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Abstract

Perennial ryegrass (Lolium perenne) has long served as
the foundational forage species for temperate dairy systems,
prized for its rapid establishment, high digestibility, and
excellent response to fertility. However, within organic dairy
farming, the structural limitations of ryegrass—chiefly its
shallow rooting architecture, high moisture dependency, and
substantial demand for plantavailable nitrogen—render it
increasingly vulnerable to the erratic precipitation and
thermal volatility associated with climate change. To
maintain milk yield stability, optimize rumen health, and
achieve nitrogen  selfsufficiency without synthetic
agrochemicals, organic dairy systems must diversify their
forage base beyond simple grass-clover swards. This article
critically examines the agronomic and physiological potential
of resilient alternative fodder crops, focusing on deep-rooted
bioactive legumes such as sainfoin (Onobrychis viciifolia) and
birdsfoot trefoil (Lotus corniculatus), functional forage herbs
including chicory (Cichorium intybus) and plantain (Plantago
lanceolata), and droughttolerant C, summer annuals like
sorghum-sudangrass hybrids. By exploring secondary plant
metabolites, specialized root biomechanics, and differential
photosynthetic pathways, this review provides postgraduate
scholars and livestock agronomists with a comprehensive
framework for engineering multi-trophic, climate-resilient
forage architectures capable of sustaining organic dairy
production.

Introduction

The transition toward organic dairy production
requires a fundamental restructuring of the animal feed
supply chain. Conventional dairy systems frequently rely on
heavy applications of synthetic nitrogen fertilizer to drive
vegetative biomass in monoculture or bicultural pastures,
supplementing any nutritional deficits with imported grain
concentrates. Organic regulations, however, strictly mandate
high rates of pasture intake and prohibit synthetic fertilizers,
forcing the farm ecosystem to operate within strict ecological
boundaries. In this context, the traditional reliance on
perennial ryegrass presents a significant agronomic paradox.
While ryegrass offers exceptional metabolizable energy under
optimal, coolhumid conditions, its  physiological
architecture is fundamentally ill-equipped to handle abiotic
stress.

During extended periods of summer drought and
elevated ambient temperatures, ryegrass swards undergo a
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well-documented phenomenon known as the
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slump." Root growth ceases, vegetative tillers senesce
prematurely, and net primary productivity collapses. In an
organic system where stocking rates cannot be easily buffered
by purchased synthetic feedstuffs, a forage deficit during the
peak lactation window leads to metabolic stress in cattle,
diminished milk solids, and
Furthermore, the shallow root system of ryegrass fails to mine
leached nutrients from deeper soil horizons, limiting the
mineral density of the forage.

severe economic IOSSGS.

these structural bottlenecks,
contemporary organic agronomy is shifting away from simple
binary toward functional botanical diversity.
Incorporating alternative fodder crops that possess distinct
morphological traits and synthesize specialized secondary
plant metabolites offers a scientifically validated strategy to
risk. For postgraduate
understanding the functional divergence of these alternative
species is essential for designing sustainable grazing systems

that optimize the soil-plant-animal continuum.

To overcome

swards

mitigate climate researchers,

The Agronomic Vulnerability of Traditional Ryegrass
Systems

To appreciate the necessity of alternative fodder
crops, one must first analyse the physiological limitations of
perennial ryegrass under organic management. The root
system of Lolium perenne is notoriously shallow, with more
than seventy percent of its total root biomass concentrated
within the upper twenty to thirty centimetres of the soil
This reality makes the species
extraordinarily sensitive to fluctuations in surface soil
moisture. When the volumetric water content of the upper
soil horizon drops below the permanent wilting point during

profile. structural
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summer droughts, ryegrass cannot access the abundant
capillary water reserves stored in deeper subsoil layers.

Equally limiting is the carbon-to-nitrogen ratio
required to sustain high-yielding ryegrass swards. Ryegrass
possesses a high demand for inorganic nitrogen, which in
organic systems must be supplied entirely through biological
nitrogen fixation from companion
mineralization of organic soil amendments. During periods
of thermal stress or prolonged dry spells, soil microbial
activity declines, slowing the rate of nitrogen mineralization.
Starved of both moisture and plant-available nitrogen,
ryegrass exhibits rapid photorespiration, stomatal closure,
and a cessation of cellular elongation. The resulting forage
not only drops in total dry matter yield but also accumulates
structural carbohydrates at the expense of digestible protein
and soluble sugars, significantly impairing
fermentation efficiency.

clovers or the

rumen

Deep-Rooted Bioactive Legumes: Sainfoin and Birds foot
Trefoil

To inject organic rotations,
agronomists are turning to alternative, deep-rooted
leguminous species that offer sophisticated biochemical
advantages over standard white or red clovers. Foremost

resilience into

among these are sainfoin (Onobrychis wiciifolia) and birds foot
trefoil (Lotus corniculatus). Unlike traditional forage legumes,
these species synthesize significant
condensed tannins (CTs), a class of polyphenolic secondary
metabolites that exert profound effects on ruminant digestive
physiology.

concentrations of

In conventional legume pastures, the rapid
degradation of soluble proteins by rumen microorganisms
leads to an excess of rumen ammonia. This not only puts the
animal at risk of frothy bloat but also forces the cow to
expend metabolic energy converting excess ammonia into
urea for urinary excretion, representing a net loss of dietary
nitrogen to the environment. Condensed tannins solve this
physiological inefficiency through a unique biochemical
mechanism. In the near-neutral pH environment of the
rumen (pH 6.0 to 7.0), CTs form reversible complexes with
dietary proteins, shielding them from microbial proteolysis.
When these tannin-protein complexes pass into the
abomasum and small intestine, where the environment is
strongly acidic (pH 2.5 to 3.5), the complexes dissociate.
This releases high-quality amino acids for direct enzymatic
digestion and absorption across the intestinal wall,
dramatically increasing the efficiency of bypass protein
utilization.

Beyond enhancing nitrogen retention and
completely eliminating the incidence of pasture bloat, the

condensed tannins in sainfoin and birds foot trefoil exhibit
documented anthelmintic properties, suppressing internal
gastrointestinal nematode populations in dairy cattle.
Furthermore, these bioactive compounds directly inhibit the
activity of rumen methanogenic archaea and reduce ciliated
protozoal populations, resulting in a measurable reduction in
enteric methane (CH,) emissions per unit of milk produced.
Complementing their biochemical prowess, both species
develop massive taproots capable of penetrating hostile,
calcareous, and drought-prone subsoils to depths exceeding
two meters, ensuring vigorous green biomass production
precisely when shallow grasses go dormant.

Functional Forage Herbs: Chicory and Plantain

While legumes provide essential nitrogen and
bioactive polyphenols, functional forage herbs represent
another crucial functional group for organic dairy systems.
Chicory (Cichorium intybus) and broadleaf plantain (Plantago
lanceolata) are perennial dicotyledonous herbs that bring
exceptional structural and mineral dynamics to grazing
swards.

Architecturally, both chicory and plantain drive
thick, fleshy taproots deep into the soil profile. These roots
exert tremendous biological compaction-breaking force,
creating macropores that improve water infiltration and
aeration throughout the soil matrix. As these roots explore
deeper horizons, they act as biological pumps, mining
essential macro- and micronutrients that have leached
beyond the reach of traditional grasses. Consequently, the
foliage of chicory and plantain exhibits
concentrations of calcium, magnesium, copper, zinc, and
selenium compared to perennial ryegrass. For high-producing
organic dairy cows, grazing these mineral-dense herbs
significantly reduces the need for expensive, externally
sourced synthetic mineral blends while preventing metabolic
disorders such as hypocalcemia (milk fever) and grass tetany.

elevated

Plantain, in particular, has emerged as a
revolutionary tool for environmental mitigation in grazing
systems due to its specific secondary metabolite profile. The
herb produces substantial quantities of bioactive glycosides,
predominantly  aucubin and  catalpol, alongside
phenylethanoid glycosides such as These
compounds exert a regulatory effect on nitrogen partitioning
within the dairy cow and modify chemical transformations
within the soil. When cattle consume plantain, the diuretic
properties of the forage increase water intake and urination
frequency, effectively diluting the concentration of nitrogen
deposited in individual urinary patches. Once excreted onto
the soil, the secondary metabolites from plantain inhibit the

acteoside.

activity of soil nitrifying bacteria (Nitrosomonas species),
slowing the conversion of ammonium (NHZ) to highly
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mobile nitrate (NO3). This biological nitrification inhibition
drastically reduces nitrous oxide (N,O) greenhouse gas
emissions and prevents nitrate leaching into groundwater
reserves.

Conquering the Summer Slump: Drought-Resilient C4
Gramineae

While perennial herbs and bioactive legumes
provide excellent nutritive value and drought tolerance,
extreme thermal heatwaves require the inclusion of warm-
season annual grasses that utilize the C, photosynthetic
pathway. Traditional temperate grasses rely on Csz carbon
fixation, wherein the enzyme Rubisco frequently catalyzes
oxygen instead of carbon dioxide under high temperatures
and drought, causing massive energy losses through
photorespiration. In contrast, C, species such as sorghum-
sudangrass hybrids (Serghum bicolor X S. bicolor var. sudanense)
and pearl millet (Pennisetum glaucum) possess specialized
Kranz leaf anatomy that spatially concentrates carbon dioxide
around Rubisco, entirely suppressing photorespiration.

This anatomical adaptation endows C, fodder crops
with exceptional Water-Use Efficiency (WUE). A sorghum-
sudangrass hybrid can generate nearly double the dry matter
biomass per litre of transpired water compared to perennial
ryegrass during July and August. In an organic dairy feeding
strategy, these warm-season annuals are established in late
spring to serve as dedicated summer buffer grazing or high-
yield silage crops. When ambient temperatures exceed thirty
degrees Celsius and traditional pastures cease growth,
sorghum-sudan grass swards accumulate rapid vegetative
growth, providing an abundant supply of digestible neutral
detergent fibre and energy to sustain milk production.

Managing these warm-season annuals in an organic
framework, however, requires precise agronomic protocols to
avoid metabolic disorders. Sorghum species accumulate
dhurrin, a cyanogenic glycoside that can hydrolyse into toxic
prussic acid (hydrogen cyanide) when plant tissues are
damaged by frost, severe drought, or grazing at an immature
stage. To guarantee herd safety, organic dairy managers must
restrict grazing until the canopy reaches a minimum height
of sixty to eighty centimetres, at which point prussic acid
concentrations dilute to safe physiological thresholds.
Furthermore, rotational strip-grazing utilizing high stocking
densities for short durations ensures efficient utilization of
the leafy biomass before the structural stems lignify and lose
digestibility.

Synthesizing the Multi-Species Sward Architecture

Rather than cultivating these alternative fodder
crops as isolated monocultures, the frontier of organic dairy
agronomy lies in synthesizing them into complex Multi-

Species Swards (MSS), also referred to as herbal leys. An
optimized multi-species sward combines four distinct
functional groups: grasses (providing fibrous carbohydrates
and ground cover), legumes (driving atmospheric nitrogen
fixation and protein supply), and functional herbs (offering

deep mineral mining and bioactive compounds).

Functional | Representative | Primary Key
Group Species Agronomic | Nutritional
Contribution | & Rumen
Benefit
Temperate | Meadow High Stable
Grasses Fescue, seasonal energy,
Orchardgrass | biomass, rumen
structural motility
fiber stimulation
Bioactive | Sainfoin, Symbiotic Bypass
Legumes | Birdsfoot nitrogen protein,
Trefoil fixation, methane
drought reduction,
evasion bloat safety
Deep- Chicory, Subsoil High trace
Rooted Broadleaf mineral minerals,
Herbs Plantain mining, urinary
compaction nitrogen
alleviation dilution
Warm- Sorghum- Extreme Sustained
Season Sudan  grass | thermal digestible
Grasses Hybrids resilience, fiber
summer bulk | during
yield drought
slumps
When  co-cultivated, these species exhibit

complementary resource utilization through spatial niche
differentiation. Below ground, the fibrous roots of grasses
occupy the topsoil, capturing mineralized nutrients, while the
thick taproots of legumes and herbs descend into the subsoil
without competing for surface moisture. Above ground,
differing canopy architectures optimize light interception
across multiple horizontal strata. This ecological synergy
results in overyielding, where the total biomass production
and yield stability of the multi-species pasture significantly
surpass those of any individual component grown in
isolation, providing a robust, self-sustaining feed base for the
organic dairy herd.

Conclusion: The era of relying exclusively on simplified
perennial ryegrass and white clover swards for organic dairy
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production is being challenged by climatic realities and the
need for greater ecological efficiency. By expanding the
agronomic palette to incorporate deep-rooted bioactive
legumes, functional mineral-mining herbs, and water-
efficient C4 annuals, livestock agronomists can architect
farming systems that thrive under environmental stress.
Integrating species such as sainfoin, chicory, plantain, and
sorghum-sudangrass bridges the summer nutrition gap while
actively improving animal welfare through reduced bloat,

lowered parasite burdens, and enhanced bypass protein
assimilation. On a systemic level, these alternative fodder
crops regenerate degraded soil structure, reduce enteric
methane output, and curb nitrate pollution, aligning dairy
productivity with ecological regeneration. For postgraduate
researchers and future agricultural scientists, mastering the
functional traits and grazing management of these resilient
crops represents a critical step toward securing the future of
sustainable organic dairying.
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