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Abstract

Introduction: Pesticides are increasingly used in intensely managed agro-environments,
with an increasingly acknowledged impact on crop production, root establishment and
plant resilience. At the same time management practices are intensified with the goal to
maximize productivity.

Materials and Methods: In a greenhouse, we studied the effects of three mowing
regimes (uncut, and cutting 5 or 15 cm) employed three times during the season on root
and shoot biomass and chlorophyll content of the cool-season grass Festuca pratensis
(meadow fescue) growing in soil with a history of glyphosate-based herbicide (GBH) use,
the corresponding control soil, and sterilized control soil. Half of the plants hosted a
systemic and vertically transmitted fungal endophyte, Epichloé uncinata, which is known
to promote host grass growth.

Results: Endophyte symbiosis did not affect any tested plant parameters. Cutting the
plants to 5 cm decreased both root and cumulative shoot biomass. Herbicide soil history,
together with intense cutting (5 cm), caused a decrease in shoot biomass and lowered
the chlorophyll content. Surprisingly, soil sterilization boosted shoot biomass and
chlorophyll concentrations during less intense cutting (15 cm) and noncutting when
compared to the control soil. Root biomass reduced in uncut plants when growing in soil
with a history of glyphosate use.

Conclusion: Our results indicate that GBH residues in the soil can diminish shoot
biomass when grass is frequently cut. Decreased root biomass caused by soil glyphosate
history goes together with a reduction of carbon allocation belowground, which
decreases grassland resilience to climate warming, increasingly occurring droughts and

extreme weather events.
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1 | INTRODUCTION

Empirical research over the past decades has demonstrated that plant
productivity and resilience depend on soil quality and the abundance
and diversity of soil microbes (Jacoby et al., 2017; Wagg et al., 2019;
Wall et al., 2015). In addition, soil quality affects greenhouse gas
emissions and water quality (Lal & Bruce, 1999; Skinner et al., 2019)
and, thus, is linked to energy use in food production, food security,
and the state of the environment (Mufioz-Rojas, 2018). Soil quality
describes the capacity of soil to function as a provider of key
ecosystem services, such as decomposing organic matter, supplying
and cycling nutrients for optimum plant growth, receiving rainfall and
storing water for root utilization, filtering water to support clean
groundwater, storing organic carbon for nutrient retention, and
mitigating greenhouse gas emissions (Franzluebbers, 2012; Mufoz-
Rojas, 2018). All these soil properties are highly impacted by soil
microbes (Fester et al., 2014).

Intensification of agricultural practices, such as tilling and the
application of agrochemicals and artificial fertilizers, can reduce soil
microbial diversity and multifunctionality (Tsiafouli et al, 2015;
Wittwer et al., 2021). Microbial biomass and the abundance of
beneficial root symbionts, such as arbuscular mycorrhizal fungi, are
negatively linked to the amount of pesticide residue in the soil
(Edlinger et al., 2022; Helander et al., 2019). As a consequence,
pesticide residues are discussed as a key factor determining microbial
soil life in agroecosystems, which determines plant productivity and
stress resilience (Riedo et al., 2021).

In pastures and hay production, glyphosate-based herbicides (GBHs)
are the most commonly used pesticides (Maggi et al., 2020). Glyphosate
(N-[phosphonomethyl]-glycine) is a nonselective, systemic, post-
emergence herbicide, and it acts as an inhibitor of the enzyme
5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) in the shikimate
pathway (Duke and Powles, 2008; Helander et al., 2012). The shikimate
pathway exists in plants and in many microbes for the biosynthesis of
essential aromatic amino acids (Gill et al., 2017; Leino et al., 2021).
Glyphosate depletes the pool of compounds needed for carbon fixation,
which causes a general disruption of an organism's metabolism (Duke &
Powles, 2008) from phytochemical processes to carbon assimilation and
translocation (Gomes et al., 2014). In addition to the effects caused by
glyphosate directly, glyphosate residues and aminomethyl phosphonic
acid (glyphosate's breakdown product) can indirectly affect the health of
plants through changes in the rhizosphere microbiome (van Bruggen
et al., 2018; Kremer & Means, 2009; Kuklinsky-Sobral et al., 2005). At the
soil microbial level, glyphosate can reduce beneficial rhizosphere
symbionts, including mycorrhizal fungi and nitrogen-fixing bacteria (van
Bruggen et al, 2021; Helander et al, 2018; Mohamed et al., 2021;
Ramula et al., 2021; Wilkes et al., 2020). Concentrations of pesticide
residues in soil under conventional agriculture are ubiquitous, but residues
are also found in organic agricultural management soils and may be
introduced via animal manure fertilizer (Fuchs, Saikkonen, et al., 2022;
Muola et al., 2021; Riedo et al., 2021). Glyphosate residues accumulate in
agricultural soils worldwide (Maggi et al., 2020), but it remains to be fully
elucidated how their antimicrobial properties affect soil microbes and

what their critical role is in plant resilience and ecosystem functions
(Fuchs et al., 2021; Ruuskanen et al., 2023).

Soil degradation can be a result of intensive crop production, which is
accompanied by a reduction in the soil's organic carbon (Bakker et al,
2018; Doetterl et al., 2016; Kirkels et al., 2014). Perennial grasses, mostly
forage crops, have a high production of root biomass, and together with
the absence or reduction of tillage, they regain organic soil matter and
strengthen soil capacity for long-term productivity and environmental
resilience (Franzluebbers, 2012; Jones & Donnelly, 2004; Paul et al.,
2019; Ward et al., 2016). Consequently, well-managed grasslands can
maintain and accumulate soil carbon and contribute to climate change
mitigation (O'Mara, 2012; Poeplau et al., 2018). Grass is grown for its
fodder quality and grazed or cut two to three times per year based on its
regrowth capacity (O'Mara, 2012). Grass pastures are usually renewed
every 2-3 years, and glyphosate is commonly used between renewal
events.

We selected meadow fescue (Schedonorus pratensis [Huds.] P. Beauv
syn. Festuca pratensis [Huds.] and Lolium pratense [Huds.]) as a model
species due to its importance as a forage grass in temperate and cold
climates. It is perennial with a height of 40-100cm. It grows in a tuft
formation and has rapid growth in spring, high regrowth ability, and low
straw formation. Meadow fescue has excellent winter hardiness and
forage quality (Brink et al., 2010; Fjellheim & Rognli, 2005; Saari et al.,
2010). Meadow fescue is a viable alternative to tall fescue (Schedonorus
arundinacea) and orchard grass (Dactylis glomerata) in managed intensive
rotational grazing systems because of its comparable yield and superior
fibre digestibility. Meadow fescue has a greater nutritional quality than,
for example, tall fescue or orchard grass (Brink et al., 2010).

Meadow fescue can be symbiotic with the systematic fungal
endophyte Epichloé uncinata ([W. Gams, Petrini, and D. Schmidt]
Leuchtm. and Schardl syn. Neotyphodium uncinatum). The endophyte
subsists entirely on the host's resources, and its fitness is tightly
linked to the fitness of the host plant due to strictly vertical
transmission (Saikkonen et al., 2004). Meadow fescue benefits from
the endophyte via increased growth and reproduction, and resistance
to herbivores, pathogens, and abiotic environmental stresses, which
thereby enhances the competitive abilities of endophyte-infected
plants (Fuchs & Krauss, 2019; Saikkonen et al., 2004). The symbiosis
between E. uncinata and meadow fescue can range from antagonistic
to mutualistic depending on the genetic match of the fungal
endophyte and the host grass and environmental conditions (Ahlholm
et al., 2002; Saikkonen, 2004; Saikkonen et al., 2010). The endophyte
is most beneficial to host grass in high nutrient environments (e.g., in
agricultural fields) and can become costly under low nutrient
conditions, decreasing plant performance (Cheplick & Faeth, 2009;
Saikkonen et al., 2013, 2006).

Here, we tested whether long-term (8-year) soil treatment with
GBHs affects meadow fescue biomass (root and shoot), regrowth,
and chlorophyll content under three different cutting practices and
whether the effects can be explained by a lack of soil microbes. As
suggested in several studies, glyphosate is an antimicrobial agent
which is likely to alter the soil and rhizosphere microbiome (reviewed

in Ruuskanen et al., 2023). Consequently, our study looks into plant
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responses to the effect of long-term, field realistic GBH application as
a treatment, which includes potential indirect GBH-mediated changes
in soil microbiome and soil biogeochemistry. We hypothesize that (1)
GBH history in soil decreases overall plant biomass and chlorophyll
content and that the effect is most pronounced under extensive
cutting, and (2) GBH history in soil yields results similar to sterilized

soil mediated by a potential reduction of beneficial soil microbes.

2 | MATERIALS AND METHODS
2.1 | Study setup

Meadow fescue seeds with known endophyte status of systemic and
vertically transmitted Epichloé uncinata symbiosis were collected from
plants growing in an experimental field at the Ruissalo Botanical Garden
in Turku in the fall of 2020. In 2021, randomly chosen seeds from each
plant were checked for the presence (E+) and absence (E-) of endophytic
mycelium via staining with aniline blue followed by light microscopy
where the endophytic hypae is visible in seeds of E+ plants. Seeds from
seven E- and E+ grasses were separately pooled and sowed in 1.5 L pots
in the following three soil treatments: soil with a GBH treatment history
(GBH), control soil (C), and sterilized soil (S) (30 E- and 30 E+ plants x 3
soil treatments = 180 pots total). To mimic the harvest practices of fodder
grasses, 10 plants per treatment combination (soil type x endophyte)
were assigned either to 5 or 15 cm cutting or remained uncut until the
biomass was harvested. Grasses were cut on 18 June 2021, 9
July 2021 and 5 August 2021, and harvested on 6-10 September 2021.
Plants were arranged in a greenhouse according to the randomized block
design and grown with ambient light and temperature (20-26°C) from
mid-May until mid-September.

2.2 | Soil treatment

Soil was collected from a long-term field experiment established in 2013
at the Botanical Garden of Ruissalo (Helander et al., 2019). The soil in the
field is a medium clay enhanced with sand and peat. The nutrient values
of the soil were (based on an analysis made in 2016): pH 6.2, phosphorus
4.2 mg/l, potassium 250 mg/I, calcium 1900 mg/l, magnesium 570 mg/I,
sulphur 10.6 mg/l, zinc 2.74 mg/l, copper 7.5mg/l, and manganese
15 mg/l. In spring 2014, the field (25 x 50 m) was divided into alternating
ten control (C) and 10 GBH strips (1.5 x 23 m) with 1.5 m buffer strips
between them. Since then, the C strips were treated with tap water (51/
strip) and GBH strips (GBH) with Roundup Gold® (450 g/I isopropylamine
glyphosate salt, application rate: 6.4 |/ha) twice per year (in the spring and
the fall), which is a common method in no-till practice. The experimental
setup is unique as it provides soil without GBH contamination as well as
soil from the same field with a long-term history of GBH use. Regular
analyses confirmed the exclusion of glyphosate drift into control plots.
After treatment of the soil in spring, the exact same number of various
crop species were planted on treated and untreated strips, and all strips

were hand weeded throughout the season. Consequently, all vegetation

on all strips is the same, which is the adequate setting to minimize
cofactors and focus on the effects of GBH use and history. The soil for
the experimental pots was collected from the GBH and control (C) strips
2 weeks after treatment in spring before crop plants were planted.
Sterilized soil (S) was prepared by heat-sterilizing soil collected from C
strips in an autoclave (120°C for 20 min).

2.3 | Chlorophyll measurements

Before the final biomass measurement, 0.5 cm leaf discs were taken
from the central part of one leaf blade per plant. Leaf collection was
standardized by choosing the leaf of which position (starting from the
top) was closest to the total leaf number divided by two (e.g., the fifth
leaf of a plant with 10 leaves and the third leaf of a plant with six
leaves). The leaf disk was placed in a 2 ml reaction tube (Eppendorf
GmbH) with 1 ml of N,N-dimethylformamide. Then, chlorophyll was
extracted at room temperature in the dark for 24 h. Leaf disks were
removed from the tubes before centrifugation at 12,000 rpm for
5min. Then, 750 pl of the remaining liquid was transferred into a
cuvette and analyzed with a Shimadzu UV-1900 UV-VIS spectro-
photometer (Japan) by measuring absorbance at wavelengths of
663.8, 646.8, and 750 nm. Quantification of chlorophyll a and b

content was done using equations in Porra et al. (1989).

2.4 | Plant biomass quantification

After each of the three cutting treatment events and after the final
harvest, fresh green biomass was weighed, dried (at 65°C for 48 h in an
oven), and weighed again. To estimate the yearly cumulative yield (shoot
biomass), we summed the biomass of each cutting event for each plant.
During the final harvest, the roots were carefully separated from the soil
by gently rinsing them in water until they were clean. After washing, the
roots were dried in an oven (at 65°C for 48 h) and weighed.

2.5 | Statistics

We tested the effects of cutting height, endophyte status, and soil
treatment, as well as their interaction with total aboveground biomass,
root biomass, and chlorophyll content, via an analysis of variance
(ANOVA), before applying Tukey's post hoc test comparing single
treatments. Plant root:shoot ratios were analyzed using ANOVA and
Tukey post-hoc tests to compare each clipping treatment. Statistical

analyses (ANOVA and correlation) were performed using R.

3 | RESULTS

All plants except for five grasses in GBH-treated soil and one grass in
control soil survived until the end of the experiment. Endophyte

symbiosis, neither alone nor in interaction with any of the clipping
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and soil treatments, affected any of the plant response variables.
Consequently, endophyte status was removed from the statistical

model as explanatory variable.

3.1 | Shoot biomass

Uncut meadow fescues produced the largest cumulative shoot biomass
(added biomass from three clipping events), which was significantly higher
compared to shoot biomass from grasses cut to 15 or 5cm (Figure 1,
Tables 1 and 2). Grasses cut to a height of 5cm had the smallest shoot
biomass, which was significantly smaller than grasses cut to 15cm
(Figure 1, Tables 1 and 2). Plants grown in sterilized soil produced greater
shoot biomass than those in the control and GBH-treated soils in the case

of uncut plants and plants cut to 15cm (Figure 1, Tables 1 and 3). In
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contrast, in the case of plants cut to 5cm, there was no statistically
significant difference in shoot biomass between the control and sterilized
soil treatments, but plants growing in GBH-treated soil produced less

shoot biomass (Figure 1, Tables 1 and 3).

3.2 | Root biomass

Root biomass was strongly affected by clipping treatment; the more the
grass was cut, the larger the reduction in biomass accumulation (Figure 2,
Tables 1 and 2). Root biomass did not differ significantly between the soil
treatments within each cutting regime (5 and 15 cm) compared to control
soil (Figure 2, Tables 1 and 2). However, root biomass in uncut plants was
lower for plants grown in GBH-treated soil compared to the control and

sterilized soils (Figure 2, Tables 1 and 3).

L] .
.. I Soil
.’-c 0:

I I GBH
* S

5 15

No cut

Cutting treatment

FIGURE 1 Cumulative aboveground dry biomass (shoot biomass) of meadow fescue grown in different soil treatments (C = control, GBH =
GBH-treated, S = sterilized) and cut to a height of 5 or 15 cm thrice per season, or left uncut, as indicated. Data points show individual
measurements, and error bars show the mean values + standard error (SE). Lowercase letters indicate a significant difference between
aboveground biomasses in response to cutting treatment (Tukey pairwise comparison test). Uppercase letters indicate significant differences in
response to soil treatment within each cutting category (Tukey pairwise comparison test) (N = 156).

TABLE 1 Shoot biomass, root
Chlorophyll . .
Effector Shoot biomass Root biomass Root:shoot ratio (ug/cm?) biomass, root:shoot ratlo.and §hlorophyll
. content were analyzed with a linear model

variable df F p F p F p F p . . .

testing the effector variables cutting
Cutting 2165 166.3 <0.001 207.41 <0.001 111.34 <0.001 9.78 <0.001 (three levels), soil (three levels), and their
Soil 2165 4287 <0001 1041 <0.001 349 0033 725 <0.001 interaction terms

Cutting x soil 4165 2284 0.063 6.69 <0.001 4.82

0.001 310 0.017

Note: The analysis of variance summary table with p values and degrees of freedom is shown.

Statistically significant values are marked bold.
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TABLE 2 Summary table from a Tukey post-hoc test analyzing the plant responses to cutting treatment independent of soil treatment

Shoot biomass Root biomass Root:shoot ratio Chlorophyll (ug/g/cm?)

Pairwise comparison t p t p t p t p

5 versus 15cm 9.524 <0.001 4.92 <0.001 3.00 0.008 3.67 0.001
No cut versus 15cm 5.149 <0.001 12.88 <0.001 10.51 <0.001 0.08 0.990
No cut versus 5cm 14.62 <0.001 17.59 <0.001 13.34 <0.001 3.61 0.001

Note: Statistically significant values are marked bold.

TABLE 3 Summary table from a Tukey post hoc test analyzing the soil treatment within each cutting treatment

Shoot biomass Root biomass Root:shoot ratio Chlorophyll (ug/g/cm?)

Pairwise comparison t p t p t p t p
5cm C versus GBH 3.23 <0.005 2.63 0.056 1.97 0.131 2.64 0.029
C versus S 2.28 0.068 0.19 0.981 0.94 0.619 0.36 0.930
S versus GBH 5.45 <0.001 221 0.079 2.88 0.016 2.32 0.062
15cm C versus GBH 0.70 0.767 0.45 0.894 0.06 0.998 0.52 0.860
C versus S 4.02 <0.001 0.05 0.999 1.62 0.246 0.75 0.732
S versus GBH 4.67 <0.001 0.40 0.915 1.65 0.232 1.27 0.419
No cut C versus GBH 0.59 0.828 2.85 0.017 3.42 0.003 1.24 0.437
C versus S 5.09 <0.001 1.69 0.219 1.81 0.177 4.36 <0.001
S versus GBH 5.67 <0.001 4.54 <0.001 1.61 0.248 3.13 0.008

Note: Statistically significant values are marked bold.

3.3 | Root:shoot ratio

The ratio of root biomass to shoot (aboveground) biomass was
significantly affected by the clipping treatment, showing a smaller
root:shoot ratio following the extent of cutting (Figure 3, Tables 1
and 2). Soil treatment affected the root:shoot ratio differently
depending on the cutting treatment. In plants cut to 5cm, GBH-
treated soil caused an increase in the root:shoot ratio compared to
sterilized soil, whereas in uncut plants, GBH-treated soil caused a
reduction in the root:shoot ratio compared to the control soil
(Figure 3, Tables 1 and 3).

3.4 | Chlorophyll content

Chlorophyll content was reduced by the most intense cutting
treatment (5 cm) compared to the control and less intense cutting
(15 cm) (Figure 4, Tables 1 and 2). Grasses grown in GBH-treated soil
had reduced chlorophyll content in plants cut to 5cm, showing a
similar pattern to shoot biomass (Figures 1 and 4). Sterilized soil
caused an increase in chlorophyll content compared to the control
soil and GBH-treated soil when plants were never cut (Figure 4,
Tables 1 and 3), again showing a similar pattern to shoot biomass

(Figure 1).

4 | DISCUSSION

Grasslands represent approximately 40% of the earth's terrestrial
ecosystems and 70% of its agricultural area (Hopkins & Holz, 2006;
Michalk et al., 2013; Ramankutty et al., 2008). Thus, grasslands
support dairy-and meat-based food production, provide habitats for
biodiversity, and deliver numerous ecosystem services (Bai &
Cotrufo, 2022; Franzluebbers, 2012). Because many perennial
grasses have high organic matter content and deep root systems,
grasslands facilitate nutrient cycling, mitigate greenhouse gas
emissions through soil carbon sequestration, and are used to prevent
erosion via the mechanical reinforcement of soil.

Our results suggest that the productivity and tolerance of forage
grass can be either increased or decreased depending on the extent
of agricultural practices. Extensive mowing of meadow fescue plants
(cutting to 5cm) led to poor regrowth rates, decreased chlorophyll
concentrations, and reduced shoot biomass throughout the season.
Furthermore, root biomass was reduced by cutting, indicating that
atmospheric carbon was not optimally sequestered in intensely
managed hay fields (Eze et al., 2018; Law et al., 2016). In particular,
extensive cutting (5 cm) causes small root biomass, which can lead to
decreased belowground carbon sequestration, decreased plant stress
resilience, and increased soil erosion (Bardgett et al, 2021;
Franzluebbers, 2012; Mchunu & Chaplot, 2012).
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FIGURE 2 Root dry biomass of meadow fescue grown in different soil treatments (C = control, GBH = GBH-treated, S = sterilized) and cut to
a height of 5 or 15 cm thrice per season, or left uncut, as indicated. Data points show individual measurements, and error bars show the mean
values + SE. Lowercase letters indicate a significant difference between root biomass in response to cutting treatment (Tukey pairwise
comparison test). Uppercase letters indicate significant differences in response to soil treatment within each cutting category (Tukey pairwise
comparison test) (N = 156).
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FIGURE 3 Root:shoot ratio calculated as root dry biomass divided by aboveground dry biomass. Root:shoot ratio of meadow fescue grown
in different soil treatments (C = control, GBH = GBH-treated, S = sterilized) and cut to a height of 5 or 15 cm thrice per season, or left uncut, as
indicated. Data points show individual measurements, and error bars show the mean values + SE. Lowercase letters indicate a significant
difference between root:shoot ratio in response to cutting treatment (Tukey pairwise comparison test). Uppercase letters indicate significant
differences in response to soil treatment within each cutting category (Tukey pairwise comparison test) (N = 156).
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FIGURE 4 Chlorophyll content (a + b per cm?) of meadow fescue grown in different soil treatments (C = control, GBH = GBH-treated,

S = sterilized) and cut to a height of 5 or 15 cm thrice per season, or left uncut, as indicated. Data points show individual measurements, and
error bars show the mean values + SE. Lowercase letters indicate a significant difference between chlorophyll content in response to cutting
treatment (Tukey pairwise comparison test). Uppercase letters indicate significant differences in response to soil treatment within each cutting

category (Tukey pairwise comparison test) (N = 156).

Furthermore, our results demonstrate that soils with a history of
herbicide use caused a reduction in total shoot biomass and
chlorophyll concentration when the grass was under intense cutting
(5 cm), demonstrating reduced regrowth ability. Contrary to previous
studies (Muola et al., 2021), glyphosate residues in soil did not,
however, significantly reduce the plant biomass of uncut meadow
fescue grasses. Uncut plants showed a reduction in root biomass
when grown in GBH-treated soil, demonstrating the negative effect
of herbicide legacy in soil on root development, which may affect
plants' responses to additional stressors under field conditions
(Fuchs, Saikkonen, et al., 2022). Root:shoot ratio analyses showed
that a small root system can result in relatively large plants. Cutting
decreased the root:shoot ratio, with the most intense cutting
resulting in the smallest ratio and the uncut treatment resulting in
the largest ratio. Within uncut plants, soil herbicide history resulted in
a reduced root:shoot ratio, indicating that larger shoot biomass was
achieved with smaller root biomass. An explanation for this might be
that GBHs add phosphate to the soil, which can serve as plant
fertilizer (Hébert et al., 2019). It is noteworthy that our study was
performed under greenhouse conditions with regular watering, and
the growth diminishing properties of GBH residues in soil may
become apparent only under stress conditions. However, taken
together, these results indicate that soil herbicide history primarily
affects root biology, which can affect soil carbon sequestration and
regrowth of plants under co-occurring stressors, such as cutting (Bai
& Cotrufo, 2022; Eze et al., 2018; Mchunu & Chaplot, 2012).

We suspected that a GBH-mediated reduction in root-associated
soil microbes would be a driver of reduced plant performance.

However, our results indicate that the elimination of soil micro-
organisms by sterilization does not inhibit grass performance. In
contrast, grasses performed better in sterilized soil compared to
control soil. Plants grown in sterilized soil showed greater shoot
growth and chlorophyll content compared to grasses growing in the
control or GBH-treated soil.

Hines et al. (2017) demonstrate that grasses were mostly
unaffected by alteration in soil microbiota but highly affected by
nutrient status of the soil in comparison to forbs. That indicates that
grasses are largely independent of root-associated microbes for
nutrient uptake. Consequently, high nutrient sterilized soil excluded
potential harmful microbes (van der Putten & Peters, 1997) but
delivered ad libitum nutrient for an optimal growth. Regardless of the
causes, these results suggest that reduced plant performance
mediated by soil herbicide history is not strongly based on the
reduction of soil or root-associated plant mutualistic microbes
(Edlinger et al., 2022; Helander et al., 2019) but may be a result of
disrupted plant homoeostasis affecting growth and biomass accumu-
lation or decreased nutrient accumulation (Bott et al., 2008;
Fuchs, Laihonen, et al., 2022; Zobiole et al., 2012).

Similar to soil and root-associated microbes, and contrary to past
studies suggesting that Epichloé grass endophytes may promote
environmentally friendly crop productivity by increasing host plant
growth and reproduction (Cheplick & Faeth, 2009; Kauppinen et al,
2016; Saikkonen et al., 2004), endophyte status did not significantly
affect the total aboveground plant biomass, root biomass, or chlorophyll
content of meadow fescue in this study. One explanation for a missing

effect in the clipped plants may be the induction of nitrogen rich alkaloids
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due to clipping, which may come at the cost of improving biomass
(Bultman et al., 2004; Fuchs et al., 2017a). However, if that was the case
we should have recorded increased biomass in endophyte-symbiotic
uncut plants, which was not the case. Another reason may be the age of
the plants or cultivar specific performance. Some studies have indicated
that the beneficial effect of endophytes is frequently missing during the
first year of plant establishment or highly strain specific (Fuchs et al.,
2017b, 2020; Konig et al., 2018).

5 | CONCLUSION

Our study demonstrates that mowing practices can determine the
biomass of grasses above and below ground. Grazing or cutting close
to the ground level can inhibit grass recovery, which results in a lower
root:shoot ratio and indicates a decrease in root-based carbon
sequestration. During interactions with additional stressors, such as
long-term herbicide use, plant biomass productivity is inhibited above
or below ground, which counteracts sustainable development goals in
agricultural practices. In our study, grasses displayed optimized
growth in the absence of soil microbes under greenhouse conditions.
Under field conditions, results may vary and require deeper
investigation. Future studies need to elucidate how long-term
herbicide use affects the soil microbiome and cascading effects on
crop plants, particularly in species such as legumes, which are highly

dependent on root-associated microbes for nutrient acquisition.
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