogenetic relatedness on cover crop-based weed suppression was assessed while accounting 
for bias that could be introduced by selecting a cover crop species not represented in the resident weed com-
munity (Fig. 1). The approach used in this study addresses a knowledge gap in community ecology by evaluating 
whether plant competition causes phylogenetic clustering or overdispersion at the community level61. No cover 
crop treatment in this study created conditions that selected for phylogenetically related species, and there is no 
evidence of phylogenetic clustering from crop-weed competition. Instead, weed suppression in two treatments 
of the winter cover crop experiment, cereal rye and the cereal rye × hairy vetch mix, caused weed communities 
to be phylogenetically distant from cover crops (Fig. 5), creating phylogenetic overdispersion. Additionally, the 
hairy vetch treatment, which also affected the phylogenetic distance of weed communities relative to the tilled 
control (Fig. 2A), was phylogenetically distant from its weeds at marginal significance (P = 0.07; Fig. 5). The 
phylogenetic distance of cover crops in these treatments relative to weed communities indicates that cover crops 
create conditions that filter weeds by being most suppressive to phylogenetically related species.

Conclusions
The phylogenetic approach used by this study provides a framework to compare weed communities based on 
overall ecological similarity. This study provides a preliminary indication that farmers should select cover crops 
that are phylogenetically related to their most problematic weeds because when cover crops filtered weed com-
munities (Fig. 2), they tended to be most suppressive to related species (Fig. 5). Furthermore, no treatment in 
this study increased the proportion of weeds that were phylogenetically related to cover crops, so competitive 
cover crops should not increase the dominance of related weed species. To reinforce this result, future research 
should compare the phylogenetic distance between weed communities and a broad range of cover crop species.

To improve the probability that cover crops will suppress related weed species, this study suggests that it 
is important to establish cover crops before weed emergence. Unlike summer cover crops, treatments with 
overwintering species may have influenced the phylogenetic structure of weed communities because they had 
relatively more time to modify habitat conditions before summer annual weed emergence. To mechanistically 
test this finding, future studies could establish cover crops in weed-free conditions and intentionally seed weeds 
into cover crops at different moments during the growing season. This would directly evaluate whether weed 
seedling suppression after cover crop establishment determines if phylogenetic relatedness influences weed sup-
pression. The results discussed in this study and the proposed experiments can help farmers select and manage 
cover crops for targeted weed management. In the face of herbicide resistance and large-scale soil erosion from 
tillage, using cover crops for weed management will improve the sustainability of crop production and promote 
long-term food security.

Data availability
The datasets generated and analysed during the current study are available in the Cornell eCommons reposi-
tory, https://​doi.​org/​10.​7298/​6gnz-​wj06. All data used in this study were collected in accordance with relevant 
guidelines for plant material collection for field-based research.

Received: 1 June 2023; Accepted: 1 October 2023

References
	 1.	 Oerke, E.-C. Crop losses to pests. J. Agric. Sci. 144, 31–43 (2006).
	 2.	 Renton, M. & Chauhan, B. S. Modelling crop-weed competition: Why, what, how and what lies ahead?. Crop Prot. 95, 101–108 

(2017).
	 3.	 Heap, I. Global perspective of herbicide-resistant weeds. Pest Manag. Sci. 70, 1306–1315 (2014).
	 4.	 Powles, S. B. & Yu, Q. Evolution in action: Plants resistant to herbicides. Annu. Rev. Plant Biol. 61, 317–347 (2010).
	 5.	 Yu, Q. & Powles, S. Metabolism-based herbicide resistance and cross-resistance in crop weeds: A threat to herbicide sustainability 

and global crop production1. Plant Physiol. 166, 1106–1118 (2014).
	 6.	 Beckie, H. J. & Harker, K. N. Our top 10 herbicide-resistant weed management practices. Pest Manag. Sci. 73, 1045–1052 (2017).
	 7.	 Crowley, K. A., Van Es, H. M., Gómez, M. I. & Ryan, M. R. Trade-offs in cereal rye management strategies prior to organically 

managed soybean. Agron. J. 110, 1492–1504 (2018).
	 8.	 Nunes, M. R., Karlen, D. L. & Moorman, T. B. Tillage intensity effects on soil structure indicators—A US meta-analysis. Sustain-

ability 12, 2071 (2020).
	 9.	 Nunes, M. R., Karlen, D. L., Veum, K. S., Moorman, T. B. & Cambardella, C. A. Biological soil health indicators respond to tillage 

intensity: A US meta-analysis. Geoderma 369, 114335 (2020).
	10.	 Pimentel, D. et al. Environmental and economic costs of soil erosion and conservation benefits. Science 267, 1117–1123 (1995).
	11.	 Wallander, S., Smith, D., Bowman, M. & Claassen, R. Cover crop trends, programs, and practices in the United States. https://​www.​

ers.​usda.​gov/​webdo​cs/​publi​catio​ns/​100551/​eib-​222.​pdf (2021).
	12.	 Osipitan, O. A., Dille, J. A., Assefa, Y. & Knezevic, S. Z. Cover crop for early season weed suppression in crops: Systematic review 

and meta-analysis. Agron. J. 110, 2211–2221 (2018).
	13.	 Blanco-Canqui, H. et al. Cover crops and ecosystem services: Insights from studies in temperate soils. Agron. J. 107, 2449–2474 

(2015).
	14.	 Daryanto, S., Fu, B., Wang, L., Jacinthe, P.-A. & Zhao, W. Quantitative synthesis on the ecosystem services of cover crops. Earth 

Sci. Rev. 185, 357–373 (2018).
	15.	 Snapp, S. S. et al. Evaluating cover crops for benefits, costs and performance within cropping system niches. Agron. J. 97, 322–332 

(2005).
	16.	 Schipanski, M. E. et al. A framework for evaluating ecosystem services provided by cover crops in agroecosystems. Agric. Syst. 

125, 12–22 (2014).

https://doi.org/10.7298/6gnz-wj06
https://www.ers.usda.gov/webdocs/publications/100551/eib-222.pdf
https://www.ers.usda.gov/webdocs/publications/100551/eib-222.pdf


9

Vol.:(0123456789)

Scientific Reports |        (2023) 13:17323  | https://doi.org/10.1038/s41598-023-43987-x

www.nature.com/scientificreports/

	17.	 Kathage, J., Smit, B., Janssens, B., Haagsma, W. & Adrados, J. L. How much is policy driving the adoption of cover crops? Evidence 
from four EU regions. Land Use Policy 116, 106016 (2022).

	18.	 Smith, R. G., Atwood, L. W., Pollnac, F. W. & Warren, N. D. Cover-crop species as distinct biotic filters in weed community assembly. 
Weed Sci. 63, 282–295 (2015).

	19.	 Shrestha, A., Knezevic, S. Z., Roy, R. C., Ball-Coelho, B. R. & Swanton, C. J. Effect of tillage, cover crop and crop rotation on the 
composition of weed flora in a sandy soil. Weed Res. 42, 76–87 (2002).

	20.	 Baumgartner, K., Steenwerth, K. L. & Veilleux, L. Cover-crop systems affect weed communities in a California vineyard. Weed Sci. 
56, 596–605 (2008).

	21.	 MacLaren, C., Swanepoel, P., Bennett, J., Wright, J. & Dehnen-Schmutz, K. Cover crop biomass production is more important 
than diversity for weed suppression. Crop Sci. 59, 733–748 (2019).

	22.	 Buchanan, A. L., Kolb, L. N. & Hooks, C. R. R. Can winter cover crops influence weed density and diversity in a reduced tillage 
vegetable system?. Crop Prot. 90, 9–16 (2016).

	23.	 Gallandt, E. R. How can we target the weed seedbank?. Weed Sci. 54, 588–596 (2006).
	24.	 Jernigan, A. B. et al. Weed abundance and community composition following a long-term organic vegetable cropping systems 

experiment. Weed Sci. 65, 639–649 (2017).
	25.	 Smith, R. G. & Gross, K. L. Rapid change in the germinable fraction of the weed seed bank in crop rotations. Weed Sci. 54, 

1094–1100 (2006).
	26.	 Teasdale, J. R., Mangum, R. W., Radhakrishnan, J. & Cavigelli, M. A. Weed seedbank dynamics in three organic farming crop 

rotations. Agron. J. 96, 1429–1435 (2004).
	27.	 Thompson, B. K., Weiner, J. & Warwick, S. I. Size-dependent reproductive output in agricultural weeds. Can. J. Bot. 69, 442–446 

(1991).
	28.	 Guglielmini, A. C. et al. Reproductive allometry in four annual weeds. Aust. J. Bot. 67, 99–105 (2019).
	29.	 Swanton, C. J. & Booth, B. D. Management of weed seedbanks in the context of populations and communities. Weed Technol. 18, 

1496–1502 (2004).
	30.	 Gurevitch, J., Scheiner, S. M. & Gordon, F. A. The Ecology of Plants (Sinauer Associates, Inc., 2006).
	31.	 Webb, C. O., Ackerly, D. D., McPeek, M. A. & Donoghue, M. J. Phylogenies and community ecology. Annu. Rev. Ecol. Syst. 33, 

475–505 (2002).
	32.	 Webb, C. O. Exploring the phylogenetic structure of ecological communities: An example for rain forest trees. Am. Nat. 156, 

145–155 (2000).
	33.	 Baraloto, C. et al. Using functional traits and phylogenetic trees to examine the assembly of tropical tree communities. J. Ecol. 100, 

690–701 (2012).
	34.	 Cavender-Bares, J., Keen, A. & Miles, B. Phylogenetic structure of Floridian plant communities depends on taxonomic and spatial 

scale. Ecology 87, S109–S122 (2006).
	35.	 Burns, J. H. & Strauss, S. Y. More closely related species are more ecologically similar in an experimental test. Proc. Natl. Acad. Sci. 

108, 5302–5307 (2011).
	36.	 Park, D. S. & Potter, D. Why close relatives make bad neighbours: Phylogenetic conservatism in niche preferences and dispersal 

disproves Darwin’s naturalization hypothesis in the thistle tribe. Mol. Ecol. 24, 3181–3193 (2015).
	37.	 Silvertown, J. et al. Absence of phylogenetic signal in the niche structure of meadow plant communities. Proc. R. Soc. B Biol. Sci. 

273, 39–44 (2006).
	38.	 Vandelook, F., Verdú, M. & Honnay, O. The role of seed traits in determining the phylogenetic structure of temperate plant com-

munities. Ann. Bot. 110, 629–636 (2012).
	39.	 Sedio, B. E., Wright, S. J. & Dick, C. W. Trait evolution and the coexistence of a species swarm in the tropical forest understorey. 

J. Ecol. 100, 1183–1193 (2012).
	40.	 Pausas, J. G. & Verdú, M. Fire reduces morphospace occupation in plant communities. Ecology 89, 2181–2186 (2008).
	41.	 Pavoine, S., Vela, E., Gachet, S., de Bélair, G. & Bonsall, M. B. Linking patterns in phylogeny, traits, abiotic variables and space: A 

novel approach to linking environmental filtering and plant community assembly. J. Ecol. 99, 165–175 (2011).
	42.	 Muscarella, R. et al. Soil fertility and flood regime are correlated with phylogenetic structure of Amazonian palm communities. 

Ann. Bot. 123, 641–655 (2019).
	43.	 Kusumoto, B., Kubota, Y., Shiono, T. & Villalobos, F. Biogeographical origin effects on exotic plants colonization in the insular 

flora of Japan. Biol. Invasions 23, 2973–2984 (2021).
	44.	 Liu, H. et al. Phylogeny and ecological processes influence grass coexistence at different spatial scales within the steppe biome. 

Oecologia 191, 25–38 (2019).
	45.	 Menalled, U. D., Adeux, G., Smith, R. G., Mirsky, S. B. & Ryan, M. R. Cereal rye mulch biomass and crop density affect weed sup-

pression and community assembly in no-till planted soybean. Ecosphere https://​doi.​org/​10.​1002/​ecs2.​4147 (2022).
	46.	 Menalled, U. D. et al. High seeding rates and low soil nitrogen environments optimize weed suppression and profitability in organic 

no-till planted soybean. Front. Agron. https://​doi.​org/​10.​3389/​fagro.​2021.​678567 (2021).
	47.	 Northeast Regional Climate Center. Climod2. CLIMOD Version 2. http://​climo​d2.​nrcc.​corne​ll.​edu (2020).
	48.	 Lancashire, P. D. et al. A uniform decimal code for growth stages of crops and weeds. Ann. Appl. Biol. 119, 561–601 (1991).
	49.	 Arduini, I., Masoni, A. & Mariotti, M. A growth scale for the phasic development of common buckwheat. Acta Agric. Scand. Sect. 

B Soil Plant Sci. 66, 215–228 (2016).
	50.	 Kuznetsova, A., Brockhoff, P. B. & Christensen, R. H. lmerTest package: Tests in linear mixed effects models. J. Stat. Softw. 82, 1–26 

(2017).
	51.	 Brooks, M. et al. glmmTMB balances speed and flexibility among packages for zero-inflated generalized linear mixed modeling. 

R J. 9, 378–400 (2017).
	52.	 R Core Team. R: A Language and Environment for Statistical Computing (2022).
	53.	 Hartig, F. Dharma: Residual diagnostics for hierarchical (multi-level/mixed) regression models (2022).
	54.	 Lenth, R., Singmann, H., Love, J., Buerkner, P. & Herve, M. emmeans: Estimated marginal means, aka least-squares means (2022).
	55.	 Oksanen, J. et al. vegan: Community ecology package (2020).
	56.	 Miller, E. T., Farine, D. R. & Trisos, C. H. Phylogenetic community structure metrics and null models: A review with new methods 

and software. Ecography 40, 461–477 (2017).
	57.	 Jin, Y. & Qian, H. V. PhyloMaker2: An updated and enlarged R package that can generate very large phylogenies for vascular plants. 

Plant Divers. 44, 335–339 (2022).
	58.	 Jin, Y. & Qian, H. V. PhyloMaker: An R package that can generate very large phylogenies for vascular plants. Ecography 42, 

1353–1359 (2019).
	59.	 Paradis, E. & Schliep, K. ape 5.0: An environment for modern phylogenetics and evolutionary analyses in r. Bioinformatics 35, 

526–528 (2019).
	60.	 Uva, R. H., Neal, J. C. & DiTomaso, J. M. Weeds of the Northeast (Comstock Pub., 1997).
	61.	 Mayfield, M. M. & Levine, J. M. Opposing effects of competitive exclusion on the phylogenetic structure of communities. Ecol. 

Lett. 13, 1085–1093 (2010).

https://doi.org/10.1002/ecs2.4147
https://doi.org/10.3389/fagro.2021.678567
http://climod2.nrcc.cornell.edu


10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:17323  | https://doi.org/10.1038/s41598-023-43987-x

www.nature.com/scientificreports/

Acknowledgements
The authors thank Hudson Valley Farm Hub for their research partnership. Adam Sharifi, Adin Burnwell, Annika 
Rowland, Chris Pelzer, David Keohane, Domenic Varma, Dylan Rogers, Emme Wong, Eric Yongerman, Grif-
fin Erich, Jake Allen, James Cagle, Kathryn Marini, Kristen Loria, Liv Cramer, Margaret Ball, Natasha Djuric, 
Olivia Fisher, Sandra Wayman, and Theodore Matel for incredible assistance maintaining treatments, sam-
pling the experiment, and processing the data. The Cornell statistical consulting unit for help revising analyses. 
This work was supported by the New York State Environmental Protection Fund for the New York Soil Health 
Initiative, administered through the New York State Department of Agriculture and Markets Contract No. 
C00178GS-3000000, the United States Department of Agriculture National Institute of Food and Agriculture 
and the Organic Agriculture Research and Extension Initiative (Project 2020-51300-32183).

Author contributions
U.D.M. and M.R.R. developed the concept, acquired funding for the study, created its experimental design and 
protocols, and oversaw its implementation. U.D.M. led the analysis and writing. U.D.M., R.G.S., S.C., A.D.T., 
S.J.P., and M.R.R. discussed the results and helped develop and refine the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​43987-x.

Correspondence and requests for materials should be addressed to U.D.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-43987-x
https://doi.org/10.1038/s41598-023-43987-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Phylogenetic relatedness can influence cover crop-based weed suppression
	Methods
	Site description and experimental design
	Sampling
	Analysis

	Results
	Discussion
	Conclusions
	References
	Acknowledgements


