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1 INTRODUCTION 

Climate change and responses of living organisms 

Recent climate change and its consequences for living organisms constitute one of the 

greatest problems of our century. Global warming entails an increase in mean 

temperature and the frequencies of extreme weather events (Rahmstorf and Coumou, 

2011; Hansen et al., 2012). Already small changes in mean temperature could lead to 

disproportionally large changes in the frequency of extreme weather events like heavy 

rainfall, floods, heat waves and droughts (Rosenzweig et al., 2001). For instance, 

during winter more rain is falling instead of snow, resulting in reduced spring runoff and 

concomitantly spring and summer droughts. Moreover, drought stress and heat stress 

occur most of the time simultaneously and therefore exacerbate one another. Until 

now, climate change has already caused substantial changes in ecosystems by 

influencing the performance of organisms as well as long-evolved relationships among 

species (Rosenzweig et al., 2001; DeLucia et al., 2012; Stillman, 2019).  

Both plants and animals are affected by changes in environmental conditions caused 

by climate change. Because of their inability to escape from unsuitable environments, 

plants have evolved a wide spectrum of molecular programs to protect themselves 

against changing conditions (e.g. Chen et al., 2006; Sakuma et al., 2006; 

Fernandes et al., 2008; Shulaev et al., 2008; Jin et al., 2009; Ramírez et al., 2009). 

Facing environmental stress, plants activate the suitable programs within this 

spectrum, leading to changes in their growth, metabolic processes and resource 

allocation. Stress factors such as drought, elevated temperatures, salinity and rising 

CO2 levels have been shown to have the strongest impact on plants (Ahuja et al., 

2010). For instance, water deficit leads to a decrease in photosynthesis activity caused 

by stomatal closure, which results in shifts of carbon/nitrogen content and allocation, 

implicating reduced growth. Furthermore, the level of stress hormones like 

ABA (abscisic acid) increases, resulting in the activation of different genes protecting 

the plant from further threats like fungal infection (Bray, 1997). Through its influence 

on resource allocation, climate change alters the defense of plants as well, especially 

the secondary defense mechanisms. In contrast to the primary defense (specialized 

plant structures like hairs or trichomes), the secondary defense is based on the 

accumulation of chemical compounds which protect the plant from herbivores, 
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parasites and fungi (Wittstock and Gershenzon, 2002). Gutbrodt, Mody and 

Dorn (2011) showed that drought stress on average reduces the amount of 

glucosinolates in leaves of Brassicaceae. Nevertheless, only a few studies exist which 

focus on the impact of climate change on secondary compounds in plants (e.g. Qaderi, 

Kurepin and Reid, 2006; Velasco et al., 2007; Bidart-Bouzat and Imeh-Nathaniel, 2008; 

Anjum et al., 2011; Gutbrodt, Mody and Dorn, 2011). Furthermore, there is a lack of 

studies investigating the impact of multiple stresses on plants. For instance, higher 

temperature was shown to block drought induced responses in plants and therefore 

increases the damage of water deficit (Qaderi, Kurepin and Reid, 2006). In nature, 

simultaneous abiotic stresses are commonplace (Ahuja et al., 2010) and therefore 

need to be examined.  

Besides plants, climate change has an effect on animals as well. Especially ectotherms 

(above all insects) will be strongly affected by rising temperatures and more frequent 

weather extremes, because their basic physiological functions like locomotion, growth 

and reproduction are determined by ambient temperature (Deutsch et al., 2008). 

Higher temperatures were shown to increase developmental rates of insects and the 

number of their generations within one season, whereas body masses and 

consumption rates were decreased (Ayres and Lombardero, 2000; Rosenzweig et al., 

2001; Hoffmann et al., 2002; Fischer and Karl, 2010). Moreover, northern range 

margins are becoming more suitable due to rising temperatures (Parmesan et al., 

1999; Parmesan, 2006; Cormont et al., 2011; Bestion et al., 2015). In contrast, at 

southern margins climate conditions become unsuitable for some species 

(Parmesan et al., 1999; Franco et al., 2006; Thomas et al., 2006). Hence, climate 

change causes poleward range shifts of numerous species (e.g., Parmesan et al., 

1999; Hickling et al., 2006). Concerning the responses to climate change, there is not 

only variation among different species but also between sexes of one species. For 

instance, Fischer and Fiedler (2000) showed that females of a butterfly species did not 

respond to higher developmental temperatures whereas males showed decreased 

body size. Thus, besides the requirements imposed by the ecological niche, the 

selective pressure on sexes seems to affect the response of organisms too. Although 

climate change directly influences all living organisms, it can be assumed that there 

might also be indirect effects, concerning the complex relationships within food webs. 

If one species changes, for example, its behavior due to altered environmental 

conditions, this will also affect its interaction with other species (e.g., predator-prey or 
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symbiotic relationships). For instance, climate change alters the chemical composition 

of plants and thus may influence the survival of associated herbivores (DeLucia et al., 

2012). In other words, these herbivores will be affected indirectly by climate change 

due to changes in the suitability / quality of their food.  

In this thesis, the effects of climate change within an herbivore-plant relationship have 

been examined. Several studies have been conducted to investigate what kind of 

changes climate change induces in host plants and in which way these changes affect 

in turn the herbivore feeding on them. Furthermore, it was explored whether there is a 

latitudinal gradient within the species´ responses to changes in its host plant and if it is 

possible to see general principles across species. The butterfly Pieris napi was used 

as the main study organism. Butterflies are in general excellent model organisms 

because of their short generation time and easy handling (Watt and Boggs, 2003). 

 

Relationship between plants and herbivores 

Within a food web, plants as primary producers offer energy in form of carbohydrates 

for all non-photosynthetic organisms (DeLucia et al., 2012). To ensure their own 

survival, plants have to protect themselves against their major enemies, the 

herbivores. Therefore, they evolved numerous mechanisms to minimize damage 

(e.g., defoliation) caused by herbivores. This defense is based on the synthesis of 

allelochemicals, which can be either constitutive or induced (Friberg and Wiklund, 

2016). Whereas constitutive defenses consist of permanent physical barriers like 

thorns, trichomes and silica as well as continuously produced primary and secondary 

metabolites (i.e. glucosinolates, alkaloids), the induced defense is initiated only after 

tissue damage and consists of secondary metabolites like glucosinolates, volatile 

compounds and terpenoids (Wittstock and Gershenzon, 2002; Maffei, Mithöfer and 

Boland, 2007). Depending on their feeding strategy, these defensive compounds affect 

herbivore species differently. For instance, Björkman et al. (2011) showed that 

glucosinolates, as part of the constitutive and induced defense of Brassicaceae, act 

like a ́ double-edged sword´ increasing the plants´ resistance to generalists but making 

them more susceptible to specialists. Due to the fact that generalist herbivores lay 

higher numbers of eggs on one plant, plants primarily strengthen their defense against 

generalists and therefore accept the possibility to be more susceptible to specialists 
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(Van Leur et al., 2008). However, herbivores are not helpless; they in turn developed 

a variety of mechanisms to cope with plant defense, resulting in an evolutionary arms 

race (e.g. Ayres, 1993; Cornell and Hawkins, 2003; Winde and Wittstock, 2011). 

Although each herbivore species has its own mechanisms, they can be divided into 

three categories: (1) detoxification of plant toxins (e.g., nitrile-specifier protein), 

(2) avoiding contact by, for example, severing plant tissue upstream of the feeding side 

or (3) sequestering toxins for their own defense (e.g., monarch butterfly) (Wittstock and 

Gershenzon, 2002; Winde and Wittstock, 2011; Bruce, 2014). Besides chemical 

defense, the plants´ nutritional status influences herbivores as well. Regarding 

nutrients, nitrogen seems to be a key factor for insect fitness (cf. Myers and Post, 1981; 

Slansky and Rodriguez, 1987; Bink and Siepel, 1996). High levels of nitrogen in host 

plants were shown to increase larval growth rates and body masses (Tabashnik, 1982; 

Mevi-Schütz et al., 2003; Boggs and Freemann, 2005; Schoonhoven et al., 2005). In 

conclusion, host plant quality for herbivores is generally determined by numerous 

chemical and morphological traits (Scriber and Slansky 1981; Raubenheimer and 

Simpson, 1999; Awmack and Leather 2002). However, plant chemistry is not only 

linked to the performance of larval stages (of herbivores) but also to female behavior 

(Friberg and Wiklund, 2016). Female herbivores use several plant cues to select the 

most suitable host plant for their offspring. Therefore, females are able to separate 

acceptable oviposition plants from non-acceptable ones and rank the possible 

oviposition plants according to their quality (Courtney et al., 1989). For instance, 

secondary compounds like glucosinolates can be used as a cue for host 

selection (Griffiths et al., 2001). Furthermore, egg laying can be deterred or stimulated 

by the amount of glucosinolates in leaves (e.g. Renwick et al., 1992; Griffiths et al., 

2001; Alan and Renwick, 2002; Haribal and Feeny, 2003). 

Additionally, this never-ending coevolutionary arms race between herbivores and their 

host plants can be influenced by environmental factors. Besides mismatches in the 

appearance of herbivores and their plants in spring (Visser and Both, 2005), changing 

environmental conditions could also lead to changes in plants, which in turn influence 

the herbivores. DeLucia et al. (2012) showed that elevated temperature can influence 

the plant quality for herbivores by altering leaf carbohydrate concentration due to 

temperature-induced shifts in photosynthesis and respiration. Furthermore, water 

deficit was shown, for example, to increase plant quality for larvae of the butterfly Pieris 

napi, implicating more efficient food conversion, higher body mass and growth rate 
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(Bauerfeind and Fischer, 2013b). Nevertheless, there are only a few studies exploring 

the effect of multiple environmental factors on plants or their indirect effect on 

herbivores feeding on such stressed plants. This thesis addresses the issue of 

influences of climate change on the complex relationship between an herbivore and its 

host plant.  

 

Study organism 

Pieris napi (Linneaus, 1758), the green-veined white, is a butterfly of the Pieridae family 

(Fig. 1). It is a temperate zone butterfly ranging from Scandinavia to the Mediterranean 

Sea (Ebert and Rennwald, 1993). In most parts of its range, the species is bivoltine 

with two more or less overlapping generations occurring from March/April to 

September/October. In warmer regions or in “good” years populations with three or 

even four generations per year occur. P. napi hibernates as pupae with adults eclosing 

in the following spring (Henriksen and Kreutzer, 1982). Larvae feed on plants of the 

Brassicaceae family, especially on Alliaria petiolata (Bieb.) and Cardamine pratensis 

(Linneaus). Species of Sinapis and Brassica are utilized as well. Adults are nectar 

feeders, using a broad spectrum of species including various Asteraceae (Ebert and 

Rennwald, 1993). The species is found in shady habitats like forest edges or glades 

as well as wooded river valleys. Later generations widen their habitat use to drier but 

flower-rich patches in search for nectar (Ebert and Rennwald, 1993). In contrast to its 

close relatives P. rapae and P. brassicae, P. napi is of limited importance as a pest 

species. The sexes of this highly polyandrous species show a dimorphism with males 

being larger than females (Wiklund and Kaitala, 1995). For the experiments detailed in 

chapters 2.2 and 2.3, freshly eclosed, mated females were collected near Greifswald 

(Germany). For the latitudinal comparison, female butterflies of three different 

populations from both Germany and Italy were collected (Fig. 2). All females were 

transferred to climate chambers at University of Greifswald for egg laying. For the 

species comparison, the tropical butterfly species Bicyclus anynana, which belongs to 

another family than P. napi, was chosen. Therefore, mated females from a well-

established stock population were used. 



INTRODUCTION 

11 
 

Sinapis alba, the white mustard, was used as host plant for P. napi. This plant was 

used as replacement for the actual food plants (above all Alliaria petiolata) which could 

not be grown from seeds because this species needs frost for germination. 

 

 

Figure 1 Top: Pieris napi larvae (left side) and pupae (right side, 

 www.lepiforum.de; © Pia Wesenberg & Jens Philipp) 

Middle: Pieris napi lateral view (left side: male of second generation  

© Markus Dumke, right side: female of first generation © Jörg Döring) 

Below: Pieris napi top view (left side: male © Willi Wiewel, right side: 

female © Sabine Flechtmann) 
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Figure 2 Sampling areas of Pieris napi (map created with google maps) 

  White: German populations (Wismar, Rostock, Greifswald; f.l.t.r.) 

  Red: Italian populations (Turin, Pavia, Mantova; f.l.t.r.) 
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2 EFFECTS OF SIMULATED CLIMATE CHANGE ON THE 

LARVAL HOST PLANT OF PIERIS NAPI AND ON 

HERBIVORE PERFORMANCE 

2.1 Effects of temperature and water availability on a larval host 

plant (Sinapis alba) of Pieris napi 

 

2.1.1 Abstract 

During the last century, the consequences of climate change became more and more 

obvious. Besides increasing temperatures, extreme weather events like heat waves, 

droughts and intense rainfalls are expected to become more frequent. All organisms 

have to cope with this, especially the immobile plants. With no ability to escape from 

unsuitable conditions, plants have to cope with stresses they are exposed to. In this 

study, I used the widespread plant Sinapis alba to investigate how plants react to 

various environmental stresses. To address this question, I conducted a growth 

experiment under different temperature and watering regimes to simulate climate 

change and to figure out its impact on the plants. Plants were grown under control as 

well as elevated temperatures including heat wave conditions. These treatments were 

combined with several watering regimes, including control, drought conditions and 

drought alternating with flooding events. Plant defense measured by glucosinolates 

(here sinalbin and benzyl) was significantly increased under higher temperatures and 

normal watering, but was decreased under drought conditions. Note that the effect of 

watering only occurs in relation to elevated temperatures. The nutritional compounds 

showed only weak variation. Overall, there was only a significant effect on the relative 

carbon content. Here, elevated temperatures as well as water stress decreased the 

amount of carbon. In contrast, nitrogen seemed to be unaffected by either temperature 

or water availability. However, I could find a trend in temperature, which led to the 

assumption that nitrogen tended to increase under heat wave conditions, whereas it 

decreased under elevated temperatures. In conclusion, S. alba plants were clearly 
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affected by simulated climate change. The combination of temperature and water 

stress affected plants more strongly than changes in single environmental factors. 

Under multiple stresses, the plants could not hold up their secondary defenses. Thus, 

they will be more vulnerable to additional dangers like pathogens or herbivory. 

Consequently, simulated climate change implicates changes in the chemical 

composition of plants, but the characteristic of these changes depend on the stress 

experienced. 

 

2.1.2 Introduction 

By the end of this century, recent simulations predict an increase of mean temperature 

between 1.5 up to 5.8 °C (IPCC 2001 a, b). With warmer temperature more winter 

precipitation will fall as rain than snow (Rosenzweig et al., 2001). More rain in winter 

decreases snowpack and therefore spring runoff. As a consequence, longer periods of 

droughts will occur during spring and summer. In combination with very high 

temperatures (heat waves), the intensity of droughts can increase drastically (Hoerling 

and Kumar, 2003; Christensen et al., 2007). Furthermore, droughts followed by intense 

rainfalls can reduce soil water absorption and increase the risk for flooding 

(Rosenzweig et al., 2001). These changes between extremes will have an influence 

on all organisms. Plants as primary producers at the basis of food webs will be affected 

by climate change first. They directly depend on environmental conditions and have 

no ability to move, and thus are exposed to all weather events occurring. In order to 

circumvent their immobility, plants evolved numerous traits to cope with several 

stresses. 

Across all stressors, temperature and water stress seem to have the largest influence 

on plants. While elevated temperatures increase transpiration rate, a lack of water in 

the soil can lead to extreme water loss in the plant due to a vapour pressure deficit 

(Jones, 1992; Larcher et al., 2003; Ohashi et al., 2006; Chapmann et al., 2002). To 

reduce the loss of water, plants need to close their stomata (Chaves et al., 2002). With 

closed stomata the photosynthesis rate declines (Chaves et al., 2002; Qaderi, Kurepin 

and Reid, 2006; Zhang et al., 2014). This triggers a down-regulation of the carbon 

metabolism and therefore a restriction in resources available (Gutbrodt, Mody and 

Dorn, 2011). However, different pathways and plant functions depend on the 
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availability of resources. In times of restriction, plants have to allocate their resources 

to the most important functions. Otherwise, they are not able to survive stressful 

conditions. To ensure survival, plants reduce growth and retrieve carbon, nitrogen and 

other nutrients for stress responses (e.g., increase in abscisic acid level; Herms and 

Mattson, 1992; Frost & Hunter, 2008; Stamp, 2003; van der Meijden, 1996). However, 

energy loss is not the only point to focus on. High temperature and water stress cause 

several damages to the plants. Pinheiro et al. (2001) showed that water deficit induces 

the formation of reactive oxygen species. Therefore, plants have to cope additionally 

with oxidative stress while engaging in reaction to water loss. Some of the restricted 

resources are therefore used to build protective enzymes or other chemical 

compounds like amino acids (Zhang et al., 2014). Accordingly, droughts impose a shift 

of resources from growth to survival (incl. protection against damage). Nevertheless, 

the story is not coming to an end so far. As Rosenzweig et al. (2001) found out, a 

stressed plant is more vulnerable to herbivory and more likely to become infected by 

diseases. Beside growth and survival, there is another important point: defense against 

antagonists. For that reason, structural defenses and secondary metabolites are very 

important (Qaderi, Kurepin and Reid, 2006). The production of defense compounds is 

very costly (Wittstock and Gershenzon, 2002). Many enzymes involved in the 

biosynthesis are part of other metabolic pathways. The more complex the structure of 

the chemical compound is, the more enzymes its synthesis needs. Furthermore, Pisani 

and Distel (1998) showed that there might be a trade-off between structural and 

chemical defense concerning resource allocation. In order to reduce resource 

consumption, most defensive chemicals are, beside a basal amount of toxins, 

synthesized only after initial damage (Wittstock and Gershenzon, 2002). 

Consequently, environmental stress provokes a cascade of reactions in plants 

including changes in cell morphology, gene expression and physiological and 

biochemical metabolism. 

Until now, many studies explored only the impact of one abiotic stress (e.g., drought, 

Chaves et al., 2002; Zhang et al., 2014), whereas only a few studies had a closer look 

into the interactions of different factors, especially for the interaction of elevated 

temperature and water stress. In this experiment, I examined the influence of these 

two stressors on chemical composition of the white mustard (Sinapis alba L.). 

Downey et al. (1975) and Brown et al. (1997) showed that S. alba seem to tolerate the 

effects of drought to some degree. However, it is yet unknown whether S. alba is able 
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to tolerate a combination of elevated temperatures and reduced water availability as 

well. Assuming that coping with stress provokes a trade-off in the allocation of 

resources, the chemical composition of S. alba plants is expected to change when 

facing multiple stresses. The question is which function will be prioritized by the plant 

and what abiotic stress may have the strongest impact. Therefore, I used various 

combinations of temperature and water availability to simulate various climate change 

scenarios including drought and flooding events. For the simulation, I combined three 

different temperature treatments with three water treatments. Temperature treatments 

included the control (normal day of June), one treatment with increased mean 

temperature and one with recurrent heat waves. For water manipulation, I generated 

a control treatment, a drought scenario and a treatment with recurrent flooding events. 

Because of the abundance of different plant compounds, I focused in my 

measurements on three: the content of carbon, nitrogen and protein. Additionally, I 

investigated the glucosinolates of this Brassicaceae species. With the regard to 

resource allocation from growth to survival, I predict a weakened chemical plant 

defense against herbivores in stressful environments. Due to their important role in the 

chemical defense of Brassicaceae, the glucosinolates of S. alba shall therefore 

decrease under stressful conditions like under elevated temperatures and water stress. 

In addition, I expect a decrease in the content of carbon, nitrogen and protein in plants 

of all stress-treatments. 

 

2.1.3 Material and Methods 

Study organism and experimental design 

White mustard, Sinapis alba L., a common plant of the temperate zone, is accepted by 

the butterfly Pieris napi L. as host plant. S. alba is a mesophilic annual plant with short 

life cycle (Dong et al., 2012). For this experiment, taken as a basis for further 

investigation, S. alba plants were grown from seeds (from Rühlemann´s, Horstedt, 

Germany) in climate cabinets (Versatile environmental test chambers; MLR-351H) in 

plastic pots (11 x 11 x 12 cm; 5-6 plants per pot; in commercially available standard 

potting soil). Once the ´real´ leaves (not cotyledon) had appeared, seedlings were 

divided among treatments. Plant quality was manipulated by using three temperature 

and water regimes, respectively. The control temperature treatment (TC) simulated a 

normal day of mid-June, whereas the treatment T1 created a day with elevated 
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temperatures and T2 simulated recurrent heat waves (cf. Table 1). Water treatments 

included a control treatment (WC; normal watering; 150 ml per day; cf. Fig. 3), 

treatment W1 which simulated a drought-scenery (less watering, 50 ml per day; cf. 

Fig. 3) and W2 simulated a recurrent switch of drought (cf. treatment W1) and flooding 

(during that phase the amount of water was three times higher than control: 450 ml; cf. 

Fig. 3). When watering, plants of the control treatment received enough water to keep 

them turgid until the next watering, whereas plants of W1 (and W2 in phases of 

drought) received only a third of the control water amount (50 ml per day). Humidity in 

all treatments was hold constantly at 70 %. Phase of light was from 6 am to 

10 pm (16 hours per day). Sample size for each treatment was 10 plants. Plants of 

S. alba were grown until they reached the eight-leaf stage. Afterwards samples were 

taken from young leaves for different measurements. 

Table 1 Overview of the temperature regimes under which Sinapis alba-plants were  

   grown in climate cabinets. 

 Control T1 T2 

   3 days 

control 

3 days 

heat wave 

600 – 800 14 20 14 21 

800 – 1000 17 22 17 24 

1000 – 1200 20 25 20 27 

1200 – 1300 22 27 22 30 

1300 – 1400 22 27 22 33 

1400 – 1500 23 28 23 33 

1500 – 1700 23 28 23 36 

1700 – 1900 22 27 22 34 

1900 – 2000 21 26 21 30 

2000 – 2100 19 24 19 27 

2100 – 2200 17 22 17 24 

2200 – 2300 15 20 15 22 

2300 – 000 14 20 14 22 

000 – 600 12 17 12 18 

Ø T [°C] 17.4 23.8 17.4 25.5 

Humidity [%] 70 70 70 70 
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Fig. 3 Overview of the temperature and water treatments used in this experiment 

 

Measurements 

For measurements, leaves were harvested after the plants had reached the eight-leaf 

stage. Additionally, leaves from plants of the heat wave treatment were harvested after 

the heat wave (first day of control phase). Sampled leaves were weighed and stored 

at -80 °C for later analysis. 

Glucosinolate analysis followed the method Martin and Müller (2007) described. 

Frozen samples were freeze-dried, weighed and pulverized in a mill (Retsch, MM301, 

Haan, Germany). 1 ml of 80% methanol was added to each sample. Afterwards 20 µl 

of a 5 mM solution of allylglucosinolate (sinigrin; Merck, Darmstadt, Germany) was 

added as internal standard. Glucosinolate extraction was performed by the conversion 

TC
normal day of mid-June

WC
150 ml per day

W1
50 ml per day

W2
50 or 450 ml per day

T1
elevated temperatures

WC
150 ml per day

W1
50 ml per day

W2
50 or 450 ml per day

T2
control or heat wave

WC
150 ml per day

W1
50 ml per day

W2
50 or 450 ml per day
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to desulphoglucosinolates as described by Agerbirk, Olsen and Nielsen (2001). In the 

next step, 1 ml of the extract (pulverized sample added with methanol) passed through 

a column of DEAE Sephadex A-25 (Pharmacia, Uppsala, Sweden) on OAc- form 

(achieved by incubation over night with 3ml of 0.5 M acetic acid). Afterwards, 1 ml of 

methanol (80%) was again added to the sample and this extract was applied to the 

column. This procedure was repeated three times. The column was washed with 

5x1 ml aq. dest. followed by 2x1 ml of 0.02 M acetic acid (pH 5.0). Finally, a solution 

of 50 µl sulfatase and 450 µl acetic acid was applied to the column, which was left 

overnight. The resulting desulfoglucosinolates were eluted with 6x1 ml of aq. dest. and 

220 µl of this solution was subjected to HPLC analysis. For HPLC, an 1100 Series 

chromatograph (Hewlett-Packard, Waldbronn, Germany) with a quaternary pump and 

a 1040 M diode array detector was used. Elution was accomplished on a Supelco LC 

column (Supelcosil LC, 150 x 3 mm, 3 µm, Supelco, Bellefonte, Pennsylvania, USA) 

with a gradient (solvent A: water, solvent B: methanol) of 0-5% B (6 min) and 5-38% 

(6.2 min), followed by a cleaning cycle (38-95% B in 5 min, 1.8 min hold, 95-5% B in 

1 min, 2 min hold). For quantification, UV detection at 229 nm was used. Peaks were 

quantified by the peak area relative to the area of the internal standard peak, applying 

the response factors as used by Müller et al. (2001) and Brown et al. (2003). 

Glucosinolates were identified by the comparison of UV spectra and retention times to 

those of the standard. 

For total carbon and nitrogen content, frozen samples were dried in drying cabinet 

(Universalschrank UN110, Memmert), weighted and pulverized in a mill (Retsch, 

MM301; Haan, Germany). Samples were analyzed by quantitative decomposition of 

substances by oxidative combustion (CHN-O-Rapid, Heraeus, Hanau, Germany). 

For protein measurements, fresh plant tissue was weighed, transferred into Eppendorf 

tubes and frozen in liquid nitrogen. Frozen samples were homogenized (Tissue 

Lyser II, Qiagen) and a buffer containing 125 mM Tris, 5 mM K2S2O5, 4.6 % sodium 

dodecyl sulfate (SDS), 10 mM ascorbic acid, 4 mM EDTA, 10 % mercaptoethanol and 

20 % glycerol was added (cf. Nejidat et al., 1997). The extract was incubated in boiling 

water for 5 min and subsequently centrifuged for 10 min in a centrifuge at 10,000 rpm. 

Protein in the supernatant (750 µl aliquots) was precipitated by 40 % trichloroacetic 

acid, left for 10 min on ice, centrifuged for 5 min at 15,000 rpm and washed twice with 

ethanol. After overnight drying, the pellet was re-suspended with 0.1 M NaOH. Protein 
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content was measured following Jones, Hare and Compton (1989). 50 µl of the solution 

was diluted in 200 µl Roti-Nanoquant working solution (1 portion Roti and 4 portion 

A.dest.) and incubated for 5 min at ambient temperature. Three replicates were used 

per sample. The absorbance was read at 590 nm and 450 nm on a microplate reader 

(BioTek Epoch2). A standard curve was constructed using albumin and NaOH. With 

this and the quotient of absorbance at 590 nm and 450 nm, protein content was 

calculated.  

 

Statistical analyses 

All statistical tests were performed using Statistica 8.0 (StatSoft, 2007). General linear 

models with temperature and water regime as fixed factors were used to analyze 

variation in the content of sinalbin, benzyl, carbon, nitrogen, protein and water. Dry 

mass of sampled tissue was added as covariable. Throughout this thesis, mean values 

are given ± 1 SE. 

 

2.1.4 Results 

My analysis of glucosinolates showed that S. alba plants used in this experiment had 

only two glucosinolates species: sinalbin and benzyl (cf. Hopkins, Ekbom, and 

Henkow, 1998; Fahey, Zalcmann and Talalay, 2001). The glucosinolate sinalbin was 

significantly affected by temperature and water regime as well as their interaction 

(Table 2). The amount of sinalbin tended to be lower under control (TC) than either 

elevated temperature or heat wave conditions (TC: 34.35 ± 0.32 µmol, T1: 39.85 ± 

0.30 µmol, T2: 38.11 ± 0.33 µmol; Tukey HSD after GLM n.s.; n = 27-29; cf. Fig. 4a). 

With regard to water treatments, it tended to be highest under control conditions 

followed by flooding alternating with drought and finally drought conditions 

(WC: 39.27 ± 0.34 µmol, W1: 35.68 ± 0.30 µmol, W2: 37.37 ± 0.30 µmol; Tukey HSD 

after GLM n.s.; n = 26-29; cf. Fig. 4a). The significant interaction indicates that the 

effects of water regime were restricted to elevated temperatures (T1; Table 2, Fig. 4a). 
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Benzyl, in contrast, was only significantly affected by water regime (Table 2). The 

amount of benzyl was significantly lower under drought/flooding conditions than control 

conditions (W2: 9.30 ± 0.33 µmol < WC: 15.60 ± 0.37 µmol; Tukey HSD after GLM; 

n = 26-29; Fig. 4b).  

 

 

Fig. 4 Content of Sinalbin (a) and Benzyl (b) in Sinapis alba in relation to temperature and 

water regime. TC: temperature control (mean 17.4°C; peak 23.0°C); T1: elevated temperature 

(mean 23.8°C; peak 28.0°C); T2: heat waves (3 days TC + 3 days heat wave, mean 

[heatwave] 25.5°C; peak [heatwave] 36.0°C); WC: water control (150 ml per day); W1: drought 

(50 ml per day); W2: drought/flooding (3 days W1 + 3 days flooding). 

 

Table 2 Results of general linear models for the effects of temperature and water 

regime on physiological traits in Sinapis alba. Dry mass of sample tissue was added 

as covariable. Significant p-values are given in bold. 

Sinalbin MS DF F P 

Temperature 348.92 2, 74 4.48 0.0145 

Water 

Temp. * Water 

Dry Mass 

246.36 

265.40 

694.81 

2, 74 

4, 74 

1, 74 

3.16 

3.41 

8.93 

0.0480 

0.0129 

0.0038 

Error 77.85 74   
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Table 2 continued 

 

Benzyl MS DF F P 

Temperature 101.98 2, 74 1.11 0.3352 

Water 305.83 2, 74 3.33 0.0414 

Temp. * Water 45.24 4, 74 0.49 0.7415 

Dry Mass 70.76 1, 74 0.77 0.3831 

Error  74   

 

 

The relative carbon content was significantly affected by temperature and water regime 

as well as their interaction (Table 3). The content of carbon was higher under control 

than either elevated temperatures or heat wave conditions (TC: 43.74 ± 0.05 % > 

T2: 43.19 ± 0.05 % = T1: 42.85 ± 0.04 %; Tukey HSD after GLM; n = 27-30; cf. fig. 5a). 

With regard to water regime, it was higher under control than either drought or 

drought/flooding conditions (WC: 43.97 ± 0.04 % > W1: 43.17 ± 0.05 % = W2: 42.64 ± 

0.05 %; Tukey HSD after GLM; n = 27-30; cf. Fig. 5a). This effect though was largely 

restricted to the temperature control treatment (significant interaction: TCWC: 45.07 ± 

0.13 % > TCW2: 43.04 ± 0.15 % = T1WC: 42.93 ± 0.13 % = T1W1: 42.76 ± 0.13 % = 

T1W2: 42.87 ± 0.13 % = T2W2: 42.00 ± 0.15 %, Tukey HSD after GLM, n = 8-10; Table 

3, Fig. 5a). Additionally in treatment T2, carbon content tended to be higher under 

control than drought/flooding conditions (T2WC: 43.92 ± 0.13 % = T2W1: 43.64 ± 

0.15 % ≥ T2W2: 42.00 ± 0.15 %; Tukey HSD after GLM). 

There was no significant effect on nitrogen and protein content (Table 3). Nevertheless, 

trends towards a significant impact of temperature on both substances could be 

observed. Relative nitrogen content tended to be higher under heat wave conditions 

than either control or elevated temperatures (T2: 7.08 ± 0.06 %, TC: 6.60 ± 0.06 %, 

T1: 6.15 ± 0.05 %; n = 27-30). Protein content tended to be lower under elevated 

temperatures than either control or heat wave conditions (T1: 7.84 ± 0.02 µg/ml, 

TC: 10.08 ± 0.02 µg/ml, T2: 10.81 ± 0.02 µg/ml; n = 26-30). Carbon-nitrogen ratio was 

only significantly affected by temperature (Table 3). It was higher under elevated 

temperatures than either control or heat wave conditions (T1: 7.9 ± 0.07 > TC: 7.0 ± 
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0.08 = T2: 6.3 ± 0.08; Tukey HSD after GLM; n = 27-30; Fig. 5b). Neither temperature 

nor water regime had an effect on water content (Table 3). 

 

 

Fig. 5 Content of carbon (a) and carbon-nitrogen ratio (b) in Sinapis alba in relation to 

temperature and water regime. 

 

 

Table 3 Results of general linear models for the effects of temperature and water 

regime on physiological traits in Sinapis alba. Significant p-values are given in bold. 

 

Carbon content % MS DF F P 

Temperature 5.6 2, 76 3.24 0.0446 

Water 13.1 2, 76 7.56 0.0010 

Temp. * Water 5.0 4, 76 2.87 0.0284 

Error 1.7 76   

Nitrogen content % MS DF F P 

Temperature 6.3 2, 76 2.53 0.0865 

Water 3.2 2, 76 1.30 0.2785 

Temp. * Water 4.0 4, 76 1.62 0.1778 

Error 2.5 76   
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Table 3 continued 

 

Carbon-nitrogen ratio MS DF F P 

Temperature 19.25 2, 76 3.97 0.0229 

Water 3.32 2, 76 0.68 0.5072 

Temp. * Water 9.51 4, 76 1.96 0.1092 

Error 4.85 76   

Protein content MS DF F P 

Temperature 0.82 2, 77 2.92 0.0598 

Water 0.27 2, 77 0.95 0.3903 

Temp. * Water 0.15 4, 77 0.54 0.7055 

Error 0.28 77   

Water content % MS DF F P 

Temperature 46.5 2, 80 0.80 0.4541 

Water 87.0 2, 80 1.49 0.2313 

Temp. * Water 61.9 4, 80 1.06 0.3810 

Error 58.3 80   

 

 

2.1.5 Discussion 

In this experiment, temperature and water availability had significant effects on most 

of the parameters measured.  

The content of sinalbin, one of the glucosinolates of S. alba, was influenced by both 

temperature and water. Against my expectation, elevated temperature increased the 

amount of sinalbin in leaves. It seems that higher temperatures stimulate the synthesis 

of glucosinolates. One possible explanation is the temperature-dependent synthesis 

rate (van´t Hoff´sch regulation). With an increase in temperature, the reaction rate of 

enzymes is enhanced and therefore more chemicals, in this case sinalbin, may be built. 

Furthermore, as Rosenzweig et al. (2001) showed that stressed plants are more 

vulnerable to herbivores, because they initially need to cope with damages caused by, 

for example, higher temperatures and could not respond to herbivory simultaneously. 

In order to avoid additional damage, plants may increase their defense before they are 
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actually threaten by herbivores (Valente Pereira et al., 2002; Textor and Gershenzon, 

2009; Martinez-Ballesta and Carvajal, 2015). This may lead to a shift in resource 

allocation from growth and reproduction to survival. Following that, sinalbin, a major 

agent in the secondary defense of S.alba (Hopkins, Ekbom, Henkow, 1998; Fahey, 

Zalcmann, Talalay, 2001), seems to increase under stressful conditions to maintain 

survival. However, the increase in sinalbin was stronger under elevated temperatures 

than heat wave conditions. It might be possible that the short duration of heat waves 

did not be sufficient to provoke resource allocation seen in other studies (cf. Rosa and 

Rodrigues, 1998; Pereira et al., 2002) The three days of control conditions between 

heat waves seem to suffice for a more normal accumulation of resources and therefore 

for a lower increase in sinalbin. Water stress had, as expected, a negative influence 

on the amount of Sinalbin. This fits with the results of former studies (e.g., 

Haugen et al., 2008; Gutbrodt, Mody and Dorn, 2011). They have shown that drought 

led to lower amounts of different glucosinolates in several plant species. Drought 

conditions in my experiment seem to have provoked greater changes in plant traits 

than higher temperatures did. Therefore, the plants may not be able to strengthen their 

defense anymore. As Herms and Mattson (1992) mentioned, according to the ´growth-

differentiation balance hypothesis´ there might be a trade-off between growth/survival 

and secondary metabolism under water stress. Note that the significant effect of 

drought in this study occurred only in combination with higher ambient temperature. 

Plants seemed to be able to cope with water stress when temperatures are lower (TC) 

or high temperatures occurred only in short terms (T2), as seen in the lack of variation 

between the water treatments under control (TC) and heat wave conditions. During 

drought, plants have to close their stomata to avoid water loss. Hence, photosynthesis 

and thus the accumulation of carbon are reduced (Jones, 1992; Foyer et al., 1998). 

The plant is becoming carbon-limited and therefore less resources are available 

(Pinheiro, Chaves and Ricardo, 2001). Besides damage caused by higher 

temperatures, water deficit was shown to cause among other things the formation of 

reactive oxygen species, which may cause oxidative damage (Pinheiro, Chaves, 

Ricardo, 2001). To protect tissue against oxidative stress and thereby against further 

damage, several chemical compounds are needed. If resources are limited because 

of reduced photosynthesis, a reallocation of present resources may occur. To ensure 

survival, plants are able to recover carbon from secondary metabolites like 

glucosinolates (Ayres, 1993). It seems that plants in this experiment produced under a 
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combination of two stresses, elevated temperatures and drought conditions, less 

sinalbin and instead might use the restricted resources for other functions to maintain 

survival (Gutbrodt, Mody and Dorn, 2011). The interaction between temperature and 

water regime showed that these two abiotic factors influenced each other substantially. 

The increasing effect of elevated temperature was completely absorbed or maybe 

even reversed by water stress. Moreover, the combination of several stresses may 

reflect natural situation better than one factor alone, because drought stress and heat 

stress frequently appear simultaneously (Rosenzweig et al., 2001). 

Benzyl, the second glucosinolate measured in S. alba plants, showed a completely 

different reaction compared to sinalbin. Only water regime had a significant effect on 

the amount of benzyl in leaves. In comparison to sinalbin, benzyl showed a linear trend 

in its response to water regime, with plants under control conditions having the highest 

amount, followed by those under drought conditions and finally under drought/flooding 

conditions. In S. alba benzyl is present in low quantities only, typically just one third of 

the amount of sinalbin (cf. Hopkins, Ekbom and Henkow, 1998; Fahey, Zalcmann and 

Talalay, 2001). Most plant species produce only a limited number of major 

glucosinolates with a few others present in marginal scale (Rask et al., 2000). These 

minor glucosinolates may have another role than the major ones. Until now, there is 

less known about the function of benzyl. In addition, Wittstock and Gershenzon (2002) 

showed that mixtures of secondary compounds were more toxic than one alone. 

Therefore, benzyl might be important for chemical defense in combination with 

sinalbin. Nevertheless, it is possible that benzyl is affected differently by environmental 

stress than sinalbin, due to its different function in plants. The fact that the treatment 

W2 had no effect on sinalbin but on benzyl seems to reinforce this suggestion. 

However, much more investigation about these minor glucosinolates is necessary to 

explain the results of benzyl seen in my experiment.  

Both elevated temperature and water stress had, as expected, a negative effect on the 

relative amount of carbon in leaves, which was significantly lower under elevated 

temperatures than under control conditions. Jones (1992) showed that biomass of 

plants was reduced when photosynthesis decreased due to higher transpiration rate 

and changed stomatal conductance. Thus, temperature stress triggers different 

developmental anomalies like reduced growth (Valente Pereira et al., 2002). Plants 

need to reallocate their resources from vegetative and reproductive growth into 
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protective mechanisms (Walling, 2000). In my experiment, the increased amount of 

sinalbin and the co-occurred reduced relative carbon content in S. alba under elevated 

temperatures seem to support this idea, indicating that plant metabolism may be 

shifted from growth to survival. However, the periodic heat waves had weak influence 

on carbon. It is possible that the phases of control conditions were sufficient for plants 

to recover from heat stress. Zhao et al. (2013) could show for trees that higher ambient 

temperatures caused a decrease in carbon accumulation, the higher temperatures 

during heat waves in my experiment seemed to last too short for provoking a stronger 

effect. It seemed that only elevated temperatures could cause a significant decline in 

the relative carbon content. Water stress had a similar effect on the carbon status of 

leaves as temperature. Drought conditions alternating with flooding events seem to 

reduce carbon much more than only drought conditions did. Although plants should 

have received enough water during flooding conditions, the stronger reduction of 

carbon in this treatment may lead to the assumption that flooding is in a similar way as 

stressful as drought conditions. To explain this, further investigation on the influence 

of flooding events on plant chemistry is necessary. However, many studies showed 

that carbon content is reduced under water deficit by down-regulation of 

photosynthesis and reallocation into non-photosynthetic organs or supporting 

structures (Pinheiro, Chaves and Ricardo, 2001; Chaves et al., 2002; Hummel et al., 

2010; Foyer et al., 1998). Furthermore, the significant interaction of temperature and 

water regime showed that the effect of water occurred only under control or heat wave 

conditions. Although there were no differences between water treatments under 

elevated temperature, the reduction of carbon content was similar to those seen in the 

other temperature treatments. It seems that similar to sinalbin the effect of water 

availability on carbon is altered by temperature as well.  

For nitrogen content, I could only find a trend in temperature. Plants of the heat-wave 

treatment tended to have a higher amount of nitrogen in their leaves. In the literature, 

different results for nitrogen in stressed plants could be found. Whereas White (1984) 

as well as Mattson and Haack (1987) found an increase in nitrogen in stressed plants, 

Foyer et al. (1998), Gutbrodt et al. (2012) and Landosky & Karowe (2014) showed a 

decrease under stress. White (1984) possibly gave the best explanation for what is 

happening in leaves of stressed plants. He stated that under stress a breakdown and 

mobilization of nitrogen takes place. Nitrogen is transferred in a soluble form and then 

transported away from stressed tissues. Depending on the time the nitrogen content is 
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measured, it can be higher (during breakdown) or lower (after transport in other parts 

of the plant) in stressed plants. Furthermore, I could just assume that the accumulation 

of heat shock proteins (not measured here) may be a reason for the trend of an 

increase in nitrogen observed in my experiment. After exposure to high temperatures, 

plants may increase their thermotolerance by the accumulation of heat shock proteins 

(Wang et al., 2004; Ahuja et al., 2010) . It is possible that this accumulation takes place 

while leaves been harvested for analysis after heat waves. Under elevated 

temperatures, the basal thermotolerance may be sufficient for plant´s survival and 

therefore additional accumulation of heat shock proteins was not necessary. The trend 

found in total protein content fits to this idea. Protein content tended to be higher under 

heat wave conditions. Therefore, it seemed that the tendential increase of nitrogen was 

used for producing more proteins which might be heat shock proteins (not measured). 

In addition, protein content tended to decrease under elevated temperatures. This 

might support the suggestion that basal thermotolerance is enough to cope with these 

warmer temperatures and therefore no further protein production is necessary. Until 

now, there have been only a few studies examining the effect of watering on nitrogen. 

I could find no evidence for an effect of water availability on nitrogen. Following Scriber 

and Slansky (1981) who showed a positive correlation between nitrogen and leaf water 

content, it is possible that the non-significant nitrogen content found here was caused 

by the lack of changes in leaf-water content. In addition to that, as Gutbrodt et al. (2012) 

mentioned, droughts seem to change secondary compounds and carbon without 

affecting the total nitrogen content. Furthermore, Dong et al. (2012) found out that 

S. alba plants show a tolerance to droughts. This could be a reason for the restrained 

reactions of nutrients to water stress. To answer the effect of watering precisely, further 

investigation will be necessary. 

 

In conclusion, the results of my experiment indicate that climate change will probably 

have an impact on S. alba. Both, temperature and water availability affected the 

chemical composition of the plants. Facing environmental stress often leads to a shift 

of resources from growth to survival in plants (Lewis et al., 2006; Gutbrodt et al., 2012). 

This shift could probably be seen in its effects on plant defense, represented by 

glucosinolates, and on nutrients. Concerning glucosinolates, plants seem to enhance 

their defense by increasing the amount of sinalbin under temperature stress (elevated 
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temperatures and heat wave conditions). However, the effect of water availability 

occurred only in relation to elevated temperatures. Under the combination of water 

stress and elevated temperatures, plants are no longer able to maintain their 

secondary defense. All restricted resources may now be needed to reduce damages 

and thus enable survival. The results of benzyl suggest that not all glucosinolates react 

to environmental stress in the same way. Different glucosinolates could have different 

functions. Beside their involvement in plant´s secondary defense, they can be involved 

in growth and development as well as used for storage and transport (Rask et al., 

2000). The different responses of sinalbin and benzyl might be a consequence of their 

varying functions in the plant. For nutrition, I could only find significant evidence in 

relative carbon content. Both higher temperatures (elevated and heat waves) and 

drought respectively drought alternating with flooding events decreased the amount of 

carbon in leaves. However, plants seem to be able to cope with decreased carbon. 

They could even strengthen their defense in some cases. With regard to climate 

change, the combinations of different stresses seem to represent much more natural 

conditions then altering only one factor. The results of my experiment suggest that the 

chemical composition of S. alba may be changed in different ways depending on the 

combination of environmental stresses. Therefore, higher temperatures occurring 

simultaneously with drought seem to weaken the plant´s defense. Following that, 

plants may be more vulnerable to increasing populations of herbivores (DeLucia et al., 

2012) in the future. However, this might depend on the location, because the effects 

of climate change will not be the same in each part of the world. This study gives only 

a restricted view on the various reactions of plants in terms of climate change. Further 

investigations, especially on chemical pathways in plants, will be necessary to 

understand what changes in plants will be provoked by a changing environment. 
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2.2 Effects of host-plant quality (Sinapis alba) on oviposition, 

feeding preferences and larval performance of Pieris napi 

 

2.2.1 Abstract 

In chapter 2.1, I examined the impact of temperature and water availability on 

Sinapis alba (Brassicaceae). By reacting to environmental changes, the plants´ 

suitability for herbivores may be modified. This alteration in plant quality may have an 

impact on the associated herbivore. Therefore, I investigated in this chapter how 

changes in host plants affect the Brassicaceae specialist Pieris napi. In order to get a 

complete picture, I used a three-step experiment. First, I tested whether females of 

P. napi could discriminate between plant qualities and which they prefer. Second, I 

repeated this preference test with larvae. Third, I investigated larval performance on 

four different host-plant qualities. Both females and larvae preferred the plants which 

contained the highest amount of the glucosinolate sinalbin. Therefore, glucosinolates 

seem to have a stimulating effect on P. napi. Different plant compositions changed the 

suitability of S. alba as host plant for the butterflies. On average, elevated temperatures 

during plant growth negatively affected the performance of P. napi. The results of 

chapter 2.1 lead to the assumption that the increased level of sinalbin caused this 

change in larval performance, although the results also suggest that there might be 

other plant components, which are important here. In contrast to former studies on 

P. rapae and P. brassicae showing that individuals benefit from glucosinolates, larvae 

in this experiment seemed to need more resources for detoxification when 

glucosinolate level increased, which in turn resulted in slower development, lighter 

bodies and less relative fat content. However, P. napi seemed to benefit from drought 

conditions during plant growth. In addition, drought stress could reverse the negative 

effect of higher temperatures resulting in a better larval performance reflected in the 

higher total body masses. Due to the fact that plant qualities, except control, showed 

no significant differences in carbon and nitrogen (cf. chapter 2.1), the results of this 

study suggest that the effects of plant qualities on the specialist P. napi may depend 

on the presence of glucosinolates rather than the nutritional status of the plant. 

However, the participation of other components, which were not measured in this 

thesis, is also possible. With regard to climate change and its variation in local effects, 
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the results of my experiment suggest that the performance of P. napi depend on the 

occurrence of drought conditions. Global warming on its own seems to be negative for 

this butterfly species, whereas higher temperatures in combination with drought 

conditions may be beneficial for them. 

  

2.2.2 Introduction 

With the appearance of the first insects 350 million years ago, the coevolution of 

terrestrial plants and insects started its never-ending story. During the last aeon, 

numerous relationships between plants and herbivorous insects evolved (Gatehouse, 

2002). These relationships affect the organisms involved at all levels, starting with 

basic biochemistry and culminate in population dynamics and genetics. Although, 

some of these interactions are mutually beneficial, such as pollination, most of the time 

they result in a coevolutionary arms race with herbivores feeding on plants and plants 

evolving several defense strategies against them (DeLucia et al., 2012). In the majority 

of cases, each plant is at least preyed upon by one species of herbivores (Ehrlich and 

Raven, 1964). To resist or even evade herbivory, plants have several strategies 

including constitutive and induced defense. Some plant species are able to accumulate 

high levels of chemical compounds, which function as biochemical toxins; others do 

not waste their resources into the production of chemical defense, but seek to minimize 

damage with faster growing or release of volatile substances to attract natural enemies 

(of the herbivores; Wittstock and Gershenzon, 2002).  

In turn, herbivores evolved two major strategies to cope with defending plants (Ali and 

Agrawal, 2012). One possibility is to stay a generalist and retain the ability to switch 

host plants if defense is becoming insuperable. The other way is to become more 

specialized to only a restricted number of hosts. With this specialization, the herbivore 

enables itself to circumvent several plant defenses including toxins by evolving 

disarming mechanisms. Climate change is resetting these interactions that evolved in 

the past millions of years (DeLucia et al., 2012). With changes in mean temperature 

and more frequently occurred extreme weather events like droughts, heat waves and 

floods, plants and animals are exposed to novel environments. By reacting to these 

novelties, mismatches may occur between plants and herbivores. The question is what 

kind of changes occur in plants and in which way do these changes influence 

herbivorous insects? Several studies found a strong impact of climate change on the 
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biochemistry, growth and structural defenses of plants. Larcher et al. (2003) and 

Ohashi et al. (2006) showed that droughts had a negative influence on chemical 

processes like protein synthesis, production of stress hormones like absicic acid (ABA) 

as well as photosynthesis and thereby on carbon metabolism. Furthermore, higher 

temperatures were shown to increase leaf thickness and the amount of secondary 

compounds like glucosinolates (Valente Pereira et al., 2002; Qaderi, Kurepin and Reid, 

2006). In times of climate change, resource allocation seems to be, for plants, an 

important point to focus on. As Gutbrodt et al. (2011) supposed, there might be a trade-

off between preparing oneself to herbivory and survival/growth.  

With changes in plant chemistry, the quality of the plant as a host for specialized 

herbivores change too (Price, 2002; Hunter, 2003). Irrespective of the direction of plant 

quality-induced effects, herbivores have to react on these changes in host quality. 

Starting point of this might be female herbivores, because they have to find the most 

suitable host for their offspring (Mayhew, 1997; Akhtar and Isman, 2003; Stoeckli et al., 

2008). From the insect´s perspective, host plant quality in general is determined by 

different chemical and visual cues (Scriber and Slansky, 1981; Raubenheimer and 

Simpson, 1999; Awmack and Leather, 2002). Therefore, a female must be able to 

distinguish between acceptable and non-acceptable oviposition sites and afterwards 

find the most profitable plant to lay eggs on (Courtney et al., 1989). For differentiation, 

females depend mostly on visual cues, but some species additionally use volatiles for 

searching (Renwick and Chew, 1994). After landing, physical and chemical 

characteristics of the leaf surface become more important. With sensory receptors on 

tarsi, antennae and ovipositor, the suitability of the plant can be tested. For instance, 

Du et al. (1995) showed that females of Pieris napi subspecies drum their fore tarsi 

against the leaf surface in order to assess the chemical composition. Final acceptance 

or rejection is the result of processing information input by the nervous system of the 

herbivore (Renwick and Chew, 1994).  

Climate-change induced changes in the chemical composition of plants could result in 

mismatches between female oviposition and host-plant suitability for larvae. For 

instance, it has been shown that higher glucosinolate levels on leaf surface can 

mislead the host-decision of females to less suitable plants for their offspring (Chew, 

1980). When the concentration of glucosinolates is too high, the plant quality may not 

support the successful larval development anymore. However, during their first instars, 
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larvae depend on their mother making a good choice. After hatching, larvae are more 

or less immobile (Chew, 1984; Feeny, Rosenberry and Carter, 1983; Renwick, 1989). 

Their small sizes do not allow them to cover greater distances and thus to leave their 

current host (Scheirs and De Bruyn, 2002). With reaching the next instar, they become 

more mobile. When larvae finally achieve a certain size, they will be able to defend 

themselves better against predators and therefore have the possibility to leave their 

current host in order to search for a new one (Dyer, 1995; Hadwich, Baldwin and van 

Dam, 2000). Nonetheless, Gutbrodt et al. (2011) showed that P. brassicae larvae 

seemed to be “bad choosers”. Their sensory skills might be less accurate to ensure a 

good report about plant quality. Hence, larvae seem to depend more on the decisions 

of their mother than on their own. Anyway, they have to find a way to cope with their 

initial host plant. Therefore, larvae could adapt their behavior and metabolism to the 

quality of their food. Climate change may alter the chemical composition of the plant 

and with this may facilitate the larvae´s ability to cope with host-plant quality. Following 

the ´plant stress-insect performance hypothesis´ a change in biochemistry of plants 

caused by environmental stress may have positive effects for herbivore development 

(White, 1974, 1984; Larsson, 1989). For instance, Bauerfeind and Fischer (2013) 

showed that larvae of the butterfly P. napi feeding on drought-stressed plants had 

higher body masses, growth rate and food conversion efficiency. In contrast, Inber, 

Doostdar and Mayer (2001) could find no evidence for stressed plants offering better 

food for various herbivores (leafminer, whitefly and corn earworm). It seems that the 

effect of altered plant composition depends on the herbivore species feeding on it.  

Here, I examined the impact of simulated climate change on the interaction between 

the specialized herbivore P. napi and its host plant S. alba. Many studies have 

investigated the relationship between cabbage butterflies and their host plants (e.g., 

Feeny, 1977; Finch and Ackley, 1977; Myers, 1985; Renwick and Radke, 1985, 1988; 

Theunissen et al., 1985; Huang and Renwick, 1993; Chen et al., 2004). Until now, there 

are only very few studies which have looked at this relationship against the background 

of climate change. As mentioned in chapter 2.1, climate change may alter the chemical 

composition of Sinapis alba. Therefore, I address the following questions here: (a) How 

does a change in plant chemistry influence the oviposition behavior of P. napi? (b) Can 

P. napi larvae differentiate between various plant qualities? And if yes, what kind of 

quality do they prefer? (c) How do changes in host plants affect the performance of 

P. napi? I predict that females choose the most suitable plant quality to enhance the 
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survival of their offspring. Following the results of Bauerfeind and Fischer (2013) 

mentioned above, they therefore may choose drought-stressed plants for oviposition. 

According to Gutbrodt et al.´s findings (2011), larvae of P. napi may not make an active 

decision. Otherwise, it is possible that they prefer plants with higher secondary 

compounds, as secondary compounds were shown to act as phagostimulants (Alan 

and Renwick, 2002). Following the plant stress-insect performance hypothesis, I 

predict that stressed plants will increase host quality for P. napi and thus influence the 

larval performance positively. However, the results of my plant experiment above lead 

to the assumption that only drought-stressed plants may have such a positive effect. 

 

2.2.3 Material and Methods 

Study organism 

The green-veined white (Pieris napi L.), a temperate-zone butterfly is widely distributed 

across Europe and Asia (Ebert and Rennwald, 1993). In most parts of its range, this 

species is bi- to multivoltine with the first butterflies appearing in April/May and the last 

in September/October (Ebert and Rennwald, 1993). At some places, only one 

generation occurs per year. In general, the adult butterflies have wings with greenish-

grey veins on the underside and one or two black spots on the forewing. The 

morphology, especially the intensity of the vein-color, varies depending on altitude, 

latitude and generation with less colored individuals in the second generation 

(Tuomaala et al., 2012). Males and females show a dimorphism with males being 

larger (Wiklund and Kaitala, 1995). P. napi is a polyandrous species with males offering 

nuptial gifts to females (Karlsson, 1998). This species hibernates as pupa. Larval host 

plants are several species of Brassicaceae (e.g., Cardamine pratensis L. and 

Alliaria petiolata Bieb.; Ebert and Rennwald, 1993; supplementary Fig. IV). This 

species is of limited importance as pest, but recent simulations predict local extinctions 

in respect of climate change (Oliver et al., 2012). For this study, 40 P. napi females 

were collected near Greifswald, north-eastern Germany. 

Sinapis alba was chosen as host plant for this experiment. In contrast to the natural 

host plants Cardamine pratensis and Alliaria petiolata, white mustard was easier to 

grow. Plants of this species were manipulated in their quality and used as host/food 

plant for females and larvae. According to the plant treatments of chapter 2.1, plants 
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were reared in the same manner for this experiment (cf. chapter 2.1.3). However, 

for logistic reasons, only four of the nine possible treatments were 

chosen (cf. chapter 2.1.4). The combinations used here were: (1) control (TCWC): 

control temperature (simulation of a normal day of mid-June, see chapter 2.1) + control 

watering (150 ml per day), (2) drought (TCW1): control temperature + drought (50 ml 

per day), (3) heat (T1WC): elevated temperature (temperature of (1) increased by 4 °C; 

see chapter 2.1) + normal watering, (4) heat and drought (T1W1): elevated 

temperature + drought. For each treatment, plants were reared in climate cabinets 

(Versatile environmental test chambers; MLR-351H) with humidity hold constantly at 

70 %. Duration of light was determined from 5 am to 23 pm (18 hours per day). Leaves 

for oviposition and feeding were harvested after reaching the eight - leaf stage. Note 

that the chemical composition of plants used here was not investigated again. I used 

the same environmental conditions during plant growth as in the plant experiment 

above. Therefore, the differences between plants in this experiment were obtained 

from the results above (cf. chapter 2.1). 

 

Experimental design: Oviposition preference 

For this experiment, wild P. napi females were caught and transferred to the lab. They 

were kept at 25 °C, 60 % relative humidity, and a L 18: D 6 photoperiod (light last from 

5 am to 23 pm). For oviposition, females were placed separately in translucent small 

cages (37 cm x 21.5 cm x 21.5 cm; Faunarium, Exo Terra) and were provided with 

fresh flowers (e.g. Achillea millefolium L.), water and highly concentrated sucrose 

solution (20%) for adult feeding as well as four leaves (one of each S. alba treatment) 

for oviposition. Leaves for egg-laying were positioned randomly and the arrangement 

was changed every day to control for position effects. Deposited eggs were collected 

daily according to plant treatment. Afterwards, eggs were transferred to small plastic 

boxes. Resulting larvae were used for following feeding preference and performance 

experiments. 
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Feeding Preference 

250 of the resulting larvae were randomly chosen for this experiment. They were 

reared under the same conditions used for oviposition (described above). To avoid 

habituation, all larvae were fed with another species of Brassicaceae (here oilseed 

rape Brassica napus L.) before and after testing phases. Third instar larvae were used 

for choice experiments. Caterpillars received no food within the last 4 hours before 

transferring them into the test arenas. For testing, nontransparent plastic 

boxes (250 ml) were prepared with fresh, equal-sized pieces of S. alba leaves 

collected from plants of the four treatments. Leaf pieces were arranged randomly in 

the edges of the boxes (see figure 6 below). Per box, one larva was placed in the 

centre of a prepared box and observed for one hour. Decision(s) of the caterpillar was 

(were) recorded. When the larva was sitting or feeding on one leaf, this was determined 

as a decision. Movements without contact to any leaf were not included. After the test 

phase, larvae were transferred back to their boxes (125 ml) with leaves of rape and 

kept there until the beginning of the next testing phase. All caterpillars were tested at 

five consecutive days. Test phases were conducted under the same environmental 

conditions used for rearing and replicates were conducted at the same daytime. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Arrangement for larval feeding-preference test (© Nils Waterstradt) 
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Larval Performance 

After hatching, resulting larvae (except those used for preference tests, see above) 

were randomly divided among the four plant treatments. In groups of five, larvae were 

kept in small plastic boxes (125 ml) at 26°C, 60% relative humidity and a L18:D6 

photoperiod (with light from 5 am to 23 pm) and fed ad libitum. Boxes were checked 

daily and larvae were supplied with fresh leaves as necessary. Resulting pupae were 

weighted and afterwards kept individually until eclosion. During larval development, 

the conditions were the same as in the two experiments above. Developmental time 

(larval and pupal time together), pupal mass and larval growth rate (described as mass 

gain per day) were recorded at that time. After eclosion, adult butterflies were frozen 

at - 80 °C for later analyses.  

 

Morphological and physiological analyses 

To test for effects of host plant treatment, I measured several morphological and 

physiological parameters: total body mass, thorax mass, abdomen mass, thorax-

abdomen ratio, fat content, protein content, phenoloxidase (PO) activity, forewing area, 

wing loading and wing aspect ratio. PO activity here was used as a representative of 

the immune system and general condition (González-Santoyo and Córdoba-Aguilar; 

2012; Bauerfeind and Fischer, 2014). First, total body mass was determined to the 

nearest 0.01 mg (Sartorius CPA225D). Then, wings, heads and legs were removed. 

Thorax and abdomen were separated and afterward weighed. Abdomen fat content 

was measured as described in Fischer et al. (2003) with slight modification in using 

acetone instead of dichloromethane. Abdomen were first dried to constant weight for 

two days at 70 °C (drying cabinet; Universalschrank UN110, Memmert). Dry mass was 

measured. Afterwards, fat was extracted for two times (in total 4 days; solutions were 

changed) using 1.5 ml of acetone for each butterfly. Then, abdomen were dried again 

for two days. The fat-free dry mass was measured. Absolute (mg) and relative (%) fat 

content were determined as the mass difference between abdomen dry mass and 

remaining dry mass after extractions.  

For PO measurements, thoraces were homogenized (Tissuelyser II, Qiagen, disruption 

of tissue for 1 x 15 s at 30 Hz) with 200 µl of a phosphate buffered saline (PBS) and 

centrifugalized for 10 min at 14000 rpm. Afterwards, 60 µl of the supernatant 
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respectively of the PBS buffer (for blank measurements) were transferred to a 

microtiter plate (96-well) and 140 µl L-Dopa (dihydrophenyl-L-alanine; 10 mM in PBS 

buffer) was added. Readings were taken every 30 s on a spectrophotometric plate 

reader (BioTek EL 808) at 30 °C and 490 nm for 45 min. Enzyme activity was measured 

as the slope during the linear phase of the reaction during which the enzyme catalyses 

the transition from L-Dopa to dopachrome. PO activity was assayed twice per 

individual. The mean was calculated from both readings (controlled by measures of 

the blank readings) and used for statistical analyses. 

The total protein content was quantified using the Roti Nanoquant protein assay based 

on the Bradford method (Bradford, 1976). Therefore, 5 µl of the supernatant was 

diluted in 195 µl aq. dest. and a working liquid consisting of one portion Roti-Nanoquant 

and four portions aq. dest. In the next step, 50 µl of this solution was transferred to a 

microtiter plate (96-well) and 200 µl of the working liquid was added. Two replicates 

were used per sample. The absorbance was read at 490 nm and 590 nm after 5 min 

of incubation at ambient temperature on a microplate reader (BioTek Epoch 2). For 

further calculation, the quotient of OD590 and OD450 was determined for each replicate. 

Afterwards, the mean of these quotients was calculated. A bovine gamma globulin 

standard (Calbiochem) was used to construct standard curves. Therewith, protein 

content was calculated.  

Forewing length and area were measured using digital images of left forewings. 

Images were captured from ventrally with a digital camera mounted on a stereo 

microscope and surveyed with NIS elements software (see Fig. 2). Wing loading was 

calculated as total body mass divided by forewing area and wing aspect ratio as 

4 x forewing length2 divided by the forewing area (Berwaerts et al., 2002). 
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Figure 7 Measurements (green lines) of forewing length and area using NIS Elements 

Software 

 

Statistical analyses 

All statistical tests were performed using Statistica 8.0 (StatSoft, 2007). For oviposition, 

a repeated measured ANOVA with plant treatment as fixed factor and females as 

repeated measures was used to investigate effects on egg number. For each female, 

summed egg numbers of each plant treatment were calculated and used for the 

analysis (ANOVA mentioned above). For the visual presentation of the results, mean 

egg numbers were used instead of total numbers (for an easier comparison between 

plant treatments). For larval food preference, a Friedman ANOVA with the means of 

larval decisions (means for each plant treatment over the whole testing period) as 

dependent factor and plant treatment as fixed factor was used. Because most of the 

data contained zero and/or only one decision, I transformed the decision-data into 

nominal design to test whether a 0/1-distribution of decision-data affected the 

significance of the model. Therefore, nominal logistic regressions were additionally 

conducted. The performance data were analyzed with general linear models (GLMs) 

using plant temperature treatment, plant water treatment, sex and their interactions as 

fixed factors and protein (for the analysis of PO activity) as covariate to investigate 

effects on morphological and physiological traits. Minimum adequate models were built 



Results 

40 
 

by sequentially removing non-significant interaction terms. Forewing area was log-

transformed prior to analyses to meet GLM assumptions. All means in this chapter are 

given ± 1 SE (standard error) and are based on untransformed data (if transformation 

was necessary in the analyses) for easier reference. 

 

2.2.4 Results 

Oviposition and larval food preference 

Female oviposition was significantly affected by host-plant treatment (repeated 

measures ANOVA: F 3, 50 = 3.79, p = 0.0159). Females laid more eggs on the plant 

treatment TCW1 and T1WC than on the other two (TCWC: 15.6 ± 2.1, TCW1: 22.1 ± 

4.0, T1WC: 19.6 ± 2.7, T1W1: 15.4 ± 2.1; Fig. 8). 

 

 

Fig. 8 Oviposition preference (shown as average number of laid eggs) of Pieris napi females 

on Sinapis alba host plants of different treatments. 
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Larval food choice was significantly affected by host-plant treatment (Friedman 

ANOVA: Chi24 = 474.9, p < 0.0001; Fig. 8). Additionally, nominal logistic regressions 

revealed qualitatively identical results (Chi23 = 16.6, p = 0.0009). They significantly 

chose more often the plant treatment T1WC and T1W1 (TCWC: 0.31 ± 0.04; 

TCW1: 0.27 ± 0.04; T1WC: 0.47 ± 0.04; T1W1: 0.42 ± 0.04; Fig. 9). 

 

 

Fig. 9 Larval food preference (shown as average number of larval feeding) of Pieris napi on 

Sinapis alba host plants of different treatments. 

 

 

Performance 

Temperature treatment in plants had a significant influence on protein content, 

forewing area and aspect ratio (Table 4). The higher temperature in plant treatments 

decreased protein content (TC: 6.03 ± 0.02 µg/ ml > T1: 5.43 ± 0.02 µg/ ml; n = 72-79; 

cf. Fig. 13b), and forewing area (TC: 190.64 ± 0.13 mm2 < T1: 181.94 ± 0.16 mm2; 

n = 137-171; cf. Fig. 11a), whereas aspect ratio increased (TC: 10.2 ± 0.002 < 

T1: 10.4 ± 0.003; n = 137-171; cf. Fig. 11b). Furthermore, developmental time, pupal 

mass and PO activity showed a trend towards a significant impact of plant temperature. 

Higher plant temperature tended to increase time for development (TC: 17.23 ± 

0.01 days, T1: 17.44 ± 0.01 days; n = 170-174), and in turn tended to decrease pupal 

mass (TC: 128.51 ± 0.11 mg, T1: 124.90 ± 0.12 mg; n = 170-174), and PO activity 

(TC: 8.32 ± 0.08 mOD/ ml, T1: 6.15 ± 0.07 mOD/ ml; n = 64-68). In addition, plant 
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temperature effects on protein content tended to be restricted to females (trend in 

interaction between temperature and sex, Table 4). Here, elevated plant temperatures 

tended to decrease protein content (TC♂: 6.05 ± 0.03 µg/ ml, TC♀: 6.00 ± 0.05 µg/ ml, 

T1♂: 5.96 ± 0.06 µg/ ml, T1♀: 4.91 ± 0.04 µg/ ml; n = 35-39).   

Plant water treatment significantly affected developmental time, pupal mass, growth 

rate, thorax mass, PO activity and forewing area (Table 4). Drought conditions in plant 

treatments increased pupal mass (WC: 124.22 ± 0.12 mg < W1: 129.18 ± 0.12 mg; n 

= 172; cf. Fig. 10a), growth rate (WC: 0.45 ± 0.0003 mg/ day < W1: 0.48 ± 

0.0003 mg/ day; n = 172; cf. Fig. 12b), thorax mass (WC: 17.72 ± 0.02 mg < 

W1: 18.75 ± 0.02 mg; n = 172; cf. Fig. 10c), PO activity (WC: 6.12 ± 0.07 mOD/ ml < 

W1: 8.35 ± 0.08 mOD/ ml; n = 71-80; cf. Fig. 13c) and forewing area (WC: 179.41 ± 

15.33 mm2 < W1: 193.17 ± 14.77 mm2; n = 137-171; cf. Fig. 11a). In addition, wing 

loading and wing aspect ratio showed a trend towards a significant impact of water 

availability. Under drought conditions both wing loading (WC: 0.24 ± 0.0005, 

W1: 0.29 ± 0.0005; n= 172) and wing aspect ratio (WC: 8.23 ± 0.02, W1: 10.22 ± 0.02; 

n = 172) tended to increase. 

Significant sex differences were found for developmental time, pupal mass, larval 

growth rate, thorax mass, abdomen mass, thorax-abdomen ratio, forewing area and 

wing aspect ratio (Table 4). Males had higher pupal (♂: 132.03 ± 0.10 mg > ♀: 121.38 ± 

0.13 mg; n = 155-189; cf. Fig. 10a) and thorax masses (♂: 19.21 ± 0.02 mg > ♀: 17.26 ± 

0.02 mg; n = 155-189; cf. Fig. 10c), shorter developmental times (♂: 17.22 ± 

0.005 days < ♀: 17.45 ± 0.007 days; n = 155-189; cf. Fig. 11a), and had higher growth 

rates (♂: 0.47± 0.0003 mg/ day > ♀: 0.45 ± 0.0004 mg/ day; n = 155-189; cf. Fig. 12b), 

thorax-abdomen ratios (♂: 0.90 ± 0.0007 > ♀: 0.75 ± 0.0009; n = 155-189; cf. Fig. 10e), 

wing areas (♂: 190.61 ± 0.13 mm² > ♀: 181.96 ± 0.16 mm²; n = 136-172; cf. Fig. 11a) 

and aspect ratios (♂: 10.56 ± 0.81 > ♀: 10.08 ± 0.86; n = 136-172; cf. Fig. 10b) than 

females. Instead, females had higher abdomen masses (♀: 23.79 ± 2.31 mg > 

♂: 22.20 ± 2.16 mg; n = 155-189; Fig. 10d) than males. Furthermore, there was a trend 

towards a significant impact of sex on protein content. Males tended to have more 

protein than females (♂: 6.00 ± 0.02 µg/ ml, ♀: 5.47 ± 0.02 µg/ ml; n = 74-77). This 

effect tended to be restricted to plants from elevated temperatures (trend in interaction 

between temperature and sex; Table 4; TC♂: 6.05 ± 0.03 µg/ ml, T1♂: 5.96 ± 

0.06 µg/ ml, TC♀: 6.00 ± 0.05 µg/ ml T1♀: 4.91 ± 0.04 µg/ ml). 
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However, plant temperature was involved in significant interactions with plant water 

treatment for total body mass, thorax mass, abdomen mass, thorax-abdomen ratio, 

relative fat content, PO activity, forewing area and aspect ratio (Table 4). For total body 

mass, the effects of plant water treatment were restricted to elevated plant 

temperatures. Here, drought conditions in plants tended to increase total body masses 

(TCWC: 57.29 ± 6.21 mg, TCW1: 56.35 ± 5.80 mg, T1WC: 54.03 ± 5.79 mg, 

T1W1: 58.58 ± 6.43 mg; Tukey HSD after GLM n.s.; n = 83-89; Fig. 10b). Thorax mass 

and forewing area were lowest when fed with plants of treatment T1WC (thorax mass: 

T1WC: 17.11 ± 1.83 mg < T1W1: 18.80 ± 2.06 mg = TCWC: 18.33 ± 1.99 mg = 

TCW1: 18.70 ± 1.98 mg; Tukey HSD after GLM; n = 83-89; Fig. 10c; wing area: 

T1WC: 169.53 ± 23.07 mm² < T1W1: 194.34 ± 21.33 mm² = TCWC: 189.28 ± 

20.78 mm² = TCW1: 191.99 ± 20.47 mm²; Tukey HSD after GLM; n = 54, 83-88; Fig. 

11a). For abdomen mass, there seems to be a weak trend towards lowest masses on 

plants of the treatment with elevated temperatures and control watering (T1WC: 21.99 

± 2.36 mg, T1W1: 24.03 ± 2.64 mg, TCW1: 22.57 ± 2.39 mg, TCWC: 23.40 ± 2.54 mg; 

n = 83-89; Fig. 10d). For thorax-abdomen ratio, the significant interaction showed two 

effects. First, the effects of plant water treatment were restricted to TC. Here, thorax-

abdomen ratios increased on plants grown under drought conditions ((T1WC: 0.82 ± 

0.09 > TCWC: 0.80 ± 0.09 = T1W1: 0.80 ± 0.09) = TCW1: 0.87 ± 0.09; Tukey HSD 

after GLM; n = 83-89; Fig. 10e). Second, plant temperature had only an effect in 

combination with drought conditions. Ratios here decreased on plants of T1 

((TCWC: 0.80 ± 0.09 < TCW1: 0.87 ± 0.09) = T1WC: 0.82 ± 0.09 > T1W1: 0.80 ± 0.09; 

Tukey HSD after GLM; n = 83-89; Fig. 10e). For fat content, temperature during plant 

growth reverse the effect of plant water treatment. On plants of TC fat content 

decreased with drought conditions, whereas on plants of T1 fat content increased with 

drought conditions (T1WC: 11.73 ± 1.83 % = TCW1: 13.82 ± 2.19 % >/= T1W1: 16.71 ± 

2.68 % >/= TCWC: 17.91 ± 2.83 % > T1WC: 11.73 ± 1.83 %; Tukey HSD after GLM; 

n = 39-40; Fig. 13a). Similar to fat content, plant temperature reversed the effects of 

plant water treatment on PO activity. On plants of TC PO activity increased with 

drought conditions, whereas on plants of T1 PO activity decreased (TCW1: 12.04 ± 

2.13 mOD/ ml > T1WC: 7.64 ± 1.21 mOD/ ml = TCWC: 4.60 ± 0.73 mOD/ ml = 

T1W1: 4.67 ± 0.75 mOD/ ml; Tukey HSD after GLM; n = 32, 39-40; Fig. 13c). For wing 

aspect ratio, the effects of plant water treatment were restricted to elevated plant 

temperature. Here, drought conditions resulted in higher wing aspect ratios 
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(T1WC: 10.56 ± 1.44 > TCWC: 10.17 ± 1.12 = TCW1: 10.26 ± 1.09 = T1W1: 10.29 ± 

1.13; Tukey HSD after GLM; n = 54, 83-88; Fig. 11b). Moreover, developmental time 

showed a trend towards a significant impact of the interaction between plant 

temperature and plant water treatment (Table 4). It tended to be longest on plants of 

treatment T1WC (T1WC: 17.72 ± 0.01 days, TCWC: 17.30 ± 0.01 days, TCW1: 17.16 ± 

0.01 days, T1W1: 17.16 ± 0.01 days; n = 83-89). 

Sex was involved in significant interactions with plant water treatment for total body 

mass and forewing area (Table 4). Both showed that the effects of plant water 

treatment were restricted to females. Females tended to increase body masses on 

plants from drought conditions (WC♂: 57.88 ± 5.94 mg, WC ♀: 53.44 ± 6.09 mg, 

W1 ♂: 57.01 ± 5.88 mg, W1 ♀: 57.92 ± 6.56 mg; Tukey HSD after GLM n.s.; n = 77-

78, 94-95; Fig. 10b) Wing areas of females were increased when feeding on plants 

from drought conditions (WC ♀: 172.13 ± 22.60 mm² < W1 ♀: 191.80 ± 21.72 mm² = 

WC ♂: 186.69 ± 21.00 mm² = W1 ♂: 194.53 ± 20.17 mm²; Tukey HSD after GLM; n = 

58, 78-79, 93; Fig. 11a). In addition, there was a trend towards a significant impact of 

the interaction for abdomen mass (Table 4). Effects of plant water treatment on the 

sexes tended to be restricted to drought conditions (W1♂: 21.85 ± 0.07 mg, 

W1♀: 24.75 ± 0.08 mg, WC♂: 22.56 ± 0.07 mg, WC♀: 22.83 ± 0.08 mg; n = 77-78, 94-

95).  

Finally, there were significant three-way-interactions concerning plant temperature, 

plant water treatment and sex for pupal mass and relative fat content (Table 4). Pupal 

masses generally increased on plants from drought conditions except males of the TC 

treatment and a significant sex differences occurred only in the treatments TCWC and 

T1W1 (TCWC♂: 134.48 ± 19.41 mg, TCWC♀: 120.51 ± 19.81 mg, TCW1♂: 130.93 ± 

19.10 mg, TCW1♀: 128.10 ± 19.77 mg, T1WC♂: 125.73 ± 18.34 mg, 

T1WC♀: 116.18 ± 18.37 mg, T1W1♂: 136.99 ± 19.98 mg > T1W1♀: 120.72 ± 

20.12 mg; Tukey HSD after GLM; Fig. 10a). For fat content, there were no significant 

differences between sexes on plants of the same treatments (TCWC♂: 20.48 ± 

4.58 %, TCWC♀: 15.34 ± 3.43 %, TCW1♂: 12.20 ± 2.73 %, TCW1♀: 15.44 ± 3.45 %, 

T1WC♂: 11.20 ± 2.50 %, T1WC♀: 12.27 ± 2.68 %, T1W1♂: 17.01 ± 3.80 %, 

T1W1♀: 16.41 ± 3.76 %; Tukey HSD after GLM n.s.; n = 20; Fig. 13a). However, males 

on plants of the treatment TCWC had significant higher fat contents than the individuals 

of some groups (males on plants of TCW1, females and males on plants of T1WC).  
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Table 4 Results of general linear models for the effects of host-plant treatment 

(different temperature and water regimes applied to Sinapis alba; see chapter 1.1) on 

various traits in Pieris napi. Covariates were added as appropriate. Models were 

constructed by sequentially removing non-significant interaction terms. Significant 

p-values are given in bold. Developmental time = Larval time + pupal time. 

Pupal mass MS DF F P 

Temperature 1102.0 1, 336 2.84 0.0928 

Water 2091.0 1, 336 5.39 0.0210 

Sex 9652.0 1, 336 24.88 < 0.0001 

Temp. * Water 734.0 1, 336 1.89 0.1699 

Temp. * Sex 433.0 1, 336 1.12 0.2913 

Water * Sex 103.0 1, 336 0.27 0.6067 

Temp. * Water * Sex 1692.0 1, 336 4.36 0.0375 

Error 388.0 336   

Total body mass MS DF F P 

Temperature 23.0 1, 338 0.15 0.6982 

Water 284.0 1, 338 1.89 0.1700 

Sex 248.0 1, 338 1.65 0.2003 

Temp. * Water 744.0 1, 338 4.95 0.0267 

Water * Sex 622.0 1, 338 4.14 0.0427 

Error 150.0 338   

Thorax mass MS DF F P 

Temperature 26.6 1, 339 2.55 0.1111 

Water 84.4 1, 339 8.10 0.0047 

Sex 316.5 1, 339 30.36 < 0.0001 

Temp. * Water 42.1 1, 339 4.04 0.0453 

Error 10.4 339   
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Table 4 continued 

 

Abdomen mass MS DF F P 

Temperature 0.2 1, 339 0.01 0.9637 

Water 18.9 1, 339 0.45 0.5020 

Sex 222.1 1, 339 5.32 0.0217 

Temp. * Water 202.4 1, 339 4.85 0.0284 

Water * Sex 147.3 1, 339 3.56 0.0600 

Error 41.4 339   

Thorax-abdomen ratio MS DF F P 

Temperature 0.03 1, 339 1.63 0.2030 

Water 0.05 1, 339 2.46 0.1180 

Sex 1.83 1, 339 96.00 < 0.0001 

Temp. * Water 0.16 1, 339 8.37 0.0041 

Error 0.02 339   

Forewing area MS DF F P 

Temperature 5047 1, 302 10.81 0.0011 

Water 13696 1, 302 29.34 < 0.0001 

Sex 5073 1, 302 10.87 0.0011 

Temp. * Water 8916 1, 302 19.10 < 0.0001 

Water * Sex 2394 1, 302 5.13 0.0242 

Error 467 302   

Wing loading MS DF F P 

Temperature 2.1*10-3 1, 304 0.90 0.3428 

Water 7.4*10-3 1, 304 3.19 0.0753 

Sex 0.3*10-3 1, 304 0.14 0.7113 

Error 2.3*10-3 304   
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Table 4 continued 

Wing aspect ratio MS DF F P 

Temperature 3.24 1, 303 20.00 < 0.0001 

Water 0.61 1, 303 3.80 0.0526 

Sex 17.15 1, 303 105.80 < 0.0001 

Temp. * Water 2.31 1, 303 14.30 0.0002 

Error 0.16 303   

Developmental time MS DF F P 

Temperature 4.0 1, 340 3.71 0.0549 

Water 10.6 1, 340 9.78 0.0019 

Sex 4.9 1, 340 4.51 0.0345 

Tem. * Water 3.8 1, 340 3.49 0.0625 

Error 1.1 340   

Larval growth rate MS DF F P 

Temperature 0.3*10-3 1, 340 0.13 0.7233 

Water 39*10-3 1, 340 15.07 0.0001 

Sex 28*10-3 1, 340 10.94 0.0010 

Error 2.6*10-3 340   

Fat content % MS DF F P 

Temperature 108.08 1, 152 2.91 0.0902 

Water 7.83 1, 152 0.21 0.6469 

Sex 5.23 1, 152 0.14 0.7081 

Temp. * Water 821.19 1, 152 22.10 < 0.0001 

Temp. * Sex 14.13 1, 152 0.38 0.5384 

Water * Sex 112.25 1, 152 3.02 0.0842 

Temp. * Water * Sex 252.52 1, 152 6.80 0.0101 

Error 37.16 152   
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Table 4 continued 

 

Protein content MS DF F P 

Temperature 12.71 1, 146 4.02 0.0469 

Water 0.85 1, 146 0.27 0.6056 

Sex 11.51 1, 146 3.64 0.0585 

Temp. * Sex 9.16 1, 146 2.90 0.0910 

Error 3.17 146   

Phenoloxidase activity MS DF F P 

Temperature 111.38 1, 145 3.80 0.0533 

Water 198.27 1, 145 6.76 0.0103 

Sex 37.29 1, 145 1.27 0.2614 

Temp. * Water 950.82 1, 145 32.41 < 0.0001 

Protein 200.10 1, 145 6.82 0.0100 

Error 29.34 145   
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Fig. 10 Effects of host-plant treatment (different temperature and water regimes applied to 

Sinapis alba; cf. chapter 2.1) and sex on pupal mass (a), total body mass (b), thorax mass (c), 

abdomen mass (d) and thorax-abdomen ratio (e) in Pieris napi. TC: temperature 

control (mean 17.4°C; peak 23.0°C); T1: elevated temperatures (mean 23.8°C; peak 28.0°C); 

WC: water control (150 ml per day); W1: drought (50 ml per day). male = filled bars, female = 

open bars. 
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Fig. 11 Effects of host-plant treatment and sex on forewing area (a) and wing aspect ratio (b) 

in Pieris napi. 

 

 

 

Fig. 12 Effects of host-plant treatment and sex on developmental time (a; different superscript 

letters above bars indicate significant differences among plant treatments irrespective from sex 

(Tukey´s honest significant difference after GLM)) and larval growth rate (b) in Pieris napi. 
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Fig. 13 Effects of host-plant treatment and sex on relative fat content (a), protein content (b) 

and PO activity (c) in Pieris napi. 
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2.2.5 Discussion 

Changes in host-plant chemistry seem to change the plant quality for P. napi. Both 

females and larvae seem to differentiate between qualities. Moreover, as expected, 

the quality of host plant had an influence on the performance of larvae. I will start my 

discussion with the preference tests and afterwards I will go into the results for 

performance. 

Oviposition and larval feeding preference 

Females of P. napi laid significantly more eggs on the plant treatments TCW1 and 

T1WC. In comparison to the other treatments, plants of T1WC contained a higher 

amount of sinalbin, a part of the secondary plant defense (cf. chapter 2.1; 

supplementary Fig. I). Butterflies of the Pieridae family were known to use these 

secondary compounds for recognition and evaluation of suitable host plants (Alan and 

Renwick, 2002). With specialized receptor cells, females of these species are able to 

perceive glucosinolates, which are present on leaf surface (Griffiths et al., 2001; 

Wittstock et al., 2003). Depending on the leaf surface composition, females decide 

whether to lay eggs on the plant or not. Earlier studies showed that higher amounts of 

secondary compounds, especially glucosinolates, trigger oviposition (Thiery and 

Le Quere, 1991; Rask et al., 2000; Alan and Renwick, 2002). In Sinapis ssp. the major 

glucosinolate on leaf surface is sinalbin (Renwick et al., 1992; Van Loon et al., 1992; 

Griffiths et al., 2001). With an increase in the total sinalbin content of the leaf, the 

portion on the leaf surface may increase too. Thereby, the attractiveness for oviposition 

may get higher, implicated by more eggs laid on this plant quality (T1WC). Although 

higher concentration of glucosinolates stimulates oviposition, females in this 

experiment laid eggs on leaves of the plant treatment TCW1, as well. Because plants 

of this treatment showed a decreased sinalbin content, this choice indicates that there 

might be other plant compounds which trigger oviposition too. Hence, the role of 

sinalbin for females in this experiment probably need to be reconsidered. There may 

be other compounds in plants of the treatment T1WC, which enhance the attractive 

effect of sinalbin. However, the results of chapter 2.1 showed that neither the content 

of benzyl (another glucosinolate) nor the content of carbon and nitrogen differed 

between T1WC and TCW1 (supplementary Fig. I – III). This leads to the assumption 

that other plant components, which were not measured here, might cause this 

preference. Other studies on another insect species, the root fly Delia floralis (Fallén), 
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found the same pattern as seen here; they showed that females of D. floralis were able 

to perceive glucosinolates and other plant compounds (Roessingh et al., 1992; 

Baur et al., 1996; Hopkins et al., 1997). Until now, these other compounds are still 

unknown. However, Griffiths et al. (2001) suggest that these compounds might be 

other polar molecules on the leaf surface. Furthermore, Hsu et al. (2009) could show 

that nitrogen may be an additional trigger for oviposition. However, in this experiment, 

the content of nitrogen was unaffected (cf. chapter 2.1). To figure out what factors 

exactly determine the oviposition behavior of female butterflies, more investigation will 

be necessary. Finally, the importance of sinalbin could be not clarified in detail here. It 

seem to be possible that other plant compounds play an equal or maybe more 

important role in oviposition in P. napi. 

The main aim for females is to ensure the survival of their offspring. Despite that, it 

seems questionable how a plant with a higher amount of sinalbin and therefore with a 

stronger secondary defense could be positive for the development of the larvae. In the 

past, many studies showed that it is not uncommon for different butterfly species to 

oviposit on host plant types which do not fit the demand of larval development best 

(e.g. Thompson, 1988; Ohsaki and Sato, 1994; Van Dam and Hare; 1998; 

Gripenberg et al., 2010). To examine that, I tested the feeding preference and the 

performance of P. napi larvae. They may show how the decision of the mother 

influences the offspring. In accordance with former studies, the results of the larval 

preference test indicate that caterpillars may differentiate between plant qualities 

(cf. Wei-Chun, 1969; Schoonhoven, 1969; Dethier, 1973). Van Loon (1990) showed 

that larvae of P. brassicae have specialized sensory cells, which allow them to 

recognize the presence of sucrose, glucosinolates and organic acids. With these 

sensory cells, they could distinguish between plants of different chemical composition 

and thereby between different host-plant qualities. Similar to females, larvae also 

chose plants of the treatment T1WC. Thus, it can be assumed that glucosinolates, 

especially sinalbin here, may not only act as oviposition cue but also as 

phagostimulants for larvae. Several studies have also shown that secondary 

compounds like glucosinolates stimulate feeding in specialist herbivores (Rask et al., 

2000; Mattiacci et al., 2001; Alan and Renwick, 2002), which support this assumption. 

It seemed that the increased amount of sinalbin in the leaves of T1WC triggered the 

preference of this quality against the other treatments. However, larvae chose T1W1 

as well. T1W1 is a quality, which contains less sinalbin and carbon (supplementary 
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Fig. I + III). This may suggest that although sinalbin had a strong impact on larval 

preferences, there are other plant compounds which seem to play an important role. 

To examine them, further investigation will be needed. 

 

Larval Performance 

Plant treatments had, as expected, an influence on the performance of P. napi. It 

seems that different environmental conditions during plant growth changed the host 

plant quality for this butterfly species. On average, the results showed two major 

trends. First, higher temperatures during plant growth seemed to reduce plant quality 

for P. napi. Larvae fed on those plants showed reduced protein contents and smaller 

wings at adult stage. Second, drought conditions during plant growth seemed to 

increase the quality of S. alba for this butterfly species. Feeding with drought-stressed 

plants increased masses/sizes, growth rates and PO activities of the larvae. However, 

the significant interaction between temperature and water regime suggests that this 

major trend for temperature need to be further investigated in detail. The comparison 

of all plant qualities (used in this experiment) showed that the negative effects of higher 

temperatures on performance occurred only under normal watering, meaning that the 

caterpillars fed with leaves of plants from the treatment T1WC were negatively affected 

in most parameters measured. They needed more time to develop, had lower body 

masses, less fat and smaller wings areas (resulting in higher wing aspect ratios) at 

adult stage. As shown in chapter 2.1, plants under elevated temperatures produced 

more sinalbin, presumably by reallocating restricted resources from growth and 

reproduction to secondary defense (cf. chapter 2.1; Lewis et al., 2006; Gutbrodt et al., 

2012). Although species of the Pieridae family are specialists on Brassicaceae and 

therefore show a tolerance towards the presence of glucosinolates (Giamoustaris and 

Mithen, 1995; Smallegange et al., 2007; Wind and Wittstock, 2011; Bruce, 2014), the 

successful detoxification is costly and therefore may lead to a shift in resource 

allocation. It seems that larvae feeding on this plant quality (T1WC) need to reallocate 

a part of their resources from growth to detoxification. Boggs and Freemann (2005) 

showed that larvae first use resources for growth, and after reaching an optimal size, 

new resources are then converted into storage forms like lipids and storage proteins. 

If the optimal size has never been reached, larvae could only use a small amount of 

resources for building storage fat, while the rest is used for growth and survival 
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(detoxification). Thus, the decreased masses and lower content of fat found here 

suggests that the gained resources were used to a greater extent for survival than 

growth. Additionally, plants of T1WC showed reduced carbon content. This might be a 

possible explanation for the decrease seen in several traits here. However, reduced 

carbon content occurred in all other plant qualities as well, except the control (TCWC; 

supplementary Fig. III). Because larvae on other qualities did not show the same 

responses as those on T1WC, it seems that higher amount of sinalbin affected P. napi 

more negatively than the poorer carbon status of the plant. This findings accord with 

earlier studies on other species, showing that compounds of secondary defense may 

have stronger effects on herbivore growth patterns than carbon and other nutrients 

(e.g., Agerbirk, Olsen and Nielsen, 2001; Awmack and Leather, 2002). However, 

Forbey et al. (2013) and Forbey & Hunter (2012) showed that the effect of 

glucosinolates is dose-dependent. This hormetic effect means that a lower 

concentration of glucosinolates might be beneficial, whereas a higher amount is toxic. 

For T1WC, the higher concentration of sinalbin seems to influence performance 

through costs of detoxification but may not increase mortality (assumption; not 

measured here). Although the other three plant qualities contained sinalbin too, the 

concentration was much lower than in T1WC. Due to the hormetic effect described 

above, feeding on plants with lower concentrations of sinalbin should be more 

beneficial for larvae than T1WC. The results of my experiment showed this pattern at 

least in some traits. On average, larvae performed better when fed with leaves of these 

treatments (TCWC, TCW1 and T1W1), showing for example a reduced developmental 

time and increased PO activity. Here, the costs for detoxification seemed to be 

decreased due to the lower concentration.  

Similar to temperature effects, the major effects of water regime need to be addressed 

in more detail as well. For some traits, drought conditions during plant growth are only 

beneficial in combination with elevated temperatures. For instance, total body mass 

was not affected by water treatment when plants were grown under control 

temperatures, whereas larvae fed on double-stressed plants (T1W1) had significantly 

higher masses. It seemed that drought conditions offset the negative effects of higher 

temperatures, presumably by causing a slighter increase of sinalbin compared to its 

amount in T1WC. Moreover, for some traits water-stressed plants had only an effect 

when they were grown under control conditions. For instance, PO activity was higher 

when larvae fed on plants from control temperatures and drought conditions. 
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Maintaining immune functions is always costly and therefore depends on the energy 

budget of the organism (e.g., Moret and Schmid-Hempel, 2000; Freitak et al., 2003; 

Sadd and Siva-Jothy, 2006; Diamond and Kingslover, 2012). Plants of TCW1 seem to 

meet this need, although the results of plant composition could not explain this finding 

in detail, meaning that plants of TCWC and TCW1 showed no differences in their 

composition measured here (cf. supplementary Fig. I – III). There might be other 

compounds which cause the effects of water stress seen here. One possible 

compound might be nitrogen. The content of nitrogen in food is one of the key factors 

for butterfly fitness (Myers and Post, 1981; Slansky and Rodriguez, 1987; Bink and 

Siepel, 1996). However, simulated climate change scenarios did not affect plant 

nitrogen here (cf. chapter 2.1). Thus, there might be other factors which influence larval 

performance in this experiment. In addition to that, relative fat content was lower when 

larvae fed on plants from control temperatures and drought conditions than on control 

plants (TCWC). In this case, water stress seemed to have a negative effect, which 

contradicts the findings in other traits like PO activity. To address more precisely the 

causes of these effects, the modifications in plant composition should be investigated 

in more detail.  

The results of this experiment showed that simulated climate change will provoke 

changes in plant composition and therefore alter the suitability as host plant for P. napi. 

However, whether these changes are positive or negative depends on the combination 

of environmental conditions. Therefore, higher temperatures may reduce the quality of 

host plants for this butterfly species, whereas drought conditions, especially in 

combination with elevated temperatures, seem to increase the plant quality. Following 

that, it may depend on the population (and therefore on the location) whether P. napi 

will be affected negatively or not. 

As expected, the morphological and physiological traits in P. napi were strongly 

affected by sex. The results showed consistently that males developed faster than 

females. Males often favor an early adult emergence in order to maximize their mating 

success, resulting in higher larval growth rates (selection for protandry; Wiklund and 

Fagerström 1977, Karl and Fischer, 2008). Furthermore, males had higher thorax 

masses, larger wings and therefore higher thorax-abdomen ratios than females. This 

pattern showed the need in males for higher flight ability. With bigger thorax they have 

more (stronger) flight muscles, which allow them to succeed in competitions with 
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rivalling males and in competition for mates (van Dyck et al., 1998; van Dyck and 

Wiklund, 2002; Berwaerts et al., 2008). For patrolling, a typical behavior in males, small 

but long wings are beneficial. These patterns could be found here, seen in larger wings 

but higher aspect ratios (Wickman, 1985; Ebert and Rennwald 1991; Fischer et al., 

1999). In contrast to other butterfly species, males and females here had similar 

abdomen masses. The lack of sex-specific dimorphism could be explained by the fact 

that males of the Pieridae family produce large spermatophores (Wiklund et al., 1993). 

These nutrient-rich nuptial gifts for females can reach a relatively large size (Svärd and 

Wiklund, 1989). Because the material for the spermatophores are build and stored in 

the abdomen, this gift-giving mating system lead to on average larger males. 

Additionally, there was no significant difference in relative fat content. Both males and 

females need fat to fuel flight ability though the use of this potential energy is different 

between sexes (Zera et al., 1998; Karl and Fischer, 2008). Females need energy to 

search for potential oviposition sites, whereas males need their energy to find mates 

and for intraspecific competition. The differences between sexes seem to be, in some 

cases, influenced by the host-plant quality. For instance, the typical sex dimorphism, 

concerning males had higher pupal masses than females, occurred only when larvae 

fed on plants from control (TCWC) or double-stressed plants (T1W1). There were no 

differences between sexes in the two other plant qualities. It seems that due to the 

response to TCW1 and T1WC, the sexes aligned in their pupal masses. This alignment 

may be caused by the fact that females often respond differently to plant qualities than 

males. The results for total body mass, abdomen mass and forewing area showed that 

the effects of plant quality were restricted to females. With females responding to plant 

qualities and males staying as they are, the differences between sexes consequently 

changed and sometimes even disappeared. A possible explanation for the different 

responses of the sexes may be the different ecological requirements. With females 

being responsible for the quality of their offspring (fecundity selection in females; 

Honek, 1993; Blanckenhorn, 2000), they may try to perform as good as possible on 

each plant quality in order to increase their fecundity and therefore change their 

morphological and physiological traits. 
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Conclusion 

In this experiment, I could show that both females and larvae are able to differentiate 

between plant treatments. Similar to earlier studies, this experiment indicates that both 

females and larvae prefer plants which contained an increased amount of 

glucosinolates, here sinalbin. This indicates that oviposition and larval feeding 

preferences are stimulated by higher concentrations of these compounds of the 

secondary plant defense. However, sinalbin could not be the only cue, because both 

females and larvae chose another plant quality as well. With the results of chapter 2.1, 

this second choice could not be explained so far. Thus, there may be other plant 

compounds which have an influence on oviposition and feeding preferences in P. napi. 

It can be assumed that sinalbin in this experiment might act in combination with other 

compounds or in a specific proportion. Therefore, a more detailed analysis of the 

chemical composition of S. alba will be necessary. However, comparing all three parts 

of this experiment, a kind of mismatch between female choice (and larval choice as 

well) and larval requirement seemed to occur. Thus, glucosinolates seem to act like a 

“double-edged sword” in P. napi because they stimulate oviposition and feeding 

behavior whereas performance will be negatively affected when the concentration is 

too high. For this specialist herbivore, glucosinolates are important for easier host 

recognition (Chew, 1988). They also reduce competition between herbivores by 

deterring most generalists (Giamoustaris and Mithen, 1995; Chew, 1988; Rask et al., 

2000; Kessler and Baldwin, 2002). However, these advantages seem to come at costs 

through detoxification. Larvae fed with T1WC showed a significant decrease in 

morphological traits seen in thorax masses and wing areas. The feeding of larvae on 

plant tissue disrupts the cell walls and thus releases the enzyme myrosinase. This 

enzyme breaks down glucosinolates to toxic compounds like isothiocyanates 

(Ratzka et al., 2002; Van Leur et al., 2008). Brassicaceae specialists were known to 

develop several detoxification mechanisms (Agerbirk et al., 2006; Travers-Martin and 

Müller, 2008). Therefore, coping with these toxic compounds may reduce the overall 

performance, as manifested by prolonged development and reduced sizes in larvae in 

this experiment. Thus, caterpillars have to allocate their resources between 

detoxification, survival and growth. Moreover, the results of this experiment showed 

that depending on the environmental stress, changes in plant composition can be 

beneficial as well. By trend, larvae seem to perform in some cases better when fed on 

plants of the T1W1 and TCW1 treatments, shown by higher total body masses and 
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increased PO activities. This conforms to the ´plant stress-larval performance 

hypothesis´ (Huberty & Denno, 2004; Cornelissen et al., 2008). It seems that the quality 

as host plant for P. napi may depend on the combination of environmental factors the 

plants were exposed to. With regard to recent climate change, host-plant quality may 

be decreased in cases of warm and humid conditions or increased in cases of warm 

but dry conditions. Therefore, it may depend on the local weather if climate change 

has a negative indirect effect on the performance of P. napi. 

 

 

 

2.3 Effects of glucosinolate level (in Brassica napus spp.) on 

oviposition, feeding preferences and larval performance in 

Pieris napi 

2.3.1 Abstract 

As shown in the chapter above, changes in the chemical composition of host plants 

can affect the preference and performance of insect herbivores. To examine which 

factor has the greatest impact on the insects´ reaction, I conducted an experiment in 

which the quality of the food plant was only changed by one factor, here the 

concentration of glucosinolates. With three different Brassica napus types containing 

different, genetically fixed glucosinolate levels, I performed oviposition, feeding 

preference and performance tests. The results of these tests indicate that 

glucosinolates have a weaker impact on the performance of Pieris napi than expected. 

With enough resources available, larvae of this species could cope with even high 

concentrations of glucosinolates, presumably by using detoxification mechanisms. 

Only fat storage was influenced by the glucosinolate level, which indicates that with 

the need of detoxification, resources do not suffice for growth and fat storage. Probably 

larvae could only maintain growth at the expense of fat content. In contrast to earlier 

studies and chapter 2.2 in this thesis, I found no evidence for the stimulating effects 

higher concentrations of glucosinolates on oviposition and feeding behavior. It seems 
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that the reaction of herbivores on different plant qualities may be caused by a 

combination of several factors and not only by the amount of glucosinolates. 

 

2.3.2 Introduction 

This chapter is complementary to the preceding chapter. The preference and 

performance tests above showed that chemical changes in food plants had an effect 

on oviposition, feeding preference and performance of P. napi. This chapter shall clarify 

the importance of glucosinolates (part of the secondary defense) for the behavior of 

females and larvae and the larval performance. 

Herbivores which feed on plants from the order of Brassicales are faced with the 

presence of secondary compounds, namely glucosinolates. This group of chemicals is 

part of the plant defense against herbivores and diseases (Wittstock and 

Gershenzon, 2002). Depending on their degree of specialization, herbivores 

(generalists and specialists) react differently to this secondary defense. Due to their 

wide range of host plants (including several orders of plants), generalists are 

vulnerable to glucosinolates and may even be poisoned by them (Rask et al., 2000; 

Kessler and Baldwin, 2002; Gutbrodt, Mody and Dorn, 2011). In contrast, specialists 

have a closer relationship to their host plant (Joshi and Vrieling, 2005; Gutbrodt, Mody 

and Dorn, 2011). Specialists who are adapted to plants of the Brassicales are able to 

overcome their secondary defense and sometimes seem to benefit therefrom (Kessler 

and Baldwin, 2002; Bruce, 2014). With specialization on Brassicales, herbivores face 

less competition with other species, especially generalists, but have to allocate 

resources for coping with the plant defense (Ehrlich and Raven, 1964; Berenbaum, 

1983; Kessler and Baldwin, 2002).  

Secondary compounds were shown to disrupt herbivore nervous systems, muscle 

action, kidney and liver function (Rhoades and Cates 1976). In order to survive while 

feeding on defending plants, larvae of specialists have to develop mechanisms against 

these negative effects. Therefore, they evolved several detoxification mechanisms like 

avoiding contact with plant structures containing high concentrations of glucosinolates 

or sequestering toxins for their own defense (cf. turnip sawfly, Müller et al., 2001) or 

detoxification of glucosinolates or their hydrolysis products (Wittstock and Gershenzon, 

2002). For instance, Pierid species were shown to direct the myrosinase-catalyzed 
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hydrolysis from the toxic isothiocyanathes to less toxic nitriles by a special protein 

(Wittstock, 2003, 2004). This nitrile-specifier protein (NSP) allows them to feed on 

plants even with high amounts of glucosinolates. Glucosinolates may have positive 

effects as well. Females of several herbivore species used them as positive cues for 

host plant recognition (Schoonhoven, 1972; Chew, 1988; Alan and Renwick, 2002). 

Moreover, high amount of glucosinolates was shown to stimulate oviposition of female 

butterflies (Griffiths et al., 2001; Alan and Renwick, 2002). Even larvae seem to be 

influenced by glucosinolates in their feeding behavior (Mattiacci et al., 2001). Similar 

to females, they are stimulated by them. Furthermore, many studies showed that 

glucosinolates have both positive and negative impacts on the performance of 

specialized herbivores. For instance, Bruce (2014) showed that larvae of the butterfly 

P. rapae perform better when glucosinolates were present in plants. Besides direct 

effects, presence of glucosinolates in plants may be advantageous for specialist 

herbivores by reducing competition (Giamoustaris and Mithen, 1995; Rask et al., 2000; 

Kessler and Baldwin, 2002). Furthermore, the butterfly P. brassicae was shown to get 

access to high nutritious parts of the plant (like flowers) by tolerating high 

concentrations of glucosinolates (Smallegange et al., 2007). However, these positive 

effects seem to be dose-dependent. Although glucosinolates acted as oviposition cues 

and in some cases were positive for performance, specialist herbivores were shown to 

be negatively affected when the concentration is getting too high. For instance, Li et al. 

(2000) showed that larval growth rate of the specialist butterfly 

Plutella xylostella (Linnaeus) were lower on plants with higher concentrations of 

glucosinolates, and Gols et al. (2008) found that prolonged development time in the 

specialist P. rapae also correspond to high levels of glucosinolates. Overall, 

glucosinolates in host plants seem to have a strong impact on the preference and 

performance of specialized herbivores, although the direction is dependent upon the 

presence/absence and/or the concentration of these secondary plant compounds. 

Additionally, Bidart-Bouzat et al. (2008) called phytochemicals the mediator of plant - 

insect interactions. 

In chapter 2.2, I found that changes in the chemical composition of host plant affected 

both the preference and performance of the butterfly P. napi. Because changes involve 

glucosinolates as well as carbon content (and likely many other compounds which 

were not measured), I could not investigate the role of the likely important 

glucosinolates in isolation. Therefore, I focused in this experiment on the influence of 
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glucosinolates, using plants with genetically fixed levels of glucosinolates. However, 

note that it cannot be completely exclude that plants used here differed in other plant 

compounds too. I investigate oviposition and larval feeding behavior to test whether 

glucosinolates have an effect on preferences. In addition, I conducted a performance 

experiment to see if larval development was influenced as well. Following the results 

of chapter 2.2, I expect that a higher amount of glucosinolate stimulates oviposition as 

well as larval feeding behavior, but has negative effects on larval performance, 

resulting in lighter masses, for example. 

 

2.3.3 Material and Methods 

Study organism 

In this experiment, I used the same butterfly species as in chapter 2.2. Females of the 

green-veined white (Pieris napi) were collected near Greifswald, north-eastern 

Germany. 

In contrast to chapter 2.2, I used Brassica napus with different glucosinolate content 

as oviposition and food plant. Therefore, I ordered special seeds from the Leibniz-

Institut für Pflanzengenetik und Kulturpflanzenforschung (IPK; Gatersleben, Stadt 

Seeland). Their gene bank contains numerous plant species with a great number of 

genetic diverse types. Each type is controlled for its chemical composition. The 

different amounts of glucosinolates in different B. napus types is genetically fixed by 

plant cultivation, which allows the production of plants with identical levels of 

glucosinolates. For my experiment, I chose three different B. napus-types (Brassica 

napus subsp. napus var. napus f. annua). ´Erglu´ has the lowest amount of 

glucosinolates (17.5 µmol/g), ´Wesway´ has the middle amount (51.9 µmol/g) and 

´Cubs Root´ the highest (108.2 µmol/g). For easier differentiation, ´Erglu´, ´Wesway´ 

and ´Cubs Root´ were used in the following text as synonyms for the different plant 

qualities. Plants were grown from seeds of these types in a greenhouse (with 

temperature varying in response to external temperature and insolation) in plastic pots 

(11 x 11 x 12 cm; 5 plants per pot; in commercially available standard potting soil). The 

plants were watered every other day, except for hot summer days when daily watering 

was necessary to prevent drought-induced damage. Plants received enough water to 



Material and Methods 

63 
 

keep them turgid until next watering. Leaves for oviposition and feeding were 

harvested when plants reached the eight-leaf stadium. 

 

Experimental design 

The same experiments as described in chapter 2.2 were executed here. Wild-caught 

P. napi females were kept at 25 °C, 60 % relative humidity, and a L 18: D 6 photoperiod 

(light lasted from 5 am to 23 pm). Females were placed separately in translucent small 

cages (37 cm x 21.5 cm x 21.5 cm; Faunarium, Exo Terra) and were provided with 

fresh flowers (e.g. Achillea millefolium L.), water and highly concentrated sucrose 

solution (20%) for adult feeding as well as fresh leaves for oviposition. One leaf from 

each plant treatment (here ´Erglu´, ´Wesway´ and ´Cubs Root´) were positioned 

randomly within the cage and the arrangement was changed every day to control for 

position effects. Oviposition was recorded. Deposited eggs were collected daily 

according to glucosinolate level and female. Resulting larvae were used for larval 

feeding preference and performance tests. 

For the feeding preference test, 100 hatched larvae were fed with Alliaria petiolata to 

avoid habituation before test phase. To avoid problems with pupation (seen during the 

experiments of chapter 2.2), larvae were transferred into the test-arrangement when 

they reached the second instar. For testing, translucent petri dishes were used. They 

were better for ensuring equal distances from leaf pieces to the middle of the dish than 

it would be possible in rectangular boxes as used in chapter 2.2. Petri dishes were 

prepared with filter paper and fresh equal-sized pieces of B. napus leaves collected 

from plants of the three qualities. Leaf pieces were arranged randomly on the 

outermost edge of each petri dish. One larva was placed in the middle of each petri 

dish and observed for one hour. Decision(s) of the caterpillar was (were) recorded. 

When the larva was sitting or feeding on one leaf, this was determined as a decision. 

Movements without contact to any leaf were not included. 

For larval performance, larvae of each family (associated with mother) were randomly 

divided after hatching among the three plant qualities. In groups of five, larvae were 

reared under above conditions in small plastic boxes (125 ml) and were fed with the 

appropriate quality ad libitum. Boxes were checked daily and larvae were supplied with 

fresh leaves as necessary. Resulting pupae were weighted and afterwards kept 
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individually until eclosion. Developmental time (larval and pupal time together), pupal 

mass and larval growth rate (described as mass gain per day) were recorded at that 

time. After eclosion, adult butterflies were frozen at - 80 °C for further analyses.  

 

Morphological and physiological analyses 

Data on total body mass, thorax mass, abdomen mass, thorax-abdomen ratio, fat 

content, protein content, PO activity, forewing area, wing loading and wing aspect ratio 

were recorded. The same measurements as described in chapter 2.2.3 were used here 

as well. 

 

Statistical analyses 

All statistical tests were performed using Statistica 8.0 (StatSoft, 2007). For oviposition, 

a repeated measured ANOVA with glucosinolate level as fixed factor and females as 

repeated measures was used to investigate effects on egg number. For each female, 

summed egg numbers of each plant treatment were calculated and used for the 

analysis (ANOVA mentioned above). For the visual presentation of the results, mean 

egg numbers were used instead of total numbers (for an easier comparison between 

plant treatments). Because data for larval feeding preference only contained of 0 and 

1, a nominal logistic regression using decision as dependent factor and glucosinolate 

level as fixed factor was used. Performance data were analyzed with general linear 

models (GLMs) using glucosinolate level, sex and their interaction as fixed factors, 

family as random effect and protein (for the analysis of PO activity) as covariate to 

investigate effects on morphological and physiological traits. All means are 

given ± 1 SE (standard error). 
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2.3.4 Results 

Oviposition and larval feeding preference 

Female oviposition was significantly affected by glucosinolate level (repeated 

measures ANOVA: F 2, 40 = 3.75, P = 0.0322). Females laid significantly more eggs on 

leaves of ´Erglu´ than on the other two qualities (´Erglu´: 32.6 ± 6.7; ´Wesway´: 17.5 ± 

2.9; ´Cubs Root´: 23.5 ± 3.9; Fig. 14). Larval food choice, in contrast, was not 

significantly affected by glucosinolate level (nominal logistic regression: Chi²2 = 1.30, 

P = 0.5209). 

 

 

Fig. 14 Oviposition preference (shown as mean number of eggs laid) of Pieris napi -females 

on Brassica napus -host plants of different glucosinolate levels. 

Glucosinolate levels: ´Erglu´ = 17.5 µmol/g; ´Wesway´ = 51.9 µmol/g; 

´Cubs Root´ = 108.2 µmol/g 

 

Performance 

Glucosinolate level of plants only significantly affected abdomen mass and relative fat 

content (Table 5). Abdomen masses tended to be lowest on ´Cubs Root´ following 

´Erglu´ and ´Wesway´ (´Cubs Root´(n = 72): 22.51 ± 2.65 mg, ´Eglu´ (n = 53): 24.54 ± 

3.37 mg, ´Wesway´(n = 68): 24.46 ± 2.97 mg; Tukey HSD after GLM n.s.; Fig. 15b). 

Fat content was lower with ´Cubs Root´ than ´Wesway´ (´Cubs Root´ (n = 64): 8.20 ± 
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1.02 % < ´Wesway´ (n = 59): 9.96 ± 1.30 %; Tukey HSD after GLM; Fig. 18), whereas 

fat content on ´Erglu´ (9.12 ± 1.30 %) did not differ from the other glucosinolate levels. 

Sex significantly affected development time, pupal mass, larval growth rate, abdomen 

mass, thorax-abdomen ratio, relative fat content, forewing area and wing aspect ratio 

(Table 5). Males had higher pupal masses (♂: 138.26 ± 13.89 mg > ♀: 125.32 ± 

12.93 mg; n = 94-98; Fig. 15a), developed faster (♂: 19.59 ± 1.98 days < ♀: 21.70 ± 

2.24 days; n = 94-98; Fig. 17a), higher growth rates (♂: 0.34 ± 0.03 mg/ day > ♀: 0.32 ± 

0.03 mg/ day; n = 94-98; Fig. 17b), higher thorax-abdomen ratios (♂: 1.02 ± 0.10 > 

♀: 0.74 ± 0.08; n = 94-98; Fig. 15c), larger wing areas (♂: 195.35 ± 0.22 mm² > 

♀: 185.22 ± 0.22 mm²; n = 86; Fig. 16a) and higher wing aspect ratios (♂: 10.59 ± 

1.15 > ♀: 10.09 ± 1.08; n = 85-87; Fig. 16b) than females. Females in turn had higher 

abdomen masses (♀: 24.76 ± 2.55 mg > ♂: 22.81 ± 2.29 mg; n = 94-99; Fig. 15b) and 

higher fat content (♀: 10.19 ± 1.09 % > ♂: 7.91 ± 0.86; n = 85-87; Fig. 18) than males. 

In addition, there is a trend towards a significant impact of sex on thorax mass (Table5). 

Males tended to have higher thorax masses than females (♂: 21.92 ± 0.19 mg, 

♀: 17.87 ± 0.03 mg; n = 94-98). 

Interactions between glucosinolate level and sex were non-significant throughout. 

There was only a trend towards a significant impact of this interaction on protein 

content (Table 5). The effects of glucosinolate level tended to be restricted to females. 

In females, protein content tended to be highest on ´Erglu´, whereas sexes tended to 

differ only on ´Erglu´ (´Erglu´♀: 3.22 ± 0.09 µg/ ml, ´Erglu´♂: 2.52 ± 0.04 µg/ ml, 

´Wesway´♀: 2.64 ± 0.03 µg/ ml, ´Wesway´♂: 2.55 ± 0.04 µg/ ml, ´Cubs Root´♀: 2.56 ± 

0.03 µg/ ml, ´Cubs Root´♂: 2.64 ± 0.04 µg/ ml; n = 27-30). 
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Table 5 Results of general linear mixed models for the effects of glucosinolate 

level (Brassica napus), sex and family (random effect) on various traits in Pieris napi. 

Covariates were added as appropriate. Significant p-values are given in bold. 

Developmental time = Larval time + pupal time. 

 

Pupal mass MS DF F P 

Glucosinolate level 174.0 2, 165 0.53 0.5910 

Sex 5864.0 1, 165 17.73 < 0.0001 

G. level * Sex 274.0 2, 165 0.83 0.4386 

Family 1017.0 22, 165 2.94 < 0.0001 

Error 331.0 165   

Total body mass MS DF F P 

Glucosinolate level 281.5 2, 145 1.06 0.3479 

Sex 12.5 1, 145 0.05 0.8280 

G. level * Sex 81.9 2, 145 0.31 0.7343 

Family 267.1 20, 145 1.01 0.4555 

Error 264.7 145   

Thorax mass MS DF F P 

Glucosinolate level 4.68 2, 165 0.03 0.9729 

Sex 473.98 1, 165 2.78 0.0971 

G. level * Sex 65.59 2, 165 0.39 0.6808 

Family 343.92 21, 165 2.02 0.0077 

Error 170.22 165   

Abdomen mass MS DF F P 

Glucosinolate level 156.39 2, 165 3.46 0.0338 

Sex 256.10 1, 165 5.66 0.0185 

G. level * Sex 12.91 2, 165 0.29 0.7520 

Family 50.52 21, 165 1.12 0.3350 

Error 45.22 165   
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Table 5 continued 

 

Thorax-abdomen ratio MS DF F P 

Glucosinolate level 0.25 2, 165 0.47 0.6236 

Sex 2.90 1, 165 5.41 0.0213 

G. level * Sex 0.35 2, 165 0.66 0.5184 

Family 0.88 21, 165 1.64 0.0454 

Error 0.54 165   

Forewing area MS DF F P 

Glucosinolate level 376.0 2, 145 1.29 0.2779 

Sex 1694.0 1, 145 5.82 0.0171 

G. level * Sex 197.0 2, 145 0.68 0.5101 

Family 798.0 20, 145 2.74 0.0002 

Error 291.0 145   

Wing loading MS DF F P 

Glucosinolate level 6.7*10-3 2, 145 1.12 0.3280 

Sex 4.2*10-3 1, 145 0.71 0.4013 

G. level * Sex 0.6*10-3 2, 145 0.10 0.9036 

Family 6.8*10-3 20, 145 1.14 0.3196 

Error 6.0*10-3 145   

Developmental time MS DF F P 

Glucosinolate level 75.8 2, 165 1.90 0.1532 

Sex 259.3 1, 165 6.49 0.0118 

G. level * Sex 21.3 2, 165 0.53 0.5885 

Family 132.7 21, 165 3.32 < 0.0001 

Error 40.0 165   

Larval growth rate MS DF F P 

Glucosinolate level 3*10-3 2, 165 1.73 0.1811 

Sex 19*10-3 1, 165 9.61 0.0023 

G. level * Sex 1*10-3 2, 165 0.65 0.5227 

Family 15*10-3 21, 165 7.42 < 0.0001 

Error 2*10-3 165   
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Table 5 continued 

 

Fat content % MS DF F P 

Glucosinolate level 61.62 2, 146 3.7288 0.0263 

Sex 250.96 1, 146 15.1852 0.0001 

G. level * Sex 10.07 2, 146 0.6095 0.5450 

Family 53.19 20, 146 3.2184 < 0.0001 

Error 16.53 146   

Protein content MS DF F P 

Glucosinolate level 0.9 2, 137 0.68 0.5087 

Sex 1.4 1, 137 1.03 0.3122 

G. level * Sex 3.6 2, 137 2.67 0.0731 

Family 1.3 20, 137 0.97 0.5049 

Error 1.3 137   

Phenoloxidase activity MS DF F P 

Glucosinolate level 0.9 2, 108 0.06 0.9408 

Sex 1.1 1, 108 0.07 0.7848 

G. level * Sex 11.6 2, 108 0.81 0.4492 

Family 22.5 20, 108 1.56 0.0774 

Protein 84.0 1, 108 5.81 0.0176 

Error 14.4 108   
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Fig. 15 Effects of glucosinolate level (of Brassica napus) and sex on pupal mass (a), abdomen 

mass (b) and thorax-abdomen ratio (c) in Pieris napi.  1: ´Erglu´ = 17.5 µmol/g; 2: ´Wesway´ = 

51.9 µmol/g; 3: ´Cubs Root´ = 108.2 µmol/g, male = filled bars; female = open bars. 
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Fig. 16 Effects of glucosinolate level (of Brassica napus) and sex on forewing area (a) and 

wing aspect ratio (b) in Pieris napi.   

 

 

 

 

Fig. 17 Effects of glucosinolate level (of Brassica napus) and sex on developmental time (a), 

larval growth rate (b) in Pieris napi.   

 

 

9

10

11

12

1 2 3

W
in

g
 a

s
p

e
c
t 

ra
ti

o

male female

180

190

200

210

1 2 3

F
o

re
w

in
g

 a
re

a
 [

m
m

²]

male female

b a 

0.30

0.32

0.34

0.36

0.38

0.40

1 2 3

G
ro

w
th

 r
a
te

 [
m

g
/d

a
y
]

male female

15

20

25

30

1 2 3

T
im

e
 [

d
a
y
s
]

male female

a b 



Discussion 

72 
 

 

 

 

 

 

 

 

 

Fig. 18 Effects of glucosinolate level (of Brassica napus) and sex on relative fat content 

in Pieris napi.   

 

2.3.5 Discussion 

Females of P. napi, but not larvae, differentiated between glucosinolate levels. 

Contrary to my expectations, female butterflies preferred ´Erglu´ plants (with lowest 

level of glucosinolates) instead of ´Cubs Root´ (highest level) for oviposition. Because 

all plants used in this experiment were grown under the same environmental 

conditions, it can be assumed that there were no differences in other components (like 

carbon). However, pleiotropic effects and other possible changes in plant chemistry 

cannot be completely excluded here. Therefore, the following results should be 

handled with care. Although I found a stimulating effect of higher concentration of 

sinalbin in chapter 2.2, this pattern is not true for this experiment. However, there are 

several possible explanations for these findings. The results in this experiment 

reinforce the indication of the former experiment (chapter 2.2) that glucosinolates were 

not the only cue for oviposition in P. napi. It can be assumed that there have to be 

other plant compounds which also play an important role in the stimulation of 

oviposition behavior. These may be other glucosinolates or compounds of a different 

chemical class. Following Fahey, Zalcmann and Talalay (2001) Brassica napus and 

Sinapis alba differ in some of their glucosinolates. It is possible that the plants used 

here and in chapter 2.2 contained different species of glucosinolates and therefore 

cause the different responses of P. napi females and larvae. Furthermore, it can be 
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assumed that the stimulating effect of glucosinolates is weakened in this experiment 

by other unknown factors. Haribal and Feeny (2003) showed that other secondary 

plant compounds like flavonoids can overcome the stimuli of even high glucosinolate 

concentrations and deter egg laying. Following that, it is possible that the B. napus 

plants, used in this experiment, contained compounds which may attenuate the effect 

of the high glucosinolate level in ´Cubs Root´. Compared to the results of chapter 2.2, 

S. alba may not have such a strong deterring factor like rape which enabled me to see 

the stimulating effect on oviposition and larval preferences. Nevertheless, it can be 

possible that the effects on oviposition seen in chapter 2.2 were not only caused by 

higher concentration of sinalbin. The lack of choices during the feeding preference test 

here seems to underline this assumption. Although larvae in chapter 2.2 differentiated 

between plant qualities, glucosinolates seemed not to be the only reason for this 

behavior. Moreover, it can be assumed that they were less important for P. napi than 

supposed. Similar to females, larval decisions seemed to be influenced by additionally 

or even completely other factors. However, as Gutbrodt et al. (2011) mentioned, larvae 

seem to be “bad choosers” and their cues mediating feeding preferences may not be 

sensitive enough to recognize differences between plant qualities when only one factor 

was changed.  

The results of the performance test indicate that the presumed negative effects of high 

glucosinolate concentration seen in chapter 2.2 is not alone responsible for variation 

in morphological and physiological traits. Because glucosinolate level here had no 

effect on all traits except abdomen mass and relative fat content, the variation seen in 

chapter 2.2 could not be explained exclusively by changes in glucosinolate 

concentration. However, the highest level of glucosinolates (´Cubs Root´) was shown 

to reduce fat content significantly and thereby abdomen mass. Agerbirk et al. (2006) 

showed that P. brassicae could tolerate high concentrations of glucosinolates due to 

successful detoxification. It seems that due to energy expenditure for successful 

detoxification, the gained resources did not suffice for fat storage. Therefore, it is 

possible that a trade-off between detoxification and accumulation of storage 

compounds exists. This lead to the assumption that with an increase in glucosinolates, 

the resources gained from plant material did not suffice for assembling fat storage while 

allocating between detoxification and growth/survival. 
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In contrast to chapter 2.2, there was no significant interaction between glucosinolate 

level and sex. Only a trend in protein content existed, indicating that females tended 

to have the more protein when feeding on the lowest glucosinolate level (´Erglu´). This 

circumstance may give another hint that the responses seen in chapter 2.2 were not 

caused by glucosinolates alone. Besides, sexes showed the typical dimorphism for 

P. napi, concerning males developed faster, had higher thorax-abdomen and wing 

aspect ratios as well as larger wings than females. 

In this experiment, I could show that a change only in glucosinolates affected P. napi 

preferences and performance less than the experimental manipulation of plants used 

in chapter 2.2. Note that differences between this experiment and chapter 2.2 derived 

only from larval performance, because plant composition of B. napus-plants were not 

examined here. The stimulating effect seemed to be weaken by other factors in 

B. napus. To examine which factors are involved, further investigation will be 

necessary. Because larvae did not prefer any plant quality in the feeding preference 

test, I assume that the second instar used here was too young. The majority of tested 

larvae did not move during the test phase, at all. It seems that second instar larvae are 

less mobile than the older stages. The low number of decisions may not be sufficient 

to show significant differences. However, when I used older larvae there was the 

problem of pupation, seen during the experiment of chapter 2.2. The only solution for 

this problem is to use a greater number of replicates for preference tests. For larval 

performance, I could show that larvae of P. napi were less strongly affected by 

glucosinolate levels alone. Apparently, they were able to detoxify glucosinolates to 

such a great extent that they could maintain growth as there were no changes in 

morphological parameters. For this reason, the results of the chapter above should be 

interpreted with care. The effects on morphological and physiological traits seen there 

seem to be not only caused by changes in the amount of glucosinolates, especially 

sinalbin. At least for P. napi, a combination of several plant compounds seems to be 

more important than single factors. In conclusion, specialized herbivores like P. napi 

are well adapted to their host plants and therefore could cope with the plants´ 

secondary defense when nutritional status from the plants is well-balanced. 

 

 

 



Abstract 

75 
 

3 POPULATION-SPECIFIC RESPONSES TO VARIATION 

IN HOST-PLANT QUALITY 

3.1 Abstract 

Until now, there seem to be only a few studies about reaction norms in relation to 

changes in host-plant quality across populations in butterflies. However, many studies 

showed that populations of Pieris napi differ in morphological traits across a latitudinal 

gradient. This leads to the assumption that individuals of different populations may 

differ in their responses to changed plant quality as well. Climate change may alter the 

chemical composition of host plants and therefore modify the suitability of these plants 

for P. napi. As shown in chapter 2.2, changes in host-plant quality may have an 

influence on the performance of this butterfly species. With regard to existing clinal 

variation in life-history traits of this species, it is possible that different populations may 

respond differently to various plant qualities. Therefore, I performed a performance 

experiment with butterflies from three different German and Italian populations 

respectively (cf. chapter 2.2). The results of this experiment showed similar effects of 

plant quality, as seen in chapter 2.2. Thus, drought conditions had, in most cases, 

positive effects on the performance of all tested P. napi populations whereas elevated 

temperatures had negative effects when plants were grown under normal watering. 

Moreover, the results indicate that there is no general effect of origin except on protein 

content. German and Italian butterflies resemble one another in most of their life-history 

traits, although sex differences seem to be restricted in most cases to German 

populations. However, the populations differ in their reaction to changes in host plant 

quality, but only in developmental time and larval growth rate. Here, the orientation of 

the effects is reversed, meaning that the German individuals benefitted from drought-

stressed plants, whereas Italian ones were affected negatively. Additionally, Italian 

butterflies had larger wings when fed with plants from elevated temperatures, whereas 

German ones showed no response in this trait. Overall, this experiment showed that 

there is limited variation among populations in the response to simulated climate 

change. For future, it can be assumed that the effects of climate change on German 

and Italian butterflies will depend on the characteristic of the environmental stress (only 

one factor or a combination of two). 
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3.2 Introduction 

Climate change imposes changes in mean temperature and the occurrence of extreme 

weather events. Living organisms are forced to react on these changes in order to 

survive. In chapter 2.1, I could show that simulated climate change had an effect on 

the chemical composition of the plant species Sinapis alba (Brassicaceae). Plants 

react on elevated temperature and drought with a change in their secondary defense 

and carbon content. Furthermore, in chapter 2.2 I found that these changes in plants 

influenced the Brassicaceae specialist Pieris napi. Thus, simulated climate change 

may have an indirect effect on this butterfly by provoking changes in its host plant. In 

chapter 2.2 only one German population was examined, therefore the question arises 

whether other populations react in the same or different ways to changes in plant 

composition.  

Many studies showed that populations within species differ in their phenotypes across 

latitudinal gradients (e.g. Mousseau and Roff, 1989, 2006; Blanckenhorn et al., 2006; 

Sambucetti, Loeschcke and Norry, 2006; Nygren, Bergström and Nylin, 2009; Chown 

and Gaston, 2010; Posledovich et al., 2014). Responding to diverse environmental 

conditions, populations undergo local adaptation which results in clinal variation 

(Nygren, Bergström and Nylin, 2009). For example, size of insects is shaped by factors 

like season length or number of generations occurring in one season (Nygren, 

Bergström and Nylin, 2009). Following the Bergmann´s rule and the temperature-size 

rule, individuals should be bigger in cooler environments and smaller in warmer 

surroundings (Atkinson, 1994; Arnett and Gotelli, 1999; Chown and Gaston, 1999). 

However, for insects this rule does not fit generally. Across insect species, latitudinal 

clines could show two different patterns. Following the “converse Bergmann theory”, 

individuals of northern populations showed for instance a decreased body size 

compared to their southern relatives (Nygren, Bergström and Nylin, 2009). However, 

some species showed an opposite cline, i.e. with bigger individuals in cooler regions. 

Besides phenotypic plasticity, most of these differences between populations evolved 

over years and are genetically fixed (Mousseau and Roff, 2006; Espeland et al., 2007).  

For P. napi, Posledovich et al. (2014) showed that northern populations differ from 

southern ones in morphological traits like body size. Due to former adaptation to local 

environments, it can be assumed that populations of this butterfly may differ in their 

response to altered host-plant quality. It is possible, that Italian flora was changed 
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already in their chemical composition because of the warmer climate in southern 

Europe. These changes could be similar to those caused by elevated temperatures 

during plant growth in this thesis. Therefore, Italian butterflies of P. napi may have 

adapted to altered plant composition in the past. However, until now, there is a lack of 

studies comparing the performance of different populations in relation to changes in 

food quality. Therefore, I investigated the effect of different plant qualities on individuals 

from different countries (Germany and Italy). I predict that German individuals will differ 

from Italian ones in their response to different plant qualities. Because of the possible 

adaptation to plants growing under warmer climate, Italian butterflies may respond less 

strongly to the changes in plant composition produced in this experiment. In contrast, 

German butterflies may face new plant qualities and therefore respond much stronger.    

 

3.3 Material and Methods 

For this study, the green-veined white (Pieris napi L.) was used. Females of three 

different populations from each country (Italy and Germany) were caught. In Italy, 

22 butterflies were collected in Mantova (north 45.206543° east 10.747021°), 20 in 

Pavia (north 45.123027° east 9.162372°), and 24 in Turin (north 45.294200° east 

7.301159°). For the German populations, 22 females were collected in Rostock (north 

54.111174° east 12.122951°), 25 in Wismar (north 53.543161° east 11.422000°) and 

20 near Greifswald (north 54.042552° east 13.271043°). Caught females were 

transferred to lab (in Greifswald). They were kept at 25 °C, 60 % relative humidity, and 

a L 18: D 6 photoperiod (light lasted from 5 am to 23 pm). For oviposition, females 

were placed separately in small plastic pots (1l) covered with gauze. They were 

provided with Alliaria petiolata (oviposition substrate) to avoid habituation effects on 

Sinapis alba (test plants). Furthermore, they were provided fresh flowers (e.g. Achillea 

millefolium L.), water and a highly concentrated sucrose solution (20%) for adult 

feeding. Deposited eggs were collected daily and transferred to small plastic boxes. 

Resulting larvae were reared on S. alba and were kept under the same environmental 

conditions used for oviposition. 

For the experiment, plants of S. alba were manipulated in their quality and were used 

as food plants for larvae. Plants were reared according to the plant treatments of 

chapter 2.1 (cf. chapter 2.1.3). However, for logistic reasons, only four of the nine 
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possible treatments were chosen (cf. chapter 2.1.4). The combinations used here 

were: (1) control (TCWC): control temperature (simulation of a normal day of mid-June, 

see chapter 2.1) + control watering (150 ml per day), (2) drought (TCW1): control 

temperature + drought (50 ml per day), (3) heat (T1WC): elevated temperature 

(temperature of (1) increased by 4 °C; see chapter 2.1) + normal watering, (4) heat 

and drought (T1W1): elevated temperature + drought. For each treatment, plants were 

reared in climate cabinets (Versatile environmental test chambers; MLR-351H) with 

humidity hold constantly at 70 %. Duration of light was determined from 5 am to 23 pm 

(18 hours per day). Leaves for larval feeding were harvested after reaching the eight-

leaf stage. 

 

Experimental design 

After hatching, 400 larvae of each population (i.e. 1200 individuals for each country) 

were randomly divided among the four plant qualities. In groups of five, larvae were 

reared in small plastic boxes (125 ml) and fed with the appropriate host-plant treatment 

ad libitum. Boxes were checked daily and larvae were supplied with fresh leaves as 

necessary. Resulting pupae were weighted and afterwards kept individually until 

eclosion. Developmental time (larval and pupal time together), pupal mass and larval 

growth rate (described as mass gain per day) were recorded at that time. After 

eclosion, adult butterflies were frozen at - 80 °C for further analyses.  

 

Morphological and physiological analyses 

To test for effects of host plant treatment, I measured several morphological and 

physiological parameters: total body mass, thorax mass, abdomen mass, thorax-

abdomen ratio, fat content, protein content, phenoloxidase (PO) activity, forewing 

length and area, wing loading and wing aspect ratio. Measurements conducted were 

the same as in chapter 2.2.3. 

 

 

 



Results 

79 
 

Statistical analyses 

All statistical tests were performed using Statistica 8.0 (StatSoft, 2007). The results for 

morphological and physiological traits were analyzed with general linear models 

(GLMs) using country (origin), plant temperature treatment, plant water treatment, sex 

and their interactions as fixed factors, population (nested within country) as a random 

effect and protein (for the analysis of PO activity) as covariate. Minimum adequate 

models were built by sequentially removing non-significant interaction terms. Pupal 

mass and developmental time were log-transformed prior to analyses to meet GLM 

assumptions. All means are given ± 1 SE (standard error) and are based on 

untransformed data (if transformation was necessary in the analysis) for easier 

reference. 

 

3.4 Results 

Origin significantly affected protein content only (Table 6). Protein content was higher 

in German individuals than Italian (G: 5.03 ± 0.004 µg/ml > I: 3.20 ± 0.003 µg/ml; 

n = 478, 536; cf. Fig. 20b). In contrast, populations within origins differed significantly 

throughout. 

Temperature treatment of plants significantly affected developmental time, larval 

growth rate, protein content and PO activity (Table 6). Individuals on elevated plant 

temperature developed faster (TC: 20.85 ± 0.72 days > T1: 19.60 ± 0.71 days; n = 830, 

771; Fig. 19c) and had higher growth rates (TC: 036 ± 0.01 mg/ day > T1: 0.39 ± 

0.01 mg/ day; n = 830, 771; Fig. 19d). Elevated plant temperature decreased both 

protein content (TC: 4.18 ± 0.18 µg/ ml > T1: 3.95 ± 0.18 µg/ ml; n = 519, 495; Fig. 20b) 

and PO activity (TC: 6.33 ± 0.31 mOD/ ml > T1: 5.15 ± 0.26 mOD/ ml; Fig. 24). 

Water treatment of plants significantly affected total body mass, abdomen mass, 

forewing length and forewing area (Table 6). Individuals on plants from drought 

conditions had higher masses (total body mass: WC: 42.66 ± 1.15 mg < W1: 44.78 ± 

1.58 mg; n = 795-806; Fig. 23a; abdomen mass: WC: 16.51 ± 0.59 mg < W1: 17.37 ± 

0.61 mg; n = 795-806; Fig. 23b) and larger wings (length: WC: 20.93 ± 0.78 mm < 

W1: 21.12 ± 0.78 mm; n = 712-727; area: WC: 169.91 ± 6.37 mm² < W1: 173.52 ± 

0.99 mm²; n = 712-727; Fig. 19b). Additionally, there is a trend towards a significant 

impact of plant water treatment for thorax mass (Table 6). Individuals on plants from 



Results 

80 
 

drought conditions tended to have higher thorax masses than control (WC: 14.24 ± 

0.01 mg, W1: 14.49 ± 0.01 mg; n = 795-806). 

Sex significantly affected thorax mass, thorax-abdomen ratio, protein content, PO 

activity and wing aspect ratio (Table 6). Males had higher thorax masses (♂: 14.66 ± 

0.50 mg > ♀: 14.05 ± 0.51 mg; n = 843, 758), higher thorax-abdomen ratios (♂: 0.92 ± 

0.03 > ♀: 0.90 ± 0.03; n = 843, 758), higher protein contents (♂: 4.29 ± 0.19 µg/ ml > 

♀: 3.83 ± 0.17 µg/ ml; n = 519, 495; Fig. 20b), higher PO activities (♂: 5.32 ± 

0.24 mOD/ ml > ♀: 4.49 ± 0.21 mOD/ ml; n = 482, 455; Fig. 24) and higher aspect 

ratios (♂: 10.43 ± 0.40 > ♀: 10.30 ± 0.41; n = 685, 644; Fig. 20a) than females. In 

addition, there is a trend towards a significant impact of sex on pupal mass (Table 6). 

Males tended to have higher pupal masses than females (♂: 111.42 ± 4.89 mg, 

♀: 105.64 ± 4.94 mg; n = 520, 456). 

Origin was involved in significant interactions with plant temperature for pupal mass, 

forewing length and area (Table 6). For pupal mass, differences between German 

individuals and Italian ones were larger on plants of TC because Germans tended to 

be heavier and Italians tended to be lighter here (G TC: 109.73 ± 4.93 mg = 

G T1: 107.61 ± 4.91 mg > I TC: 99.54 ± 5.45 mg = I T1: 102.08 ± 6.00 mg; Tukey HSD 

after GLM; n = 481-495, 289-334; Fig. 19a). German individuals did not differ in their 

wing lengths, whereas Italian ones had shorter wings on plants of TC (G TC: 21.37 ± 

1.00 mm = G T1: 21.16 ± 1.04 mm </= I T1: 20.88 ± 1.31 mm > I TC: 20.46 ± 1.17 mm; 

Tukey HSD after GLM; n = 461, 415, 255, 308; supplementary Fig. V). Therefore, 

differences between German and Italian individuals occurred only on plants of TC. For 

wing area, it was a similar pattern as for wing length. There was no effect of plant 

temperature on German individuals, whereas TC decreased wing area in Italian 

butterflies (G TC: 177.91 ± 8.29 mm² = G T1: 174.65 ± 8.57 mm² > I T1: 168.10 ± 

10.53 mm² > I TC: 161.58 ± 9.21 mm²; Tukey HSD after GLM; n = 461,415, 255, 308; 

Fig. 19b). In addition, there was a trend towards a significant impact of the interaction 

on thorax mass (Table 6). Thorax masses of German individuals tended to decrease 

on plants from elevated temperatures, whereas Italian thorax masses in turn tended to 

increase (G TC: 15.17 ± 0.009 mg, G T1: 14.80 ± 0.009 mg, I TC: 13.32 ± 0.01 mg, 

I T1: 13.50 ± 0.01 mg; n = 496, 481, 334, 209).  

The interaction between origin and plant water treatment had significant effects on 

developmental time, pupal mass and larval growth rate (Table 6). For developmental 
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time, differences between countries were larger on plants from drought 

conditions (W1), because German individuals developed faster on these plants, 

whereas Italian ones developed more slowly (I W1: 22. 91 ± 1.28 days > I WC: 22.06 ± 

1.26 days > G WC: 19.14 ± 0.87 days > G W1: 18.70 ± 0.85 days; Tukey HSD after 

GLM; n = 318, 306, 488-489; Fig. 19c). For pupal mass, differences between German 

and Italian individuals were larger on plants of WC, because Germans tended to be 

heavier here, whereas Italians tended to have lighter masses (G W1: 108.22 ± 

4.90 mg = G WC: 109.15 ± 4.94 mg > I W1: 102.35 ± 5.74 mg = I WC: 99.03 ± 5.67 mg; 

Tukey HSD after GLM; n = 488, 305, 318; Fig. 19a). Larval growth rate of German 

individuals increased on plants of WC, whereas Italians´ decreased (G W1: 0.42 ± 

0.2 mg/ day > G WC: 0.40 ± 0.02 mg/ day > I WC: 0.32 ± 0.02 mg/ day > I W1: 0.31 ± 

0.02 mg/ day; Tukey HSD after GLM; n = 488-489, 306, 318; Fig. 19d). Therefore, 

differences between German and Italian individuals were larger on plants from drought 

conditions. 

Origin was involved in significant interactions with sex for pupal mass, forewing length 

and wing aspect ratio (Table 6). For pupal mass, there were no differences between 

sexes among Italian individuals, whereas German males had higher pupal masses 

than females (G ♂: 111.42 ± 4.89 mg > G ♀: 105.64 ± 4.95 mg > I ♂: 100.50 ± 

5.61 mg = I ♀: 100.93 ± 5.81 mg; Tukey HSD after GLM; n = 520, 456, 321, 302; 

Fig. 19a). Therefore, differences between German and Italian individuals in pupal 

mass were larger in males. Forewing length showed the same pattern than pupal mass 

(G ♂: 21.43 ± 0.99 mm > G ♀: 21.08 ± 1.05 mm > I ♂: 20.58 ± 1.21 mm = I ♀: 20.72 ± 

1.26 mm; Tukey HSD after GLM; n = 470, 406, 291, 271; supplementary Fig. VI). For 

wing aspect ratio, there were only differences among German sexes. German females 

had significant smaller aspect ratios than males (G ♀: 10.23 ± 0.51 < G ♂: 10.42 ± 

0.49 = I ♀: 10.43 ± 0.66 = I ♂: 10.45 ± 0.69; Tukey HSD after GLM; n = 397, 454, 247, 

231; Fig. 20a). 

Furthermore, plant temperature was involved in significant interactions with plant water 

treatment for developmental time, larval growth rate, protein content, PO activity and 

forewing area (Table 6). For developmental time, individuals developed fastest with 

plants from elevated temperatures and drought conditions (TCW1: 21.24 ± 1.02 days > 

TCWC: 20.45 ± 1.02 days > T1WC: 19.98 ± 1.01 days > T1W1: 19.20 ± 0.99 days; 

Tukey HSD after GLM; n = 379, 395-430; Fig. 19c). Additionally, plant temperature 
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reversed the effects of drought conditions. Individuals developed more slowly on plants 

of treatment TCW1, whereas those on plants of treatment T1W1 developed 

faster (cf. means above; Fig. 19c). Growth rates showed similar patterns with highest 

rates on plants from elevated plant temperature and drought conditions (T1W1: 0.41 ± 

0.02 mg/ day > T1WC: 0.38 ± 0.02 mg/ day > TCWC: 0.37 ± 0.02 mg/day > 

TCW1: 0.35 ± 0.02 mg/day; Tukey HSD after GLM; n = 376, 395, 400, 430; Fig. 19d). 

Moreover, plant temperature reversed the effects of drought conditions, leading to 

higher growth rates on plants of treatment TCWC and T1W1. Additionally, the effect of 

plant water treatment was larger under elevated plant temperature than under control 

(TC). For protein content, plant temperature effects were restricted to drought 

conditions. Here, individuals on plants of TC had higher protein content than on plants 

of T1 (TCW1: 4.43 ± 0.01 µg/ ml = T1WC: 4.19 ± 0.01 µg/ ml >/= TCWC: 3.92 ± 

0.01 µg/ ml >/= T1W1: 3.70 ± 0.01 µg/ ml; Tukey HSD after GLM; n = 244, 251-263; 

Fig. 20b). Moreover, drought conditions in combination with TC increased protein 

content, whereas drought conditions combined with T1 decreased it. For PO activity, 

plant temperature effects were restricted to drought conditions. Elevated plant 

temperature only decreased PO activity in combination with drought conditions 

(TCW1: 6.03 ± 0.39 mOD/ ml > T1W1: 4.06 ± 0.27 mOD/ ml = TCWC: 4.88 ± 

0.32 mOD/ ml = T1WC: 4.66 ± 0.30 mOD/ ml; Tukey HSD after GLM; n = 225-237; 

Fig. 24). For wing area, individuals on plants of treatment T1WC had the smallest wing 

area ((T1WC: 168.38 ± 9.12 mm² < TCWC: 171.32 ± 8.89 mm²) = TCW1: 171.41 ± 

8.59 mm² = T1W1: 176.07 ± 9.71 mm²; Tukey HSD after GLM; n = 329, 341; Fig. 19b). 

Moreover, effects of plant water treatment were restricted to elevated plant 

temperature. Here, drought conditions increased wing area (cf. means above). The 

effects of plant temperature in wing area were restricted to WC (cf. means above). 

Here, elevated plant temperature decreased wing area. In addition, there was a trend 

towards a significant impact of this interaction on abdomen mass (Table 6). Effects of 

water treatment tended to be restricted to control temperatures. Here, drought 

conditions tended to increase abdomen masses (TCWC: 16.22 ± 0.02 mg, 

TCW1: 17.76 ± 0.02 mg, T1WC: 16.81 ± 0.03 mg, T1W1: 16.92 ± 0.02 mg; n = 400, 

430, 395, 376). 

Furthermore, there were four significant three-way-interactions (Table 6). First, the 

interactions of origin, plant water treatment and sex significantly affected thorax mass 

only (Table 6). For thorax mass, differences between sexes were restricted to German 
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individuals and to treatment WC (G WC ♂: 15.43 ± 0.95 mg, G WC ♀: 14.24 ± 0.95 mg, 

G W1♂: 15.35 ± 0.96 mg, G W1♀: 15.43 ± 0.95 mg, I WC♂: 13.14 ± 1.05 mg, 

I WC♀: 13.31 ± 1.09 mg, I W1♂: 13.78 ± 1.08 mg, I W1♀: 13.36 ± 1.08 mg; Tukey 

HSD after GLM; n = 265, 224; Fig. 21). Because of that, differences between males of 

the countries were larger on plants of WC, whereas differences between females were 

larger on plants of W1. The interaction between origin, plant temperature and sex 

significantly affected protein content only (Table 6). German sexes differed only on 

plants of treatment T1, whereas Italian sexes showed no significant differences 

(G TC♂: 5.30 ± 0.48 µg/ ml, G TC♀: 5.03 ± 0.46 µg/ ml, G T1 ♂: 5.37 ± 0.49 µg/ ml, 

G T1 ♀: 4.44 ± 0.40 µg/ ml, I TC♂: 3.62 ± 0.31 µg/ ml, I TC♀: 3.03 ± 0.26 µg/ ml, I T1♂: 

3.17 ± 0.27 µg/ ml, I T1♀: 2.93 ± 0.27 µg/ ml; Tukey HSD after GLM; n = 118-121, 117, 

139; Fig. 20b). Therefore, differences between German and Italian males were larger 

on plants of T1, whereas females had larger differences on plants of TC. Plant 

temperature treatment was involved in significant interactions with water treatment and 

sexes for abdomen mass and wing loading (Table 6). For abdomen mass, effects of 

plant water treatment were restricted to females and control plant temperature. 

Drought conditions only increased abdomen masses of females on plants of TC 

((TCWC ♀: 15.78 ± 1.13 mg < TCW1 ♀: 18.46 ± 1.30 mg) = T1WC ♀: 17.59 ± 

1.32 mg = T1W1 ♀: 16.26 ± 1.20 mg = TCWC ♂: 16.64 ± 1.16 mg = TCW1 ♂: 17.14 ± 

1.14 mg = T1WC ♂: 16.18 ± 1.10 mg = T1W1 ♂: 17.55 ± 1.27 mg; Tukey HSD after 

GLM; n = 195-205; Fig. 23b). For wing loading, differences between sexes tended to 

vary among plant treatments (TCWC ♂: 0.26 ± 0.0003, TCWC ♀: 0.24 ± 0.0003, 

TCW1 ♂: 0.26 ± 0.0003, TCW1 ♀: 0.26 ± 0.0003, T1WC ♂: 0.25 ± 0.0003, 

T1WC ♀: 0.25 ± 0.0004, T1W1 ♂: 0.27 ± 0.001, T1W1 ♀: 0.25 ± 0.0004; Tukey HSD 

after GLM n.s.; n = 172-177; Fig. 23c). 

Finally, the interaction between origin, plant temperature, plant water treatment and 

sexes significantly affected wing aspect ratio only (Table 6). Differences between 

sexes were restricted to German individuals and within Germans to the treatments 

TCWC and T1W1 (G TCWC ♂: 10.43 ± 0.94, G TCWC ♀: 10.20 ± 1.04, 

G TCW1 ♂: 10.39 ± 0.94, G TCW1 ♀: 10.26 ± 0.99, G T1WC ♂: 10.43 ± 1.03, 

G T1WC ♀: 10.33 ± 1.09, G T1W1 ♂: 10.45 ± 1.03, G T1W1 ♀: 10.13 ± 1.00, 

I TCWC ♂: 10.46 ± 1.51, I TCWC ♀: 10.45 ± 1.21, I TCW1 ♂: 10.41 ± 1.25, 

I TCW1 ♀: 10.42 ± 1.25, I T1WC ♂: 10.52 ± 1.28, I T1WC ♀: 10.37 ± 1.41, 
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I T1W1 ♂: 10.38 ± 1.53, I T1W1 ♀: 10.47 ± 1.51; Tukey HSD after GLM; n = 90-97, 

103-107, 122-124, 48-54, 69-75; Fig. 22). 

 

Table 6 Results of general linear mixed models for the effects of origin, host-plant 

treatment (different temperature and water regimes applied to Sinapis alba), sex (fixed 

factors), and population (random, nested within origin) on various traits in Pieris napi 

from a latitudinal gradient. Covariates were added as appropriate. Models were 

constructed by sequentially removing non-significant interaction terms. 

Significant p-values are given in bold. Developmental time = larval time + pupal time. 

 

Pupal mass MS DF F P 

Origin 1.85 1, 4 0.74 0.4389 

Population [Origin] 2.65 4, 1587 64.43 < 0.0001 

Temperature 0.01 1, 1587 0.23 0.6348 

Water 0.06 1, 1587 1.52 0.2175 

Sex 0.14 1, 1587 3.40 0.0654 

Origin * Temp. 0.20 1, 1587 4.95 0.0262 

Origin * Water 0.17 1, 1587 4.25 0.0395 

Origin * Sex 0.26 1,1587 6.38 0.0117 

Error 0.04 1587   

Total body mass MS DF F P 

Origin 12233 1, 4 0.77 0.4298 

Population [Origin] 16750 4,1592  50.22 < 0.0001 

Temperature 190 1,1592  0.57 0.4502 

Water 1872 1,1592  5.61 0.0180 

Sex 644 1,1592  1.93 0.1647 

Error 334 1592   
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Table 6 continued 

 

Thorax mass MS DF F P 

Origin 791.60 1, 4 0.53 0.5081 

Population [Origin] 6382.60 4, 1585 145.49 < 0.0001 

Temperature 0.70 1, 1585 0.07 0.7974 

Water 31.10 1, 1585 2.84 0.0923 

Sex 53.70 1, 1585 4.90 0.0270 

Origin * Temp. 36.70 1, 1585 3.35 0.0675 

Origin * Water 1.80 1, 1585 0.16 0.6856 

Temp. * Water 5.10 1, 1585 0.47 0.4944 

Origin * Sex 36.60 1, 1585 3.33 0.0680 

Temp. * Sex 1.90 1, 1585 0.17 0.6795 

Water * Sex 0.70 1, 1585 0.06 0.8061 

Origin * Water * Sex 44.60 1, 1585 4.06 0.0440 

Error 17383.70 1585   

Abdomen mass MS DF F P 

Origin 2956.4 1, 4 0.97 0.3788 

Population [Origin] 3216.0 4, 1585 47.59 < 0.0001 

Temperature 0.6 1, 1585 < 0.01 0.9233 

Water 273.3 1, 1585 4.04 0.0445 

Sex 37.2 1, 1585 0.55 0.4584 

Origin * Temp. 176.9 1, 1585 2.62 0.1059 

Origin * Water 2.7 1, 1585 0.04 0.8404 

Temp. * Water 231.9 1, 1585 3.43 0.0642 

Origin * Sex 45.7 1, 1585 0.68 0.4108 

Temp. * Sex 7.5 1, 1585 0.11 0.7397 

Water * Sex 4.7 1, 1585 0.07 0.7927 

Temp. * Water * Sex 380.9 1, 1585 5.64 0.0153 

Error 67.6 1585   
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Table 6 continued 

 

Thorax-abdomen ratio MS DF F P 

Origin 0.45 1, 4 0.67 0.4600 

Population [Origin] 0.71 4, 1592 17.69 < 0.0001 

Temperature 0.02 1, 1592 0.54 0.4607 

Water 0.08 1, 1592 1.86 0.1726 

Sex 0.26 1, 1592 6.52 0.0108 

Error 0.04 1592   

Forewing length MS DF F P 

Origin 109.8 1, 4 1.90 0.2401 

Population [Origin] 61.2 1, 1426 25.54 < 0.0001 

Temperature 5.5 4, 1426 2.29 0.1306 

Water 10.3 1, 1426 4.29 0.0386 

Sex 2.8 1, 1426 1.17 0.2798 

Origin * Temp. 28.2 1, 1426 11.76 0.0006 

Temp. * Water 5.9 1, 1426 2.47 0.1159 

Origin * Sex 18.7 1, 1426 7.79 0.0053 

Error 2.4 1426   

Forewing area MS DF F P 

Origin 41516.0 1, 4 2.53 0.1868 

Population [Origin] 17314.0 4, 1428 28.95 < 0.0001 

Temperature 1397.0 1, 1428 2.34 0.1266 

Water 3645.0 1, 1428 6.10 0.0137 

Sex 137.0 1, 1428 0.23 0.6322 

Origin * Temp. 7102.0 1, 1428 11.88 0.0006 

Temp. * Water 2437.0 1, 1428 4.08 0.0437 

Error 853937.0 1428   
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Table 6 continued 

 

Wing Loading MS DF F P 

Origin 32.4*10-3 1, 4 0.14 0.7278 

Population [Origin] 255.6*10-3 4, 1313 35.10 < 0.0001 

Temperature 0.06*10-3 1, 1313 0.01 0.9288 

Water 13.2*10-3 1, 1313 1.82 0.1781 

Sex 18.9*10-3 1, 1313 2.60 0.1070 

Origin * Temp. 0.7*10-3 1, 1313 0.09 0.7583 

Origin * Water 1.4*10-3 1, 1313 0.19 0.6593 

Temp. * Water 0.02*10-3 1, 1313 < 0.01 0.9596 

Origin * Sex 0.3*10-3 1, 1313 0.05 0.8316 

Temp. * Sex 2.8*10-3 1, 1313 0.38 0.5357 

Water * Sex 0.9*10-3 1, 1313 0.13 0.7199 

Temp. * Water * Sex 29.9*10-3 1, 1313 4.11 0.0429 

Error 7.3*10-3 1313   
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Table 6 continued 

 

Wing aspect ratio MS DF F P 

Origin 3.1 1, 4 3.10 0.1520 

Population [Origin] 1.1 4, 1309 5.40 0.0003 

Temperature < 0.1 1, 1309 0.10 0.7509 

Water 0.4 1, 1309 1.80 0.1770 

Sex 3.1 1, 1309 15.00 0.0001 

Origin * Temp. 0.1 1, 1309 0.30 0.5992 

Origin * Water < 0.1 1, 1309 < 0.01 0.8907 

Temp. * Water 0.1 1, 1309 0.50 0.4639 

Origin * Sex 2.4 1, 1309 11.50 0.0007 

Temp. * Sex 0.1 1, 1309 0.50 0.4607 

Water * Sex 0.1 1, 1309 0.40 0.5455 

Origin * Temp. * Water 0.2 1, 1309 1.20 0.2750 

Origin * Temp. * Sex < 0.1 1, 1309 < 0.01 0.8537 

Origin * Water * Sex 0.7 1, 1309 3.40 0.0662 

Temp. * Water * Sex < 0.1 1, 1309 0.20 0.6818 

Or. * Temp. * Wat.* Sex 1.5 1, 1309 7.10 0.0079 

Error 0.2 1309   

Developmental time MS DF F P 

Origin 10.61 1, 4 3.37 0.1403 

Population [Origin] 3.33 4, 1589 245.36 < 0.0001 

Temperature 1.04 1, 1589 76.89 < 0.0001 

Water < 0.01 1, 1589 0.29 0.5897 

Sex < 0.01 1, 1589 0.17 0.6838 

Origin * Water 0.34 1, 1589 25.24 < 0.0001 

Temp. * Water 0.41 1, 1589 29.93 < 0.0001 

Error 21.54 1589   
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Table 6 continued 

 

Larval growth rate MS DF F P 

Origin 3.38 1, 4 3.45 0.1367 

Population [Origin] 1.03 4,1590  203.10 < 0.0001 

Temperature 0.37 1,1590  73.46 < 0.0001 

Water 0.8*10-3 1,1590  0.16 0.6933 

Sex 4.2*10-3 1,1590  0.82 0.3654 

Origin * Water 0.10 1,1590  20.35 < 0.0001 

Temp. * Water 0.13 1,1590  25.49 < 0.0001 

Error 5.1*10-3 1590   

Fat content % MS DF F P 

Origin 7255.7 1, 4 2.95 0.1607 

Population [Origin] 2464.5 4, 1005 3.22 0.0123 

Temperature 2057.3 1, 1005 2.68 0.1017 

Water 1077.1 1, 1005 1.41 0.2361 

Sex 1013.9 1, 1005 1.32 0.2504 

Error 766.5 1005   

Protein content MS DF F P 

Origin 863.2 1, 4 17.67 0.0136 

Population [Origin] 49.1 4, 998 15.76 < 0.0001 

Temperature 18.5 1, 998 5.93 0.0150 

Water < 0.1 1, 998 < 0.01 0.9791 

Sex 62.3 1, 998 20.00 < 0.0001 

Origin * Temp. 0.1 1, 998 0.04 0.8352 

Origin * Water 0.1 1, 998 0.02 0.8905 

Temp. * Water 66.9 1, 998 21.50 < 0.0001 

Origin * Sex 3.2 1, 998 1.02 0.3134 

Temp. * Sex 1.5 1, 998 0.46 0.4957 

Water * Sex 1.1 1, 998 0.35 0.5553 

Origin * Temp. * Sex 14.7 1, 998 4.72 0.0300 

Error 3.1 998   
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Table 6 continued 

 

Phenoloxidase activity MS DF F P 

Origin 115.2 1, 4 0.35 0.5850 

Population [Origin] 407.0 4, 926 16.09 < 0.0001 

Temperature 261.8 1, 926 10.35 0.0013 

Water 22.5 1, 926 0.89 0.3460 

Sex 113.5 1, 926 4.49 0.0344 

Temp. * Water 144.7 1, 926 5.72 0.0170 

Protein 25.7 1, 926 1.02 0.3136 

Error 25.3 926   
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Fig. 19 Effects of host-plant treatment (different temperature and water regimes applied to S. 

alba; cf. chapter 2.1) and origin on pupal mass (a), forewing area (b), developmental time (c) 

and larval growth rate (d) in Pieris napi. TC: temperature control (mean 17.4°C; peak 23.0°C); 

T1: elevated temperatures (mean 23.8°C; peak 28.0°C); WC: water control (150 ml per day); 

W1: drought (50 ml per day); G = Germany (filled bars); I = Italy (open bars) 
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Fig. 20 Effects of host-plant temperature (different temperature regimes applied to Sinapis 

alba; cf. chapter 2.1), origin and sex on wing aspect ratio (a) and protein content (b) in Pieris 

napi. G = Germany; I = Italy; male = filled bars; females = open bars  

 

 

 

 

Fig. 21 Effects of host-plant water treatment (different water regimes applied to Sinapis alba; 

cf. chapter 2.1), origin and sex on thorax mass in Pieris napi. G = Germany; I = Italy; male = 

filled bars; females = open bars  
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Fig. 22 Effects of host-plant treatment (different temperature and water regimes applied to 

Sinapis alba; cf. chapter 2.1), origin and sex on wing aspect ratio in Pieris napi. males = filled 

bars; females = open bars 
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Fig. 23 Effects of host-plant treatment (different temperature and water regimes applied to 

Sinapis alba; cf. chapter 2.1) and sex on total body mass (a), abdomen mass (b) and wing 

loading (c) in Pieris napi. males = filled bars; females = open bars 
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Fig. 24 Effects of host-plant treatment (different temperature and water regimes applied to 

Sinapis alba; cf. chapter 2.1) on phenoloxidase activity in Pieris napi 

 

 

3.5 Discussion 

The results of this experiment showed less variation between different countries than 

expected. Italian butterflies differed from German ones only in protein content. German 

butterflies had higher protein content than their Italian relatives. These differences may 

be caused by adaptation to local environments. Oakeshott et al. (1981-1984) showed 

that there are latitudinal clines in Drosophila species concerning amino acid (and 

therefore protein) variation. It can be assumed that there might be similar clines for 

P. napi. Therefore, further studies investigating genetic differences between different 

populations of this species will be necessary. However, the lack of origin effects is 

likely caused by substantial variation among populations within countries, combined 

with the low statistical power of nested GLMs when the number of replicates is low. 

However, Günter et al. (2019) found that Italian individuals were in general bigger and 

had larger wings than German butterflies. The lack of country variation here may 

indicate that the second generations of P. napi used in this experiment may be more 

similar to each other than the first generations. To figure out if differences between 
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addition, further studies should investigate population variation through all generations 

per year. 
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However, in some traits butterflies from different countries respond differently to 

various plant qualities. The significant interaction of origin and water treatment during 

plant growth showed that Italian larvae seem to be negatively affected by drought-

stressed plants. They need significantly longer for development and had lower growth 

rates. In contrast, German larvae developed faster and had higher growth rates on 

plants, which were reared under drought conditions. It seems that Italian butterflies are 

less adapted to drought-stressed plants. With regard to the higher precipitation rate in 

northern Italy compared to northern Germany (DWD 2019; meteostat.net; 

Brunetti et al., 2000), this finding may not be surprising. Furthermore, Italian 

populations used here originated from three locations near to the Alps. Therefore, the 

plants in this study areas may gain more rain due to their position on the windward side 

of the alps and orographic effects (cf. DWD 2019) than those in the lowlands of 

Mecklenburg-Vorpommern (where German populations came from).This probably 

results in less drought-stressed plants in northern Italy and therefore weak adaptation 

of Italian butterflies to those plants. In addition to that, higher temperatures during plant 

growth in this experiment only influenced the Italian larvae. Whereas German 

individuals showed no variation, Italian ones had larger wings and tended to have 

higher thorax masses when fed on plants from elevated temperatures. This may 

suggest that Italian butterflies are adapted to plants from higher temperatures and 

therefore perform better on them. As the results of chapter 2.1 showed, S. alba plants 

contained a higher concentration of sinalbin when they were grown under elevated 

temperatures (cf. supplementary Fig. I), it can be assumed that Italian larvae are 

adapted to this higher amount as they benefit from feeding on those plants. Italian 

plants might have already changed their amount of glucosinolates compared to 

German plants. Therefore, Italian P. napi are adapted to this higher amount and 

therewith seem to benefit from plants with higher sinalbin concentration. In contrast, 

German did not respond to the higher level of sinalbin in plants from elevated 

temperatures. Thus, they seem to be able to cope with different glucosinolate 

concentrations. However, this contradicts the findings in chapter 2.2, showing that 

larvae from the Greifswald population were negatively affected by increased level of 

sinalbin. A possible explanation could be that the differences between the three 

German populations used here were too big for an unambiguous effect on German 

individuals. Although there was no direct effect of origin on life-history traits, except 

protein content, the significant interactions with origin lead to the assumption that there 
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might be a hidden effect. For instance, because wing lengths of Italian individuals 

decreased on plants from control temperatures, differences between German and 

Italian butterflies occurred. It seems that the variation between countries is in some 

traits increased due to the response of butterflies from only one country to the different 

plant qualities. However, the few differences between German and Italian populations 

here indicate that there may be only a weak clinal variation in only some life-history 

traits (seen here in developmental time, larval growth rate, thorax mass and forewing 

area) in P. napi concerning the response on different plant qualities. Additionally, sex 

differences among countries seem to be restricted most of the time to German 

individuals. Only sexes of German butterflies differed in pupal mass, forewing length 

and wing aspect ratio, whereas Italian sexes showed no differences. With the results 

of this experiment, I could not explain these sex differences in detail. It seems that 

Italian sexes were more similar in their responses to plant quality than German ones. 

This may be caused by different adaptations. Further investigation is necessary to 

explore these findings. 

Besides the few differences between countries, the results of this experiment showed 

a similar general trend for the effect of plant quality independent from origin. Similar to 

the results of chapter 2.2, I could find an overall positive effect of drought-stressed 

plants on the performance of P. napi here, whereas higher temperatures in plants 

affected larvae negatively. All individuals, Italian and German, were bigger (masses 

and wings) when fed on plants from drought conditions. In contrast, elevated 

temperatures during plant growth reduced developmental time, PO activity, fat and 

protein content. The results of chapter 2.1 showed that higher temperatures increase 

the amount of sinalbin in plants. Individuals may be able to cope with this higher 

amount of glucosinolate, but this ability comes at costs through detoxification. Thus, 

larvae need to reallocate resources to detoxification mechanisms, which may lead to 

reduced immune functions (like PO) and storage compounds (here fat; cf. Ehrlich and 

Raven, 1964; Berenbaum, 1983; Kessler and Baldwin, 2002). Moreover, as in 

chapter 2.2, the plant qualities TCW1 and T1W1 seem to be, at least for some traits, 

more beneficial than the other two qualities. For instance, all individuals developed 

faster and had higher growth rates when fed on double-stressed plants (higher 

temperatures and drought conditions), whereas feeding on plants from control 

temperatures and drought conditions increased PO activity. The significant interactions 

here showed a similar picture as in chapter 2.2, concerning that the negative 
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temperature effects occurred only under normal watering. Furthermore, the results of 

this experiment showed the same variation between sexes seen in the chapters above 

and this seems to be typical for P. napi (cf. chapter 2.2 and 3). Therefore, males were 

on average bigger, had higher protein contents and PO activities than females. 

However, the results for abdomen mass showed that drought conditions during plant 

growth had only a positive effect on females when plants were grown under control 

temperatures. It seems that sexes of P. napi respond differently to changes in host-

plant quality (cf. chapter 2.2) even though this might apply only for some traits. 

Even though I could only find weak evidence for clinal variation, the results showed 

that there might be some differences (restricted to only a few life-history traits) between 

German and Italian individuals of P. napi concerning their responses to different plant 

qualities. Therefore, it seems that Italian individuals benefit from plants grown under 

elevated temperatures, whereas drought-stressed plants seem to have negative 

effects on the performance of them. In contrast, German individuals seem to benefit 

only from drought-stressed plants. Note, that German larvae showed this trend only in 

two traits (developmental time and larval growth rate), whereas other traits stayed 

unaffected by plant quality.  However, this experiment could confirm the former findings 

of chapter 2.2, indicating that changed plant quality may have an impact on the larval 

performance. With regard to climate change, different populations of this butterfly 

species will probably respond similarly to alterations in their host plants caused by 

varying environmental conditions. Furthermore, the orientation of the effect (of plant 

quality) seems to depend on the local environment and on the changes climate change 

will cause there (drier or not).  
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4 EFFECTS OF HOST-PLANT VARIATION ON THE 

TROPICAL BUTTERFLY BICYCLUS ANYNANA 

4.1 Abstract 

Although each plant-herbivore interaction is unique, there might be general principles, 

which are applicable for all species or at least for several ones. Many studies showed 

that several insect species react in a similar way to changes in their host plant caused 

by modifications of environmental factors (like temperatures, drought, CO2-level and 

fertilization). However, until now these studies focused most of the time only on one 

environmental factor. To simulate the impact of climate change more realistically, 

exploring the joint action of more than one environmental factor will be necessary. 

Following that, I conducted a performance experiment with the tropical butterfly 

Bicyclus anynana. I manipulated the environmental conditions (temperature and water 

availability) of the host plant Zea mays in four different treatments in order to see if this 

will affect the performance of this butterfly species. For the green-veined white 

(Pieris napi), I could already show that altered plant quality had an effect on the 

performance of these butterflies (cf. chapters above). Now, I investigated whether 

manipulated plants also have an effect in another species. The results of this study 

highlight that both Bicyclus anynana and P. napi respond in a similar way to changes 

in their host plant, even though involved plant compounds might be completely different 

(concerning the chemical composition of S. alba and Z. mays). Both species showed 

the same trends in life-history traits. In general, plants grown under elevated 

temperatures affected the performance of B. anynana negatively (seen for example 

from prolonged development and lower masses), whereas drought-stressed plants had 

beneficial effects (seen for example from faster development and higher masses). 

However, the combination of elevated temperatures and drought conditions seems to 

reverse the negative effect of elevated temperatures by affecting the larvae positively, 

seen in faster development and higher protein content. This leads to the assumption 

that altered plant quality (by higher temperatures and less water) provokes a specific 

response, which seems to be independent from species affiliation. With regard to 

climate change, these results suggest that there might be some general principles for 

all/several butterfly species concerning the response to altered plant quality (caused 
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by changing environmental factors). Nevertheless, further studies on other butterfly 

species will be necessary to confirm this assumption. 

  

4.2 Introduction 

Insect life-history traits are closely linked to characteristics of their host plant (Price, 

2002; Hunter, 2003). Changes in the composition of plants, especially caused by 

variation in temperature and water availability, may affect the suitability of plants for 

herbivores. Thus, many studies investigated the effect of altered host-plant quality on 

several herbivore species. For instance, DeLucia et al. (2012) showed that plants 

grown under elevated temperature contain less nitrogen. Therefore, herbivores feeding 

on these plants are forced to consume more foliage in order to meet their nutritional 

needs. In addition to that, for some Pieridae species (P. napi, P. rapae and P. canidia) 

it was shown that feeding on such plants result in decreased growth rates, longer 

developmental periods, lower body masses and a reduced efficiency of converting food 

(Awmack and Leather, 2002; Hwang, Liu and Shen, 2008; Bauerfeind and Fischer, 

2013a). Moreover, Colias species reduced growth too, when fed with leaves of low 

nitrogen content (Tabashnik, 1982). Ravenscroft (1994) could show the same trend in 

chequered skipper butterflies (Carterocephalus palaemon). Higher temperatures also 

enhance leaf toughness and therefore make leaves more difficult to process for 

herbivores, as is for instance seen in bag-shelter moths (Ochrogaster lunifer) (Feeny, 

1970; Scriber, 1979; Coley 1983; Floater, 1997). Besides temperature, water deficit 

changes plant composition as well. Larsson (1989), Gutbrodt et al. (2011) and 

Bauerfeind and Fischer (2013) showed that larvae of herbivores benefit from feeding 

on water-stressed plants. Although each herbivore-plant interaction is unique, the 

results of several studies examining the impact of plant quality lead to the assumption 

that there might be some general principles concerning how herbivores react to 

changes in their host plants. In chapter 2.1, I could show that simulated climate change, 

realized by several combinations of temperature and water regimes, altered the 

chemistry of plants. These changes affected the performance of the butterfly species 

P. napi feeding on these plants (cf. chapter 2.2). It might be possible that these effects 

are only restricted to this species. However, the studies mentioned above showed that 

several species react similar when their host plant is altered by the manipulation of 

only one environmental factor. Following these results, it can be assumed that other 
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species may react in a similar way as P. napi did on modified plants using various 

combinations of temperature and water regimes. 

For this experiment, I used the tropical butterfly Bicyclus anynana to examine effects 

of host-plant quality across species. I chose this species, because it is only distantly 

related to P. napi. I aim to explore whether simulated climate change alters the 

relationship between herbivores and their host plants more generally. This experiment 

was conducted in the same way as the performance test described in chapter 2.2. I 

predict that manipulation of temperature and water availability will have an effect on 

the host plant of B. anynana and therefore will affect its larval performance. Following 

the results of chapter 2.2, plants here should have negative effects on the larval 

performance when they were reared under elevated temperatures, whereas plants 

grown under drought conditions should have positive effects. 

 

4.3 Material and Methods 

Study organism 

Bicyclus anynana is a fruit-feeding butterfly ranging from Ethiopia to Southern Africa 

(Larsen, 1991; Bauerfeind, Perlick and Fischer, 2009). This species shows two 

seasonal morphs, which is thought to function as an adaptation to alternate wet-dry 

seasonal environments (Brakefield, 1997; Lyytinen et al., 2004; Bauerfeind, Perlick 

and Fischer, 2009). Butterflies used in this experiment came from a laboratory stock 

population (at Greifswald University), which was established from another well-

established stock population at Leiden University. The Leiden population was founded 

in 1988 from 80 gravid females caught at a single locality in Malawi (Bauerfeind, Perlick 

and Fischer, 2009). In each generation, several hundred individuals are reared to 

maintain high levels of heterozygosity at neutral loci (Van´t Hof et al., 2005; Bauerfeind, 

Perlick and Fischer, 2009).  

 

Experimental design 

For larval feeding, maize plants (Zea mays L.; cf. supplementary Fig. VII) were grown 

under different conditions to simulate effects of climate change potentially affecting 

host-plant quality. The treatments used in this experiment were conducted following 
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Bauerfeind et al. (2013). Host-plant quality was manipulated by using two temperature 

and water regimes: (1) 19°C, high-water regime (= humid, 150 ml per day); (2) 19°C, 

low-water regime (= dry, 50 ml per day); (3) 25°C, high-water regime; (4) 25°C, low-

water regime. Plants were reared in climate cabinets (Versatile environmental test 

chambers; MLR-351H) in plastic pots (11 x 11 x 12 cm; 8-10 plants per pot; in 

commercially available standard potting soil). The plants were watered every other 

day. While plants of the high-water regime received enough water to keep them turgid. 

Plants of the low-water regime received only half to one third of the amount of water of 

the high-water regime. 

Eggs collected from females of the stock population were kept at 25°C until larvae 

hatched. Afterwards larvae were randomly divided among the four plant qualities. In 

groups of five, larvae were kept in small plastic boxes (125 ml) at 26°C, 70% relative 

humidity and a L18:D6 photoperiod and fed with the appropriate quality ad libitum. 

Boxes were checked daily and larvae were supplied with fresh leaves as necessary. 

Resulting pupae were weighted and afterwards kept individually until eclosion. 

Developmental time (larval and pupal time together) was recorded at that time. After 

eclosion, adult butterflies were frozen at - 80 °C for further analysis. 

 

Morphological and physiological analyses 

To test for effects of host plant treatment, I measured several morphological and 

physiological parameters: total body mass, thorax mass, abdomen mass, thorax-

abdomen ratio, fat content, protein content, phenoloxidase activity, forewing area, wing 

loading and wing aspect ratio. Measurements conducted were the same as in chapter 

2.2.3. 
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Statistical analyses 

All statistical tests were performed using Statistica 8.0 (StatSoft, 2007). Data on 

morphological and physiological traits were analyzed with general linear models 

(GLMs) using plant temperature treatment, plant water treatment, sex and their 

interactions as fixed factors and protein (for the analysis of PO activity) as covariates. 

Minimum adequate models were built by sequentially removing non-significant 

interaction terms. All means are given ± 1 SE (standard error). 

  

4.4 Results 

Plant temperature significantly affected developmental time, total body mass, relative 

fat content and wing loading (Table 7). Developmental time was longer on plants from 

25 °C than on plants from 19 °C (19°C: 25.38 ± 0.02 days < 25°C. 27.41 ± 0.03 days; 

n = 175, 106; Fig. 27a). Higher temperature (25°C) decreased total body mass 

(19°C: 53.14 ± 0.07 mg > 25°C: 49.21 ± 0.13 mg; n = 175, 106; Fig. 25a), relative fat 

content (19°C: 19.34 ± 0.04 % > 25°C: 15.80 ± 0.07 %; n = 175, 105; Fig. 27b) and 

wing loading (19°C: 0.32 ± 0.0004 > 25°C: 0.29 ± 0.0006; n = 174, 103; Fig. 26b). 

Additionally, there was a trend towards a significant impact of plant temperature on PO 

activity. PO activity tended to be higher when fed with plants from 19°C than those 

from 25°C (19°C: 29.76 ± 0.11 mOD / ml, 25°C: 24.77 ± 0.20 mOD / ml). 

Plant water treatment significantly affected developmental time, forewing area and 

wing aspect ratio (Table 7). For developmental time, individuals on plants from dry 

conditions developed faster than on plants from humid conditions (humid: 27.54 ± 

0.03 days > dry: 25.26 ± 0.02 days; n = 118, 163; Fig. 27a). Wing area increased on 

plants from dry conditions (humid: 161.97 ± 0.20 mm² < dry: 168.94 ± 0.14 mm²; 

n = 118, 159; Fig. 26a). For wing aspect ratio, individuals fed with plants of dry 

conditions had lower ratios than with plants of humid conditions (humid: 8.40 ± 0.003 > 

dry: 8.32 ± 0.002; n = 118, 159; Fig. 26c). In addition, there was a trend towards a 

significant impact of water treatment on relative fat content (Table 7). Dry conditions in 

plants tended to decrease fat content (humid: 18.37 ± 0.06 %, dry: 16.77 ± 0.04 %). 

Sex significantly affected developmental time, total body mass, abdomen mass, 

thorax-abdomen ratio, relative fat content, PO activity, forewing area, wing loading, 
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and wing aspect ratio (Table 7). Females developed more slowly (♀: 27.39 ± 

2.27 days > ♂: 25.41 ± 2.19 days; n = 146, 135; Fig. 27a), had higher total body 

masses (♀: 58.68 ± 4.86 mg > 43.68 ± 3.76 mg; n = 146, 135; Fig. 25a), higher 

abdomen masses (♀: 26.63 ± 2.20 mg > ♂: 15.97 ± 1.37 mg; n = 146, 135; Fig. 25b), 

larger wings (♀: 183. 56 ± 15.30 mm² > ♂: 147.35 ± 12.78 mm²; n = 144, 133; Fig. 26a), 

and higher wing loadings (♀: 0.32 ± 0.03 > ♂: 0.29 ± 0.03; n = 144, 133; Fig. 26b) than 

males. Furthermore, females tended to have higher PO activity (♀: 29.54 ± 

0.15 mOD / ml, ♂: 24.99 ± 0.16 mOD/ ml; n = 139, 122; Fig. 27c). Males, in turn, had 

higher thorax-abdomen ratios (♂: 1.15 ± 0.01 > ♀: 0.79 ± 0.01; n = 135, 146; Fig. 25c), 

higher relative fat contents (♂: 21.06 ± 1.81 % > ♀: 14.07 ± 1.17 %; n = 135, 145; 

Fig. 27b), and higher wing aspect ratios (♂: 8.49 ± 0.74 > ♀: 8.23 ± 0.69; n = 133, 144; 

Fig. 26c). 

Plant temperature was involved in significant interactions with plant water treatment for 

developmental time, protein content and PO activity (Table 7). For developmental time, 

plant temperature reversed the effects of plant water treatment. For plants of 25 °C 

individuals grew faster when fed with plants of dry conditions, whereas for plants of 

19 °C developmental time was faster when individuals were fed with plants of humid 

conditions (25°C dry: 24.63 ± 0.04 days = 19°C humid: 24.88 ± 0.04 days < 

19°C dry: 25.89 ± 0.03 days < 25°C humid: 30.20 ± 0.08 days; Tukey HSD after GLM; 

n = 70, 82, 93, 36; Fig. 27a).  For protein content, a similar pattern was found. Dry 

conditions increased protein content when individuals were fed with plants of 19°C and 

decreased it when individuals were fed with plants of 25 °C (19°C humid: 2.13 ± 

0.12 µg / ml, 19°C dry: 2.33 ± 0.01 µg / ml, 25°C humid: 2.25 ± 0.18 µg / ml, 

25°C dry: 1.94 ± 0.13 µg / ml; Tukey HSD after GLM n.s.; n = 91, 81, 68, 34; Fig. 27d). 

For PO activity, the effects of plant temperature were restricted to dry conditions. Here, 

higher plant temperature decreased PO activity (25°C dry: 21.08 ± 2.63 mOD/ ml < 

19°C dry: 31.60 ± 3.35 mOD/ ml), 25°C humid: 28.47 ± 4.96 mOD/ ml, 

19°C humid: 27.92 ± 3.22 mOD/ ml; Tukey HSD after GLM; n = 33, 64, 75, 89; 

Fig. 27c). 

Interactions between plant temperature and sex significantly affected developmental 

time, total body mass, abdomen mass, PO activity and forewing area (Table 7). For 

developmental time, effects of plant temperature were restricted to males. Here, 

developmental time of males decreased on plants of 19°C (19°C ♂: 23.97 ± 
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0.32 days < 19°C ♀: 26.80 ± 0.04 days, 25°C ♂: 26.85 ± 0.04 days, 25°C ♀: 27.98 ± 

0.08 days; Tukey HSD after GLM; n = 85-90, 50-56; Fig. 27a). Because of that, there 

were only differences between sexes on plants of 19°C. For total body mass, effects 

of plant temperature were restricted to males too. Here, males on plants of 19°C had 

higher masses than on plants of 25°C (25°C ♂: 39.93 ± 5.65 mg < 19°C ♂: 47.42 ± 

5.14 mg < 25°C ♀: 58.49 ± 7.82 mg = 19°C ♀: 58.87 ± 6.21 mg; Tukey HSD after GLM; 

n = 50, 85, 56, 90; Fig. 25a). Therefore, sex differences were more pronounced on 

plants of 25°C. For abdomen mass, sex differences were larger on plants of 25°C than 

on plants of 19 °C (19°C ♂: 17.84 ± 1.93 mg = 25°C ♂: 14.11 ± 2.00 mg < 

19°C ♀: 24.86 ± 2.62 mg = 25°C ♀: 28.41 ± 3.80 mg; Tukey HSD after GLM; n = 50, 

85, 56, 90; Fig. 25b). For PO activity, effects of plant temperature were restricted to 

males. Here, higher plant temperature decreased PO activity of males 

(19°C ♂: 30.06 ± 3.45 mOD / ml > 25°C ♂: 19.93 ± 2.94 mOD / ml, 19°C ♀: 29.46 ± 

3.14 mOD / ml, 25°C ♀: 29.62 ± 4.15 mOD / ml; Tukey HSD after GLM; n = 76, 46; 

Fig. 27c). For forewing area, sex differences were more pronounced on plants of 25°C 

(19°C ♀: 19.18 ± 2.03 mm² = 25°C ♀: 19.59 ± 2.64 mm² > 19°C ♂: 17.87 ± 1.94 mm² 

= 25°C ♂: 17.38 ± 2.51 mm²; Tukey HSD after GLM; n = 85, 48, 89, 55; Fig. 26a). 

Finally, the interaction of plant water treatment and sex significantly affected PO activity 

only (Table 7). Sex differences tended to be restricted to humid conditions. Additionally, 

males tended to have higher PO activities on plants from dry conditions, whereas 

females tended to have higher activities on plants from humid conditions 

(humid ♂: 23.34 ± 3.04 mOD / ml, dry ♂: 26.65 ± 3.36 mOD / ml, humid ♀: 33.05 ± 

4.72 mOD / ml, dry ♀: 26.03 ± 2.74 mOD / ml; Tukey HSD after GLM n.s.; n = 59-63, 

49, 90; Fig. 27c). Furthermore, there was a trend towards a significant impact of this 

interaction on relative fat content (Table 7). Plant water effects tended to be restricted 

to females. Females on plants from humid conditions tended to have more fat than on 

plants from dry conditions (humid ♀: 15.63 ± 0.14 %, dry ♀: 12.52 ± 0.07 %, 

humid ♂: 21.12 ± 0.11 %, dry ♂: 21.01 ± 0.10 %; n = 52, 93, 66-69). Additionally, sex 

differences were more pronounced on plants from dry conditions. 
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Table 7 Results of general linear models for the effects of host-plant treatment 

(different temperature and water regimes applied to Zea mays) and sex on various 

traits in Bicyclus anynana. Covariates were added as appropriate. Models were 

constructed by sequentially removing non-significant interaction terms. Significant 

p-values are given in bold. Developmental time = larval time + pupal time. 

Total body mass MS DF F P 

Temperature 794.0 1, 276 4.84 0.0287 

Water 124.6 1, 276 0.76 0.3843 

Sex 15245.8 1, 276 92.89 < 0.001 

Temp. * Sex 1091.2 1, 276 6.65 0.0104 

Error 45298.6 276   

Thorax mass MS DF F P 

Temperature 18.5 1, 277 0.12 0.7254 

Water 3.9 1, 277 0.03 0.8717 

Sex 324.4 1, 277 2.17 0.1418 

Error 41397.7 277   

Abdomen mass MS DF F P 

Temperature 23.3 1, 276 0.11 0.7353 

Water 43.7 1, 276 0.21 0.6433 

Sex 8401.9 1, 276 41.28 < 0.001 

Temp. * Sex 1328.8 1, 276 6.53 0.0112 

Error 56180.2 276   

Thorax-abdomen ratio MS DF F P 

Temperature 0.04 1, 277 0.07 0.7850 

Water 0.01 1, 277 0.02 0.8799 

Sex 8.83 1, 277 16.30 < 0.001 

Error 150.10 277   
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Table 7 continued 

 

Forewing area MS DF F P 

Temperature 32.0 1, 272 0.07 0.7944 

Water 2131.0 1, 272 4.54 0.0340 

Sex 86360.0 1, 272 184.04 < 0.0001 

Temp. * Sex 5240.0 1, 272 11.17 0.0009 

Error 127636.0 272   

Wing loading MS DF F P 

Temperature 0.05 1, 273 12.99 0.0004 

Water < 0.01 1, 273 0.38 0.5371 

Sex 0.05 1, 273 12.28 0.0005 

Error 1.00 273   

Wing aspect ratio MS DF F P 

Temperature < 0.01 1, 273 < 0.01 0.8863 

Water 0.42 1, 273 4.40 0.0366 

Sex 4.72 1, 273 50.20 < 0.0001 

Error 25.69 273   

Developmental time MS DF F P 

Temperature 247.3 1, 275 28.49 < 0.0001 

Water 313.5 1, 275 36.11 < 0.0001 

Sex 235.2 1, 275 27.09 < 0.0001 

Temp. * Water 650.0 1, 275 74.87 < 0.0001 

Temp. * Sex 43.7 1, 275 5.03 0.0197 

Error 8.7 275   

Fat content % MS DF F P 

Temperature 801.0 1, 275 18.71 < 0.0001 

Water 148.5 1, 275 3.47 0.0637 

Sex 3382.0 1, 275 78.99 < 0.0001 

Water * Sex 163.5 1, 275 3.82 0.0517 

Error 11774.9 275   
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Table 7 continued 

 

Protein content MS DF F P 

Temperature 0.82 1, 269 0.72 0.3969 

Water 0.28 1, 269 0.24 0.6216 

Sex 0.32 1, 269 0.28 0.5941 

Temp. * Water 4.48 1, 269 3.96 0.0477 

Error 304.70 269   

Phenoloxidase activity MS DF F P 

Temperature 1125.1 1, 253 3.33 0.0692 

Water 222.9 1, 253 0.66 0.4175 

Sex 1540.6 1, 253 4.56 0.0337 

Temp. * Water 1645.2 1, 253 4.87 0.0282 

Temp. * Sex 2097.4 1, 253 6.21 0.0134 

Water * Sex 2372.9 1, 253 7.02 0.0086 

Protein 30.9 1. 253 0.09 0.7625 

Error 85485.7 253   
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Fig. 25 Effects of host-plant treatment (different temperature and water regimes) and sex on 

total body mass (a), abdomen mass (b) and thorax-abdomen ratio (c) of Bicyclus anynana. 

Temperature regime: constant temperature of 19.0°C respectively 25.0°C; humid = 150 ml 

per day; dry = 50 ml per day; male = filled bars, females = open bars 

 

 

 

 

10

20

30

40

humid dry humid dry

19 25

A
b

d
o

m
e
n

 m
a
s
s
 [

m
g

] male female

30

40

50

60

70

humid dry humid dry

19 25

T
o

ta
l 
b

o
d

y
 m

a
s
s
 [

m
g

] male female

0.5

1.0

1.5

2.0

humid dry humid dry

19 25

T
h

o
ra

x
-a

b
d

o
m

e
n

 r
a
ti

o male female

a 

c 

b 



Results 

110 
 

 

 

 

 

 

 

 

 

 

 

Fig. 26 Effects of host-plant treatment (different temperature and water regimes) and sex on 

forewing area (a), wing loading (b) and wing aspect ratio (c) of Bicyclus anynana. 
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Fig. 27 Effects of host-plant treatment (different temperature and water regimes) and sex on 

developmental time (a), relative fat content (b), PO activiy (c) and protein content (d) of 

Bicyclus anynana. 
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4.5 Discussion 

The results of this experiment suggest that simulated climate change alters the quality 

of Z. mays for B. anynana. Note that quality of host plant is derived solely from the 

performance of the butterfly. As expected, individuals differed in their performance 

while feeding on plant treatments. Higher temperatures during plant growth seem to 

reduce the suitability of the plant for larvae, as seen from prolonged development and 

reduced body mass as well as reduced relative fat content and PO activity. In contrast, 

drought-stressed plants seem to offer better food, leading to a decreased 

developmental time and larger wing area. In comparison to S. alba (cf. chapter 2.1), 

Z. mays does not contain chemical defense compounds like glucosinolates. Therefore, 

plant composition here may have changed in nutrients or physical defenses (like lignin 

and fibres). However, without any analyses of plants, I can only speculate about the 

factors which reduced plant quality in this experiment. As some studies showed, higher 

temperatures during plant growth seem to alter leaf water content and carbohydrates, 

whereas nitrogen content and physical defense are less affected (e.g., Veteli et al., 

2002; Theocaris et al., 2012; Reyer et al., 2013). To figure out what factors influenced 

the performance of B. anynana in this experiment, further investigation on the alteration 

of the composition of Z. mays under changing environmental conditions will be 

necessary. The significant interactions between plant temperature treatment and 

watering regime indicate that general effects of higher temperatures and drought 

conditions were restricted to specific treatment combinations. Therefore, drought 

conditions during plant growth seem to weaken the overall negative effects of higher 

temperatures, as seen from the faster development and higher protein contents of the 

individuals on these plants (“25 dry”). In contrast, the positive effects of water stress 

disappeared when plants were grown under colder temperature. In summary, 

B. anynana seems to benefit (faster development and higher protein content) from 

plants grown under “warm but dry” and “cool but humid” conditions. However, for PO 

activity the responses are restricted to drought-stressed plants. Here, individuals fed 

on plants from cooler temperature had higher PO activities than those on plants from 

higher temperature. It seems that for PO activity, in contrast to protein, the higher plant 

quality in “25 dry”-plants may not be sufficient to increase this immunity compound. 

Based on the results here, I could not determine which plant compound might lead to 

this decrease of PO activity. Therefore, plant composition and its changes under 

simulated climate change should be examined in the future. In comparison to the 
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results of chapter 2.2 and 3, this experiment showed a similar pattern that plants grown 

under higher temperatures had on average negative effects on the performance of 

butterflies which can be escalated by additional water stress during plant growth. 

Although, Z. mays belongs to another plant order, the effects of higher temperatures 

and water stress on its suitability for herbivores seem to be similar to those on S. alba 

(cf. chapter 2.2). 

Sexes of B. anynana overall differed in all life-history traits measured here, except 

thorax mass and protein content. Females in this experiment were larger (higher 

masses and larger wings) and had higher PO activity than males. Males in turn 

developed faster, had higher thorax-abdomen and wing aspect ratios and more fat than 

females. Sex differences found in this experiment reflect well-known patterns which 

are present in many insect species and resulted from differential selective pressures 

(cf. Gilchrist, 1990; van Dyck and Wiklund, 2002; Merckx and van Dyck, 2005; 

Berwaerts et al., 2006). To increase mating opportunities, males favor a fast 

development, which is in turn negatively related to body size (selection for protandry; 

Wiklund and Fagerström, 1977; Karl and Fischer, 2008). In contrast, females prefer to 

develop longer and achieve higher body masses in order to increase their fecundity 

(Honek, 1993; Blanckenhorn, 2000). However, significant interactions between plant 

treatment and sex indicate that sexes respond, in some cases, differently to altered 

plant quality. For developmental time, total body mass and PO activity, only males 

responded to different plant temperatures. In these traits, males were negatively 

affected by higher temperature during plant growth, as seen from prolonged 

development and decreases in masses and PO activities. Additionally, males tended 

to benefit from feeding on drought-stressed plants, as seen from trend for higher PO 

activity on those plants. In contrast, females seemed to be unaffected by plant quality, 

except for one trait. Concerning relative fat content, females but not males responded 

to drought stressed plants with a decrease in fat. Males in turn showed no differences 

in fat content when fed on those plants. However, underlying mechanisms stayed 

unclear here and need to be investigated in the future. 

With the results of this experiment, I could show that another plant-herbivore 

relationship seem to be influenced in a similar way from simulated climate change as 

P. napi and its host plant. Although plant composition was not measured here, different 

temperatures and water availability seemed to alter the quality of Z. mays as host plant 
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for B. anynana. Therefore, warm but dry and cold but humid conditions seem to 

increase plant quality and in turn have positive effects on the larval performance. Both 

systems (plant-herbivore relationships) showed that higher temperatures during plant 

growth might have negative effects on larvae, whereas drought-stressed plants may 

be beneficial for development. Furthermore, the combination with drought conditions 

seems to weaken the negative effect of higher temperatures in both species. However, 

the sexes of P. napi and B. anynana responded differently to changed plant qualities. 

For P. napi, most of the time only females were affected by plant treatments 

(cf. chapter 2.2), whereas for B. anynana only males responded to them. It can be 

assumed that the weakly pronounced sexual dimorphism in P. napi, in which males 

are more like females, results in different responses of the sexes compared to those 

of B. anynana. However, these findings need to be investigated in more detail. For 

now, I have no further explanation for the differences between the sexes of these two 

butterfly species. 

With regard to climate change, B. anynana seems to benefit from warm but dry and 

cold but humid climate. However, B. anynana in nature occurs in regions of Africa with 

two distinct seasons, the warmer wet and the cooler dry season. If climate change 

does not change the associations within these two seasons (“warm-wet” and “cool-

dry”) in the natural habitat of B. anynana, this butterfly species will probably be 

negatively affected by the alterations of its host plant. Both plants under higher 

temperature and humid conditions and plants under cooler temperature and dry 

conditions were shown in this experiment to affect this butterfly species negatively by 

prolonging its development. However, the individuals used here originated from a stock 

population, which was founded in 1988. Therefore, it might be questionable whether 

these individuals represent the wild populations of Africa correctly. Thus, this 

experiment should be repeated with wild-caught butterflies. In conclusion, the results 

here lead to the assumption that there might be general principles for the response of 

herbivores to changed host-plant quality. However, although the responses may be 

similar, the overall effect on the species will depend on the environmental conditions 

of the natural habitat and the consequences of climate change on them.
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5 CONCLUSION AND PROSPECTS 

In this thesis I was able to show that climate change, simulated by different 

combinations of temperature and water regimes, may have an effect on the plant 

chemistry and that these changes may alter the performance of an herbivore 

feeding on these plants. Therefore, climate change is assumed to alter the relationship 

between an herbivore and its host plant. 

The combination of temperature and water availability changed plant composition 

substantially. Especially the amount of carbon and glucosinolates (here above all 

sinalbin) in Sinapis alba plants varies between the different treatments and therefore 

between the different combinations of temperature and water regimes. Regarding 

glucosinolates, elevated temperatures increased their concentration in leaves, 

whereas water deficit in combination with higher temperature reversed this pattern. For 

carbon content, all plants, except those of the control group, showed a decreased 

amount of total carbon. However, simulated heat waves had no effect on plants, 

leading to the assumption that the plants were able to recover from heat stress 

sufficiently during the control phases. Contrary to my expectations, nitrogen was not 

affected by either temperature or water. Following Foyer et al. (1998), Buse et al. 

(1998) and He & Dijkstra (2014), nitrogen content in plants is reduced by elevated 

temperatures and water deficit. It is possible that the sample size of plants in each 

treatment was too small to discover effects on nitrogen. Nevertheless, the reaction of 

the larvae of P. napi suggests that there are maybe additional changes in plant 

composition which were not measured in my experiments. Thus, further experiments 

that examine plant chemistry in more detail may identify additional shifts in plant 

components. Additionally, the results of the plant experiment showed that the 

combination of several abiotic factors had also a strong impact on plant chemistry. It 

seems to be possible to simulate natural conditions more precisely when such 

combinations of abiotic factors are combined. With this, we might be able to predict 

how plants in nature will be affected by climate change. 

Both larvae and females of the butterfly P. napi responded to changes in their host 

plant. Therefore, changed host-plant chemistry alters the plant quality for this 

herbivore, meaning that plants of different treatments represent different plant qualities 

defined by their composition. With the choice experiments, I was able to show that 

females of P. napi may be able to differentiate between plant qualities and even show 
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a direct preference. Surprisingly, two of the four offered qualities were preferred, 

suggesting that females of this butterfly species were attracted by more than high 

levels of glucosinolates alone (cf. chapter 2.2; plant quality T1WC). Glucosinolates are 

known to act as oviposition stimulants (Alan and Renwick, 2002) and are probably the 

reason why females chose plants with the highest amount of sinalbin for egg laying 

(here plant quality T1WC). In addition, as Giamoustaris & Mithen (1995), Rask et al. 

(2000) and Kessler & Baldwin (2002) showed, laying eggs on plants with higher 

amounts of glucosinolates reduces competition for resulting larvae. Although there was 

less variation in chemical composition among the other plant qualities, females laid 

significant more eggs on one of these qualities (here TCW1). Moreover, Awmack and 

Leather (2002) showed that other plant compounds like fats or sterols could also act 

as stimulants. Hence, it is possible that these compounds influenced the oviposition 

behavior, implicating that females laid eggs not only on T1WC but also on a second 

plant quality (here TCW1). Using Brassica napus plants with genetically fixed 

glucosinolate levels, I could demonstrate that there must me other plant components 

influencing females´ oviposition behavior been seen in the choice experiment with 

S. alba. With altering glucosinolate levels alone, females did not prefer plants with the 

highest amount of glucosinolates, indicating that the preference for T1WC was only 

partly or even not at all caused by the amount of sinalbin. Similar to females, larvae of 

P. napi were able to differentiate between host-plant qualities. Although larvae are 

known to be “bad choosers” (Gutbrodt, Mody and Dorn, 2011), they preferred two 

qualities, T1WC and T1W1, in the larval choice experiment with S. alba. The decision 

for T1WC seemed to confirm findings of former studies (David and Gardiner, 1966; 

Schoonhoven, 1967; Renwick and Lopez, 1999; Alan and Renwick, 2002) that 

glucosinolates act as phagostimulants too. The higher amount of sinalbin in this plant 

quality may trigger larval feeding behavior. Interestingly, in the choice experiment with 

B. napus larvae showed no preference at all. Thus, similar to females, other plant 

compounds seem to play an important role in larval feeding behavior on S. alba and 

B. napus as well. However, it is possible that the different ages of larvae had an 

influence on the larval preference. To answer the question of larval decisions, these 

experiments should be repeated with all larval stages. Nevertheless, female 

preference seems to be more important for host plant selection than larval decisions, 

especially because of the predation risk when larvae leave their initial host. It would be 

interesting to see if habituation on different plant qualities during larval stages has an 
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influence on the oviposition behavior at adult stage. Therefore, further investigation will 

be necessary.  

With the performance tests, I could confirm that changes in plant composition also 

changed host plant quality. Larvae fed with different plant qualities performed 

differently, indicated by smaller wings (lighter bodies) and prolonged development 

when fed with the plant quality T1WC (highest amount of sinalbin) in the experiment of 

chapter 2.2. It can be assumed that a higher amount of sinalbin decreases the quality 

of the host plant and therefore lead to these responses. Probably larvae need to shift 

their resources from growth to detoxification and therewith survival. To confirm that 

glucosinolates really had an impact, I compared these results with the results of the 

performance test using B. napus (different glucosinolate levels). Different glucosinolate 

levels had no impact on morphological and physiological traits, except abdomen mass 

and relative fat content. Fat content (and therefore abdomen mass) was reduced when 

larvae were fed with leaves containing the highest concentration of glucosinolates. 

Thus, successful detoxification of high levels of glucosinolates comes at costs and 

therefore reduces the accumulation of storage compounds like fat. However, the 

results suggest that the responses in the performance test with S. alba (4 different 

qualities) were not only caused by changes in sinalbin. It rather seems to be a 

combination of different chemical components which influenced the performance of 

P. napi. With this, my results correspond with former findings of other studies showing 

that host-plant quality is determined by a suite of different chemical compounds and 

morphological traits (e.g., Scriber and Slansky, 1981; Raubenheimer and Simpson, 

1999; Awmack and Leather, 2002). For example, nitrogen content in host plants was 

shown to play a key role for herbivore fitness (Slansky and Feeny, 1977; Fox and 

Macauley, 1977; Lincoln, 1982; Cahenzli and Erhardt, 2012). Although nitrogen 

content of leaves used here was not affected by cultivation treatment, it is possible that 

larvae might have less access to it while feeding on low host-plant qualities. 

Glucosinolates are known to interact with other plant components and therefore reduce 

the availability of nitrogen for larvae (Awmack and Leather, 2002). With lower nitrogen 

uptake, larval performance may deteriorate, leading to lighter body masses and longer 

developmental periods. In order to find out the cause of this performance, 

investigations that are more detailed will be necessary, including more precise plant 

analyses with more than three parameters. Furthermore, drought conditions during 

plant growth seem to reduce the overall negative effects of higher temperatures, lead 
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to an increase of host plant quality. Larvae seem to benefit from feeding on these 

“double-stressed” plants. The only observed difference between these plants and the 

other plant qualities (except control plants) is a reduced amount of sinalbin. It seems 

that P. napi performs better when the concentration of glucosinolates is reduced. The 

possible cause for this finding may be the decline of costs for detoxification when larvae 

fed on plants with lower amount of sinalbin. With less glucosinolates to detoxify, larvae 

may be able to use more resources for growth. As Siemens and Mitchell (1996) 

showed, maximum herbivory occurs on plants with an intermediate level of these 

secondary compounds. Thus, it is possible that P. napi is able to detoxify a restricted 

amount of sinalbin, but face increased costs when the level is getting too high. 

Comparison between the results of the preference and performance tests suggests 

that there might be a mismatch between female preference and larval performance. It 

seems that the stimulating effect of high concentration of glucosinolates, in this case 

sinalbin, misdirects females´ decision to less suitable host plants, meaning that the 

advantage of less competition for larvae come at costs through detoxification. Such a 

mismatch occurs in several butterfly species, including closely related ones like 

P. brassicae (Gripenberg et al., 2010), indicating that this is a usual problem in 

relationships between Brassicaceae species and their specialized herbivores. To avoid 

it, a switch of host-plant species would be possible. However, such a switch needs a 

complex neural adaptation in females, including new host boundaries (what is 

acceptable and what is not) and completely new sets of identification rules (Janz and 

Nylin, 1997). Therefore, it might be better if larvae may stay on their initial plants and 

survive with detoxification mechanisms and therewith reduced performance. The 

results of the performance test indicate that larvae are able to survive on low plant 

quality despite an impairment of their performance. In nature, larvae have additional 

possibilities to cope with lower host plant quality. To avoid the disruptive effect of higher 

levels of glucosinolates, larvae might feed on older leaves where the secondary 

defense is weakened over time (Gols et al., 2007; Travers-Martin and Müller, 2008). 

Moreover, to gain optimal nutrition, larvae may switch from folivory to florivory. 

Although reproductive structures like flowers contain five times higher secondary 

defense than vegetative organs like leaves, individuals of P. brassicae were shown to 

benefit from feeding on flowers (Smallegange et al., 2007). Flowers seem to have 

higher concentration of nutrients than leaves, even under environmental stress 

(Schoonhoven et al., 2005). With the higher nutrition, larvae of butterflies may be able 
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to cope better with the higher secondary defense in flowers. Because P. napi in this 

study seem to be less affected by glucosinolates alone, it might be possible that larvae 

perform better when feeding on flowers than on leaves of plants with low quality. 

In conclusion, there are various possible scenarios how climate change may influence 

the relationship of P. napi to its host plant. If plants face only warmer temperatures, the 

induced change in plant composition may lead to prolonged development of larvae and 

smaller adults. If plants in turn face higher temperatures in combination with drought 

or only drought conditions, the performance of P. napi may be reversed. Therefore, it 

seems to depend on the geographical region and the specific changes there if climate 

change will affect this butterfly species positively or negatively through changes of its 

host plant. Concerning current developments with high temperatures but no rain in 

northern Germany and high temperatures but heavy rainfall in southern Germany 

(cf. DWD 2019), it can be assumed that northern populations may benefit from climate 

change, whereas southern ones may be affected negatively. This might lead to a shift 

in population densities.  

In addition to that, the results of the comparison of German and Italian populations to 

changes in host-plant quality showed in contrast to former findings (cf. Günter et al., 

2019), that there are less differences between countries. However, German and Italian 

individuals differed in their reaction to altered plant quality, at least in developmental 

time and larval growth rate. It seems that Italian larvae benefitted from plants grown 

under higher temperatures, whereas drought-stressed plants affected them negatively. 

Because of the overall warmer climate in Italy compared to Germany (DWD 2019; 

meteostat.net 2019), Italian plants might already underwent those changes in 

composition in the past, as seen in S. alba in this study. Thus, Italian butterflies may 

have had adapted to these changes by now. German individuals in contrast seem to 

benefit only from water stress during plant growth. Besides these differences, there 

were overall similar (compared to the results mentioned above) responses to different 

plant qualities in all populations from this two countries. With regard to the sexes of 

P. napi, I found differences in their response to different plant qualities in all 

performance tests (except the B. napus-test). It seems that females and males of 

P. napi respond differently to changes in plant quality. However, with the results here, 

I could not explain these differences. It might belong to different selection pressures. 

Therefore, further investigations will be necessary. 
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Furthermore, the results of the performance test on Bicyclus anynana showed that 

there might be some general principles for the respond of butterflies to changes of its 

host plant. B. anynana responded in a similar way to different host plant qualities as 

P. napi did, meaning that plants grown under higher temperatures and drought 

conditions seem to be beneficial for the larval performance. Therefore, it can be 

assumed that simulated climate change may affect plant species in a similar way, 

implicating more or less similar responses in the associated herbivore. Although 

B. anynana and P. napi showed similar responses, the consequences for these two 

species in their natural habitat might be completely different. Whereas climate change 

may alter plants of Europe in a similar way as the simulated climate change in this 

thesis did, other climates like those of other continents (e.g., Africa) might be changed 

in a completely other direction. With regard to the warm-wet and cold-dry seasons in 

the natural habitat of B. anynana today, it can be suggested that climate change may 

not change these associations, but may only alter minimum and maximum 

temperatures. Therefore, in contrast to P. napi, B. anynana may be affected negatively 

by climate change. 

This thesis focuses only on possible indirect effects of climate change. However, there 

are direct effects, which may alter the responses of herbivores to changes in their host 

plant as well. There are numerous studies targeting the effects of climate change on 

herbivores, but until now only a few studies have examined the linkage between direct 

and indirect effects of climate change on herbivores and its impact on the relationship 

between an herbivore and its host plant. Therefore, further investigations in this linkage 

and in other plant-herbivore relationships will be necessary to explore how climate 

change may alter the relationship between herbivores and their hosts. Overall, this 

thesis gives a first insight into an important but little explored research field, which 

might be of greater importance in the future due to the fact that climate change is 

already changing the world we know. 
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cm   centimeter 

d   day(s) 

DEAE   Diethylaminoethyl 

EDTA   ethylenediaminetetraacetic acid 

e.g.   exempli gratia (example given) 

et al.   et alia 

Fig.   figure 
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g   gram 

G.level  Glucosinolate level 

GLM   Generalized linear model 

HPLC   High performance liquid chromatography 

Hz   hertz 

i.a.   inter alia 

i.e.   id est 

L:D   time of light to time of darkness 

K2S2O5  potassium metabisulfite 

mg   milligram 

min   minute 

ml   milliliter 

mm   millimeter 

mM   milliomol 

mm²   square millimeter 

mOD   mili optical density 

n   sample size 

NAOH   sodium hydroxide 

nm   nanometer 

OAc-   Acetoxy-group 
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Or.   origin 

p   p-value 

P. napi  Pieris napi 

PO   phenoloxidase 

Roti   Roti® Nanoquant 

rpm   rounds per minute 

S. alba  Sinapis alba 

SDS   sodium dodecyl sulfate 

SE   standard error 

ssp   subspecies 

ØT   average temperature 

TC   Control temperature treatment 

T1/2   Temperature treatment 1/2 

Temp.   temperature 

TRIS   tris(hydroxymethyl)aminomethane (buffer compound) 

WC   Control water treatment 

W1/2   Water treatment 1/2 
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8 SUPPLEMENTARY MATERIAL 

 

 

Fig. I Content of sinalbin in Sinapis alba in relation to different cultivation treatments. 

Different superscript letters above bars indicate significant differences among plant 

treatments (Tukey´s honest significant difference after GLM).  

 

 

Fig. II Content of benzyl in Sinapis alba in relation to different cultivation treatments. 
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Fig. III Content of carbon in Sinapis alba in relation to different cultivation treatments. 

Different superscript letters above bars indicate significant differences among plant 

treatments (Tukey´s honest significant difference after GLM).  

 

 

Figure IV Host plants of Pieris napi: Sinapis alba (left side, © Ariel Palmon), Alliaria 

petiolata (middle, © Archenzo) and Brassica napus (right side, © Rasbak)                 

Source: https://commons.wikimedia.org/wiki/File:name of the species 
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Figure V Effects of host-plant temperature (different temperature regimes applied to Sinapis 

alba; cf. chapter 2.1) and origin on wing length in Pieris napi. G = Germany; I = Italy 

 

 

 

 

Figure VI Effects of origin and sex on wing length in Pieris napi. G = Germany; I = Italy; 

male = filled bars; females = open bars  
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Figure VII Butterfly Bicyclus anynana (top left side: larvae © Gilles San Martin; top 

right side: pupa © Gilles San Martin, https://commons.wikimedia.org/wiki/file: species 

name; below left side: male (smaller butterfly) and female © W.H. Piel, 

lepdata.org/Monteiro/Bicyclus_Mating/Bicyclus_Mating.html) and its host plant Zea 

mays (below right side, © Aconcagna, https://commons.wikimedia.org/wiki/File: 

Maisblatt.jpg) 
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