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Figure 3.9 Logged isoprene emission (nmol m2 s) versus sex between species of A.
undulatum, P. urnigerum and P. juniperinum gametophytes (n=167). Species and sex are
plotted on the x- axis. Tukey-Kramer HSD Multiple Comparisons Test shows areas of
significant difference between isoprene emission (nmol m s™) vs. species and sex. Error
bars represent =1c (standard deviation). Letters show statistical significance between
means. Means with the same letter are not significantly different. A * indicates
significant difference, ** indicates a highly significant difference, *** indicates high
statistical significance, NS indicates no significance.
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Figure 3.10 Isoprene emission (nmol m2 s1) versus sexes in Polytrichaceae
gametophytes (n=167). Sexual expression, female, male and non-sexual expressions are
plotted on the x- axis. Error bars represent =16 (standard deviation). Letters show
statistical significance between means. Means with the same letter are not significantly
different. A * indicates significant difference, ** indicates a highly significant
difference, *** indicates high statistical significance, NS indicates no significance.
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Figure 3.11 Isoprene emission (nmol m2 s1) versus site in A. undulatum gametophytes
(n=70). Altitude is plotted on the x- axis. Tukey-Kramer HSD Multiple Comparisons
Test shows areas of significant difference between isoprene emission (nmol m2s?) vs.
site. Error bars represent £10 (standard deviation). Letters show statistical significance
between means. Means with the same letter are not significantly different. A * indicates
significant difference, ** indicates a highly significant difference, *** indicates high
statistical significance, NS indicates no significance.
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Figure 3.12 Isoprene emission (nmol m2 s) versus site in P. juniperinum gametophytes
(n=56). Altitude is plotted on the x- axis. Tukey-Kramer HSD Multiple Comparisons
Test shows areas of significant difference between isoprene emission (nmol m2s?) vs.
site. Error bars represent £10 (standard deviation). Letters show statistical significance
between means. Means with the same letter are not significantly different. A * indicates
significant difference, ** indicates a highly significant difference, *** indicates high
statistical significance, NS indicates no significance.
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Figure 3.13 Isoprene emission (nmol m2 s1) versus site in P. urnigerum gametophytes
(n=41). Altitude is plotted on the x- axis. Tukey-Kramer HSD Multiple Comparisons
Test shows areas of significant difference between isoprene emission (nmol m2s?) vs.
site. Error bars represent £10 (standard deviation). Letters show statistical significance
between means. Means with the same letter are not significantly different. A * indicates
significant difference, ** indicates a highly significant difference, *** indicates high
statistical significance, NS indicates no significance.
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Figure 3.14 Isoprene emission (nmol m2 s1) best fit regression line versus Chlorophyll
Fluorescence Ratio (CFR) in P. juniperinum gametophytes (n=45). CFR is plotted on the
x-axis. Regression line is statistically significant. A * indicates significant difference, **
indicates a highly significant difference, *** indicates high statistical significance, NS
indicates no significance. Regression line equation shown below for isoprene emission
and CFR.
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Figure 3.15 Logged isoprene emission (nmol m s) best fit regression line versus
Chlorophyll Fluorescence Ratio (CFR) in P. juniperinum gametophytes (n=28). CFR is
plotted on the x-axis. The nonlinear regression line is statistically significant in A.
undulatum. The regression line in P. juniperinum is not statistically significant. A *
indicates significant difference, ** indicates a highly significant difference, *** indicates
high statistical significance, NS indicates no significance. Regression line equation
shown below for isoprene emission vs. CFR for A. undulatum.

Isoprene vs. CFR***
Y=2.82072*CFR+0.1808921
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Figure 3.16 Chlorophyll Fluorescence Ratio (CFR) versus sex in P. juniperinum (n=25).
Sex is plotted on the x-axis. Error bars represent +1c (standard deviation). Letters show
statistical significance between means. Means with the same letter are not significantly
different. A * indicates significant difference, ** indicates a highly significant
difference, *** indicates high statistical significance, NS indicates no significance.
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Figure 3.17 Relative Electron Transport Rate (RETR) (umols m2s™?) versus sex on BCD
media in P. juniperinum and A. undulatum gametophytes (n=28). Photosynthetic Photon
Flux Density (PPFD) (umols m?2s™) is plotted on the x-axis. The regression line is
statistically significant in male A. undulatum. The regression line in P. juniperinum is not
statistically significant. A * indicates significant difference, ** indicates a highly
significant difference, *** indicates high statistical significance, NS indicates no
significance. Regression line equation shown below for RETR vs. PPFD for A.
undulatum.
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Figure 3.18 Isoprene emission (nmol m2 s1) best fit regression line versus Chlorophyll
Fluorescence Ratio (CFR) in P. juniperinum gametophytes (n=28). Chlorophyl|
Fluorescence Ratio (CFR) is plotted on the x-axis. The regression line in P. juniperinum
is not statistically significant. The regression line in A. undulatum is statistically
significant. A * indicates significant difference, ** indicates a highly significant
difference, *** indicates high statistical significance, NS indicates no significance.
Regression line equation shown below for isoprene emission vs. CFR for A. undulatum.
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Figure 3.19 Chlorophyll Fluorescence Ratio (CFR) versus species: P. juniperinum and A.
undulatum gametophytes (n=28). Species is plotted on the x-axis. Error bars represent
+1o (standard deviation). Letters show statistical significance between means. Means
with the same letter are not significantly different. A * indicates significant difference,
** indicates a highly significant difference, *** indicates high statistical significance, NS
indicates no significance.
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Figure 3.20 Relative Electron Transport Rate (RETR) (umols m?2s™) versus
Photosynthetic Photon Flux Density (PPFD) (umols m™s?) in P. juniperinum and A.
undulatum gametophytes (n=28). PPFD is plotted on the x-axis. The regression line for
both species is statistically significant. Error bars represent +1c6 (standard deviation). A *
indicates significant difference, ** indicates a highly significant difference, *** indicates
high statistical significance, NS indicates no significance. Regression line equation
shown below for RETR vs. PPFD for P. juniperinum and A. undulatum.
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Figure 3.21 Relative Electron Transport Rate (RETR) (umols m™2s™) versus sex in P.
juniperinum and A. undulatum gametophytes (n=28). Sex is plotted on the x-axis. Error
bars represent =1c (standard deviation). Letters show statistical significance between
means. Means with the same letter are not significantly different. A * indicates
significant difference, ** indicates a highly significant difference, *** indicates high
statistical significance, NS indicates no significance.
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Chapter 4

The effect of nitrogen addition on moss morphology, sexual reproduction,

and isoprene production

Abstract

Isoprene (2-methyl-1, 3-butadiene) accounts for approximately one third of all
global BVOC emission and has been shown to protect plants from both abiotic and biotic
stress with species and sex-specific preferences. As anthropomorphic nitrogen (N)
increases in altered ecosystems, understanding the influences of N on morphology,
physiology and reproductive effort is important and has not been well-studied in
bryophytes. In this study, we set up a four-year common garden experiment in the moss
Polytrichum juniperinum to test the effects of nitrogen addition on plant morphology,
sexual reproduction and isoprene emission. Morphological, sexual expression and
physiological measures varied significantly across the six populations from which we
collected plants. Nitrogen addition significantly affected gametophyte length, isoprene
emission and chlorophyll fluorescence ratio (CFR). We are the first to report increased
isoprene emission under nitrogen addition in P. juniperinum. The high variation in
morphology and physiology makes mosses ideal study systems as they are highly
adaptable to their environment. The role of isoprene emission in mosses has gone nearly
unnoticed, BVOC in vegetation have been demonstrated to have both regional and global
atmospheric chemistry and climate impacts, while estimating emission fluxes from

mosses is poorly understood.
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Introduction

Background nitrogen deposition

Tracking nitrogen deposition patterns is important for understanding how
anthropogenic sources of nitrogen affect both natural habitats and urban environments
(Pujadas et al. 2000; Raciti et al. 2008; Kaushal et al. 2014; Jones et al. 2018; Chavez et
al. 2018). The global deposition of anthropogenic N now surpasses those from natural
sources, with a four-fold increase in the amount of N available to organisms in less than a
century (Vitousek et al. 1997; Fields 2004; Luo et al. 2004; Bobbink et al. 2010; Schulte-
Uebbing et al. 2018; Taboada et al. 2018; Calvo-Fernandez et al. 2018). To quantify N
deposition is a complex task, with a wide range of compounds in the gas phase, in
aerosols, and in precipitation (Krusche et al. 2003; Miller et al. 2003; Mahowald et al.
2011; Guo et al. 2018; Zheng et al. 2018; Cook et al. 2018; Lu et al. 2018; Xu et al.
2018). It is now well established that the level of N introduced to the atmosphere is
increasing due to human activities (Vitousek et al. 1997; Galloway 1998, 2008; Bobbink
et al. 2010; Erisman et al. 2013; Mogollon et al. 2018), and the process of climate as
drivers of nitrogen are difficult to predict (Hess et al. 2018). Nitrogen deposition models
forecast that by the year 2100 nitrogen deposition will be the third largest threat to
biodiversity with climate change remaining the leading continuing threat (Galloway et al.
2004; Gruber et al. 2008; Sala et al. 2010; Wankel et al. 2010; Erisman et al. 2013;

Stevens et al. 2018).
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Anthropogenic bio-available N sources are driven by emission of nitrogen oxide
species, such as nitrogen oxides: such as nitric oxide and nitrogen dioxide
(NOx=NO+NO2) and ammonia (NH3), in the atmosphere (Crutzen 1970, 1971; Liang et
al. 1998; Glarborg et al. 2018). The oxidized forms of N, such as N2O and NOx, are
predominantly emitted as a byproduct of transport, industry and energy production which
helps explain regional differences in N deposition, with transportation contributing 70%
of the emissions of oxidized compounds (Patterson et al. 1994; Clapp et al. 2001;
Carslaw 2005; Yuan et al. 2005; Hoekman et al. 2012; Chaichan et al. 2018; Souri et al.
2018; Teixeira et al. 2018). Once released to the atmosphere, N reactive compounds, such
as NOx, oxidize to nitric acid (HNO3) in a relatively short period of time, while the
oxidation to organic nitrates occurs in less than a day (Zhang et al. 2012). Nitric acid
(HNO3) or nitrate (NO3-) is the dominant sink for reactive nitrogen oxides in the
atmosphere (Fang et al. 2011). Nitric acid (HNO3) and nitrate (NO3-) are considered to
be the principal compounds in nitrogen deposition (Phillips et al. 2006). In wet
deposition, most of the nitrogen is in the form of nitrate (NO3-) and ammonium (NH4+).
In dry deposition, nitric acid (HNO3), ammonia (NH3), and nitrogen dioxide (NO2)
dominate (Poikolainen et al. 2009).

The largest source of nitrogen comes from fuel NOx from vehicles (Widory
2007). NOx contributes to the formation of ozone (Oz) and aerosol particulate matter and
is thus an important factor affecting regional air quality and radiative balance due to
smog production (Ehhalt et al. 2001). Since the lifetime of fixed nitrogen is short, most of

the N deposition is near its source and is local in origin (Ollinger et al. 1993; Asman et al.

130



1998; Munger et al. 1998; Aneja et al. 2001; Kirchner et al. 2005, 2014; Moomaw et al.
2002; Zhang et al. 2012; Redling et al. 2013; Xu et al. 2018). Nitrogen deposition in
North America is damaging sensitive ecosystems, even with efforts to reduce nitrogen
oxide emissions (Li et al. 2006) and further steps are needed to reduce nitrogen
deposition (Ellis et al. 2013). In the Pacific Northwest nitrogen deposition spans the
range of 0.15 kg N ha™ yr 1 to 39 kg N ha yr 1 (Root et al. 2013). In and around urban
areas, N deposition from anthropogenic sources can be many times the natural sources,
significantly changing the behavior of the nitrogen cycle (Skeffington et al. 1988; Lovett
1994; Fenn et al. 1998, 2003; Kim et al. 2011; Pardo et al. 2011; Zhang et al. 2012;
Benedict et al. 2018; Kharol et al. 2018).

An increasingly large body of evidence suggests that traits of plants adapted to
nutrient-poor or nutrient-rich habitats may have feedback effects on a number of
aboveground and belowground systems and communities (Aerts et al. 1989; Hobbie
1992; Nadelhoffer et al. 2000; Aber et al. 2003; Kou et al. 2018; Hou et al. 2018; Xia et
al. 2018). Many biological and physiological processes, including photosynthesis,
respiration, and carbon allocation due to increased nitrogen deposition have been used to
analyze and detect environmental stress in plants (Darrall 1989; Townsend et al. 1996;
Nellemann et al. 2001; Clark et al. 2008; Bobbink et al. 2010; Smithwick et al. 2013;
Fusaro et al. 2017; Damgaard et al. 2017; Hess et al. 2018).

An increase in nitrogen in some cases can have a stabilizing effect on ecosystem
development (Kristensen et al. 1998; Aerts et al. 1999; Neff et al. 2002; Dijkstra et al.

2004; Zechmeister et al. 2008; Kou et al. 2018; Ibafiez et al. 2018), but in most cases
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increased nitrogen deposition alters leaf and root composition (Xia et al. 2018), and alters
growth responses of trees by increasing sensitivity to increased temperatures (Hess et al.
2018).

Even at low rates, N enrichment causes community shifts (Payne et al. 2017),
affects greenhouse gas emissions (Song et al. 2017), causes key shifts in ecosystems such
as widespread loss of species (Stevens et al. 2004; Maskell et al. 2010; Dupre et al. 2010)
increase carbon sequestration (McKinley et al. 2008; de Vries et al. 2009; Liu et al.
2010), and promotes microbial competition in both subsoil and topsoil (Jones et al. 2018).
Nitrogen increase can adversely affect seed productivity and flowering (Phoenix et al.
2012; Bogdziewicz et al. 2017; Wolf et al. 2017), increase competition and plant density
among plant species, and influence decomposition and ecosystem nutrient turnover (Price
et al. 1980; Steer et al. 1986; Muchow 1988; Vitousek et al. 1997; Cox et al. 2001; Vos et
al. 2005; Kosola et al. 2018; Lemaire et al. 2018). There is also strong evidence to
suggest that current rates of N deposition are altering many biogeochemical processes,
which are influenced by climatic conditions (Southon et al. 2013; Neumann et al. 2018)
and already cause reduction in soil respiration (Janssens et al. 2010), and alter

photosynthetic capacity, foliar nutrient status and nitrogen metabolism (Mao et al. 2018).

Nitrogen deposition and bryophytes

The distribution pattern of mosses in urban centers can be related to the degree
and extent of pollution (LeBlanc et al. 1971; Rao 1982). The major source of nitrogen

input for mosses comes from atmospheric wet deposition as precipitation, throughfall and
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dry deposition of fixed N; this allows for a correlation between the N content of moss
tissue and local N deposition (Pitcairn et al. 1995; Solga et al. 2006; Wilson et al. 2009;
Harmens et al. 2011; Kosonen et al. 2018). Mosses are readily available and can be used
as an inexpensive tool to monitor nitrogen levels. While the N content in mosses provides
no direct quantitative measurement of atmospheric deposition, the data obtained can give
an indication of spatial patterns and temporal trends of N deposition from the atmosphere
(Schroder et al. 2010, 2014; Kosonen et al. 2018). The use of moss nitrogen content and
O15N can be used to acquire nitrogen signal strength and origin (Pearce et al. 2003;
Pitcairn et al. 2003; Turetsky 2003; Paulissen et al. 2004; Bragazza et al. 2005; Solga et
al. 2005, 2006; Pesch et al. 2008; Arréniz-Crespo et al. 2008; Harmens et al. 2011;
Varela et al. 2013; Schroder et al. 2010, 2014; Erisman et al. 2014; Meyer et al. 2015;
Izquieta-Rojano et al. 2016; Song et al. 2016; Felix et al. 2016; Shi et al. 2017; Kosonen
et al. 2018; Carballeira et al. 2018; Olmstead et al. 2018).

Cryptogamic covers, such as cyanobacteria, algae, lichens, bryophytes, fungi, and
archaea fix approximately 50 million tons of nitrogen per year and take up approximately
14 billion tons of carbon dioxide per year (Elbert et al. 2012). Mosses can adjust their N
assimilating regime in response to anthropogenic N deposition (Bakken et al. 1995;
Granath et al. 2009; Wiedermann et al. 2009; Waite et al. 2010; Lee et al. 2018). As a
result, mosses can be vulnerable to increased N uptake. NO, NO2 and NH3 is readily
deposited on moist leaf surfaces, where it is reduced through nitrate reductase to nitrite
(Cape et al. 2004). Mosses are known as competitive scavengers of N and are known to

reduce N availability for higher plants (Svensson 1995). They play an important role in N
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cycling within the environment (Turetsky 2003) for both past and present atmospheric
conditions shifting over time (Shetekauri et al. 2018; Xu et al. 2018; Olmstead et al.
2018).

High concentrations of nitrogen deposition has also been directly linked to
negative effects on bryophyte communities leading to losses in moss cover and
productivity (Pearce et al. 2003; Koranda et al. 2006; Arréoniz-Crespo et al. 2008; Britton
et al. 2018; Xing et al. 2019), losses in biodiversity (Alatalo et al. 2018), declines in
nitrate reductase activity of plant tissue (Pearce et al. 2002; Gordon et al. 2001), and
reduction in shoot length (Bell 1992, Salemaa et al. 2008). Without a vascular nutrient
transport system and in the absence of roots, mosses are perennial primary producers that
accumulate mineral cations and anionic nutrients through wet and dry deposition. High
surface area to volume ratio in moss in addition to high cationic exchange capacity
(Clymo et al. 1963; Little et al. 1974; Wells et al. 1990; Blischer et al. 1990; Turetsky et
al. 1993) favor the accumulation of atmospherically available nutrients from which fixed

N is obtained (Gerdol et al. 2002).

Purpose of Study

While the interaction between nitrogen deposition and mosses are well-studied in
some respects, the effects of nitrogen deposition on volatile organic compounds
(BVOCs), such as isoprene, is largely unknown in mosses. Only some plant species
produce isoprene, and it has also been hypothesized that the isoprene-producing plants
both protect themselves against ozone and, in NOx-rich environments, increase the ozone

134



