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Abstract 

Boreal forests are often strongly nitrogen (N) limited. However, human 
activities are leading to increased N inputs into these ecosystems, through 
atmospheric N deposition and forest fertilization. N input into boreal forests 
can promote net primary productivity, increase herbivore and pathogen 
damage, and shift plant species composition and community structure. 
Genetic diversity has been suggested as a key mechanism to promote a plant 
species stability within communities in response to environmental change. 
Within any plant population, specific traits (e.g. growth and defense traits) 
can vary substantially among individuals, and a greater variation in traits may 
increase chances for the persistence of at least some individuals of a 
population, when environmental conditions change. One aspect of plant 
chemistry that can greatly vary among different genotypes (GTs) are 
condensed tannin (CTs). These secondary metabolites have been suggested to 
affect plant performance in many ways, e.g. through influencing plant growth, 
the interactions of plants with herbivores and pathogens, and through 
affecting litter decomposition, and hence the return of nutrients to plants. To 
investigate how genotypic variation in foliar CT production may mediate the 
effects that anthropogenic N enrichment can have on plant performance and 
litter decomposition, I performed a series of experiments. For these 
experiments, aspen (Populus tremula) GTs with contrasting abilities to 
produce foliar CTs (i.e. low- vs. high-tannin producers) were grown under 
3 N conditions, representing ambient N (+0 kg ha-1), upper level atmospheric 
N deposition (+15 kg ha-1), and forest fertilization rates (+150 kg ha-1). This 
general experimental set-up was once established in a field-like environment, 
from which natural enemies were excluded, and once in a field, in which 
enemies were present. In my first two studies, I investigated tissue chemistry 
and plant performance in both environments. I observed that foliar CT levels 
decreased in response to N in the enemy-free environment (study I), but 
increased with added N when enemies were present (study II). These 
opposing responses to N may be explained by differences in soil N availability 
in the two environments, or by induction of CTs after enemy attack. Enemy 
damage generally increased in response to N, and was higher in low-tannin 
than in high-tannin plants across all N levels. Plant growth of high-tannin 
plants was restricted under ambient and low N conditions, probably due to a 
trade-off between growth and defense. This growth constraint for high-tannin 
plants was weakened, when high amounts of N were added (study I and II), 
and when enemy levels were sufficiently high, so that benefits gained through 
defense could outweigh the costs of defense production (study II). Despite 
those general responses of low- and high-tannin producers to added N, I also 
observed a number of individual responses of GTs to N addition, which in 
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some case were not connected to the intrinsic ability of the GTs to produce 
foliar CTs. In study III, gene expression levels in young leaves and phenolic 
pools of the plants that were grown in the enemy-free environment were 
studied. This study revealed that gene control over the regulation of the 
phenylpropanoid pathway (PPP) was distributed across the entire pathway. 
Moreover, PPP gene expression was higher in high-tannin GTs than in 
low-tannin GTs, particularly under ambient N. At the low N level, gene 
expressions declined for both low- and high-tannin producers, whereas at the 
high N level expression at the beginning and the end of the PPP was 
upregulated and difference between tannin groups disappeared. Furthermore, 
this study showed that phenolic pools were frequently uncorrelated, and that 
phenolic pools were only to some extent related to tannin production and gene 
expression. In study IV, I investigated the decomposability of litter from the 
field plants. I found that N enrichment generally decreased mass loss, but 
there was substantial genetic variation in decomposition rates, and GTs were 
differentially responsive to added N. Study IV further showed that CTs only 
had a weak effect on decomposition, and other traits, such as specific leaf area 
and the lignin:N ratio, could better explain genotypic difference in mass loss. 
Furthermore, N addition caused a shift in which traits most strongly 
influenced decomposition rates. Collectively, the result of these studies 
highlight the importance of genetic diversity to promote the stability of species 
in environments that experience anthropogenic change. 

 
Keywords: aspen, foliar condensed tannins, genetic variability, 
anthropogenic nitrogen enrichment, plant growth, plant defense, litter 
decomposition, Populus tremula 
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Enkel sammanfattning på svenska 

Boreala skogar är ofta mycket kväve (N) begränsade. Men mänskliga 
aktiviteter leder till ökad N tillförsel i dessa ekosystem, både genom 
depostition av N från atmosfären och skogsgödsling. N-tillförsel i boreala 
skogar kan främja netto primärproduktionen men även leda till ökade skador 
från naturliga fiender (herbivorer och patogener) samt skiftningar i 
växtartsammansättning. Genetisk mångfald har föreslagits som en viktig 
mekanism för att främja en växtarts stabilitet inom samhällen som upplever 
miljöförändringar. Inom varje växtpopulation kan specifika egenskaper 
(t.ex. tillväxt och försvar) varierar kraftigt mellan individer och en större 
variation i egenskaper kan öka chanserna för att åtminstone några individer 
från en population överlever ifall miljöförhållandena förändras. En aspekt av 
växtkemi som i hög grad kan variera mellan olika genotyper (GT) är bladens 
kondenserade tanniner (KT). Dessa sekundära metaboliter har föreslagits 
påverka växtens prestationsförmåga på många sätt, t.ex. genom att påverka 
tillväxt, interaktioner mellan växter och herbivorer eller patogener och genom 
att påverka förna nedbrytning, och följaktligen återbördandet av 
näringsämnen till kretsloppet. För att undersöka hur genotypiska variation i 
KT produktion kan påverka de effekter som antopogent N kan ha på växtens 
prestationsförmåga och förna nedbrytning, utförde jag en serie experiment. 
Jag studerade olika asp (Populus tremula) GT med olika förmåga att 
producera KT (låg- och hög-tannin producenter). Växterna odlades i tre olika 
N förhållanden, som representerade ambient N nivå (+0 kg ha-1), atmosfärisk 
N deposition = låg nivå (+15 kg ha-1), och skogsgödsling = hög nivå 
(150 kg ha-1). Dessa GT etablerades i en fält-liknande miljö där naturliga 
fiender uteslutits och i ett fält där naturliga fiender var närvarande. I mina 
första två studierna undersökte jag vävnadskemi och växternas 
prestationsförmåga i de båda miljöerna. Jag observerade att KT nivåerna 
sjönk till följd av N-tillsats i den fiende-fria miljön (studie I), men ökade med 
N-tillsats ifall fiender var närvarande (studie II). Dessa motsatta reaktioner 
på N-tillsats kan förklaras av skillnader i N-tillgång mellan de två 
odlingsplatserna eller genom ökad KT produktion som respons på angrepp. 
Skador orsakade av herbivorer och patogener ökade generellt till följd av 
N-tillsats och var högre i låg-tannin än i hög-tannin producerande GT oavsett 
N-förhållande. Tillväxten hos växter från hög-tannin GT begränsades i 
ambient- och låg N-tillsats förhållanden, troligen på grund av att avvägning 
mellan tillväxt och försvar förskjutits emot försvar. Den begränsade tillväxten 
i hög-tannin växter minskade om stora mängder N tillsattes (studie I och II) 
och om antalet fiender var tillräckligt högt så att nyttan av försvaret kunde 
uppväga kostnaderna för försvarsproduktionen (studie II). Trots dessa 
generella respons hos låg- och hög-tannin GT till följd av N-tillsats 
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observerade jag även ett antal individuella respons hos GT som i vissa fall var 
orelaterade till växters förmåga att producera KT. I studie III undersöktes 
genuttrycksnivåer och fenolinnehåll i blad från växter som odladats i en miljö 
där naturliga fiender exkluderats. Denna studie visade att 
fenylpropanoidsyntesvägen (FPV) regleras genom kontroll av många av de 
undersökta FPV-generna. Dessutom var FPV genuttryck högre i hög-tannin 
GT än i låg-tannin GT, särskilt vid ambient N. Vid låg N-tillsats minskade 
genuttrycket av FPV-gener i både låg- och hög-tannin producenter, medan 
hög N-tillgång ledde till att gener i början och slutet av FPV uppreglerades och 
till att skillnaderna mellan tannin grupperna försvann. Dessutom visade 
studien att de separata fenol-poolerna ofta var okorrelerade med varandra och 
att fenol-poolerna bara till viss del var korrelerade med KT produktion och 
FPV-genutryck. I studie IV undersökte jag nedbrytningshastigheten för 
förnan från fältodlade aspar. Jag upptäckte att N-tillsats generellt minskade 
viktförlusten men att det fanns en betydande genetisk variation mellan GT och 
att dessa även var olika mottagliga för tillsatt N. Studie IV visade vidare att 
KT endast hade en svag effekt på nedbrytning och att andra egenskaper såsom 
specifik bladyta och lignin:N ratio kunde bättre förklara den genotypiska 
skillnaden i viktförlust. Dessutom orsakade N-tillsats en förskjutning av vilka 
egenskaper som mest påverkade förnans nedbrytningshastighet. 
Sammanfattningsvis visar mina studier på vikten av genetisk mångfald för att 
främja växtartens stabilitet i miljöer som upplever antropogena förändringar. 
 
Nyckelord: asp, kondenserade tanniner, genetisk variabilitet, antropogent 
kväve, tillväxt, växtförsvar, förna nedbrytning, Populus tremula 
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ANOVA  analysis of variance 
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CT(s)  condensed tannin(s) 
DW(s)  dry weight(s) 
GT(s)  genotype(s) 
GDBH  growth differentiation balance hypothesis 
N  nitrogen 
PCM  protein competition model 
PPP  phenylpropanoid pathway 
SLA  specific leaf area 
SLU  Swedish University of Agricultural Sciences 
S-N-K post hoc test Student-Newman-Keuls post hoc test 
SwAsp collection Swedish Aspen collection 
Tgr(s)  tannin group(s) 
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Introduction 

Nitrogen in boreal forest ecosystems 
 

Plant growth in boreal forest ecosystems is often strongly limited by nitrogen 
(N) availability (Tamm 1991, Vitousek and Howarth 1991). This limitation is 
attributed to the main part of soil N being bound in complex organic 
structures, that are resistant to decay and too large to be directly taken up by 
plants or microbes (Vitousek et al. 2002). Hence, the depolymerization of 
those large N-containing compounds into bioavailable dissolved organic N 
(e.g. amino acids) by microbial enzymes is considered to be the critical 
rate-limiting factor in the N cycle (Schimel and Bennett 2004). Once 
produced, dissolved organic N can be taken up by plants or by soil microbes. 
Soil microbes may mineralize dissolved organic N, and thus produce 
ammonium (NH4+), which can either be immobilized by plants or microbes, 
be lost through volatilization, or be further oxidized to nitrate (NO3-) via 
nitrification. Nitrate can be immobilized by plants or microbes (Schimel and 
Bennett 2004). However, nitrate may also be lost from the soil through 
leaching or when converted to N gas via denitrification (Sponseller et al. 
2016). 

As most of the N in boreal forests is stored in the soil in forms unavailable 
for plants, N inputs into these ecosystems are of importance for their 
productivity (Hyvonen et al. 2008). Nitrogen input into boreal forest 
ecosystems occurs mainly through biological N2-fixation and anthropogenic 
sources (Sponseller et al. 2016). N2-fixation in boreal forests is primarily 
accomplished by cyanobacteria that live in association with mosses (DeLuca 
et al. 2002, Lindo et al. 2013), but also by other plants species with symbiotic 
relationships to N2-fixing bacteria (e.g. Alnus spp. in association with 
Frankia sp. bacteria) (Myrold and Huss-Danell 2003). Anthropogenic 
N inputs have become an increasingly important part of the terrestrial N cycle 
during the past century (Galloway et al. 2008). Many boreal environments 
have experienced elevated levels of atmospheric N deposition during the past 
century (Bobbink et al. 2010), and further, N fertilizers are added to managed 
forests in order to increase timber production (Nohrstedt 2001, Lindkvist et 
al. 2011). In this thesis, I seek to understand how anthropogenic N enrichment 
(e.g. atmospheric N deposition or intentional fertilization) impacts tissue 
chemistry, plant growth, enemy damage, gene expression, and litter 
decomposition rates in a genetically diverse population of trees. 
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Anthropogenic N inputs into boreal forest ecosystems 
 

Atmospheric N deposition 
 
During the past 150 years, human activities have led to a major increase in the 
emissions of reactive N into the atmosphere, which in turn has resulted in 
elevated levels of atmospheric N deposition worldwide (Galloway et al. 2004, 
Galloway et al. 2008). It has been estimated that in 1860, 34 Tg N yr-1 of 
reactive N were emitted as nitrogen oxides (NOx) and ammonia (NH3) 
globally, and subsequently deposited on the Earth’s surface in form of oxidized 
nitrogen (NOy) and reduced nitrogen (NHx) (Galloway et al. 2004). Compared 
to 1860, this number nearly tripled by 1995, when a level of 100 Tg N yr-1 was 
reached (Galloway et al. 2004). Future forecasts predict that by 2050 global 
levels of reactive N emission and deposition will increase to 200 Tg N yr-1 
(Galloway et al. 2004). Human activities causing these emissions to increase 
include fertilizer production and agricultural intensification, which are 
associated with elevated NH3 emissions, as well as the combustion of fossil 
fuels and biomass, during which nitrogen oxides (NOx) are released (Galloway 
et al. 2008, Bobbink et al. 2010). Once emitted into the atmosphere, 
reactive N is transported following the prevailing wind direction for tens to 
thousands of kilometers, before being deposited in ecosystems, often far away 
from the actual pollution source (Bobbink et al. 2010). For Sweden, there is a 
clear gradient in N deposition with N rates decreasing from the South-West 
towards the North (Gundale et al. 2011, Karlsson et al. 2011). While annual 
deposition amounts are between 10-15 kg N ha-1 yr-1 in Southern Sweden, 
Northern Sweden receives between 1-3 kg N ha-1 yr-1 (Gundale et al. 2011). 

Some of the reactive N in the atmosphere does not originate from 
anthropogenic sources, but is naturally created, e.g. through lightening, soil 
emissions or biological N fixation (Dentener et al. 2006, Bobbink et al. 2010). 
This naturally derived, reactive N cannot easily be separated from N 
originating from anthropogenic activities, but it is assumed to be a very small 
fraction of the total N deposition, because N deposition in ecosystems in the 
absence of human influence is generally extremely low 
(i.e. ≤ 0.5 kg N ha-1 yr-1) (Dentener et al. 2006, Galloway et al. 2008). 

 

Forest fertilization 
 

Contrary to atmospheric N deposition, which displays a rather unintentional, 
undirected and continuous form of anthropogenic N input into boreal 
ecosystems, forest fertilization is performed intentionally, as one or few-time 
application in selected forest stands. Forest fertilization with N can promote 
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tree growth, and thus significantly increase forest yields. Through the 
application of 150 kg N ha-1, for example, stem wood volume  increased by 
approximately 30% in mature Norway spruce (Picea abies) and Scots pine 
(Pinus sylvestris) stands, that experienced low levels of anthropogenic 
N deposition, during a 10 year period following a single fertilization event 
(Hedwall et al. 2014). 

In Sweden, forest fertilization was first adopted as a silvicultural measure 
in the mid 1960s, in order to meet the growing demands for raw material from 
the cellulose industry (Lindkvist et al. 2011). Fertilization activity grew during 
the following years and peaked in the end of the 1970s, when an area of 
ca. 190,000 ha (corresponding to nearly 1% of the productive forest land in 
Sweden) were fertilized annually (Lindkvist et al. 2011, Hedwall et al. 2014). 
During the following two decades the annually fertilized area decrease 
significantly, to about 30,000 ha during the 1990s (Lindkvist et al. 2011). 
Reasons for this steep decline included better fertilizer management, the 
realization that fertilization can have unwanted effects on forests and waters 
(e.g. cause acidification of soils, and eutrophication of lakes, watercourses and 
the sea), changes in forest legislation that gave production and environmental 
targets an equal weighing, and a weakened economy (Nohrstedt 2001, 
Lindkvist et al. 2011). From the 1990s until the early 2000s the fertilized area 
remained at relatively low levels, but after 2003 an increase in the annually 
fertilized area could be observed. In 2010 more than 80,000 ha were 
subjected to fertilization (Lindkvist et al. 2011, Skogsstyrelsen 2015a). As 
demands for bioenergy, and traditional forest products are predicted to rise in 
the near future, several researchers (e.g. Lindkvist et al. 2011, Hedwall et al. 
2014) suggest that forest fertilization may re-gain importance during the 
coming years. However, at least during the last few years this predicted trend 
could not be observed, yet. For 2012 and 2013, the Swedish Forest Agency 
reports fertilized areas of about 45,000 ha and 24,000 ha, respectively 
(Skogsstyrelsen 2015a). 

Urea, ammonium nitrate (NH4NO3), and ammonium nitrate amended with 
dolomite have been used as N-containing fertilizers in commercial forest 
fertilization in Sweden (Nohrstedt 2001). Nowadays, ammonium nitrate 
amended with dolomite is the most commonly applied fertilizer form, and its 
use is recommended to avoid soil acidification (Hedwall et al. 2014). The usual 
dose of N applied today during a fertilization event amounts to 150 kg-1 N ha-1 
(Hedwall et al. 2014). Swedish forest legislation prescribes an interval of at 
least 8 years between subsequent fertilizing events (Skogsstyrelsen 2015b). 
Furthermore, forest legislation states, in which areas forest owners are 
allowed to apply N-containing fertilizers, and regulates the total amounts that 
can be added to a hectare of forest during one rotation (Skogsstyrelsen 2015b). 
While forest fertilization is prohibited in Southern Sweden, cumulative, 
maximum doses allowed to be added during a rotation period increase from 
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Central Sweden (150 kg N ha-1) towards the North (450 kg N ha-1) 
(Skogsstyrelsen 2015b). Due to this legal framework and the more frequent 
use of fertilizer in the Northern parts of Sweden (Skogsstyrelsen 2015a), 
amounts of N input through forest fertilization show a gradient, that is reverse 
to the pattern created by N inputs originating from atmospheric N deposition. 

So far, most forest fertilization studies in Scandinavia have been performed 
in middle-aged and older coniferous stands, and currently mature forests are 
the main target of commercial forest fertilization (Hedwall et al. 2014). Lately, 
however, researchers started to investigate the potentials of fertilization in 
young stands (see e.g. Bergh et al. 2008) using more frequent fertilizer 
applications than in mature stands (e.g. 1-3 years intervals) to satisfy the 
assumed higher nutrient demands of young plants (Hedwall et al. 2014). 
Although, first growth results in young stands look promising, long-term 
effects are not well understood yet, and thus further research is needed before 
putting fertilization in young stands into practice (Hedwall et al. 2014). 

 

Possible consequences of anthropogenic N enrichment 
 

Anthropogenic N input into N-limited boreal forests can have numerous 
consequences. Whether N-induced effects occur and how severe they are 
depends on multiple factors, including the amount, time, duration and form 
of N input, as well as the intrinsic sensitivity of the species and the abiotic 
conditions present in the ecosystem (Nordin et al. 2006, Bobbink et al. 2010). 
Hereafter, I will only focus on a few aspects that I consider relevant for this 
thesis. More extensive overviews on the above- and below-ground 
consequences of anthropogenic N inputs and their interconnections can be 
found in e.g. Bobbink et al. (2010) and Meunier et al. (2016). 

One well described consequence of anthropogenic N enrichment in boreal 
forests is the increase in available soil N, which promotes foliage production, 
and consequently the productivity of plants, particularly of trees (Glynn et al. 
2007, Strengbom and Nordin 2008, Meunier et al. 2016). This can lead to a 
higher production of litter, and hence to a gradual increase in N mineralization 
rates, which positively feeds back on the N availability for plants and thus may 
further enhance plant productivity (Bobbink et al. 2010, and references 
therein). 

Shifts in plant species composition display another frequently observed 
effect of anthropogenic N enrichment in boreal forests (Strengbom et al. 2001, 
Strengbom et al. 2002, Strengbom et al. 2003), and have been reported to 
already occur at relatively low N input rates (i.e. < 6 kg N ha-1 yr-1) (Nordin et 
al. 2005, Bobbink et al. 2010). Reasons for those shifts may be altered 
competitive interactions among plant species, or changes in the strength of 
interactions between plants and their natural enemies (Strengbom and 
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Nordin 2008, Nordin et al. 2009). As boreal forests have developed under 
N limitation, the natural plant community in those ecosystems is highly 
adapted to those N conditions (Bobbink et al. 2010), and characterized by a 
dominance of species that are slow-growing, N-conservative and able to assess 
the dissolved organic N pool (Nordin et al. 2006, and references therein). 
Hence, ericaceous dwarf shrubs, e.g. bilberry (Vaccinium myrtillus) and 
lingonberry (Vaccinium vitis-idaea), are major components of the natural 
understory vegetation in boreal forests (Strengbom et al. 2001, Nordin et al. 
2006, Nordin et al. 2009). When N availability increases, slow-growing 
species with low N turnover rates are replaced by faster growing species with 
high nutrient turnover rates (Bobbink et al. 2010, Meunier et al. 2016). 
Moreover, species most capable of taking up the specific N forms locally 
provided through anthropogenic N inputs (e.g. NH4+ or NO3-) are favored over 
those having a lower capacity to do so (Nordin et al. 2006). Generally, 
N addition in boreal forests has been found to reduce the abundance of dwarf 
shrubs (e.g. Vaccinium myrtillus, Vaccinium vitis-idaea, Calluna vulgaris), 
the bryophyte Hylocomium splendens and ground living lichens (Cladina spp. 
and Cladonia spp.), and to favor the occurrence of grasses 
(e.g. Deschampsia flexuosa), nitrophilous herbs and litter-dwelling 
bryophytes (e.g. Brachythecium spp.) (Strengbom et al. 2001, Strengbom et 
al. 2002, Nordin et al. 2005, Strengbom and Nordin 2008). 

Nitrogen-mediated shifts in plant species composition have also been 
attributed to changes in plant chemistry that ultimately influence the 
interaction of plants with their natural enemies (Strengbom and Nordin 2008, 
Nordin et al. 2009). Nitrogen-induced changes in tissue chemistry likely to 
impact natural enemies, such as fungal pathogens and herbivores, include 
changes in N fractions and in defense compounds, e.g. phenolic substances 
(Nordin et al. 1998). For example, Strengbom et al. (2002) observed that 
experimental N addition caused elevated levels of free amino acids in bilberry 
leaves, and increased infection rates of leaves with the fungus 
Valdensia heterodoxa, that is known to cause premature leaf shedding. 
Furthermore, these researchers detected that Deschampsia flexuosa was 
more abundant in forest patches with fungal infection than in healthy patches, 
and that fungal infection was a better predictor for the occurrence of 
Deschampsia flexuosa than N addition alone. These results led Strengbom et 
al. (2002) to conclude that the fungus mediates the vegetational change from 
Vaccinium myrtillus to Deschampsia flexuosa dominance through opening 
up the otherwise closed bilberry cover, and thus providing more light for 
Deschampsia flexuosa, which allows for a more rapid establishment of this 
grass species. 

Shifts in plant species composition may further affect other above- and 
belowground processes. As mentioned above, anthropogenic N inputs 
promote the occurrence of fast-growing, nitrophilous species and cause a 
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decrease in the abundance of slow-growing, N-conservative species. These 
shifts can have bottom-up effects on the food web, and lead to a reduction in 
biodiversity (Strengbom et al. 2001, Meunier et al. 2016). Moreover, litter of 
fast-growing species often decomposes more rapidly than that of 
slow-growing species, which may enhances N mineralization rates and hence 
the return of N to the plants (Strengbom et al. 2001, Strengbom and Nordin 
2008, Bobbink et al. 2010). The increased nutrient cycling may allow the 
newly established plant community to persist, even after N inputs are reduced 
or terminated (Strengbom et al. 2001, Strengbom and Nordin 2008). 
Strengbom and Nordin (2008), for example, reported substantial residual 
effects of commercial forest fertilization on the ground vegetation even 
20 years after the last fertilization event. 

 

Genetic variability as a key to promote species stability 
 

Recovery of communities from the effects of anthropogenic N enrichment is 
slow (Strengbom et al. 2001, Strengbom and Nordin 2008), and N inputs, 
both from atmospheric N deposition and forest fertilization, are projected to 
increase rather than to decrease in the future (Galloway et al. 2004, Hedwall 
et al. 2014). This raises the question of what promotes the stability of plant 
species within communities experiencing anthropogenic change. One factor 
that may influence a species sensitivity or resilience to environmental change 
is its genetic variability (Osier and Lindroth 2001, Lindroth et al. 2002). When 
a population’s environment is altered, the population needs to adapt in order 
to survive. Variation in a population’s gene pool provides its individuals with 
variable traits (e.g. different growth or defense traits) that natural selection 
can act upon. Genetic diversity has been proposed as a key mechanism to 
promote the stability of plant species within communities in response to 
anthropogenic change (Lindroth et al. 2001, Schweitzer et al. 2004), because 
diverse gene pools provide a greater variation in specific traits, and therefore 
increase chances for the survival of at least some individuals. 

In this thesis, I will more closely look at one particular plant trait (i.e. foliar 
condensed tannins) that is highly variable among genotypes (GTs) of Populus 
species (see e.g. Lindroth and Hwang 1996, Randriamanana et al. 2014), and 
that has been suggested to affect plant performance in many ways, 
e.g. through influencing plant growth (Stamp 2003), the interactions of plants 
with their natural enemies (Holeski et al. 2009, Barbehenn and Constabel 
2011), litter decomposition and thus nutrient cycling (Kraus et al. 2003). 
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Condensed tannins – What are they? Which properties do 
they have? Where are they produced?  
 
Condensed tannins, also known as proanthocyanidins, are secondary 
metabolites, and they present the most common group of tannins (Salminen 
and Karonen 2011). Condensed tannins are synthesized via the 
phenylpropanoid pathway (PPP), which uses the amino acid phenylalanine, 
derived from the shikimic acid pathway, as a substrate (Tsai et al. 2006, 
Salminen and Karonen 2011). The PPP does not only give rise to CTs, but is 
also used for the synthesis of other phenolic compounds, including phenolic 
glycosides (also known as salicinoids or salicylates), hydroxycinnamate esters, 
monolignols, flavones, flavonols, and anthocyanins (Constabel and Lindroth 
2010). 

Condensed tannins are oligomers (2-10 monomer units) or polymers (more 
than 10 monomer units) of flavan-3-ols (Barbehenn and Constabel 2011, 
Salminen and Karonen 2011). The two most common groups of CTs are 
procyanidins, which are based on the flavan-3-ols (+)catechin or 
(-)epicatechin, and prodelphinidins, which consist of the monomeric 
(+)gallocatechin or (-)epigallocatechin units (Barbehenn and Constabel 2011, 
Salminen and Karonen 2011). Additionally, there is a number of other 
common and rarer monomer units that function as building blocks for CTs 
(for an overview see e.g. Salminen and Karonen 2011). The multitude of 
monomer units, differences in their stereochemistry, as well as differences in 
subunit linkages, and the degree of polymerization all contribute to the 
diversity of CT structures found both within and among plant species 
(Karonen et al. 2007, Barbehenn and Constabel 2011, Salminen and Karonen 
2011, Scioneaux et al. 2011). 

Recently, Brillouet et al. (2013) suggested that flavan-3-ol, the building 
blocks of CTs, are synthesized in the chloroplasts, and that polymerization of 
CTs takes place in organelles, which the authors named “tannosomes”, that 
are derived from thylakoids within the chloroplasts. After their formation, 
tannosomes travel in multiple membrane-bound shuttles from the 
chloroplasts towards the vacuoles, where CTs then accumulate (Lees et al. 
1993, Brillouet et al. 2013, Brillouet et al. 2014). Within leaves CTs are often 
found in the epidermal or sub-epidermal layer (Lees et al. 1993, Kao et al. 
2002), and within plants CTs can be found in leaves, twigs, wood, bark, roots, 
seeds and fruits (Dixon et al. 2005, Lepiniec et al. 2006, Randriamanana et al. 
2014). Although occurring in various plant tissue, I will solely focus on foliar 
CTs in this thesis. 
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Variability of condensed tannin concentrations 
 

Foliar CT concentrations are highly variable, and differ both among (Kinney 
et al. 1997, Agrell et al. 2000), and within species (Lindroth and Hwang 1996, 
Randriamanana et al. 2014). Many studies have reported genotypic variation 
in CT concentrations in a number of different Populus species and their 
hybrids (Hemming and Lindroth 1995, Lindroth and Hwang 1996, Hwang and 
Lindroth 1997, Haikio et al. 2009, Randriamanana et al. 2014, Bandau et al. 
2015). A study with 31 Populus tremuloides GTs of similar age showed that 
CT concentrations varied about 2-fold between the GT expressing the lowest 
and the highest concentration (14 vs. 28% DW), respectively (Lindroth and 
Hwang 1996). Also in Populus tremula, substantial genotypic variation in 
CT concentrations have been reported (Robinson et al. 2012, Bandau et al. 
2015). 

Condensed tannin concentrations may also vary due to age effects (Erwin 
et al. 2001, Donaldson et al. 2006b). Donaldson et al. (2006b) investigated 
Populus tremuloides plants of different ages up to the age of 20 years, and 
found that CT levels increased up to the age of 5 years, and then remained 
constant among older age classes. Age-related differences in CT levels do not 
only occur among plants, but also at the within-plant level (Rehill et al. 2006, 
Holeski et al. 2012). Holeski et al. (2012) described ontogeny as a source of 
within-plant variation in CT levels. These authors found that within 
Populus angustifolia trees, CT concentrations were higher in mature 
compared to younger plant structures. 

Besides being under genetic and ontogenic control, CT production also 
responds to several abiotic and biotic environmental factors. Abiotic factors 
that can modify CT levels include nutrients (Osier and Lindroth 2001, 
Randriamanana et al. 2014), light (Hemming and Lindroth 1999, Agrell et al. 
2000), CO2 (Kinney et al. 1997, Couture and Lindroth 2014), temperature 
(Randriamanana et al. 2015), and O3 (Haikio et al. 2009). While increased 
light, CO2 and O3 levels have shown to enhance CT production (Kinney et al. 
1997, Hemming and Lindroth 1999, Haikio et al. 2009), N addition and 
temperature have often been associated with a decrease in CT concentrations 
(Osier and Lindroth 2001, Osier and Lindroth 2006, Randriamanana et al. 
2015). Biotic factors found to influence foliar CT levels in trees include 
competition with grasses (Donaldson et al. 2006a), fungal infection (Miranda 
et al. 2007), and damage by herbivores, which may induce CT production 
(Stevens and Lindroth 2005, Holeski et al. 2012). 

Furthermore, seasonal variations in CTs have been described (Osier et al. 
2000b, Lindroth et al. 2002, Rehill et al. 2006). In Populus tremuloides 
leaves, CT concentrations were lowest at leaf-out, then increased rapidly until 
the middle of June, when they plateaued, and slowly decreased in August, and 
during the following autumn senescence (Osier et al. 2000b, Lindroth et al. 
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2002, Donaldson and Lindroth 2008). Although foliar CTs decline during 
autumn, phenolic signatures were found to generally persist through leaf 
abscission (Lindroth et al. 2002). 

All of the above-described factors alone can potentially affect 
CT concentrations, but many studies have also shown that CT levels are the 
results of interactions between those factors (e.g. Hemming and Lindroth 
1999, Donaldson et al. 2006a, Osier and Lindroth 2006, Holeski et al. 2012, 
Couture and Lindroth 2014, Randriamanana et al. 2014, Bandau et al. 2015). 
For instance, CTs have been found to respond to interactions between GT and 
nutrient availability (Donaldson et al. 2006a), CO2 and O3 (Couture et al. 
2014), light and nutrients (Hemming and Lindroth 1999), as well as nutrients 
and defoliation (Osier and Lindroth 2001). 

 

Plant defense hypotheses 
 

Carbon (C) allocation to the production of phenolic compounds, as for 
example CTs, is interconnected with other physiological processes in plants 
(e.g. growth), and thus a number of hypotheses have been developed to 
explain the partitioning (reviewed in Stamp 2003). Although many 
hypotheses exist, I will only present the two latest ones here, namely the 
growth differentiation balance hypothesis (GDBH) proposed by Herms and 
Mattson (1992) and the protein competition model (PCM) put forward by 
Jones and Hartley (1999). 

The GDBH (Herms and Mattson 1992) proposes that plant defenses are a 
result of a trade-off between growth-related processes (i.e. cell division and 
enlargement) and differentiation-related processes (i.e. chemical and 
morphological changes leading to cell maturation and specialization of 
existing cells) in different environments. This hypothesis predicts a parabolic 
relationship between the production of secondary metabolites and resource 
availability with a peak at intermediate resource levels. For very low resource 
levels, the hypothesis suggests that photosynthesis is limited, and C supply 
limits both growth and differentiation, because primary metabolic processes 
and maintenance respiration receive priority use of limited C. Further, the 
GDBH proposes that with increasing resource availability, the demands for 
photosynthesis can be met, and thus carbohydrates start to accumulate in 
tissues. However, as resources (e.g. nitrogen) are predicted to not be sufficient 
to meet the large demands necessary for growth, accumulated C is thought to 
be partitioned into differentiation, e.g. into the synthesis of C-based secondary 
metabolites, with little or no trade-off occurring with growth. For 
environments where resource demands for growth are met, the GDBH 
suggests that C is allocated to rapidly dividing meristems (growth) at the 
expense of secondary metabolism (differentiation). Thus, at low to moderate 
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levels of resource availability, rates of net assimilation, growth and secondary 
metabolism are proposed to be positively correlated, whereas at moderate to 
high levels of resource availability, the net assimilation rate is suggested to be 
constant, while growth rate and secondary metabolism are thought to be 
inversely correlated, and a physiological trade-off between growth and 
secondary metabolism is predicted to occur. 

While the GDBH suggests that C availability for phenolic structure is the 
limiting factor for secondary metabolite production, the PCM assumes that N 
that originates from phenylalanine and is incorporated into proteins limits 
phenolic compound synthesis (Jones and Hartley 1999). The PCM proposes a 
trade-off between protein and phenolic compound production, because both 
compete for the same precursor, the amino acid phenylalanine, which is found 
in very low but relatively constant concentrations in plants (Jones and Hartley 
1999, and references therein). Phenylalanine is a building block for proteins 
that are needed both for growth and C fixation (i.e. photosynthesis), but also 
serves as the substrate for the PPP, through which structural, protective and 
defensive phenolic compounds are synthesized. The PCM assumes that 
developmental, genetic, and environmental factors determine how 
phenylalanine is allocated to either protein or phenolic compound production. 
Thus, according to this hypothesis, a factor that decreases plant growth and 
photosynthesis (e.g. N limitation) will cause a decrease in protein synthesis 
and hence increase the amount of phenylalanine available for the production 
of phenolics. Likewise, a factor that promotes growth and photosynthesis 
(e.g. N addition) will reduce the phenylalanine available for phenolic 
compound production. 

 

Effects and potential functions of condensed tannins 
 

Condensed tannins have been suggested to influence populations, 
communities, and ecosystem processes in both terrestrial and aquatic 
ecosystems (Whitham et al. 2006, Schweitzer et al. 2008). A number of above- 
and belowground effects of CTs have been described for terrestrial 
ecosystems, and the most intensively studied function of CTs is their 
involvement in defending plants against herbivory (Schweitzer et al. 2008). 
Condensed tannins have been proposed to protect plants against consumers 
through affecting their food choice or fitness (see e.g. Hwang and Lindroth 
1997, Hwang and Lindroth 1998, Bailey et al. 2004, Donaldson and Lindroth 
2004). Condensed tannins have also been reported to alter arthropod 
community composition (Whitham et al. 2006, and references therein), and 
to even affect higher trophic level consumers (Bailey et al. 2006). However, 
although intensively investigated, CTs have not shown consistent effects on 
plant-herbivore interactions (Schweitzer et al. 2008, and references therein). 
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Other reported above-ground consequences of CTs include the reduction of 
fungal endophyte infection (Bailey et al. 2005), as well as mixed effects on 
fungal pathogens (Holeski et al. 2009, Randriamanana et al. 2015). 
Furthermore, it has been put forward that CTs may play a role in protecting 
plants against photo damage (Close and McArthur 2002). Described 
below-ground consequences of CTs include amongst others the inhibition of 
N2-fixation (Schimel et al. 1998), shifts in soil microbial community 
composition (Mutabaruka et al. 2007, Schweitzer et al. 2007), both 
stimulating and inhibiting effects on soil microbes (Kraus et al. 2003, and 
references therein, Schweitzer et al. 2008), as well as mixed, but 
predominately negative effects on litter decomposition, N mineralization and 
nitrification (Baldwin et al. 1983, Fierer et al. 2001, Schweitzer et al. 2004, 
Madritch et al. 2006). Also in aquatic environments, CTs have been found to 
slow down in-stream litter decomposition rates (Driebe and Whitham 2000, 
LeRoy et al. 2006, LeRoy et al. 2007) and to influence invertebrate community 
composition (Whitham et al. 2006, and references therein). Despite this wide 
variety of effects of CTs on land and in aquatic environments, I will hereafter 
only look deeper into those functions that are most relevant for the 
manuscripts presented in this thesis. 

 

Condensed tannins as defense against herbivores 
 

Condensed tannins can provide plants with defense against insects and 
mammalian herbivores (Dixon et al. 2005, Barbehenn and Constabel 2011). 
Donaldson and Lindroth (2004), for example, found that foliar 
CT concentrations were negatively correlated with growth rates of cottonwood 
leaf beetle (Chrysomela scripta) larvae, that fed on Populus tremuloides 
leaves. Likewise, Bryant et al. (1987) observed that weights of large aspen 
tortrix (Choristoneura conflictana) larvae were lowered, when the larvae were 
reared on diets containing CTs. Furthermore, Bailey et al. (2004) described 
that foraging patterns of beavers (Castor canadensis) were influenced by bark 
CTs in Populus spp., and that beavers preferred GTs without and with low 
CT levels over GTs with higher CT contents. Despite these examples that 
reported negative associations of CTs and herbivory, there is also a number of 
studies that did not find any relationships between CTs and herbivore 
performance (e.g. Hemming and Lindroth 1995, Hwang and Lindroth 1997, 
Osier et al. 2000a), or that even described positive effects of CTs on herbivores 
(e.g. Hemming and Lindroth 1995). Potential explanations for those mixed 
effects of CTs are presented below. 

Tannins can either function as feeding deterrents, or post-ingestive as 
anti-nutrients or toxins (Philippe and Bohlmann 2007, and references 
therein, Barbehenn and Constabel 2011). There are two mechanisms believed 
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to cause the anti-herbivore activity of tannins (Salminen and Karonen 2011). 
First, tannins possess the ability to complex with proteins. This may render 
plant tissues unpalatable for herbivores or make the herbivore’s diet less 
nutritive via a precipitation of proteins in the digestive tract (Salminen and 
Karonen 2011). The second proposed mechanism is autoxidation (Salminen 
and Karonen 2011, Salminen et al. 2011). Products and by-products of tannin 
oxidation have been suggested to damage nutrients in the gut lumens of 
insects or to cause cytotoxic effects in the herbivore’s gut tissue (Felton et al. 
1992, Thiboldeaux et al. 1998). Condensed tannins are considered to act 
mainly as protein precipitants, and most CTs are less oxidative active 
(Barbehenn and Constabel 2011, Salminen and Karonen 2011). However, due 
to the diverse structures and sizes of CTs, differences in both protein 
precipitation capacities and oxidative activities exist among CTs (Barbehenn 
et al. 2006, Barbehenn and Constabel 2011, and references therein). The 
magnitude of tannin effects on herbivores does not only depend on tannin 
structure, size and concentrations, but also on the prevailing conditions in the 
different parts of the herbivore’s digestive system (Salminen and Karonen 
2011). While protein precipitation reactions require acidic to neutral 
conditions, tannin oxidation is favored at alkaline conditions (Barbehenn and 
Constabel 2011, Salminen and Karonen 2011). 

Herbivores have developed a number of countermeasures to avoid potential 
negative effects that tannins could have on them. Many mammalian 
herbivores (e.g. moose (Alces alces)) secrete tannin-binding proteins with 
their saliva, which have a greater binding affinity for tannins than other 
proteins (Juntheikki 1996, Shimada 2006). In this way, tannin-binding 
proteins prevent tannins from interacting with other proteins in the 
mammals’ digestive system. Adaptations of insects to tolerate the 
consumption of ingested tannins include biochemical and physical defenses 
in their guts, such as surfactants, high pH levels (alkaline conditions) to 
prevent protein-binding, low oxygen levels and antioxidants to minimize 
oxidation, and a protective peritrophic envelop that lines the midgut to protect 
the gut epithelium against direct contact with tannins and to minimizes tannin 
absorption (Barbehenn and Constabel 2011, and references therein). 
 

Condensed tannins as defense against fungal pathogens 
 
Besides their potential role in protecting plants against herbivores, CTs have 
also been proposed to affect interactions of plants and fungal pathogens. 
Similar to studies on herbivores, mixed results of the effects of CTs on fungal 
pathogens have been reported. Miranda et al. (2007), for instance, found an 
up-regulation of genes that encode enzymes for CT synthesis in leaves of 
hybrid poplar (Populus trichocarpa × Populus deltoides) infected with poplar 
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leaf rust (Melampsora medusae), which led to the conclusion that CTs could 
be involved in defending plants against rust attack. Randriamanana et al. 
(2015), however, did not observe any negative association between CTs and 
Melampsora sp. infection in Populus tremula, but instead found that GTs 
with higher salicylates content were less susceptible to leaf rust, suggesting 
that salicylates rather than CTs may help plants to defend themselves against 
this pathogen. For another fungus, namely the shoot blight causing Venturia 
moreletii (syn. Venturia macularis, Venturia tremulae var. grandidentatae), 
Holeski et al. (2009) detected a strong negative correlation between 
CT concentrations and the proportion of infected shoots in 
Populus tremuloides. Based on their observations, these authors concluded 
that CTs could be responsible for genotypic differences in the susceptibility to 
aspen shoot blight. 
 

Condensed tannins as drivers of litter decomposition 
 

Tannins have been suggested to influence litter decomposition and hence the 
return of nutrients to plants (Kraus et al. 2003, Schweitzer et al. 2008). The 
ability of CTs to regulate soil nutrient availability may ultimately feed back on 
plant fitness, which in turn may have consequences for plant-plant and 
plant-herbivore interactions (Kraus et al. 2003, and references therein, 
Schweitzer et al. 2008). Condensed tannins have often been found to slow 
down litter decomposition (Driebe and Whitham 2000, Schweitzer et al. 
2004, Madritch et al. 2006, Liu et al. 2009), and thus several mechanism have 
been proposed to explain the inhibiting effects of tannins. One potential 
reason could be the limited biodegradability of tannins themselves, which can 
only be decomposed by some fungi and a few bacteria (Kraus et al. 2003 and 
references therein). The ability of CTs to form stable complexes with proteins 
may provide another explanation. Leaf proteins sequestered in tannin-protein 
complexes have been observed to be more resistant to microbial 
decomposition than unaltered proteins (Benoit et al. 1968, Kraus et al. 2003 
and references therein). Moreover, tannins may deactivate microbial enzymes 
through complexation (Benoit and Starkey 1968a, Joanisse et al. 2007). Yet 
another reason for reduced decomposition in the presence of tannins could be 
direct toxicity to microbes (Field and Lettinga 1992). Furthermore, the ability 
of tannins to coat other non-protein compounds, such as cellulose, and thus 
protect these compounds from microbial attack could explain lower 
decomposition rates (Benoit and Starkey 1968b, Kraus et al. 2003). Last but 
not least, CTs may be toxic to or decrease fitness of soil mesofauna, that is 
important during the first stages of decomposition, when litter is broken down 
into smaller fragments to increase the surface area for the following 
decomposers (Kraus et al. 2003, and references therein). 
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Despite the number of studies that found inhibiting effects of CTs on litter 
decomposition, there are also some reports describing enhancing effects 
(Madritch et al. 2006, Madritch et al. 2007). Difference in CT size have been 
suggested to explain these contrary effects of CTs on decomposition. While 
soil microbes may use small molecular weight CTs as a carbon source, they 
may be inhibited by larger molecular weight CTs, because larger CTs are better 
protein precipitants (Madritch et al. 2007, Schweitzer et al. 2008). 

 

The study species - Populus tremula 
 

The genus Populus, which belongs to the Salicaceae family, has emerged as a 
model system for studies of secondary metabolism and woody plant defense, 
because Populus species and hybrids exhibit extensive geographical 
distributions and are major food sources for hundreds of arthropods, birds 
and mammals (Schweitzer et al. 2008, Constabel and Lindroth 2010, and 
references therein). Populus is rich in phenolic secondary metabolites, 
including CTs and phenolic glycosides (Schweitzer et al. 2008, Constabel and 
Lindroth 2010), and it is ideally suited for studies of CTs, because it lacks other 
tannins, e.g. hydrolysable tannins (Scioneaux et al. 2011). Moreover, several 
Populus species exhibit extraordinary genetic variation including in traits 
relevant for defense and growth (see e.g. Lindroth and Hwang 1996, Robinson 
et al. 2012). Furthermore, this genus includes the first woody species 
(i.e. Populus trichiocarpa), whose entire genome has been sequenced (Tuskan 
et al. 2006), which has enabled intensive molecular background work. 

For all studies presented in this thesis, European aspen (Populus tremula) 
was used. Populus tremula has a wide distribution in boreal and temperate 
ecosystems in Eurasia. Its longitudinal range extends from Island in the West 
to Japan in the East, and its latitudinal distribution ranges from the Northern 
part of Norway (from 71°N) to Northern Africa (Myking et al. 2011). European 
aspen can be found from sea level up to a height of 1900 m above sea level 
(Myking et al. 2011, and references therein). At the landscape level, 
Populus tremula occurs as scattered individuals or in small stands (Kouki et 
al. 2004). European aspen is frost hardy, drought resistant, and has modest 
requirements for summer warmth (Myking et al. 2011). It occurs on a wide 
range of soil types, but performs best on fertile and well-drained mineral soils 
(Worrell 1995). Populus tremula is a pioneer species, and therefore most 
abundant in young successional stands after large scale disturbances, such as 
forest fires, clear cuttings, and windthrows (Latva-Karjanmaa et al. 2007). As 
a pioneer species, it exhibits rapid establishment and juvenile growth, high 
light demand, and a relatively short lifespan (Myking et al. 2011, and 
references therein). European aspen can reproduce both asexually by root 
suckers, and sexually by seeds, but vegetative reproduction has been stated to 
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be the more common mode (Worrell 1995). Populus tremula is dioecious, and 
in most of its distribution the sex ratio is skewed towards an excess of males 
(Myking et al. 2011, and references therein). To produce seeds, trees need to 
reach an age of 10-15 years, if growing solitarily, or of 20-30 years, if growing 
in a stand (Myking et al. 2011, and references therein). 

Traditionally, aspen wood has been used for the production of matches 
(Latva-Karjanmaa et al. 2007, Rytter 2016). However, in the mid of the last 
century, Populus tremula became an unwanted species in forestry in most of 
Fennoscandia, because of its low economic value compared to Scots pine 
(Pinus sylvestris) and Norway spruce (Picea abies), its tendency to from 
thickets of root suckers that can interfere with the establishment of more 
valuable tree species, and because of hosting the fungus 
Melampsora populnea (Syn: Melampsora pinitorqua) that causes rust 
disease in young pine stands (Ostlund et al. 1997, Latva-Karjanmaa et al. 
2007, Sahlin and Ranius 2009). Thus, Populus tremula was strongly 
controlled with herbicides, mechanical clearing on clear cuts, and girdling of 
trees in mature forests, which resulted in a decline of this tree species in 
managed forests (Ostlund et al. 1997, Latva-Karjanmaa et al. 2007, Sahlin and 
Ranius 2009). 

Even though of limited commercial importance, Populus tremula is often 
found to be a keystone species in boreal forests (Myking et al. 2011). Large 
trees and decaying snags and logs provide habitat for hundreds of organisms, 
including amongst others cavity nesting birds such as woodpeckers, 
herbivorous and saproxylic invertebrates, fungi, epiphytic bryophytes, 
lichens, and wood-rotting fungi, many of which only occur on aspen (Siitonen 
and Martikainen 1994, Kuusinen and Penttinen 1999, Hedenas and Ericson 
2000, Kouki et al. 2004, Gjerde et al. 2005, Sahlin and Ranius 2009, 
Albrectsen et al. 2010a, Robinson et al. 2012). A number of those associated 
species are threatened or endangered, and thus Populus tremula is an 
important tree species for biodiversity in boreal forests (Kouki et al. 2004, 
Tikkanen et al. 2006, Sahlin and Ranius 2009). Moreover, European aspen is 
also a preferred browse species for moose (Alces alces) (Edenius et al. 2011, 
Edenius and Ericsson 2015), roe deer (Capreolus capreolus) (Edenius and 
Ericsson 2007), mountain hare (Lepus timidus) and bank voles 
(Clethrionomys glarelus) (Hjalten et al. 2004). 

Although herbicide use to kill aspen has been prohibited in Sweden around 
the 1980s, and forest companies have adopted new management methods to 
reduce the negative impact of forestry on biodiversity, e.g. through the 
retention of green trees at clear cutting, the long-term persistence of mature 
aspens and aspen regeneration is still a matter of concern in Northern Europe 
(Kouki et al. 2004, Latva-Karjanmaa et al. 2007, Sahlin and Ranius 2009). 
Mature trees, that have been retained in managed forests, will gradually die, 
but new recruitment is considered to be weak (Latva-Karjanmaa et al. 2007, 
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Sahlin and Ranius 2009). Effective fire suppression, and hence a lack of 
suitable substrate for seeds are believed to be one reason for little recruitment 
(Romme et al. 2005, Edenius et al. 2011, Myking et al. 2011). As a second 
reason, increased ungulate populations, and hence high browsing pressure 
have been discussed (Edenius and Ericsson 2007, Edenius and Ericsson 
2015). 

Despite its current status in managed boreal forests in Fennoscandia, 
Populus spp. and aspen hybrids, e.g. Populus tremula × Populus tremuloides, 
are increasingly grown in short-rotation plantations on former agricultural 
land in Europe to produce raw material for bioenergy and pulp production 
(Gruppe et al. 1999, Lutter et al. 2016, Rytter 2016). 
 

Objectives of this thesis and the different studies 
 
The studies presented in this thesis aim at broadening our understanding of 
how genotypic variation in a plant trait, namely in foliar condensed tannin 
production, mediates the effects that anthropogenic N enrichment has on 
tissue chemistry, plant performance and nutrient cycling. To address this 
objective, Populus tremula GTs with contrasting constitutive CT levels 
(i.e. low vs. high tannin producers; hereafter also referred to as tannin groups 
(Tgrs)) were grown under 3 N regimes, representing ambient N conditions, 
atmospheric N deposition, and forest fertilization rates, respectively, in 
environments with and without natural enemies. In the individual studies, I 
posed the following, specific questions: 

 
 Study I asked: How is tissue chemistry, plant growth, and biomass 

allocation in an enemy-free, field-like environment affected by 
genotypic variation, intrinsic differences in constitutive 
CT production, and N enrichment? 

 Study II asked: How is leaf chemistry, enemy damage, and 
consequently plant growth in a field setting affected by intrinsic 
differences in constitutive CT production, and N enrichment? 

 Study III asked: At which step(s) along the PPP are intrinsic 
differences in constitutive CT production, and responses of CTs to 
N enrichment regulated? Secondly, how are other (non-tannin) 
products synthesized by the PPP affected by constitutive CT level and 
gene expression? 

 Study IV asked: How is leaf and litter chemistry, and subsequently 
litter decomposition affected by genotypic variation, intrinsic 
differences in CT production, and N enrichment? 
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Fig. 1: Overview of the studies included in this thesis. For all studies the same general set-up was used 

(displayed in the middle), which included GTs with contrasting abilities to produce foliar condensed tannins 

that were subjected to three N addition levels that resembled anthropogenic N inputs into boreal forest 

ecosystems. Studies I and III were performed in a field-like, enemy-free environment, and studies II and IV in 

a field environment with natural enemies present. 

Study IV: Litter decomposition

Study I: Tissue chemistry and growth Study II: Foliar chemistry, enemy 
damage, and growth

Study III: Gene expression of 
phenylpropanoid pathway genes and 
phenolic pools 

10 Genotypes
(5 low-tannin/5 high-tannin)

N additions
0 kg ha-1       +15 kg ha-1 +150 kg ha-1

Field-like (semi-field) environment
without natural enemies

Field environment
with natural enemies
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Materials and methods 

Plant material 
 
For all studies in this thesis, plant material that originated from the Swedish 
Aspen collection (SwAsp) (Luquez et al. 2008) was used. The SwAsp collection 
comprises 116 European aspen (Populus tremula) GTs, which were collected 
from 12 different populations across Sweden. The plants were sampled 
between 56° and 66°N, at every second degree of latitude from paired 
populations in the West and East, respectively (see Fig. 2). Sampling was 
carried out in spring 2003. Because aspen has clonal growth, sampled trees 
were at least 2 km apart for each other to ensure that genetically distinct 
individuals were chosen. Ten trees were taken from each population, except 
from the North-Eastern-most location, where only six trees were sampled. 
Roots were sampled from each source tree, and from those root cutting plants 
were propagated. In June 2004, those plants were planted in replicates of at 
least four in a random block design in two common gardens at the Skogsforsk 
Research Stations in Ekebo (55.9°N, Svalöv district, Skåne), and in Sävar 
(63.4°N, Umeå district, Västerbotten) (Fig. 2; common garden locations 
displayed in bold letters). Further details about the collection are described in 
Luquez et al. (2008). 

 
Fig. 2: Locations of the 12 Populus tremula populations, from which trees were obtained for the Swedish aspen 

collection (Luquez et al. 2008). Arrows and bold names indicate the locations of the two common gardens in 

which the collected aspen GTs were planted. The image was adapted from Albrectsen et al. (2010b). 
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During summer 2008, leaf samples were taken from all trees in the Ekebo 
and the Sävar garden, and in summer 2009 leaf sampling was repeated in the 
Sävar garden. Using the acid-butanol method (Robinson et al. 2012), foliar 
CT concentrations were assessed for all leaf samples. Based on the tannin 
levels expressed in the two gardens and across the two years, five GTs that 
consistently showed low tannin values, and five GTs that consistently 
expressed high tannin values, were selected for the experimental set-ups that 
I used for my projects. The selected low-tannin GTs included the GTs with 
the SwAsp ID 18, 23, 50, 60, and 115, whereas the high-tannin GTs included 
the GTs 5, 26, 51, 65, and 72. 

 

The two experimental set-ups 
 
For studies I and III a field-like set-up (thereafter referred to as semi-field 
set-up) was used, while studies II and IV utilized a field set-up (Fig. 3). 
 

 
Fig. 3: The two experimental set-up used for the studies presented in this thesis. The left picture shows the 

semi-field set-up, and the right picture the field set-up. 

 
To establish the semi-field set-up, the selected GTs were propagated from 

in-vitro tissue culture at Umeå Plant Science Center, starting in January 2011. 
In mid May 2011, ca. 30 clones of each GT (ca. 300 individuals) were potted 
in 5-l pots in a mixture of sand, peat, and loam (51:48:1), to create a 
nutrient-poor soil typical of boreal forests (Maaroufi et al. 2015). The plants 
were first kept in the greenhouse at the Swedish University of Agricultural 
Science (SLU), Umeå, Sweden, at 60% relative humidity, 20°/15°C day and 
night temperatures, and a 16/8 hour light:darkness regime. Within the first 
four weeks after planting side branches were trimmed to ensure comparative 
growth between the GTs. To promote lignification of the stems, fans were used 
to agitate the plants. 

In early July, I selected 18 healthy individuals of each GT, and brought them 
to a wind-sheltered out-door area with ambient sun and precipitation (i.e. the 
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inner yard of the SLU greenhouse). For the first 10 days outside, a mousseline 
screen was placed above plants to avoid sun damage. The plants were 
arranged in three blocks, with six individuals of each GT in each block (Fig. 3). 
The 180 plants were watered as needed. The main aim with the semi-field 
set-up was to minimize the impacts of natural enemies. Therefore, I daily 
inspected all plants for insect herbivores, and manually removed insects, if 
they were present. I further treated infested plants against aphids, and all 
plants against rust fungi. 

The field set-up was established one year prior to the semi-field set-up. 
Similar to the semi-field experiment, plants were propagated from in-vitro 
tissue culture, first established in the greenhouse, and then acclimatized to 
out-door conditions in a wind-sheltered, partly shaded out-door environment. 
After eight weeks out-doors, in early August 2010, 30 even-sized, healthy 
clones of each GT (i.e. 300 individuals) were planted on a former clear cut at 
Kulbäcksliden experimental forest (N 64° 9’ 8.02”, E 19° 35’ 12.09”), 
belonging to the SLU (Fig. 3). The experimental site was fenced to exclude 
larger mammalian herbivores (equal or larger than hares). The plants were 
randomly planted in five blocks, with six individuals of each GT within each 
block. The spacing between the plants was approximately 2 meters. To avoid 
edge effects, a row of additional aspens were planted around the five blocks. 
Multiple aged aspens were present in the vicinity of the experiment site that 
served as a source of insect herbivores and fungal pathogen to the 
experimental plants. 

 

Fertilization treatments 
 
I simulated anthropogenic N enrichment by fertilizing the plants in both 
experimental set-ups. Within each block, plants were randomly assigned to 
one of three N treatments: 0, 15, or 150  kg N ha-1 yr-1, corresponding to 
ambient N condition (Gundale et al. 2014, and references therein), maximum 
N deposition rates in the boreal region (Gundale et al. 2011), and 
N fertilization rates used by the Swedish forest industry (Hedwall et al. 2014), 
respectively. I used NH4NO3 as fertilizer, and treatments were applied on a 
soil surface area basis. In the semi-field set-up (studies I and III), the inner 
pot diameter was used for the calculation of soil surface area, and 
consequently for the calculation of fertilizer amounts. Ammonium nitrate 
(NH4NO3) pellets were dissolved in de-ionized water, and at each of the three 
applications during summer 2011 (July 7th, 21st, and August 4th), 50 ml of the 
water-fertilizer mixture were applied to each plant. Plants assigned to the 
ambient N treatment (0 kg N ha-1 yr-1), only obtained 50 ml de-ionized water. 
In the field set-up (studies II and IV), I applied granulated NH4NO3 in a 
radius of 25 cm around each plant. Fertilization in the field started in 2011, 
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and was carried out during the consecutive years, with three applications 
during the growing season of each year (in May, June and July). 
 

Growth and biomass measurements 
 

I measured several plant growth variables in both the semi-field (study I), 
and the field setting (study II). In the semi-field experiment (study I), I 
assessed stem heights, and diameters (1.5 cm above the soil surface) of all 
plants in the greenhouse, directly before the plants were moved to the 
out-door environment in early July 2011. Using stratified random sampling, I 
selected three individuals per GT that were representative for the range of 
height growth expressed within each GT. The chosen 30 plants were 
harvested, and their dry weight (DW) was assessed. Those DW, height and 
diameter measurements were then used to estimate initial biomass of the 
experimental plants (i.e. of the plants that were moved to the outdoor 
location) by the use of linear regression equations based on the relationship 
of size (height*stem diameter2) to DW, as described in Osier and Lindroth 
(2004). Regression equations were derived for each Tgr, separately. 

Moreover, plant heights and diameters were once again measured on all 
180 plants outdoors, shortly before all plants were destructively harvested at 
the end of August 2011. On August 23rd 2011, leaves intended for the gene 
expression study (study III) were first marked. I then measured the areas of 
those marked, still attached leaves with a portable leaf area meter (LI-3000C, 
Li-Cor®, Lincoln, NE, USA). In a next step, the leaves for study III were 
harvested (for details see the section “Gene expression analysis”, page 22), 
followed by the leaves intended for chemical analysis (study I; details 
described in the section “Leaf sampling for chemical analysis”, page 22 of this 
thesis). After those leaves had been sampled, the remaining leaves on each 
tree were removed, counted and total leaf area was assessed with a the 
portable leaf area meter (LI-3000C, Li-Cor®, Lincoln, NE, USA) mounted to 
a transparent conveyor belt device (LI-3050C, Li-Cor®, Lincoln, NE, USA). 
Next, stems were harvested, and the roots were washed. All tissues were dried 
at 60°C until reaching a constant weight. The DWs for the different tissue 
types were measured. From direct growth measurements, I then calculated a 
number of growth and biomass allocation responses (for details see the 
section “Calculation of response variables” in study I). 

For study II, I measured the final height of all trees in the field setting at 
the end of the growing season 2013. 
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Gene expression analysis 
 
Study III used the same experimental set-up as study I. However, from the 
original set-up of study I, study III only used 8 GTs (i.e. the low-tannin 
GTs 18, 23, 50, and 60, as well as the high-tannin GTs 5, 26, 51, and 65). From 
those selected plants, the first three uncurled leaves from the top that were 
longer than 1 cm were harvested (hereafter referred to as “young leaves”). The 
harvested young leaves were immediately flash frozen in liquid nitrogen, and 
stored at -80oC until further analyses. 

For the investigation of gene expression patterns, paralogues from eight 
phenylpropanoid gene families that are most strongly expressed in young 
leaves were selected. Next gene-specific primers were designed, and oligos 
were synthesized at CyberGene AB (Sweden). The young leaves were ground 
with mortars and pestles under constant liquid nitrogen cooling, and some of 
the fine ground leaf powder was set aside for metabolomic analysis (for details 
see section “Chemical analyses of plant tissues”, page 24). From the remaining 
leaf powder, total RNA was extracted with a modified cetyltrimethylamonium 
bromide method (Chang et al. 1993, Bhalerao et al. 2003). Total RNA 
concentrations were photo-spectrometrically measured, and RNA integrity 
and purity were assessed. Real time quantitative-reverse transcription PCR 
was performed with cDNA equivalent to 1 µg of total RNA, using the 
iQTM SYBR® Green Supermix (Bio-Rad, Sweden) and the CFX96 Real-Time 
PCR system (Bio-Rad, Sweden). Each PCR reaction was processed as follows: 
40 cycles of denaturation at 95°C for 10 s, annealing at 51–55°C for 10 s 
depending on the primer’s annealing temperature, and 20 s extension at 72°C 
using gene-specific primers. The melt curve monitor was added as the final 
step to evaluate the specificity of the amplicons. The relative expression of PPP 
genes was calculated using the ∆Cq method described by Tsai et al. (2006). 
Geometric means of reference genes were applied across the experimental 
set-up, threshold level and inter-plate calibration were adjusted, and 
normalization was performed within each gene identity after the least 
expressed individual. Expression data were visualized using GENE-E tool 
(http://www.broadinstitute.org/cancer/software/GENE-E/) (for further 
details see study III). 
 

Leaf sampling for chemical analyses 
 
For all studies in this thesis, I sampled leaves for chemical analysis. I 
harvested the youngest, fully expanded, undamaged leaves from each plant, 
by cutting them at the base of the petiole. The harvested leaves were placed in 
a cooler, brought to the lab, and leaf areas were assessed with a leaf area meter 
(LI-3000C mounted on LI-3050C, Li-Cor®, Lincoln, NE, USA). Subsequently, 
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the leaves were freeze-dried to constant weight, and stored at -20°C until 
chemical leaf analyses were performed. For study IV, I calculated specific leaf 
area (SLA) for each plant by dividing the total area of the leaves sampled per 
plant by their DW. 
 

Litter decomposition assay 
 
As a part of study IV, I conducted a litter decomposition assay. I collected 
leaf litter from the plants in the field set-up, by enclosing the crown of each 
tree with mosquito netting before the on-set of senescence (Fig. 4). In early 
October 2013, after most plants had lost their leaves, and no further 
resorption from the leaves was possible due to daily frost, I emptied all 
nettings. Leaves not abscised by this time were manually removed and 
included into the respective sample of each tree. The litter was brought to the 
laboratory, and 10-20 leaves from each plant were randomly chosen for the 
assessment of chemical traits (a further description is given in the section 
“Chemical analyses of plant tissues”, page 24). The remaining litter was 
oven-dried at 30°C for 10 days, and subsequently used in a litter 
decomposition assay. I chose this low drying temperature to prevent 
volatilization of compounds that could potentially influence decomposition 
rates (Gundale et al. 2010). 
 

 
Fig. 4: Aspens enclosed with nettings to collect abscised leaves (left). Petri-dish with litter remains at the end 

of the incubation assay (right). 

 
To assess litter decomposability, I performed an incubation assay, in 

accordance with previous procedures (e.g. Wardle et al. 2009, Sundqvist et al. 
2011). First, to provide a natural source of micro-organisms for decomposing 
aspen litter, I collected soil from a mixed age aspen forest near Sävar, Sweden 
(N 63° 52’ 59.68”, E 20° 33’ 12.40”). Mineral soil from the A-horizon was 
collected, and transported to the laboratory, where it was sieved (mesh size 
1 cm), and homogenized. In a next step, petri-dishes (15 cm diameter) were 
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filled with 110 g of this soil. Any soil macro-fauna, such as snails and 
earthworms, were manually removed. A polyester mesh (1 mm mesh size) was 
placed on top of the soil, followed by approximately 0.75 g dried litter in form 
of whole leaves. I recorded the actual litter mass allocated to each dish for the 
later calculation of mass loss. For each source plant, I prepared two separate 
dishes, but in a few cases I only had enough litter for one dish. The two dishes 
per plant were considered sub-replicates that were later averaged to generate 
a single mass loss value per plant. The dishes were sealed with Parafilm M® to 
avoid water loss, and incubated in the dark at 22°C for 353 days. 

After incubation, the remaining litter (Fig. 4) was cleaned with deionized 
water, and oven-dried at 60°C until reaching constant weight. I discovered a 
few petri-dishes that had been contaminated by soil macro-fauna, which I 
discarded from all analyses. 

Because I used different drying temperatures for the initial litter and the 
litter remains, a set of pre-incubation litter not included into the petri-dishes 
was oven-dried at both 30°C and 60°C to allow me to calculate the 60°C 
equivalent litter mass at the start of the incubation. Percent litter mass loss in 
each dish after incubation was calculated using the following formula: 

mass	loss	 % 100
	 ∗

	
. 

 

Chemical analyses of plant tissues 
 
Table 1 provides an overview of the different chemical properties that were 
assessed in the different studies. Note that for study III, I only provided the 
names of the functional classes (i.e. phenolic pools; denoted by * in Table 1 of 
this thesis), but not of the individual compounds assessed. Table S1 in 
study III presents a complete list of the individual compounds. 
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Table 1: Overview of the chemical variables assessed in the individual studies, and specification of the plant 

tissues analyzed 

 Study 

Chemical variables I II III IV 

C content leaves, stems, roots leaves - leaves, litter 

N content leaves, stems, roots leaves - leaves, litter 

CTs concentration leaves leaves mature leaves leaves, litter 

catechin concentration - - - litter p 

chain length - - - litter p 

lignin leaves, stems, roots - mature leaves leaves p , litter P 

cellulose - - - leaves P, litter P 

salicinoids* - - young and mature leaves - 

lignin precursors* - - young and mature leaves - 

flavones and flavonols* - - young and mature leaves - 

tannin precursors* - - young and mature leaves - 

anthocyanin precursors* - - young and mature leaves - 

P samples were pooled prior to analysis 

 
For the analysis of lignin and cellulose content, plant tissues were first 

coarse-ground on a Wiley® mill (mesh size #10 (2mm); Thomas Scientific, 
Swedesboro, NJ, USA). Lignin was measured with the acid-detergent 
fibre-sulphuric acid procedure (Helrich 1990), while cellulose was determined 
through nitric acid/acetic acid digestion, a subsequent reaction with anthrone, 
and measurement on a spectrophotometer at 620 nm, as described in 
Updegraff (1969). Both lignin and cellulose analysis were performed at the 
Soil, Water and Plant Testing Laboratory at Colorado State University, USA. 

For C, N, and CT analysis, plant material was ground to a fine powder with 
a ball mill (Retsch® MM 400, Retsch®, Haan, Germany). Carbon and N 
content were assessed using dry combustion (LECO TruSpec CN Furnace, 
LECO Corporation, Lakeview, MI, USA). Condensed tannins were extracted 
with 70% acetone + 10 mM ascorbic acid, and subsequently quantified using 
the acid-butanol method (Porter et al. 1986), during which CTs are acid-
catalyzed, oxidative depolymerized to anthocyanidins that are then detected 
and quantified with a photospectrometer. As a standard I used procyanidin B2 
(C30H26O12, Sigma-Aldrich®, St. Louis, MO, USA). Further details about the 
tannin quantification are outlined in Bandau et al. (2015). 

In study IV, I further performed a qualitative analysis of the tannin 
polymers, by using the phloroglucinol derivative method by Hagerman 
(2002a). To do so, I first extracted tannins from 200 mg ground powder with 
70% acetone. I then removed the acetone through vacuum evaporation. 
Subsequently, ethanol was added to get the sample to 80% ethanol. After 
centrifuging (13000 rpm for 3 mins), each tannin sample was purified from 
small molecular phenolics using SephadexTM LH-20 (Hagerman 2002b). Each 
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purified tannin sample was then tested for two tannin precursors by HPLC 
(Randriamanana et al. 2014). 

Due to a shortage of plant material or high analysis costs, I performed some 
chemical analyses in study IV on pooled samples (denoted by P in Table 1). 
To pool samples, I combined equal amounts of plant material from all 
individuals within the same GT x N treatment combination. 

For study III, both young and mature leaves were analyzed for a number 
of phenolic compounds (see Table S1 in study III for a complete list of the 
compounds). Some powder of young leaves was spared from the gene 
expression analysis, whereas mature leaves were first ground to powders 
using a bead mill (Retsch MM 301, Retsch GmbH and Co. KG, Haan, 
Germany). Next, phenolic compounds were extracted using the 
chloroform-methanol method (Abreu et al. 2011). The amount of powder used 
for the extraction was 7.00 ± 1.00 mg, and 10.00 ± 1.00 mg for young and 
mature leaves, respectively. The weighted powder was dissolved in 10 µl cold 
methanol and diluted with 90 µl cold water containing 0.1% formic acid. 
Subsequently, ultra-high performance liquid chromatography (UPLC)-
electrospray ionization/time-of-flight mass spectrometry (ESI/TOFMS) was 
performed. A 2 µl aliquot of each sample with 7 ng/µl of [2H6] salicylic acid 
(Isotec, Miamisburg, Ohio, USA) as an internal standard was injected, and 
separated in negative ionization mode using a C18 UPLC™ column. The 
UPLC-TOFMS chromatograms identified 23 foliar phenolics, belonging to five 
functional classes (i.e. salicinoids, lignin precursors, flavonoids, tannin 
precursors, and anthocyanin precursors). Phenolics standards used for 
compound quantification included salicin, catechin and rutin (all from 
Sigma-Aldrich®, St. Louis, MO, USA), salicortin, tremuloidin and 
HCH-salicortin (provided by Prof. R. L. Lindroth, University of Wisconsin, 
Madison, USA), and cinnamoyl-salicortin isolated from Populus tremula 
(Keefover-Ring et al. 2014). Quantifications of other compounds were 
correlated to those standards dependent on the retention time and exact mass 
(m/z). Individual compound quantities within functional classes (i.e. phenolic 
pools) were summed for some statistical analysis, and are hereafter referred 
to as phenolic pools. 
 

Damage scoring 
 
As part of study II, I assessed enemy damage on the plants in the field set-up 
in mid July 2013. I screened all plants for the presence or absence of typical 
shoot blight symptoms caused by Venturia spp. fungi, such as blackened 
leaves and a blackened, crook-shaped terminal branch. At the same sampling 
day, I also assessed total damage on the plants by estimating the percentage 
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of leaves that were damaged, including damage from fungi, as well as from 
insects (e.g. leaf chewers, -rollers, -gallers, and -miners). 
 

Statistical analyses 
 
In studies I and IV, I preformed analyses of variances (ANOVAs) that used 
a general linear model with a partially nested and crossed design (hereafter 
referred to as “cross-nested”) to test the effect of N treatment, Tgr, and GT, 
and their interactions on chemistry and growth variables. In my cross-nested 
ANOVAs, N treatment and Tgr served as main factors, and GT as a nested 
factor within Tgr. As all three factors were pre-determined prior to setting up 
the experiments, I defined all three factors as fixed in my model. For variables 
derived from pooled samples (see Table 1) and for variables in study II, I 
performed 2-way ANOVAs with N treatment and Tgr serving as main factors. 
Significant main and interactive effects, identified by the cross-nested or the 
2-way ANOVAs, were followed up with one-way ANOVAs and post hoc tests. 
In studies I and II, I used Student-Newman-Keuls (S-N-K) post hoc tests, 
whereas in study IV Gabriel’s post hoc tests were used. Prior to analysis, I 
tested data for assumptions of normality and homoscedasticity, and I 
transformed data as necessary. 

In study II, I assessed Venturia spp. damage as a binary variable 
(i.e. presence/absence). This data format required non-parametric analyses, 
and thus I used a 3-way loglinear analysis with backward elimination to test 
for difference in Venturia spp. symptom presence among N treatments and 
Tgrs. The effects that were retained in this loglinear model were followed up 
with individual χ2-tests, and odds ratios. 

To test whether leaf and litter traits in study IV were correlated to each 
other, I performed non-parametric Spearman’s correlation tests. I used 
Spearman’s correlation, because some of the variables were not normally 
distributed and thus did not fulfill the criteria necessary for a parametric test. 
Moreover, I used Spearman’s correlations in study IV to investigate which 
litter traits could explain the significant GT, and the GT x N effects, that were 
identified through the cross-nested ANOVA for litter mass loss 
(decomposition). For the main GT effect, these correlations were performed 
for average trait values for each GT regardless of the N level. For the 
GT x N effect, these correlations were made using average trait values for each 
GT for each N level. 

All statistical analyses in study I, II, and IV were performed using 
IBM® SPSS® statistics, version 21 (Armonk, NY, USA). I considered results 
with P-values below 0.05 as significant. In study IV, I additionally considered 
results with P-values greater than 0.05, but smaller than 0.10 as marginally 
significant. 
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For study III, MANOVAs and nested ANOVAs were used to test the effects 
of Tgr, N treatment, and GT nested within Tgr on transcriptional and 
metabolic responses. Furthermore, correlations (Pearson distance metrics 
and the average linkage method) were performed to assess relationships 
between gene expression and phenolic pools. To relate variations in gene 
expression to variations in phenylpropanoid metabolites, twelve Mantel tests 
were conducted, one for each Tgr x N treatment x leaf age combination. All 
statistical analyses for study III were performed using the software R, and 
additionally the lattice package for Pearson correlations, and the vegan 
package for the Mantel tests. 
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Results and Discussion 

Foliar chemistry and plant performance in environments 
without and with natural enemies 
 
Many of the tissue chemistry, plant growth, and damage traits assessed in the 
first two studies of this thesis were influenced by N addition, the intrinsic 
ability of the plants to produce foliar CTs (i.e. Tgr), as well as by the interaction 
of these two factors (see Table 1 in study I, and Table 1 in study II). In the 
following sections, I have selected a few traits from study I and II that I will 
use to compare how aspens grown in two contrasting environments, one with 
and one without natural enemies, generally responded to N enrichment, and 
how different abilities of plants to produce foliar CTs influenced the plants’ 
responses to added N. 
 

General plant responses to N enrichment 
 
The environment in which the aspens were grown, strongly determined how 
different plant traits reacted to N addition. Aspens grown in the semi-field 
setting without natural enemies present (study I) showed a decrease in foliar 
CT concentrations with N addition, particularly in response to the highest 
N dose (Fig. 5a). Contrary, foliar CT concentrations exhibited a 
non-significant increasing trend, when N was applied to plants grown in the 
field in the presence of natural enemies (study II; Fig. 5b). There might be 
two different explanations for foliar CTs showing these opposing responses to 
N addition in the two environments. 

First, the greater exposure of fertilized plants to enemies, and resulting 
induction of CTs may provide one explanation for the positive effect that 
N addition had on CT concentrations in the field (study II), compared to the 
semi-field setting (study I). Both damage by herbivores and fungal infection 
can stimulate the production of CTs, and hence cause elevated levels of CTs in 
plants (Stevens and Lindroth 2005, Miranda et al. 2007, Barbehenn and 
Constabel 2011, and references therein). The observation that 
CT concentrations in the field were generally higher than those in the 
enemy-free environment (Fig. 5b and Fig. 5a) could support the idea that 
induction occurred in the field setting. Data on the percentage of damaged 
leaves and on the frequency of Venturia spp. infection (Fig. 5e and Fig. 5f) also 
showed that plants were not equally likely to experience damage by herbivores 
and fungal pathogens. In agreement with previous literature (e.g. Nordin et 
al. 1998), I found that fertilized plants were more frequently attacked and 
showed more damage than unfertilized plants. The greater likelihood of 
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fertilized plants to be attacked could have originated from changes in tissue 
chemistry, differences in plant size, or a combination of these factors. In both 
of my experimental set-ups, foliar N content increased as a consequence of 
N addition (Fig. 5c and Fig. 5d). Elevated tissue N levels have been reported 
to increase the susceptibility of plants to fungal infection, and to result in 
increased herbivory (Nordin et al. 1998, Strengbom et al. 2002, Bobbink et al. 
2010). Furthermore, N addition caused plants to grow taller (Fig. 5h), which 
may result in a greater apparency to enemies, as shown in several other studies 
(Campos et al. 2006, Robinson et al. 2012). Hence, the greater likelihood of 
attack and the more severe damage observed on fertilized compared to 
unfertilized plants, may have led to greater induction of CTs in fertilized than 
in unfertilized plants, and may thus explain why CTs increased when N was 
applied in the field. 

The growth differentiation balance hypothesis (GDBH; Herms and Mattson 
(1992)) could provide a second explanation for the negative relationship 
between CT concentrations and soil N availability under field conditions 
(study II), and the positive relationship between these two variables under 
semi-field conditions (study I). The GBDH predicts a parabolic relationship 
between the production of secondary metabolites and resource availability 
with a peak at intermediate resource levels. In essence, this plant defense 
hypothesis suggests that at low to moderate resource levels, rates of net 
assimilation, growth and secondary metabolism are positively correlated, 
whereas at moderate to high resource levels, the net assimilation rate is 
constant, and growth and secondary metabolism are inversely correlated due 
to a trade-off between growth and secondary metabolite production. 

Taking this suggested parabolic relationship between resource availability 
and secondary metabolism into account, one could assume that the field 
situation (study II) may be representative for the ascending part of the 
parabola, and thus for low to moderate resource levels, whereas the semi-field 
set-up (study I) may exemplify the descending part of the curve, and thus 
intermediate to high resource conditions. My observations on plant heights 
could support the notion that resources were more restricted in the field than 
under semi-field conditions. Overall, aspens grown in the field reached 
smaller heights than those grown under semi-field conditions (compare 
Fig. 5h and Fig. 5g), although height measurements in the field were first 
taken after three growing seasons, and semi-field plants were already 
measured after one summer. However, Venturia spp. infection may to some 
degree also be responsible for the lower heights observed in the field 
compared to the semi-field setting, because growth losses due to aspen shoot 
blight can be substantial. A study on 3 year-old Populus tremuloides shoots, 
for example, showed that Venturia spp. infection can result in annual growth 
losses of approximately 8-10 cm (Anderson and Anderson 1980). 
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Fig. 5: Mean (± SE) foliar condensed tannin (CTs) concentrations (a, b), foliar nitrogen (N) content (c, d), 

percentage of damaged leaves (e) and heights (g, h) of aspens expressing either low (open bars) or high (hatched 

bars) intrinsic levels of foliar CTs. Trees were subjected to three nitrogen addition levels, and either grown in 

an enemy-free, field-like environment (referred to as “semi-field”) or in an environment with natural enemies 

present (referred to as “field”). Lower or capital letters above individual bars or bar groups, respectively, 

indicate pairwise differences determined using S-N-K post-hoc tests. Panel (f) shows the frequency of Venturia 

infection with gray and white color indicating the presence or absence of infection, respectively. 
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In addition to plant heights, another observation made in study IV on the 
response of SLA to N addition could suggest that plants grown in the field were 
within the ascending phase of the GDBH parabola, due to low to moderate 
background resource availability. According to the GDBH (Herms and 
Mattson 1992), low to moderate resource levels are predicted to cause an 
accumulation of carbohydrates in tissues and a primary partitioning of the 
accumulated C into the synthesis of C-based secondary metabolites, because 
C supply is sufficient to sustain photosynthesis, but insufficient to meet the 
large demands necessary for growth. Donaldson et al. (2006a, and references 
therein) suggested that a reduction in SLA could be the result of a relative 
increase in allocation to non-structural leaf mass (e.g. secondary chemicals 
and non-structural carbohydrates). Indeed, in study IV (see Table 2 in this 
study), I found that SLA decreased in response to N addition, and that this 
decrease originated from a greater increase in leaf weight relative to the 
increase in leaf area. Thus, there seemed to be a stronger restriction for growth 
(i.e. for the increase in leaf area) than for the production of secondary 
metabolites (i.e. the increase in leaf mass), which would fit well with the 
predictions of the GDBH for plants experiencing low to moderate resource 
levels. 

There could be several reasons for the stronger resource limitation in the 
field (study II) compared to semi-field situation (study I). For study I 
plants were grown in pots in a mixture of sand, peat, and loam (51:48:1). In 
study II, in contrast, plants grew on a clear cut spruce forest, which are well 
known to have low nutrient availability. While clear cutting can initially cause 
nutrient transformation rates to increase, it can also increase levels of leaching 
of both inorganic (e.g. NO3-) and dissolved organic N from the soil (Sponseller 
et al. 2016, and references therein). Thus, N availability at the time of the 
experiment (2-5 years after clear cutting) was likely relatively low compared 
to the artificial and highly disturbed soils used in the semi-field experiment. 
Another possible explanation for a lower nutrient availability to the aspens in 
the field could be the presence of ground vegetation, and associated 
competition. Deschampsia flexuosa often dominates the ground flora 
following clear felling in Northern forests (Bergholm et al. 2015), and has been 
recognized to strongly compete with tree seedlings for available resources 
(Hanssen 2003, and references therein). Although I tried to reduce the impact 
of the surrounding vegetation on the aspens by regular weeding, competition 
may have still had a substantial effect on the performance of the trees in the 
field. 
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Responses of low- and high tannin producers to N enrichment 
 

Besides those aforementioned general responses of the plants to N addition, I 
further found that the intrinsic ability of the aspens to produce foliar CTs 
(i.e. Tgr) determined how plants responded to the different N treatments. In 
both the semi-field (study I) and the field setting (study II), I observed that 
GTs selected as low-tannin plants indeed produced lower concentrations of 
foliar CTs than high-tannin plants (Fig. 5a and Fig. 5b), when grown under 
ambient N conditions (i.e. without the addition of fertilizer), which confirms 
that the a priori selection of low- and high-tannin producers for our 
experiments was successful. Also in response to the N addition levels 
simulating anthropogenic N inputs into boreal forests (i.e. +15 kg N ha-1, and 
+150 kg N ha-1), low-tannin plants always produced less CTs than high-tannin 
plants, regardless of the environment in which plants were grown (Fig. 5a and 
Fig. 5b). 

In the field (study II), low-tannin plants showed higher incidences of 
Venturia spp. infection than high-tannin plants at each of the three N addition 
levels (Fig. 5f). This supports findings by Holeski et al. (2009) who proposed 
that CTs could be responsible for genotypic difference in the susceptibility of 
Populus tremuloides to aspen shoot blight. Moreover, I observed that total 
damage levels were always higher in low- than in high-tannin plants (Fig. 5e). 
This suggests that the CTs present in the plants in the field also provided the 
aspens with protection against some insect herbivores, and thus agrees with 
literature that describes negative associations between CTs and insect 
herbivory (e.g. Bryant et al. 1987, Donaldson and Lindroth 2004). Foliar CTs 
may have been an effective defense against some insects in my study, because 
the plants had been moved to the plot, and thus local herbivores may have not 
been able to adapt countermeasures to the specific CT composition of the 
plants, yet. 

In both experimental settings, plants grew taller when N was added. 
Moreover, ANOVAs indicated significant interactive effects of N and the 
intrinsic ability to produce CTs (i.e. Tgr) on plant heights in both 
environments. However, post-hoc analysis could not establish the origin of the 
interaction for the semi-field setting (study I) (see Fig. 5g). For the field 
situation (study II), the Tgr x N effect was due to the absence of 
Tgr differences under ambient N conditions, low-tannin plants growing taller 
than high-tannin plants at the low N addition level, and high-tannin plants 
growing taller than low-tannin plants at the high N level (Fig. 5h). A possible 
explanation for the lower growth of high-tannin compared to low-tannin 
plants at the low N addition level could be the high cost that CT production 
implies. When enemy loads are low, CTs may not provide the plants with 
enough benefits to outweigh their production cost. The total damage data 
showed that on average only 23% of the leaves of low-tannin plants grown 
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under the low N treatment experienced some enemy damage (Fig. 5e). This 
may have not been enough to provide an advantage to plants with a genetically 
determined high constitutive tannin production. However, at the high 
N addition level, all plants, but especially those belonging to the low-tannin 
group, experienced more damage compared to the other two N treatments 
(Fig. 5e and Fig. 5f). And contrary to the low N situation, high-tannin plants 
grew taller than low-tannin producers (Fig. 5h). This may suggest that under 
high N levels, high-tannin plants received a benefit from enhanced protection 
that was greater than the costs associated with CT production. Moreover, 
lower heights of low-tannin plants under high N conditions could have also 
resulted from higher growth losses due to Venturia spp. infection, as Venturia 
was most often found in highly fertilized, low-tannin plants (Fig. 5f). 
 

Genotypic variation in responses to N enrichment 
 
As outlined above, I found that the intrinsic ability to produce foliar CTs 
(i.e. Tgr) influenced the outcomes of some tissue chemistry, damage and 
growth variables, and determined how several plant traits responded to 
N enrichment (see Table 1, Fig. 4 and Fig. 5 in study I, Table 1, Fig. 1 and 
Fig. 2 in study II, and Fig. 5 in this thesis). In addition to those Tgr effects, I 
also observed that individual GT had a strong influence on plant growth, some 
tissue chemistry variables, and the occurrence of enemy damage, and in some 
cases these GT effects were not connected to intrinsic tannin level (see Table 1 
and Fig. S3 in study I, the upper part of Table 1 and Table 3 in study IV, and 
Fig. 6 in this thesis). This is consistent with other studies conducted on 
Populus tremuloides and Populus tremula that reported intraspecific 
variation in growth (Donaldson et al. 2006a, Randriamanana et al. 2014), 
tissue chemistry (Lindroth and Hwang 1996, Harding et al. 2009, 
Randriamanana et al. 2014), and susceptibility to fungal (Holeski et al. 2009) 
and herbivore attack (Donaldson and Lindroth 2008, Randriamanana et al. 
2015). In addition to those main GT effects, I observed interactive effects of 
GT and N treatments for some chemistry, growth and damage variables (see 
Table 1, Fig. 2, Fig. 3 and Fig. S4 in study I, the upper part of Table 1 and 
Table 4 in study IV, and Fig. 6 in this thesis). These GT x N interactions 
occurred, because GTs within the population responded individualistically to 
N addition, which has also been shown in studies with Populus tremuloides 
(Lindroth et al. 2001, Donaldson et al. 2006a, Osier and Lindroth 2006). 

In Fig. 6, I have displayed the same variables as in Fig. 5 (with the exception 
of Venturia infection) to illustrate genotypic variation, and potential 
GT x N effects of selected traits in both the semi-field and the field setting. 
When viewing the results of the nested ANOVAs (Table 1 in study I and the 
upper part of Table 1 in study IV), and comparing Fig. 5 and Fig. 6 with each 



 

35 

other, it becomes obvious that despite of the importance of Tgr for some traits, 
there was also significant genotypic variation in many traits. Moreover, these 
comparisons reveal that in some cases (e.g. for foliar N content in the 
semi-field setting) GTs could better explain variable responses to 
N enrichment than the intrinsic ability to produce foliar CTs. 

 

 
Fig. 6: Reaction norm plots showing mean foliar condensed tannin concentrations (a, b), foliar nitrogen (N) 

content (c, d), percentage of damaged leaves (e) and heights (f, g) for 10 aspens GTs grown at three nitrogen 

addition levels in either an enemy-free, field-like environment (referred to as “semi-field”) or in an environment 

with natural enemies present (referred to as “field”). White and black symbols represent GTs with intrinsically 

low and high CT production, respectively. Details about the GTs selection are outlined in the method section. 
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Gene expression of GTs with contrasting abilities to produce 
CTs 
 
Study III analyzed gene expression levels in young leaves of 8 selected GTs 
(4 tannin-low and 4 tannin-high GTs), that had been grown in the semi-field 
environment, in response to N addition. This study found that gene control 
over the regulation of PPP was distributed across the entire pathway, and not 
restricted to a single biosynthetic step. Furthermore, this study detected that 
the expression of PPP genes varied depending on both N treatment and the 
intrinsic ability of the GTs to produce foliar CTs (i.e. Tgr). Generally, there 
were distinct differences in gene expression between low and high tannin 
plants. High-tannin GTs displayed higher expressions of PPP genes than 
low-tannin plants, particularly under ambient N. At the low N addition level, 
gene expressions declined throughout the PPP for both Tgrs, suggesting that 
PPP metabolites were down-regulated. Interestingly, at the high N addition 
level, gene expressions at the beginning and the end of the PPP were once 
again up-regulated, and differences between the two Tgrs disappeared (see 
Fig. 2 in study III). Furthermore, this study showed that phenolic pools were 
frequently uncorrelated, and that phenolic pools were only to some extent 
related to tannin production and gene expression. 
 

Effects of CTs and other plant traits on litter decomposition 
 
Besides affecting above-ground processes, as shown above, CTs have also been 
proposed to influence litter decomposition, and thus the return of nutrients to 
plants (Kraus et al. 2003, Schweitzer et al. 2008). However, today it remains 
poorly understood, how the intrinsic ability to produce foliar CTs and genetic 
variability affect litter quality and subsequent decomposition, and how these 
two factors modify the impacts that anthropogenic N enrichment in boreal 
forests can have on litter quality and hence on decomposition. To shed some 
light on these questions, I collected litter from the field trees in autumn 2013, 
which I then used to conduct a decomposition assay (study IV). 

From this study, I gained several insights into the above posed questions. 
First, my study IV showed that chemical properties of green leaves were often 
retained in litter (see Fig. 1 in study IV), which agrees with other literature 
reports (e.g. King et al. 2001, Schweitzer et al. 2004). Secondly, I observed 
that litter properties were frequently influenced by N treatment, GT and 
GT x N interactions, as well as by the intrinsic ability of the GTs to produce 
foliar CTs (i.e. Tgr) (see the lower parts of Tables 1-3 and the right part of 
Table 4 in study IV). Interactions of Tgr and N treatment, in contrast, did not 
affect any of the litter traits, with the exception of foliar CTs (see the lower part 
of Tables 1 and 5 in study IV). Likewise, I found that litter decomposition 
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(i.e. mass loss) was influenced by N addition, GT and GT x N interactions, as 
well as by a main Tgr effect, which however, was only marginally significant 
(see the lower parts of Tables 1-3 and the right part of Table 4, and Fig. 2 in 
study IV, and Fig. 7 in this thesis). 

 

 
 

Fig. 7: Reaction norm plot showing mass loss for litter originating from ten aspen GTs, that were grown under 

three nitrogen treatments, after an incubation at 22°C for 353 days. White and black symbols represent GTs 

with an intrinsically low and high condensed tannin production, respectively. 

 
Litter of plants that received the high N dose, corresponding to commercial 

forest fertilization rates, decomposed significantly slower than litter of 
unfertilized and low fertilized plants (see the lower part of Table 2 in 
study IV, and Fig. 7 in this thesis). These results are in contrast to some other 
studies on the decomposition of Populus litter that reported positive 
relationships between N and mass loss (Madritch et al. 2006, Nikula et al. 
2010). One explanation for the negative association between N and mass loss 
in my study could be the reduction in SLA that I observed under more N-rich 
conditions. Specific leaf area is well known to be positively correlated with 
mass loss (Cornwell et al. 2008, Garnier and Navas 2012), and usually 
increases in response to N (Knops and Reinhart 2000). However, I found a 
decrease in SLA with N addition. As suggested earlier (see discussion on 
GDBH in the section “General plant responses to N enrichment”, on page 29), 
this decrease in SLA could have happened because leaf mass increased more 
rapidly in response to N than leaf area, which could have occurred because 
low background resource availability at the site limited plant growth (i.e. the 
increase in leaf area), but promoted secondary metabolite production which 
enhanced leaf mass per unit area. The elevated CT levels in litter of fertilized 
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plants may have also directly impacted mass loss, as numerous other studies 
have shown that CTs can decrease decomposition rates (Driebe and Whitham 
2000, Madritch et al. 2006, LeRoy et al. 2007, Liu et al. 2009). 

Moreover, I found that plant GT strongly determined mass loss in my 
experiment (see the lower part of Table 3 in study IV, and Fig. 7 in this 
thesis), which is consistent with studies that reported genotypic variation in 
litter decomposition rates in different North American Populus species 
(Madritch et al. 2006, LeRoy et al. 2007, LeRoy et al. 2012). Correlation 
analyses revealed that three specific foliar traits, namely SLA, the 
lignin:cellulose ratio and the lignin:N ratio, could best explain the genotypic 
variations in mass loss that I observed (see Fig. 3 and Supplementary Table S1 
in study IV). 

Additionally, I found that the interaction of GT and N influenced mass loss 
in my study (see Fig. 7). This agrees with previous studies on 
Populus tremuloides that described interactive effects of GT and N treatment 
(Madritch et al. 2006, LeRoy et al. 2012), and indicates that some GTs were 
more responsive to N addition than others. Correlation analyses (Table S2 and 
Fig. 4 in study IV) provided further insights into the GT x N interaction, and 
showed that five foliar traits (i.e. SLA, catechin concentrations, lignin content, 
cellulose content, and the lignin:N ratio) were either significantly or 
marginally significantly correlated with mass loss within at least one 
N treatment level (see Table S2 and Fig. 4 in study IV). Moreover, I saw that 
N addition caused a shift in which traits most strongly influenced mass loss. 
While several leaf chemical traits (e.g. catechin and cellulose concentrations) 
seemed to be more relevant in controlling decomposition under ambient 
N conditions, leaf structural properties (e.g. SLA) become relatively more 
important in controlling mass loss in N-enriched environments. Other litter 
traits, however, were relatively more or less important at the low N addition 
level (i.e. lignin was more important, whereas the lignin:N ratio was less 
important). 

In addition to the main and interactive effects of GT and N, I also found that 
litter of low-tannin plants decomposed slightly faster than litter of high-tannin 
producers. However, this Tgr effect was only marginally significant (see 
Table 1 in study IV). Together with the results of the correlation analyses, 
which never found correlations between CTs and mass loss at the GT level (see 
Table S1 and Table S2 in study IV), this weak Tgr effect indicates that foliar 
CTs only played a minor role in driving litter decomposition. Instead other 
foliar traits, that were repeatedly identified to correlate with mass loss, such 
as the SLA and the lignin:N ratio, seemed to be more important in affecting 
litter decomposition rates in my experimental setting. The weak effect of CTs 
on litter decomposition contrasts more numerous effects of CTs found 
above-ground in study I and study II. 
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Conclusions 

Anthropogenic N enrichment has been shown to cause shifts in plant species 
composition, and reductions in biodiversity (Strengbom et al. 2001, Meunier 
et al. 2016). One mechanisms by which N is suggested to cause plant 
compositional shifts is through intensifying plant-enemy interactions 
(Strengbom and Nordin 2008, Nordin et al. 2009). Genetic diversity has been 
pointed out to be a key mechanism to promote the stability of plant species in 
response to anthropogenic change (Osier and Lindroth 2001, Lindroth et al. 
2002). In this thesis, I looked at the performance of GTs with variable defense 
and growth traits that experienced N additions simulating different levels of 
anthropogenic N enrichment in boreal forests. In study II, I found that 
N addition generally caused an increase in total enemy damage, and that this 
increase already occurred at relatively low N input rates, corresponding to 
upper level N deposition. Moreover, I observed that plants with an 
intrinsically high tannin production generally experienced less damage than 
those with intrinsically low levels of foliar CTs, regardless of how much N was 
added. This may suggest that high-tannin plants could be more likely to 
persist in N-enriched environments, in which natural enemies are the main 
drivers of vegetation changes. 

However, I also found that high-tannin plants were associated with less 
growth at low N levels, but that this growth constraint for high-tannin plants 
was weakened in more fertile environments (see study I and II), and when 
enemy levels were sufficiently high, so that benefits obtained through defense 
could outweigh the costs of CT production (see study II). Nitrogen-mediated 
shifts in plant species composition may not only occur due to altered 
plant-enemy interactions, but can also be attributed to changes in competitive 
interactions among plants (Strengbom and Nordin 2008, Nordin et al. 2009). 
When environmental N levels increase, slow-growing species with low 
N turnover rates are usually replaced by fast-growing species with high 
nutrient turnover rates (Bobbink et al. 2010, Meunier et al. 2016). Applying 
this to a within-species level could suggest that fast-growing, low-tannin 
plants, which also showed to have slightly better degradable litter (see 
study IV), could gain an advantage over slow-growing, high-tannin 
producers with less degradable litter in environments in which N levels are 
not too severely elevated, and where plant-plant competition for soil resources 
may be relatively more important than plant interactions with herbivores and 
pathogens in driving community change. 

As illustrated above, both low- and high-tannin producers could potentially 
obtain advantages in N-enriched environments, depending on the level of 
N addition, and the strength of the mechanisms involved in driving the change 
(i.e. competition or enemies). As resource availability and enemy pressure can 
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vary substantially across space and through time, different GTs are likely to 
perform better in different situations. This suggests that genetic diversity is 
important to promote the stability of a plant species within a community that 
experiences anthropogenic change, and highlights that loss of genetic 
diversity can restrict the ability of a species to adapt to environmental change, 
and thus result in a loss of performance for that species. 

A second major implication of my work is that genetic diversity should be 
also considered when managing forests to deliver key ecosystem services. 
Populus spp. and aspen hybrids are increasingly used in short-rotation 
plantations to produce raw material for bioenergy and pulp production 
(Lutter et al. 2016, Rytter 2016). In these plantations, which are often 
established on former agricultural land, selected, fast-growing clones are 
grown (Gruppe et al. 1999). The use of selected clones, however, can be 
problematic in several ways. First, the more nutrient rich conditions of 
agricultural soils can potentially cause a decrease in defense compounds 
concentrations and an increase in N content, similar to my observations in 
study I, which may in turn improve substrates for herbivores and fungi. 
Secondly, fast-growing GTs may produce less defense compounds, and 
therefore be less well protected against natural enemies, as for example shown 
in my second study. Moreover, the use of clones, and thus reduced genetic 
diversity in these plantations may limit the ability of the plants to adapt to 
changes in their environments, e.g. to the increased occurrence of enemies. 
One measure to lower risks for potential pest outbreaks and consequent 
economical losses, could be to increase genetic diversity, e.g. through the 
planting of a mixtures of selected GTs. If soil fertility is sufficiently high, it 
might be even possible select certain GTs with an intrinsically high production 
of defense compounds, because high-tannin GTs in my first study converged 
to equal growth values as low tannin plants, when provided with the highest 
N dose, which may have resulted from a higher plasticity of high-tannin 
plants. 

  



 

41 

References 

Abreu, I. N., Ahnlund, M., Moritz, T., and Albrectsen, B. R. (2011). "UHPLC-
ESI/TOFMS Determination of Salicylate-like Phenolic Gycosides in Populus 
tremula Leaves." Journal of Chemical Ecology 37(8): 857-870. 

Agrell, J., McDonald, E. P., and Lindroth, R. L. (2000). "Effects of CO2 and 
light on tree phytochemistry and insect performance." Oikos 88(2): 259-272. 

Albrectsen, B. R., Bjorken, L., Varad, A., Hagner, A., Wedin, M., Karlsson, J., 
and Jansson, S. (2010a). "Endophytic fungi in European aspen (Populus 
tremula) leaves - diversity, detection, and a suggested correlation with 
herbivory resistance." Fungal Diversity 41(1): 17-28. 

Albrectsen, B. R., Witzell, J., Robinson, K. M., Wulff, S., Luquez, V. M. C., 
Agren, R., and Jansson, S. (2010b). "Large scale geographic clines of parasite 
damage to Populus tremula L." Ecography 33(3): 483-493. 

Anderson, N. A., and Anderson, R. L. (1980). "Leaf and shoot blight of aspen 
caused by Venturia macularis in Northern Minnesota." Plant Disease 
Research 64(6): 558-559. 

Bailey, J. K., Deckert, R., Schweitzer, J. A., Rehill, B. J., Lindroth, R. L., 
Gehring, C., and Whitham, T. G. (2005). "Host plant genetics affect hidden 
ecological players: Links among Populus, condensed tannins, and fungal 
endophyte infection." Canadian Journal of Botany 83(4): 356-361. 

Bailey, J. K., Schweitzer, J. A., Rehill, B. J., Lindroth, R. L., Martinsen, G. D., 
and Whitham, T. G. (2004). "Beavers as molecular geneticists: A genetic basis 
to the foraging of an ecosystem engineer." Ecology 85(3): 603-608. 

Bailey, J. K., Wooley, S. C., Lindroth, R. L., and Whitham, T. G. (2006). 
"Importance of species interactions to community heritability: A genetic basis 
to trophic-level interactions." Ecology Letters 9(1): 78-85. 

Baldwin, I. T., Olson, R. K., and Reiners, W. A. (1983). "Protein-binding 
phenolics and the inhibition of nitrification in subalpine balsam fir soils." Soil 
Biology & Biochemistry 15(4): 419-423. 

Bandau, F., Decker, V. H. G., Gundale, M. J., and Albrectsen, B. R. (2015). 
"Genotypic tannin levels in Populus tremula impact the way nitrogen 
enrichment affects growth and allocation responses for some traits and not for 
others." PloS One 10(10): e0140971. 



 

42 

Barbehenn, R. V., and Constabel, C. P. (2011). "Tannins in plant-herbivore 
interactions." Phytochemistry 72(13): 1551-1565. 

Barbehenn, R. V., Jones, C. P., Karonen, M., and Salminen, J. P. (2006). 
"Tannin composition affects the oxidative activities of tree leaves." Journal of 
Chemical Ecology 32(10): 2235-2251. 

Benoit, R. E., and Starkey, R. L. (1968a). "Enzyme interaction as a factor in 
inhibition of decomposition of organic matter by tannins." Soil Science 
105(4): 203-208. 

Benoit, R. E., and Starkey, R. L. (1968b). "Inhibition of decomposition of 
cellulose and some other carbohydrates by tannin." Soil Science 105(5): 291-
296. 

Benoit, R. E., Starkey, R. L., and Basaraba, J. (1968). "Effect of purified plant 
tannin on decomposition of some organic compounds and plant materials." 
Soil Science 105(3): 153-158. 

Bergh, J., Nilsson, U., Grip, H., Hedwall, P. O., and Lundmark, T. (2008). 
"Effects of frequency of fertilisation on production, foliar chemistry and 
nutrient leaching in young Norway spruce stands in Sweden." Silva Fennica 
42(5): 721-733. 

Bergholm, J., Olsson, B. A., Vegerfors, B., and Persson, T. (2015). "Nitrogen 
fluxes after clear-cutting. Ground vegetation uptake and stump/root 
immobilisation reduce N leaching after experimental liming, acidification and 
N fertilisation." Forest Ecology and Management 342: 64-75. 

Bhalerao, R., Keskitalo, J., Sterky, F., Erlandsson, R., Bjorkbacka, H., Birve, S. 
J., Karlsson, J., Gardestrom, P., Gustafsson, P., Lundeberg, J., et al. (2003). 
"Gene expression in autumn leaves." Plant Physiology 131(2): 430-442. 

Bobbink, R., Hicks, K., Galloway, J., Spranger, T., Alkemade, R., Ashmore, M., 
Bustamante, M., Cinderby, S., Davidson, E., Dentener, F., et al. (2010). 
"Global assessment of nitrogen deposition effects on terrestrial plant 
diversity: a synthesis." Ecological Applications 20(1): 30-59. 

Brillouet, J.-M., Romieu, C., Lartaud, M., Jublanc, E., Torregrosa, L., and 
Cazevieille, C. (2014). "Formation of vacuolar tannin deposits in the 
chlorophyllous organs of Tracheophyta: from shuttles to accretions." 
Protoplasma 251(6): 1387-1393. 

Brillouet, J.-M., Romieu, C., Schoefs, B., Solymosi, K., Cheynier, V., Fulcrand, 
H., Verdeil, J.-L., and Conejero, G. (2013). "The tannosome is an organelle 



 

43 

forming condensed tannins in the chlorophyllous organs of Tracheophyta." 
Annals of Botany 112(6): 1003-1014. 

Bryant, J. P., Clausen, T. P., Reichardt, P. B., McCarthy, M. C., and Werner, R. 
A. (1987). "Effect of Nitrogen fertilization upon the secondary chemistry and 
nutritional value of quaking aspen (Populus tremuloides Michx.) leaves for 
the large aspen tortrix (Choristoneura conflictana (Walker))." Oecologia 
73(4): 513-517. 

Campos, R. I., Vasconcelos, H. L., Ribeiro, S. P., Neves, F. S., and Soares, J. P. 
(2006). "Relationship between tree size and insect assemblages associated 
with Anadenanthera macrocarpa." Ecography 29(3): 442-450. 

Chang, S., Puryear, J., and Cairney, J. (1993). "A simple and efficient method 
for isolating RNA from pine trees." Plant Molecular Biology Reporter 11(2): 
113-116. 

Close, D. C., and McArthur, C. (2002). "Rethinking the role of many plant 
phenolics - protection from photodamage not herbivores?" Oikos 99(1): 166-
172. 

Constabel, C. P., and Lindroth, R. L. (2010). The impact of genomics on 
advances in herbivore defense and secondary metabolism in Populus. In: S. 
Jansson, R. P. Bhalerao and A. T. Groover, (Eds.), Genetics and Genomics of 
Populus, Springer, New York Dordrecht Heidelberg London, pp. 279-305. 

Cornwell, W. K., Cornelissen, J. H. C., Amatangelo, K., Dorrepaal, E., Eviner, 
V. T., Godoy, O., Hobbie, S. E., Hoorens, B., Kurokawa, H., Perez-
Harguindeguy, N., et al. (2008). "Plant species traits are the predominant 
control on litter decomposition rates within biomes worldwide." Ecology 
Letters 11(10): 1065-1071. 

Couture, J. J., Holeski, L. M., and Lindroth, R. L. (2014). "Long-term exposure 
to elevated CO2 and O3 alters aspen foliar chemistry across developmental 
stages." Plant Cell and Environment 37(3): 758-765. 

Couture, J. J., and Lindroth, R. L. (2014). "Atmospheric change alters frass 
quality of forest canopy herbivores." Arthropod-Plant Interactions 8(1): 33-
47. 

DeLuca, T. H., Zackrisson, O., Nilsson, M. C., and Sellstedt, A. (2002). 
"Quantifying nitrogen-fixation in feather moss carpets of boreal forests." 
Nature 419(6910): 917-920. 



 

44 

Dentener, F., Drevet, J., Lamarque, J. F., Bey, I., Eickhout, B., Fiore, A. M., 
Hauglustaine, D., Horowitz, L. W., Krol, M., Kulshrestha, U. C., et al. (2006). 
"Nitrogen and sulfur deposition on regional and global scales: A multimodel 
evaluation." Global Biogeochemical Cycles 20(4). 

Dixon, R. A., Xie, D. Y., and Sharma, S. B. (2005). "Proanthocyanidins - a final 
frontier in flavonoid research?" New Phytologist 165(1): 9-28. 

Donaldson, J. R., Kruger, E. L., and Lindroth, R. L. (2006a). "Competition- 
and resource-mediated tradeoffs between growth and defensive chemistry in 
trembling aspen (Populus tremuloides)." New Phytologist 169(3): 561-570. 

Donaldson, J. R., and Lindroth, R. L. (2004). "Cottonwood leaf beetle 
(Coleoptera: Chrysomelidae) performance in relation to variable 
phytochemistry in juvenile aspen (Populus tremuloides Michx.)." 
Environmental Entomology 33(5): 1505-1511. 

Donaldson, J. R., and Lindroth, R. L. (2008). "Effects of variable 
phytochemistry and budbreak phenology on defoliation of aspen during a 
forest tent caterpillar outbreak." Agricultural and Forest Entomology 10(4): 
399-410. 

Donaldson, J. R., Stevens, M. T., Barnhill, H. R., and Lindroth, R. L. (2006b). 
"Age-related shifts in leaf chemistry of clonal aspen (Populus tremuloides)." 
Journal of Chemical Ecology 32(7): 1415-1429. 

Driebe, E. M., and Whitham, T. G. (2000). "Cottonwood hybridization affects 
tannin and nitrogen content of leaf litter and alters decomposition." Oecologia 
123(1): 99-107. 

Edenius, L., and Ericsson, G. (2007). "Aspen demographics in relation to 
spatial context and ungulate browsing: Implications for conservation and 
forest management." Biological Conservation 135(2): 293-301. 

Edenius, L., and Ericsson, G. (2015). "Effects of ungulate browsing on 
recruitment of aspen and rowan: a demographic approach." Scandinavian 
Journal of Forest Research 30(4): 283-288. 

Edenius, L., Ericsson, G., Kempe, G., Bergstrom, R., and Danell, K. (2011). 
"The effects of changing land use and browsing on aspen abundance and 
regeneration: a 50-year perspective from Sweden." Journal of Applied 
Ecology 48(2): 301-309. 

Erwin, E. A., Turner, M. G., Lindroth, R. L., and Romme, W. H. (2001). 
"Secondary plant compounds in seedling and mature aspen (Populus 



 

45 

tremuloides) in Yellowstone National Park, Wyoming." American Midland 
Naturalist 145(2): 299-308. 

Felton, G. W., Donato, K. K., Broadway, R. M., and Duffey, S. S. (1992). 
"Impact of oxidized plant phenolic on the nutritional quality of dietary-protein 
to a noctuid herbivore, Spodeptera exigua." Journal of Insect Physiology 
38(4): 277-285. 

Field, J. A., and Lettinga, G. (1992). Toxicity of tannic compounds to 
microorganisms. In: R. W. Hemingway and P. E. Laks, (Eds.), Plant 
Polyphenols: Synthesis, Properties, Significance. Vol. 59, Springer, New 
York, pp. 673-692. 

Fierer, N., Schimel, J. P., Cates, R. G., and Zou, J. P. (2001). "Influence of 
balsam poplar tannin fractions on carbon and nitrogen dynamics in Alaskan 
taiga floodplain soils." Soil Biology & Biochemistry 33(12-13): 1827-1839. 

Galloway, J. N., Dentener, F. J., Capone, D. G., Boyer, E. W., Howarth, R. W., 
Seitzinger, S. P., Asner, G. P., Cleveland, C. C., Green, P. A., Holland, E. A., et 
al. (2004). "Nitrogen cycles: past, present, and future." Biogeochemistry 
70(2): 153-226. 

Galloway, J. N., Townsend, A. R., Erisman, J. W., Bekunda, M., Cai, Z. C., 
Freney, J. R., Martinelli, L. A., Seitzinger, S. P., and Sutton, M. A. (2008). 
"Transformation of the nitrogen cycle: Recent trends, questions, and potential 
solutions." Science 320(5878): 889-892. 

Garnier, E., and Navas, M.-L. (2012). "A trait-based approach to comparative 
functional plant ecology: concepts, methods and applications for agroecology. 
A review." Agronomy for Sustainable Development 32(2): 365-399. 

Gjerde, I., Saetersdal, M., and Nilsen, T. (2005). "Abundance of two 
threatened woodpecker species in relation to the proportion of spruce 
plantations in native pine forests of western Norway." Biodiversity and 
Conservation 14(2): 377-393. 

Glynn, C., Herms, D. A., Orians, C. M., Hansen, R. C., and Larsson, S. (2007). 
"Testing the growth-differentiation balance hypothesis: dynamic responses of 
willows to nutrient availability." New Phytologist 176(3): 623-634. 

Gruppe, A., Fusseder, M., and Schopf, R. (1999). "Short rotation plantations 
of aspen and balsam poplar on former arable land in Germany: defoliating 
insects and leaf constituents." Forest Ecology and Management 121(1-2): 113-
122. 



 

46 

Gundale, M. J., Deluca, T. H., and Nordin, A. (2011). "Bryophytes attenuate 
anthropogenic nitrogen inputs in boreal forests." Global Change Biology 
17(8): 2743-2753. 

Gundale, M. J., From, F., Bach, L. H., and Nordin, A. (2014). "Anthropogenic 
nitrogen deposition in boreal forests has a minor impact on the global carbon 
cycle." Global Change Biology 20(1): 276-286. 

Gundale, M. J., Sverker, J., Albrectsen, B. R., Nilsson, M. C., and Wardle, D. 
A. (2010). "Variation in protein complexation capacity among and within six 
plant species across a boreal forest chronosequence." Plant Ecology 211(2): 
253-266. 

Hagerman, A. E. (2002a). "The Tannin Handbook; Determination of degree 
of polymerization - HPLC of phloroglucinol derivatives." 
http://www.users.miamioh.edu/hagermae/Determination%20of%20Degree
%20of%20Polymerization.pdf, retrieved 08-May-2016. 

Hagerman, A. E. (2002b). "The Tannin Handbook; Sephadex LH 20." 
http://www.users.miamioh.edu/hagermae/Sephadex%20LH%2020.pdf, 
retrieved 08-May-2016. 

Haikio, E., Freiwald, V., Julkunen-Tiitto, R., Beuker, E., Holopainen, T., and 
Oksanen, E. (2009). "Differences in leaf characteristics between ozone-
sensitive and ozone-tolerant hybrid aspen (Populus tremula x Populus 
tremuloides) clones." Tree Physiology 29(1): 53-66. 

Hanssen, K. H. (2003). "Natural regeneration of Picea abies on small clear-
cuts in SE Norway." Forest Ecology and Management 180(1-3): 199-213. 

Harding, S. A., Jarvie, M. M., Lindroth, R. L., and Tsai, C.-J. (2009). "A 
comparative analysis of phenylpropanoid metabolism, N utilization, and 
carbon partitioning in fast- and slow-growing Populus hybrid clones." Journal 
of Experimental Botany 60(12): 3443-3452. 

Hedenas, H., and Ericson, L. (2000). "Epiphytic macrolichens as conservation 
indicators: successional sequence in Populus tremula stands." Biological 
Conservation 93(1): 43-53. 

Hedwall, P. O., Gong, P. C., Ingerslev, M., and Bergh, J. (2014). "Fertilization 
in northern forests - biological, economic and environmental constraints and 
possibilities." Scandinavian Journal of Forest Research 29(4): 301-311. 

Helrich, K., Ed. (1990). Official Methods of Analysis. Vol. 1 (Agricultural 
Chemicals; Contaminants; Drugs). pp. 82-83, Fiber (acid detergent) and 



 

47 

lignin in animal feed (973.18), Association of Official Analytical Chemists, 
Arlington. 

Hemming, J. D. C., and Lindroth, R. L. (1995). "Intraspecific variation in 
aspen phytochemistry - effects on performance of gypsy moths and forest tent 
caterpillars." Oecologia 103(1): 79-88. 

Hemming, J. D. C., and Lindroth, R. L. (1999). "Effects of light and nutrient 
availability on aspen: Growth, phytochemistry, and insect performance." 
Journal of Chemical Ecology 25(7): 1687-1714. 

Herms, D. A., and Mattson, W. J. (1992). "The dilemma of plants - to grow or 
defend." Quarterly Review of Biology 67(3): 283-335. 

Hjalten, J., Danell, K., and Ericson, L. (2004). "Hare and vole browsing 
preferences during winter." Acta Theriologica 49(1): 53-62. 

Holeski, L. M., Hillstrom, M. L., Whitham, T. G., and Lindroth, R. L. (2012). 
"Relative importance of genetic, ontogenetic, induction, and seasonal 
variation in producing a multivariate defense phenotype in a foundation tree 
species." Oecologia 170(3): 695-707. 

Holeski, L. M., Vogelzang, A., Stanosz, G., and Lindroth, R. L. (2009). 
"Incidence of Venturia shoot blight in aspen (Populus tremuloides Michx.) 
varies with tree chemistry and genotype." Biochemical Systematics and 
Ecology 37(3): 139-145. 

Hwang, S. Y., and Lindroth, R. L. (1997). "Clonal variation in foliar chemistry 
of aspen: Effects on gypsy moths and forest tent caterpillars." Oecologia 
111(1): 99-108. 

Hwang, S. Y., and Lindroth, R. L. (1998). "Consequences of clonal variation in 
aspen phytochemistry for late season folivores." Ecoscience 5(4): 508-516. 

Hyvonen, R., Persson, T., Andersson, S., Olsson, B., Agren, G. I., and Linder, 
S. (2008). "Impact of long-term nitrogen addition on carbon stocks in trees 
and soils in northern Europe." Biogeochemistry 89(1): 121-137. 

Joanisse, G. D., Bradley, R. L., Preston, C. M., and Munson, A. D. (2007). "Soil 
enzyme inhibition by condensed litter tannins may drive ecosystem structure 
and processes: the case of Kalmia angustifolia." New Phytologist 175(3): 535-
546. 

Jones, C. G., and Hartley, S. E. (1999). "A protein competition model of 
phenolic allocation." Oikos 86(1): 27-44. 



 

48 

Juntheikki, M. R. (1996). "Comparison of tannin-binding proteins in saliva of 
Scandinavian and North American moose (Alces alces)." Biochemical 
Systematics and Ecology 24(7-8): 595-601. 

Kao, Y. Y., Harding, S. A., and Tsai, C. J. (2002). "Differential expression of 
two distinct phenylalanine ammonia-lyase genes in condensed tannin-
accumulating and lignifying cells of quaking aspen." Plant Physiology 130(2): 
796-807. 

Karlsson, G. P., Akselsson, C., Hellsten, S., and Karlsson, P. E. (2011). 
"Reduced European emissions of S and N - effects on air concentrations, 
deposition and soil water chemistry in Swedish forests." Environmental 
Pollution 159(12): 3571-3582. 

Karonen, M., Leikas, A., Loponen, J., Sinkkonen, J., Ossipov, V., and Pihlaja, 
K. (2007). "Reversed-phase HPLC-ESI/MS analysis of birch leaf 
proanthocyanidins after their acidic degradation in the presence of 
nucleophiles." Phytochemical Analysis 18(5): 378-386. 

Keefover-Ring, K., Carlsson, M., and Albrectsen, B. R. (2014). "2 '-(Z)-
Cinnamoylsalicortin: A novel salicinoid isolated from Populus tremula." 
Phytochemistry Letters 7: 212-216. 

King, J. S., Pregitzer, K. S., Zak, D. R., Kubiske, M. E., and Holmes, W. E. 
(2001). "Correlation of foliage and litter chemistry of sugar maple, Acer 
saccharum, as affected by elevated CO2 and varying N availability, and effects 
on decomposition." Oikos 94(3): 403-416. 

Kinney, K. K., Lindroth, R. L., Jung, S. M., and Nordheim, E. V. (1997). 
"Effects of CO2 and NO3- availability on deciduous trees: Phytochemistry and 
insect performance." Ecology 78(1): 215-230. 

Knops, J. M. H., and Reinhart, K. (2000). "Specific leaf area along a nitrogen 
fertilization gradient." American Midland Naturalist 144(2): 265-272. 

Kouki, J., Arnold, K., and Martikainen, P. (2004). "Long-term persistence of 
aspen - a key host for many threatened species - is endangered in old-growth 
conservation areas in Finland." Journal for Nature Conservation 12(1): 41-52. 

Kraus, T. E. C., Dahlgren, R. A., and Zasoski, R. J. (2003). "Tannins in nutrient 
dynamics of forest ecosystems - a review." Plant and Soil 256(1): 41-66. 

Kuusinen, M., and Penttinen, A. (1999). "Spatial pattern of the threatened 
epiphytic bryophyte Neckera pennata at two scales in a fragmented boreal 
forest." Ecography 22(6): 729-735. 



 

49 

Latva-Karjanmaa, T., Penttila, R., and Siitonen, J. (2007). "The demographic 
structure of European aspen (Populus tremula) populations in managed and 
old-growth boreal forests in Eastern Finland." Canadian Journal of Forest 
Research 37(6): 1070-1081. 

Lees, G. L., Suttill, N. H., and Gruber, M. Y. (1993). "Condensed tannins in 
sainfoin. 1. A histological and cytological survey of plant-tissues." Canadian 
Journal of Botany 71(9): 1147-1152. 

Lepiniec, L., Debeaujon, I., Routaboul, J. M., Baudry, A., Pourcel, L., Nesi, N., 
and Caboche, M. (2006). Genetics and biochemistry of seed flavonoids. In: 
Annual Review of Plant Biology. 57, pp. 405-430. 

LeRoy, C. J., Whitham, T. G., Keim, P., and Marks, J. C. (2006). "Plant genes 
link forests and streams." Ecology 87(1): 255-261. 

LeRoy, C. J., Whitham, T. G., Wooley, S. C., and Marks, J. C. (2007). "Within-
species variation in foliar chemistry influences leaf-litter decomposition in a 
Utah river." Journal of the North American Benthological Society 26(3): 426-
438. 

LeRoy, C. J., Wooley, S. C., and Lindroth, R. L. (2012). "Genotype and soil 
nutrient environment influence aspen litter chemistry and in-stream 
decomposition." Freshwater Science 31(4): 1244-1253. 

Lindkvist, A., Kardell, O., and Nordlund, C. (2011). "Intensive forestry as 
progress or decay? An analysis of the debate about forest fertilization in 
Sweden, 1960-2010." Forests 2(1): 112-146. 

Lindo, Z., Nilsson, M. C., and Gundale, M. J. (2013). "Bryophyte-
cyanobacteria associations as regulators of the northern latitude carbon 
balance in response to global change." Global Change Biology 19(7): 2022-
2035. 

Lindroth, R. L., and Hwang, S. Y. (1996). "Clonal variation in foliar chemistry 
of quaking aspen (Populus tremuloides Michx)." Biochemical Systematics and 
Ecology 24(5): 357-364. 

Lindroth, R. L., Osier, T. L., Barnhill, H. R. H., and Wood, S. A. (2002). 
"Effects of genotype and nutrient availability on phytochemistry of trembling 
aspen (Populus tremuloides Michx.) during leaf senescence." Biochemical 
Systematics and Ecology 30(4): 297-307. 



 

50 

Lindroth, R. L., Roth, S., and Nordheim, E. V. (2001). "Genotypic variation in 
response of quaking aspen (Populus tremuloides) to atmospheric CO2 
enrichment." Oecologia 126(3): 371-379. 

Liu, L., King, J. S., Giardina, C. P., and Booker, F. L. (2009). "The influence of 
chemistry, production and community composition on leaf litter 
decomposition under elevated atmospheric CO2 and tropospheric O3 in a 
Northern hardwood ecosystem." Ecosystems 12(3): 401-416. 

Luquez, V., Hall, D., Albrectsen, B. R., Karlsson, J., Ingvarsson, P., and 
Jansson, S. (2008). "Natural phenological variation in aspen (Populus 
tremula): the SwAsp collection." Tree Genetics & Genomes 4(2): 279-292. 

Lutter, R., Tullus, A., Kanal, A., Tullus, T., and Tullus, H. (2016). "The impact 
of short-rotation hybrid aspen (Populus tremula L. x P. tremuloides Michx.) 
plantations on nutritional status of former arable soils." Forest Ecology and 
Management 362: 184-193. 

Maaroufi, N. I., Nordin, A., Hasselquist, N. J., Bach, L. H., Palmqvist, K., and 
Gundale, M. J. (2015). "Anthropogenic nitrogen deposition enhances carbon 
sequestration in boreal soils." Global Change Biology 21(8): 3169-3180. 

Madritch, M., Donaldson, J. R., and Lindroth, R. L. (2006). "Genetic identity 
of Populus tremuloides litter influences decomposition and nutrient release 
in a mixed forest stand." Ecosystems 9(4): 528-537. 

Madritch, M. D., Jordan, L. M., and Lindroth, R. L. (2007). "Interactive effects 
of condensed tannin and cellulose additions on soil respiration." Canadian 
Journal of Forest Research 37(10): 2063-2067. 

Meunier, C. L., Gundale, M. J., Sanchez, I. S., and Liess, A. (2016). "Impact of 
nitrogen deposition on forest and lake food webs in nitrogen-limited 
environments." Global Change Biology 22(1): 164-179. 

Miranda, M., Ralph, S. G., Mellway, R., White, R., Heath, M. C., Bohlmann, J., 
and Constabel, C. P. (2007). "The transcriptional response of hybrid poplar 
(Populus trichocarpa x P. deltoides) to infection by Melampsora medusae leaf 
rust involves induction of flavonoid pathway genes leading to the 
accumulation of proanthocyanidins." Molecular Plant-Microbe Interactions 
20(7): 816-831. 

Mutabaruka, R., Hairiah, K., and Cadisch, G. (2007). "Microbial degradation 
of hydrolysable and condensed tannin polyphenol-protein complexes in soils 
from different land-use histories." Soil Biology & Biochemistry 39(7): 1479-
1492. 



 

51 

Myking, T., Bohler, F., Austrheim, G., and Solberg, E. J. (2011). "Life history 
strategies of aspen (Populus tremula L.) and browsing effects: a literature 
review." Forestry 84(1): 61-71. 

Myrold, D. D., and Huss-Danell, K. (2003). "Alder and lupine enhance 
nitrogen cycling in a degraded forest soil in Northern Sweden." Plant and Soil 
254(1): 47-56. 

Nikula, S., Vapaavuori, E., and Manninen, S. (2010). "Urbanization-related 
changes in European aspen (Populus tremula L.): Leaf traits and litter 
decomposition." Environmental Pollution 158(6): 2132-2142. 

Nohrstedt, H. O. (2001). "Response of coniferous forest ecosystems on 
mineral soils to nutrient additions: A review of Swedish experiences." 
Scandinavian Journal of Forest Research 16(6): 555-573. 

Nordin, A., Nasholm, T., and Ericson, L. (1998). "Effects of simulated N 
deposition on understorey vegetation of a boreal coniferous forest." 
Functional Ecology 12(4): 691-699. 

Nordin, A., Strengbom, J., and Ericson, L. (2006). "Responses to ammonium 
and nitrate additions by boreal plants and their natural enemies." 
Environmental Pollution 141(1): 167-174. 

Nordin, A., Strengbom, J., Forsum, A., and Ericson, L. (2009). "Complex 
biotic interactions drive long-term vegetation change in a nitrogen enriched 
boreal forest." Ecosystems 12(7): 1204-1211. 

Nordin, A., Strengbom, J., Witzell, J., Nasholm, T., and Ericson, L. (2005). 
"Nitrogen deposition and the biodiversity of boreal forests: Implications for 
the nitrogen critical load." Ambio 34(1): 20-24. 

Osier, T. L., Hwang, S. Y., and Lindroth, R. L. (2000a). "Effects of 
phytochemical variation in quaking aspen (Populus tremuloides) clones on 
gypsy moth (Lymantria dispar) performance in the field and laboratory." 
Ecological Entomology 25(2): 197-207. 

Osier, T. L., Hwang, S. Y., and Lindroth, R. L. (2000b). "Within- and between-
year variation in early season phytochemistry of quaking aspen (Populus 
tremuloides Michx.) clones." Biochemical Systematics and Ecology 28(3): 
197-208. 

Osier, T. L., and Lindroth, R. L. (2001). "Effects of genotype, nutrient 
availability, and defoliation on aspen phytochemistry and insect 
performance." Journal of Chemical Ecology 27(7): 1289-1313. 



 

52 

Osier, T. L., and Lindroth, R. L. (2004). "Long-term effects of defoliation on 
quaking aspen in relation to genotype and nutrient availability: plant growth, 
phytochemistry and insect performance." Oecologia 139(1): 55-65. 

Osier, T. L., and Lindroth, R. L. (2006). "Genotype and environment 
determine allocation to and costs of resistance in quaking aspen." Oecologia 
148(2): 293-303. 

Ostlund, L., Zackrisson, O., and Axelsson, A. L. (1997). "The history and 
transformation of a Scandinavian boreal forest landscape since the 19th 
century." Canadian Journal of Forest Research 27(8): 1198-1206. 

Philippe, R. N., and Bohlmann, J. (2007). "Poplar defense against insect 
herbivores." Canadian Journal of Botany 85(12): 1111-1126. 

Porter, L. J., Hrstich, L. N., and Chan, B. G. (1986). "The conversion of 
procyanidins and prodelphinidins to cyanidin and delphinidin." 
Phytochemistry 25(1): 223-230. 

Randriamanana, T. R., Lavola, A., and Julkunen-Tiitto, R. (2015). "Interactive 
effects of supplemental UV-B and temperature in European aspen seedlings: 
Implications for growth, leaf traits, phenolic defense and associated 
organisms." Plant Physiology and Biochemistry 93: 84-93. 

Randriamanana, T. R., Nybakken, L., Lavola, A., Aphalo, P. J., Nissinen, K., 
and Julkunen-Tiitto, R. (2014). "Sex-related differences in growth and carbon 
allocation to defence in Populus tremula as explained by current plant defence 
theories." Tree Physiology 34(5): 471-487. 

Rehill, B. J., Whitham, T. G., Martinsen, G. D., Schweitzer, J. A., Bailey, J. K., 
and Lindroth, R. L. (2006). "Developmental trajectories in cottonwood 
phytochemistry." Journal of Chemical Ecology 32(10): 2269-2285. 

Robinson, K. M., Ingvarsson, P. K., Jansson, S., and Albrectsen, B. R. (2012). 
"Genetic variation in functional traits influences arthropod community 
composition in aspen (Populus tremula L.)." Plos One 7(5): e37679. 

Romme, W. H., Turner, M. G., Tuskan, G. A., and Reed, R. A. (2005). 
"Establishment, persistence, and growth of aspen (Populus tremuloides) 
seedlings in Yellowstone National Park." Ecology 86(2): 404-418. 

Rytter, R. M. (2016). "Afforestation of former agricultural land with 
Salicaceae species - Initial effects on soil organic carbon, mineral nutrients, 
C:N and pH." Forest Ecology and Management 363: 21-30. 



 

53 

Sahlin, E., and Ranius, T. (2009). "Habitat availability in forests and clearcuts 
for saproxylic beetles associated with aspen." Biodiversity and Conservation 
18(3): 621-638. 

Salminen, J. P., and Karonen, M. (2011). "Chemical ecology of tannins and 
other phenolics: we need a change in approach." Functional Ecology 25(2): 
325-338. 

Salminen, J. P., Karonen, M., and Sinkkonen, J. (2011). "Chemical ecology of 
tannins: Recent developments in tannin chemistry reveal new structures and 
structure-activity patterns." Chemistry-a European Journal 17(10): 2806-
2816. 

Schimel, J. P., and Bennett, J. (2004). "Nitrogen mineralization: Challenges 
of a changing paradigm." Ecology 85(3): 591-602. 

Schimel, J. P., Cates, R. G., and Ruess, R. (1998). "The role of balsam poplar 
secondary chemicals in controlling soil nutrient dynamics through succession 
in the Alaskan taiga." Biogeochemistry 42(1-2): 221-234. 

Schweitzer, J. A., Bailey, J. K., Bangert, R. K., Hart, S. C., and Whitham, T. G. 
(2007). The role of plant genetic variation in determining above- and 
belowground microbial communities. In: M. J. Bailey, A. K. Lilley, T. M. 
Timms-Wilson and P. T. N. Spencer-Phillips, (Eds.), Microbial ecology of 
aerial plant surfaces, CABI Publishing, Wallingford, UK, pp. 107-120. 

Schweitzer, J. A., Bailey, J. K., Rehill, B. J., Martinsen, G. D., Hart, S. C., 
Lindroth, R. L., Keim, P., and Whitham, T. G. (2004). "Genetically based trait 
in a dominant tree affects ecosystem processes." Ecology Letters 7(2): 127-
134. 

Schweitzer, J. A., Madritch, M. D., Bailey, J. K., LeRoy, C. J., Fischer, D. G., 
Rehill, B. J., Lindroth, R. L., Hagerman, A. E., Wooley, S. C., Hart, S. C., et al. 
(2008). "From genes to ecosystems: The genetic basis of condensed tannins 
and their role in nutrient regulation in a Populus model system." Ecosystems 
11(6): 1005-1020. 

Scioneaux, A. N., Schmidt, M. A., Moore, M. A., Lindroth, R. L., Wooley, S. C., 
and Hagerman, A. E. (2011). "Qualitative variation in proanthocyanidin 
composition of Populus species and hybrids: Genetics is the key." Journal of 
Chemical Ecology 37(1): 57-70. 

Shimada, T. (2006). "Salivary proteins as a defense against dietary tannins." 
Journal of Chemical Ecology 32(6): 1149-1163. 



 

54 

Siitonen, J., and Martikainen, P. (1994). "Occurrence of rare and threatened 
insects living on decaying Populus tremula - a comparison between Finnish 
and Russian Karelia." Scandinavian Journal of Forest Research 9(2): 185-191. 

Skogsstyrelsen. (2015a). "Skogsstatistisk årsbok 2014." 
http://www.skogsstyrelsen.se/Global/myndigheten/Statistik/Skogsstatistisk
%20årsbok/01.%20Hela%202014%20-
%20Entire%202014/Skogsstatistiska%20årsboken%202014%20(hela).pdf, 
retrieved 08-May-2016. 

Skogsstyrelsen. (2015b). "Skogsvårdslagstiftningen - Gällande regler 18 juni 
2015." http://www.skogsstyrelsen.se/Global/aga-och-
bruka/Lagen/Skogsv%c3%a5rdslagstiftning%202015%20webb.pdf, 
retrieved 08-May-2016. 

Sponseller, R. A., Gundale, M. J., Futter, M., Ring, E., Nordin, A., Nasholm, 
T., and Laudon, H. (2016). "Nitrogen dynamics in managed boreal forests: 
Recent advances and future research directions." Ambio 45: S175-S187. 

Stamp, N. (2003). "Out of the quagmire of plant defense hypotheses." 
Quarterly Review of Biology 78(1): 23-55. 

Stevens, M. T., and Lindroth, R. L. (2005). "Induced resistance in the 
indeterminate growth of aspen (Populus tremuloides)." Oecologia 145(2): 
298-306. 

Strengbom, J., and Nordin, A. (2008). "Commercial forest fertilization causes 
long-term residual effects in ground vegetation of boreal forests." Forest 
Ecology and Management 256(12): 2175-2181. 

Strengbom, J., Nordin, A., Nasholm, T., and Ericson, L. (2001). "Slow recovery 
of boreal forest ecosystem following decreased nitrogen input." Functional 
Ecology 15(4): 451-457. 

Strengbom, J., Nordin, A., Nasholm, T., and Ericson, L. (2002). "Parasitic 
fungus mediates change in nitrogen-exposed boreal forest vegetation." 
Journal of Ecology 90(1): 61-67. 

Strengbom, J., Walheim, M., Nasholm, T., and Ericson, L. (2003). "Regional 
differences in the occurrence of understorey species reflect nitrogen 
deposition in Swedish forests." Ambio 32(2): 91-97. 

Sundqvist, M. K., Giesler, R., and Wardle, D. A. (2011). "Within- and across-
species responses of plant traits and litter decomposition to elevation across 
contrasting vegetation types in subarctic tundra." Plos One 6(10): e27056. 



 

55 

Tamm, C. O. (1991). Nitrogen in terrestrial ecosystems: questions of 
productivity, vegetational changes, and ecosystem stability. Springer-Verlag, 
Berlin Heidelberg. 

Thiboldeaux, R. L., Lindroth, R. L., and Tracy, J. W. (1998). "Effects of juglone 
(5-hydroxy-l,4-naphthoquinone) on midgut morphology and glutathione 
status in Saturniid moth larvae." Comparative Biochemistry and Physiology 
C-Pharmacology Toxicology & Endocrinology 120(3): 481-487. 

Tikkanen, O. P., Martikainen, P., Hyvarinen, E., Junninen, K., and Kouki, J. 
(2006). "Red-listed boreal forest species of Finland: associations with forest 
structure, tree species, and decaying wood." Annales Zoologici Fennici 43(4): 
373-383. 

Tsai, C.-J., Harding, S. A., Tschaplinski, T. J., Lindroth, R. L., and Yuan, Y. 
(2006). "Genome-wide analysis of the structural genes regulating defense 
phenylpropanoid metabolism in Populus." New Phytologist 172(1): 47-62. 

Tuskan, G. A., DiFazio, S., Jansson, S., Bohlmann, J., Grigoriev, I., Hellsten, 
U., Putnam, N., Ralph, S., Rombauts, S., Salamov, A., et al. (2006). "The 
genome of black cottonwood, Populus trichocarpa (Torr. & Gray)." Science 
313(5793): 1596-1604. 

Updegraff, D. M. (1969). "Semimicro determination of cellulose in biological 
materials." Analytical Biochemistry 32(3): 420-424. 

Vitousek, P. M., Hattenschwiler, S., Olander, L., and Allison, S. (2002). 
"Nitrogen and nature." Ambio 31(2): 97-101. 

Vitousek, P. M., and Howarth, R. W. (1991). "Nitrogen limitation on land and 
in the sea - how can it occur." Biogeochemistry 13(2): 87-115. 

Wardle, D. A., Bardgett, R. D., Walker, L. R., and Bonner, K. I. (2009). 
"Among- and within-species variation in plant litter decomposition in 
contrasting long-term chronosequences." Functional Ecology 23(2): 442-453. 

Whitham, T. G., Bailey, J. K., Schweitzer, J. A., Shuster, S. M., Bangert, R. K., 
Leroy, C. J., Lonsdorf, E. V., Allan, G. J., DiFazio, S. P., Potts, B. M., et al. 
(2006). "A framework for community and ecosystem genetics: from genes to 
ecosystems." Nature Reviews Genetics 7(7): 510-523. 

Worrell, R. (1995). "European aspen (Populus tremula L) - A review with 
particular reference to Scotland. 1. Distribution, ecology and genetic varition." 
Forestry 68(2): 93-105. 



 

56 

Acknowledgments 

This PhD project was founded by a grant of the Center for Environmental 
Research in Umeå (CMF) to Benedicte Albrectsen and Michael Gundale, and 
by a grant of the Gunnar and Brigitta Nordin foundation to Franziska Bandau. 

 
I would like to thank Benedicte for providing me with this unique opportunity 
to come to UPSC and to perform this PhD project. Without you I may have not 
returned to Umeå that fast. Thanks for initiating the project, all your work 
with establishing the field set-up in such a nice place with a fantastic view over 
the forest landscape, for planning the semi-field experiment, inviting French 
and American summer students, hiring Vanessa to help me with grinding and 
weighing, and for letting me travel to Finland to analyze my samples in Riitta’s 
group. 

Michael, I am most grateful to you for providing constant support and 
guidance during my entire PhD project, and for always giving prompt 
feedback. Without your help, especially during the writing phases of the 
manuscripts and this thesis, I would have not been able to finish in time. I am 
impressed how structured and organized you approach things. Thanks you 
also for providing me with access to the lab facilities at SLU, and for joining 
some field work. I still remember the first time we went out to the field in 
Vindeln, and temperatures were close to 0°C in May. 

Thank you, Tiggy, for introducing me to the tannin analysis, nice 
conversations, your prior work analyzing hundreds of leaves samples from the 
SwAsp gardens to generate the data that was used for the selection of the 
genotypes. 

For their help during establishing the field experiment, I would also like to 
thank Sara Christiansson and Lena Jonsson. Thanks to the greenhouse staff, 
particularly Mattias, Lars, Britt-Marie and Wrede. Our help was greatly 
appreciated when we were setting up the semi-field experiment. 

Ken, I am grateful for your help setting-up of the semi-field experiment, for 
the custom-made devices that you created to facilitate the grinding of samples, 
and for conversations and advice. 

Thanks to Christopher Cole and Ann for their help during and directly after 
harvesting the plants from our semi-field experiment. 

I would also like to thank the students who came to UPSC for a shorter or 
longer period during the past summers and who helped with some work in the 
greenhouse or the field: Mélanie, Jean-Charles, Hareesha, Ninon, Solange, 
Hayden, Sonja, Valentin and Alexandra. Sonja, I am especially grateful to you 
for all the great work you have done in the field and at the sewing machine to 
prepare the nettings for the litter collection. 



 

57 

Thanks also to people who supported me during lab work, namely 
Margareta, Maja, and particularly Vanessa. 

I further like to thank Riitta Julkunen-Tiitto for giving me the opportunity 
to come to Joensuu for one month to analyze my litter samples, and to Sinikka 
Sorsa, Virpi Virjamo, and Katri Nissinen for their support during my work in 
Joensuu and for helping with the practical arrangements around my stay. 

Thanks to Anders Muszta for providing statistical advice, especially after 
our manuscript was returned with some cryptic notes from one reviewer. 

I would further like to thank my reference group members Kikki and Torgny 
for proving advice. 

Tack also to my colleagues and friends Vicki, Daniel, Melis, Erik, 
Christoffer, Ioanna, and Julia for the many lunch and fika breaks we spent 
together, and for other fun activities outside of work. Tack så mycket, Daniel, 
for translating the summary of this thesis. 



 

Institutionen för fysiologisk botanik 
Umeå universitet, SE-901 87 Umeå 
www.plantphys.umu.se / www.upsc.se 
ISBN 978-91-7601-505-6 

  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  


