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Soil Chemistry, and Soil Microbial
Communities

Luke D. Bainard, Bianca Evans, Erin Malis, Tony Yang and Jillian D. Bainard*

Swift Current Research and Development Centre, Agriculture and Agri-Food Canada, Swift Current, SK, Canada

Forage cover crops are gaining in popularity on the Canadian prairies, where
multi-species crop mixtures are grown for soil and ecosystem enhancing benefits, but
also harvested for forage. As the use of these forage mixtures increases, more knowledge
is needed to understand the impact these mixtures have on forage production systems.
The objective of this study was to determine the effects of increasing plant species
diversity on forage productivity, soil chemistry, and soil microbial communities. Field trials
were conducted in 2016 and 2017 at two separate locations in the Canadian Prairie
region that included four treatments: (1) oat monoculture, (2) three spp. mixture (one
grass, one legume, one brassica), (3) six spp. mixture (two grasses, two legumes, two
brassicas), and (4) nine spp. mixture (three grasses, three legumes, three brassicas).
Soil and plant samples were collected at the mid and late growing season to assess
soil chemistry, plant biomass and composition, forage nutrition and quality, and soil
bacterial and fungal communities. Overall, the oat monoculture had the highest biomass
productivity, while the nine spp. mixture produced the lowest biomass among the
treatments. All three mixtures had a better nutritional profile [i.e., greater concentrations of
Ca, Cu, Fe, total Kjeldahl nitrogen (TKN), total phosphorus (TP) and total potassium (TK),
and lower concentrations of acid detergent fiber (ADF) and neutral detergent fiber (NDF)]
compared to the monoculture. Differences in forage nutrition were particularly heightened
at the end of the growing season. Soil chemical properties did not differ greatly among
the treatments with the exception of higher levels of soil nitrate availability in the mixtures
compared to the monoculture. Early indicators of a shift in soil microbial diversity and
fungal community composition, and an increased abundance of fungal pathotrophs in
the mixtures compared to the oat monoculture, was observed at one of the field sites.
This study indicates that increasing plant species diversity does not always lead to an
increase in biomass production or significant changes or improvements in soil microbial
communities. However, the inclusion of multiple plant species can improve the quality
and nutritive value of forages over a monoculture forage crop.
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INTRODUCTION

Forage cover crops can offer nutritional resources to support
grazing livestock while also leaving plant material behind to serve
as a mulch or soil amendment. Forage cover crops have been
utilized worldwide in multiple cropping systems, especially on
organic farms to optimize environmental resource availability
and enhance sustainable agricultural practices (Bergtold et al.,
2017). Annual forage cover crops can be monocultures of
grasses, legumes, or brassicas, or mixtures of these crops, and
can be included in rotation with other cash crops. Currently,
forage cover crop designs that include multi-species mixtures are
becoming increasingly popular for use in forage production due
to their perceived benefits to productivity and soil properties.
There have been numerous studies showing that increasing cover
crop diversity can lead to optimized environmental resources
use, increased soil nutrients, restricted disease and pest pressure,
enhanced weed suppression, reduced soil erosion and water
runoff, all leading to yield increases (Anil et al., 1998; Tilman
et al., 2001; Hartwig and Ammon, 2002; Lithourgidis et al.,
2011; Bonin and Tracy, 2012). However, information regarding
the selection and diversity of suitable crop mixtures is still
very limited.

It is important for forage cover crops to contain sufficient
amounts of nutrients to support livestock growth, which can
lead to reduced grain feeding and purchased supplemental feeds,
and result in economic benefits to farmers (Gardner et al,
1991). Mixed forage cover crops can yield better quality forage
as the use of plant species from various functional groups can
improve the nutritive value of forage and reduce the need
for additional mineral supplementation. More specifically, the
inclusion of legumes in cover crop mixtures has been shown
to produce higher levels of important macronutrients and
some micronutrients to support livestock (Pirhofer-Walzl et al.,
2011). Choosing effective cover crop mixtures is also critical
to maximize the ecological benefits that cover crops can bring
into agricultural systems (Wittwer et al, 2017). For example,
including legumes into crop mixtures has been shown to increase
soil nutrient (nitrogen, phosphorus and potassium) budgets
(Malézieux et al., 2009; Dahmardeh et al., 2010). Including other
crops such as grasses or brassicas, which have a high capacity for
N and C storage, can prevent nutrient loss, water pollution and
greenhouse gas emissions from agro-ecosystems (Dabney et al.,
2001; Blanco-Canqui et al., 2015). In addition, increasing species
richness within plant functional groups has shown positive
impacts on forage biomass, which demonstrates that species
within the same functional group may not be redundant in their
functions (Marquard et al., 2009). However, there may be a limit
to the number of plant species in a mixture that are actually
beneficial to forage productivity, and some high species mixtures
may produce less biomass than a mixture with fewer species
(Schellenberg et al., 2012). The positive effects of diverse cover
crops may not always be realized by farmers as many factors can
compromise these benefits, such as ineffective or incompatible
crop selection, soil types, climate conditions, fertilization, and
tillage strategies (Gabriel and Quemada, 2011; Dorn et al., 2015;
Wittwer et al., 2017).

Despite a considerable amount of cover crop research, there
is a limited understanding of forage cover crop impacts on
soil microbial communities, which are integral components
of functional cropping systems. Previous studies have shown
that increasing plant species richness can support more
diverse and functional soil microbial communities compared
to monocultures in both annual and perennial systems (Zak
et al., 2003; Qiao et al, 2012; Lange et al., 2015; Finney
et al., 2017). In agroecosystems, the inclusion of specific crop
species and plant functional groups in cover crops appear to
be important regulators of microbial community composition
and soil biological activity (Finney et al., 2017; Venter et al.,
2017; Cloutier et al., 2020). Due to the critical role that soil
microbial communities play in various agroecosystem services it
is important to better understand the impacts of multi-species
forage cover crops on soil microbial communities.

To address the uncertainties on how to optimize mixed
forage cover crops and to systematically evaluate a selection of
mixed forage cover crops and their benefits, we hypothesized
that forage biomass productivity, forage nutrition, and soil
nutrients would increase with increased cover crop diversity.
We also hypothesized that increased cover crop diversity would
restructure soil microbial communities and increase bacterial
and fungal diversity. To examine these hypotheses, we tested the
following objectives: (1) determine the effects of increased cover
crop diversity on overall forage productivity and nutritive value;
and (2) examine changes to soil chemistry and soil microbial
communities due to increased cover crop diversity.

MATERIALS AND METHODS

Site Description and Experimental Design
Experimental field trials were conducted at two different sites in
the Canadian prairie region. A small plot (0.004 ha plot size) field
trial was located on a Brown Chernozem soil zone at the Swift
Current Research and Development Center, southeast of Swift
Current, Saskatchewan, Canada (50°16'N lat., 107°43'W long.).
This field was seeded to wheat in 2014 and chemical fallowed in
2015. A larger plot (~0.16 ha plot size) field trial was located on
a loamy Black Chernozem soil zone at the Brookdale Research
Farm (managed by Manitoba Beef and Forage Initiatives Inc.),
which was located 18 km north of Brandon, Manitoba, Canada
(50°05'N lat., 99°92'W long.). The field at the Brookdale research
farm was seeded to an oats/peas green feed mixture in 2014, and
left fallow in 2015. Both sites were tilled and harrow packed prior
to seeding.

To test the effect of crop species diversity, the experimental
design included four different cropping mixture treatments: (i)
monoculture, (ii) three spp. mixture, (iii) six spp. mixture, and
(iv) nine spp. mixture. The experiment was conducted for two
consecutive growing seasons in 2016 and 2017, with the same
cropping treatments grown on the same plots each year. The
monoculture was seeded to oats (Avena sativa “Common No. 17).
The three spp. mixture consisted of one grass species (oats), one
legume species (forage peas, Pisum sativum “CDC Leroy”), and
one brassica species [Graza forage radish (Raphanus x Brassica,
Stewart and Moorhead, 2004)]. The six spp. mixture consisted
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of two grasses (oats and Italian ryegrass, Festuca perrenis), two
legumes [forage peas and hairy vetch (Vicia Villosa, “Common
No. 17)], and two brassica species [Graza and Winfred forage
brassica (Brassica napus ssp.)]. The nine spp. mixture consisted
of these same six crops, with one additional representative from
each functional group: sorghum (Sorghum bicolor), crimson
clover (Trifolium incarnatum), Hunter forage brassica (Brassica
sp.). In 2017, Graza forage radish was replaced by Groundhog
forage radish (Raphanus sativus sp. “Common No. 17). All
treatments were replicated four times in a randomized complete
block design for a total of 16 plots per site. Plots at the Swift
Current site were 2 by 10 m with crop row spacing of 30 cm. Plots
at the Brookdale site were 12 by 120 m with a crop row spacing of
15 cm. Seeding rates at each location were determined based on
recommended plants m~? for these regions (i.e., ~240 grass and
150 brassica and legume plants m~2). The number of live seeds
per crop species in the mixtures was calculated as a proportion
of the total mix (e.g., three spp. mixture: oats = 1/3%240 live
seeds m~2, forage peas = 1/3*150 live seeds m~2, forage radish
= 1/3*150 live seeds m—2). A seeding depth of 3 cm was selected
as an intermediate depth suitable for all species. Plots were seeded
on May 19, 2016 and May 25, 2017 at the Swift Current site, and
June 3, 2016 and June 10, 2017 at the Brookdale site.

Sampling

Soil samples were collected at two different dates during the
growing seasons in 2016 and 2017: (i) mid growing season in
late July and (ii) late growing season in late August or early
September. Soil cores, 15cm deep and 2.5cm diameter, were
collected from six random locations within each plot. Soil cores
from each plot were bulked together and homogenized in the
field immediately after sampling to form one composite soil
sample per plot. A 10g soil sub-sample was immediately flash
frozen in a liquid nitrogen cryo-shipper for molecular analyses.
The remaining soil was stored in a cooler for transportation and
then stored at 4°C for up to 1 week until further processing.
Soil samples were sieved through a 2 mm sieve, and a subsample
was used to determine soil moisture content (gravimetric). The
remaining soil was air-dried and ground for chemical analyses.
Plant biomass and plant nutrient samples were collected at the
same dates and sampling points as the soil cores. Six 1 m rows of
crop were cut and bulked together within each plot. Plant tissues
were oven-dried and weighed for plant biomass.

Soil and Plant Tissue Analyses

Soil organic carbon was determined using the dry combustion
method (after acidification with HCl) using an Elementar vario
MICRO cube elemental analyzer (Schumacher, 2002). Soil
nitrate nitrogen (NO3-N) and phosphate phosphorus (PO4-P)
were determined using sodium bicarbonate extractions followed
by colorimetric analysis using a Technicon Autoanalyzer
(Harm et al, 1973; Gentry and Willis, 1988). Soil sulfate
sulfur (SO4-S) was determined wusing calcium chloride
extractions followed by colorimetric analysis using a Technicon
Autoanalyzer (Harm et al., 1973). Soil pH was measured in water
saturation paste (Hendershot et al., 2008) and paste extracts
(Miller and Curtin, 2008).

Dried plant samples were ground using a Wiley laboratory
mill with a 1 mm screen. Tissues were analyzed for Ca, Cu, and
Fe content using the digestion method (U. S. Environmental
Protection Agency, 1996) and analysis was performed by ICP-
OES (inductive coupled plasma-optical emission spectroscopy)
on a Fisher Scientific iCAP6300 Duo. Plant total Kjeldahl
nitrogen, total phosphorus (TP), and total potassium (TK)
were determined using the Kjeldahl digest method. Plant acid
detergent fiber (ADF) was measured using the procedure of
Goering and Van Soest (1970) and the neutral detergent fiber
(NDF) was determined using the ANKOM?% fiber analyser
(Model 200; ANKOM,; Fairport, New York).

Amplicon Sequencing and Bioinformatics
DNA was extracted from 0.25g of soil in duplicate for each
sample using the DNeasy PowerSoil kit (Qiagen, Hilden,
Germany) in batches of 12 samples using an automated system
(QIAcube, Qiagen). Extracted DNA was quantified using a Qubit
dsDNA BR Assay Kit (Thermo Fisher, Waltham, MA). For
amplicon sequencing, DNA extracts were shipped on dry ice to
the Genome Quebec Innovation Center (Montreal, Canada) for
amplicon library preparation and Illumina MiSeq sequencing.
The bacterial 16S rRNA genes were sequenced using primers 515-
F and 806-R (Caporaso et al., 2012). The fungal ITS1 region
was sequenced using primers 5.8S-Fun and ITS4-Fun (Taylor
et al., 2016) for 2016 samples and ITSIF and 58A2R (Martin
and Rygiewicz, 2005) for 2017 samples. For full description of
amplicon library preparation and Illumina Miseq sequencing see
Delavaux et al. (2020). The raw amplicon sequencing dataset is
available in the NCBI Sequence Read Archive under BioProject
ID: PRJNA656804.

Raw paired reads were processed using the UPARSE pipeline
and USEARCH v.9 (Edgar, 2013). Paired reads were merged
using the fastq_mergepairs command with a maximum of five
(i.e., default) mismatches in the alignment. Merged reads were
quality filtered using the command fastq_filter that discarded all
reads that were <200 bp and those with expected errors > 1.
Sequences were dereplicated and the command cluster_otus was
used to perform operational taxonomic unit (OTU) clustering
(based on 97% similarity) and chimera filtering. Taxonomic
identity was assigned using the RDP classifier (Wang et al., 2007)
and 16S rRNA training set (version 16) for bacteria/archaea and
ITS UNITE database for fungi (Koljalg et al., 2013) in R (v.3.6.1).
Before all analyses, we filtered out all unmatching domains
(including only archaea and bacteria in bacterial analyses; only
fungi in fungal analyses). OTU tables for each analysis were
filtered to include OTUs with a minimum of three sequences.
Finally, OTU tables for each analysis were normalized to the
lowest number of sequences in a sample (12,898 reads for
bacteria, 7,035 reads for fungi in 2016, and 12,173 reads for
fungi in 2017) using rrarefy function from the R package vegan
(Oksanen et al., 2013).

Statistical Analyses

All statistical analyses were performed in R Studio using
R 3.6.1 (The R Foundation for Statistical Computing). All
univariate analyses (i.e., forage biomass, forage nutrition, soil
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FIGURE 1 | Crop biomass production at Brookdale in (A) 2016 and (B) 2017 and at Swift Current in (C) 2016 and (D) 2017. Mid and late-season crop biomass are
presented separately for eco-site years that had a significant mixture by date interaction (i.e., Brookdale 2016 for brassica biomass and Swift Current 2017 for total
biomass). Bars with different capital letters are significantly different (p < 0.05) for total biomass, and lowercase letters are significantly different for brassica (yellow
portion of bars) biomass.

chemistry, and microbial a-diversity and relative abundance)
were conducted using a mixed model fit to test the fixed
factors cropping mixture, sampling date and their interaction,
and block as a random factor using the packages Lme4
(Bates et al., 2014) and lmerTest (Kuznetsova et al., 2017).
Multiple means comparisons were made using the function
difflsmeans. The effect of cropping mixture and sampling date
on the bacterial and fungal community composition was tested
using Permanova (adonis function in R using Bray-Curtis
dissimilarity with 5,000 permutations) and visualized using
principle coordinate analyses (PCoA). Each eco-site year (two
sites x 2 years = four total eco-site years) was analyzed separately
for statistical analyses.

RESULTS

Crop Biomass Production

The cropping mixtures had a significant effect on crop biomass
production in 2016 and 2017 at the Brookdale field trial. The
oat monoculture had the highest biomass production in both
years and was significantly higher than all the mixtures in 2016
(Figures 1A,B, Table 1). There was no difference in the biomass
production between the three mixtures, but in 2017 the three

spp. mixture produced significantly higher biomass than the nine
spp. mixture. In both years, the biomass significantly increased
in all treatments from the mid-part of the growing season until
the late growing season (Table 1). Brassicas were the only plant
functional group that was affected by the cropping mixtures
(Table 1). This was significant in 2016 where we observed higher
brassica biomass production in the six spp. and nine spp.
mixtures compared to the three spp. mixture at the end of the
growing season (Figure 1A). This was primarily due to the poor
establishment and production of the Graza forage radish in 2016,
which was present in the three, six, and nine spp. mixtures.
This variety was replaced with Groundhog forage radish in 2017
and there were no longer any differences in brassica biomass
production between the mixtures.

At the Swift Current field trial, we observed a significant
effect of the cropping mixtures and a cropping mixture by
sampling date interaction in 2016 (Figure 1C, Table 1). The oat
monoculture produced the highest biomass at the mid point of
the growing season, but did not exhibit any further growth for the
remainder of the season. In contrast, the mixtures increased their
biomass by over 50% between the mid and late season sampling
dates. As a result, there was no significant difference between the
monoculture and the three and six spp. mixtures at the late season
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sampling date (Figure 1C). Similar to the Brookdale site, the
brassica biomass production at Swift Current was significantly
higher in the six and nine spp. mixtures compared to the three
spp. mixture due to the poor growing Graza forage radish
(Figure 1C). In 2017, all plots produced very low crop biomass
at the Swift Current site, and the six and nine spp. mixtures
produced significantly lower crop biomass compared to the oat
monoculture (Figure 1D). The lower biomass production in
Swift Current and in Brookdale to a lesser extent is likely due to
the very low levels of precipitation and soil moisture content in
2017 compared to 2016 (Supplementary Table 2).

Forage Quality and Nutrition
The cropping mixtures had a significant effect on different
measures of forage quality and nutrition at both field sites

TABLE 1 | ANOVA results of the effect of cropping mixtures (monoculture, three,
six, and nine spp.) and date of sampling (mid or late growing season) on total
aboveground crop biomass production and of each functional group (grasses,
legumes, brassicas) at the Swift Current and Brookdale research sites in 2016 and
2017.

Location Year Factors Total Grasses Legumes Brassicas
Biomass
Brookdale 2016 Mixture * ns ns **
Date - otk -
Mixture: Date ns ns ns *
2017 Mixture = ns ns ns
Date * ns
Mixture: Date ns ns ns ns
Swift Current 2016 Mixture o * ns =
Date o o ns ns
Mixture: Date ** ns ns *
2017 Mixture * = ns ns
Date ok ns ek
Mixture: Date ns ns ns ns

*P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant (P > 0.05).

and years. Ca, Cu, TKN, and NDF were all significantly
affected by the cropping mixtures in at least two of the four
eco-site years (Table2). Across all eco-site years the Ca, Cu
and TKN were all higher and NDF lower in all three mixtures
compared to the oat monoculture (Supplementary Table 1).
Fe, TP, TK and ADF were significantly affected by the
cropping mixtures at the Swift Current site in 2017. The
three mixtures had higher concentrations of Fe, TP and
TK and lower ADF compared to the oat monoculture.
Sampling date was also a critical factor for forage quality
and nutrition as TKN, TP, TK, ADF and NDF were all
significantly affected and nutritional quality deteriorated
at the later sampling date at all eco-site years (Table2,
Supplementary Table 1).

Soil Chemical Properties

The cropping mixtures had a minor impact on the soil chemical
properties at both sites. Nitrate (NO3-N) levels were significantly
affected by the cropping mixtures in 2017 at the Brookdale
site and in both years at the Swift Current site (Table 3). The
only difference at the Brookdale site was an increase in soil
nitrate levels under the six spp. mixture at the late sampling
date compared to the other treatments (Supplementary Table 2).
Nitrate levels were also strongly affected by sampling date at all
four eco-site years. At the Swift Current site we observed higher
levels of nitrate in the three spp. mixture in 2016 and in the nine
spp. mixture in 2017. Phosphate (PO4-P) and organic carbon
were unaffected by the cropping mixtures, but did significantly
change between the sampling dates in 2017 at both sites. Soil pH
and soil moisture were only significantly affected by the cropping
mixtures at one of the four eco-site years (pH: Brookdale in 2017,
soil moisture: Swift Current in 2017). For both years in Swift
Current, soil moisture significantly decreased from the mid to
late sampling period.

Microbial Community

The cropping mixtures and sampling date had no significant
effect on bacterial or fungal alpha-diversity (richness and inverse
Simpson’s index) at the Brookdale site in either 2016 or 2017,

TABLE 2 | ANOVA results of the effect of cropping mixtures (monoculture, three, six, and nine spp.) and date of sampling (mid or late growing season) on forage quality

and nutrition at the Swift Current and Brookdale research sites in 2016 and 2017.

Location Year Factors Ca Cu Fe TKN TP TK ADF NDF
Brookdale 2016 Mixture * * ns ns ns ns ns *
Date « N ns ok - otk otk otk
Mixture: Date ns ns ns ns ns ns ns ns
2017 Mixture e ns ns * ns ns ns ns
Date ns N
Mixture: Date - ns ns ns ns ns ns ns
Swift Current 2016 Mixture ns ns ns * ns ns ns ns
2017 Mixture . . N . * ox ox .
Date ns ns - o ok otk o o
Mixture: Date ns ns ns ns ns e ns ns

*P < 0.05, **P < 0.01, **P < 0.001, ns, not significant (P > 0.05).

TKN, total Kjedahl nitrogen; TF, total phosphorus; TK, total potassium; ADF, acid detergent fiber; NDF, neutral detergent fiber.
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TABLE 3 | ANOVA results of the effect of cropping mixtures (monoculture, three,
six, and nine spp.) and date of sampling (mid or late growing season) on soil
properties at the Swift Current and Brookdale research sites in 2016 and 2017.

Location Year Factors NO3;-N PO4-P OrganicC pH Soil
moisture
Brookdale 2016 Mixture ns ns ns ns ns
Date e ns ns * ns
Mixture: ns ns ns ns ns
Date
2017 Mixture ns ns ns *ons
Date e * * ns ns
Mixture: * ns ns ns ns
Date
Swift 2016  Mixture * ns ns ns ns
Current Date ok ns ns ork ek
Mixture: ns ns ns ns ns
Date
2017 Mixture * ns ns ns *
Date o . ns
Mixture: * ns ns ns ns
Date

*P < 0.05, *P < 0.01, **P < 0.001, ns, not significant (P > 0.05).
SO4-S, sulfate sulfur; NOz-N, nitrate nitrogen; PO4-F, phosphate phosphorus.

except for a decrease in fungal diversity (inverse Simpson’s
index) in 2016 (Table 4, Figure 2). At the Swift Current site,
fungal alpha-diversity was affected by the cropping mixtures
in 2016, with the oat monoculture exhibiting a higher inverse
Simpson’s index compared to the three mixtures (Table4,
Figure 2). In 2017, the bacterial and fungal diversity were both
significantly affected by the cropping mixtures and sampling
date (Table 4). Bacterial richness was significantly higher in the
three and six spp. mixtures compared to the oat monoculture in
2017 (Figure 2). We detected a significant cropping mixture by
sampling date interaction for fungal diversity, which is explained
by the higher inverse Simpson’s index at the late sampling date
compared to the mixtures, but no difference at the mid sampling
point (Figure 2). The sampling date effect was due to a decrease
in bacterial diversity (richness and inverse Simpson’s index) and
increase in fungal diversity (inverse Simpson’s index) between the
mid to late sampling dates (Figure 2).

The cropping mixtures had very little impact on the
composition and structure of the soil bacterial community
at either field site. There was no significant effect on the
composition of the total bacterial community (Table5) or
the composition of the top eight most abundant bacterial
phyla (Supplementary Table 3) at either the Brookdale or Swift
Current sites. In addition, the cropping mixtures had no effect
on the relative abundance of these bacterial phyla except the
Gemmatimonadetes and Verrucomicrobia at one of the eco-
site years (i.e., Swift Current 2016; Supplementary Table 5).
Sampling date was a significant factor explaining variation in the
shift in bacterial communities between the mid to late sampling
periods at all eco-site years except Brookdale in 2016 (Table 5).
This effect is primarily explained by a shift in composition

TABLE 4 | ANOVA results of the effect of cropping mixtures (monoculture, three,
six, and nine spp.) and date of sampling (mid or late growing season) on bacterial
and fungal a-diversity at the Swift Current and Brookdale research sites in 2016
and 2017.

Location Year Factors Bacteria Fungi
Observed Chao 1/D Observed Chao 1/D
Brookdale 2016 Mixture ns ns ns ns ns ns
Date ns ns ns ns ns -
Mixture:  ns ns ns ns ns ns
Date
2017 Mixture ns ns ns ns ns ns
Date ns ns ns ns ns ns
Mixture:  ns ns ns ns ns ns
Date
Swift 2016 Mixture ns ns ns ns ns *
Current Date ns ns ns ns ns ns
Mixture:  ns ns ns ns ns ns
Date
2017 Mixture ns ns ns ns ns
Date . . . ns
Mixture:Dates ns ns ns ns =

*P < 0.05, **P < 0.01, **P < 0.001, ns, not significant (P > 0.05).

of taxa belonging to the Proteobacteria because it was the
only phyla that had a significant sampling date effect at all
sites (Supplementary Table 3) and it was one of the two most
abundant phyla at all eco-site years (Supplementary Table 5).
The fungal community was not significantly affected by
the cropping mixtures at three of the eco-site years (Table 5).
However, the cropping mixtures did explain a significant
proportion of the variation in the fungal community at
the Swift Current site in 2016. The principle coordinate
analysis (PCoA) revealed that the cropping mixture effect
was the most evident at the late sampling date with the
oat monoculture and nine spp. mixture being the most
dissimilar (Figure 3A). Further analysis revealed that the
variation between cropping mixtures at this sampling date was
due to a shift in taxa belonging to the Ascomycota (Figure 3B;
Supplementary Table 4). Although the total fungal community
was not affected by the cropping mixtures at the Swift Current
site in 2017, the composition of the Mortierellomycota were
significantly affected (Supplementary Table4). The cropping
mixture effect was most evident at the late sampling date with
the six spp. mixture being the most dissimilar from the other
treatments (Figure 3C). Furthermore, when assessing the relative
abundance of fungal taxa based on functional guilds, we found
that the oat monoculture had a significantly lower abundance
of pathotrophs compared to at least two of the mixtures at the
Brookdale site in 2017 and Swift Current site in 2016 (Figure 3;
Supplementary Table 7). Sampling date was a significant factor
explaining a shift in the fungal community at three of the four
eco-sites years (Table5). This effect is due to a shift in the
composition and relative abundance of taxa belonging to the
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Ascomycota and Basidiomycota to a lesser extent, between the
mid to late sampling dates (Supplementary Tables 4, 6).

DISCUSSION

High Cover Crop Diversity in Mixtures Did

Not Increase Forage Biomass
We found that the oat monoculture had significantly higher
crop biomass than the diverse annual forage cover crops we

tested at both experimental sites in 2016 and 2017, indicating
that an increase in diversity does not necessarily lead to an
increase in annual crop biomass. Similar studies have found
that crop biomass was higher in monocultures and pure stands
of a forage crop than in polycultures and cropping mixtures,
and is suggested to be a result of plant competitiveness (Assefa
and Ledin, 2001; Griffith et al., 2011; Sadeghpour et al., 2013).
As oats are tall plants with rapid early-season growth, it could
have caused interspecific competition for light and supressed the
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growth of the slower growing and shorter species of legumes
and brassicas in the mixtures. Likewise, the growth of oats
in the mixtures may have also been affected by competition
from the other crops in the mixtures. In our study, the nine
species cropping mixtures produced the lowest crop biomass
at both experimental sites in 2016 and 2017, which could have
been due to high interspecific competition in the mixtures that
limited plant growth and thus reduced total forage biomass.
Lithourgidis et al. (2011) also reported a reduced growth rate
and lower dry biomass of cereals when intercropped with
peas compared to cereals in monoculture due to interspecific
competition. In addition, some of the individual crops had
relatively low productivity in the mixtures (data not shown)
which indicates that of the total amount of crop that was seeded,
not all crops grew equally well. Therefore, selecting proper cover
crop species to reduce interspecific competition in mixtures
could be beneficial in increasing overall forage crop biomass.

Diversified Cover Crop Mixtures Increased

Forage Quality and Nutrition

Although the total biomass of annual forage cover crops did not
increase with increasing crop diversity in this study, we did find
that mixtures can have beneficial effects for improving forage
nutrition. In general, significantly higher levels of Ca, Cu, Fe,
TP, TK, and TKN in the mixtures were found compared to the
oat monoculture, especially at the Swift Current site in 2017.
These results indicate that using forage cover crop mixtures
of grasses, legumes and brassicas can significantly increase the
nutritive value of forage compared to a grass monoculture. There
are several reasons why mixtures can have better nutritive values
than monocultures, related to the specific functional groups and
species selected. For example, legumes are known to be high in
nitrogen, which is a direct measure of crude protein and a key
factor in forage nutrition (e.g., Schultz and Stubbendieck, 1983).
Brassicas are also high in nitrogen and various micronutrients
such as calcium (de Ruiter et al., 2009). Other studies have
indicated that crop mixtures are beneficial for increasing forage
nutrition such as P, Mg, K, S, and Zn (Assefa and Ledin, 2001;
Pirhofer-Walzl et al., 2011), which can be attributed to the
ability of different plant functional groups to uptake different
minerals (Zhang et al., 2017). Including legumes in forage crop
mixtures can boost biological nitrogen fixation in the system,
which can further increase other soil nutrient availability such
as available P (Dahmardeh et al., 2010). Brassica crops are good
soil N and C sinks which can also increase soil nutrient use
efficiency, while reducing the runoff and soil water loss when
applied in forage cover crop mixtures (Blanco-Canqui et al.,
2015). In this study, the selection of cover crops from three
different functional groups (grasses, legumes, and brassicas)
allowed diversified plants species to uptake nutrients from the
soil both temporally and at different rates.

In regards to forage digestibility, NDF content was much
lower in mixed forage cover crops than the oat monoculture,
with two of the four eco-site years having significantly lower
NDEF. Lower levels of NDF are generally preferred, as NDF
will impact the animal’s intake of dry matter and the time of

TABLE 5 | Permanova results of the effect of crop species mixture (monoculture,
three, six, and nine spp.) and sampling date (mid or late growing season) on the
bacterial and fungal community composition at the Brookdale and Swift Current
research sites in 2016 and 2017.

Location Year Factors Bacteria Fungi
R? Pr(<F) R? Pr(<F)
Brookdale 2016 Mixture 0.062 ns 0.090 ns
Date 0.099 ns 0.185  ***
Mixture:Date ~ 0.024 ns 0.050 ns
2017 Mixture 0.012 ns 0.093 ns
Date 0.186 0.025 ns
Mixture:Date ~ 0.049 ns 0.096 ns
Swift Current 2016 Mixture 0.067 ns 0.156 *
Date 0.152  ** 0.204
Mixture:Date ~ 0.061 ns 0.108 ns
2017 Mixture 0.095 ns 0.083 ns
Date 0.214 = 0.069 **
Mixture:Date  0.061 ns 0.113 ns

*P < 0.05, **P < 0.01, **P < 0.001, ns, not significant (P > 0.05).

rumination, thus the concentration of NDF is usually negatively
related to energy uptake. It is well-known that the inclusion of
legumes at higher ratios in grass-legume mixtures will exhibit
lower NDF values compared to cereal monocultures (Caballero
et al., 1995; Ghanbari-Bonjar and Lee, 2003). Similarly, lower
levels of ADF are generally indicators of higher quality forage,
and lower levels of ADF were found in the mixtures at the
Swift Current site in 2017. As NDF and ADF are widely used
as good indicators of forage quality, our results demonstrated
that mixing legume and brassica cover crops with grasses can
be a good way to increase forage digestibility compared to an
oat monoculture.

Significant differences were detected in forage quality and
nutrition between sampling dates, as we found forage nutrition
decreased in the late-season samples at both experimental
sites in 2016 and 2017. The significant increase in NDF
content in late-season samples is attributed to changes in the
morphological growth of plants as they mature. For example,
Assefa and Ledin (2001) observed that as the leaf : stem ratio
of oats decreased during maturation, the NDF content of forage
mixtures increased. The overall improvement of forage quality
in mixtures vs. the cereal monoculture was particularly evident
in Swift Current during the very dry conditions of 2017, which
might indicate that annual forage mixtures might be a useful
crop management option to provide higher quality forage under
stressful growing conditions. In addition, the improved forage
quality in mixtures could also lead to greater potential market
value and improve animal performance in beef, dairy, and sheep
production systems (Buza et al., 2014; McKenzie et al., 2017;
Fruet et al., 2019; Tufail et al., 2020).

Variation of Soil Properties Under Mixed

Cover Crops
Soil nitrate levels were significantly higher in the cropping
mixtures than in the oat monoculture in 2017 at the Brookdale
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FIGURE 3 | Principle coordinate analysis (PCoA) demonstrating the effects of
cropping mixtures (monoculture, three, six, and nine spp.) and date of
sampling (mid or late growing season) on the community composition of the
(A) fungi, (B) ascomycota, and (C) mortierellomycota at the Swift Current
research site in 2016 (A,B) and 2017 (C).

site and in both years at the Swift Current site. Adding nitrogen-
fixing legume species to a cropping mixture can affect total
N levels within the soil during the growing season, increasing
the amount of available N in soil, which is beneficial for

Ruijven and Berendse, 2005; Dybzinski et al., 2008). This is
especially true for changes in soil C in the Canadian prairies,
due to the cool climate and decomposition rates (VandenBygaart
et al., 2008). For example, Blanco-Canqui et al. (2013) found
that including triticale and legume cover crops in cereal based
monocultures increased soil N, P, and organic C content after
5 years of cropping. Thus, significant changes in soil properties
other than N levels, such as soil C and available P, may
not have been observed in our study due to the shorter
study period.

We detected significant changes in soil N and P between
sampling dates, indicating that soil properties can change
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significantly within a growing season. Many N-based soil
nutrients, such as ammonium, nitrate, potentially mineralizable
N, and urease activity, show seasonal changes due to changes in
soil water content (Lopez-Poma et al., 2020) and crop uptake,
suggesting seasonal changes of soil chemical properties may be
related to the variation in soil moisture and crop phenology.
Soil moisture is the driver of many soil functions especially
in arid and semi-arid regions, such as earthworm activity and
the soil functional microbial community, all of which relates to
soil nutrient cycles (He et al., 1997; Cavagnaro, 2016; Kooch
et al., 2020). In our study, soil moisture at both the Brookdale
site and Swift Current site decreased significantly in 2016
and 2017 from the mid to late sampling dates, therefore the
observed change in soil nutrients may be linked to variation in
soil moisture.

Response of Soil Microbial Communities to

Cover Crop Mixtures

We identified minor shifts in the composition of the soil
microbial communities among the forage cover crop mixtures
and oat monoculture, and early indicators of changes to the
microbial diversity. Previous research has shown that increasing
plant diversity in polycultures can increase microbial diversity
(Qiao et al., 2012; LeBlanc et al., 2015). In this study we
found mixed results. At the Brookdale site we found no
effect of increasing cover crop diversity on microbial diversity
or community composition. This is similar to a study by
Dassen et al. (2017), who found that the inclusion of specific
plant functional groups and soil abiotic properties were more
important than plant species richness. We included equal
proportions of each plant functional group (e.g., grass, legume,
brassica) in all of our mixtures and that may explain why we
didn’t observe differences in soil microbial diversity among
the forage cover crop mixtures. This doesn’t explain the lack
of differences between the mixtures and the oat monoculture,
which may instead be linked to the minimal changes in
soil abiotic properties at Brookdale. Maly et al. (2000) also
observed no significant effects of plant species composition
or diversity on soil microbial properties and speculated that
the length of their study (2 years) was not long enough to
detect differences. A grassland plant diversity study supports
this hypothesis as they were only able to detect significant
effects of plant diversity on soil microbial communities after
4 years, suggesting a lag time for soil microbial responses to
changes in aboveground vegetation (Habekost et al., 2008). The
short time frame of our study (2 years) may partially explain
the lack of changes we observed in the microbial community
at Brookdale.

In contrast to the Brookdale site, at the Swift Current site
we observed differences in the soil microbial diversity and
composition among the crop treatments in both years. This
included an increase in bacterial diversity in the mixtures (three
and six spp.) compared to the oat monoculture in 2017, and
decrease in fungal diversity in all three mixtures compared
to the oat monoculture in both years. The decrease in fungal
diversity in the mixtures could be linked to differences in
plant biomass production and soil nitrate levels compared
to the oat monoculture. A grassland biodiversity experiment

revealed a strong link between plant productivity and subsequent
resource availability and fungal diversity (Zak et al., 2003;
Waldrop et al, 2006). In our study, the oat monoculture
had higher aboveground plant biomass production than the
mixtures (although not significant at all sampling dates) and
likely had higher belowground production as well due to the
larger rooting capacity of grasses compared to leguminous
and some brassica crops (Liu et al,, 2011), which may have
provided greater resource availability for the fungal community.
Swift Current was also the site where we observed the most
differences in soil properties among the cropping treatments,
including increased soil nitrate levels in the mixtures during
both years. Detheridge et al. (2016) found that soil nitrate
levels were one of the key factors driving shifts in soil fungal
diversity in forage cropping systems. An alternate explanation
for the decreased fungal diversity in the mixtures may be
linked to the inclusion of leguminous forage crop species.
For example, Bainard et al. (2017) found that increasing the
frequency of leguminous crops in annual crop rotations led
to a decrease in fungal diversity, particularly in comparison to
wheat monocultures.

We also observed temporal shifts in the composition of
the bacterial and fungal communities between the mid and
late season sampling dates for three of the four eco-site years.
Temporal shifts in bacterial and fungal communities within
an agricultural growing season has been consistently reported
(Gomes et al., 2001; Smalla et al., 2001; Habekost et al.,
2008). Within a regional context, soil microbial community
composition and activity in the Canadian prairies has been
correlated with seasonal shifts in soil moisture and nutrients
(Hamel et al., 2006; Bainard et al., 2016). This was particularly
evident at the Swift Current site, where we detected a significant
drop in soil moisture and nitrate levels between the sampling
dates in both years, and corresponding shifts in the bacterial and
fungal communities.

Interestingly, we found that the oat monoculture had a
significantly lower abundance of fungal pathotrophs compared
to the cover crop mixtures at the Brookdale site in 2017 and
the Swift Current site in 2016. This contradicts previous studies
that have reported higher disease suppression in intercropping
systems (Boudreau, 2013). This may be due to the selection
of crop species or functional groups that were included in our
mixtures. Although we did not specifically assess the crops for
disease symptoms, the relative abundance of fungal pathotrophs
provides a potential indicator that these type of forage mixtures
may not necessarily provide a break in the disease cycle for
susceptible crops that follow in the rotation. This highlights the
need for producers to focus on crop selection rather than the
level of plant diversity in forage cover crop mixtures in order
to reduce the potential carry-over or build-up of soil pathogens
(Panth et al., 2020).

CONCLUSION

Given the many suggested benefits of diverse annual forage
cover crops, it is important to quantitatively evaluate the impact
of these cropping mixtures. Over 2 years and two research
sites on the Canadian prairies, we found minimal impact of
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increased forage crop diversity on forage productivity, soil
nutrients and soil microbial communities. However, diverse
mixtures did have better forage nutrition compared to an
oats monoculture, indicating that it is possible to improve
forage quality of a crop, while not sacrificing productivity or
negatively impacting the soil community. While the mixtures
performed better than the monoculture, there wasn’t any
strong evidence to show that increasing species diversity
improved forage nutrition, suggesting that the inclusion of
different functional groups is the most important consideration.
Within the functional groups tested here, producers should
select specific species based on local growing conditions and
plant-pathogen dynamics.
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