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Abstract (English) 

Plants respond to herbivory in various ways, some of which affect their susceptibility to 

further herbivory, possibly creating a feedback loop. These feedback loops are known from 

grasslands maintained by large herbivores (i.e., grazing lawns), but there is not much 

information on the level of individual herbaceous plants in relation to small ruminants.  

Two experiments were conducted comparing plant regrowth in a grass (Poa pratensis) 

and clover (Trifolium pratense or Trifolium repens) after clipping or grazing, respectively.  

The first experiment compares the potential for regrowth after multiple clipping 

treatments in Poa pratensis and Trifolium pratense. Poa showed a lower degree of 

compensatory growth, likely due to a lack of fertilizer and to shading by the faster growing 

Trifolium. The number of green leaves in Trifolium was correlated with the above-ground 

biomass, while the number of ramets in Poa was more closely correlated with the below-ground 

biomass, as it included the rhizomes. Consequently, there was a much more dramatic difference 

in root-shot ratio between the treatments in Poa than in Trifolium. 

The second experiment compares the regrowth in Poa pratensis and Trifolium repens 

after repeated grazing by domestic goats and sheep. The results were largely influenced by 

technical difficulties encountered in the process – the plants had to be removed from greenhouse 

due to mildew and got eaten by slugs outside, around 20 % of the plants had died and the rest 

was significantly damaged. Hence, most of the results were not significantly different between 

the different treatments; neither the timing of the grazing nor the grazing animal species had an 

effect. Grazing itself had affected whole plant biomass in Poa (grazed plants were larger) and 

leaf size in Trifolium (grazed plants had smaller leaves, however, SLA was not affected). The 

slug damage was not related to the grazing treatment, and it is not likely that slugs would prefer 

grazed or ungrazed plants of either species. Effects of previous grazing on further grazing by 

ruminants are possible but difficult to predict without the knowledge of all contributing factors. 

  



 
 

Abstrakt (česky) 

Rostliny reagují na herbivorii různými způsoby, z nichž některé ovlivňují jejich 

náchylnost k pozdější herbivorii. Na úrovni společenstev je známá pozitivní zpětná vazba mezi 

velkými herbivory a travními společenstvy, kdy spásání rostlin udržuje krajinu vhodnou 

k dalšímu spásání. Není ale známo, nakolik se spásáním malými přežvýkavci mění 

morfologické vlastnosti jednotlivých rostlin. V této práci byly provedeny dva experimenty 

porovnávající obrůstání trávy (Poa pratensis) a jetele (Trifolium pratense nebo Trifolium 

repens) po střihu nebo po spásání býložravcem.  

První experiment porovnává obrůstání po opakovaném střihu u lipnice luční (Poa 

pratensis) a jetele lučního (Trifolium pratense). Lipnice vykazovala nižší efektivitu 

kompenzačního růstu, pravděpodobně kvůli zastínění a nedostatku živin. Počet zelených listů 

u jetele koreloval s nadzemní biomasou, zatímco počet ramet u lipnice koreloval s podzemní 

biomasou, která zahrnuje i oddenky. V důsledku toho byl mezi jednotlivými skupinami u 

lipnice mnohem dramatičtější rozdíl v poměru podzemní a nadzemní biomasy než u jetele. 

Druhý experiment porovnává obrůstání lipnice luční (Poa pratensis) a jetele plazivého 

(Trifolium repens) po opakovaném okusu domácími kozami a ovcemi. Výsledky byly do 

značné míry ovlivněny technickými obtížemi, které se v procesu vyskytly – rostliny musely být 

ze skleníku odstraněny kvůli výskytu padlí a venku je sežrali slimáci, přibližně 20 % rostlin 

uhynulo a zbytek byl výrazně poškozen. Většina výsledků se tedy mezi různými skupinami 

významně nelišila; načasování okusu ani druh okusujícího zvířete neměly vliv na finální 

morfologické vlastnosti rostlin. Samotný okus ovlivnil biomasu celé rostliny u lipnice 

(okusované rostliny byly větší) a velikost listů u jetele (okusované rostliny měly menší listy, 

specifická listová plocha se ale nezměnila). 

Úroveň poškození slimáky nesouvisela se spásáním přežvýkavci a není pravděpodobné, 

že by slimáci preferovali okusované nebo kontrolní rostliny kteréhokoliv druhu. Vliv 

předchozího spásání na další preference přežvýkavců jsou možné, ale obtížně předvídatelné bez 

znalosti všech faktorů.  
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1. Introduction 

1.1. Plant strategies 

1.1.1. Plant responses and resistance to herbivory 

In general, plants deal with various kinds of stress by means of avoidance and tolerance. 

In case of herbivory, they avoid being eaten by mechanical and chemical defenses, and they 

tolerate the loss of biomass by compensatory growth. Defense and tolerance together comprise 

resistance1 to herbivory (Haukioja & Koricheva, 2000).  

Plant resistance to herbivory depends on the plant species as well as on the 

environmental conditions. The response to herbivory – the overall capacity for resistance, as 

well as whether the plant will rather invest in growth or in defense – can be, to some extent, 

predicted from the plants’ traits (Díaz et al., 2007). The response is also affected by the plant’s 

growth stage (Massad, 2013).  

Even though defense against herbivory is generally more studied, especially in relation 

to insect herbivores (Strauss & Agrawal, 1999), tolerance plays an important role in most plants, 

especially long-lived trees and grasses (Haukioja & Koricheva, 2000).  

1.1.2. Plant defenses against herbivory 

Plant defenses against herbivory can be divided into constitutive defenses, which are 

always present, and induced defenses, which only appear in response to a herbivore (Karban, 

2020). In some cases, it may not be possible to determine clearly which is which (de Bobadilla 

et al., 2022; Ginane et al., 2011), as some induced defenses (mainly morphological, e.g. a higher 

density of thorns) do not disappear after the herbivory ends (Gorné & Díaz, 2022), and most 

plants are subject to herbivory at some point (Ohgushi, 2005). Induced defenses may also be 

caused by the herbivore presence without any actual herbivory (i.e., damage to the plant) 

occurring – for example, tomato plants respond to contact with snail mucus by producing 

defensive chemicals (Orrock et al., 2018).  

Constitutive defenses are mainly advantageous to the plant when the risk of herbivory is 

high and predictable, since the induced defenses take time to be expressed and the plant may 

 
1 These terms are sometimes used in different meanings – for example, Strauss & Agrawal (1999) define 

resistance as traits that lower the herbivore’s preference/performance, and defense as traits that benefit plants 

subject to herbivory – i.e., the meanings of these two terms are switched around. In this thesis, the terms are used 

as defined by Haukioja & Koricheva (2000), i.e., resistance = defense + tolerance. 
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get consumed before it responds (Karban, 2020). The possible advantages of induced defenses, 

on the other hand, include a lower cost for the plant, and better adaptation to specific herbivores, 

as different defenses work against different herbivores (de Bobadilla et al., 2022). Induced 

defenses also increase the intraspecific variability (i.e., differences between individual plants), 

which, in itself, acts as a form of defense against specialist herbivores (primarily insects) that 

are adapted to a specific kind of plant defense (Karban, 2020).  

To respond to herbivory effectively, plants need to correctly recognize the animal 

feeding on them. Plants recognize molecular patterns associated with herbivory – molecules 

produced by the herbivores, as well as those from damaged plant cells, and products of 

interaction between plant and herbivore molecules (Karban, 2020). Plants can distinguish 

mammal herbivores from insects and respond accordingly: Perkovich & Ward (2022), for 

example, found trees to increase the content of phenolic defensive compounds in leaves in 

response to insects, and decrease nutrient content in branches browsed by deer. Plants are also 

known to recognize different insects by their feeding mode (chewing, sucking, etc.) – however, 

a meta-analysis on plant compensatory growth following insect herbivory found the plant 

responses to be more closely correlated with the herbivores’ taxonomy than their feeding mode 

(Garcia & Eubanks, 2019). It is not known whether plants can distinguish between different 

kinds of mammal herbivores – Parnell et al. (2024) suggest that plants might be able to 

distinguish between sheep and cattle due to different feeding modes (sheep bite with teeth, 

while cattle use tongue), and possibly even between different breeds of the animals. 

Induced chemical defenses, being relatively rapid and reversible, may be considered 

plant behavior, comparable with the behavior of animals (Metlen et al., 2009). These defenses 

are usually short-term and only used when the risk of herbivory is high, due to the costs to the 

plant (Karban, 2020). Defensive compounds are known as secondary metabolites – small 

molecules that are used by plants to interact with the environment (unlike primary metabolites, 

which have a role in growth and reproduction). These include phenolics, terpenes, steroids, 

cyanogenic compounds, and alkaloids (Molyneux & Ralphs, 1992). 

Besides chemical, plants also utilize mechanical defenses, such as hairiness of leaves 

(Halpern et al., 2007) or prickles (Hoan et al., 2014) – in both of these cases, these are already 

present in the plant as constitutive defense, and increase even further in response to herbivory. 

As a rule, chemical defenses usually make the plants less palatable to insects, while the 

mechanical defenses, such as thorns or tough leaves, are more effective against large vertebrate 

herbivores (Gorné & Díaz, 2022). Other defenses are considered to be somewhere in between 



3 
 

chemical and mechanical, such as microscopic crystals of calcium oxalate (Hartmann, 2008) or 

amorphous silica (Shewmaker et al., 1989). 

1.1.3. Tolerance of herbivory  

The tolerance of herbivory refers to plants regrowing the lost biomass. As the same 

resources are generally used for regrowth and defense, there is some degree of a trade-off 

between those two responses. For example, as carbohydrates are used for growth as well as for 

the synthesis of defensive phenolic compounds, in unproductive environments the plants may 

prioritize growth over defense, regardless of damage intensity (Schrijvers-Gonlag et al., 2024). 

On the other hand, if growth is limited by other factors (e.g. water stress), plants can use the 

available carbohydrates for defenses, without costs to growth (Gorné & Díaz, 2022). 

Even tolerant plants may be more resistant to herbivory after regrowth due to 

morphological differences that reduce herbivory without change in chemical composition – 

such as changes in branching or in leaf size (Pérez-Harguindeguy et al., 2003). These changes 

make the plants less accessible to large herbivores: regrown woody plants tend to have more 

dense branches, which can make it more difficult for the herbivore to reach between them and 

reduce the size of bites the herbivore can take, which is the main limiting factor for large 

herbivores (Díaz et al., 2001). Leaves regrown after defoliation tend to be smaller in both woody 

and herbaceous plants, also reducing bite size (Gorné & Díaz, 2022). Plants may also reduce 

their nutritional value following herbivory, by growing new leaves with a lower nutrient content 

(Perkovich & Ward, 2022) as well as by transporting soluble carbohydrates from damaged 

leaves to more protected storage organs (Zhao, 2024).  

Tolerating herbivory may be better for the plants than defending themselves against the 

herbivores. Typically, this is the case of grasses and some trees – these life-forms are similar in 

that they are composed of multiple relatively independent units (branches in trees, tillers in 

grass), and that the herbivore damage is mostly limited to leaves while the meristems are 

protected (Haukioja & Koricheva, 2000). In trees, however, tolerance is not a rule – the 

responses to herbivory differ even between closely related species, and younger trees usually 

do not tolerate herbivory (Massad, 2013). Grasses, while being mostly tolerant of grazing, also 

contain relatively high content of silica, mostly in the form of phytoliths, the concentration of 

which is highest in leaves and lowest in stems (Shewmaker et al., 1989). The content of 

phytoliths has been found to increase with grazing by insects as well as by rodents, and decrease 

further herbivory thereof (Massey et al., 2007). On rodents that had only been fed the high-
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silica grass, the effects were even lethal – since rodents in natural conditions eat multiple kinds 

of plants, they would probably have avoided the grass altogether (Huitu et al., 2014). However, 

silica does not seem to have such a marked effect on ruminant grazers (Hartley & DeGabriel, 

2016). Sheep preferences, for example, were not found to be related to silica content 

(Shewmaker et al., 1989). 

Tolerance is also more effective for the plant when dealing with large herbivores (as 

opposed to insects), even though compensation (even over-compensation) for insect herbivory 

also occurs (Zhao, 2024). Large herbivores, unlike insects, are usually generalist and consume 

a wide variety of plants, and their preferences are significantly affected by plant availability 

and accessibility (Pérez-Harguindeguy et al., 2003). At high intensities of grazing, tolerance 

may be the only viable strategy for grasses (Gorné & Díaz, 2022). Even the normally 

unpalatable plant species are consumed when other food is unavailable, when the herbivore 

samples different plants, or unintentionally (Pérez-Harguindeguy et al., 2003). Similarly, some 

individuals of palatable plants may get simply overlooked by large herbivores regardless of 

their palatability (Molyneux & Ralphs, 1992). Furthermore, tolerance is the only effective way 

to overcome biomass loss to trampling, which is inevitable in the presence of large herbivores. 

Compensatory growth (i.e. growth that restores biomass after herbivory) is classified 

into under-compensation, exact compensation, and over-compensation depending on whether 

the total dry mass of the plant subject to herbivory (including the biomass removed by the 

herbivore) is lower, equal, or higher than of control plants (Belsky, 1986). In general, plants are 

thought to over-compensate if the intensity of herbivory is low and under-compensate when it 

is high (Zhao, 2024). In theory, there should be an optimal level of herbivory that would lead 

to the maximum total growth of the plants; however, it is practically not possible to determine 

the level in natural settings due to many factors involved (Belsky, 1986).  

Because of the possibility of overcompensation, some authors even speak of a 

mutualistic interaction between plants and herbivores (Liu et al., 2012), while others argue that 

herbivory has no direct positive effect on plants (Belsky, 1986). Indirectly, generalist herbivores 

benefit resistant plants primarily by removing less resistant competition. In some plants (mostly 

monocarpic, i.e., only producing seeds once), grazing removes apical dominance and leads to 

branching, which, in turn, produces more flowers than ungrazed plants (Huhta et al., 2000). 

However, higher number of flowers following grazing is not always associated with increased 

production of seeds (Belsky, 1986), and viability of the seeds is usually not studied (Erb, 2018).  
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1.1.4. Traits affecting response to herbivory 

The ability of plants to resist grazing may be, to some extent, predicted from their 

morphological traits, such as leaf size and SLA (specific leaf area, i.e., leaf area per dry mass), 

height, or overall growth form (Díaz et al., 2007).  

These traits may show a plastic response to grazing – different species of plants may either 

increase or decrease their SLA in response to grazing (Zhao, 2024) – hence, the leaves become 

either less costly to regrow (high SLA) or less palatable to herbivores (low SLA) (Gorné & 

Díaz, 2022). However, the link between SLA and palatability is not always clear – leaf 

toughness, which makes the leaves less palatable, is correlated with SLA in grasses, but not in 

forbs, likely due to a higher variation of leaf shapes and architecture (Segrestin et al., 2023). 

Furthermore, some grazers, such as sheep, are adapted to eating plants with tough leaves, and 

even prefer them over less tough but more chemically defended plants (Cingolani et al., 2005). 

Larger leaves (by mass) also tend to be related to low tolerance of grazing (Díaz et al., 2001), 

and leaf size may change following herbivory independently of other leaf traits (Gorné & Díaz, 

2022).  

Plant height has a different effect depending on the growth form – woody plants, especially 

trees, escape mammal herbivores by growing out of their reach (Perkovich & Ward, 2022), 

while in herbaceous plants, lower height is related to higher resistance to herbivory (Díaz et al., 

2007). Shorter plants may be more difficult to graze, especially for cattle, as they grab the plants 

with their tongue, while other grazers (such as sheep) graze with their teeth, which allows them 

to graze closer to the ground (Parnell et al., 2024). Cattle grazing was shown to favor short 

individuals within multiple species of perennial herbs (Aarssen & Turkington, 1985). In herbs, 

grazing generally promotes “horizontal” growth forms, with leaves in rosettes and spreading by 

stolons (horizontal stems) (Díaz et al., 2007). 

In addition to morphology, plant response to herbivory is also affected by the growth stage, 

with herbivory that occurs in vegetative stage causing a reduction in growth, and herbivory in 

generative stage primarily affecting reproduction (Massad, 2013).  

1.2. Herbivore strategies  

1.2.1. Effect of plant defenses on different herbivores 

The herbivore strategies for dealing with plant defenses can be divided into avoidance 

and tolerance as well. Some insect herbivores, for example, avoid induced chemical defenses 

altogether by interrupting xylem and phloem, or first eating around the part they are going to 
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consume later, so that the signal about herbivory cannot spread to other parts of the plant (Alba 

et al., 2011). Some insects are able to disrupt the signaling on the molecular level, such as 

aphids (de Oliveira et al., 2016) and potato beetles (Lawrence et al., 2008) that can suppress the 

signaling pathways based on salicylic and jasmonic acid (Sarmento et al., 2011). 

Tolerance of plant defenses is possible as they are not universal and may even have opposite 

effect on different herbivores, or on the herbivores’ responses that affect plant fitness (Erb, 

2018). For example, lower nutrient content deters browsing mammals from eating the plant, 

however, insect herbivores will eat even more of it to compensate for the low nutritional value 

(Perkovich & Ward, 2022). Many insect species are also specialized in consuming plants that 

are toxic to other herbivores (Pérez-Harguindeguy et al., 2003) – hence, the toxicity benefits 

them by removing competitors. Over 250 species of insects are also known to use plant toxins 

for their own defense (Kant et al., 2015). 

It is also worth noting that herbivore preferences are not the same thing as herbivore 

performance (Sarmento et al., 2011), as many animal species are known to choose food that is 

not optimal for them (Ginane et al., 2011). On large herbivores, the chemical defenses may 

have a toxic effect – however, unless it manifests itself within a few hours, the animal is unlikely 

to associate the negative effect with the specific plant (Molyneux & Ralphs, 1992). 

Conversely, some of the plant traits that reduce herbivory are not a direct product of 

selection by herbivores, and serve a different primary purpose in the plant. For example, the 

grass traits that make them resistant to grazing (belowground storage, leaf regrowth) also work 

as adaptation to drought or fire (Belsky, 1986). Leaf toughness may be primarily a response to 

drought (Dirzo, 1980) or necessary for growing large leaves to reach light (Díaz et al., 2001). 

Phenolic compounds protect plants from herbivores as well as from oxidation damage 

(Pedersen et al., 2011). In other cases, the plant is normally capable of a response, but is facing 

different kinds of stress, to which the responses are mutually exclusive (Weinig, 2000). For 

example, plants can grow taller to escape shade, but that makes them more apparent to 

herbivores, and the plant might therefore not respond to the herbivory even though it is capable 

of it (Valladares et al., 2007).  

Finally, the same plant response may have different effects even on the same herbivore 

depending on environmental context. For example, benzoxazinoids in corn (Zea mays) have an 

anti-herbivore function, however, they also bond to iron ions, making iron accessible to the 

plant as well to the herbivore. Therefore, on low-iron soils, they increase herbivore 
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performance, while on high-iron soils the toxic effect prevails (Hu et al., 2021). In case of 

ruminants, some “anti-herbivore” compounds may be beneficial to them in small amounts as 

well (Tedeschi et al., 2021). Phenolics, for example, can bind to toxic alkaloids and neutralize 

them (Distel et al., 2020); tannins have an anthelmintic effect on goats and sheep (Villalba et 

al., 2017) and red deer (Hoskin et al., 2000).  

1.2.2. Ruminant herbivores: grazing and browsing 

In terms of feeding strategy, ruminants are classified into grazers and browsers. Grazers, 

also termed “roughage eaters”, are generally less selective and eat mostly grass and other low-

growing plants, which are lower in protein and soluble carbohydrates, but easy to find and 

usually not defended against herbivory. Cattle and sheep are typical examples of grazers. 

Conversely, browsers, or “concentrate selectors”, select for the most nutritious parts of plants, 

which may be less readily accessible – examples of browsers include goats and roe deer 

(Hofmann, 1989). These categories are relative – for example, if goats and sheep are feeding 

together, goats will browse more than sheep, but either species is capable of both grazing and 

browsing in different conditions (Animut & Goetsch, 2008).  

Browsing ruminants can avoid as well as tolerate plant defenses, and may prefer defended 

plants or plant parts, as those are generally more nutritious (Tixier et al., 1997). Their 

adaptations for feeding on the defended plants include salivary proteins deactivating the 

defensive phenolic compounds (Austin et al., 1989; Schmitt et al., 2020) or narrow snouts for 

picking individual leaves and avoiding thorns (Hofmann, 1989). Browsers also sample all 

available sources of food and find the one that is best for them (Bergvall et al., 2006). Grazers, 

such as cattle and sheep, tend to prefer less chemically defended plants – sheep, for example, 

prefer species with tougher leaves to some degree, as leaf toughness is inversely correlated with 

defense chemical concentration (Cingolani et al., 2005).  

1.2.3. Feedback loops  

The individual plant response to herbivory potentially affects subsequent herbivory on the 

same plant, which leads to a feedback loop. In this case, negative feedback means that the 

herbivore avoids previously damaged plants and prefers plants that had not been eaten yet, 

while positive feedback means repeated herbivory on the same plant individuals.  

Negative feedback is the expected outcome of a plant effectively defending itself against a 

herbivore. Positive feedback, on the other hand, may seem counterproductive for the affected 

plant – but it may be advantageous if the plant’s competitors do not tolerate the presence of 



8 
 

herbivores. The best-known example of herbivory being indirectly beneficial to the plant are 

the so-called “grazing lawns”. These systems were originally described from Africa, but they 

also occur in other grasslands with large mammalian herbivores – for example, grasslands 

maintained by domestic cattle in Central Europe (Gilhaus et al., 2014).The grazing animals are 

maintaining the grassland by removing young woody plants that would otherwise outcompete 

the grasses (Mcnaughton, 1984). However, depending on the intensity of grazing, the animals 

promote the growth of grasses over woody plants, but less preferred grasses can prevail over 

the preferred ones (Cingolani et al., 2005).  

As new growth is more nutritious (in terms of proteins and carbohydrates) in all plants, 

ruminants of either feeding strategy should prefer plants that regrow after having already been 

consumed (Mcnaughton, 1984; Price, 1991). Grazers, which are less tolerant of chemical 

defenses, should prefer re-grazing tolerant plants (i.e., grasses), while browsers adapted to 

plant defenses could prefer new growth even in plants that defend themselves. The concept of 

a “browsing lawn”, i.e., the same individual woody plant being re-browsed, is known in 

theory, however, not likely to occur in natural conditions (Cromsigt & Kuijper, 2011). If the 

animals consistently browse on the same individual, it may not have enough resources for 

regrowth, especially in case of young trees shaded by adults that are already too tall to be 

browsed (Villemaire-Côté et al., 2023). New leaves also tend to be smaller, and since 

browsing mammals are limited by bite size, the individual leaves may become too small for 

them to be worth selecting for (Gorné & Díaz, 2022).  

1.3. Experimental design 

While the effects of grazing on grassland communities are studied in many ecosystems, less 

is known about the response to herbivory on the level of individual herbaceous plants. In this 

work, I will compare the morphological responses to grazing and clipping in herbaceous plants 

common in European grasslands and pastures.  

The first experiment compares the ability to compensate for lost above-ground biomass in 

two species of herbaceous plants: Poa pratensis and Trifolium pratense; in the second 

experiment, Trifolium repens is used instead of T. pratense. These plant species are similar in 

terms of growth form, being perennial herbs that resprout from buds located near the ground 

(i.e., hemicryptophytes) – therefore, they should tolerate grazing well (Díaz et al., 2007). They 

are also readily eaten by grazing mammals (Hunter, 1962; Turkington & Klein, 1993).  

However, these plants could differ in their response to herbivory: Poa is a grass, likely to 
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effectively compensate for the lost biomass. Trifolium is more likely to primarily invest in 

chemical defense after herbivory, such as cyanogenic compounds (Ballhorn & Elias, 2014), 

which is a response generally typical for forbs (Haukioja & Koricheva, 2000). Furthermore, 

plants of the Fabaceae family have a higher nitrogen content due to their symbiosis with 

Rhizobium, which may make the nitrogen-based defenses less costly for the plant. On the other 

hand, nitrogen is also crucial for new growth, so effective compensation is possible as well. 

The degree of compensation could influence the herbivore preferences in multiple ways: 

the overall plant size making it more, or less apparent to the herbivores; the chemical 

composition (faster growing plants are generally considered to invest less resources in chemical 

defense; however, the evidence on this matter remains inconclusive (Strauss & Agrawal, 

1999)); or morphological differences between the old and new growth, such as the size and 

number of ramets or leaves. 

In the second experiment, different individuals of Poa pratensis and of Trifolium repens 

were subject to grazing by ruminants. Different species of Trifolium was used because of seed 

availability and because grazing mammals prefer T. repens. Furthermore, Trifolium pratense 

(aside from specialized cultivars) does not tolerate grazing as well as Trifolium repens (Ford & 

Barrett, 2011). The original idea was to use red deer (Cervus elaphus) for the grazing treatment, 

but since those had repeatedly refused to eat the experimental plants, the plants were given to 

domestic goats and sheep instead.  

1.3.1. Hypotheses 

I. Plants will compensate for grazing and clipping effectively, reaching comparable 

above-ground biomass to the control plants by the end of each experiment. Both grass and 

clover are commonly eaten by mammal herbivores, and they tolerate herbivory well. The plants 

in this experiment are harvested six weeks after the last grazing or clipping, which is a sufficient 

regrowth time for both grass (Donkor et al., 2001) and clover (Goulas et al., 2002). 

II. Clipped and grazed plants will grow a higher number of smaller leaves than 

control plants. Herbaceous plants, as well as trees, are known to grow smaller leaves after 

defoliation (Gorné & Díaz, 2022). In Trifolium repens, the number of leaves also increases, so 

that the total area of all leaves on the plant is similar to a non-defoliated plant (Goulas et al., 

2002). I predict that the number of leaves will increase in Poa pratensis as well.  

III. The root-shoot ratio will increase in the clipped and grazed plants, in the grass 

more than in the clover. Perennial plants use their belowground organs for storage and may 
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invest in them more when the above-ground biomass is damaged. Poa pratensis, unlike clover, 

has rhizomes in addition to roots, so it is possible it will invest in them more. Grasses also do 

not have the nitrogen-fixing bacteria that legumes have, so they need to grow more roots in 

order to obtain enough nutrients for recovery from the damage. 

IV. The number of grass ramets (tillers) will decrease in the clipped plants and 

increase in the grazed plants. Plants can distinguish between animal grazing and mechanical 

defoliation by the presence of the animal’s saliva, and various salivary compounds stimulate 

more effective regrowth in the grazed plants (E. Q. Li et al., 2014; Liu et al., 2012; Parnell et 

al., 2024). A study on Leymus chinensis has found the defoliated plants to grow more tillers 

than control plants with sheep saliva added, and fewer tillers in absence of saliva (Teng et al., 

2010). I predict a similar effect in Poa pratensis.  

V. Grazing by sheep and by goats will not have a different effect on the plants. 

While plants can distinguish between mammal and insect herbivores, it is not known whether 

they are also able to distinguish between different mammal species. Sheep and goats have the 

same feeding mode, i.e., they both bite the plants off using their teeth, relatively close to the 

ground (Animut & Goetsch, 2008) – therefore, the damage inflicted on plants will not differ 

between the herbivore species. Plants also recognize some molecules from herbivore saliva, 

and goat saliva contains proteins that sheep do not have (Schmitt et al., 2020) – however, it is 

not known whether plants recognize those specific proteins, and whether they respond 

differently in case they do.   
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2. Materials & Methods 

2.1. Regrowth after clipping 

Seeds of the species Poa pratensis and Trifolium 

pratense, bought from Planta Naturalis2, were sown in June 

2022. Of each species, 40 individuals were moved into 

individual pots with standard gardening soil (by AGRO3) a 

month later. The pots were placed on four trays so that both 

species alternated regularly on each tray. Four extra individuals 

of each species were kept as a “backup” for control plants. The 

plants were growing in an experimental greenhouse and watered 

as necessary, on average twice a week. 

At three months of age (September 2022), half of the 

plants from each species were clipped at 5 cm above the ground. 

One month later, a second clipping of half of the clipped and 

half of the unclipped plants followed – i.e., 20 plants were 

clipped once at the age of three months, the second 20 plants 

once at the age of four months, the third 20 plants were clipped 

both times and last 20 were left as control. In each of these four 

groups, there was an equal representation of both species (i.e., 

10 individuals of each species).  

treatment plant n 

ctrl (no clipping) 
Trifolium 10 

Poa 10 

early (clipped at 3 months – in September) 
Trifolium 10 

Poa 10 

late (clipped at 4 months – in October) 
Trifolium 10 

Poa 10 

both (clipped twice) 
Trifolium 10 

Poa 10 

Table 1: Species and treatment numbers in the clipping experiment 

 

After each clipping, the plants on the trays were rearranged so 

that the freshly clipped plants alternated with control ones to avoid 

 
2 https://plantanaturalis.com/ 
3 https://www.agro.cz/substraty 

Figure 1: A tray with alternating 

species and treatments; two „backup“ 

plants (marked red) in the last row 

Figure 2: A schematic 

representation of the 

arrangement 
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inequal shading (after the second clipping, the first clipping was not taken into account as the 

plants already grew much of their above-ground biomass back). The removed biomass was 

dried at 65 °C for 24 hours and kept for further measurements.  

Control plants that flowered before the end of the experiment (two individuals of T. 

pratense) were removed from the experiment and replaced with the “backup” plants. The reason 

for excluding flowering plants was the fact that plants in the generative phase react to herbivory 

(or lack thereof) in a different way than plants in their vegetative phase. None of the plants that 

were clipped at least once had flowered.  

2.2. Regrowth after repeated grazing 

 Seeds of Poa pratensis and Trifolium repens were sown in October 2022, and in December, 

60 individuals (+ extras) of each species were replanted into individual pots. A different species 

of Trifolium was chosen because the seeds of T. pratense were not available. From December 

to March, artificial blue and red light was used for 12 hours a day. 

 In June, powdery mildew started 

growing on the plants and they had to 

be moved outside (to the experimental 

garden) to avoid spreading the 

infection to other plants in the 

greenhouse. The plants stayed in the 

garden until the end of the experiment. 

The mildew infection resolved on its 

own in a few days after moving the 

plants outside, however, drought and 

grazing by slugs became a problem 

instead.  

 

The grazing treatments were designed the same way as the clipping in the first experiment: 

each species divided into four equal groups to be grazed earlier, later, both times, or not at all.  

  

grazing treatment plant animal n 

ungrazed ctrl (no grazing) 
Trifolium --- 15 

Poa --- 15 

grazed 

early (grazed in July) 

Trifolium 
goat 8 

sheep 7 

Poa 
goat 8 

sheep 7 

late (grazed in September) 

Trifolium 
goat 8 

sheep 7 

Poa 
goat 8 

sheep 7 

both (grazed twice) 

Trifolium 
goat 8 

sheep 7 

Poa 
goat 8 

sheep 7 

 total 120 

Table 2: Species and treatment numbers in the grazing experiment 
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In June 2023, the plants to be grazed 

were brought to the goats and sheep (two 

goats and three sheep were in the enclosure 

together) in a petting zoo in Prague 

(50.0280586N, 14.5398583E) and each 

plant was given to the animals individually. 

It was necessary to hold the plant down in 

the pot, so that the animal would not uproot 

it and would only bite off the above-ground 

part, leaving around 5 cm above the edge of 

the pot.  

During the second grazing in September 2023, the plants were divided between goats and 

sheep again. The plants from the twice-grazed treatment group were given to the same animal 

species as in the first grazing – i.e., no plant was given to both sheep and goat.  

2.3. Harvest and processing 

In the clipping experiment, all plants had been harvested six weeks after the second 

clipping, about five and half months old at that time. The plants were removed from their pots, 

frozen at -18 °C and processed about three weeks later. Above-ground and below-ground 

biomass was separated, below-ground biomass was washed to remove the soil using a 1 mm 

sieve to eliminate the loss of roots.  

In Trifolium pratense, the individual leaves were counted, separated into living (green) 

leaves, the dead leaves, and the petioles that remained on the clipped plants after the leaves 

were cut off. It was not possible to reliably count the dead and clipped leaves as many of them 

fell off in the process (often while still at the greenhouse), so only the green leaves were used 

in all further measurements and analyses. In Poa pratensis, the individual tillers (ramets) were 

counted, regardless of their number of green leaves. The rhizomes were grouped together with 

roots.  

The harvested biomass was dried in paper bags for 24 hours at 65 °C, same as the 

biomass removed earlier. As the weighing took place a few weeks later, all biomass was re-

dried for another 2 hours at 65 °C to remove moisture. The dry biomass was weighed with the 

precision to the nearest 0.01 mg.  

Figure 3: Feeding Trifolium repens to a goat 
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Figure 4: Illustration of the traits measured in the grazing experiment 

 

The plants in the second (grazed) experiment 

were harvested two months after the final grazing, in 

October 2023. They were processed the same way as 

the plants in the clipping experiment. Green (living) 

leaves were counted in both species and ramets in Poa 

pratensis. The above- and below-ground biomass 

were separated, washed, dried and weighed the same 

way as in the first experiment. In the case of Poa 

pratensis, the rhizomes and roots were separated 

within the below-ground biomass. In Trifolium 

repens, leaf samples were taken to measure specific 

leaf area – this was not possible to do in Poa 

pratensis, as the leaves had already started drying off. 

  

Figure 5: Trifolium repens (slug damage 

grade 1) being processed 
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The damage caused by slug grazing was assessed in Trifolium as an ordinal variable (0-4). 

Plants with damage levels 3 and 4 were regarded as dead and excluded from the analysis.  

damage level description number of plants 

0 less than three leaves affected 3 5% 

1 less than half of leaves affected 27 45% 

2 most leaves are affected; the plant is slimy 15 25% 

3 most or all leaves missing 8 13% 

4 all above-ground biomass missing 7 12% 

Table 3: Levels of slug damage on Trifolium repens in the second experiment. Plants highlighted in 

red were not included in the analysis. 

2.4. Statistical analysis 

All analyses were done separately for each experiment, and for each species within the 

experiments. All statistical analyses were done in R Statistical Software (v4.3.2; R Core Team 

2023)4.  

Correlations between quantitative variables were calculated as Pearson’s correlation 

coefficient. Analysis of variance was performed to compare the effect of different treatments 

on the traits measured. Linear regression model was made to compare the relationship between 

above-ground and below-ground biomass; for this model, all values were square-root 

transformed. For PCA (calculated using the “vegan” package5), the same transformation was 

used; the data were then standardized using the “stand” method.  

In the second experiment, living plants counted in each species, and survival rates 

between grazed and ungrazed plants (for each species separately) were compared by Fisher’s 

exact test. Effects of different treatments on the surviving plants were compared using ANOVA. 

As no effect of either animal or timing on the traits was found, all grazed plants (within each 

species) were grouped together and compared to the control plants using unpaired Welch's t-

test. Data points were added to boxplots using the “beeswarm” package6.  

 
4 R Core Team (2023). _R: A Language and Environment for Statistical Computing_. R Foundation for 

Statistical Computing, Vienna, Austria. https://www.R-project.org 
5 Oksanen J, Simpson G, Blanchet F, Kindt R, Legendre P, Minchin P, O'Hara R, Solymos P, Stevens M, Szoecs 

E, Wagner H, Barbour M, Bedward M, Bolker B, Borcard D, Carvalho G, Chirico M, De Caceres M, Durand S, 

Evangelista H, FitzJohn R, Friendly M, Furneaux B, Hannigan G, Hill M, Lahti L, McGlinn D, Ouellette M, 

Ribeiro Cunha E, Smith T, Stier A, Ter Braak C, Weedon(2022). _vegan: Community Ecology Package_. 

R package version 2.6-4 https://CRAN.R-project.org/package=vegan 
6 Eklund A, Trimble J (2021). _beeswarm: The Bee Swarm Plot, an Alternative to Stripchart_. R package 

version 0.4.0, https://CRAN.R-project.org/package=beeswarm 
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3. Results 

3.1. Regrowth after clipping 

The overall degree of above-ground compensation was significantly lower in Poa than in 

Trifolium. Even with all the removed biomass included, only one of the clipped groups of Poa 

(“late”, i.e., clipped once at 4 months) has slightly outperformed the control group (figure 6). 

 

Figure 6: Cumulative above-ground biomass in Poa pratensis (top) and Trifolium pratense (bottom). 

Error bars represent the standard error of the mean. 
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The below-ground biomass, on the other hand, was much less affected by the treatment 

in Poa, as seen from the boxplots (figure 7, second row); even the average below-ground 

biomass in the twice-clipped group (0.116 g, SD = 0.048) was more than half of the average 

below-ground biomass in the control group (0.201 g, SD = 0.070). Consequently, the proportion 

of above- and below-ground biomass was markedly different between the treatment groups. 

The average root-shoot ratio ranged from 0.406 (SD = 0.072) in the control plants to 2.983 (SD 

= 0.988) in the twice-clipped group. The analysis of variance showed a statistically significant 

difference between treatments for below-ground biomass (p = 0.003), above-ground biomass 

(p < 0.001), whole plant biomass (p < 0.001) and root-shoot ratio (p = 0.001).  

In Trifolium, the root mass decreased with clipping from average 0.526 g (SD = 0.245) 

in the control group to 0.166 g (SD = 0.057) in the twice-clipped group, i.e., more than three 

times. The difference in root-shoot ratio was less dramatic between the treatments (from 0.812 

(SD = 0.194) in the control group to 0.429 (SD = 0.085) in the “early” group). The differences 

between treatments were statistically significant (p < 0.001) for below-ground biomass, above-

ground biomass, whole plant biomass and root-shoot ratio. 
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Figure 7: Boxplots comparing the dry above-ground biomass,dry below-ground biomass, whole plant 

dry mass and root-shoot ratio in Poa pratensis (left) and Trifolium pratense (right) 
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The model relating the root-shoot ratio to treatment (figure 8) proved significant (p < 

0.001) in both species. Square-root transformation was used on all values to fit linear 

regression model. Poa showed a more noticeable difference between the absolute sizes of 

above-ground biomass across the treatment groups; in Trifolium, the root-shoot ratio was 

more consistent across treatments.  

 

Figure 8: Scatterplots comparing the dry above- and below-ground biomass in the four treatment groups 

of Poa pratensis (p < 0.001, adjusted R2 = 0.7962) and Trifolium pratense (p < 0.001, adjusted R2 = 

0.4214). All values were square-root transformed for the linear model  
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The number of ramets in Poa was more closely correlated with the below-ground 

biomass (r = 0.649) than with above-ground biomass (r = 0.441), which is not surprising as the 

below-ground biomass was mostly comprised of rhizomes, which also make up a significant 

part of the biomass of the ramets.  

In Trifolium, the above-ground biomass was mostly comprised of green leaves; 

therefore, the high correlation between the number of leaves and their dry mass (r = 0.845) was 

not unexpected. On the other hand, the below-ground biomass was also highly correlated with 

the above-ground biomass (r = 0.836), so the correlation between below-ground biomass and 

leaf number was high as well (r = 0.725).  

 

Figure 9: Number of ramets of Poa pratensis by treatment group. 

  

Figure 10: Number of green leaves of Trifolium pratense by treatment group.  
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The PCA (figures 11 & 12) also shows a high correlation between the measured traits 

across the treatment groups, especially in Trifolium. In both species, the majority of variance is 

explained by the first axis, which is most closely related to the above-ground biomass in 

Trifolium and below-ground biomass in Poa. 

 

Figure 11: PCA of three measured traits in Poa pratensis (“above” = dry final above-ground biomass, 

“below” = dry below-ground biomass, “ramets” = number of ramets). All values were square-root 

transformed and standardized using the “stand” method (from the R “vegan” package) 

 

Figure 12: PCA of three measured traits in Trifolium pratense (“above” = dry final above-ground 

biomass, “below” = dry below-ground biomass, “lngreen” = number of green leaves). All values were 

square-root transformed and standardized using the “stand” method (from R “vegan” package)  
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3.2. Regrowth after repeated grazing 

3.2.1. Plant survival 

All results of the grazing experiment were influenced by inequal sample sizes, due to a 

number of plants not surviving until the harvest. The overall survival rate was 75 % in Trifolium 

and 86.7 % in Poa. The survival rate was higher in ungrazed plants than in grazed plants in 

Trifolium (odds ratio = 6.179, p = 0.086). In Poa, survival of ungrazed plants was significantly 

lower than of grazed (odds ratio = 0.1492, p = 0.019). The timing of the grazing and the animal 

did not significantly affect the survival of either plant species.  

Trifolium repens 

grazing treatment animal total survived % survived 

ungrazed ctrl (no grazing) ---  15 14 93.3 

grazed 

early (grazed in July) 
sheep 7 2 28.6 

45.5 

68.9 

goat 8 5 62.5 

late (grazed in September) 
sheep 7 7 100 

81.3 
goat 8 5 62.5 

both (grazed twice) 
sheep 7 7 100 

81.3 
goat 8 5 62.5 

total 60 45 75 

Table 4: Survival rates of Trifolium repens under different grazing treatments 

 

Poa pratensis 

grazing treatment animal total survived % survived 

ungrazed ctrl (no grazing) --- 15 10 66.7 

grazed 

early (grazed in July) 
sheep 7 7 100 

100 

93.3 

goat 8 8 100 

late (grazed in September) 
sheep 7 6 85.7 

86.6 
goat 8 7 87.5 

both (grazed twice) 
sheep 7 7 100 

93.8 
goat 8 7 87.5 

total 60 52 86.7 

Table 5: Survival rates of Poa pratensis under different grazing treatments  
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3.2.2. Plant trait response to grazing 

None of the measured traits were significantly affected by the timing of the grazing nor 

by the grazing animal. Hence, all grazed plants (of each species separately) were grouped 

together for further analysis.  

3.2.2.1. Response of Poa pratensis to grazing 

Grazing had a significant (p = 0.016) effect on the final size of Poa (figure 13), with the 

average dry biomass of the whole plant being 6.548 g (SD = 2.944) in grazed plants and 4.646 

g (SD = 1.813) in ungrazed plants. The dry root mass was different (p = 0.014) between the two 

groups: 5.838 g grazed (SD = 2.729), 4.050 g ungrazed (SD = 1.643). The sizes of other plant 

parts (rhizomes and above-ground biomass) did not differ significantly; average rhizome dry 

mass was 0.395 g (SD = 0.252), and the average dry above-ground biomass was 0.292 g (SD = 

0.128). 

The average ratio of below-ground to above-ground biomass (i.e., root-shoot ratio, with 

rhizomes being grouped together with roots) was skewed by one outlier in the grazed group 

with root-shoot ratio of 352.19. With that outlier removed, the average root-shoot ratio was 

20.32 (SD = 11.33), and not affected by grazing. 

   

  

Figure 13: Effects of grazing on the root dry mass, above-ground biomass, rhizome, and whole plant 

size in Poa pratensis. Grazing had a significant effect on dry root mass (p = 0.014) and on the whole 

plant dry mass (p = 0.016). Different point colors represent timing of the grazing treatments, which did 

not have a significant effect on any of the variables measured. 
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The number of ramets (tillers) was higher in grazed plants (average 15.5 for grazed (SD 

= 5.968); 12.7 for ungrazed (SD = 6.056)), however, the difference was not significant (p = 

0.2). The number of leaves did not differ between treatments (p = 0.41), average 29.01 (SD = 

10.71). 

The above-ground biomass consisted mostly of leaves; therefore, average leaf dry mass 

could be roughly calculated as above-ground biomass divided by the number of leaves. The 

average leaf mass did not differ between treatments (p = 0.52), average 0.0102 g (SD = 0.0036).  

 

Figure 14: Numbers of ramets and leaves in Poa pratensis by grazing treatment. Point colors represent 

timing of the grazing treatments. There was no significant effect of grazing on either of the two traits 

compared. 
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3.2.2.2. Response of Trifolium repens to grazing 

In Trifolium repens, grazing did not affect the whole plant dry biomass (p=0.93), which 

was on average 1.747 g (SD = 1.024). The average root mass was 0.782 g (SD = 0.566), average 

above-ground biomass 0.964 g (SD = 0.635). The average root-shoot ratio was 1.098 (SD = 

1.023). 

   

  

Figure 15: Boxplots comparing the dry root mass, the dry above-ground biomass, the whole plant dry 

mass and the root-shoot ratio in Trifolium pratense between grazing treatments. Neither the timing of 

the grazing (represented by the differently colored data points) nor the grazing itself had any effect on 

any of the traits pictured. 
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The number of leaves was not affected by grazing (p=0.96), and the average was 36.04 

(SD 22.66). SLA was not affected by grazing (p=0.79), being on average 24.363 mm2/mg (SD 

= 3.66). However, the leaf area was different (p = 0.026): average 280 mm2 grazed (SD = 88.92), 

340 mm2 ungrazed (SD = 75.11). The difference in leaf mass was marginally significant 

(p=0.057), 11.7 mg grazed (SD = 4.17), 14.7 mg ungrazed (SD = 4.92).  

  

  

Figure 16: Boxplots comparing the number of green leaves, the dry mass of individual leaves, the area 

of individual leaves and the specific leaf area in Trifolium pratense between grazing treatments. Only 

the individual leaf area is significantly different between grazed and ungrazed plants (p = 0.026). The 

timing of the grazing, represented by the differently colored data points, had no effect on any of the 

traits. 
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4. Discussion 

4.1. Regrowth after clipping 

In the first experiment, Poa showed an unexpectedly low degree of compensation; the 

above-ground biomass had virtually stopped growing after the clipping, while the below-

ground biomass was less affected. The twice clipped plants had less above-ground biomass than 

those clipped once, which is consistent with a study by Donkor et al. (2001) that found the 

above-ground biomass to decrease with defoliation frequency and intensity.  

Trifolium, meanwhile, compensated for the lost above-ground biomass more effectively 

(however, the clipped plants still had not fully reached the size of control plants after four 

months), and the below-ground biomass decreased in the clipped plants. The number of leaves 

in Trifolium was correlated with the above-ground biomass, while the number of ramets in Poa 

was more closely correlated with its below-ground biomass, as rhizomes were weighed together 

with the roots. The number of leaves in Trifolium decreased with clipping, contrary to the 

prediction based on the study by Herbert et al. (2018) that found leaves to decrease in size but 

increase in number.  

The difference in cumulative above-ground biomass suggests Trifolium may be more 

suitable for repeated grazing, showing partial compensation for the lost biomass. Poa, however, 

seems to have stopped growing after the clipping: the final biomass is the same in the “early” 

and “late” group, while the removed biomass was larger in “late” than in “early”.  

The root-shoot ratio in Trifolium decreased in clipped plants, contrary to the prediction. 

This was mainly due to the below-ground biomass decreasing with clipping, which suggests 

the plants prioritized above-ground compensation. The root-shoot ratio increased in Poa, as 

expected, however, this increase was mainly due to the low compensation of lost above-ground 

biomass, which was probably caused by external factors.  

The observed low degree of compensation in Poa compared to Trifolium was possibly 

caused by the fact no fertilizer was added during the experiment, as by the end of the 

experiment, the plants had used up the fertilizer that was added to the gardening soil by the 

producer, and grasses, unlike legumes, do not have nitrogen-fixing bacteria. However, Poa 

pratensis had been observed to compensate effectively in different kinds of soil regardless of 

soil nutrient content (Hicks & Reader, 1994). Grasses can also respond to defoliation by 

producing root exudates that stimulate soil bacteria to release nitrogen compounds into the soil 

(Hamilton & Frank, 2001). Nevertheless, the soil nitrogen content is not known and may not 
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have been sufficient for the plant, or possibly a different nutrient was lacking. It is also possible 

that the faster growing Trifolium was shading Poa, as the plants were growing on mixed-species 

trays close together. The result is in contrast with a study by Goulas et al. (2002) that found 

grass to outgrow clover following defoliation, and the clover grown together with grass 

recovered less effectively than clover that grew in monoculture without grass shading it. The 

season may have played a role as well, as the plants were sown in the summer and clipped in 

the autumn, when the growing season was already ending.  

Finally, the results were affected by the small group sizes, even though all the linear 

models came out statistically significant. The boxplots (figure 7) show relatively high variance 

with many outliers. Some of the outliers were already apparent during the experiment, for 

example, the “early” group of Trifolium contained an individual that was smaller by an order 

of magnitude than every other plant in its group. As the plant grew in the exact same conditions 

as others and there was no apparent reason for its different size, it was included in further 

analyses, same as other outliers in the clipping experiment.  

4.2. Regrowth after grazing 

In Trifolium repens, leaf size (area and mass of the individual leaves) had decreased after 

grazing, which is consistent with studies on the same species by Goulas et al. (2002) and Herbert 

et al. (2018). However, Herbert et al. (2018) have also found the number of leaves to increase 

after grazing in both T. repens and T. pratense (so that the area of all leaves on the plant stayed 

constant). This did not happen in this experiment (nor in the first experiment, where the number 

of leaves even decreased in the clipped plants), even though it is not known how many leaves 

the slugs ate completely.  

While the size of the leaves had changed, SLA stayed the same. This is consistent with a 

study by Gorné & Díaz (2022) on woody legumes, in which the leaf size had decreased after 

defoliation, independently of other leaf characteristics. The leaf size and number of leaves also 

depend on environmental conditions – size of leaves depends more on light, while their number 

is more affected by temperature (Goulas et al., 2002). Since the plants grew outside in this 

experiment, they were more affected by abiotic factors than the plants from the clipping 

experiment were.  

Poa pratensis decreased the number of ramets in the clipping experiment, and increased it, 

although not significantly, in the grazing experiment. However, the plants in the two 

experiments cannot be reliably compared to each other, as they grew in different conditions 



29 
 

(clipped plants in the greenhouse, grazed plants outside) and had been harvested at different 

ages (clipped plants at 6 months, grazed at 10).  

The root-shoot ratio in Poa was unrealistically high in the second experiment, averaging 

around 20 and being over 300 in one extreme case. A normal root-shoot ratio in this species is 

between 0.3 and 1 (Chai et al., 2006), i.e., the shoots should be equal in size to the roots or 

larger. The high number was caused by the fact that the plants had lost most of their leaves. 

Unlike in Trifolium, the leaves were missing completely – there were no damaged, partially 

eaten leaves that would be indicative of how much of the above-ground biomass was damaged 

by slugs and how much was lost to other factors. Since the experiment ended in October, it is 

also possible that Poa did not regrow leaves as the growth season was already ending – 

however, Trifolium was still growing at that time. In Trifolium repens, ruminant grazing did not 

affect the root-shoot ratio, nor the overall size of roots, shoots and whole plants. This could, 

without context, be interpreted as effective compensation for the ruminant grazing damage. 

However, it is more likely that the plants did not differ as they were all damaged by slugs.  

As the slugs damaged the plants more than the ruminant herbivores did, it is not possible 

to say for certain if there was really no difference in plant responses to goat and to sheep. The 

timing of the grazing was not found to affect the results in the grazing experiment either, while 

in the clipping experiment, it had a significant effect. Therefore, the effect of the ruminant 

herbivore species is not known, and it would be necessary to repeat the experiment in more 

controlled conditions to obtain more reliable information. 

4.3. Effect of real herbivores 

The main difference between simply clipping the plants and real herbivory seems to be 

in the presence of the herbivore’s saliva (Parnell et al., 2024). The saliva of herbivores contains 

chemical compounds that the plants recognize and respond accordingly (Karban, 2020). On 

molecular level, pathways based on salicylic and jasmonic acid are involved, and insect 

herbivory can be simulated using jasmonic acid (Baldwin, 1996). Insect saliva generally seems 

to induce defense in plants and reduce regrowth (Belsky, 1986).  

In ruminant saliva, there are multiple compounds that positively affect plant growth 

after grazing. In studies that simulate ruminant grazing without actual saliva, thiamine or 

epidermal growth factor (EGF) are typically used to simulate grazing. However, even though 

each of those compounds makes clipped plants (in this case, grass – Leymus chinensis) regrow 

to a larger size than plants clipped without any chemicals added, neither of them (nor both at 
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once) has as much of an effect as real sheep saliva (E. Q. Li et al., 2014). Hence, there must be 

also other compounds in animal saliva that contribute to this effect. As of 2024, no synthetic 

equivalent yet exists that would have the same effect as real saliva (Parnell et al., 2024).  

However, plants do not always respond to animal saliva – for example, no significant 

effect of deer saliva was found in a study on simulated browsing of Populus tremuloides 

saplings (Keefover-Ring et al., 2016). Different plants may also respond in different ways to 

the same herbivore species: the saliva of roe deer was found to increase the content of defensive 

phenolic compounds in maple (Acer pseudoplatanus) but decrease it in beech (Fagus sylvatica) 

(Ohse et al., 2017).  

The plants in the second experiment were also affected by slug grazing. Even though 

not all of them were eaten – especially in the grass, it was not possible to tell how much of the 

leaves were consumed by slugs and how much dried off – slugs may affect the growth of plants 

even without grazing on them. In Arabidopsis thaliana, slug or snail slime induces salicylic 

acid-dependent signaling pathway (i.e., pathway regulating response to herbivory), even though 

not all the species tested had salicylic acid in their slime (Meldau et al., 2014). The effect was 

also observed in other plant species – contact with snail (Helix aspersa) slime has led to slower 

growth and subsequent reduction in insect herbivory in tomato (Solanum lycopersicum) plants 

(Orrock et al., 2018).  

4.4. How could the grazing affect further herbivory? 

4.4.1. Goat and sheep grazing preferences  

Given the plant responses to herbivory and the possibility of feedback loops, it would 

be logical to assume that there would be a difference between grazed and ungrazed plants 

significant enough for the animals to show preference for either of the treatment groups 

during the second grazing.  

Difference between treatments was not observed, goats preferred Trifolium to Poa, 

sheep ate everything. This result could have been different if all plants were given to the 

animals at once, allowing free choice – this was not possible as the animals would uproot the 

plants from the pots. Furthermore, it would be necessary to only let one animal at a time 

choose between the sets of plants, as the presence of multiple animals in the enclosure led to 

competition that further affected their choices. In groups of goats, the more dominant animals 

eat higher quality food than the lower-ranking goats (Landau & Provenza, 2020).  
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Plants were also already affected by the slugs between the first and second grazing, so 

the difference between grazed and ungrazed plants was not apparent. In terms of above-

ground biomass, all plants were small (potentially decreasing attractivity to herbivores) and 

had new leaves growing (potentially increasing it).  

In terms of plant traits, sheep prefer less rough grass with broader leaves (Arnold, 1966), 

but they are not affected by SLA (Cingolani et al., 2005; Mason et al., 2010). However, 

Mason et al. (2010) found SLA to affect deer dietary choices in the same study (deer preferred 

plants with higher SLA), so it is possible that goats, being browsers similar to deer, could 

prefer a higher SLA as well. Sheep prefer brighter colored grass (Ginane et al., 2011), and 

chlorophyll concentrations tend to increase after grazing, but may also decrease in some cases 

(Zhao, 2024).  

The preference of different plant species may depend on the time of the day as well as the 

season. Fresh grass in spring has similar nutrient content to legumes, so sheep have no reason 

to actively search for legumes (Cave et al., 2015). The soluble carbohydrate contents also 

change throughout the day, typically being higher in the afternoon than in the morning as 

photosynthesis takes place (Kagan et al., 2020). In Trifolium repens, the protein contents do not 

decrease even with repeated defoliation  (Gross et al., 2021; Simon et al., 2004).  

In general, goats seem to be more flexible in their diet choices than sheep, and goats’ diet 

is more variable throughout the different seasons (Animut & Goetsch, 2008). Differences 

between the two species are relative – if the animals are feeding together, goats will generally 

browse, and sheep will graze. Both sheep and goats had been observed to prefer legumes to 

grass as well as grass to legumes in various studies (reviewed by Animut & Goetsch, 2008)). 

Sheep choose grasses mostly by touch and other herbaceous plants mostly by taste (Arnold, 

1966). Goats prefer sweet-tasting food while sheep are relatively indifferent to it (Ginane et al., 

2011). There are also mixed results on goats and sheep eating dead plants – most studies say 

neither prefer it, but sheep tolerate it better (Animut & Goetsch, 2008) – this was consistent 

with the observation during the experiment, where the sheep ate the dried leaves as well, while 

the goats mostly only ate the fresh ones. Overall, it is not likely that the intraspecific differences 

induced by the first grazing could affect the animals’ further preferences.  

Goat dietary preferences also depend on breed, as some breeds prefer to browse more than 

others (Landau & Provenza, 2020). Breed can also affect goat diet by mechanical constraints: 

wooly goat breeds, such as Angora or Cashmere, cannot browse in shrubs as they would get 
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stuck, so they graze more like sheep would (Animut & Goetsch, 2008).  

In (sub)tropical climates, goats might also eat a different proportion of grass and shrubs 

throughout the day because of parasitic worms, which appear on the grass at different times 

(depending on humidity); however, already infected goats still eat grass (Torres-Fajardo et al., 

2019). In other cases, goats and sheep were observed to eat more phenolic-containing plants 

(i.e. woody plants rather than grass) when infected with parasites (reviewed by Villalba et al., 

2017).  

Young goats learn what to eat from observing other goats, from milk flavor, and from 

sampling available plants (Landau & Provenza, 2020). The ratio of eaten plant forms (shrubs, 

herbs, vines etc.) does not change with the goats’ age – however, younger goats eat smaller 

plants because they cannot reach the taller ones (González-Pech et al., 2021). Lambs have been 

found to prefer plant species eaten by their mother before they were born (Simitzis et al., 2008). 

However, other animals can affect these preferences: Provenza & Burritt (1991) found that 

lambs conditioned to avoid a specific plant (by artificially induced aversion, i.e., the plant itself 

was not harmful to them) started eating it again after grazing together with sheep that did not 

avoid the plant. 

Finally, diet choices of the animals are also influenced by their individual needs and 

preferences – for example, a study on sheep of the same breed grazing together found sheep 

identity to be the main factor affecting their dietary choices (Hall et al., 2021).  

4.4.2. Effect of grazing on invertebrates 

The main way mammal herbivores interact with insects is indirect, via the plants they 

eat – affecting plants themselves as well as interactions between the plants (Belsky, 1986). Direct 

negative effects from mammal herbivores accidentally eating the insects are also possible, but 

unlikely, at least for goats: they actively remove them from leaves, so that 90 % of insects 

survive; however, goats prefer to avoid the insect-infested leaves, so the presence of insects 

may reduce herbivory by goats (Berman et al., 2019). 

One of the mechanisms by which mammals may affect invertebrates is changing the 

plant community composition. When mammals prefer to eat different plants than insects do, 

they make the other plants more apparent to insects, so that they eat more than they would 

without mammals present. Such positive interaction had been found between sheep and aphids 

(X. Li et al., 2021) or sheep and grasshoppers (Zhong et al., 2014).  
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However, a study comparing the effect of mammal herbivores (deer, hares) specifically 

on mollusks found that both deer and hares decreased the numbers of snails in grazed plots, 

while the numbers of insects (moths, grasshoppers) were not affected, or even increased in the 

case of deer (Huntzinger et al., 2008).  

Large herbivores may also significantly reduce the size of the taller plants and remove 

shade from the plots, potentially causing the mollusks to dry out. Everwand et al. (2013) found 

that cutting plants down reduced the number of slugs present, and the effect was more marked 

in experimental plots than in natural communities. However, that was probably not the case in 

my experiment, as there was no significant shade in the garden regardless of the size of the 

experimental plants, and the slugs did not seem to be affected. 

The interaction between herbivores on the level of individual plants depends on the plant 

as well as on the herbivores. Some species are better adapted to overcoming plant chemical 

defenses in the new growth after grazing, while others prefer the less nutritious but also less 

defended old growth of ungrazed plants. For example, Den Herder et al. (2004) found willow 

trees previously browsed by reindeer to be less eaten by insects, while Mysterud et al. (2005) 

found no effect of sheep grazing in alpine grassland on insect preferences.  

In slugs and snails, there tends to be more variation within species than between species 

– studies with multiple species of slugs find “deviant” individuals that prefer something other 

slugs did not eat (Briner & Frank, 1998; Dirzo, 1980). Generally, mollusks prefer forbs to 

grasses (Pérez-Harguindeguy et al., 2003) but eat grass even in the presence of more preferred 

plants, and sample all plants available (Cottam, 1985). Their preferences are not affected by 

SLA nor by hairy leaves (Pérez-Harguindeguy et al., 2003). While they do not differentiate 

among different species of grass (Pérez-Harguindeguy et al., 2003), grazed individuals may be 

more accessible to them: Dirzo, (1980) suggested that slugs may prefer grass leaves that lack 

edges, which are rougher and have more silica, so that cut leaves may be preferred to intact 

leaves.  

However, slugs seem to prefer undamaged forbs, which suggests their chemical 

defenses are effective against them – in Arnica montana, slugs preferred individuals that had 

not been mechanically damaged, likely because of induced chemical defense (Scheidel & 

Bruelheide, 1999). Slugs also avoid individuals of Trifolium repens that grew on soils with high 

salinity and produce cyanogenic compounds as a result (Ballhorn & Elias, 2014).  
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5. Conclusion 

The aim of the experiments was to compare the regrowth of Poa pratensis and Trifolium 

pratense after clipping, and the regrowth of Poa pratensis and Trifolium repens after grazing 

by sheep and goats. As expected, Trifolium pratense compensated effectively in the clipping 

experiment, while Poa pratensis under-compensated, probably because of shading or lack of 

soil nutrients. In the grazing experiment, Trifolium repens decreased the leaf size in grazed 

plants but the whole plant size seemed to not be affected by grazing, and grazed Poa pratensis 

grew to a larger size than the ungrazed individuals. However, plants in this experiment had lost 

most of their above-ground biomass to slugs, which has likely affected the results more than 

the grazing treatments did.  

The results cannot be reliably compared due to differences in the experiments that were 

caused by unforeseen issues. Firstly, a different species of Trifolium was used in the first and 

the second experiment. Secondly, the plants were clipped or grazed at different ages. Finally, 

the plants in the first experiment grew in the greenhouse, while the plants in the second 

experiment grew outside, where they were subject to weather changes and intense herbivory by 

slugs.  

Using the same plant species, grown together in the greenhouse for the same amount of 

time, would produce more consistent results that could be more reliably compared between the 

two experiments.  
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