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Abstract
Phytoestrogens are a class of secondary compounds naturally produced by some for-

age legumes, including red clover (Trifolium pratense L.) and white clover (Trifolium
repens L.). Previous research showed that phytoestrogens can have beneficial and

negative effects on animal health and reproductive function. Determining whether

and how common agronomic practices influence the phytoestrogen profiles of

legume forages would inform strategies for better managing ruminant exposure to

phytoestrogens. A field experiment was conducted to evaluate how cutting frequency

(cutting 3 vs. 5 times per growing season, hereafter 3x vs. 5x) and height (cutting to

5 cm vs. 10 cm residual height) influence phytoestrogen accumulation in red and

white clover. The results revealed that total phytoestrogen concentrations were on

average 5.01 mg g−1 dry matter in red clover and 0.07 mg g−1 dry matter in white

clover. Formononetin and biochanin A were the major phytoestrogen compounds in

both species, together accounting for 85% (red clover) and 65% (white clover) of the

total measured phytoestrogens. Cutting frequency strongly influenced phytoestrogen

concentrations in both species. In red clover, differences in total phytoestrogen con-

centration in the 5x relative to the 3x ranged from 33.6% to 83.5%, depending on the

specific cutting event. In contrast to frequency, cutting height influenced phytoestro-

gen concentrations in white clover only. These findings indicate that harvest schedule

may be an important management lever for moderating phytoestrogen concentrations

in these common and important forage species.

Plain Language Summary
Red clover and white clover are important feeds for ruminants and both natu-

rally produce chemicals called phytoestrogens, which can affect animal health and

reproduction. Plant stress associated with harvest may influence the production of
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phytoestrogens in these species. The present study examined how harvesting 3 ver-

sus 5 times over the growing season, and at heights of 5 cm vs. 10 cm, influenced

phytoestrogen concentrations. Red clover produced 72 times more phytoestrogens

than white clover, and in both legumes, phytoestrogen concentrations varied across

different harvest times in the 5-harvest but not in the 3-harvest system. Harvesting at

a lower height reduced phytoestrogen concentration in white clover, but only in the

3-harvest system. This research sheds light on how management affects phytoestro-

gen levels in these important forages and suggests that harvesting red clover more

frequently over the growing season can greatly increase its phytoestrogen content.

1 INTRODUCTION

Legumes are an important component of the feed base that
supports both conventional and organic ruminant produc-
tion systems (Brito & Silva, 2020; Brito et al., 2022; Pereira
et al., 2013). The organic and grass-fed dairy sectors, in
particular, rely on perennial legume forages such as red
clover (Trifolium pratense L.), white clover (Trifolium repens
L.), and alfalfa (Medicago sativa L.) because of their high
crude protein content and palatability (Hatungimana et al.,
2024; Kuhnen et al., 2015; Paulson et al., 2008). Compared
to grass alone, legume forages increase feed intake, milk
production (Brito et al., 2020; Steinshamn, 2010), milk com-
ponents (i.e., fat, protein), and nutrient digestibility (Sleugh
et al., 2000). Further, some forage legume species contain
bioactive secondary metabolites such as condensed tannins,
which prevent bloat, reduce the burden of intestinal parasites,
and mitigate enteric methane emission in ruminants (Evans,
2018; Mueller-Harvey et al., 2019; Soder & Brito, 2023).
Legumes also improve soil fertility due to their ability to “fix”
atmospheric nitrogen (N) (Carlsson & Huss-Danell, 2003).

In addition to their numerous benefits to livestock agri-
cultural systems, some species of forage legumes can also
be a significant source of phytoestrogens. Phytoestrogens
are plant-derived nonsteroidal secondary metabolites that are
structurally and functionally similar to the mammalian pri-
mary female sex hormone estrogen (Hashem & Soltan, 2016).
First isolated in Australia in the 1940s as the cause of dra-
matic and widespread reproductive abnormalities in sheep
grazing on subterranean clover (Trifolium subterraneum L.),
phytoestrogens have since been documented to be synthe-
sized in a variety of economically important forage and grain
legume species, including red clover, white clover, alfalfa,
and soybean (Glycine max L.) (Franke et al., 1994; Mar-
shall, 1973). A large and diverse body of subsequent research
has demonstrated both positive and negative effects of phy-
toestrogen consumption on ruminant health and reproductive
function, the nature of which appear to depend on a vari-
ety of factors, some of which are not well understood (e.g.,

Harlow et al., 2020; Sarelli et al., 2003; Tucak et al., 2020;
Woclawek-Potocka et al., 2008). Further, milk and other dairy
products from ruminants fed phytoestrogenic legumes can
contain substantive concentrations of phytoestrogens, includ-
ing the estrogenic metabolite equol, which may have positive
and negative implications for human health (Canivenc-Lavier
& Bennetau-Pelissero, 2023; Křížová et al., 2021).

The specific roles phytoestrogens play within legumes are
not fully understood; however, substantial evidence suggests
their synthesis aids in plant–microbe signaling and in medi-
ating plant response to biotic and abiotic stress factors (De
Rijke et al., 2005; Gierus et al., 2012; Subramanian et al.,
2006; Tucker et al., 2010; Wasserman et al., 2013). Among
perennial forage legumes that have been studied, red clover
generally exhibits the highest concentrations of phytoestrogen
compounds, and its phytoestrogen levels can be strongly influ-
enced by both abiotic and biotic stressors, including insect
herbivory (Mandal, Lima, et al., 2025; Mandal, Wallingford,
et al., 2025; Saloniemi et al., 1995). Similarly, concentrations
of phytoestrogens in white clover have also been shown to be
influenced by biotic stress (Carlsen et al., 2008).

Given the apparent responsiveness of phytoestrogens to
plant stress factors, it may be possible to modulate their lev-
els in red clover and white clover via agronomic practices that
mediate plant stress, such as cutting frequency (i.e., number
of cutting events in a season) and cutting height (i.e., resid-
ual forage height after cutting). Although cutting frequency
and height are important determinants of forage dry matter
(DM) yield and nutritive value (Hunter et al., 2020), both
factors can cause plant stress by driving the reallocation of
energy and metabolic resources to plant regrowth, which can
weaken and predispose the plant to other abiotic and biotic
stress factors (Beuselinck et al., 1994; Friedrichsen, 2022).
However, to the best of our knowledge, the potential impact
of cutting frequency and height on the concentration and pro-
file of phytoestrogens in red clover and white clover has not
yet been examined. This question is especially relevant in
the relatively cool and humid northeastern United States and
eastern Canada, where farmers typically have flexibility in
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the number of times they harvest over the growing season
and warming climates and extended growing seasons may
increase their ability to conduct additional harvests in the near
future (Thivierge et al., 2023).

The present study aimed to quantify the effect of cut-
ting frequency and height on phytoestrogen concentrations
in two common perennial forage legumes, red clover and
white clover. It was hypothesized that phytoestrogen concen-
trations would vary across cutting events, with more frequent
and lower residual cutting height both leading to increased
phytoestrogen concentrations in both species.

2 MATERIALS AND METHODS

2.1 Experimental setup and design

Aboveground plant tissue samples were collected over the
2022 growing season from red clover and white clover plants
subjected to harvest treatments (described below) that were
part of a longer term field experiment established in late
summer 2018 at the University of New Hampshire Kingman
Research Farm in Madbury, New Hampshire, United States
(43˚ 10′ 17.5′′ N, 70˚ 56′ 06.7′′ W). Soils at the study site
are classified as Inceptisol-Charlton fine sandy loams (US
Soil Taxonomy). Soil measurements conducted at the site
prior to treatment establishment indicated that organic matter
content (loss on ignition) was 3.2%; pH was 5.7; and concen-
trations of calcium, magnesium, potassium, and phosphorus
were 622, 120, 248, and 133 mg kg−1, respectively (Teixeira
et al., 2023). Prior to establishing the field experiment, lime
(2242 kg ha−1 of pulverized limestone [102.9% calcium car-
bonate equivalent]) and compost (32.7 Mg ha−1 dry weight;
dairy bedding and food scraps; 1.5% organic N) were applied
to the site based on soil test results. Other than a single appli-
cation of 76 kg ha−1 P and K with 0-20-20 (N-P-K) in June of
2022 to address K needs, no additional fertilizers were applied
during the experiment.

The field experiment included three factors applied as a ran-
domized complete block with split-plot restrictions and five
replications. Whole-plot factors were factorial combinations
of cutting frequency (mechanical harvest 3 vs. 5 times per
growing season [3x vs. 5x]) and height (setting the harvester
blades to cut to a 5 cm vs. 10 cm residual forage height). The
sub-plot factor was legume–grass mixture composition, ran-
domized within each whole plot. The complete experiment
included six legume–grass mixtures. However, the present
study focused on red clover “Freedom!” and white clover
“Alice,” each planted in mixture with orchardgrass (Dactylis
glomerata L.). The legume seeding rate was set at 754 pure
live seed (PLS) m−2, and the orchardgrass seeding rate at
323 PLS m−2, aiming for a 70:30 legume:orchardgrass ratio.
Experimental units (subplots) were 2.3 × 7.6 m. Legume–
grass mixtures were seeded in late summer 2018, and the first

Core Ideas
∙ Red and white clover produce phytoestrogens,

secondary compounds that mimic mammalian
estrogen.

∙ Effects of cutting frequency (3x vs. 5x) and height
(5 cm vs. 10 cm residual height) were examined.

∙ Total phytoestrogen concentration in red and white
clover was 5.01 and 0.07 mg g−1 dry matter,
respectively.

∙ Phytoestrogen concentrations varied extensively
across cuttings in the 5x but not the 3x.

∙ Phytoestrogen concentrations were influenced by
cutting height in white clover but not in red clover.

cutting event (harvest) was initiated in early June 2019 and
continued from June to late September each year through
2022. After each harvest event, all mechanically harvested
plant material was removed from the field. Legume tissue
samples for phytoestrogen analysis (described below) were
collected over the growing season in 2022 just prior to each
cutting event, starting from late May until late September.
During this period in 2022, the abundance of red clover and
white clover in their respective mixtures (as mean percent-
age of total dry matter across harvest treatments and sampling
dates) was 12.4% and 2.0%, respectively. Monthly mean
air temperatures and precipitation for 2022 are presented in
Figure 1.

2.2 Sample collection

Four of the five field replicates of the red clover and white
clover experimental units were sampled prior to each cutting
event (i.e., n = 4 for each). During each sample collection, a
0.25-m2 quadrat was randomly placed in each subplot, and
legume herbage, including leaves, stems, and flowers, was
clipped from a height of 5 or 10 cm from ground level, depend-
ing on the treatment. Orchardgrass tissue was not sampled.
Clipped plant materials were placed into 50-mL conical cen-
trifuge tubes and placed in a cooler with ice packs. Next,
samples were transported to the laboratory, flash frozen in liq-
uid N2, and stored at−80˚C. Finally, samples were lyophilized
and stored at −20˚C until analysis.

2.3 Analysis of phytoestrogens

Concentrations of phytoestrogens, including formononetin,
biochanin A, genistein, daidzein, glycitein, prunetin, and
coumestrol, were quantified using high-performance liquid
chromatography (HPLC). Freeze-dried samples were ground
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F I G U R E 1 Monthly average temperature (˚C) and precipitation (mm) at the University of New Hampshire Kingman Research Farm, Madbury,
New Hampshire, during 2022.

into powder before solvent extraction. Approximately 100 mg
of plant powder was placed in 15-mL conical centrifuge tubes,
and 4750 μL of 80% aqueous methanol plus 250 μL of flavone
(400 ng μL−1 as internal standard) was added and vortexed
for 5 s. Samples were sonicated for 10 min at room temper-
ature, shaken at high speed in a multi-tube vortexer (VWR
Scientific Products) for 2 h, and incubated overnight before
centrifugation to sediment biomass. Finally, 1.5 mL super-
natant was filtered through 0.45-μm PVDF syringe filter into
a 2-mL HPLC vial and stored at 4˚C until analysis within next
24 h. An HPLC system with a diode array detector (Agilent
Technology 1100 Series) was utilized to identify and quan-
tify phytoestrogens in the samples, following the conditions
outlined in Payette et al. (2021). The chromatographic sepa-
ration was performed using an Atlantis T3 C18 column (150×
2.1 mm, 3 μm; Waters Corp.) at 40˚C. The mobile phase con-
sisted of solvent A (H2O with 0.1% formic acid) and solvent B
(acetonitrile), with separation achieved using a gradient rang-
ing from 15% to 50% acetonitrile over the initial 35 min,
followed by a rapid increase to 85% acetonitrile in the final
5 min of the run. The flow rate was maintained at 0.3 mL
min−1 and detection set at 260 nm. Individual phytoestro-
gen compounds in the samples were identified by comparing
their retention times and UV-visible spectra with analytical
standards of formononetin, biochanin A, daidzein, genis-
tein, glycitein, prunetin, and coumestrol. Calibration curves
constructed with these standard compounds spiked with the
internal standard (flavone) for concentrations ranging from
1.2 to 32 μg mL−1 were used to quantify the concentration of

phytoestrogens. Finally, the concentration of phytoestrogens
was calculated on a DM basis of the forage samples.

2.4 Statistical analysis

Total phytoestrogen concentrations measured over the 2022
growing season were 72-fold greater in red clover compared
to white clover; therefore, to detect treatment effects, statisti-
cal analyses were conducted separately for each species. For
each species, we used a mixed model analysis of variance
(ANOVA) with repeated measures. Response variables were
the concentrations of individual phytoestrogen compounds as
well as total phytoestrogen concentrations (sum of all phytoe-
strogen compounds). Fixed factors in the model were cutting
frequency, cutting height, and cutting time (month of sam-
pling) nested in cutting frequency. The model included all
possible two-way interactions. The estimation of the three-
way interaction was not feasible due to unequal numbers of
cutting time points across frequencies (3 for 3x and 5 for
5x). Block was considered a random factor, and repeated
observations were handled at the sampling-unit (plot) level
using an AR(1) covariance on numeric time within the sub-
ject. If the effect of cutting frequency was significant, cutting
time was analyzed separately within each frequency (3x and
5x). Additionally, a reduced model was used to examine
treatment effects on total phytoestrogen concentrations at each
of the three timepoints that were common to both the 3x and
5x cutting frequency treatments (May, July, and September).
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This reduced model included the two cutting treatments and
their interaction as fixed factors, as well as block. Prior to all
analyses, the homogeneity of variance and the distribution
of residuals were analyzed using the Levene and Shapiro–
Wilk tests, respectively. The nonparametric Kruskal–Wallis
test was used for response variables that did not satisfy the
variance and distributional assumptions of ANOVA after
transformation. When the ANOVA or Kruskal–Wallis test
indicated significant treatment effects, Tukey HSD (α = 0.05)
was used to determine treatment differences. All analyses
were performed using JMP (Student Edition 18.0.2).

3 RESULTS

3.1 Total phytoestrogen concentrations

In red clover, both cutting frequency (p < 0.01) and cutting
time (p < 0.01) affected total phytoestrogen concentration
(Table 1). Total phytoestrogen concentrations in red clover
were on average 34% greater in the 5x (5.5 mg g−1 of DM)
compared to 3x (4.1 mg g−1 of DM) treatment (Figure 2A).
Further assessment of cutting time within each frequency
treatment indicated that the effect was significant only in the
5x treatment (p < 0.01). In the 5x treatment, total phytoestro-
gen concentration varied by as much as 129% depending on
cutting time, ranging from a high of 7.8 mg g−1 of DM at the
June cutting to a low of 3.4 mg g−1 of DM at the August cut-
ting (Figure 2B). There was no effect of cutting time on total
phytoestrogen concentration in the 3x treatment (p > 0.05;
Figure 2B). There was no significant effect of cutting height,
and interactions between height and frequency or time were
nonsignificant (all p > 0.05; Table 1).

In white clover, the effect of cutting frequency on total
phytoestrogen concentration depended on the cutting height
treatment (p < 0.05; Table 1). Total phytoestrogen concentra-
tions were on average over 100% higher in the 3x treatment
cut at 5 cm compared to the other 3x or the 5x treatments,
none of which differed from one another (Figure 3A). Cutting
time also affected total phytoestrogen concentration (p< 0.01;
Table 1). Consistent with red clover, the effect of cutting time
within frequency treatments was significant only in the 5x
treatment (p < 0.01). Phytoestrogen concentrations in white
clover managed under 5x ranged from 0.024 mg g−1 of DM
at the first cutting (May) to as high as 0.152 mg g−1 of DM at
the July cutting (Figure 3B).

3.2 Phytoestrogen concentrations at three
time points

Three cutting events coincided in the 3x and 5x treatments
(May, July, and September cuttings were performed on the
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same day in both treatments), allowing direct comparison of
phytoestrogen concentrations between the cutting treatments
at those time points. Total phytoestrogen concentrations in red
clover were 83% higher in the 5x compared to the 3x treatment
at the July time point but did not differ at the other two time
points (Figure 4A). In contrast, total phytoestrogen concentra-
tions in white clover differed between the 3x and 5x treatments
at all three times, though the nature of those differences varied
depending on the time point (Figure 4B).

3.3 Individual phytoestrogen compounds in
red clover and white clover

Formononetin and biochanin A were the most abundant phy-
toestrogens in both species, making up 85% of the total
phytoestrogen concentration in red clover and 67% in white
clover. In red clover, formononetin alone accounted for nearly
half of the total phytoestrogen concentration. In both clover
species, patterns of variation in formononetin and biochanin
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A concentrations in response to the cutting treatments roughly
mirrored those observed for total phytoestrogen concentra-
tion. In the case of red clover, formononetin and biochanin A
concentrations differed among different cutting events in 5x
(p < 0.01). In the 3x treatment, biochanin A remained consis-
tent across cutting events (p > 0.05; Table 2), and although
formononetin concentrations varied across events, these dif-
ferences were not statistically significant (p ≥ 0.05; Table 2).
In the 5x treatment, formononetin concentrations showed sea-
sonal fluctuations, with peaks at the second (June) and fifth
(September) cuttings. Biochanin A followed a similar pattern,
reaching its greatest concentration during the second cutting
(Table 2). Concentrations of other phytoestrogens, such as
genistein and glycitein, also varied with cutting events, while
daidzein and prunetin concentrations remained relatively sta-
ble across the cutting events in both 3x and 5x treatments
(Table 2).

In white clover, formononetin concentration differed
among cutting events in both 3x (p < 0.01) and 5x (p < 0.01)
treatments (Table 2). In contrast, biochanin A concentration
varied across cuttings in the 5x treatment (p < 0.01) but not
in the 3x treatment (p > 0.05). Genistein concentration var-
ied across cuttings in both 3x (p < 0.01) and 5x (p < 0.01),
whereas daidzein and glycitein concentrations only differed
in the 5x (each p < 0.01; Table 1). Coumestrol concentrations
were below the detection limit in all cutting events, whereas
prunetin concentrations were below the quantification limit in
most white clover samples (Table 2).

4 DISCUSSION

This study was conducted to examine the effects of two impor-
tant components of perennial forage harvest management, the

number of times over the growing season that forages are
cut (cutting frequency) and the height at which those for-
ages are cut (residual forage height), on the concentrations
of phytoestrogen compounds of two agriculturally important
perennial legumes, red clover and white clover. The results
showed that phytoestrogen concentrations were several orders
of magnitude higher in red clover compared to white clover,
which is in line with earlier studies conducted with the same
species (Andersen et al., 2009; Mandal, Wallingford, et al.,
2025; Saloniemi et al., 1993). Total phytoestrogen concen-
trations (5.01 mg g−1 of DM) and the relative proportions
of individual phytoestrogen compounds in red clover were
comparable to those observed in previous greenhouse studies
using the same cultivar (Mandal et al., 2024; Mandal, Lima,
et al., 2025). Formononetin and biochanin A were the two
most abundant phytoestrogens in both clover species, a find-
ing consistent with previous studies (Andersen et al., 2009;
Mustonen et al., 2018; Popović et al., 2019).

The finding that cutting frequency strongly influenced
the total concentration of phytoestrogens in both species is
noteworthy; however, this result may be more practically
relevant to red clover given its exceedingly high phytoestro-
gen concentration relative to white clover. Further, the fact
that concentrations of both formononetin and biochanin A in
red clover herbage varied from cut-to-cut under the higher
frequency cutting regime (5x), but not the lower frequency
regime (3x), is especially intriguing. While the five-harvest
system evaluated here represents an especially intensive man-
agement scenario that may be somewhat atypical of what is
practiced on most farms in New Hampshire or other cool-
season regions with similarly short growing periods, it is
practiced on some farms in some years when growing seasons
are favorable and may become a more common practice in the
future as the climate continues to warm in these regions. It has
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been reported that formononetin concentrations ≥3 mg g−1 of
DM may negatively impact the reproductive health of rumi-
nant species such as sheep and cows (McDonald et al., 1994;
Wyse et al., 2024). Formononetin is a precursor of the potent
estrogenic compound equol, which is formed after action
of ruminal microorganisms, while biochanin A is mostly
demethylated into genistein and non-estrogenic metabolites,
also by bacteria in the rumen (Batterham et al., 1965; Musto-
nen et al., 2009). In sheep, concentrations of formononetin
as low as 3 mg g−1 of DM resulted in an increased risk
of infertility, but the level of phytoestrogens associated with
poor reproductive performance in other ruminants remains
unknown (Little, 1996; Marshall et al., 1976). Hence, given
that we observed formononetin concentrations in red clover
herbage that exceeded the 3 mg g−1 of DM threshold con-
sidered “safe” at three of the five harvest time points under
the higher frequency cutting regime, but never under the
lower frequency regime (Table 2), is cause for concern. In
contrast, formononetin concentrations in white clover aver-
aged 0.025 mg g−1 of DM, well below the 3 mg g−1 of DM
threshold considered problematic in sheep.

There may be several potential explanations for these find-
ings. After each cutting, plants regrow their leaves to supply
energy for continued growth. In the 5x treatment, plants had
less time to recover, which likely altered their physiological
activity by interrupting energy supply and triggering the re-
distribution of assimilates and mobilization of carbohydrate
reserves (Briske & Richards, 1993). Thus, the frequent cut-
ting likely resulted in a stress response in both clover species,
potentially triggering the upregulation of phytoestrogens.
Stress-induced upregulation of secondary metabolites, includ-
ing phytoestrogens, is a well-documented defense mechanism
in plants (Bennett & Wallsgrove, 1994; Dixon & Paiva, 1995).

Variation in isoflavone phytoestrogen concentrations at dif-
ferent cutting times over the growing season may also have
been associated with weather patterns over the study period
(Sivesind & Seguin, 2005). Previous research showed that
drought stress can more than double the concentrations of
phytoestrogens in red clover (Mandal et al., 2024). During
the second (June) and third (July) cutting events in 5x, the
monthly mean air temperature was relatively high, around
20˚C, and monthly precipitation was relatively low, only 6 cm,
which may have led to short-term drought conditions that
increased the phytoestrogen levels in the plants. In both red
clover and white clover, total phytoestrogen concentrations
increased during the second and third cutting events compared
to the first cutting event in May. Future research can clarify
the relative roles of other possible factors, such as tempera-
ture, plant developmental stage, and nutrient availability, in
driving these patterns.

It is also possible that concentrations of some phytoestro-
gen compounds are naturally dynamic. In previous research,

both genistein and daidzein contents in red clover were
observed to increase from June to July, whereas biochanin
A and formononetin concentrations peaked in early Septem-
ber (Booth et al., 2006). Such temporal shifts are often linked
to metabolic activity, phenological stage, or environmental
cues such as photoperiod, soil moisture regimes, or temper-
ature. A similar temporal trend was not observed for genistein
and daidzein concentrations in the present study; however,
formononetin and biochanin A concentrations did increase
during the June and September cuttings, a trend consistent
with Booth et al. (2006). Determining whether these dynam-
ics are related more to ontogeny or environmental cues will
require additional research.

The phytoestrogen coumestrol was not detected in red
clover, which is consistent with the findings from previ-
ous studies (Andersen et al., 2009; Mustonen et al., 2018).
Coumestrol is typically associated with plant responses to
biotic stress, particularly fungal infection, which triggers its
accumulation as part of the plant’s defense mechanism (Saba
et al., 1972; Saloniemi et al., 1993). Although previous stud-
ies have detected coumestrol in white clover, it was below the
detection level in the present experiment, possibly due to the
absence of fungal pathogens in the study system (Saba et al.,
1972; Saloniemi et al., 1995).

After each cutting event, both legume species rely on their
remaining leaf area and root reserves to recover (Meuriot
et al., 2004; Teixeira et al., 2007). It has been shown that
the contribution of reserves for plant regrowth is dependent
on the remnant leaf biomass after cutting (Meuriot et al.,
2004). Cutting forages at a lower residual height reduces the
remaining leaf area and increases the plant’s dependence on
stem reserves for sustaining regrowth (Sinclair et al., 2007).
An interactive effect between cutting frequency and cutting
height on total phytoestrogen concentrations was observed in
white clover, whereas no cutting height effect was detected in
red clover. It is possible that the difference in cutting height
treatments (5 cm vs. 10 cm residual height) was not large
enough to result in a substantive difference in red clover resid-
ual leaf area or root reserves and, therefore, a consequent
stress response in the production of phytoestrogens. Unfortu-
nately, residual red clover leaf area or root reserves after the
cutting events were not measured and therefore this possibility
cannot be ruled out.

Although this study used mechanical harvest, grazing
ruminants exert different types of stress on forage plants.
Grazing typically results in uneven and selective removal
of plant materials, trampling, and deposition of excreta,
which can further influence plant regrowth and secondary
metabolite production (Pereira et al., 2018). Studies have
shown that grazing by cattle increases the crude protein
content of legumes like red clover due to the wounding
and regrowth processes associated with herbivory (Randall
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et al., 2023). Additionally, animal saliva has been reported
to induce plant chemical defenses, potentially affecting the
phytoestrogen profile differently than mechanical cutting
(Felton et al., 2014; Parnell et al., 2024). Therefore, while
these results indicate that frequent cutting increases phy-
toestrogens concentration in red clover, actual grazing
could induce even stronger or more variable phytoestrogen
responses, especially under high stocking rates.

The present study has several limitations. Tissue sam-
pling was conducted in the fourth production year of stand
development, beyond the typical window of red clover persis-
tence in many production systems. Whether the phytoestrogen
response observed in red clover to harvest management would
be similar in younger, more productive stands remains to be
investigated. Additionally, this study evaluated only a single
cultivar of red clover and white clover at one site during a sin-
gle growing season. Future research examining cultivar-level
variation across diverse genetic backgrounds, together with
multi-site and multi-year experimentation, will be necessary
to determine the generality of harvest-management effects
on phytoestrogen dynamics in these two important perennial
forage legumes.

5 CONCLUSION

The results of this study indicate that the frequency of harvest
can strongly influence the concentrations of phytoestrogens
present in two globally important perennial forage legumes,
red clover, and white clover. Concentrations of two phy-
toestrogen compounds, formononetin and biochanin, were
especially high in red clover and varied between harvest
events under the higher frequency cutting regime but not
under the lower frequency regime. Under the higher frequency
cutting regime, concentrations of formononetin in red clover
herbage exceeded levels thought to be impactful to ruminant
health and reproductive function (i.e., ≥3 mg g−1 of DM)
in three out of the five harvest events, while the concentra-
tions never exceeded this threshold under the lower frequency
cutting regime. To the extent that farmers growing these for-
age legume species have flexibility in their harvest schedule,
the data suggest that they may be able to manipulate phytoe-
strogen exposure to their ruminant herds by adjusting harvest
interval (and possibly timing relative to plant stress status).
Of course, such decisions will have tradeoffs in terms of the
quantity and nutritive value of the resulting dry matter that
must be weighed against the potential positive or negative
impacts on ruminant health and reproduction associated with
phytoestrogen consumption.
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