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Abstract

Ombrotrophic peatlands are nutrient-deficient systems and important carbon (C) sinks,
yet the stoichiometry of nitrogen (N), phosphorus (P) and potassium (K), essential for plant
growth and decomposition, has rarely been studied in these systems. Under contemporary
anthropogenic environmental changes, such as enhanced atmospheric deposition, the balance
among multiple elements during ecological processes and interactions, i.e. ecological
stoichiometry, is altered. The stoichiometry in plants and soils in peatlands and the response of
these stoichiometric characteristics to nutrient enrichment are critical in a world of elemental
imbalance between organisms and their environment. The objectives of this research were to
examine the seasonal variation in C:N:P:K stoichiometry among different plant functional types
(PFTs), the effects of nutrient addition on nutrient resorption and the degree of stoichiometric
homeostasis, and the decomposition cascade of C:N:P stoichiometry from mature tissues to peat
at Mer Bleue Bog, eastern Ontario, Canada. Along with a greater variation in nutrient
concentrations and stoichiometric ratios among PFTs than across the growing season, a
convergence of C:N:P:K to a mass ratio of 445:14:1:9 was found at peak growing season,
indicating N and P co-limitation. A substantial resorption of N, P and K during leave senescence
was observed and was significantly different between the two dominant shrub species,
Chamaedaphne calyculata and Rhododendron groenlandicum. The interaction between N, P and
K addition on their resorption reflected the stoichiometric coupling of nutrient cycling. In
response to long-term N, P and K fertilization, shrubs and mosses showed strong and weak
homeostasis, respectively; whereas the dominance of shrubs with strong homeostasis did not
enhance the stability or the productivity of the plant community. The examination of the
decomposition cascade of C:N:P stoichiometry confirmed the resorption-associated decrease in
C:N and C:P ratios from mature to senescent tissues. A possible mechanism related to
plant/mycorrhizae uptake of P may account for the increase in C:P and N:P ratios in peat. This
thesis contributes new knowledge on the stoichiometry of plants and soils in an ombrotrophic
peatland. Specifically, it emphasizes the important role of P in peatland biogeochemical cycles,
especially the plant and mycorrhizal uptake of P in these nutrient-deficient ecosystems. The

substantial variation in nutrient resorption and stoichiometric homeostasis between species and



among PFTs shed new light on the potential shifts in plant community composition under

environmental changes.
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Résumé

Les tourbiéres ombrotrophes sont des systémes déficients en nutriments et des puits
importants de carbone (C). Cependant, la stoichiométrie de I’azote (N), du phosphore (P) et du
potassium (K), nutriments essentiels pour la croissance des plantes et la décomposition, est peu
¢tudiée. Dans un contexte de changements environnementaux anthropogéniques, incluant une
augmentation de la déposition atmosphérique, I’équilibre entre les différents éléments dans le
cadre des processus €cologiques et des interactions (i.e. la stoichiométrie écologique) est altéré.
La stoichiométrie des plantes et du sol dans les tourbieres et la fagon dont ces caractéristiques
stoichiométriques répondent a I’addition de nutriments sont critiques dans un monde de
débalancement des ¢léments entre les organismes et leur environnement. L’objectif de cette
recherche était d’examiner les variations saisonnieres dans la stoichiométrie C:N:P:K parmi
différents types fonctionnels végétaux (TFVs), les effets de 1’addition de nutriments sur la
résorption des nutriments et le niveau d’homéostasie stoichiométrique, et la cascade de
décomposition de la stoichiométrie du C:N:P des tissus matures a la tourbe a la tourbicre Mer
Bleue, Ontario, Canada. Avec une variation plus grande des concentrations en nutriment et des
ratios stoichiométriques parmi les TFVs que le long de la saison de croissance, une convergence
du C:N:P:K vers un ratio de masse de 445:14:1:9 lors du sommet de la saison de croissance a été
observé, indiquant une co-limitation N-P. Une résorption substantielle de N, P et K pendant la
sénescence des feuilles fut observée avec une variation interspécifique significative entre deux
especes dominantes d’arbustes, Chamaedaphne calyculata et Rhododendron groenlandicum.
L’interaction entre 1’addition de N, de P et de K sur leur résorption reflétait le couplage
stoichiométrique du cyclage des nutriments. En réponse a la fertilisation a long terme du N, P et
K, les bryophytes et les arbustes ont démontré une homeéostasie forte et faible, respectivement;
alors que la dominance des arbustes avec une forte homéostasie n’a pas amélioré la stabilité et la
productivité de la communauté végétale. L’examen de la cascade de décomposition de la
stoichiométrie du C:N:P a confirmé la diminution, associée a la résorption, des ratios C:N et C:P
des tissus matures aux tissus sénescents. Un mécanisme reli¢ au captage de P par une association
plante/mycorhize pourrait expliquer I’augmentation des ratios C:P et N:P dans la tourbe. Cette

thése contribue a la connaissance de la stoichiométrie des plantes et des sols dans une tourbiere
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ombrotrophe. Plus spécifiquement, elle met I’emphase sur le réle important du P dans les cycles
biogéochimiques des tourbiéres, en particulier le captage du P par les plantes et les mycorhizes
dans ces systemes déficients en nutriments. La variation substantielle entre les espéces et les
TFVs en fait de résorption des nutriments et d’homéostasie stoichiométrique met en lumiere les
changements potentiels de composition des communautés végétales dans un contexte de

changements environnementaux.
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Chapter 1. Introduction

1.1 Research context

Because of the combined effects of nutrient limitation, low temperature and waterlogged
soils (Clymo 1984), the slow rates of plant production and litter and organic matter
decomposition make northern peatlands important carbon (C) sinks, which store 547 (473-621)
Gt of C (Yu et al. 2010b) yet cover only ~3% of the earth’s land surface (4 x 10° km?) (Gorham
1991; Joosten & Clarke 2002). In Canada, peatlands cover ~1.1 million km® of the land surface
and 760,000 km” are ombrotrophic (i.e. rain-fed) bogs (Tarnocai 2006).

Nitrogen (N) limitation is often prevalent in bogs under low levels of atmospheric N
deposition (Aerts ef al. 1992; Gunnarsson & Rydin 2000). The increase in N availability owing
to atmospheric deposition and accelerated organic matter decomposition may stimulate plant
growth and shift the previously N-limited ecosystems to be phosphorus (P), potassium (K) or P,
K co-limited in the short term (Aerts ef al. 1992; Verhoeven et al. 1996; Bragazza et al. 2004;
von Oheimb ef al. 2010), and alter community composition and ecosystem nutrient cycling in the
long term (Aerts & Berendse 1988; Bobbink ef al. 1998; Berendse et al. 2001; Bubier et al.
2007).

The possible shift in N, P and K interactions highlights that the relative balance among
multiple elements, i.e. ecological stoichiometry (Sterner & Elser 2002), in addition to their
absolute amounts, governs the metabolic functioning, plant growth and ecosystem processes.
Ecological stoichiometry deals with the balance of multiple elements in the ecological processes
and interactions and links the physiological constraints at the cellular or organismal levels to the
biogeochemical patterns at the global scale (Sterner & Elser 2002). The application of ecological
stoichiometry in terrestrial ecosystems is less developed than the aquatic equivalents. For
example, Koerselman & Meuleman (1996) suggest plant growth is N- or P-limited when the
plant N:P ratio is smaller than 14 or larger than 16, respectively. Graminoid litter decomposition
is affected by N and P concentrations and their ratio (Giisewell & Verhoeven 2006). Although
this approach is often criticized (e.g. von Oheimb et al. 2010), it has been successfully applied to
bryophytes (Aerts ef al. 1992; Bragazza et al. 2004; Jirousek ef al. 2011) and vascular plants
(Gtisewell & Koerselman 2002; Olde Venterink et al. 2003).



Most stoichiometric studies in mid- and high-latitude northern regions have been
conducted in fen meadows, heathlands, boreal forests and tundra. No study of nutrients in the
sense of stoichiometry has been conducted in ombrotrophic bogs. To determine the
stoichiometry in plants and soil in these nutrient-deficient ecosystems and how these
stoichiometric characteristics respond to nutrient enrichment are critical in a world of elemental
imbalance between organisms and the external conditions (Sterner & Elser 2002; Frost et al.

2005).

1.2 Research objectives

My overall research objective is to fill some of the above scientific gaps by examining
different aspects of C:N:P:K stoichiometry in plants and soils in a bog ecosystem. I first look
into the seasonal variation in C:N:P:K stoichiometry in the major species belonging to different
plant functional types (PFTs) at Mer Bleue Bog. Because of the essential roles of nutrient
resorption in controlling seasonal variation in plant stoichiometry and nutrient cycling, I quantify
the resorption efficiency and proficiency of C, N, P, K, calcium (Ca) and magnesium (Mg) at
Mer Bleue Bog and examine the effects of long-term N, P and K fertilization and their
interactions on nutrient resorption. This well-established long-term fertilization experiment
offers a great opportunity to investigate the fundamental concept of the theory of ecological
stoichiometry, i.e. stoichiometric homeostasis, which is the essence of life and defined as the
degree of an organism to maintain its body stoichiometry constant despite major fluctuation in
the stoichiometry of its resources (Kooijman 1995). I demonstrate the decomposition cascade of
C:N:P stoichiometry from mature plant tissues through senescent litters to peat, and associate the
stoichiometry of plants with that of the soil. To summarize, my specific research objectives are
to:
(1) Explore the seasonal variation in C:N:P:K stoichiometry among different PFTs;
(2) Investigate the effects of long-term N, P and K fertilization on nutrient resorption of the
major macronutrients between two dominant evergreen shrubs;
(3) Determine the degree of stoichiometric homeostasis and the difference in homeostasis
between shrubs and bryophytes;
(4) Demonstrate the decomposition cascade of C:N:P stoichiometry from mature plant tissues,

through senescent litters to peat.



1.3 Study site

My research was conducted at Mer Bleue peatland (Figure 1.1), which is primarily an
ombrotrophic bog with hummock and hollow micro-topography and a beaver pond with a total
area of 28 km”. The peat began to accumulate ~8500 years ago, leading to peat depth ranging
from 2 m at the edge to greater than 5 m in the central area (Roulet ef al. 2007). The site is
located in the Ottawa River Valley, 10 km east of Ottawa, Canada (45.41°N, 75.52°W). Mean
annual temperature is 6.0 °C and ranges from -10.8 °C in January to 20.9 °C in July (Bubier et
al. 2007). Mean annual precipitation is 943 mm (76% as rainfall), 350 mm of which falls from
May to August (Environment Canada; Canadian Climate Normals, 1981-2010). The estimated
background inorganic wet N deposition in this region is approximate 0.8 g N m™ yr' (Turunen et
al. 2004) and total wet P deposition ranges from 6 to 26 mg m™ yr'' (R. Vet personal
communication).

There are deciduous trees - birch (Betula populifolia Marshall) and tamarack (Larix
laricina (Du Roi) K. Koch.). On the bog hummock, the dominant shrubs are evergreens
Chamaedaphne calyculata (L.) Moench, Rhododendron groenlandicum (Oeder) K.A. Kron &
W.S. Judd (formerly Ledum groenlandicum Oeder) and Kalmia angustifolia L., with the
deciduous Vaccinium myrtilloides Michx. Sphagnum capillifolium (Ehrh.) Hedw. occurs in
hummocks and hollows contain S. magellanicum Brid., S. fallax (Klinggr.) Klinggr. and S.
angustifolium (C.E.O. Jensen ex Russow) C.E.O Jensen, with sedge (Eriophorum vaginatum L.)
and forb (Maianthemum trifolium (L.) Sloboda). Typha latifolia L. and S. cuspidatum Ehrh. ex
Hoffm. occur in the beaver pond, with S. fallax at the edge of the beaver pond.

1.4 Thesis structure

This thesis consists of 7 chapters. Chapter 1 introduces the research background about
northern peatlands and the scientific gaps of studies on ecological stoichiometry in ombrotrophic
bogs, and proposes 4 scientific questions. Chapter 2 provides a comprehensive literature review
on some essential principles of ecological stoichiometry and the applications in wetlands,
particularly focuses on northern peatlands. Chapters 3 to 6 show my original research findings
presented in a collection of scientific manuscripts accepted or to be submitted for publication.

Specifically, Chapter 3 explores the seasonal variation in C:N:K:P stoichiometry in



photosynthetically active tissues of 14 species belonging to 5 different PFTs. Chapter 4
investigates the resorption efficiency and proficiency of C, N, P, K, Ca and Mg of two dominant
evergreen shrubs, and the effects of long-term N, P and K fertilization. Chapter 5 determines the
variation in the degree of stoichiometric homeostasis between shrubs and mosses and how they
are related to changing species abundance after long-term N, P and K fertilization. Chapter 6
demonstrates the decomposition cascade of C:N:P from mature plant tissues, through senescent
litters to peat. Chapter 7 summarizes the main conclusions of my research, emphasizes the

scientific contributions to current knowledge and proposes future research directions.



Figure 1.1 The location of Mer Bleue peatland (45.41°N, 75.52°W).




Chapter 2. Literature review

2.1 What are wetlands?

Wetlands are “areas of marsh, fen, peatland or water, whether natural or artificial,
permanent or temporary, with water that is static or flowing, fresh, brackish or salt, including
areas of marine water the depth of which at low tide does not exceed six meters” (Ramsar 1987).
The Canadian Wetland Classification has a narrower definition that confines wetlands as “land
that is saturated with water long enough to promote wetland or aquatic processes as indicated by
poorly drained soil, hydrophytic vegetation and various kinds of biological activity which are
adapted to a wet environment” (National Wetlands Working Group 1997). In either definition,
there are three specific features that distinguish wetlands from other landforms: (1) water present
at or near the land surface; (2) anaerobic soil conditions at least during part of the year; (3) the
particular biota adapted to the wet and sometimes waterlogged soils (Charman 2002; Mitsch &

Gosselink 2007).

2.2 Northern peatlands: the dominant wetlands in northern hemisphere

Literally, peat-land is the “land” covered by “peat”, which is the residuals of plant and
animal constituents accumulating under more or less water-saturated conditions because of
incomplete decomposition, owing to cool temperature, anaerobic soil condition, functionally
limited decomposer communities and the recalcitrant nature of litters (Rydin & Jeglum 2006).
Usually a minimum depth of peat is required to be classified as peatland, which is 40 cm in
Canadian classification and 30 cm in the definition from the International Mire Conservation
Group (Joosten & Clarke 2002). Globally, peatlands cover ~4 x 10° km?® (Gorham 1991; Joosten
& Clarke 2002) and ~87% of the world’s peatlands are distributed in the boreal and subarctic
regions. Five out of six countries where peatlands cover more than 50,000 km? are
predominantly boreal (Russia, Canada, USA, Finland and Sweden), with 270,000 km? of tropical
peatlands located in Indonesia (Joosten & Clarke 2002). Canada contains the second largest area
(1.06 x 10° km?) of peatlands in the world, accounting for approximately 30% of the total
peatlands area on Earth. Peatlands cover ~12% of the land surface of Canada, with 97%

occurring in the boreal (64%) and subarctic regions (33%) (Tarnocai et al. 2002).



From a hydrological perspective, peatlands that receive the supply of water only from
rain or snow are considered to be ombrogenous, and these peatlands are influenced by low
concentrations of dissolved cations and anions (“minerals’) that provides an ombrotrophic
condition for the development of a bog (Vitt 2006). Other peatlands are influenced by the supply
from ground and/or surface water and considered as geogenous peatlands, where the geogenous
water contains dissolved cations and anions that strongly affect the vegetation, flora and
functioning of peatlands and provide a minerotrophic basis that is favorable to form a fen. From
an ecological perspective, bogs are ombrotrophic peatlands and fens are minerotrophic peatlands.
In Canada, bogs are the most important peatland type, which cover 7.62 x 10> km” (Tarnocai
20006).

Other than the ecological significance of hosting a wide diversity of species and life
forms, northern peatlands are substantial C sinks, which attracts scientific interest. In Canada,
peatlands contain ~147 Gt soil C, which is approximately 56% of the organic C stored in all
Canadian soils (Tarnocai 2006). Since most of the peatlands are located in the high latitudes,
where the expected global warming effect is greatest, 60% of the total area of Canadian peatands
and 51% of the total organic C mass in all Canadian peatlands is predicted to be severely to
extremely severely affected by climate change (Tarnocai 2006). Therefore, more and more
scientific attention has been dedicated to northern peatlands in order to understand the responses

of peatland ecosystems to global changes from different perspectives.

2.3 Ecological stoichiometry and its application in wetlands
2.3.1 Ecological stoichiometry: an introduction

The word ‘stoichiometry’ comes from the Greek root ‘stoicheion’ which refers to the
quantitative relationship between reactants and products during chemical reaction (Sterner &
Elser 2002). As two of the most important laws in chemistry, the laws of definite proportions and
conservation of mass, play important roles in all branches of stoichiometry. In order to
understand complicated ecosystems, we can consider the living organisms to be highly evolved
chemical substances that interact with each other or with the non-living world in a way
comparable to a complex chemical reaction. For example, Elser ef al. (1996) used the reaction of
(NxPy)predator T (NaPp)prey = Q(NxPy)predator T (Na'Pp)waste @s an abstraction of a complex ecological

process of the predation with N and P recycling, where a prey item with a specific nutrient



composition (a:b) was consumed by a predator with fixed elemental composition (x:y) to
increase predator’s biomass by a factor of Q, and at the same time produced the waste with
different elemental composition (a":b") involved in the resource competition among primary
producers.

As a subfield of stoichiometry, ecological stoichiometry deals with the balance of
multiple chemical substances in ecological interactions and processes and links the
biogeochemical patterns at the global scale to physiological constraints that operate at cellular or
organism levels (Sterner & Elser 2002). Ecological stoichiometry focuses on the relative
elemental composition of major participants during ecological interactions in ecosystems (Elser
et al. 1996), especially N, P and K. Several important aspects and their applications in wetlands,

particularly peatlands, will be discussed in the following.

2.3.2 Stoichiometric homeostasis: the essence of life

Ecological stoichiometry exists owing to one fundamental concept, homeostasis, which is
the degree to which an organism maintains its body chemical composition constant, despite the
changes in the chemical composition in the external environment, and is the essence of life
(Kooijman 1995). The degree to which organisms remain homeostatic is critical to food webs
and ecosystem functioning in the context of elemental imbalance between organisms and the
external conditions (Frost et al. 2005). The homeostatic regulation coefficient (H) can be
estimated by growing organisms in a wide range of environmental or dietary conditions (x),
determining the consequent organismal elemental composition (y) and linearizing the power

function ( y = cx""") using logarithms (Sterner & Elser 2002):

_ log(x)
log(y) =log(c) + T

where c is a constant.

At least in theory, there are two extremes for homeostasis: strict homeostasis (H
approaches infinity, e.g. Levi & Cowling 1969; Goldman et al. 1987; Zauke et al. 1998) and
non-homeostasis (H = 1, e.g. Rhee 1978). The degree of homeostasis is a function of several
critical factors: the organism itself, its life stage, the aspects of elements and their ratios under
consideration (e.g. N, P concentration, or N:P ratio), and last and the most important one, the

range of x, since the homeostasis may only happen within a specific range of resource



availability (Sterner & Elser 2002). As reported in freshwater invertebrates, the macronutrients,
such as N, P and K, are more homeostatic than micronutrients and non-essential metals are not
homeostatic (Karimi & Folt 2006). Heterotrophs are generally more homeostatic than autotrophs,
particularly in the case of multicellular metazoans (Sterner & Elser 2002).

Although there are a few studies examining the stoichiometric homeostasis on a wide
range of taxa, little is known about the stoichiometric homeostasis of higher plants, especially in
wetlands. Plants generally show stronger homeostasis than algae or fungi (Rhee 1978; Sterner &
Elser 2002; Yu et al. 2011). For example, Giisewell (2004) reported a range of 1.7 to 4.6 in the H
value of N:P ratio in herbaceous plants from marshes, fen meadows, poor and rich fens,
heathlands and grassland (recalculated from Shaver & Melillo 1984; Ryser & Lambers 1995;
Giisewell & Bollens 2003; Giisewell 2005b). Yu et al. (2011) reported the H values of N, P and
N:P ratio ranging from 1.9 to 14.5 in grass and forb species in grasslands and the association
between strong homeostasis and conservative nutrient use suggests an important ecological
strategy in other nutrient-deficient ecosystems. However, plant homeostasis in bogs remains
unknown, especially for peat-forming Sphagnum moss, which is the “ecosystem engineer” in

northern peatlands and contributes to their capacity of C sequestration (van Breemen 1995).

2.3.3 Relatively conservative stoichiometric ratios

Because of the essential stoichiometric homeostasis of life, people have sought a single
molecule to simplify our understanding of nature. For example, the stoichiometric formula for a
living human can be:

H3750000000132000000C55700000N6430000C21500000P 10200008 206000N2183000K 177000C1127000M g40000S 138600
Fexs30Z1n2110Cu76114Mn3F 13Cr7SesMozCo;

It means there are 375 million hydrogen atoms for every cobalt atom in a human body
(Sterner & Elser 2002). A similar approach in marine ecosystems gives rise to the famous
Redfield ratio. Redfield’s critical C:N:P mass ratio of 41:7:1 in phytoplankton and seawater, and
his seminal theory of “the biota in the ocean control their environments” (Redfield 1958) have
been considered a landmark of ecological stoichiometry. Recently, an intriguing study showed
that the canonical Redfield ratio of N:P equalling 7:1 was not a coincidence but rather a
consequence of the conservative balance between protein and ribosome RNA synthesis in

prokaryotic and eukaryotic microbes with intrinsic cell N:P ratio around 7:1 under optimal



growth condition (Loladze & Elser 2011). Although the plastic allocation of plant biomass to
organs with distinct stoichiometry may prevent a ubiquitous optimum stoichiometric ratio in
plants as observed by Redfield in ocean, the promising experimental validation of the possible
existence of such critical stoichiometric ratio in microbes is still appealing and provides an
opportunity to examine nutrient limitation by looking into the stoichiometric ratios of foliage or

aboveground biomass, as discussed in the following section.

2.3.4 Relative nutrient limitation

In the early nineteenth century, Liebig proposed that organisms will become limited by
whatever resources in the shortest supply compared to their demands (Liebig’s law of minimum)
and it has been accepted as a universal principle in ecological stoichiometry (Agren 2008). The
subsequent idea of estimating specific types of nutrient limitation based on the deviation of
organismal stoichiometric ratio from a critical threshold is a popular focus of contemporary
research. Nitrogen versus P limitation is unequivocally the hottest topic in both terrestrial and
aquatic ecosystems (Schindler 1977; Vitousek & Howarth 1991; Elser ef al. 1996; Koerselman &
Meuleman 1996; Downing 1997; Tyrrell 1999; Olde Venterink et al. 2003; Agren 2004;
Giisewell 2004; McGroddy et al. 2004; Wright et al. 2005; Elser et al. 2007, Filippelli 2008;
Yuan & Chen 2009).

The application of the “Redfield-like” ratio to wetland ecosystems advanced our
understanding of the balance of multiple elements which regulate nutrient cycling in these
ecosystems. A number of influential studies have been published since the 1990’s. Koerselman
& Meuleman (1996) reviewed 40 fertilization studies and revealed that N and P concentrations in
plant tissue were mainly determined by external supply. They proposed that it was the N:P ratio
that determined the nature of nutrient limitation. At the community level, the N:P mass ratio > 16
indicated P limitation and N:P ratio < 14 indicated N limitation, with N:P ratio between 14 and
16 indicating N and P-colimitation (Koerselman & Meuleman 1996).

With the same dataset, Verhoeven ef al. (1996) looked more specifically into the
variation in vegetation N:P ratios among different types of peatlands and showed that plant
growth in herbaceous peatlands was mainly limited by N or P with a minority of sites co-limited
by N and P, or by N and K. However, wet heathlands and bogs are mostly limited by P
(Verhoeven et al. 1996).

10



Giisewell & Koerselman (2002) revisited this topic by compiling a larger dataset of
wetland plants and suggested that although the N:P ratios in the vegetation did not exactly mirror
the nutrient availability in the soil, they showed a clear response to fertilization in the field,
making them reliable indicators of nutrient limitation.

Including bryophytes in their studies of nutrient limitation and plant diversity in North
American wetlands, Bedford et al. (1999) demonstrated the variation of nutrient limitation in
different types of wetlands by virtue of N:P ratios in plant tissues and soil. They highlighted the
necessity of understanding nutrient limitation at both community and individual species level
which was also suggested by Rozbrojovéa & Hajek (2010).

By taking K into consideration, Olde Venterink et al. (2003) introduced a ternary
diagram to distinguish nutrient limitation and its relationship with species richness-productivity
patterns, through N:P, N:K and K:P ratios. This ternary diagram has far-reaching implications for
future stoichiometry research. The main results were that P (co)-limitation only occurred under
low productivity, K (co)-limitation can happen up to intermediate productivity, and N-limitation
may exist along the whole productivity gradient. Based on the ternary diagram, Gotelli et al.
(2008) examined the stoichiometric ratios of N:P:K in three common bog plant genera from 24
ombrotrophic peatlands in the northeastern regions of the United States, and suggested plant
growth in these bogs was limited by P, or co-limited by all three macronutrients.

Bragazza et al. (2004) investigated the response of N:P:K stoichiometry in Sphagnum
moss to atmospheric N deposition in 15 peatlands from 11 European countries and proposed a
threshold of N deposition of ~1 g m™ yr' above which Sphagnum moss shifted from N-limited to
be K+P co-limited, at N:P ratio > 30 and N:K ratio > 3. Nevertheless, Jirousek et al. (2011)
argued that Sphagnum plants still seemed to be N-limited despite their N saturation, when
investigating the N:P:K stoichiometry in Sphagnum capitula along a N deposition gradient in
Central-East Europe. Similar thresholds (~1 g N m™ yr') have been reported by Gunnarsson &
Rydin (2000) and Lamers et al. (2000) with regard to N saturation or shift in N-limitation of
Sphagnum moss in ombrotrophic bogs.

Carnivorous plants, with their special features of prey, gain the benefit of growing in
wetlands where light and moisture are abundant and soil macronutrients, especially N, P and K,
are limiting, such as ombrotrophic bogs (Givnish et al. 1984). Ellison (2006) reviewed nutrient

limitation and stoichiometry of different carnivorous species, primarily grown in wetlands, and
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found that P-limitation or N and P co-limitation were common factors that restrained the growth
of carnivorous plants. A manipulative experiment with the addition of frozen houseflies to
carnivorous pitcher plant Sarracenia purpurea revealed that P was the primary nutrient from
prey and their feeding shifted previous P-limitation under ambient circumstance to N-limitation
(Wakefield et al. 2005).

Based on the recalculation of foliar N:P ratios of few dominant species in several
Canadian bogs (Walbridge & Navaratnnam 2006) under lower atmospheric N deposition than
their European equivalents, Canadian bogs are either N limited (Malmer et al. 1992; Thormann
& Bayley 1997) or co-limited by N and P (Pakarinen & Gorham 1983; Malmer et al. 1992).

However, without taking K into consideration, this approach may overestimate the
possibility of N or P limitation and overlook the possibility of K limitation, especially under the
circumstance of increasing ambient CO; levels and N enrichment (Hoosbeek et al. 2002).
Moreover, the seasonal variation in nutrient concentration and stoichiometric ratios in plant
tissues (Chapin et al. 1980; Giisewell & Koerselman 2002) and among different PFTs (Sardans
et al. 2012) calls for caution when reaching a conclusion based on samples that are restricted to

specific PFTs and are not taken from the peak growing season.

2.3.5 The C:nutrient stoichiometry after senescence

The stoichiometry of mature tissues has an “after-life” effect on the subsequent
biogeochemical processes after senescence. Nutrient resorption during leaf senescence has been
considered as a significant nutrient conservation strategy, ensuring nutrients are available for
future plant growth and reducing the dependence on external nutrient availability (Aerts 1996;
Vergutz et al. 2012). The resorption of N and P in wetland graminoids is related to the type of
nutrient limitation and contributes to the dominance of graminoids with high resorption capacity
in P-limitation wetlands (Giisewell 2005a).

The depleted nutrient concentration in senescent leaves accounts for the increase in litter
C:nutrient ratios, which have been used to indicate litter quality for decomposition. For example,
in a 12-year litter decomposition study at three pairs of upland forest and peatland sites, Moore et
al. (2008) found that N and P were retained by decomposing litter until critical C:N and C:P
ratios were reached, after which N and P were lost and the N:P ratio converged to 12:1 to 16:1.

Similarly, Limpens & Berendse (2003) found the critical C:N ratio of 66.7 above which the N
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started to be lost from Sphagnum litter of two hummock and two hollow species from a Ireland
bog. Moreover, Glisewell & Verhoeven (2006) collected foliar litters from 11 graminoid species
in Swiss and Dutch wetlands, the N:P ratio of which indicates whether the decomposition is
more likely to be N- or P-limited. The critical N:P ratio of N- and P-limitation for graminoid
foliar litter appeared to be ~25.

The mismatch between the stoichiometry of litter and that of decomposers, primarily
bacteria and fungi in northern peatlands (Winsborough & Basiliko 2010), governs ecosystem
nutrient cycling and thus C accumulation (Sterner & Elser 2002; Hessen et al. 2004). For
example, the substantially larger C:N:P mass ratio of 1000:20:1 in subarctic flora (Aerts et al.
2012) than 180:6:1 in soil microbial biomass in tundra (Cleveland & Liptzin 2007) indicates a
possible long term net N and P immobilization in soil until a critical litter C:N and C:P ratio is
reached.

The slow rate of litter and organic matter decomposition in peatlands contributes to the
substantial accumulation of organic matter (Moore & Basiliko 2006). These partially
decomposed litters accumulate in peatlands mostly during the Holocene, contributing to the
massive C storage in these ecosystems. There have been a noticeable effort to examine C
accumulation rate in peatlands by the palaoecological community, with less attention given to N,
and little is known about the accumulation of other essential macronutrients, such as P, K, Ca
and Mg. Applying the mean C:N ratio of 46 for all peat types to the estimate of global peat C
pool of 481 Gt, Loisel et al. (2014) assesses the global peat N storage of 10.5 Gt. Unlike the C:N
ratio, little attention has been applied to other C:nutrient ratios, making it difficult to estimate the

role of northern peatlands as the pool of other macronutrients that merits future research.

2.3.6 Ecological stoichiometry in the context of global change

Recently, there are more and more studies focusing on the effects of global changes on
plant stoichiometry, especially the spatially varied N and P supplementation. Through the
combustion of fossil fuel, wide-spread use of fertilizer (N and P), cultivation of N-fixing legumes
and land use changes, human activities have doubled the input of reactive N on the Earth’s land
surface (Vitousek et al. 1997; Galloway et al. 2008; Gruber & Galloway 2008) and doubled the
net transfer of dissolved and particulate P from land to ocean (Smil 2000). The increasing

availability of N and P, which overcompensates the requirement of growth-limiting nutrients, can

13



shift nutrient limitation types and stimulate plant growth, increasing nutrient concentration in
plant tissues in the short term (Aerts ef al. 1992; Verhoeven et al. 1996; Turunen et al. 2004;
Bragazza et al. 2006; Breeuwer et al. 2009; Vicars et al. 2010). However, in the long term, the
overgrowing of fast-growing species may out-compete these stress-tolerant species and shift
plant community composition and reduce plant diversity, which will ultimately affect ecosystem
nutrient cycling (Aerts & Berendse 1988; Tilman 1996; Berendse et al. 2001; Malmer & Wallén
2005; Nordin et al. 2005; Bubier et al. 2007).
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Chapter 3. Carbon, nitrogen, phosphorus and potassium stoichiometry in an

ombrotrophic peatland reflects plant functional type

(Published on Ecosystems, doi: 10.1007/s10021-014-9752-x)

Context within the thesis

As demonstrated in Chapter 1, no study of nutrient stoichiometry has been conducted in
ombrotrophic bogs, which are important C sinks under extremely low nutrient availabilities. To
explore the stoichiometric relationship among multiple elements in ombrotrophic bogs through
time and across space, this chapter aims to fill this scientific gap by examining the seasonal
variation in C:N:P:K stoichiometry among 14 different species belonging to 5 different PFTs
(mosses, deciduous trees/shrubs, evergreen shrubs, graminoids and forb) at Mer Bleue Bog. This
comprehensive evaluation of the C:N:P:K stoichiometry in foliar tissues will advance our
knowledge of the well-known ecological theory (i.e. ecological stoichiometry) in the context of
peatland biogeochemistry. Besides, the N:P:K stoichiometry in photosynthetically active tissues
at peak growing season can suggest the primarily limited nutrient(s) for plant growth, which will
be used to guide the experimental design of Chapters 4 and 5 when investigating the effect of

long-term N, P and K fertilization on characteristics of nutrient resorption and homeostasis.
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3.1 Summary

Ombrotrophic bog peatlands are nutrient-deficient systems and important C sinks yet the
stoichiometry of N, P and K, essential for plant growth and decomposition, has rarely been
studied. We investigated the seasonal variation in C, N, P and K concentrations and their
stoichiometric ratios in photosynthetically active tissues of 14 species belonging to 5 PFTs
(mosses, deciduous trees/shrubs, evergreen shrubs, graminoids and forb) at Mer Bleue Bog, an
ombrotrophic peatland in eastern Ontario, Canada. Although we observed variations in
stoichiometry among PFTs at peak growing season, there was convergence of C:N:P:K to an
average mass ratio of 445:14:1:9, indicating N and P co-limitation. Nitrogen, P and K
concentrations and stoichiometric ratios showed little seasonal variation in mosses, evergreens
and graminoids, but in forb and deciduous species were the largest in spring and decreased
throughout the growing season. Variations in nutrient concentrations and stoichiometric ratios
among PFTs were greater than seasonal variation within PFTs. Plants exhibit N and P co-
limitation and adapt to extremely low nutrient availability by maintaining small nutrient
concentrations in photosynthetically active tissues, especially for evergreen shrubs and
Sphagnum mosses. Despite strong seasonal variations in nutrient availabilities, few species show
strong seasonal variation in nutrient concentrations, suggesting a strong stoichiometric

homeostasis at Mer Bleue Bog.

3.2 Introduction

Ecological stoichiometry deals with the elemental balance in ecological interactions and
processes, providing an integrative nutrient framework linking biogeochemical patterns at the
global scale to physiological constraints that operate at cellular or organismal levels (Sterner &
Elser 2002). Compared to aquatic ecosystems, the application of the principles of ecological
stoichiometry in terrestrial ecosystems is less developed. For example, the N:P ratios in
vegetation are considered reliable indicators of nutrient limitation, with the mass N:P ratio < 14
or > 16 indicating N or P limitation respectively, and between 14 and 16 indicating N and P co-
limitation (Koerselman & Meuleman 1996; Giisewell & Koerselman 2002). Although this
approach is often criticized (e.g. von Oheimb et al. 2010), it has been successfully applied to
bryophytes (Aerts et al. 1992; Bragazza et al. 2004; Jirousek et al. 2011) and vascular plants
(Gtisewell & Koerselman 2002; Olde Venterink et al. 2003). Potassium limitation is rarely
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studied but could also occur in peatlands, especially after N and carbon dioxide enrichments
(Hoosbeek et al. 2002).

Most stoichiometric studies in mid- and high-latitude northern regions have been
conducted in fen meadows, heathlands, boreal forests and tundra. Little attention has been given
to ombrotrophic peatlands such as bogs, which are nutrient-deficient systems with slow rates of
plant production and litter and soil organic matter decomposition (e.g. Moore et al. 2008)
resulting in important C sinks, storing ~547 Gt C (Yu et al. 2010b) and covering about 1 million
km? in Canada (Tarnocai 2006). The resorption of nutrients from senesced leaves and subsequent
translocation to newly grown tissues (Killingbeck 1986) is important to reduce the dependence
on external nutrient availability (Aerts 1996; Aerts & Chapin 2000). The resorption of nutrients
is essential in supporting spring growth in deciduous species and forbs (Chapin et al. 1980),
which are expected to show strong seasonal variations in nutrient concentrations and
stoichiometry, whereas evergreen species can retain leaf nutrients and resorption can occur
gradually over the growing season (Chapin et al. 1980). Although Sphagnum mosses are able to
resorb nutrients (Aldous 2002), these evergreen-like non-vascular species may show little
seasonal variation in stoichiometry. The seasonal variation in organic matter mineralization and
nutrient release may contribute to the seasonal variation in plant stoichiometry.

Nitrogen limitation is often prevalent in bogs under low atmospheric N deposition (Aerts
et al. 1992; Gunnarsson & Rydin 2000). Increased N availability from atmospheric deposition
and accelerated organic matter decomposition may shift nutrient limitation types and stimulate
plant growth in the short term (Aerts ef al. 1992; Verhoeven et al. 1996; Bragazza et al. 2004)
and alter community composition and ecosystem nutrient cycling in the long term (Aerts &
Berendse 1988; Bobbink et al. 1998; Berendse et al. 2001; Bubier et al. 2007).

In this study, we examined the seasonal variation in nutrient concentrations and their
stoichiometric ratios in photosynthetically active tissues (i.e. leaves of vascular plants and
capitula of Sphagnum mosses) in 14 species belonging to 5 PFTs (moss, deciduous tree/shrub,
evergreen shrub, graminoid and forb) at Mer Bleue Bog, an ombrotrophic peatland in eastern
Ontario, Canada. Atmospheric N deposition at Mer Bleue is ~0.8 g N m? yr' (Turunen et al.
2004), close to the critical value of 1 g N m™ yr'', above which Sphagnum mosses in Europe
shifted from N limitation to co-limitation by P or K (Gunnarsson & Rydin 2000; Bragazza et al.
2004). We hypothesized that plant growth at Mer Bleue Bog is co-limited by N and P or K, as
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indicated by the N:P:K ratios in photosynthetically active tissue at the peak growing season. In
addition, we hypothesized that deciduous species, forbs and graminoids would show stronger
seasonal variation in their nutrient concentrations and stoichiometric ratios than evergreen

species and Sphagnum mosses.

3.3 Materials and methods
3.3.1 Study sites and species description

This study was conducted at Mer Bleue peatland located 10 km east of Ottawa, eastern
Ontario, Canada (45.40°N, 75.50°W). Mean annual temperature is 6.0 °C with monthly averages
of -10.8 °C in January and 20.9 °C in July (Bubier ef al. 2007). Mean annual precipitation is 943
mm (76% as rainfall), 350 mm of which falls from May to August (Canadian Climate Normals
1981-2010). The atmospheric wet inorganic N deposition in this site was ~0.8 g N m™ yr™!
(Turunen et al. 2004) and the total wet P deposition in eastern Canada is estimated to range from
6t0 26 mg P m” yr'' (R. Vet personal communication).

The central portion of the peatland is an ombrotrophic bog with hummock and hollow
micro-topography and a beaver pond. There are deciduous trees - birch (Betula populifolia
Marshall) and tamarack (Larix laricina (Du Roi) K. Koch.). On the bog hummock, the dominant
shrubs are evergreens Chamaedaphne calyculata (L.) Moench, Rhododendron groenlandicum
(Oeder) K.A. Kron & W.S. Judd (formerly Ledum groenlandicum Oeder) and Kalmia
angustifolia L., with the deciduous Vaccinium myrtilloides Michx. Sphagnum capillifolium
(Ehrh.) Hedw. occurs in hummocks and hollows contain S. magellanicum Brid., S. fallax
(Klinggr.) Klinggr. and S. angustifolium (C.E.O. Jensen ex Russow) C.E.O Jensen, with sedge
(Eriophorum vaginatum L.) and forb (Maianthemum trifolium (L.) Sloboda). Typha latifolia L.
and S. cuspidatum Ehrh. ex Hoffm. occur in the beaver pond, with S. fallax at the edge of the
beaver pond. The classification of PFTs and species scientific names was based on United States
Department of Agriculture (USDA) plant database (http://plants.usda.gov) with the exception of
T. latifolia, which was classified as a graminoid rather than a forb (e.g. Koncalova 1990; Kercher
& Zedler 2004; Vernescu ef al. 2005). Fine-scale vegetation distribution and biomass at Mer
Bleue were investigated by Bubier et al. (2006), while Moore et al. (2002) estimated net primary
productivity.
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3.3.2 Vegetation sampling and chemical analyses

Samples of 14 species were collected with 5 replicates (1 X 1 m plots) for each species
and 70 plots in total. The plots for 7. latifolia and S. cuspidatum were located in the open water
of the beaver ponds with the plots of S. fallax at the edge of the beaver pond. All the other 55
plots were located in the central portion of the bog. For each species, the 5 plots were randomly
chosen and separated as far as possible to cover a large spatial extent. All the plots were chosen
to include a monoculture of each species if possible. Fully expanded and sun-exposed current
year’s leaves (exclusive of petioles) of the shrubs (C. calyculata, R. groenlandicum, K.
angustifolia and V. myrtilloides), forb (M. trifolium) and tree species (B. populifolia and L.
laricina), the leaf blades of graminoids (E. vaginatum and T. latifolia) and the capitula of
Sphagnum mosses (S. capillifolium, S. angustifolium, S. magellanicum, S. fallax and S.
cuspidatum) were sampled on July 6 and September 27 of 2010, May 18, June 17, July 18,
August 18, September 16 and October 30 of 2011. A subset of samples were collected and
covered by aluminum foil immediately after defoliation to determine chlorophyll concentration
after being stored at -20 °C until analyzed. The rest of the tissues were oven-dried at 60 °C to a
constant weight and ground (Wiley Mini Mill 3383-L10, Thomas Scientific, USA) to fine
powder (60-mesh sieve). Carbon and N concentration was determined by dry combustion on an
elemental analyzer (Leco CNS 2000, Leco Corporation, St. Joseph, Michigan, USA). Total P
was determined colorimetrically by the ammonium molybdate-ascorbic acid method (Murphy &
Riley 1962) on a Lachat Quik-Chem AE flow-injection auto-analyzer (Lachat Instruments,
Milwaukee, Wisconsin, USA), after digested in concentrated sulphuric acid and hydrogen
peroxide with selenium and lithium sulphate as catalysts (Parkinson & Allen 1975). Digested
samples were filtered through 0.45 um glass fibre filters (MN 85/90, MACHEREY-NAGEL
GmbH & Co. KG, Germany) before analysis. Total iron (Fe) and K concentration was measured
on an atomic absorption spectrophotometer (PerkinElmer model 2380, PerkinElmer Inc., USA).
The chlorophyll concentration were extracted by the dimethyl sulphoxide (DMSO) (Hiscox &
Israelstam 1979) with the absorbance being measured by a visible spectrophotometer
(GENESYSTM 10 Scanning UV/Visible, Thermo Electron Corporation, USA) under two
different wave lengths: 645 and 663 nm, respectively. The total chlorophyll concentration (g L™)
is calculated according to the equation from Arnon (1949):

Total chlorophyll concentration = 0.0202 x 4645 + 0.00802 x 4663
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where 4645 and 4633 are the absorbance under the wavelength of 645 and 643 nm respectively.

Total chlorophyll concentration is reported as mg g dry mass.

3.3.3 Statistics

Shapiro-Wilk and Levene’s tests were used to examine the normality of data and the
homogeneity of variance, respectively. All data were logarithmically transformed before
statistical analyses but the raw (untransformed) data were reported in the figures. As there was
no significant difference in nutrient concentrations and stoichiometric ratios in July and
September between 2010 and 2011 ( test, P > 0.05), we considered 2011 a typical year
(Appendix 3.1) and do not show data from 2010. The variation among PFTs and seasonal
variation in nutrient concentrations and stoichiometric ratios were examined by a coefficient of
variation (CV) derived from logo-transformed data (Giisewell & Koerselman 2002):

1 ( (X+sD) (X—SD))
(102 _ 10 .
v ) _ _ 10 10

log-normal IOX 2

where X and SD are the mean and standard deviation of log10-transformed data. Compared to

the usual calculation of CV, this approach has the advantage that X and SD are derived from
normally distributed data and hence the CV follows a normal distribution (Giisewell &
Koerselman 2002). Standard deviations were calculated in different ways to quantify the
variation among PFTs and the seasonal variations in nutrient concentrations and stoichiometric
ratios. For ‘among functional type means’ (Table 3.1), nutrient concentrations and stoichiometric
ratios from all sampling months were first averaged for each PFT (moss, evergreen, deciduous,
graminoid and forb) and SD was then calculated with the means of each PFT. For ‘among
sampling month means’, SD was calculated for each PFT separately. For example, for ‘mosses’,
the nutrient concentrations and stoichiometric ratios of all mosses were averaged within one
sampling month, and SD was calculated with the means of individual sampling month. For
‘across all functional types and months’, SD was calculated with all individual PFTs from all
sampling months.

The overall variation among different species in nutrient concentrations and
stoichiometric ratios was examined by principal component analysis (PCA), using the means

from all sampling months for each species. Linear mixed model with repeated measures was

20



conducted to examine the seasonal variation in nutrient concentrations and stoichiometric ratios
among PFTs in 2011. Compound symmetry covariance structure was adopted to minimize
Schwarz’s Bayesian Criterion (BIC). If the interaction between PFTs and sampling month (PFT
x M) was significant (P < 0.05), multiple comparisons were conducted to discriminate the
difference among PFTs within each sampling month and among different sampling months for
each PFT with Bonferroni adjustment. As there was only one species in forb (M. trifolia) and
only one of the graminoids (£. vaginatum) grew in May, forb in all months and graminoids in
May were excluded from all statistical analyses and only means are shown for visual
comparison.

Principal component analysis was conducted using PC-ORD for Windows (Version 5.0,
MjM Software, Gleneden Beach, Oregon, USA) and all other analyses were conducted in IBM
SPSS Statistics Version 20.0 for Windows (IBM Corp., Armonk, New York State, USA).

3.4 Results
3.4.1 Principal component analysis

The 14 plant species were separated by their nutrient concentrations and stoichiometric
ratios and converged in PFTs (Figure 3.1). The first and second principal axes explained 51%
and 36% of the total variation among species, respectively. The first axis separated the
graminoids, forb and S. cuspidatum (pond moss) from the other species, reflecting larger N, P, K
and chlorophyll concentrations and smaller C:N, C:P and N:P ratios. The second axis separated
mosses and forb from the other PFTs, reflecting smaller C concentrations and N:K ratios and

larger Fe concentrations and K:P ratios (i.e. poorer in structural C and richer in K and Fe).

3.4.2 Stoichiometric ratios at peak growing season and over the full season

The N:P:K stoichiometric ratios at peak growing season (July) converged to the boundary
of N and P co-limitation (Figure 3.2a). Forbs and mosses were richer in K than other PFTs. No
substantial variation was observed among species within the same PFT, except for S.
cuspidatum, which was in the N-limited section (Figure 3.2a) owing to smaller N:P ratios than
other Sphagnum mosses (Appendix 3.2a). The average mass ratio of C:N:P:K in moss,
evergreen, deciduous, graminoid and forb at peak growing season were 612:13:1:11, 708:16:1:8,

640:16:1:7,292:14:1:8 and 303:14:1:12 respectively, giving an overall average of 445:14:1:9.
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The N:P:K stoichiometric ratios also converged to the boundary of N and P co-limitation
throughout the growing season for mosses, evergreens and graminoids (Figure 3.2b). For forb
and deciduous species, the N:P:K stoichiometric ratios in May deviated from other months,

showing a richer in P than other PFTs.

3.4.3 Seasonal variations in nutrient concentrations and stoichiometric ratios

The interactions between PFTs and sampling months were significant in all nutrient
concentrations and stoichiometric ratios (P < 0.05; Figures 3.3 and 3.4). Mosses, evergreens and
graminoids showed little seasonal variation. In contrast, deciduous species showed significant
seasonal variation in all nutrient concentrations and stoichiometric ratios (P < 0.01) except for
N:K (P =0.710) and K:P ratios (P = 0.061). Specifically, N, P and K concentrations were the
largest in May and decreased throughout the growing season to the smallest in October (P <
0.001; Figure 3.3a,b,c). The C:N and C:P ratios were the smallest in May, increased to the largest
in October (P < 0.001; Figure 3.4a,b) and the smallest N:P ratios occurred in May (P < 0.001;
Figure 4c¢). A similar trend was observed for forb (Figures 3.3 and 3.4). There was little seasonal
variation in Fe concentration (Figure 3.3d). Chlorophyll concentration was the largest in May for
forb and significantly smaller in October for deciduous species (P < 0.001; Figure 3.3e).

As the seasonal variation was mainly related to varied nutrient concentrations and
stoichiometric ratios in May for forb and in May and October for deciduous species (Figures
3.2b, 3.3 and 3.4), we excluded these sampling months from the calculation of CV resulting in a
substantially reduced seasonal variation. Specifically, the seasonal variation was significantly
reduced by ~20% when May was excluded for forb (CV =16.7 + 2.1%, mean + 1 SE; ¢ test, P =
0.019) and by ~80% when May and October were excluded for deciduous species from the
calculation of CV (CV =10.6 £ 1.7%; P = 0.010), in which there was no seasonal variation from

June to September (P > 0.05; Figures 3.3 and 3.4).

3.4.4 Variation among PFTs

There were more substantial differences among PFTs in nutrient concentrations and
stoichiometric ratios than seasonal variation (Table 3.1, Figures 3.3 and 3.4). Graminoids and
forb showed a trend of larger N and P concentrations and smaller C:N and C:P ratios than

mosses, evergreen and deciduous species, except for May and October, when deciduous species
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showed the largest N and P concentrations and smallest C:N and C:P ratios in May (P < 0.001),
and the smallest N and P concentrations and the largest C:N and C:P ratios in October (P < 0.05;
Figures 3.3a,b and 3.4a,b). There was no significant difference among PFTs in chlorophyll
concentration (P > 0.5; Figure 3.3e) and N:P ratios except in May when the N:P ratio was
significantly larger in mosses and evergreen species than in deciduous species (P < 0.05; Figure
3.4¢). In general, mosses showed the largest Fe concentration across all PFTs (P < 0.05; Figure
3.3d), and smaller N:K ratio (Figure 3.4d) and larger K:P ratios (Figure 3.4e) than evergreen and
deciduous species.

The variation in nutrient concentrations and stoichiometric ratios among PFTs (i.e.
‘among functional type means’) was generally larger than among species within each PFT
(Appendix 3.3). The variation among PFTs was also significantly larger than the seasonal
variation (i.e. ‘among sampling month means, all functional types’) (¢ test, P = 0.002; Table 3.1).
The overall variation (i.e. ‘across all functional types and months’) in N concentration was
smaller than in P and K concentrations; Fe and chlorophyll concentrations varied the most. The
ratios of N:P, N:K and K:P varied less than did N, P and K concentration. The variation in C:N
and C:P ratios were comparable to that in N and P concentration respectively, with C
concentration varying the least. On average, mosses and evergreen species showed significantly

lower seasonal variation than deciduous species (P < 0.05; Table 3.1).

3.5 Discussion
3.5.1 N and P co-limitation

Foliar stoichiometric ratios can suggest nutrient limitation, especially N, P and K, in
wetlands (Koerselman & Meuleman 1996; Giisewell & Koerselman 2002; Hoosbeek et al. 2002;
Olde Venterink et al. 2003; Giisewell 2004). Giisewell (2004) suggested re-setting the critical
value of N and P limitation to be N:P < 10 and > 20 respectively, instead of N:P < 14 and > 16
suggested by Koerselman & Meuleman (1996). Our N:P ratios suggest a consistent pattern of N
and P co-limitation at Mer Bleue Bog based on the critical ratio suggested by Gilisewell (2004)
(Figure 3.2), supporting P limitation or N and P co-limitation in temperate North American
wetlands (Bedford er al. 1999). Nitrogen and P co-limitation is supported by the long-term
fertilization experiment at Mer Bleue Bog: the addition with only N or P+K did not significantly

change species abundance of C. calyculata and R. groenlandicum after a decade compared to the
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control, whereas their abundance was increased by ~50% when N, P and K were applied together
(Larmola et al. 2013). Under lower atmospheric N deposition than their European equivalents,
Canadian bogs are either N limited (Malmer et al. 1992; Thormann & Bayley 1997) or co-
limited by N and P (Pakarinen & Gorham 1983; Malmer ef al. 1992), based on the foliar
stoichiometry of the dominant species.

With foliar N:K ratio < 2.1 and K:P ratio > 3.4 (Olde Venterink et al. 2003) at peak
growing season, none of the PFTs showed K limitation at Mer Bleue Bog. However, under
elevated CO, and/or N deposition, K could primarily limit the potential growth of bog vegetation
(Hoosbeek et al. 2002) and the depletion of K could result under acidic conditions (Rydin &
Jeglum 2006).

While most ecosystems in the northern hemisphere are N limited (Walker & Syers 1976;
LeBauer & Treseder 2008), ombrotrophic peatlands are weakly connected to the underlying
mineral soil, impeding the upward replenishment of mineral nutrients and P may occur as
occluded P or organic P, leaving it less available to plants and microbes (Rydin & Jeglum 2006;
Walbridge & Navaratnnam 2006). An in situ soil mineralization study at Mer Bleue Bog
revealed that 4.9 + 0.7% and 0.4 £+ 0.02% of the total soil N and P was available, as potassium
chloride extractable ammonium and nitrate, and Mehlich III extractable orthophosphate,
respectively (M. Wang unpublished data). Nitrogen was mineralized but P was either
immobilized by soil microorganisms or occluded by soil organic matter after three months’
incubation and strong P immobilization by soil microorganisms has been reported in fen and
pocosin peatlands (Richardson & Marshall 1986; Walbridge 1991). In the absence of significant
external P inputs and historically elevated atmospheric N deposition, P co-limitation develops in
ombrotrophic bogs and a shift from N to P limitation in response to N enrichment has been
demonstrated in Europe (Aerts et al. 1992; Gunnarsson & Rydin 2000; Bragazza et al. 2004;
Jirousek et al. 2011).

3.5.2 Well constrained C:N:P:K stoichiometry

Although the C:nutrients, N:K and K:P ratios at peak growing season may vary (up to
three-fold among PFTs), the N:P ratio varies within a narrow range, and on average, the mass
C:N:P:K ratio (445:14:1:9) is convergent at Mer Bleue Bog. This ratio is similar to the global
average of C:N:P =469:13:1 in forest foliage (McGroddy et al. 2004), 427:17:1 in Canadian
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forest litter with 20% original C remaining (Moore et al. 2011), the average of global terrestrial
plants of 375:13:1 (Elser et al. 2000) and 384:13:1 in subarctic flora (Aerts et al. 2012). This
convergence in stoichiometry, especially N:P ratio, in our ombrotrophic bog may have a cause:
Loladze & Elser (2011) suggested that the Redfield mass ratio of N:P = 7:1 was not a
coincidence but rather a consequence of the conservative balance between protein and ribosome
RNA (rRNA) synthesis in prokaryotic and eukaryotic microbes with intrinsic cell N:P ratio
around 7:1 under optimal growth condition. Although the N:P ratio of 14:1 in photosynthetically
active tissues at peak growing season at Mer Bleue Bog slightly declined to 12:1 after
senescence (Wang et al. 2014b), the plastic allocation of plant biomass to organs with distinct
stoichiometry may shift the ratios, preventing an ubiquitous optimum stoichiometric ratio.

A similar convergence in C:N:P stoichiometry has been observed in soil microbial
biomass in the top 30 cm peat at Mer Bleue Bog (mass ratio 31:3:1) (Basiliko 2004), supporting
the convergence of C:N:P stoichiometry in both total soil pools (72:6:1) and soil microbial
biomass (23:3:1) globally (Cleveland & Liptzin 2007). The C:N, C:P and N:P ratios are
substantially smaller in soil microbes than in plant tissues, the imbalance between which governs
the overall nutrient cycling and C sequestration (Sterner & Elser 2002; Hessen ef al. 2004). In
ombrotrophic bogs, the imbalance between the C:N:P stoichiometry in soil microbes and C-rich
plant litters may immobilize N and P by soil microorganisms, while mineralizing C until critical
C:nutrients ratios are reached, for examples litter mass C:N ratio between 33 and 68 and C:P
ratio between 800 and 1200 in Canadian forest litter (Moore ef al. 2011). The larger N:P ratios in
plant tissues than in soil microbes indicate the mineralization of organic matter in bogs is
primarily limited by P, as supported by the immobilization of P in our in situ mineralization
study discussed above.

Overall at Mer Bleue Bog, N concentration varied less than P and K concentrations,
consistent with the results from broad reviews of wetland plants (Bedford et al. 1999; Giisewell
& Koerselman 2002; Olde Venterink et al. 2003). Glisewell & Koerselman (2002) attributed
these more variable P and K plant concentrations to a larger variation in P and K availability in
soil. Our results suggest that the overall variation in nutrient concentration and stoichiometry is
mainly driven by PFTs that coexist in similar habitats. This implies either little variation in soil
nutrient availability or weak relationships between soil nutrient availability and nutrient

concentration in plants, which is strong homeostasis (Sterner & Elser 2002). The variation in P

25



concentration among PFTs was consistently larger than in N, probably because of the inherently
tighter physiological regulation on N than on P (Aerts & Chapin 2000). The smaller variation of
stoichiometric ratios than nutrient concentrations for N, P and K may be explained by the fact
that the stoichiometric ratios are not affected by C-rich structural materials. The variation in C:N
and C:P ratios was largely caused by the variation in N and P concentrations, shown by the

negative correlations (P < 0.001; » =-0.973 and -0.984, respectively).

3.5.3 Seasonal variation among PFTs

A more pronounced seasonal variation of nutrient concentration and stoichiometry was
found in deciduous species than in evergreen species and mosses, whereas graminoids and forb
showed intermediate variation (Table 3.1). We did not observe significant differences in N:P
ratio among PFTs, in contrast to graminoids having a larger N:P ratio than forbs (Glisewell
2004), and herbaceous plants having a smaller N:P ratio than woody plants (Kerkhoff & Enquist
2006). Although statistically insignificant, N, P and K concentrations in graminoids and forb
tended to decrease, and therefore C:N and C:P ratios increased, over the growing season, as
noted in sedges by Konings et al. (1992) and Thormann & Bayley (1997). Mosses, deciduous or
evergreen species showed little seasonal variation in nutrient concentrations and stoichiometry
over the major part of the season (June to September). Ion-exchange resin membranes (PRS™,
Western Ag Innovations of Saskatchewan, Canada) captured the seasonal variation in available
N (ammonium and nitrate), P (orthophosphate) and K in peat soil at Mer Bleue Bog in May, July
and September: N availability was doubled and tripled, and K availability was increased by 40
and 80% in July and September compared to May, whereas no change in P availability was
observed (Appendix 3.4). This supports our earlier argument of strong homeostasis in bog plants,
especially evergreens and mosses, which can keep their tissue stoichiometry stable, despite the
changes in the chemical composition of the environment (Sterner & Elser 2002). The uniformly
small concentrations of Fe in all PFTs except for mosses are within the range of Fe deficiency
(0.05t0 0.15 mg g™') (Marschner 1995). The larger Fe concentrations in mosses indicates either
their greater physiological need or Fe is just left behind as Fe-rich water is drawn up from the
water table and is evaporated, leaving Fe in the mosses.

The substantial seasonal variation in nutrient concentration in deciduous species at the

beginning (May) and the end (October) of the growing season is attributed to nutrient
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translocation and resorption respectively, as is suggested in tundra (Chapin ef al. 1980).
Deciduous species translocate a substantial amount of N, P and K into new leaves in the
beginning of the growing season and then resorb a large portion of them in the end of the
growing season. Evergreen species translocate these nutrients into new leaves gradually
throughout the growing season, especially in the second year’s leaves, resulting in relatively
stable nutrient concentration and stoichiometry (Chapin et al. 1980). We observed a 10-50%
decrease in N, P and K concentration in the second year’s leaves of C. calyculata and R.
groenlandicum during senescence, compared to mature leaves (Wang et al. 2014b), supporting
the relationship between seasonal variation and nutrient resorption. The lack of seasonal
variation in evergreen species and resorption-induced seasonality in deciduous species has been

widely reported in arctic and subarctic tundra (Chapin et al. 1980; Arndal et al. 2009).

3.5.4 Implications for bogs

Bogs, covering 760,000 km? in Canada (Tarnocai 2006), are important C sinks with low
productivity and slow rates of litter and peat decomposition. Located in a region of relatively
high atmospheric N deposition in Canada (~0.8 g N m™ yr™'), Mer Bleue Bog shows N and P co-
limitation. The absence of significant external P inputs and historically elevated atmospheric N
deposition may trigger further shift to P-limitation of Canadian bogs, as demonstrated in Europe,
and a restraint on organic matter mineralization which is primarily P-limited. By adapting to
extremely low nutrient availability, bog plants at Mer Bleue maintain small nutrient
concentrations in photosynthetically active tissues, especially in evergreen shrubs and Sphagnum
mosses. Unlike deciduous species, the dominant evergreen shrubs and Sphagnum mosses at Mer
Bleue Bog do not show a strong seasonal variation in plant stoichiometry, despite seasonal

variations in nutrient availability, indicating a strong ecological homeostasis.
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Table 3.1 Coefficients of variation (%) for C, N, P, K, Fe and chlorophyll (Chl) concentrations and C:N, C:P, N:P, N:K and K:P
ratios. Different letters indicate significant difference in mean coefficient of variation of all nutrient concentrations and stoichiometric

ratios among PFTs at P = 0.05. See Materials and Methods for details of calculations.

Coefficients of variation (%) C N P K Fe Chl CN CP NP NXK K:P Mean SE

Among functional type means 7.2 39.0 474 65.6 58.0 334 40.8 50.1 9.7 39.7 325 384 54

Among sampling month means
mosses 45 104 107 159 145 137 13.6 175 9.7 145 20.7 132a 1.3
evergreen species 49 95 11.8 36.0 394 27.1 107 148 13.7 295 313 20.8a 3.6
deciduous species 55 50.7 67.7 424 374 152.8 544 692 209 14.6 247 49.1b 12.1
graminoids 72 30.6 41.5 664 29.8 37.4 372 488 133 34.6 279 34.lab 438
forb* 53 225 450 30.1 21.1 41.8 24.8 484 22.6 20.2 27.5 28.lab 3.8
all functional types 45 175 188 244 249 286 18.7 21.3 104 13.5 187 183 2.1

Across all functional types and months 9.0 393 52.0 513 81.3 71.1 38.7 52.7 204 443 429 457 6.1

* The coefficient of variation for forb is calculated from M. trifolia only.
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Figure 3.1 PCA biplots of C, N, P, K, Fe, chlorophyll (Chl) concentration and C:N, C:P, N:P,
N:K and K:P ratios in 14 species. The first two axes explained 87% of the total variance. The
means of multiple sampling months for each species were used in this analysis (triangle
symbols). Arrows are the eigenvectors of nutrients and their stoichiometric ratios. Abbreviations
are: SC, Sphagnum capillifolium; SM, S. magellanicum; SA, S. angustifolium,; SF, S. fallax;, MT,
Maianthemum trifolium; SCU, S. cuspidatum,; LL, Larix laricina, RG, Rhododendron
groenlandicum; KA, Kalmia angustifolia; VM, Vaccinium myrtilloides; CC, Chamaedaphne
calyculata; EV, Eriophorum vaginatum,; TL, Typha latifolia; BP, Betula populifolia.
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Figure 3.2 Ternary diagram showing the stoichiometric relationship of N, P and K in moss,
graminoids, deciduous, forb and evergreen species at peak growing season (a) and over the full
season (b). Each symbol represents one species within each PFT in (a) and the average of all
species for each PFT in (b). Dashed lines indicate the critical ratios of N:P (14.5), N:K (2.1) and
K:P (3.4) (Olde Venterink et al. 2003). These lines divide the plot into four parts, and three of
them indicate N-limitation (N section), P or P, N-colimitation (P or P+N section) and K or K, N-
colimitation (K or K+N section), respectively. For the central triangle section, the stoichiometric
ratio cannot be used to determine the type of nutrient limitation or this is non-NPK limitation.

For visual reasons, the P concentration is multiplied by a factor of 10.
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Figure 3.3 The seasonal course of C, N, P, K, Fe and chlorophyll concentration (means = SE) in
moss, evergreen, deciduous, graminoids and forb. Linear mixed model with repeated measures
analyzing the difference among PFTs, sampling months (M) and the interaction (PFT x M) in
nutrient concentrations are shown. NS, P < 0.05; *, 0.01 <P <0.05; **,0.001 <P <0.01; *** P
< 0.001. Standard error is not calculated for graminoid in May and forb, as they contain only one
species respectively. Different upper case letters indicate significant difference between
sampling months for each PFT. Different lower case letters indicate significant difference among

PFTs for each sampling month.
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Figure 3.4 The seasonal course of C:N, C:P, N:P, N:K and K:P ratios (means + SE) in moss,
evergreen, deciduous, graminoids and forb. Linear mixed model with repeated measures
analyzing the difference among PFTs, sampling months (M) and the interaction (PFT x M) in
stoichiometric ratios are shown. NS, P <0.05; *, 0.01 <P <0.05; **,0.001 <P <0.01; *** P<
0.001. Standard error is not calculated for graminoid in May and forb, as they contain only one
species respectively. Different upper case letters indicate significant difference between
sampling months for each PFT. Different lower case letters indicate significant difference among

PFTs for each sampling month.
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Chapter 4. Nutrient resorption of two evergreen shrubs in response to long-

term fertilization in a bog

(Published on Oecologia, 2014, 174, 365-377)

Context within the thesis

Because of the substantial contribution of nutrient resorption to ecosystem nutrient
cycling, considerable attention has been given to this process, especially in nutrient-deficient
ecosystems, such as, boreal forest, heathland, tundra, subarctic peatland and wet meadow. In
Chapter 3, we have observed the essential role of nutrient resorption in controlling seasonal
variation in leaf stoichiometry of deciduous shrubs. In contrast, as the dominant vascular species
in ombrotrophic peatlands, evergreen shrubs did not vary substantially throughout the growing
season with regard to leaf stoichiometry. This discrepancy brings forward an important scientific
question: what role does nutrient resorption play in evergreen species? In this chapter, I
investigate the magnitude of nutrient resorption by quantifying resorption efficiency (i.e. the
proportion of the nutrient that is resorbed during leaf senescence) and proficiency (i.e. the level
to which the nutrients are reduced in the senesced leaves) of C, N, P, K, Ca and Mg in two
dominant evergreen shrubs at Mer Bleue Bog. Furthermore, in the context of substantially
increased atmospheric N and probably P deposition over the past decades, it is critical to
understand how ombrotrophic ecosystems respond to these changes. In this chapter, I also
examine the effects of long-term N, P and K fertilization and their interactions on nutrient
resorption and the homeostatic regulation of different species to nutrient enrichment will be
evaluated in Chapter 5. Finally, this chapter complements the lack of data of nutrient resorption

in bog vegetation, especially for two essential cations, Ca and Mg.
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4.1 Summary

Plant resorption of multiple nutrients during leaf senescence is established but
stoichiometric changes among N, P and K during resorption and after fertilization are poorly
understood. We anticipated that increased N supply would lead to further P-limitation or co-
limitation with N or K, (i.e. P-(co)limitation), decrease N resorption and increase P and K
resorption, while P and K addition would decrease P and K resorption and increase N resorption.
Furthermore, Ca would accumulate while Mg would be resorbed during leaf senescence,
irrespective of fertilization. We investigated the effect of N, P and K addition on resorption in
two evergreen shrubs (Chamaedaphne calyculata and Rhododendron groenlandicum) in a long-
term fertilization experiment at Mer Bleue Bog, Ontario, Canada. In general, N addition caused
further P-(co)limitation, increased P and K resorption efficiency but did not affect N resorption.
Phosphorus and K addition did not shift the system to N-limitation and affect K resorption, but
reduced P resorption proficiency. C. calyculata resorbed both Ca and Mg while R.
groenlandicum resorbed neither. C. calyculata showed a higher resorption than R.
groenlandicum, suggesting it is better adapted to nutrient-deficiency than R. groenlandicum.
Resorption during leaf senescence decreased N:P, N:K and K:P ratios. The limited response of N
and K and response of P resorption to fertilization reflects the stoichiometric coupling of nutrient
cycling which varies among two shrub species; changes in species composition may affect

nutrient cycling in bogs.

4.2 Introduction

Plants may develop two advantageous strategies to adapt to nutrient-deficiency:
optimizing nutrient uptake and promoting nutrient conservation (Aerts & Chapin 2000). The
withdrawal of nutrients from senescing leaves and the subsequent transportation to storage sites
as well as new and growing organs, i.e. resorption (Killingbeck 1986), is an important nutrient
conservation strategy, ensuring nutrients are available for future plant growth and reducing the
dependence on external nutrient availability (Aerts 1996; Aerts & Chapin 2000). Nutrient
resorption efficiency, defined as the proportion of the nutrient that is resorbed during leaf
senescence, has global averages of ~65% for N and P and ~70% for K (Vergutz et al. 2012).
These values for N and P are substantially higher than the widely used global value of ~50%
(Aerts 1996; Killingbeck 1996; Aerts & Chapin 2000).
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In general, resorption is in a balance with the acquisition of nutrients from the soil and
this balance depends on the relative energy consumption of these two processes: which process is
energetically ‘cheaper’ (Wright & Westoby 2003). One may anticipate that a high resorption
plays an essential role in nutrient-poor environments, where the acquisition of nutrients from the
soil is usually more energetically costly relative to resorption (Wright & Westoby 2003). A
negative relationship should occur between resorption and nutrient concentration in mature
leaves, which is often considered as a good indicator of soil nutrient availability (van den
Driessche & Rieche 1974), but this pattern may not occur, for a variety of reasons. First, besides
the nutrient concentration in mature leaves (i.e. nutrient availability), other factors can control
the resorption process, such as phloem transportation rates and loadings, the extent to which the
organic N and P compounds are hydrolyzed (Loneragan et al. 1976), the sink strength of
different plant organs (Nambiar & Fife 1991) and soil moisture status (Escudero ef al. 1992;
Pugnaire & Chapin 1993). Second, in addition to employing nutrient resorption from leaves to
satisfy nutrient demands, symbiotic relationships with ericoid mycorrhizae can mobilize and/or
utilize organic forms of limiting nutrients, especially N (e.g. glycine, Nasholm et al. 1998;
Moore et al. unpublished data) and P, reducing plant dependence on nutrient resorption, even in
nutrient-poor environments (Straker 1996). The unique function of the ericoid mycorrhizae relies
on unique enzymology, which can effectively out-compete other nutrient acquisition
mechanisms. Therefore, the relationship between resorption efficiency and nutrient availability is
variable, with resorption efficiency being reduced (Kobe et al. 2005; Li et al. 2010; Vergutz et
al. 2012), enhanced (Chapin & Kedrowski 1983; Birk & Vitousek 1986; Yuan ef al. 2005) or
unaffected (Chapin & Moilanen 1991; Aerts 1996; Knops et al. 1997; Vitousek 1998; Aerts &
Chapin 2000; Yuan & Chen 2009a) by increasing nutrient availability.

Resorption proficiency, defined as the level to which the nutrients are reduced in the
senesced leaves, has also been used to quantify resorption, with low nutrient concentration in
senesced leaves indicating high resorption proficiency (Killingbeck 1996). Resorption
proficiency identifies the nutrients returned to the soil in litter and is generally less proficient (i.e.
higher nutrient concentration in senesced leaves and litter) under more fertile conditions (Chapin
& Moilanen 1991; Vitousek 1998; Diehl et al. 2003; Wright & Westoby 2003; Li ef al. 2010),

leaving the litter more rapidly decomposed. The efficiency of resorption reflects plant
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physiology and metabolic processes, whereas proficiency is directly linked with decomposition
processes and hence overall nutrient cycling.

As nutrient-poor ecosystems with slow rates of decomposition, northern peatlands store
547 Gt of C, which is ~30% of global total soil C (Yu ef al. 2010b), making them important C
pools and sinks. Increasing atmospheric N deposition worldwide due to anthropogenic activities
has evoked substantial concerns over the functioning of northern peatland ecosystems (Bobbink
et al. 1998). The availability of N in boreal ombrotrophic (rain-fed) peatlands (i.e. bogs) is often
limited, relying on N fixation and atmospheric deposition and the very slow internal
decomposition and mineralization processes lead to a substantial accumulation of N in the peat
profile. For example, the N accumulation rate in the Mer Bleue Bog over the past 8,000 years
averages 0.7 g N m? yr'' (Wang et al. 2014a) and 1.8 g N m™ yr’' in the past 150 years (Moore
et al. 2004). Enhanced N input may not only increase the primary production of ecosystems but
also change the relative significance of nutrients that limit productivity (Verhoeven ef al. 1996;
Aerts & Bobbink 1999). In ombrotrophic peatlands, we anticipate that nutrient resorption is
important in regulating nutrient cycling, because plants should be obligated to retain nutrients
and reuse them as efficiently as possible. However, recent reviews of nutrient resorption mainly
covered forests and grasslands, so peatlands have been overlooked (Yuan & Chen 2009a, b;
Vergutz et al. 2012).

Plant growth in bogs is often N-limited under low atmospheric N deposition (Aerts et al.
1992; Gunnarsson & Rydin 2000), but increasing N deposition may shift to P-(co)limitation
(Aerts et al. 1992; Bobbink et al. 1998; Gunnarsson & Rydin 2000; Bragazza et al. 2004).
Potassium limitation is rarely studied but can also occur in bogs, especially after CO, and N
enrichments (Hoosbeek et al. 2002). The possible shift in N, P and K interactions highlights that
it is the relative balance among multiple nutrients, or ecological stoichiometry (Sterner & Elser
2002), in addition to their absolute amount, that governs metabolic functioning, plant growth and
ecosystem processes. Reed ef al. (2012) examined global stoichiometric patterns in foliar N:P
resorption ratios in response to plant nutrient limitation and showed a trend of increasing ratios
with latitude and decreasing with mean annual temperature, providing implications on nutrient
cycling and limitation.

While N, P and K are acknowledged to be the predominant limiting nutrients in

peatlands, Ca and Mg are important in ecological processes in peatlands but frequently
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overlooked. Calcium and Mg have an extremely low abundance in ombrotrophic bogs compared
to minerotrophic fens or upland mineral soils (Rydin & Jeglum 2006). Bubier et al. (2011)
reported a decline in leaf Ca and Mg concentration in response to fertilization in three dominant
bog shrubs, Chamaedaphne calyculata, Rhododendron groenlandicum and Vaccinium
myrtilloides, indicating physiological stress under conditions of high N accumulation. The
resorption of Ca and Mg differs substantially, with Ca generally accumulating continuously
during leaf development, being immobile in the phloem and hence not being resorbed during leaf
senescence (Clarkson & Hanson 1980; Negi & Singh 1993; Lambers ef al. 1998). In contrast,
Mg is tightly bound to polyphosphates, readily mobile (Clarkson & Hanson 1980) and thus more
likely to be resorbed than Ca. Most resorption studies have mainly focused on N and P and
sometimes K, with little attention paid to Ca and Mg, although the interactions between N, P and
K affect resorption in forest ecosystems (Chapin & Moilanen 1991; Knops ef al. 1997; Vitousek
1998; Diehl et al. 2003). In bogs where the availability of three potentially limiting macro-
nutrients (i.e. N, P and K) 1s very small, substantial resorption during senescence is expected to
regulate nutrient cycling, and stoichiometric responses to changing nutrient availability from for
example nutrient deposition and global warming is important.

Our objective was to investigate the effect of N, P and K addition on resorption
efficiencies and proficiencies of N, P, K, C, Ca and Mg in two dominant evergreen shrubs (C.
calyculata and R. groenlandicum) in a long-term fertilization experiment established a decade
ago in Mer Bleue Bog in eastern Ontario, Canada. After decades of elevated atmospheric N
deposition in eastern Canada (Turunen et al. 2004), the leaf-level N, P and K stoichiometric
relationship derived from the ternary diagram (Olde Venterink et al. 2003) of these two species
over the growing season (June to August) indicates that plant growth in this bog is co-limited by
P and N, and there is no evidence showing K limitation (Wang & Moore 2014). After a decade
of fertilization with N, PK, or their combination, we assumed the addition of N has stimulated
further P-(co)limitation and reduced N resorption, which has been shown in a sub-arctic bog (van
Heerwaarden et al. 2003b). Nitrogen enrichment should stimulate the resorption of P and K to
maintain N:P:K stoichiometric homeostasis. Long-term fertilization with P and K should shift
the ecosystem to N limitation with a decline in the resorption of P and K while the resorption of

N should be enhanced to maintain the N:P:K stoichiometric homeostasis.
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Therefore, we hypothesized: (1) the addition of N would reduce the resorption of N, while the
addition of PK would reduce the resorption of P and K (i.e. a direct fertilization effect); (2) N
addition would stimulate the resorption of P and K, while P and K addition will increase the
resorption of N (i.e. stoichiometric interactions); (3) Ca would accumulate while Mg would be

resorbed during leaf senescence irrespective of fertilization.

4.3 Materials and Methods
4.3.1 Study site and species description

The experiment was conducted at the Mer Bleue peatland, mainly a bog covering 28 km®
located 10 km east of Ottawa, Ontario, Canada (45.40°N, 75.50°W). Mean annual temperature is
6.0 °C ranging from -10.8 °C in January to 20.9 °C in July (Bubier ef al. 2007). Mean annual
precipitation is 943 mm (76% as rainfall), 350 mm of which falls from May to August (Canadian
Climate Normals 1981-2010). The estimated atmospheric inorganic wet N deposition in this site
was ~0.8 ¢ N m™ yr'' (Turunen ez al. 2004) and total wet P deposition ranges from 6 to 26 mg P
m? yr' (R. Vet personal communication).

There are two sets of fertilization experiments each with triplicate 3 x 3 m plots, set up on
the hummock microtopography at Mer Bleue Bog (see Bubier ef al. 2007). Experiment 1 was
established in 2000 and 2001, and experiment 2 started in 2005 (Table 4.1), with 27 plots in total
and a spatial extent of ~600 m” (20 x 30 m). The fertilization is conducted every three weeks
from May 1 to August 31 each year, with N added as NH4NO3 and P and K as KH,PO4. The
dominant vascular species are C. calyculata (L.) Moench and R. groenlandicum (Oeder) Kron &
Judd (formerly Ledum groenlandicum Oeder), which are the dominant evergreen shrubs in the
boreal bogs of North America (Glaser 1992). Sphagnum mosses survive only in some of the plots
with low levels of fertilization. Vaccinium myrtilloides Michx. and Kalmia angustifolia L. were
distributed sparsely in some of the plots, but not sampled.

The leaf longevity of both species is two growing seasons (Reader 1980) and to sample
leaves that would senesce the coming fall, the previous season’s leaves were identified. To
guarantee the leaves were sampled from the same cohort with the same age, individual leaves of
C. calyculata formed in 2010 were marked at the base of the leaf with a dab of latex paint at the
end of June 2011, when it was still easy to differentiate the new from the old leaves. This

ensured that only leaves that would senesce the coming fall would be sampled. As R.
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groenlandicum produces its new leaves and stems by extending from old stem and leaf clusters,

it was possible to select old leaves without labelling them.

4.3.2 Sampling and chemical analysis

Two replicates (each ~40 leaves) of sun-exposed and fully expanded mature leaves of
both species in each of the 27 plots were collected on July 25 and 28, 2011 and a similar number
of recently senesced, but still attached, reddish brown leaves were sampled on October 22, 2011.
We scanned the leaves immediately (Epson Expression 10000XL, Epson American Inc., USA)
to determine the total projected leaf area per sample using Image J software (version 1. 45s, by
Wayne Rasband, National Institute of Health, USA). Leaves were then oven-dried at 60 °C to a
constant weight and specific leaf area (SLA) was calculated as the leaf area per unit leaf dry
mass (cm” g) (Appendix 4.1). Samples were ground (Wiley Mini Mill 3383-L10, Thomas
Scientific, USA) to fine powder (60-mesh sieve) and total C and N concentrations were
determined by dry combustion on an elemental analyzer (Leco CNS 2000, Leco Corporation, St.
Joseph, Michigan, USA). Subsamples were digested (Technicon BD-40 block digester,
Technicon Instruments Corporation, Tarrytown, New York, USA) in concentrated sulphuric acid
and hydrogen peroxide with selenium and lithium sulphate as catalysts (Parkinson & Allen 1975)
and passed through 0.45 um glass fibre filters (MN 85/90, MACHEREY-NAGEL GmbH & Co.
KG, Germany). Total P was determined colorimetrically by the ammonium molybdate-ascorbic
acid method (Murphy & Riley 1962) on a Lachat Quik-Chem AE flow-injection autoanalyzer
(Lachat Instruments, Milwaukee, WI). Potassium, Ca and Mg concentrations were measured on

an atomic absorption spectrophotometer (PerkinElmer model 2380, PerkinElmer Inc., USA).

4.3.3 Nutrient resorption proficiency and efficiency calculation

Resorption efficiency may be underestimated because the loss of leaf mass or leaf
shrinkage during senescence may be up to 10 and 6%, respectively (van Heerwaarden et al.
2003a). The resorption efficiency can be corrected using leaf mass loss and shrinkage of leaf
area, or lignin concentration (van Heerwaarden et al. 2003a) but as the lignin concentration may
be affected by our long-term fertilization (Vitousek 1998), we did not measure it to correct for
mass loss. Instead, leaf area was used as the metric to calculate resorption efficiency, given that

the tough structure of these two sclerophyllous evergreen shrubs was resistant to leaf shrinkage
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during senescence. Mass-based nutrient concentration was divided by SLA to derive leaf area
based nutrient concentration and the latter was used in the calculation of resorption efficiency
(nutrient concentrations in mature leaves are shown in Appendix 4.2). Mass-based nutrient
concentrations in mature and senesced leaves are presented in Appendices 4.3 and 4.4,
respectively. Nutrient resorption proficiency was based on the nutrient concentration in senesced
leaves: the lower the nutrient concentration, the higher resorption proficiency (Killingbeck
1996). Nutrient resorption efficiency (RE) was calculated as:

RE — 1_ [Nutrl‘ent]senesced x 100%
[Nutrient]

imature
where [Nutrient]senesced and [Nutrient]manre are the leaf area based nutrients concentration (mg cm’
%) of recently senesced and mature leaves, respectively. Nrg, Pre, Kre, Cre, Cagre and Mggg were

calculated correspondingly.

4.3.4 Statistics

The normality of data was examined by Shapiro-Wilk test and Levene’s test was used to
check the homogeneity of variance. Because the data transformations have to be done in
different ways to meet the assumptions of homogeneity of variance, Kruskal-Wallis non-
parametric test was performed separately for experiment 1 and 2 with non-transformed data.
Differences between individual treatments and corresponding control were assessed by the Steel
Method (a non-parametric version of Dunnett’s post-hoc test) for experiments 1 and 2 separately.
We used ¢ test to examine the interspecific difference between C. calyculata and R.
groenlandicum in mature and senesced leaves’ nutrient concentration and nutrient resorption
efficiency under the same treatment, and the difference between the resorption efficiency under
unfertilized conditions and the global averages of evergreen angiosperms (Vergutz et al. 2012),
using raw data from different sites prior to averaging from the Oak Ridge National Laboratory
Distributed Archive Center (http://daac.ornl.gov). The correlation among nutrient concentration
in mature and senesced leaves, resorption efficiency and the stoichiometric ratios were
conducted by Spearman’s rank correlation analysis. Analyses were conducted in JMP 10

software (SAS Institute Inc., Cary, NC, USA).
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4.4 Results
4.4.1 Resorption proficiency in senesced leaves

Under the same treatment, N, P, K, C and Mg concentrations in senesced leaves were all
significantly lower in C. calyculata (P < 0.001), although the Ca concentration was significantly
higher than that in R. groenlandicum (P < 0.001; Figure 4.1). The addition with N, PK or their
combinations had little effect on N, K and C concentrations in either species compared to the
controls (P > 0.05; Figure 4.1a,c,d).

All treatments with PK addition (i.e. PK, SNPK, 10NPK and 20NPK) significantly
increased P concentration compared to the control in both species (P < 0.05; Figure 4.1b). N
addition did not affect P concentration (P > 0.05).

The combination of N and PK addition showed stronger effects on Ca and Mg
concentrations than N or PK added separately, but no consistent pattern was observed (Figure

4.1e,1).

4.4.2 Resorption efficiency in senesced leaves

The resorption efficiencies of all nutrients were higher in C. calyculata than in R.
groenlandicum under the same treatment (P < 0.01; Figure 4.2). High levels of N addition (i.e.
10N and 20N treatments) showed stronger impact on resorption efficiencies than low level of N
addition (i.e. SN treatment) and PK added alone (i.e. PK treatment). The combinations of N and
PK did not affect resorption efficiencies in a consistent way and the effect varied between
species.

The Ngg was not affected in N-only treatments (i.e. SN, 10N and 20N) compared to
controls in either species (P > 0.05; Figure 4.2a). SNPK and 20NPK significantly increased Nrg
compared to the controls in C. calyculata and R. groenlandicum, respectively (P < 0.05). The
Prr was significantly increased under 10N and 20N treatments compared to the control in both
species (P < 0.05; Figure 4.2b). However, PK treatment did not affect Pgg in either species (P >
0.05), and 10NPK significantly reduced Prg in C. calyculata compared to the control (P < 0.05).
N-only treatments did not affect Krg in C. calyculata (P > 0.5; Figure 4.2c), however, both 10N
and 20N doubled Kgg in R. groenlandicum compared to the control (P < 0.05). Similar to the
pattern observed for Prg, PK treatment did not affect Kgg in either species (P > 0.1). Crg in C.
calyculata did not respond to NPK fertilization (P > 0.05; Figure 4.2d). However, 20NPK
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treatment significantly increased Crg in R. groenlandicum compared to the control (P < 0.01)
and so did the 10N and 20N treatments (P < 0.05).

In general, C. calyculata showed positive resorption efficiencies of both Ca (4-30%) and
Mg (29-41%), while Ca and Mg were accumulated (i.e. negative resorption efficiency) in R.
groenlandicum (Figure 4.2¢,f). The effect of N addition on Cagrg and Mggg in both species was
very weak and no significant effect of PK or NPKs addition was detected (P > 0.5).

4.4.3 Correlations among nutrient concentration, resorption efficiency and stoichiometric
ratios

For both species, the nutrient concentrations in mature leaves were positively correlated
with those in senesced leaves, except for N (Table 4.2). In contrast, resorption efficiencies were
negatively correlated with the nutrient concentrations in senesced leaves (i.e. positively with
resorption proficiency) in both species. In general, resorption efficiencies were significantly
correlated with nutrient concentration in both mature and senesced leaves.

In both species, Nrg, Carg and Mgrg were weakly correlated with the stoichiometric
ratios (i.e. N:P, N:K and K:P) considered indicators of the types of nutrient limitation (Table
4.2). The correlation between nutrient resorption efficiencies and stoichiometric ratios was
generally stronger in C. calyculata than R. groenlandicum: Prg in both species was positively
correlated but Krg and Crg were negatively correlated with all three stoichiometric ratios only in
C. calyculata.

Few significant correlations between resorption efficiencies were observed in C.
calyculata, whereas in R. groenlandicum the resorption efficiencies were significantly correlated

with each other, except for Cagg.

4.4.4 The stoichiometric relationship between N, P and K during leaf senescence

Neither species showed evidence of N being the predominantly limiting nutrient under
any treatments, no samples falling in the N-limited section of the ternary diagram, nor were they
primarily N-limited even after P and K addition (Figure 4.3). The effect of fertilization on N:P:K
stoichiometry was more substantial in senesced leaves than in mature leaves. In both species, the
addition of P and K drove the symbols to the bottom left, reflecting an increase in the relative P

concentration, a decrease in the relative N concentration and little effect on the relative K
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concentration, compared to the control (i.e. moving parallel to the P-axis) (Figure 4.3). If N was
added alone, no substantial change was observed. For both species, after fertilized with PK (i.e.
PK, SNPK, 10NPK and 20NPK), leaf senescence generally increased the relative P concentration
and decreased the relative N concentration, but did not affect the relative K concentration
substantially, similar to the effect of P and K addition compared to the control or N-only

treatments (Figure 4.3).

4.5 Discussion
4.5.1 Resorption efficiency: boreal bog plants in the global context

We used leaf area-based nutrient concentration to derive nutrient resorption efficiency
because mass-based data can underestimate the resorption efficiency by up to 10% (van
Heerwaarden ef al. 2003a). Mass loss during leaf senescence is likely due to the removal of
compounds and carbohydrates (Nordell & Karlsson 1995). The leaves of both evergreen shrubs
contained ~54% C (Appendix 4.3) and assuming that leaf shrinkage of both sclerophyllous
species during senescence is negligible, we can estimate leaf mass loss based on Cgrg, which are
~27 and ~3% in C. calyculata and R. groenlandicum, respectively, under unfertilized conditions.
The leaf mass loss in C. calyculata is similar to the global average of evergreen angiosperms
(Vergutz et al. 2012), but the small mass loss in R. groenlandicum requires further investigation.

Vergutz et al. (2012) compiled a global dataset of nutrient resorption efficiency with the
averages of N, P, K, C, Ca and Mg for evergreen angiosperms (mainly tree species) being 56, 58,
56, 21, -5 and 12%, respectively. The Nrg and Prg are slightly higher than those reported by
Aerts & Chapin (2000) for evergreen species (50 and 55%, respectively), probably because their
study covered a larger proportion of evergreen species in boreal and subarctic ecosystems. Our
study indicated interspecific differences under natural conditions: in C. calyculata, the Crg
(27%) and Mggg (29%) were higher (P < 0.001) while Ngg (50%) and Prg (41%) were lower (P
< 0.001) than the global average and there was no significant difference for Krg (55%) and Cagrg
(4%) (P> 0.5). In R. groenlandicum, the resorption efficiency of all nutrients (N, P, K, C, Ca and
Mg: 24, 10, 28, 3, -26% and -16%, respectively) was significantly lower than the global averages
(P <0.001). The Ngrg and Pgrg in R. groenlandicum were also substantially lower than in a
congeneric species, R. lapponicum, in which Nrg and Prg were 78-79% and 80-85%,

respectively (Karlsson 1994). As both species are ericoid mycorrhizal evergreen shrubs,

45



mycorrhizal fungi may mediate uptake, reducing dependence on resorption from senesced
leaves.

Small (1972) reported the N, P and K concentration in fresh litters at Mer Bleue were 7.5,
0.3and 0.3 mg g in C. calyculata and 4.0, 0.3 and 1.1 mg g in R. groenlandicum (referred to
as Ledum groenlandicum in his work), respectively, similar to Killingbeck’s (1996) critical
values of potential N and P resorption proficiency for evergreen species. Therefore, we consider
these N, P and K concentration in fresh litters as the critical values of potential resorption
proficiencies under natural condition in C. calyculata and R. groenlandicum. C. calyculata
resorbs N and P proficiently by minimizing nutrient loss through litters (7.4 mg N g and 0.4 mg
P g in unfertilized senesced leaves; Appendix 4.4), while R. groenlandicum does not (8.4 mg N
g and 0.6 mg P g in unfertilized senesced leaves; Appendix 4.4). In contrast, neither species
resorbs K proficiently (1.8 and 3.2 mg K g”' in unfertilized senesced leaves of C. calyculata and
R. groenlandicum, respectively). The general trend of lower nutrient concentration, or higher
resorption proficiency, in the senesced leaves of C. calyculata than R. groenlandicum, apart from
Ca, suggests that C. calyculata adapts to nutrient-deficiency better than R. groenlandicum, by
minimizing nutrient loss. The two species did not show differences in SLA of mature leaves
(Appendix 4.1) but the difference appeared in the senesced leaves. A larger SLA in senesced
leaves contributes little to changes in leaf life span or morphological adjustment (Shipley et al.

2005), but reflects mass loss during leaf senescence.

4.5.2 Effects of fertilization on resorption proficiency and efficiency

Resorption proficiency and efficiency complement each other and are often used together
to investigate nutrient resorption. We found there was a strong negative correlation between
nutrient resorption efficiency and the nutrient concentration in senesced leaves (Table 4.2),
indicating that, in general, resorption efficiency and proficiency respond to nutrient addition
identically.

We found the addition of N or PK only weakly affected resorption directly (hypothesis 1)
and stoichiometric interactions played a more important role, given the significant positive effect
of N addition on P and K resorption (hypothesis 2). We found an inconsistent effect of
fertilization on Ca and Mg resorption and the two species resorbed Ca and Mg in different ways:

C. calyculata resorbed both Ca and Mg while R. groenlandicum resorbed neither (hypothesis 3).
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In general, the response of nutrient resorption to NPK addition depended on the types of nutrient
limitation.

As expected, after a decade of N addition combined with atmospheric N deposition (0.8 g
N m™ yr''), P was the predominant limiting nutrient or at least co-limited with N (Figure 4.3).
Contrary to our first hypothesis, the addition of N did not affect N resorption, regardless of the
levels of addition (1.6, 3.2 or 6.4 ¢ N m™ yr'"), supporting the argument of possible N saturation
in this ecosystem (Bubier e al. 2011). To maintain a balanced N:P:K stoichiometry, we
anticipated an increase in P and K resorption in response to N addition, especially under P-
(co)limited condition: we found Pgrg of both species was increased by high levels of N addition
(3.2 and 6.4 g N m™ yr'") which also increased Kgg of R. groenlandicum. This positive response
of P resorption to N addition follows the general anticipation that in a P-(co)limited ecosystem,
the conservation of P will be stimulated to meet the requirement of P when the availability of N
is increased (Rejmankova 2005).

A difference in resorption proficiency response to increasing nutrient availability among
species affects the role of vegetation in ecosystem nutrient cycling (van Heerwaarden ef al.
2003b), through a feedback between soil fertility and plant economics. Raising soil fertility
usually has positive effects on plant leaf nutrient concentration, increasing the amount of
nutrients returning to the soil. Increasing abundance of C. calyculata over R. groenlandicum after
a decade with the highest N level together with PK (i.e. 20NPK) (Bubier ef al. 2011) suggests
further attention to the relationship between nutrient resorption and changes in species
composition in bog ecosystems. The interspecific divergence in nutrient resorption can mediate
ecosystem nutrient cycling through stoichiometric interactions with consumers and decomposers
along the food webs (Sterner & Elser 2002). For example, the higher resorption proficiency in C.
calyculata than R. groenlandicum would further decrease litter decomposition by exacerbating
the mismatch of C:element ratios between plants and decomposers.

After the addition of PK alone for 12 years, P-(co)limitation was compensated but not yet
shifted into N limitation and the shrubs are on the margin of K limitation (Figure 4.3). This may
be related to K leaching through the peat owing to the high mobility of K under acidic conditions
in this ecosystem (Rydin & Jeglum 2006) and the lack of response of K resorption to PK
addition goes against our first hypothesis. The dominance of co-limitation by N and PK is

supported by changing shrub abundance in response to fertilization: the abundance of C.
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calyculata and R. groenlandicum under N- or PK-only treatments are not significantly different
from controls, whereas their abundance increased by ~50% under 10NPK and 20NPK treatments
(Larmola et al. 2013). There was a strong correlation between mature and senesced leaves’ P
concentration (Spearman’s p = 0.9), and the addition of PK increased the P concentration in
mature and senesced leaves to a similar extent, leading to a higher P resorption proficiency but
unchanged efficiency. This response of resorption proficiency over efficiency to nutrient addition
has been discussed in subarctic bogs species (van Heerwaarden et al. 2003b), mangroves (Feller
et al. 2003; Rejmankova 2005) as well as a perennial herb (Anderson & Eickmeier 2000).
Contrary to our second hypothesis, PK addition did not significantly increase N resorption. The
weak trend of increasing N resorption efficiency and proficiency in response to PK addition in
both species implies the increase in N resorption cannot keep pace with the increasing P
concentration, leading to an ultimate shift in nutrient limitation.

There was no general, strong interactive effect among N, P and K resorption, contrary to
our expectation and the few significant effects are mainly due to the cumulative rather than the
interactive effect of N and PK. For example, although 5N, 20N and PK can increase Nrg
substantially but insignificantly (from a statistical perspective), their combination showed a
significant increase of Nrg in SNPK and 20NPK treatments in C. calyculata and R.
groenlandicum respectively.

The lack of correlation between mature and senesced leaves’ N concentration to a certain
extent supports the argument that a large portion of N in mature leaves is probably stored as
amino acids. These are easy to transport when resorbed (Chapin & Kedrowski 1983) and reduce
the risk of toxic effects of ammonium through excess N availability (Bubier et al. 2011).

Contrary to our third hypothesis, there was interspecific divergence in Ca and Mg
resorption, with Ca accumulation in R. groenlandicum and Mg resorption in C. calyculata during
leaf senescence. However, C. calyculata can resorb Ca as reported in grasslands and alpine
forests (Ralhan & Singh 1987; Peri & Lasagno 2010), while R. groenlandicum did not conserve
Mg through resorption (i.e. resorption efficiency < 0). The positive resorption of Ca and Mg in
C. calyculata is attributable to the conservation of these two important cations in bogs, and might
facilitate the growth of C. calyculata in acidic ombrotrophic environment where the available Ca

and Mg are extremely low and benefit its competitive advantage over R. groenlandicum.
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4.5.3 Stoichiometric relationships and the implications for bogs

Bogs, covering 760,000 km? in Canada (Tarnocai 2006), are generally poor in nutrients,
dominated by evergreen shrubs and mosses and nutrient retention and recycling by plants play an
important role in the functioning of these peatland ecosystems, one process being the resorption
of nutrients from senescent leaves. Elevated rates of atmospheric deposition of nutrients,
especially N, and global warming (Rustad et a/. 2001) have increased nutrient availability. Thus,
determining shrub nutrient resorption and the effect of added nutrients are important in the future
of these important C-sequestering ecosystems. Our results illustrate that, although C. calyculata
and R. groenlandicum share the same habitat and have a similar leaf life span and N and P
concentration in mature leaves, they have different resorption characteristics.

Under natural conditions, a substantial portion of N, P and K were resorbed (10-55%)
during leaf senescence in the two shrubs, though Ca and Mg resorption was lower and R.
groenlandicum showed a gain in Ca and Mg in some treatments during senescence. Fertilization
with PK (i.e. PK, SNPK, 10NPK and 20NPK) drove the trend of increasing relative
concentration of P, decreasing N and not affecting K in both mature and senesced leaves in the
ternary diagram. A similar pattern was observed during leaf senescence (i.e. difference between
mature and senesced leaves) under PK treatments, suggesting that litter decomposition could
become more N-limited after P and K fertilization. By resorbing nutrients proficiently, the shrubs
maintain a low nutrient concentration in the litter, with likely slower decomposition rates,
thereby linking the leaf economy and soil processes and imposing a feedback on nutrient cycling.

The lack of correlation between Ngg and the resorption efficiency of other nutrients,
especially P, confirms that N and P resorption are not always coupled, as the hydrolysis
processes of N and P during leaf senescence are regulated by independent mechanisms
(Rejmankova 2005). The Nrg showed no correlation with the types of nutrient limitation, as
indicated by the stoichiometric ratios (Table 4.2). In contrast, Prg in general positively correlated
with N:P and K:P ratios, appearing to be against the argument that there is no relationship
between nutrient resorption and the types of nutrient limitation among wetland graminoids
(Giisewell 2005a). However, our results indirectly confirmed the conclusion from Rejmankova
(2005) that P resorption was significantly higher in the P-limited plots, facilitating adaptation to
nutrient limitation. This may be an important strategy of these two shrubs at Mer Bleue Bog,

adapting to increased N deposition (from ~0.2 to ~0.8 g m™ yr'').
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C. calyculata and R. groenlandicum are two dominant shrubs in boreal peatlands and
appear similar in many characteristics including leaf-level photosynthetic capacity, leaf
chemistry and morphology (Bubier etz al. 2011), yet resorbed nutrients in different ways during
the long-term fertilization: C. calyculata showed a greater ability to resorb nutrients than R.
groenlandicum by embracing a higher SLA in senesced leaves. Other physiological controls of
the interspecific difference in terms of resorption efficiency and proficiency in response to the
increased soil N, P and K availability remain unknown, but observed changes in species
composition can pose a strong impact on nutrient cycling through nutrient resorption. Recent
reviews of nutrient resorption have established broad patterns, mainly in forests and grasslands
(Yuan & Chen 2009a, b; Vergutz ef al. 2012). Our study advances the understanding of the
stoichiometric interactions of multiple limiting nutrients in bog ecosystems, showing the large
variation between species within PFTs in nutrient resorption (Nordell & Kalsson 1995; Aerts
1996; Eckstein ef al. 1998; Aerts & Chapin 2000). Changes in species composition through
changing nutrient limitation, owing to nutrient enrichment or global warming, could mediate

ecosystem nutrient cycling in bog ecosystems.
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Table 4.1 The fertilization experimental design at Mer Bleue Bog.

Treatment Start year N (gm?yr') P(gm?yr') K(gm”yr)
Experiment 1

Cl 2000 0 0 0
PK 2000 0 5 6.3
5N 2000 1.6 0 0
SNPK 2000 1.6 5 6.3
10NPK 2001 32 5 6.3
20NPK 2001 6.4 5 6.3
Experiment 2

C2 2005 0 0 0
10N 2005 32 0 0
20N 2005 6.4 0 0

N fertilization levels equal 5, 10 and 20 times the estimated summer time atmospheric wet N

deposition and treatments are abbreviated accordingly. C1 and C2 are the controls (added

distilled water only) for the two sets of experiment, respectively.
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Table 4.2 The correlation among leaf area based N, P, K, C, Ca and Mg concentration in mature leaves (subscript ‘m’), senesced leaves (subscript ‘s”), their nutrient resorption efficiencies (subscript ‘RE”) and stoichiometric

ratios (N:P, N:K and P:K) of C. calyculata (the bottom left) and R. groenlandicum (the upper right).

Nm Pm I<m Cm Cam Mgm Ns Ps Ks Cs Cas Mgs NRE PRE KRE CRE CaRE MgRE N:Pm N:Km I<:Pm

N -0.14  0.43* 0.77% 0.28* 0.30* 0.23 -0.21  -0.01 0.28% 0.04 -0.24  0.35* 0.19 0.37¢ 038* 0.05 0.48* 045* 037 0.27*
P 0.06 0.08 -0.11 -0.01 0.33* -0.42* 0.88* 0.10 -0.40* -0.20 027 031* -0.27¢ 005 024 025 013 -093* -022 -0.9I%
K 0.32*%  0.73* 0.43% -0.05 0.09 -0.02 000 0.15 0.02 -0.08 -0.32*% 027¢ -0.04 047* 035* -0.14 040* 005 -0.64* 0.27
Cnm 0.37% -0.27* -0.12 0.56* 0.51* 0.29* -0.22 0.02 0.52* 0.27 0.06 015 0.13 033* 037/ 009 044* 036* 021 027*
Ca, -0.42* -0.35* -0.55* 0.20 0.51* 022 -0.11 009 047¢ 0.53* 0.33* -0.10 -0.02 -0.05 -0.04 026 0.11 0.13 034* 0.02
Mg, -0.40* 0.16 -0.18 0.03 0.52* -0.03 022 -0.12 0.13 0.16 0.39* 018 -0.01 0.27¢ 0.28* 0.10 0.55* -0.18 0.13 -0.26
N; 023 -024 -022 0.19 0.13 0.06 -0.29% 0.27*  0.69* 0.48 0.18 -0.54* -021 -0.12 -0.31* -0.27* -0.13 0.46* 027% 0.42*
Py -0.10 0.84* 0.65* -0.50* -0.28* 0.14 -0.09 0.27% -0.29* -0.11 030* 021 -0.50* -0.11 0.11 0.09 001 -0.88* -0.19 -0.86*
K, 020 0.28% 0.44* 016 -028* -0.26 0.30* 0.32* 0.31* 0.20 0.13 -0.24 -0.40* -0.5I* -025 -0.08 -0.20 -0.10 -0.12 -0.04
Cs 0.43* -0.46* -0.40* 0.51* 0.09 -0.17 0.54* -0.52* 0.08 0.69* 0.45* -044* -0.11 -0.09 -037¢ -0.23 -0.22 0.45* 023 0.42*
Ca, -0.24  -0.42* -0.63* 0.13  0.54* 0.29* 0.38* -0.34* -0.40* 0.49* 0.51* -0.47* -0.28* -0.15 -0.45* -0.33* -0.35* 0.21 0.18 0.19
Mg, -0.21 -0.05 -0.35* -0.02 030* 035 0.17 -0.10 -0.45* 0.18 0.68* -0.28* -0.29* -0.22 -0.31* -0.15 -0.40* -0.30* 0.09 -0.32%
Nreg  0.42*% 027 0.45* 0.07 -0.44* -0.34* -048* 0.01 -0.05 -0.13 -0.53* -0.25 022  042% 0.65% 027 048 -0.17 -0.02 -0.24
Pre 024 -0.54* -0.43* 059* 022 -0.06 0.06 -0.83* -0.17 0.54* 0.28% 0.08 0.09 0.34* 032* 0.14 024 032* 0.16 0.29*
Kre 022 0.59% 0.57% -0.29* -023 0.16 -0.19 0.56* -0.15 -0.42* -0.30* 0.04 026 -0.38* 0.57% -0.09 046* 0.08 -022 0.15
Cre -024  0.33* 0.32* -0.14 -0.04 0.09 -0.39* 0.32* 009 -0.67* -0.40* -0.20 0.18 -0.21 0.32* 025 0.64* -0.08 -0.08 -0.11
Cagg 006 0.17 026 -0.06 -0.09 -0.10 -0.24 0.12 034* -0.34* -0.48* -0.42* 0.17 005 -0.02 0.42* 0.31* -0.18 0.19 -0.30*
Mggg -0.26 0.19 0.15 -0.02 0.14 028 -0.28 0.16 0.18 -0.32* -0.3/* -0.36* 0.08 -0.08 0.04 033* 032* 0.06 -0.02 0.01
N:Py  0.28% -0.91* -0.64* 0.41* 0.27¢ -0.23 0.28* -0.85* -0.28* 0.59* 0.38* 0.09 -0.10 0.62* -0.45* 0.40* -0.15 -0.28* 0.33*  0.91*
N:Kn 013 -0.78* -0.87* 0.35% 0.42* 003 0.27% -0.77% -0.40* 0.60* 0.52* 025 -022 0.62* -0.49* -0.43* -022 -023 0.85* -0.03

K:P, 021 -0.84* -0.34* 0.41* 0.14 -0.36* 0.18 -0.76* -0.13 0.42* 021 -0.07 0.00 0.52* -0.39* -023 -0.13 -0.26 0.85*% 0.52*
Spearman’s correlation coefficient (n = 54) are shown. Asterisks indicate significant results, which are also highlight in italic.
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Figure 4.1 N, P, K, C, Ca and Mg concentration (mg cm™) (a-f) in senesced leaves of C.

calyculata (left bar) and R. groenlandicum (right bar) in response to long-term N, P and K

fertilization. Values are mean + standard error (n = 6). Open and pattern filled bars are treatments

in experiment 1, and light and dark grey filled bars are treatments in experiment 2. Open and

filled stars indicate significant difference between individual treatments and the controls in

respectively (P < 0.05). Treatment abbreviations as described in Table 4.1.
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Figure 4.2 Nutrient resorption efficiency of N (Ngg), P (Pre), K (Kgg), C (Crg), Mg (Mggrg) and
Ca (Cagg) (a-h) of C. calyculata (diamonds) and R. groenlandicum (triangles) in response to
long-term N, P and K fertilization. Values are mean =+ standard error (n = 6). Open and filled
stars above the symbols indicate significant difference between individual treatments and
controls in C. calyculata in experiment 1 and 2, respectively; open and filled stars below the
symbols indicate significant difference between individual treatments and controls in R.

groenlandicum in experiment 1 and 2, respectively (P < 0.05). Treatment abbreviations as

described in Table 4.1.
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Figure 4.3 Ternary diagram showing the stoichiometric relationship of N, P and K in the mature
and senesced leaves of C. calyculata (a) and R. groenlandicum (b) in response to long-term N, P
and K fertilization. Open and filled symbols indicate mature and senesced leaves, respectively.
Dashed lines indicate the critical ratios of N:P (14.5), N:K (2.1) and K:P (3.4) (Olde Venterink et
al. 2003). These lines divide the plot into four parts, and three of them indicate N-limitation (N
section), P or P, N-colimitation (P or P+N section) and K or K, N-colimitation (K or K+N
section), respectively. For the central triangle section, the stoichiometric ratio cannot be used to
determine the type of nutrient limitation or this is non-NPK limitation. For visual reasons, the P
concentration is multiplied by a factor of 10. Arrows show the direction in which the axes should

be read. Treatment abbreviations as described in Table 4.1.
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Chapter 5. Differences in stoichiometric homeostasis between shrubs and

bryophytes in an ombrotrophic peatland in response to long-term fertilization

(Submitted to Plant and Soil, in revision)

Context within the thesis

In the context of global changes, especially increasing atmospheric deposition due to
anthropogenic activities, the stoichiometric response of vegetation in nutrient-deficient bogs to
these changes becomes critical. The substantial difference in leaf-level stoichiometry among
PFTs (Chapter 3) and the interspecific difference in nutrient resorption characteristics in
response to long-term N, P and K fertilization (Chapter 4) provides the rationale to evaluate the
impact of long-term fertilization on the foliar stoichiometry in the dominant species/PFTs. The
long-term fertilization experiment at Mer Bleue Bog offers a great opportunity to investigate the
response of foliar tissue concentration of nutrients and also a test of stoichiometric homeostasis,
which has been suggested to regulate the stability and productivity of plant community in
grassland ecosystems. This chapter examines whether similar mechanism is applicable to

ombrotrophic bog ecosystem.
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5.1 Summary

Stoichiometric homeostasis is the degree to which organisms maintain a constant nutrient
stoichiometry despite major fluctuation in resource stoichiometry. Homeostasis is a keystone
concept of ecological stoichiometry, while its relationship with changing species abundance of
shrubs and bryophytes in response to environmental changes in ombrotrophic bogs remains
unknown. We examined the changes in foliar stoichiometry and species abundance of shrubs and
moss after N, P and K fertilization over a decade at Mer Bleue Bog in eastern Canada. Shrubs
exhibited the strongest homeostasis to N with the homeostatic regulation coefticient (H) > 10.0,
compared to 1.4 in moss. Shrubs showed weaker homeostasis to P and K, with H of 4.7-6.6 and
4.3-6.9, respectively, whereas moss had stronger homeostasis to P and K than N with H of 2.4
and infinity respectively. Shrub abundance increased and moss cover decreased with heavy NPK
fertilizations. Strong homeostasis of shrubs may be a long-term adaption to impoverished soil.
Moss has weak homeostasis and only benefits from limited nutrient availabilities and the harsh
micro-environment. The dominance of shrubs with strong homeostasis does not increase

ecosystem productivity and the loss of moss weakens the C sink potential.

5.2 Introduction

Ecological stoichiometry deals with the balance of multiple elements in ecological
interactions and processes, and links the physiological controls at the cellular or organismal level
to biogeochemical patterns at the global scale (Sterner & Elser 2002). Stoichiometric
homeostasis is the degree to which an organism maintains its body chemical composition
constant, despite changes in the chemical composition of the external environment (Kooijman
1995). The degree of stoichiometric homeostasis of an organism is critical to food webs and
ecosystem functioning in the context of elemental imbalance between organisms and external
conditions (Frost et al. 2005). Yu et al. (2010a) demonstrated that species with strong
homeostasis are dominant in an Inner Mongolia grassland communities and lead to high
productivity and stability.

Stoichiometric homeostasis is generally considered to increase from autotrophic to
heterotrophic organisms (Sterner & Elser 2002). Autotrophs often show weak homeostasis as
their body stoichiometry can vary to a large extent in response to the fluctuations in resource

stoichiometry (Rhee 1978; Sterner et al. 1992; Loladze et al. 2000). In contrast, heterotrophs
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may be strictly homeostatic with body stoichiometry constant despite major fluctuations in the
elemental composition of their resources (Levi & Cowling 1969; Goldman et al. 1987; Andersen
& Hessen 1991; Sterner et al. 1992). Although this generality is often questioned (DeMott &
Pape 2005; Jeyasingh et al. 2009; Persson ef al. 2010), it offers important insights to the
understanding of consumer-resource interaction, element and energy transportation along the
food web and biogeochemical cycling of critical elements in ecosystems (Sterner & Elser 2002).
Sterner & Elser (2002) defined a homeostatic regulation coefficient (H) to quantify the

degree of stoichiometric homeostasis from the power function of y = cx"”, where y and x are the

stoichiometry (masses or ratios of substances) of the organism and the external conditions (e.g.
food or external environment), respectively, and c is a constant. The lack of stoichiometric
homeostasis has been reported in algae with H =1 (Rhee 1978): the body stoichiometry of algae
perfectly reflects that of the external substance. In contrast, marine bacteria (Goldman ef al.
1987), fungi (Levi & Cowling 1969) and zooplankton (Zauke ef al. 1998) have been reported to
show strict homeostasis (i.e. H approaches infinity). Little is known about the stoichiometric
homeostasis of terrestrial plants, which are expected to show stronger homeostasis than algae or
fungi (Sterner & Elser 2002; Yu et al. 2011). For example, Glisewell (2004) reported a range of
1.7 to 4.6 in the H value of N:P ratio (Hx:p, the aspect of elements/ratios as subscript and
hereafter) in herbaceous plants. Yu et al. (2011) reported Hn, Hp and Hx-p ranging from 1.9 to
14.5 in grass and forb species in a grassland. The association between strong homeostasis and
conservative nutrient use suggests an important ecological strategy in other nutrient-deficient
ecosystems.

Northern peatlands store 547 Gt (~30%) of global soil organic C (Yu ef al. 2010b),
related to slow rates of plant production and organic matter decomposition (Charman 2002).
Covering 760,000 km? in Canada (Tarnocai 2006), ombrotrophic (rain-fed) bog peatlands have
extremely low nutrient availabilities, especially N and P, and plant growth is often co-limited by
N and P (Wang & Moore 2014). Stoichiometric homeostasis in bogs remains unknown,
especially for bryophytes such as Sphagnum moss which is the ‘ecosystem engineer’ in northern
peatlands and contributes to their capacity of C sequestration (van Breemen 1995).

We acknowledge the term “homeostasis” has broader implications in other fields and it
may be controlled by factors other than nutrient availabilities and interactions. Here, we confined

homeostasis to the stability of nutrient concentrations and stoichiometric ratios in
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photosynthetically active tissues (i.e. leaves of shrubs and capitula of mosses) in response to
different levels of fertilization. We examine stoichiometric homeostasis in a fertilized northern
ombrotrophic bog with the metric of H and link homeostasis to changes in plant community
composition. We measured foliar stoichiometry and species abundance of 4 shrubs and a
combination of 3 moss species in response to N, P and K fertilization over a decade at Mer Bleue
Bog in eastern Ontario, Canada. The elevated N deposition over the past decades in eastern
Canada (Turunen ef al. 2004) may account for the predominant N and P co-limitation at Mer
Bleue Bog. Therefore, we anticipated that N-only additions would not facilitate further uptake of
N proportionally owing to the deterioration of P (or K-co) limitation compared to the addition
with NPK together. Similar assumption would hold for PK-only versus NPK treatments. As a
result, we hypothesized:

(1) In N-only plots, plants would show stronger homeostasis to N (i.e. less responsive to N-only
fertilization) than fertilized with NPK, that is, Hxeny > FANENPK)-

(2) In PK-only plots, plants would show stronger homeostasis to P than in NPK plots, that is,
Hp(+pk) > Hp(npK).-

(3) There would be no difference in the degree of homeostasis to K between two sets of

experiments (PK-only versus NPK), as K is not a limiting nutrient.

5.3 Materials and Methods
5.3.1 Study site and species description

This study was conducted at Mer Bleue Bog located 10 km east of Ottawa, eastern
Ontario, Canada (45.40°N, 75.50°W). The monthly average air temperature in January and July
is -10.8 and 20.9 °C respectively, with the mean annual temperature 6.0 °C (Bubier et al. 2007).
The average precipitation from May to August is 350 mm with the mean annual precipitation
943 mm (76% as rainfall) (Canadian Climate Normals 1981-2010). The total atmospheric wet N
deposition at Mer Blue Bog is ~0.8 g m™ yr'' (Turunen et al. 2004) and the total wet P deposition
in eastern Canada ranges from 6 to 26 mg P m™ yr”' (R. Vet personal communication).

Two sets of fertilization experiments were established with triplicate 3 x 3 m plots on the
hummock microtopography at Mer Bleue Bog. Experiment 1 started in 2000 and 2001, and
experiment 2 started in 2005 (Table 5.1) with 27 plots in total and a spatial extent of ~600 m”
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(~20 % 30 m). Nitrogen was fertilized as ammonium nitrate (NH4NOs3), and P and K were applied
as monopotassium phosphate (KH,PO,) every 3 weeks from May to August.

The dominant vascular plants are evergreen shrubs: Chamaedaphne calyculata (L.)
Moench and Rhododendron groenlandicum (Oeder) K.A. Kron & W.S. Judd (formerly Ledum
groenlandicum Oeder), with deciduous Vaccinium myrtilloides Michx. and evergreen Kalmia
angustifolia L. distributed sparsely in all the plots. The dominant mosses Sphagnum capillifolium
(Ehrh.) Hedw., S. magellanicum Bird. and Polytrichum strictum Brid. survive mainly in the

control plots and those with a low level of fertilization.

5.3.2 Foliar sampling and chemical analysis

Two samples (~40 leaves each, exclusive of petioles) of fully expanded and sun-exposed
current year’s leaves of evergreen shrubs and mature leaves of deciduous V. myrtilloides from
each plot (n = 6) were collected from July 9 to 11, 2012. The capitulum of S. capillifolium, S.
magellanicum and the upper 1 cm of new growth of P. strictum were collected and combined to
one sample from each plot (n = 3). Each sample consisted of over 90% of Sphagnum mosses and
less than 10% of P. strictum. Samples were oven-dried at 60 °C to a constant weight and ground
(Wiley Mini Mill 3383-L10, Thomas Scientific, USA) to fine powder (60-mesh sieve). Carbon
and N concentration were determined by dry combustion on an elemental analyzer (Leco CNS
2000, Leco Corporation, St. Joseph, Michigan, USA). Total P concentration was measured
colorimetrically by ammonium molybdate-ascorbic acid method (Murphy & Riley 1962) on a
Larchat Quik-Chem AE flow-injection auto-analyzer (Lachat Instruments, Milwaukee,
Wisconsin, USA), after digestion in concentrated sulphuric acid and hydrogen peroxide with
selenium and lithium sulphate as catalysts (Parkinson & Allen 1975). After digestion, samples
were filtered by 0.45 um glass fibre filters (MN 85/90, MACHEREY-NAGEL GmbH & Co.
KG, Germany) before analyses. Potassium, Ca and Mg concentrations were determined on an

atomic absorption spectrophotometer (PerkinElmer model 2380, PerkinElmer Inc., USA).

5.3.3 Soil nutrient availability
Plant root simulator (PRS™) ion-exchange resin probes (Western Ag Innovations,
Saskatoon, Canada) were used to determine the availabilities of N (the total of ammonium and

nitrate), P (phosphate), K, Ca and Mg in peat soil at the peak growing season (July 1 to 31,
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2012). Four pairs of PRS™ probes, one set adsorbing cations and the other adsorbing anions,
were installed 10 cm below the peat surface in each plot for a period of one month. After
retrieval, all soil and litter residues were brushed off the probes and the probes were rinsed with
deionized water and stored at 4 °C until analysed. Probes were extracted with 0.5 M HCI] and
ammonium and nitrate concentration in the extractant were analyzed colorimetrically using an
automated flow injection analysis system (Technicon Autoanalyzer II, Technicon Instrument
Corporation, Tarrytown, New York, USA). Phosphate, K, Ca and Mg were measured by
inductively-coupled plasma spectrometry (PerkinElmer Optima 3000-DV ICP, PerkinElmer Inc.,
Shelton, Connecticut, USA). More details about the preparation and analysis of PRS™ probes
can be found in Hangs et al. (2004). Nutrient availabilities were reported as mg m™ of the

membrane surface area over one month (Appendix 5.1).

5.3.4 Point intercept measurements

Vegetation structure and species composition were measured mid-July 2011 using a point
intercept method (Larmola et al. 2013). The number of times (‘hits’) a plant species and organ
(e.g. leaf/woody stem/flower/moss shoot) came in contact with a metal rod (radius 4 mm) over
61 grid points in preinstalled 60 x 60 cm collars was recorded in each plot. We analyzed the
among-treatment differences in abundance (the total hits to leaf and woody stem) of C.

calyculata, R. groenlandicum, K. angustifolia and V. myrtilloides and in the cover of mosses.

5.3.5 Statistics

All data were log10(x+1) transformed and the raw (untransformed) data were reported in
the figures and tables. The overall variation among treatments in nutrient concentrations and
stoichiometric ratios was examined using One-way ANOVA for experiment 1 and 2 separately.
Levene’s test was conducted to examine the homeogeneity of the variance. Difference between
individual treatments and corresponding control were assessed by Dunnett’s post hoc test for
experiment 1 and 2 separately. Difference among species under the same treatment was
examined by Tukey’s post hoc test.

The homeostatic regulation coefficient (/) was estimated by linearizing the power

function ( y = cx""") using logarithms (Sterner & Elser 2002):
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_ log(x)
log(y) =log(c)+ T

where y is the nutrient concentration or stoichiometric ratio in leaves or capitula, x is the nutrient
availability or stoichiometric ratio in the peat from PRS™ probes and ¢ is a constant. As H was
expected to be equal or greater than 1 (Sterner & Elser 2002), the slope (1/H) should be between
0 and 1 and we used a one-tailed ¢ test with a=0.1 to examine the significance of the slope to be
greater than 0. When the regression relationship was insignificant (i.e. P> 0.1), 1/H was usually
set to 0 (i.e. H approaches infinity) (e.g. Makino et al. 2003) and the organism was considered
strictly homeostatic. However, simply considering the organism as strictly homeostatic when the
ordinary least squared regression slope is insignificant (P > 0.1) does not discriminate the cases
of strict homeostasis from highly variable stoichiometry in organisms arising from noisy data
and other factors controlling an organism’s stoichiometry, other than resource stoichiometry. For
each case when the regression relationship was insignificant, we compared the root mean square
of error (RMSE) (i.e. the residual error) (Zar 1999) for each nutrient concentration and
stoichiometric ratio with their standard deviation. If these two metrics did not differ, we
considered it appropriate to classify this as strict homeostasis (Persson et al. 2010). The
normality of all the data was examined by Shapiro-Wilk test.

For each aspect of H (Hn, Hp, Hx, Hn.p, Hn:x and Hy.p), we examined the difference in H
that were derived from different sets of treatments (i.e. +N, +PK and +NPK) for each species by
comparing the difference between/among regression slopes (Zar 1999). For each aspect of H, we
only included controls (C1 and C2) and the treatments that had direct fertilization effect on the
resource stoichiometry. Specifically, for Hy, we included N-only treatments (5N, 10N and 20N),
NPK treatments (SNPK, 10NPK and 20NPK) and controls. For Hp, Hx and Hk.p, we included
PK-only treatment, NPK treatments and controls. For Hx.p and Hx.x, we included all treatments.
If there was no significant difference in H between/among different sets of treatments, H was
reported by combining all data in the regression analysis.

We also examined the inter-specific difference in each aspect of H by comparing the
regression slopes among C. calyculata, K. angustifolia, R. groenlandicum, V. myrtillodies and
moss. The result showed that there were significant differences between Hp derived from PK-
only treatment (i.e. Hp(:pk)) and NPK treatments (i.e. Hpnpk)) for C. calyculata and K.

angustifolia, and among Hy.p@N), Hn:pe+pky and Hy.pnek) for C. calyculata (Table 5.2). Therefore,
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we used Hp(ipk) of C. calyculata and K. angustifolia, and Hx.pi+nek) of C. calyculata for the
multiple comparison among species by including treatments that only had direct fertilization
effect on the resource stoichiometry.

All statistical analyses were conducted in JMP 10 software (SAS Institute,
Cary, NC).

5.4 Results
5.4.1 Fertilization effects on nutrient concentrations among species

The N concentration in the leaves of the shrubs (8.5 to 15.7 mg g™') was not significantly
different between fertilized plots and the controls (P > 0.05; Figure 5.1a). The N concentration in
moss varied from 3.6 to 26.1 mg g with different levels of fertilization. Moss species in the
10NPK and 20NPK plots showed a significantly larger N concentration (16.1 + 0.6 and 26.1 +
1.6 mg g, respectively, mean + SE) than in C1 plots (3.6 £ 2.1 mg g™') (P < 0.05). Among all
species, N concentration in moss was the smallest in C1 plots (P < 0.01) and the largest in
20NPK plots (P < 0.001).

The P concentration varied from 0.7 to 2.5 mg g™ in shrubs and 0.5 to 4.6 mg g in moss
under different levels of fertilization (Figure 5.1b). The P concentration in all species was
significantly larger in PK and NPK plots (1.6 to 4.6 mg g™') than in C1 plots (1.0to 1.1 mg g™")
(P <0.001). The P concentration in moss was significantly larger in 20N plots (0.9 + 0.1 mg g™")
than in C2 plots (0.7 = 0.04 mg g'l) (P =0.007) and it was significantly larger than that in shrubs
in PK and NPK plots by up to 173% (P < 0.01), and significantly smaller than shrubs in 10N
plots by up to 63% (P <0.01).

The K concentration varied from 3.2 to 8.3 mg g™ in shrubs and 1.0 to 1.6 mg g™’ in moss
with different levels of fertilization (Figure 5.2a). In general, K concentration in shrubs was
significantly larger in PK and NPK plots (5.7 to 8.4 mg g™') than in C1 plots (3.6 to 5.5 mg g™")
(P <0.05), except for V. myrtilloides in 10NPK and 20NPK plots (P > 0.1). There was no
significant difference in K concentration between fertilized plots and the controls in moss (P >
0.5) which showed significantly smaller K concentration than shrubs in all plots by up to 86% (P
<0.001).

The Ca concentration did not vary substantially between the controls (3.7 to 5.6 mg g™)
and fertilized plots (2.4 to 6.0 mg g™') (Figure 5.2b). Generally, the highest level of N addition
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alone (20N) or with PK (20NPK) reduced Ca concentration, whereas no identical fertilization
effect occurred for Mg (Figure 5.2¢). V. myrtilloides showed significantly larger Mg
concentration than the other shrubs (P < 0.05). The Mg concentration in moss (4.9 to 9.6 mg g)
was significantly larger than in shrubs (0.7 to 2.3 mg g™') in all plots by up to ten-fold (P <
0.001).

5.4.1 Changes in species abundance in response to fertilization

The abundance of C. calyculata significantly increased in 20NPK and 10N plots
compared to C1 (P =10.04) and C2 (P = 0.03) respectively (Figure 5.3a). The moss cover
decreased in PK and NPK plots as well as 20N plots compared to C1 and C2, respectively (P <
0.05; Figure 5.3¢). In 20NPK plots, moss cover was substantially reduced by 99.7% compared to
C1 (P <0.001). In general, C. calyculata was the dominant shrub in most of the plots,
comprising 35 to 92% of the shrub abundance (Figure 5.3a), followed by R. groenlandicum at 5
to 50% and it dominated in 20N plots (50%) (Figure 5.3c). The total abundance of shrubs was
significantly larger in 10NPK and 20NPK plots than in C1 by 87 and 81% respectively (P <
0.001; Figure 5.31).

5.4.2 Stoichiometry and homeostasis

Shrubs showed similar N:P:K stoichiometric characteristics to each other with
considerable variation among replicates in response to fertilization in mid-July (Figure 5.4),
showing N limitation after P and K addition (i.e. PK, SNPK, I0NPK and 20NPK), and P or P, N-
colimitation after high levels of N addition (i.e. 10N and 20N) (Figure 5.5a). Moss species
showed a consistent pattern of K or K, N-co-limitation, even in PK and NPK plots (Figure 5.5b).

In general, all shrubs showed large values of Hy, ranging from 10.0 (R. groenlandicum)
to infinity (V. myrtilloides) and moss showed a significantly smaller Hx of 1.4 (P <0.001; Table
5.2). All shrubs showed weaker homeostasis to P and K compared with N, with values of 4.7 to
6.6 (Hp) and 4.3 to 6.9 (Hk), whereas moss showed a stronger homeostasis to P and K with H of
2.4 (Hp) and infinity (Hx), compared to N. Moss showed a significantly smaller Hp than shrub
species (P < 0.001). There was no consistent pattern of the homeostatic coefficient of

stoichiometric ratios (Hx.p, Hx:x and Hy.p) compared to Hy, Hp and Hg accordingly.
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The interaction between N and PK treatments showed a significant effect on some
aspects of the homeostasis coefficient in C. calyculata and K. angustifolia: Hp was significantly
larger in PK plots than in NPK plots (i.e. Hp¢pk) > Hpenek)) (Table 5.2). In C. calyculata, Hx.p
was significantly larger in N or PK plots than in NPK plots (i.e. An.pen) > Hy:penek) and

HN:p+pK) > HN-PNPK))-

5.5 Discussion
5.5.1 Stoichiometric homeostasis in bog vegetation

Persson et al. (2010) suggested that the assumption of flexible stoichiometry in
autotrophs and strict homeostasis in heterotrophs was oversimplified and should be utilized with
caution. Yu et al. (2011) examined the stoichiometric homeostasis of two grass and one forb
species in a semiarid grassland and found that it was stronger than in algae or fungi but weaker
than in animals. In our study, bog shrubs show strong homeostasis with H ranging from 3.4 to
infinity, similar to that observed in dominant grassland species (3.1 to 14.5) (Yu ef al. 2011) and
stronger than those compiled by Giisewell (2004) on herbaceous plants (1.7 to 4.6). Hx.p varied
from 4.3 to 9.6 in C3 and C4 grass species and Carex sedges in a northern mixed-grass prairie
(Dijkstra et al. 2012), while Elser ef al. (2010) found a much weaker homeostasis in two C3
grass species and Carex sedge, with Hy.p ranging from 2.2 to 3.7; the smaller variation in soil
N:P ratios in the study by Elser ef al. (2010) than by Dijkstra et al. (2012) may account for this.
The strong homeostasis in shrub leaves in our study may be related to phenotypic plasticity and
nutrient translocations and the allocation of biomass and nutrients to belowground tissues. Yu et
al. (2011) noted that the strong homeostasis in the aboveground biomass was associated with
weak homeostasis in the belowground biomass and vice versa. At Mer Bleue, hummock shrubs
allocate a large proportion of their biomass belowground with the aboveground/belowground
biomass ratios of 0.56 + 0.30 (mean + SD) (Murphy et al. 2009), suggesting a great potential of
modulating the elemental composition in belowground biomass to keep foliar elemental
composition stable.

In contrast, as less developmentally complex plants, moss showed weak homeostasis in
the photosynthetically active tissues (i.e. capitulum) with H ranging from 1.4 to 3.0, except for
K. Mosses have powerful capillary networks, especially in Sphagnum, which can transport water

and metabolites upwards to the growing capitulum (Rydin & Clymo 1989; Aldous 2002; Rydin
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& Jeglum 2006). With a large increase in N input, Sphagnum moss may not be able to assimilate
all the N resulting in the storage of N as amino acid (Limpens & Berendse 2003) and account for
the weak homeostasis to N in moss. Furthermore, moss continuously creates cation exchange
sites which may efficiently capture the nutrients from fertilization without assimilating all of

them into living cells (Rydin & Jeglum 2006), and thus exhibit weak homeostasis.

5.5.2 Interaction of multiple elements affects homeostasis

The homeostasis of the N:P ratio is generally considered stronger than that of N and P
alone (Yu et al. 2010a; Yu et al. 2011), as N and P are usually coupled in major biochemical
components, such as nucleic acids and adenosine triphosphate (ATP), and the change in the
composition in one is often accompanied by a change in the other. However, we did not find any
consistent pattern of stronger homeostasis of N:P ratio than N and P, and the homeostasis of N:K
and K:P ratios were not consistently stronger than N, P and K. As N is probably saturated in this
ecosystem after excessive N input, the stoichiometric ratios are controlled by the variation in P
and K concentrations. Therefore, the stoichiometric ratios may vary as much as each individual
element and show weaker homeostasis than in other studies.

Contrary to our first hypothesis that plants would show stronger homeostasis to N in N-
only plots than in NPK plots due to N and P interaction, there was no difference in Hx between
two sets of treatments in either shrubs or moss, resulting from N saturation. The second
hypothesis that plants would show stronger homeostasis to P in PK-only plots than in NPK plots
is observed only in C. calyculata and K. angustifolia. The benefits of this species-specific
characteristic remain unknown and require further research. Even though we accept our third
hypothesis that the degree of homeostasis to K did not differ between PK-only and NPK
treatments, it does not seem to be associated with the nature of K limitation. There was no
evidence of K limitation based on leaf N:P:K stoichiometry in shrubs, but moss capitulum
showed strong K limitation. Intriguingly, K concentration in moss did not increase after PK and
NPK fertilization, perhaps because of leaching under acidic conditions or replacement by Mg
from the cation exchange sites, which prefer bi-valent cations to uni-valent ones, so nearly all of
the K should be replaced by Ca and Mg if these are available (Pakarine & Tolonen 1977).

The decline in leaf Ca concentration under high levels of N and NPK fertilization in most

shrub species confirms the pattern reported by Bubier ef al. (2011), indicating physiological
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stress under conditions of high N addition. V. myrtilloides had higher Mg concentration than the
other shrubs, suggesting that deciduous species are better adapted to higher nutrient environment
than evergreens. With a significantly larger Mg concentration, moss showed extremely small K
concentration that attributes to the predominant K limitation in moss.

There are several methodological concerns regarding homeostasis. As this long-term
fertilization experiment has been running for 7 to 12 years, the dominant perennial shrubs with
large nutrient stores belowground and fairly short leaf life-span (2-3 years) may have ‘adapted’
to elevated nutrient availability, which may influence the strong homeostasis observed here. A
weaker homeostasis may appear if tested 1 or 2 years after the first fertilization. Mer Bleue Bog
is located in a region with moderate atmospheric N deposition of 0.8 g m™ yr', which may also
have compensated the scarcity of N in unfertilized plots, resulting in the weak response to N
addition. Factors other than nutrient availabilities may affect stoichiometric homeostasis, e.g.
light, temperature and water availabilities, which we are not able to rule out. We suggest that

future work on stoichiometric homeostasis in higher plants should take them into consideration.

5.5.3 Homeostasis and species abundance: shrubs differ from moss

Yu et al. (2010a) have suggested that species with strong homeostasis should dominate a
plant community. Although C. calyculata dominated in all plots without having a stronger
homeostasis than the other shrubs, we observed that shrubs showed a stronger homeostasis to N
and P than moss and were more abundant in heavily fertilized plots. The shrub growth may
further reduce moss growth through the shading by a denser canopy and through a thicker layer
of shrub leaf litter (Chong et al. 2012; Larmola et al. 2013).

In contrast to the Inner Mongolia grassland where plant communities dominated by
species with strong homeostasis were more stable and productive (Yu ef al. 2010a), the increased
abundance of shrubs with strong homeostasis at Mer Bleue did not enhance ecosystem
productivity. Larmola et al. (2013) found the gross photosynthesis rates did not change
significantly as the greater shrub biomass compensated for the loss of the Sphagnum cover with
the highest addition of N and NPK. In these heavily fertilized plots, net CO, assimilation per leaf
area in the top shrub canopy was largely unaltered (Bubier ef al. 2011), but the net ecosystem
uptake of CO, was substantially diminished owing to an increase in ecosystem respiration

(Larmola et al. 2013). As an ‘ecosystem engineer’ in northern peatlands, Sphagnum mosses
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establish an acid, wet and anoxic environment that impedes the growth of other species and
slows decomposition (Rydin & Jeglum 2006), all of which contribute to the important role of
northern peatlands as C sink (Turetsky et al. 2012). The dominance of shrubs with strong
homeostasis would not increase ecosystem productivity in ombrotrophic bog, as the gain of
shrub biomass cannot compensate the loss of moss cover in terms of net C sequestration.

We have demonstrated strong and weak homeostasis in shrubs and moss, respectively, in
a bog. The intrinsic nature of strong homeostasis of shrubs may be an evolutionary strategy or a
long-term adaption to impoverished soil fertility. Moss has a weak homeostasis and only benefits
from the limited availabilities of nutrients and the harsh micro-environment it establishes.
Substantial nutrient enrichment from anthropogenic disturbance may break the balance between

shrubs and moss and weaken the C sink potential.
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Table 5.1 The fertilization experimental design at Mer Bleue Bog.

Treatment Start year N (g m™ yr') P(gm?yr') K (gm”yr")
Experiment 1

Cl 2000 0 0 0
PK 2000 0 5 6.3
SN 2000 1.6 0 0
SNPK 2000 1.6 5 6.3
10NPK 2001 3.2 5 6.3
20NPK 2001 6.4 5 6.3
Experiment 2

C2 2005 0 0 0
10N 2005 3.2 0 0
20N 2005 6.4 0 0

N fertilization levels equal 5, 10 and 20 times the estimated summer time atmospheric wet N
deposition and treatments are abbreviated accordingly. C1 and C2 are the controls (added

distilled water only) for the two sets of experiment, respectively.
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Table 5.2 Results of regression analysis between nutrients and stoichiometric ratios in foliar
tissues and soil. RMSE: root mean square of error. SD: standard deviation of the dependent
variables. The homeostatic regulation coefficient (H) is calculated as the inverse of the
regression slope. Different capitalized letters indicate significant differences in the same aspect
of H among species. Different low case letters indicate significant differences in the same aspect
of H derived from different sets of experiment for the same species. The subscripts of the aspects

indicate the fertilization treatments: +N, N-only treatment; +PK, PK-only treatment; +NPK,

NPK treatments.
Species Aspects Slope H R’ RMSE SD P value
C. calyculata N 0.089 11.236" 0.066 0.104 0.106 0.078
Pipk) 0.151  6.623** 0.811  0.065 0.145 <0.001
Pinpk) 0211 4739° 0903  0.057 0.181  <0.001
K 0.174 5747 0391  0.068 0.086 <0.001
N:Pin 0.157 6.369° 0236  0.106 0.119 0.007
N:Pipk) 0.138 7246  0.820  0.059 0.134  <0.001
N:Penpk) 0239  4.184° 0.816  0.083 0.190  <0.001
N:K 0.159 6289 0.256  0.127 0.146  <0.001
K:P 0296  3.378% 0236 0297 0337 <0.001
R. groenlandicum N 0.100  10.000*  0.172 0.094 0.102 0.004
P 0214  4.673* 0.893  0.060 0.181 <0.001
K 0.144 6.944 0354  0.061 0.075 <0.001
N:P 0.249 4016 0.822  0.099 0233 <0.001
N:K 0.151 6.523  0.303  0.106 0.126  <0.001
K:P 0210  4.762% 0.811  0.061 0.138  <0.001
Moss spp. N 0.739  1.353% 0286 0370 0.428 0.007
P 0425 2353% 0926 0.100 0358 <0.001
K 0.059 o 0.052 0.082 0.081 0.361
N:P 0.399 2.506 0456 0387 0514  <0.001
N:K 0.337 2967 0.140 0401 0424 0.055
K:P 0488  2.049° 0.758  0.171 0.337  <0.001
K. angustifolia N 0.099 10.101* 0.060  0.124 0.127 0.096
Pipk) 0.168  5.952% 0.937  0.039 0.152  <0.001
Pinpk) 0223  4.484> 0905  0.060 0.190 <0.001
K 0.152 6.579 0285  0.073 0.085 <0.001
N:P 0.234 4274 0740  0.121 0236  <0.001
N:K 0.172 5814 0252  0.141 0.162 <0.001
K:P 0.156  6.410"® 0.745  0.055 0.107 <0.001
V. myrtilloides N 0.098 o 0.042  0.147 0.148 0.180
P 0.178  5.618% 0.623  0.119 0.191  <0.001
K 0.234 4274 0288  0.112 0.131 0.002
N:P 0.207 4831 0473  0.185 0252  <0.001
N:K 0.239 4.184 0260  0.173 0.199  <0.001
K:P 0.101  9.901*® 0.200 0.128 0.141 0.010
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Figure 5.1 N and P concentrations in the foliar tissues of different species in response to long-
term N, P and K fertilization. Bars are mean with SE (n = 6 for C. calyculata, K. angustifolia, R.
groenlandicum and V. myrtilloides and n = 3 for moss). Asterisks indicate a significant
difference between individual treatments and C1 in experiment 1 (left panel) and C2 in
experiment 2 (right panel) for the same species. Different letters indicate a significant difference

among species under the same treatment. The scale of P concentration in panel (b) differs

between two sets of experiments. Treatment abbreviations as described in Table 5.1.

30 & = 30
a
EE Chamaedaphne calyculata a
25 | 3 Kalmia angustifolia L o5
[ Rhododendron groenlandicum
e 3 Vaccinium myrtilloides L
o 20 | mmm Mosses * L 20 o
E a £
c a ey
S T T 5
= | a b i 8
g 15 - = Nbcb] I 15 B
o] I I bl [P o
c b (o 2
g 10 r10 g
Zz z
b
5 -5
0 - - " - = - - = - = -0
(b)
a *
5 - * L 1.0
A a I )
o 4 | 08 o
E E
S . &
'-g 3 . . * ¥ * * b . r 06 "g
g e SN [T 8
5 2 b2 b F04 &
o o
} III III ‘ N
0 . T T - 0.0
S5NPK  10NPK 20NPK Cc2 10N 20N
Treatments Treatments

72




Figure 5.2 K, Ca and Mg concentrations in the foliar tissues of different species in response to
long-term N, P and K fertilization. Bars are mean with SE (n = 6 for C. calyculata, K.
angustifolia, R. groenlandicum and V. myrtilloides and n = 3 for moss). Asterisks indicate a
significant difference between individual treatments and C1 in experiment 1 (left panel) and C2
in experiment 2 (right panel) for the same species. Different letters indicate a significant
difference among species under the same treatment. The scale of K concentration in panel (a)

differs between two sets of experiments. Treatment abbreviations as described in Table 5.1.
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Figure 5.3 Vegetation abundance of C. calyculata (a), K. angustifolia (b), R. groenlandicum (c),
V. myrtilloides (d), mosses (e) and total vascular plants (f) in response to long-term N, P and K
fertilization. Data are expressed on a logarithmic (base;() basis. Bars are mean with SE (n = 6 for
C. calyculata, K. angustifolia, R. groenlandicum and V. myrtilloides and n = 3 for moss).
Asterisks indicate a significant difference between individual treatments and C1 in experiment 1
(open bars) and C2 in experiment 2 (filled bars) for the same species. Numbers within the bars
indicate the percentage of the abundance of each vascular plant over the total abundance of all

vascular plants under each treatment. Treatment abbreviation as described in Table 5.1.
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Figure 5.4 Ternary diagram showing the stoichiometric relationship of N, P and K in C.
calyculata (a), K. angustifolia (b), R. groenlandicum (c) and V. myrtilloides (d) in response to
long-term N, P and K fertilization. Open and filled symbols are individual replicate and mean
under each treatment, respectively. Dashed lines indicate the critical ratios of N:P (14.5), N:K
(2.1) and K:P (3.4) (Olde Venterink et al. 2003). These lines divide the plot into four sections,
three of which indicate N limitation (N section), P or P, N-co-limitation (P or P+N section) and
K or K, N-co-limitation (K or K+N section), respectively. For the central triangle section, the
N:P:K stoichiometric ratios cannot be used to determine the type of nutrient limitation or this is
non-NPK limitation. For visual reasons, the P concentration is multiplied by a factor of 10.
Arrows indicate the direction in which the axes should be read. Treatment abbreviations as

described in Table 5.1.
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Figure 5.5 Ternary diagram showing the stoichiometric relationship of N, P and K in response to long-term N, P and K fertilization in
shrubs (a) and mosses (b). Open and filled symbols are individual replicates and means under each treatment, respectively. Treatment

abbreviations as described in Table 5.1.
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Chapter 6. The cascade of C:N:P stoichiometry in an ombrotrophic peatland:

from plants to peat

(Published on Environmental Research Letters, 2014, 9, 024003)

Context within the thesis

As presented in Chapter 2, C:N:P stoichiometry in mature tissues can suggest nutrient
limitation, while C:N:P in litters can be a useful indicator of decomposition processes. However,
owing to the extremely slow rate of litter and organic matter decomposition, there is no
knowledge of long-term decomposition in ombrotrophic peatlands. Yet peat profiles can be
regarded as a record of the temporal changes in litter decomposition, over millennia. In this
chapter, I demonstrate the decomposition cascades of C:N:P stoichiometry by linking the C:N:P
stoichiometry from foliar plant tissues (Chapter 3), through senescent litters (Chapters 3 and 4)
to peat, with a supplementary dataset of C:N:P stoichiometry in two peat profiles from Mer
Bleue Bog. As an additional scientific contribution to palaoecological studies, I also determine

the C, N and P accumulation rates at Mer Bleue Bog.
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6.1 Summary

Northern peatlands are important C sinks and while the patterns of C accumulation have
been frequently investigated, N and P accumulation are often neglected. Here we link the C:N:P
stoichiometry from foliar plant tissues, through senescent litters to peat, and determine C, N and
P accumulation rates at Mer Bleue Bog, eastern Canada. Average C:N:P ratios changed from
794:17:1 in the foliar tissues to 911:10:1 in litter and 1285:32:1 in acrotelm peat. The increase in
C:N and C:P ratios from mature to senescent tissues is related to nutrient resorption. The increase
in C:P and N:P ratios in peat, which was contrary to that observed in Canadian forest soils, may
be related to plant/mycorrhizae uptake of P. The long term apparent rates of C, N and P
accumulation were 29.5 + 2.1 (SE) g C, 0.87 +0.01 g N and 0.017 + 0.002 g P m™? yr’',
respectively. The significant correlation between the accumulation rates of N and P and that of C
suggests more attention be placed on C:N:P stoichiometry in peatland biogeochemistry, in

particular in understanding why C:P ratios are so large in the lower parts of the profile.

6.2 Introduction

Northern peatlands store one-third (547 Gt) of the global total soil C (Yu et al. 2010b),
arising from the imbalance between primary productivity and litter and peat decomposition
(Charman 2002). However, we know little about the accumulation of N and P, two macro-
nutrients essential in controlling both primary productivity and litter and peat decomposition.
Ecological stoichiometry deals with elemental balances in ecological processes and interactions,
providing an integrative nutrient framework linking biogeochemical patterns at scales from the
global to the cellular or organismal (Sterner & Elser 2002). Koerselman & Meuleman (1996)
suggest plant growth is N- or P-limited when the plant N:P ratio is smaller than 14 or larger than
16, respectively, and graminoid litter decomposition is affected by N and P concentrations and
their ratio (Glisewell & Verhoeven 2006). Therefore, examining the decomposition cascade of
C:N:P stoichiometry from plant foliage to senescent litters and to peat is of great importance in
understanding nutrient cycling in northern peatlands.

There is significant (~50%) resorption of nutrients, especially N and P, into plants during
senescence (Aerts 1996; Giisewell 2005a; Wang ef al. 2014b), resulting in nutrient-depleted

litter. The mismatch between the stoichiometry of litter and that of decomposers, primarily
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bacteria and fungi in northern peatlands (Winsborough & Basiliko 2010), governs ecosystem
nutrient cycling and thus C accumulation (Sterner & Elser 2002; Hessen et al. 2004). For
example, the substantially larger C:N:P mass ratio of 1000:20:1 in subarctic flora than 180:6:1 in
soil microbial biomass in tundra (Cleveland & Liptzin 2007) indicates a possible long term net N
and P immobilization in soil until a critical litter C:N and C:P ratio is reached.

A 12-year litter decomposition study in Canadian forests (Moore ef al. 2011), showed a
convergence of litter C:N:P ratio of 427:17:1 with 20% of initial C remaining. This study also
suggested the critical C:nutrient ratios for net mineralization were ~40:1 for N and ~1000:1 for
P. Unlike most forest leaf litters, the litter of peat-forming Sphagnum mosses decomposes at
much slower rates, with exponential k values of 0.02 to 0.08 yr"' (Moore & Basiliko 2006),
making the long-term measurement of nutrient dynamics more difficult. Yet peat profiles can be
regarded as a record of the temporal changes in litter decomposition, over millennia. Here we
link the C:N:P stoichiometry from mature plant tissues, through senescent litter to peat and
determine C, N and P accumulation rates in an ombrotrophic bog located in eastern Canada. We
hypothesize that:

(1) the C:N and C:P stoichiometric ratios would increase from mature to senescent tissues due to
nutrient resorption; and
(2) the C:N and C:P stoichiometric ratio would decrease from senescent tissues to peat owing to

microbial immobilization during decomposition.

6.3 Materials and methods
6.3.1 Study site

The Mer Bleue peatland is located 10 km east of Ottawa, eastern Ontario, Canada
(45.40°N, 75.50°W). The central part of the peatland is an ombrotrophic bog with hummock and
hollow micro-topography, covered mainly by a continuous layer of Sphagnum mosses and
evergreen shrubs. The Mer Bleue peatland started accumulating ~8500 yr before present (BP) in
an abandoned channel of the Ottawa River. The early sedge-dominated fen phase switched to the
current bog phase ~6800 yr BP. The mean annual temperature, and monthly mean temperature in
January and July are 6, -10.8 and 20.9 °C, respectively (Bubier et al. 2007). The mean annual
precipitation is 943 mm (76% as rainfall) and 350 mm of the precipitation falls from May to
August (Canadian Climate Normals 1981-2010). The wet atmospheric N deposition is ~0.8 g N
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m” yr'! (Turunen et al 2004) and wet P deposition ranges from 6 to 26 mg P m™ yr'' (R. Vet

personal communication).

6.3.2 Plant tissues sampling

The capitula of moss (S. capillifolium (Ehrh.) Hedw. and S. magellanicum Brid.) and the
sun-exposed mature leaves from the top canopy of three evergreen shrubs (Chamaedaphne
calyculata (L.) Moench, Rhododendron groenlandicum (Oeder) K.A. Kron & W.S. Judd and
Kalmia angustifolia L.), one deciduous shrub (Vaccinium myrtilloides Michx.), one graminoid
(Eriophorum vaginatum L.) and one forb (Maianthemum trifolium (L.) Sloboda) were randomly
sampled (n = 5) in July and August. Senescent tissues of M. trifolia and V. myrtilloides were
collected in September, and in October for E. vaginatum. The nutrient concentration in senescent
leaves of C. calyculata and R. groenlandicum were derived from Wang et al. (2014b). For S.
capillifolium, the current year’s stem (the upper portion below the capitulum), collected in
September 2012, was considered to represent their senescent tissues based on cranked wire
growth (Moore ef al. 2002) and the morphology of Sphagnum stem leaves.

Total C and N concentration were determined by dry combustion on an elemental
analyzer (Leco CNS 2000, Leco Corporation, St. Joseph, Michigan, USA). Total P was
determined colorimetrically by the ammonium molybdate-ascorbic acid method (Murphy &
Riley 1962) on a Lachat Quik-Chem AE flow-injection auto-analyzer (Lachat Instruments,
Milwaukee, WI), after digestion in concentrated sulphuric acid and hydrogen peroxide with
selenium and lithium sulphate as catalysts (Parkinson & Allen 1975). Digested samples were
filtered through 0.45 um glass fibre filters (MN 85/90, MACHEREY-NAGEL GmbH & Co. KG,

Germany) before analysis.

6.3.3 Soil microbial biomass C, N and P

The C, N and P concentration in soil microbial biomass were derived from Basiliko
(2004) who sampled peat at depth intervals of 0-5, 5-10, 10-20 and 20-30 cm from the surface at
Mer Bleue. Samples were extracted by potassium sulphate after a chloroform fumigation

treatment for 24 hours.

6.3.4 Peat cores
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Two peat cores, MB930 and MB775, were collected in the northwestern portion of the
peatland, yielding complete peat profiles of 5.97 m and 3.47 m, respectively. The age models of
the cores are based on radiocarbon dates and palynostratigraphical correlations for core MB930
(Frolking ef al. 2010), and on palynostratigraphical correlation with core MB930 for core
MB775. Carbon, N and P concentrations were determined as described above, every 2 cm for the
top 2 m of the cores and every 4 cm for the rest. Based on the stratigraphy of the peat cores, the
portion of the peat profile corresponding to the acrotelm for this analysis is the upper ~50 cm, a
depth at which ~20% of original C remains, based on the profile generated by the Holocene
Peatland Model (S. Frolking personal communication).

The C, N and P data from MB930 and MB775 were averaged by time interval (0-100,
100-200, 200-500, 500-1000, 1000-1500, 1500-2000, 2000-3000, 3000-4000, 4000-5000, 5000-
6000, 6000-7000, 7000-8000 and >8000 cal. yr BP).

6.3.5 Statistics

The C:N:P stoichiometric mass ratios of living and senescent tissues at Mer Bleue were
weighted arithmetic means based on foliar biomass of each species (Bubier et al. 2006) and the
net primary productivity of Sphagnum mosses (Moore et al. 2002).

Shapiro-Wilk tests were used to examine the normality of data. Linear regression was
used to examine the relationship between the accumulation rates C, N and P. The differences in
the slope and intercept of the regression models between the bog and the fen phase were
examined by ¢ test (Zar 1999). The differences in stoichiometric ratios between bog and fen
phase were examined by ¢ test. Coefficients of variation (CV) were calculated as the mean
divided by standard deviation. All the analyses were conducted in IBM SPSS Statistics Version
20.0 for Windows (IBM Corp., Armonk, New York State, USA).

6.4 Results
6.4.1 C:N:P stoichiometry from plants to peat

The average mass C:N:P ratio was 794:17:1 and 911:10:1 in mature and senescent
tissues, with a smaller variation among PFTs in mature tissues than that in senescent tissues in
C:N (CV = 31 and 53% respectively) and N:P ratios (CV = 20 and 27% respectively) (Figure

6.1). The C:N:P stoichiometry in graminoid and forb types varied little from mature to senescent
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tissues, whereas the C:N ratio increased in moss and deciduous species (by 121 and 97%
respectively), the C:P ratio increased by 59% in deciduous species and N:P ratio decreased by
53% in moss during tissue senescence.

The C:N:P stoichiometry averaged 31:3:1 and 2073:56:1 in microbes and peat,
respectively, with significantly smaller C:P and N:P ratios and larger C:N ratios in the bog than
fen phase (C:N:P =1942:50:1 and 2422:78:1, respectively, P <0.001; Figure 6.2). From
senescent tissues to acrotelm bog peat, the C:P and N:P ratios increased by 41 and 220%
respectively, and the C:N ratio decreased by 54% (Figure 6.1). An overall trend of decreasing
C:N ratio and increasing C:P and N:P ratios with depth is observed from the top (young) to the
bottom (old) of the bog phase and all three ratios slightly decrease with time (depth) within the
previous fen phase (Figure 6.2).

6.4.2 The accumulation rates of C, N and P

The long term (~8000 yr) apparent rates of C, N and P accumulation (LORCA, LORNA
and LORPA, respectively) at Mer Bleue were 29.5+ 2.1 g C m™ yr' (mean + SE), 0.87 + 0.01 g
Nm™yr'and 0.017 £ 0.002 g P m™ yr' respectively (Figure 6.3). The rates were significantly
smaller in the bog phase (22.7+ 1.0 gC m™ yr', 0.57+0.01 gNm? yr' and 0.015 + 0.003 g P
m™ yr’') than in the fen phase (46.0+3.8 gCm™ yr', 1.63 £ 0.04 g N m™ yr" and 0.023 + 0.002
g P m? yr'). The average recent rate of C, N and P accumulation (RERCA, RERNA and
RERPA, respectively) over the past 150 yr were 35.1 +2.4 g C m?yr', 0.78 £ 0.05 gN m?yr!
and 0.033 £ 0.009 g P m? yr'.

The accumulation rates of C were positively correlated with N and P accumulation rates
in both the bog and fen phases, but there were differences (Figure 6.4). In the bog and fen
phases, a similar pattern of C and N accumulation occurs, whereas C and P have different
relationships in the bog and fen phases, with C accumulation consistently faster in the fen phase
than in the bog phase under the same rate of P accumulation. N and P accumulation rates were
also positively correlated in both the bog and fen phases (R* = 0.76 and 0.96 respectively, P <
0.001).
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6.5 Discussion

As part of a nutrient-deficient ecosystem, ombrotrophic bog evergreen plants show strong
resorption of nutrients during tissue senescence, especially N and P (Wang ef al. 2014b), that
drives the trend of increasing C:N and C:P ratios from mature to senescent tissues (Figure 6.5),
supporting our first hypothesis. In senescent tissues at Mer Bleue, the C:N ratio (92:1) was larger
and the C:P (911:1) and N:P ratios (10:1) were smaller than the C:N (50:1), C:P (1000:1) and
N:P ratios (20:1) from subarctic flora (Aerts et al. 2012) respectively. This discrepancy is
probably because of the larger resorption efficiency of P (63%) in these high-latitude ecosystems
(Freschet et al. 2010) and the larger resorption of N of Sphagnum moss at Mer Bleue.

Litter decomposition should decrease C:N and C:P ratios to approach that of the
decomposers as N and P are immobilized and C released until critical C:N and/or C:P ratios are
reached, for example mass C:N and C:P ratios of ~40 and ~1000 in Canadian forest litter
(Moore et al. 2011). There are no equivalent long-term litter decomposition studies in peatlands,
so it is not clear whether these critical ratios may be applicable for ombrotrophic bogs. After 12
years of decomposition in Canadian forests, Moore et al. (2011) found a convergence in mass
C:N:P to 427:17:1 with 20% of the original C remaining. Compared to the soil surface organic
horizons (i.e. LFH), the C:N ratios increased from 25 to 42, the N:P ratio decreased from 17 to
10 and the C:P ratios remained similar at 427 to 420 (Figure 6.5) (Moore ef al. 2011). In contrast,
our results show a decrease in C:N ratio but a substantial increase in C:P and N:P ratios from
senescent tissues to acrotelm and deeper peat. These are very different from the ratios in Mer
Bleue peat microbes (Figure 6.5), rejecting our second hypothesis. Our in situ buried-bag peat
incubation showed a weak mineralization of N and immobilization of P after 3 months (M. Wang
unpublished data), supporting the hypothesis that the mismatch of the stoichiometry between
peat and decomposers plays an important role in regulating nutrient cycling.

In the peat, the movement of the C:P and N:P ratios away from those of the soil microbes
may be the result of two mechanisms. First, the formation of cluster roots and the carboxylate
exudation pathway have been shown to be an important P-acquisition strategy in nutrient-
impoverished soils in Australia (Lambers et al. 2012, Lambers et al. 2013). However, there is no
evidence of cluster roots in the dominant shrub species at Mer Bleue (M. Murphy personal
communication) and the low pH (< 5.0) does not favour the carboxylate-releasing strategy

(Lambers et al. 2012).
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Second, associations with ericoid mycorrhizae grant ericaceous shrubs the advantage of
taking up N and P, the co-limiting nutrients (Smith & Read 2008). Long-term fertilization at Mer
Bleue with N, P and K over a decade showed that shrub growth was only stimulated after
fertilization by both N and PK (Larmola et al. 2013), supporting N and P co-limitation based on
leaf-level N:P:K stoichiometry (Wang & Moore 2014). The absence of significant external P
input and elevated atmospheric N deposition in ombrotrophic systems requires efficient internal
cycling of P. Consequently, the preference of uptake for P over N may account for the increase
in C:P and N:P ratios with depth in the bog phase of the peat. In the fen phase with dominant
sedges without mycorrhizae, decreasing C:P and N:P ratios with depth were observed (Figure
6.2). In contrast to bogs, the preferential uptake of N over P in Canadian forests, which are
primarily N-deficient ecosystems, may explain the increasing C:N ratio, decreasing N:P ratio and
litter change in C:P ratio from litter to soil organic horizon as discussed above. The preferential
uptake of limited nutrients in bogs and Canadian forests suggests that plant/mycorrhizae
associations can out-compete microbes in taking up limited nutrients and are important in
biogeochemical cycling.

The strong correlation between C and N and P accumulation rates at Mer Bleue suggests
the indispensable role of N and P in controlling C accumulation. Extrapolating the average C:N
(37) and C:P (2073) ratios in peat from Mer Bleue to northern peatlands with a storage of 547 Gt
C, we estimate that northern peatlands store 15 Gt N and 0.3 Gt P, respectively, comprising 11-
16% of the N in global soil organic matter (95-140 Gt N) and ~2% of the P in labile or organic
form in soils to a 50 cm depth (13.8 Gt P) (Schlesinger & Bernhardt 2013). Our LORCA falls
within the range from 24 to 37 g C m™ yr'' in North America (Gorham & Janssens 2005) and
from 5 to 34 g C m™ yr'' in eastern Canada (Turunen ef al. 2004), and larger than the time-
weighted C accumulation rate 0f22.9+2.0 g C m™? yr' in northern peatlands during the
Holocene (J. Loisel in press). However, N and P accumulated faster at Mer Bleue than rates
reported by Gorham & Janssens (2005) of 0.36-0.55 ¢ N m™ yr' and 0.008-0.014 g P m™ yr’',
and the Holocene time-weighted N accumulation rate of 0.5+ 0.04 g N m™~ yr”' in northern
peatlands (J. Loisel in press). The short term (~150 years) C and N accumulation rates are lower
219y dating in eastern Canada, ranging from 40 to 117 g C m™ yr' and
from 1.1 to 2.5 ¢ N m™ yr'' (Turunen et al. 2004).

than those determined by
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The P (co)limitation at Mer Bleue, as indicated by C:N:P:K stoichiometry in mature
tissues and long-term fertilization, suggests the processes which maintain P at co-limitation are
important to understanding biogeochemical processes in ombrotrophic bogs. The increase in
C:nutrient ratios from mature to senescent tissues is related to efficient nutrient resorption and
the increase in C:P and N:P ratios in peat profiles may be related to plant/mycorrhizae uptake of
nutrients. The significant correlation between the accumulation rates of N and P and that of C
suggests more attention be placed on C:N:P stoichiometry in peatland biogeochemistry, in
particular in understanding why C:P ratios are so large in the lower parts of the profile and that P

limitation may be a significant control on plant production.
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Figure 6.1 Ternary diagram showing the stoichiometric relationship of C, N and P from mature
(green triangles) and senescent tissues (brown triangles) in deciduous (D), evergreen (E),
graminoid (G), forb (F) and moss species (M), to peat (bog (squares) and fen (diamonds) phases)
in comparison with microbes (circle). Dashed lines indicate the critical ratios of C:N (40) and
C:P (1000). The thick arrows indicate the direction in which the axes should be read and the
increase (1) or decrease () of the stoichiometric ratios. For visual reasons, the C and P

concentration is divided and multiplied by a factor of 100 and 10, respectively.
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Figure 6.2 The stoichiometric mass ratio (mean + SE) of C:N, C:P and N:P in peat profiles
through time. Open circles are the individual data points from two profiles and filled circles are
means based on grouped age intervals (see Materials and Methods for details). The horizontal
lines indicate the bog and fen phases in the profiles. The vertical dashed lines indicate the critical

C:N and C:P ratios.
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Figure 6.3 The apparent accumulation rates (mean = SE) of C, N and P in peat profiles through
time. Open circles are the individual data points from two profiles and filled circles are means

based on grouped age intervals. The horizontal lines indicate the bog and fen phase in the

profiles.
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Figure 6.4 Relationship between the apparent accumulation rates of N and P and C accumulation
rate in the bog (open triangle, solid lines) and fen (filled triangles, dashed lines) phases of the
peat profiles. The regression model is significant (P < 0.001) in all cases. For each model, SE;
and SE; indicate the standard error of the slope and intercept. The differences in the slope and
intercept of the regression models between the bog and fen phases are all significant (P < 0.001)
with #; and #; (degree of freedom in the parentheses) indicating the ¢ values of the ¢ test on the

difference in slope and intercept, respectively.
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Figure 6.5 The cascade of C:N:P stoichiometry from leaves to peat in Mer Bleue Bog and soil
organic horizons in Canadian forests, with C:N ratios in parentheses. The C:N:P stoichiometry in
living tissues from Canadian forests are derived from Par¢ et al. (2012), with 8 of the species
included in Moore ef al. (2011) from Canadian sites (Betula papyrifera, Fagus grandifolia, Larix
laricina, Picea mariana, Pinus banksiana, Populus tremuloides, Pseudotsuga menziesii and
Thuja plicata) and assuming the C content is 50% of the dry mass. The C:N:P stoichiometry in
litter (arithmetic mean of 10 litter types) and soil organic horizons (arithmetic mean of 22 sites)
from Canadian forests are derived from Moore et al. (2011). The C:N:P stoichiometry of soil
microbial biomass (decomposers) in forest organic horizons are derived from Basiliko ef al.

(2009). Not drawn to scale.
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Chapter 7. Summary, conclusions and future research directions

Northern peatlands are nutrient-deficient ecosystems and significant C sinks. The
substantially increased atmospheric deposition compared to the pre-industrial era has generated
scientific concerns about the consequences of the changes in biogeochemical characteristics and
hence ecosystem functioning in northern peatlands, especially ombrotrophic bogs. The
prevalence of N limitation in bogs under low levels of atmospheric N deposition may be shifted
to P or K (co)limitation owing to enhanced atmospheric N deposition and accelerated organic
matter decomposition. This possible shift in N, P and K interactions highlights the essential role
of the relative balance among multiple elements, i.e. ecological stoichiometry, in controlling
metabolic functioning, plant growth and ecosystem processes. In a world of elemental imbalance
between organisms and the external environments, such as between plants and decomposers, a
better understanding of different aspects of ecological stoichiometry in plants and soils and how
they are affected by nutrient enrichment becomes critical in these nutrient-deficient ecosystems.
In this thesis, I have examined the stoichiometry in photosynthetically active tissues under
natural climate variability and increased nutrient deposition, determined the contribution of
nutrient resorption and linked the stoichiometry in plants with soil through the decomposition
cascade in an ombrotrophic bog.

In Chapter 3, we observed a convergence of C:N:P:K to an average mass ratio of
445:14:1:9 though there were variations in stoichiometry among PFTs at peak growing season,
indicating N and P co-limitation. There was little seasonal variation in N, P and K concentrations
and stoichiometric ratios in mosses, evergreen and graminoids. But in forb and deciduous
species, they were the largest in spring and decreased throughout the growing season. Variations
in nutrient concentrations and stoichiometric ratios among PFTs were greater than seasonal
variation. Plants show N and P co-limitation and adapt to nutrient-impoverished soil by
maintaining small nutrient concentrations in photosynthetically active tissues, especially for
evergreen shrubs and Sphagnum mosses. Despite strong seasonal variations in nutrient
availabilities, few species show strong seasonal variation in nutrient concentrations, suggesting a

strong homeostasis at Mer Bleue Bog.
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In Chapter 4, N addition generally caused further P-(co)limitation, increased P and K
resorption efficiency but did not affect N resorption. We did not observe the shift to N-limitation
with the addition of P and K, which reduced P resorption but did not affect K resorption. C.
calyculata resorbed both Ca and Mg while R. groenlandicum resorbed neither. C. calyculata
showed a stronger resorption than R. groenlancidum, suggesting it is better adapted to nutrient-
impoverished condition than R. groenlandicum. Resorption during leaf senescence decreased
N:P, N:K and K:P ratios. The limited response of N and K and active response of P resorption to
nutrient addition indicates the stoichiometric coupling of nutrient cycling which varies between
two shrubs; changes in species composition may affect nutrient cycling in bogs.

Chapter 5 demonstrated the stability of nutrient concentrations and stoichiometric ratios
in shrubs and mosses in response to different levels of nutrient addition, i.e. stoichiometric
homeostasis. The results showed that shrubs exhibited the strongest homeostasis to N with the
homeostatic regulation coefficient (H) > 10.0, compared to 1.4 in moss. Shrubs showed weaker
homeostasis to P and K with H of 4.7-6.6 and 4.3-6.9, respectively, whereas moss had stronger
homeostasis to P and K than N with H of 2.4 and infinity, respectively. The abundance of shrubs
increased and the cover of moss decreased in heavily NPK fertilized plots. Strong homeostasis of
shrubs may be an evolutionary strategy or a long-term adaption to extremely low nutrient
availability. Although with weak homeostasis, moss takes advantage of limited nutrient
availabilities and the harsh micro-environment it establishes. Because of the increased ecosystem
respiration associated with the loss of moss, the dominance of shrubs with strong homeostasis
does not increase productivity as observed in other ecosystems.

In Chapter 6, we found a change in average C:N:P ratio from 794:17:1 in foliar tissues to
911:10:1 in litter and 1285:32:1 in acrotelm peat. Nutrient resorption accounted for the increase
in C:N and C:P ratios from mature to senescent tissues. The increase in C:P and N:P ratios in
peat, which as contrary to that found in Canadian forest soils, may be related to the preferential
uptake of P by plant/mycorrhizae. The long-term apparent rates of C, N and P accumulation were
29.5+2.1 (SE)gCm?yr', 0.87+0.01 gNm?yr' and 0.017 + 0.002 g P m™ yr’', respectively.
The significant correlation between the accumulation rates of N and P and that of C requires
more attention on C:N:P stoichiometry in peatland biogeochemistry, in particular in

understanding why C:P ratios are so large in the lower parts of the profile.
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My overall objective was to fill some scientific gaps in nutrient stoichiometry in a bog
ecosystem. My results suggested the prevalence of N and P co-limitation at Mer Bleue Bog with
moderate atmospheric N deposition. Although with considerable nutrient resorption, there was
no substantial seasonal variation in foliar stoichiometry in evergreen and moss species, whereas
deciduous species showed a significant variation in nutrient concentration and stoichiometric
ratios throughout the growing season. The examination of the effect of long-term fertilization on
plant stoichiometry in shrub and moss species confirmed the result of N and P co-limitation. The
strong and weak homeostasis in shrubs and mosses, respectively, evoked further attention on the
shift in species composition in plant community. The unique adaptation of moss species to a
harsh micro-environment is attributed to maintain the stability and productivity at Mer Bleue
Bog. By linking stoichiometry from foliar plant tissues through senescent litters to peat, the
decomposition cascade revealed a resorption-associated decrease in C:nutrient ratios from
mature to senescent tissues, and hypothesized the connection between increase in C:P and N:P
ratios in peat with plant/mycorrhizae uptake of P.

This thesis provides insights to understand the stoichiometric characteristics in
ombrotrophic bogs. The predominant co-limitation by N and P emphasizes the necessity of
incorporating the biogeochemical cycling of P, which is substantially overlooked, into the
ecosystem models in ombrotrophic bog peatland. The interspecific variation in the resorption of
essential macronutrients and difference in stoichiometric homeostasis between shrubs and
mosses suggest the changes in species composition in plant community may affect nutrient
cycling and ecosystem stability and productivity in bogs. The potential plant/mycorrhizae uptake
of P in bog is probably the key in controlling peatland biogeochemistry and maintaining the
system at N and P co-limitation with substantial atmospheric N deposition.

In the end, I propose several research directions that could be pursued in future studies to
improve our understanding of peatland biogeochemistry. First, as the experimental design of the
long-term fertilization at Mer Bleue Bog does not separate the addition of P from K, the possible
interaction between P and K may influence the interpretation of results with regard to the effect
of PK addition. A full factorial design with all possible combinations of N, P and K addition will
disentangle the possible effect of interactions among N, P and K on plant stoichiometry and
contribute to a better estimation of the critical stoichiometric ratios that determine the shift in

nutrient limitation.
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Second, although the atmospheric deposition in Canada is considerably lower than in
much of Europe, Mer Bleue bog is located in a region with the highest atmospheric N deposition
in Canada, which may have compensated the scarcity of N even under unfertilized condition,
contributing to the weak response to N addition. Besides, as the fertilization experiment at Mer
Bleue Bog has been running for 7 to 12 years, the dominant perennial shrubs with large nutrient
stores belowground and fairly short leaf life-span (2-3 years) may have ‘adapted’ to elevated
nutrient availability, which may also influence the homeostasis. A similar set-up of fertilization
experiment with full factorial designs and multiple levels of P and K addition in a remote area
with lower atmospheric nutrient deposition is desired. A repeated-measure approach with
samples from each year after the initiation of fertilization will improve our understanding of
stoichiometric homeostasis as a function of plant species adaption to nutrient enrichment over a
long temporal scale.

Third, we found the resorption of Ca and Mg differed considerably during leaf
senescence. As two of the most important divalent cations in peatlands, the efficient conservation
of Ca and Mg through resorption can be a beneficial adaption to an ombrotrophic environment
where the available Ca and Mg are extremely low. However, the underlying physiological
mechanism attributing to the difference in Ca and Mg resorption remains ambiguous (Clarkson
& Hanson 1980; Negi & Singh 1993; Lambers et al. 1998). A further exploration in this respect
will facilitate the understanding of the discrepancy between Ca and Mg in decomposition
cascade and peat burial.

Fourth, the potential role of mycorrhizal fungi in controlling soil organic P acquisition
merits further exploration. Mycorrhizae can synthesize phosphatase and involve in the
acquisition of soil organic P (Smith & Read 2008). Among the major groups of mycorrhizae, the
ectomycorrhizae and ericoid mycorrhizae are well-known to efficiently utilize phosphate esters
(Antibus et al. 1992) and diesters (Leake & Miles 1996), respectively. Ericoid mycorrhizae are
abundant in soils associated with ericaceous shrubs (Turner et al. 2004) which are dominant in
ombrotrophic bogs. Besides, the arbuscular mycorrhizae are also proved to be able to use organic
P (Joner et al. 2000; Koide & Kabir 2000). Therefore, it will contribute new knowledge of
peatland biogeochemistry by exploring the role of different groups of mycorrhizae in peatlands

(1) under natural climate variation, (2) along nutrient gradients, such as from ombrotrophic bogs
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to minerotrophic poor and rich fens, and (3) in response to extreme nutrient deposition through
fertilization experiments.

Last, but not least, to assess whether the stoichiometric patterns observed at Mer Bleue
Bog are applicable to a broader spatial extent, such as regional scale, we need to expand current
research and conduct parallel studies in other ombrotrophic/minerotrophic systems spanning a
larger spatial extent along environmental gradients. To do so, I hope a better understanding of
plant and soil stoichiometry and their interactions will contribute new knowledge of peatland
biogeochemistry that can be used to improve the predictive ability of large-scale ecosystems

models.
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Appendices

Appendix 3.1 The monthly average air temperature and precipitation at MacDonald-Cartier

International Airport (45.32°N, 75.67°W) and Mer Bleue (45.41°N, 75.52°W). Filled circles with

lines represent the averages over 30 years at MacDonald-Cartier International Airport (Canadian

Climate Normals 1981-2010). Open squares and triangles represent 2010 and 2011 respectively

at Mer Bleue (E. Humphreys personal communication). Mean annual temperature (MAT) and

precipitation (MAP) (rain fall only). Mean + standard deviation.
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Appendix 3.2 The seasonal course of C, N, P, K, Fe and chlorophyll concentration, and C:N,

C:P, N:P, N:K and K:P ratios (mean + 1 SE) in moss (a), evergreen (b), deciduous (c), graminoid

(d) and forb (e) types. Species abbreviations as shown in Figure 3.1.
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Appendix 3.3 Coefficients of variation (%) among species within each PFT for C, N, P, K, Fe and chlorophyll (Chl) concentration
and C:N, C:P, N:P, N:K and K:P ratios. Different letters indicate significant difference in mean coefficient of variation of all nutrient

concentrations and stoichiometric ratios among PFTs at P = 0.05. See Materials and Methods for details of calculations.

Coefficients of variation (%) C N P K Fe Chl CN CP NP NK K:P Mean SE

mosses 0.2 30.1 23.7 27.0 11.3 50.8 31.3 49.6 18.6 45 179 250° 4.6
evergreen species 05 118 32 67 14 257 13.1 7.6 104 155 12.0 10.1°> 2.0
deciduous species 13 238 144 198 12 257 244 302 67 145 152 165" 2.7
graminoids 1.1 147 44 152 2.1 170 149 86 7.6 20 7.7 9.0° 1.7

Appendix 3.4 N (ammonium and nitrate), P (orthophosphate) and K supply rates (mg m™ month™) in peat soil at 10 cm depth as

measured by PRS™ ion-exchange resin membrane for a 30-day time period. Values are mean with standard error (n = 3).

N P K
May 479+092 1.41+038 48.43+15.01
July 943+0.11 1.49+0.13 68.31+4.87

September 12.08 £1.07 1.51+0.41 85.98+31.04
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Appendix 4.1 Specific leaf area in C. calyculata (left bars) and R. groenlandicum (right bars) in
mature (a) and senesced leaves (b) in response to long-term N, P and K fertilization. Open and
pattern filled bars are treatments in experiment 1, and light and dark grey filled bars are
treatments in experiment 2. The stars indicate significant difference between two species (P <

0.05). Treatment abbreviations as described in Table 4.1.
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Appendix 4.2 N, P, K, C, Ca and Mg concentration on an area basis (mg cm™) (a-f) in mature

leaves of C. calyculata (left bars) and R. groenlandicum (right bars) in response to long-term N,

P and K fertilization. Values are mean = standard error (n = 6). Open and pattern filled bars are

and light and dark grey filled bars are treatments in experiment 2.

treatments in experiment 1,

Open and filled stars indicate significant difference between individual treatments and the

controls in experiment 1 and 2, respectively (P < 0.05). Treatment abbreviations as described in

Table 4.1.
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Appendix 4.3 N, P, K, C, Ca and Mg concentration on a mass basis (mg g™) (a-f) in mature

leaves of C. calyculata (left bars) and R. groenlandicum (right bars) in response to long-term N,

P and K fertilization. Values are mean = standard error (n = 6). Open and pattern filled bars are

treatments in experiment 1, and light and dark grey filled are treatments in experiment 2.

Treatment abbreviations as described in Table 4.1.
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Appendix 4.4 N, P, K, C, Ca and Mg concentration on a mass basis (mg g™ ) (a-f) in senesced

leaves of C. calyculata (left bars) and R. groenlandicum (right bars) in response to long-term N,

P and K fertilization. Values are mean = standard error (n = 6). Open and pattern filled bars are

treatments in experiment 1, and light and dark grey filled bars are treatments in experiment 2.

Treatment abbreviations as described in Table 4.1.
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Appendix 5.1 N, P, K, Ca and Mg supply rates (mg m™ month™', mean + SE) measured by

PRS™ probes in response to long-term fertilization.

Treatments N P K Ca Mg

C1 9.4+0.1 1.5+0.1 68.3+49 1083 £14.6 262+2.4
PK 87+22 548+6.1 412.7+£59.7 186.6+252 37.1+6.3
SN 11.9+29 27+0.7 63.9+11.3 117.5+20.8 27.4+5.7
SNPK 7.5+1.0 51.7+21.3 362.0+£101.9 130.8+12.5 289+4.1
10NPK 24.1+£6.0 44.1+40 253.8+21.3 1009+4.1 272+25
20NPK 388+10.5 364+11.4 132.8+269 118.6+282 473+19.5
C2 8.8+1.1 0.8+0.2 112.7£25.8 148.1+28.2 31.8+7.7
10N 21.8+1.3 1.1£0.1 1148 £10.1 1199+11.0 29.2+4.6
20N 458+10.0 1.2+0.1 90.7 +£13.3 114.0+£9.2 253+0.8
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