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1  |  INTRODUC TION

In the dryland sections of the Northern Great Plains of US and 
Canada, a region characterised by long cold winters, short hot sum-
mers, large ranges in temperatures and unpredictable precipitation, 

cultivation and off- farm inputs in the form of pesticides and fer-
tilisers are used to grow large expanses of wheat (Triticum aestivum 
L.). These monocultures are often grown in rotation with 12-  to 16- 
month long fallow period, a strategy used to conserve soil moisture 
(Padbury et al., 2002). Despite success of this approach in terms of 
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Abstract
The US Northern Great Plains is one of the largest expanses of small grain agriculture, 
but excessive reliance on off- farms inputs and predicted warmer and drier conditions 
hinder its agricultural sustainability. In this region, the use of cover crops represents a 
promising approach to increase biodiversity and reduce external inputs; however little 
information exists about how cover crop mixture composition, predicted climate and 
management systems could impact the performance of cover crops and weed com-
munities. In the 4th cycle of a cover crop- wheat rotation, we experimentally increased 
temperature and reduced moisture as expected to occur with climate change, and 
assessed impacts on the presence and composition of cover crop mixtures and termi-
nation methods on weed communities. Under ambient climate conditions, mean total 
cover crop biomass was 43%– 53% greater in a five species early- season cover crop 
mixture compared with a seven species mid- season mixture, and differences were 
less pronounced in warmer and drier conditions (19%– 24%). We observed a total of 
18 weed species; 13 occurring in the early- season mixture, 13 in the mid- season mix-
tures and 14 in the fallow treatments. Weed species richness and diversity was lower 
in warmer and drier treatments, and we observed a shift in weed communities due to 
the presence and composition of cover crop mixtures as well as climate manipulations. 
Overall, results suggest that adoption of cover crop mixtures in semiarid agroecosys-
tems requires jointly addressing weed management and soil moisture retention goals, 
a challenge further complicated by predicted climate conditions.
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crop yield and quality, numerous environmental costs associated 
with the concentration of high input wheat production has moti-
vated the search for alternative practices that take advantage of 
ecological processes to secure crop yield, nutrient cycling and pest 
regulation (Peterson et al., 2020).

Cover crops, a suite of non- marketable plants that do not provide 
direct income to farmers and are grown for their ecosystem services, 
have been studied as one ecologically- based method to enhance the 
overall sustainability of agricultural production (Kumar et al., 2020). 
Given the weed suppression potential of cover crops, their use has 
been proposed as a tool for managing herbicide resistance (Menalled 
et al., 2016).

Ecological research in non- cropping systems indicated that 
increased plant species diversity could result in enhanced pro-
ductivity, system stability, pest suppression and nutrient reten-
tion (Tilman et al., 2014). These findings spawned interest among 
farmers and agroecologists in replacing single- species cover crops 
with multi- species mixtures as an ecologically- based method to 
increase agroecosystem's diversity (Isbell et al., 2017). Despite 
their popularity, recent studies indicated that increasing the num-
ber of species in cover crop mixtures may not necessarily provide 
enhanced agroecosystem services (Smith et al., 2014), including 
improved weed suppression (Florence and McGuire, 2020; Smith 
et al., 2020).

In semiarid regions, where moisture is a limiting factor for crop 
production, farmers must balance cover crop benefits with possi-
ble reduction of water availability needed for subsequent crops 
(Garland et al., 2021). Across sections of the Northern Great Plains, 
this challenge is further exacerbated by predicted climate change. 
Mean temperature and precipitation are expected to increase over 
the next 30 years, while summer rainfall is projected to decrease by 
10%– 20% (Conant et al., 2018), resulting in greater evapotranspi-
ration rates that will likely reduce effective soil moisture (Whitlock 
et al., 2017). A common approach to manage soil water content 
usage by cover crops in water- limited agroecosystems is terminat-
ing them during anthesis (O’Dea et al., 2013), most commonly with 
herbicides, an approach that increases the selective pressure for 
herbicide resistance weeds and unintentionally impacts beneficial 
biodiversity (Adhikari et al., 2019; Menalled et al., 2016). Alternative 
approaches for cover crop termination, like livestock- grazing and 
haying, may be more economically and ecologically sustainable by 

providing alternative revenues to farmers and enhancing the provi-
sion of ecosystem services (Thiessen Martens and Entz, 2011).

To our knowledge, no study conducted in the Northern Great 
Plains has evaluated the impacts of predicted warmer and drier cli-
mate conditions on cover crops and weed communities, and little 
research has been conducted about the agronomic and ecological 
impacts of alternative methods for cover crop termination (but see 
McKenzie et al., 2017). To address these knowledge gaps, we took 
advantage of a crop- wheat rotation study that comprises cover 
crops with different species composition to evaluate the impact 
that warmer and drier conditions and the methods used for cover 
crop termination have on cover crop biomass production and weed 
communities. We expected that warmer and drier conditions would 
decrease cover crop biomass accumulation, and that this impact 
would differ across cover crop mixtures. In turn, we expected a shift 
in weed communities as a function of cover crop management strat-
egies interacting with temperature and moisture conditions.

2  |  MATERIAL S AND METHODS

2.1  |  Study site and experimental design

The study was located at the Montana State University Northern 
Agricultural Research Center, MT (48°29′48.8″N, 109°48′10.4″W). 
The site receives an average annual precipitation of 285 mm and has 
an average high and low temperatures of 13.4°C and 0.0°C respec-
tively (Western Regional Climate Center, 2020). The experiment was 
designed to evaluate different cover crop mixtures in rotation with 
winter and spring wheat (Triticum aestivum L.), and terminated with 
herbicides, by grazing or by haying. The experiment was established 
as two adjacent replicated trials, one for each phase of the rotation, 
and designed as a restricted- randomisation strip plot design with 
three replicates, and termination treatments assigned perpendicu-
lar to the fallow and cover crop treatments (Figure 1). This study 
was conducted in the cover crop phase during the 4th cycle of the 
cover crop- wheat rotation and included three levels: a summer fal-
low (control), a five- species early- season cover crop mixture, which 
was planted in early spring, and a seven- species mid- season cover 
crop mixture, which was planted approximately two weeks later. The 
location of each treatment was randomised in the first year of the 

F I G U R E  1  Simplified experimental 
design to assess the impact of summer 
fallow, an early- season cover crop 
mixture, and a mid- season cover crop 
mixture; three methods of cover crop 
termination (Herbicide, Grazed and 
Hayed); and two climate manipulations 
(Ambient, A, and Warmer and Drier, W/D) 
on weed communities

 13653180, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/w

re.12514 by M
ontana State U

niversity L
ibrary, W

iley O
nline L

ibrary on [29/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



40  |    DUPRE Et al.

study (2012– 2013) and maintained through time. Within each cover 
crop level and termination method, we established two temperature 
and moisture manipulation treatments (ambient, and warmer and 
drier, see below).

Summer fallow began after winter wheat harvest on 12 July 
2017 and 26 July 2018, and ended on 21 September 2018 and 13 
September 2019. Before planting the cover crop mixtures, all plots 
were sprayed with 2240 kg ha- 1 of a.i. glyphosate. Cover crop mix-
tures were selected to include a variety of functional groups and 
growth habits. The early- season mixture had five species: radish 
(Raphanus raphanistrum L.), field pea (Pisum sativum L.), oat (Avena 
sativa L.), turnip (Brassica rapa L.) and hairy vetch (Vicia villosa Roth). 
In 2018, the mid- season mixture had seven species: oat, radish, field 
pea, turnip, lentil (Lens culinaris Medikus) and sorghum- sudangrass 
[Sorghum × drummondii (Steud.) Millsp. & Chase]. Due to logistical 
reasons, in 2019 a similar mid- season mixture was sowed contain-
ing oat, chickpea (Cicer arietinum L.), radish, turnip, soybean, hairy 
vetch and millet (Setaria italica L.). Cover crop planting dates varied 
based on local weather conditions. The early- season mixture was 
planted on 4 May 2018, and 29 April 2019. The mid- season mixture 
was planted on 14 May 2018, and 9 May 2019. All cover crop species 
were seeded at depth of 2.54 cm at different seeding rates (Table 1) 
using a 3.7- m Conservapack no- till disk planter. At planting, a total of 
112 kg ha- 1 fertiliser with a 20- 20- 20 dosage of N- P- K was applied 
to the cover crops.

Cover crops were terminated shortly after anthesis in oat with 
either herbicide, haying and baling, or cattle grazing. The herbi-
cide application (glyphosate, applied at 2,500 kg ai/ha) and haying 
treatments occurred on 9 July 2018 and 8 July 2019. The cattle 
grazing treatment was designed to be high intensity short duration 
using 8– 10 yearling bulls from 11 July to 13 July 2018 and 9 July to 
11 July 2019. In addition, 2 kg ai/ha of glyphosate plus 0.34 kg of 
ai/ha dicamba were used to terminate any regrowth of cover crops 
and weeds in the grazed and hayed termination treatments, approx-
imately four weeks after the initial termination.

To create warmer and drier conditions (climate manipulation, 
hereafter), open- top chambers and rain- out shelters were used. 
To increase the temperature by ~2°C, open- top chambers had a 
basal diameter of 1.5 m and a top diameter of 1 m and were built 
out of Sun- Lite HP (1 mm thick) (Solar Components Corporation, 
Manchester, New Hampshire, USA) fiberglass with high transmit-
tance of visible wavelengths (Marion et al., 1997). Rain- out shelters 
were constructed following Yahdjian and Sala (2002) with wooden 
frames that supported gutters made out of corrugated clear polycar-
bonate material (Palram Americas, Kutztown, Pennsylvania, USA) to 
reduce precipitation by approximately 55%.

2.2  |  Sampling methods

Soil and air temperatures were measured under ambient, and 
warmer and drier treatments in 3- h intervals using Maxim Integrated 
Thermochron iButtons (DS1921) placed 10 cm below and 20 cm 

above the soil surface. Temperature was measured from 10 May to 
1 July 2018, and 9 May to 1 July 2019 and 10 May to 22 July 2018. 
Soil moisture was measured once weekly from 15 May to 1 July 
2018 and 23 May to 29 July 2019, using the Delmorst soil moisture 
measuring systems (model KS- D1) with sensors installed at a depth 
of 10 cm.

To assess changes to cover crop biomass in response to cover 
crop composition, termination and climate manipulations, we col-
lected aboveground biomass from two 0.56 m crop rows located in 
each treatment on 1 July 2018 and 2019 (n = 36 per year). Also, 
on 1 July 2018 and 2019, we sampled weed biomass throughout 
0.56 m2 frames established in the centre of each treatment. Cover 
crop and weed biomass were separated by species, dried, and the 
weight of each species was recorded. Because different legume 
cover crop species were planted within our two- year study period, 
they were combined to represent ‘legumes’ as a functional group in 
our analysis.

2.3  |  Statistical analysis

All analysis were implemented in R version 3.5.2 (R Core Team, 
2020). To assess the effects of the presence (fallow or cover crop) 
and composition (early- season and mid- season) of cover crops, cli-
mate manipulations (ambient, and warmer and drier), and year on 
cover crop biomass and temperature and soil moisture measure-
ments, we fit linear mixed effects models using the ‘lmer’ function in 
the ‘lme4’ package (Bates et al., 2015). Identity of individual sensors 
was included as a random effect to account repeated measure from 
the same moisture and temperature sensors.

Response variables for weed communities included biomass, 
species richness, species diversity and species composition. We fit 
linear mixed- effects models to assess the effects of the presence 
and composition of cover crops, termination, climate manipulation 
and year on cover crop and weed biomass. We calculated species 
richness as the total number of species present per 0.56 m2 area 
each year, and diversity using the Shannon diversity index with the 
‘diversity’ function in the ‘vegan’ package (Oksanen et al., 2019). For 
all analyses, cover crop, climate manipulation, termination treat-
ments, year and their interactions were treated as fixed effects. An 
identifier of each individual cover crop replication was included as 
a random effect to account for the nesting of climate manipulation 
levels within cover crop and termination treatments. Assumptions of 
normality and equal variance were assessed visually using diagnostic 
plots and the weed biomass response was log- transformed prior to 
the analysis. For the cover crop and weed biomass responses, we 
used Type III analysis of variance (ANOVA) and examined pairwise 
differences using Tukey tests implemented through the ‘emmeans’ 
package. Results were back- transformed when necessary and 
graphics were produced using the ‘ggplot2’ package.

We calculated dissimilarity among samples using weed biomass 
and the Bray- Curtis metric applying the’vegdist’ function also in the 
‘vegan’ package (Oksanen et al., 2019). We used the permutational 
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multivariate ANOVA (perMANOVA) and algorithm ‘adonis’ in the 
‘vegan’ package to evaluate whether a significant a proportion of 
the variation in weed species composition was accounted by the 
presence and composition of cover crops, climate manipulations 
and year. To visualise differences in weed species composition 
across treatments, we performed a nonmetric multidimensional 
scaling (NMDS) analysis and used the ordination to calculate po-
tential change in species composition. The analysis was conducted 
using the ‘metaMDS’ algorithm in the ‘vegan’ package. Finally, we 
conducted an indicator species analysis to assess the existence of 
key species associated with the presence and composition of cover 
crops and climate conditions.

3  |  RESULTS

3.1  |  Temperature and moisture

Air temperature, measured 20 cm above ground level, varied depend-
ing on the presence and composition of cover crops (F2, 14 = 10.75, 
p = 0.002), climate manipulations (F1, 2076 = 91.33, p < 0.001) and 
year (F1, 14 = 998.41, p < 0.001) (Figure S1). Mean air temperature 
under ambient condition was coolest in the early- season cover crop 
mixture (18.9 and 15.5°C in 2018 and 2019, respectively), compared 
with the fallow (19.3 and 15.9°C in 2018 and 2019, respectively) 
and the mid- season mixture (19.5 and 16.1°C in 2018 and 2019, re-
spectively). Similarly, under warmer and drier conditions, mean air 
temperatures in the summer fallow and the mid- season mixture 
treatments were warmer (20.2 and 20.4, respectively, in 2018; 16.7 
and 16.9, respectively, in 2019) than in the early- season mixture 
treatment (19.8°C in 2018 and 16.3°C in 2019).

Soil temperature, measured 10 cm belowground, varied in re-
sponse to the presence and composition of cover crops (F2, 14 = 7.42, 
p = 0.006), climate manipulation (F1, 19681 = 25.07, p < 0.001) and 
year (F1, 13 = 322.33, p < 0.001) (Figure S1). However, the effect was 
dependent on the presence and composition of cover crops (Cover 
crop × Climate; F2, 18506 = 22.6, p < 0.001). Mean soil temperature 
under ambient climate conditions was lowest in the early- season 
cover crop mixture (18.9 and 15.5°C in 2018 and 2019, respectively), 
compared with the fallow (19.3 and 15.9°C in 2018 and 2019, re-
spectively) and mid- season mixture (19.5 and 16.1°C in 2018 and 
2019, respectively). Under warmer and drier conditions, the early- 
season mixture was cooler (19.8 and 16.3°C in 2018 and 2019, re-
spectively) than summer fallow (20.2 and 16.7°C in 2018 and 2019, 
respectively) and the mid- season mixture (20.4 and 16.9°C in 2018 
and 2019, respectively).

Soil moisture varied in response to the presence and composi-
tion of cover crops (F2, 85.55 = 30.49, p < 0.001), climate manipula-
tion (F1, 166.91 = 6.21, p = 0.014), and year (F1, 87.17 = 5.64, p = 0.019) 
(Figure S1). The lowest mean soil moisture was observed in the 
early- season mixture under warmer and drier conditions (−6.9 and 
−4.8 bar in 2018 and 2019, respectively). Soil moisture under ambi-
ent conditions was similar to warmer and drier conditions (−6.1 bar 

in 2018 and 2019). In contrast, we observed the greatest mean soil 
moisture under warmer and drier conditions in the fallow treatments 
(−2.9 and −2.4 bar in 2018 and 2019, respectively), which differed 
from fallow treatments under ambient conditions (−0.8 and −1.9 bar 
in 2018 and 2019, respectively).

3.2  |  Cover crop biomass

Total biomass varied in response to cover crop composition (F 

1, 57 = 87.91, p < 0.001) and year (F1, 31 = 44.15, p < 0.001), the later 
probably due to year to year differences in precipitation and tem-
perature, but not across termination methods (F2, 31 = 0.93, p = 0.41) 
or climate manipulations (F1, 32 = 0.76, p = 0.39). However, there was 
an interaction between cover crop composition and climate manipu-
lations (F1, 56 = 19.14, p < 0.001; Figure 2), partially supporting our 
first expectation. Under ambient conditions, mean total cover crop 
biomass was greatest in the early- season mixture (3005 and 2424 kg 
ha- 1 2018 and 2019 respectively), compared with the mid- season 
mixture (1716 and 1135 kg ha- 1 in 2018 and 2019, respectively). 
Under warmer and drier conditions, biomass differences among 
cover crop mixtures were less pronounced. For instance, biomass 
in the early- season mixture was lower (2501 and 1919 kg ha- 1 2018 
and 2019 respectively) and greater in the mid- season mixture (2037 
and 1456 kg ha- 1 in 2018 and 2019, respectively), compared with 
ambient conditions.

Climate manipulations resulted in shifts in the relative abun-
dance of cover crop species, as estimated by total biomass produc-
tion (Table 2 and Table S1). For instance, mean oat biomass in the 
early- season mixture under ambient conditions (1466 and 1250 kg 
ha- 1 in 2018 and 2019, respectively) was greater than in the warmer 

F I G U R E  2  Cover crop biomass kg ha- 1sampled in 2018 (A) and 
2019 (B) across the two cover crop mixtures (early- season, Early or 
mid- season, Mid) and two temperature and soil moisture (ambient 
or warmer and drier) conditions. Error bars indicate the standard 
errors of the mean, and letters above bars indicate significant 
differences among treatments (p < 0.05)
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and drier conditions (833 and 835 kg ha- 1 in 2018 and 2019, respec-
tively; Table 2). Mean biomass of radish, turnip and the legumes were 
not affected by climate manipulations in the early- season mixture, 
however, mean biomass of radish and turnip in the mid- season mix-
ture was larger under warmer and drier conditions than ambient 
conditions (Table 2 and Table S1). The two warm- season C4 grass 
species planted –  sorghum- sudan grass (in 2018), and millet (in 2019) 
–  contributed only 1 and 2%, respectively, to the total mid- season 
crop biomass, and mean biomass of these species was further re-
duced under warmer and drier conditions.

3.3  |  Weed communities

Our expectation was that crop management strategies and climate 
manipulations would result in distinctive weed communities. In 
agreement, weed biomass differed in response to the presence and 
composition of cover crops (F2, 88 = 8.92, p < 0.001), climate manipu-
lations (F1, 88 = 12.7, p < 0.001) and the interaction between these 
two variables (F2, 88 = 3.29, p = 0.041). Neither termination method 
(F2, 97 = 0.97, p = 0.379) nor year (F1, 88 = 0.049, p = 0.825) impacted 

weed biomass. In 2018, mean weed biomass was lower in the early- 
season mixture under warmer and drier conditions (7.6 kg ha- 1), com-
pared with the biomass sampled in the mid- season cover crop under 
ambient conditions (117.1 kg ha- 1). In 2019, mean weed biomass was 
also lower in the early- season mixture under warmer and drier con-
ditions (7.7 kg ha- 1), when compared with the mid- season mixture 
(146.7 kg ha- 1) and fallow (112.6 kg ha- 1) under ambient conditions 
(Figure 3).

Mean weed species richness did not differ based on the pres-
ence and composition of cover crops (χ2

2,94 = 2.35, p = 0.303), ter-
mination method (χ2

2,94 = 3.85, p = 0.143), or year (χ2
1,94 = 2.70, 

p = 0.099), however, there was an average of 0.31 fewer species 
under the warmer and drier treatments (Table 3; χ2

1,94 = 5.65, 
p = 0.017). Also, mean species diversity was lower in warmer and 
drier treatments (χ2

1,94 = 8.65, p = 0.003) and differed by year 
(χ2

1,94 = 4.46, p = 0.035), but not by termination method (Table 3; 
χ2

2,94 = 3.05, p = 0.213). Additionally, species richness varied across 
fallow/cover crop treatments; however, these differences were not 
statistically significant (χ2

2,94 = 5.11, p = 0.077).
Within the two years of our study, we observed a total of 18 weed 

species; 13 occurring in the early- season mixture and mid- season 

TA B L E  2  Mean (SE) cover crop species biomass sampled in (A) 2018, and (B) 2019 in the early- season mixture (Early) and mid- season 
mixture (Mid) under ambient and warmer and drier (W/D) conditions

A. 2018 Cover crop species biomass kg ha- 1

Early Mid

Ambient W/D Ambient W/D

Oat (Avena sativa) 1466 (103) 833 (103) 1142 (103) 961 (103)

Turnip (Brassica rapa) 479 (82.9) 532 (82.9) 29 (82.9) 334 (82.9)

Chickpea (Cicer arietinum) — — — — 

Soybean (Glycine max) — — 13.68 (2.6) 9.83 (2.6)

Lentil (Lens culinaris) — — 65.13 (5.1) 30.17 (5.1)

Field Pea (Pisum sativum) 420 (61.5) 324 (61.5) 342 (61.5) 253 (61.5)

Radish (Raphanus raphanistrum) 521.38 (86.5) 700.54 (86.5) 12.47 (86.5) 403.06 
(86.5)

Millet (Setaria italica) — — — — 

Sorghum- sudangrass (Sorghum x drummondii) — — 76.86 (11.6) 43.78 (11.6)

Hairy Vetch (Vicia villosa) 125 (19.7) 75 (19.7) — — 

B. 2019 Cover crop species biomass kg ha- 1

Early Mid

Ambient W/D Ambient W/D

Oat (Avena sativa) 1250 (103) 835 (103) 851 (103) 713 (103)

Turnip (Brassica rapa) 80 (82.9) 45 (82.9) 20 (82.9) 263 (82.9)

Chickpea (Cicer arietinum) — — 91.16 (13.1) 61.58 (13.1)

Soybean (Glycine max) — — 2.15 (2.6) 5.14 (2.6)

Lentil (Lens culinaris) — — — — 

Field Pea (Pisum sativum) 956 (61.5) 960 (61.5) — — 

Radish (Raphanus raphanistrum) 70.37 (86.5) 39.70 (86.5) 69.133 (86.5) 384.61 
(86.5)

Millet (Setaria italica) — — 35.85 (3.8) 20.15 (3.8)

Sorghum- sudangrass (Sorghum x drummondii) — — — — 

Hairy Vetch (Vicia villosa) 66 (19.7) 62 (19.7) 101 (19.7) 27 (19.7)
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mixtures, and 14 in the fallow treatments (Table 4). We expected 
that weed communities would shift as a function of cover crop 
management strategies and temperature and moisture conditions. 
In agreement, weed species composition varied in response to the 
presence and composition of cover crops (F2, 94 = 2.69, R2 = 0.045, 
p = 0.001; Figure 4, climate manipulation (F1, 94 = 3.73, R2 = 0.028, 
p = 0.003), and year (F1, 94 = 14.51, R2 = 0.121, p = 0.001). However, 
we failed to detect a legacy impact of cover crop termination on 

weed communities (F1, 99 = 1.13, R2 = 0.023, p = 0.254). In addition, 
the effect of temperature and moisture manipulation was depen-
dent on year (F1, 94 = 1.98, R2 = 0.016, p = 0.023; Figure 4). Despite 
the differences in weed species composition between cover crop 
treatments, an indicator species analysis did not reveal a key weed 
species associated with these treatments. However, indicator spe-
cies analysis between climate conditions revealed that Salsola kali 
(2018; p = 0.014) and Amaranthus blitoides (2019, p = 0.007) were 
associated with ambient treatments.

4  |  DISCUSSION

Predicted climate conditions could impact the distribution, composi-
tion, demography and competitiveness of weed species (Kumar et al., 
2020) and impact the efficacy of herbicide- based weed management 
strategies (Ziska, 2020). Yet, there is little information about the im-
pact that climate change could have on the performance of cover 
crop mixtures as a weed management tool. In our study, located in a 
semiarid and cold section of the Northern Great Plains, an increase 
of summer temperatures coupled with a reduction in moisture avail-
ability, differentially impacted the performance of early- season and 
mid- season cover crop mixtures, and resulted in a shift in weed bio-
mass production and community structure.

In regions experiencing low precipitation, such as the semiarid 
sections of the Northern Great Plains, managers must balance poten-
tial weed suppressive ability of cover crops with moisture retention 
for the subsequent crop (Kumar et al., 2020). Our results indicated 
that cover crop mixtures and fallow treatments differently influ-
enced the temperature and soil moisture conditions, as well as their 
associated weed communities. In agreement with Blanco- Canqui 
et al. (2015), the five species early- season cover crop mixture pro-
duced the most biomass, and maintained the coolest temperatures 
under both ambient, and warmer and drier conditions. In contrast to 
observed temperature patterns, the largest reduction in soil mois-
ture during the growing period was observed in the early- season 
cover crop mixture, suggesting early- season mixtures could reduce 
moisture storage and compromise subsequent crop yields (Krueger 
et al., 2011), a challenge that could be increased under the predicted 
warmer climate conditions of the region (Whitlock et al., 2017).

The suitability of cover crops as weed management tools de-
pends on their ability to effectively establish and capture resources 
during the growing season. In cold and semiarid environments, 
niche differentiation may allow cover crop mixtures to enhance 
resource use efficiency (Elhakeem et al., 2019); however, the se-
lection of species can be challenging as their success is heavily 
dependent on interspecific differences, environmental conditions 
and management strategies (Lithourgidis et al., 2011). In accor-
dance with previous research conducted in this region (Carr et al., 
2004), cover crop species composition and planting date were im-
portant drivers of cover crop productivity. Specifically, the five 
species cover crop mixture planted in early spring gained more 
biomass compared with mixtures with seven cover crop species 

F I G U R E  3  Weed biomass kg ha- 1 sampled in 2018 (A) and 2019 
(B) as a function of presence and composition of cover crops (i.e. 
fallow; early- season, Early; or mid- season, Mid), and temperature 
and soil moisture (i.e. ambient or warmer and drier) conditions. 
Error bars indicate the standard errors of the mean, while letters 
above bars indicate significant differences among treatments 
(p < 0.05)
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TA B L E  3  Mean (SE) of weed species richness and diversity 
sampled in the in the fallow, early- season cover crop mixture, and 
mid- season cover crop mixture in 2018 and 2019. Samples were 
obtained under ambient (A) and warmer and drier (W/D) climate 
conditions

Year
Temperature/
moisture Crop

Mean 
richness 
(SE)

Mean 
evenness (SE)

2018 Ambient Fallow 3.45 (0.45) 0.73 (0.08)

Early 2.84 (0.40) 0.61 (0.09)

Mid 2.80 (0.39) 0.52 (0.08)

Warmer/ Drier Fallow 2.50 (0.35) 0.51 (0.08)

Early 2.06 (0.32) 0.38 (0.09)

Mid 2.03 (0.31) 0.30 (0.09)

2019 Ambient Fallow 2.80 (0.38) 0.57 (0.08)

Early 2.30 (0.33) 0.45 (0.08)

Mid 2.26 (0.34) 0.36 (0.09)

Warmer/Drier Fallow 2.03 (0.30) 0.35 (0.09)

Early 1.67 (0.27) 0.23 (0.09)

Mid 1.64 (0.27) 0.14 (0.09)
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planted in mid- spring. As such, our results are in agreement with 
Florence and McGuire (2020) and Smith et al. (2020), who found 
that increasing cover crop species richness does not always trans-
late in enhanced weed suppression. Thus, and in contrast with the 
niche differentiation concept, an increase in species number per se 
may not necessarily translate into enhanced productivity in mois-
ture and temperature limiting environments. In corn production 
systems, Finney and Kaye (2017) suggested that famers should in-
crease cover crop functional diversity rather that species richness 

to enhance agroecosystems multifunctionality, a hypothesis that 
future studies could test in semiarid ecosystems.

Resource availability and accumulation of growing degree days 
can impact the relative abundance of species in cover crop mixtures 
(Baraibar et al., 2020); however little is known about the extent to 
which various plant functional groups respond to predicted warmer 
and drier conditions. We observed a reduction in the total cover crop 
biomass in the early- season mixture under warmer and drier condi-
tions. In particular, oat was more sensitive to higher temperatures 

TA B L E  4  Mean (SE) biomass of weed species biomass (kg/ha) sampled in the in the fallow, early- season cover crop mixture and mid- 
season cover crop mixture in 2018 and 2019. Samples were obtained under ambient (A) and warmer and drier (W/D) climate conditions. 
When a weed species only occurred in one plot, standard error is represented as (– )

Weed taxa

2018

% of all 
species

Fallow Early- season Mid- season

A W/D A W/D A W/D

Amaranthus albus 12.6 (2.8) 14.2 (9.3) 31.4 (7.3) 2.8 (1.7) 40.6 (13.3) 13.0 (3.7) 3.7

Amaranthus blitoides 125.5 
(41.2)

68.2 (28.4) 49.9 (27.8) 2.8 (1.8) 60.8 (11.8) 81.4 (33.1) 12.7

Amaranthus retroflexus 2.7 (0.6) 9.2 (7.5) 3.1 (2.2) 1.4 (– ) 4.4 (– ) 551.8 (– ) 18.7

Avena fatua — — 6.0 (– ) — 3.9 (– ) 9.1 (– ) 0.6

Bromus tectorum 1.3 (0.8) 4.1 (– ) — — — 111.1 (– ) 3.8

Chenopodium album 16.2 (– ) — 38.8 (– ) — 68.8 (– ) 46.4 (– ) 5.6

Descurainia sophia — 271.1 (– ) 4.4 (– ) — 98.0 (– ) — 9.0

Malva neglecta 125.9 (– ) — 113.8 (– ) — 751.1 (– ) 0.2 (– ) 36.5

Polygonum aviculare — — 15.5 (– ) — — — 0.5

Salsola kali 72.5 (35.2) 18 (– ) 35.2 (26.2) 6.8 (– ) 1.1 (– ) 0.5 (– ) 4.4

Solanum triflorum 23.2 (5.8) 0.7 (– ) — 2.0 (– ) — — 0.8

Tragopogon dubius 3.7 (– ) — — — — — 0.1

Triticum aestivum 2.0 (1.1) 28.6 (10.7) 13.5 (5.5) 33.9 (15.8) 30.9 (28.4) — 3.6

Weed taxa

2019

% of all 
species

F E M

A W/D A W/D A W/D

Amaranthus albus — — — — 13.0 (11.0) — 0.5

Amaranthus blitoides 75.3 (25.5) — 18.9 (5.4) 1.2 (0.1) 4.1 (1.8) 7.1 (– ) 4.4

Amaranthus retroflexus 1.8 (– ) — 7.7 (3.3) 1.8 (– ) 0.4 (– ) — 0.5

Avena fatua — — 82.7 (56.0) 56.9 (– ) — — 5.8

Bromus tectorum 35.4 (9.1) 6.0 (4.5) 8.9 (– ) 2.8 (– ) 1.8 (– ) 1.8 (– ) 2.3

Chenopodium album — — — 1.1 — — <0.1

Descurainia sophia 116.9 (84.7) 292.1 (96.4) — 158.2 (– ) — — 23.5

Echinochloa spp. — — — — 3.6 (– ) — 0.1

Lactuca serriola 12.8 (2.) 107.1 (95.6) — — — — 5.0

Lolium perenne 71.1 (31.8) 30.8 (27.8) 65.8 (28.3) 9.4 (4.1) 123.0 (17.8) 59.1 (20.2) 14.9

Monolepis nuttalliana 1.8 (– ) — — — — — 0.1

Salsola kali 211.5(115.8) 100.8 (51.9) 28.9 (15.4) — 43.4 (20.3) — 15.9

Taraxacum officinale — — — — — 1.2 (– ) <0.1

Tragopogon dubius — 72.9 (– ) — — — — 3.0

Triticum aestivum 165.3 (– ) 19.6 (– ) 32.8 (23.1) — 78.4 (5.7) 282.8 (– ) 24.0
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and drought compared with brassica and legume species, supporting 
previous findings that cereal crops can impacted by drought and in-
creased temperatures (Wilcox and Makowski, 2014). For example, 
Hlavinka et al. (2008) determined that oat has a higher sensitivity to 
drought than winter rape, probably due to differences in the depth 
of the rooting zone. Biomass production of the mid- season cover 
crop mixture, an essential variable for successful weed suppres-
sion, did not change in response to temperature and soil moisture. 
However, and in agreement with (Franco et al., 2021), we observed 
an increase in the relative abundance brassica species, suggesting 
that this group of species represent a valuable cover crop option 
in the predicted climate scenarios of the semiarid sections of the 
Northern Great Plains.

Ecological theory (Booth and Swanton, 2002) and previous 
research (Smith et al., 2020) indicate that cover crops species 
composition, management practices and environmental condi-
tions represent ecological filters determining weed community 
composition. To our knowledge, our research represents the first 
attempt to assess the extent to which the impact of ecological fil-
ters on weed communities could be modified by predicted climate 
conditions. Our results indicated that the presence and specific 
characteristics of cover crop mixtures, as well as temperature and 
moisture conditions, impacted weed communities. As suggested 
by Ranaldo et al., (2019), an improved understanding on how func-
tional diversity of cover crops relates to weed suppression could 
enhance our ability to combine species with early establishment 
and high competitive ability under challenging environmental con-
ditions The system- level nature of this study precludes us from 
being able to evaluate specific mechanistic hypotheses that might 

explain observed differences. It is possible that the observed de-
crease in weed species richness and diversity, and weed biomass 
observed in the early season cover crop mixture under warmer 
and drier conditions resulted from the increased performance of 
the cover crop mixture. Given the potential benefits that plant 
diversity could provide to the sustainability of agroecosystems 
(Altieri, 1999), future research should evaluate the mechanisms 
determining the establishment and growth of individual species 
used in cover crop mixtures. Also, research is needed to more fully 
assess the impact that different cover crop mixtures could have on 
the suppression of weed communities with provision of other im-
portant ecosystem services such as insect and pathogen control, 
nutrient cycling, soil health and pollination efficiency (Adhikari 
et al., 2019).

Recent research has focused on challenges that predicted cli-
mate change create for management of agricultural weeds (Ziska, 
2020) as well as characterising resultant shifts in weed community 
composition (Peters et al., 2014), but information specific to the 
Northern Great Plains, an important agricultural region, is scant. In 
agreement with our prediction, we observed a shift in weed species 
composition as a function of climate manipulations and across fallow 
and cover crop types. We observed a decline in abundance of cover 
crop and weed species that were less tolerant of warmer and drier 
conditions. These results support the community assembly theory 
suggested by Booth and Swanton (2002), posting that both abiotic 
and biotic constraints play key roles in determining the structure of 
both cover crop and weed communities.

5  |  CONCLUSIONS

There is an increased interest in utilising cover crops throughout 
the Northern Great Plains as an ecologically- based approach to 
improve soil fertility, enhance microbial biomass and facilitate 
weed management (Daryanto et al., 2018). Yet, moisture manage-
ment challenges threaten their adoption by farmers as well as their 
success as a weed management tool in the semiarid sections of 
this region (O’Dea et al., 2013). These challenges are further exac-
erbated by predicted climate conditions of increased temperature 
and reduced precipitation (Whitlock et al., 2017). Our study sug-
gests that in the studied semiarid agroecosystems, farmers and 
agroecologists should look beyond the number of species when 
designing polycultures. Our results showed that, in comparison 
with a seven species cover crop mixture that incorporated both 
early and mid- season species, a five species cover crop mixture 
that included early- season species lowered air and soil tem-
perature, enhanced weed suppression and increased cover crop 
productivity.

Like any farming practice, the use of cover crop mixtures involves 
trade- offs, and may result in a reduction of soil water availability 
and weed community shifts. Farmers interested in adopting cover 
crop mixtures in moisture- compromised environments need to bet-
ter understand these trade- offs to maximise the benefits associated 

F I G U R E  4  Variation of weed communities in response to the 
presence and composition (i.e. Fallow; early- season, Early; or 
mid- season, Mid) of cover crops, temperature and moisture (i.e. 
Ambient or warmer and drier, W/D) conditions, and year. Shapes 
represent the centroids of the presence and composition of cover 
crops; shaded shapes represent plots with different temperature 
and moisture conditions. Different colours are used for each year. 
Error bars represent the standard errors of the centroids
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with cover crop mixtures. Developing further knowledge about the 
responses of cover crop and weed species to predicted climate con-
ditions will allow selection of weed- suppressive traits while main-
taining soil moisture content required for subsequent crops.
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