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Abstract

Persistent degassing is an unusual type of volcanic activity with considerable en-
vironmental impacts, although its effects on downwind ecosystems are poorly re-
searched. Up to 1000 tonnes of SO, per day are degassed from Masaya Volcano in
Nicaragua, and trade winds blow the plume in a WSW direction. A cross-wind tran-
sect through this plume provides a natural laboratory for this study on volcanic gases
and their impacts on the tropical dry forest. ,

Measurements of gas concentration and deposition rates of SO,, HCI and HF along
the transect were described by Gaussian profiles. These were linked to gas emission
at the crater and the wind direction estimated from the HYSPLIT model. SO, con-
centration profiles were used to investigate the ecological response to exposure to the
volcanic plume along the same transect at two scales: the vegetation community and
individual plant traits.

The plant community level study found high levels of volcanic SO, were associated
with low species richness, comprising mostly grasses and herbs, an acidic soil, an open
canopy and a thin leaf litter layer. Local feedbacks with these environmental variables
have likely slowed succession in this area, indicating long-term impacts of volcanic
degassing.

At the species level, Dalechampia scandens response to SO, was surprising; its
largest leaves were found where volcanic pollution was highest. Elevated H,O, CO,
or nutrient levels from the plume may have benefited these tolerant plants. Compared
with vegetation cdmposition, this likely shows a more short-term response to volcanic
gas levels.

As well as informing ecological studies, fitting Gaussian profiles to volcanic gas
data has validated our understanding of plume dispersal. The first evidence of vege-
tation community and plant trait response to volcanic gases presented here may give
useful insights into the impacts of other degassing volcanoes or future industrial pol-
lution in the tropics.
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Chapter 1

Introduction

1.1 Volcanoes in the environment

Volcanic emissions are incredibly varied in terms of their composition (e.g. lava, ash,
gas) and their spatial and temporal characteristics. Consequently, the environmental
impacts of volcanic activity are wide ranging. Lava flows are totally destructive to the
area around a volcano, resulting in primary succession (Chevennement, 1990; Bashan
et al. ,2002; Cutler, 2009; Munguia, 2013). Some plants and the seed bank may survive
ash eruptions, including ash clouds and pyroclastic flows, allowing for a faster recovery
period (Whittaker et al. , 1989; Tsuyuzaki & Del Moral, 1995; Thornton, 1996; Marler
& Moral, 2013; Chang & del Moral, 2015). Both of these types of activity are typically
considered as discrete events, with local to regional impacts. Volcanic gases can be
emitted alongside eruptions of ash and lava, or degassing may occur by itself.

Global and regional impacts of volcanic gases released during large explosive erup-
tions that reach the stratosphere are well quantified. These are associated with feed-
backs with the climate system, as a result of sulfate acrosols in the stratosphere reduc-
ing incoming solar radiation (Briffa et al. , 1998; Robock, 2000). This causes global
cooling and has led to crop failures (Post, 1977). Persistent volcanic degassing is a
special type of volcanic activity, because it is a continuous (albeit variable) state, rather

than a discrete event, and is associated with strong localized impacts. Unlike large ex-
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CHAPTER 1. INTRODUCTION

plosive volcanic eruptions, emissions from persistently degassing volcanoes typically

stay within the troposphere, so their impacts are different.

1.2 Volcanic degassing

Volcanoes are estimated to contribute 13 Tg per year of S02to the atmosphere (An-
dres & Kasgnoc, 1998), including both persistent degassing and explosive eruptions.
Persistently degassing volcanoes discharge large amounts of gas from a free magma
surface exposed to the atmosphere (Figure 1.1). The rate of emission is sufficient to
sustain a gas plume. This plume is typically ash-free and persistently degassing vol-
canoes infrequently erupt lava or ash. Gases emitted include H20, C02, S02, HCI1
and HF (Table 1.1). Since H20 and CO02 have high and variable atmospheric back-
ground levels, volcanic gas emissions are typically quantified in terms of S02. Some
persistently degassing volcanoes, whose emissions can reach hundreds to thousands of
tonnes per day (Table 1.2), have been particularly well monitored, including Masaya
(Delmelle et al. , 2001, 2002; Martin et al , 2010) and Etna (Bellomo et al. , 2007,

Floor et al. , 2011).

Figure 1.1: Dispersion of gases from Masaya’s Santiago crater. Photograph taken looking
North towards Masaya volcano on the right, and the gas plume blowing in a SW direction to
the left. Taken on the 26th of February 2014.
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Gas mo %

HoO  94.26
CO, 3.25
SO, 1.43
HCl 0.85
HF 0.19

Table 1.1: Molar percentages of the five principal emissions from Masaya volcano in 1999
(Burton et al. , 2000)

SO, fi
Volcano T d:’ayllf)
Etna, Italy 4000
Bagana, PNG 3300
Lascar, Chile 2400

Ruiz, Colombia 1900
Sakurajima, Japan 1900
Manam, PNG 920
Yasur, Vanuatu 900
Kilavea, Hawaii 800
Masaya, Nicaragua 790
Stromboli, Italy 730

Table 1.2: Ten degassing volcanoes and their estimated fluxes, from Andres & Kasgnoc
(1998). These represent an average flux, typically over a short time period of measurement,
and there may be considerable fluctuations on long and short time-scales.
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1.2.1 Ecological and environmental impacts

Persistently degassing volcanoes are, therefore, potent sources of pollutant gases into
the troposphere with potential for considerable environmental impacts. Volcanic gas
plumes are known to acidify the downwind environment, through emissions of SO,
HCl and HF (Johnson & Parnell, 1986; Delmelle et al. , 2002; Bellomo et al. , 2007,
Kamijo et al. , 2008; Floor et al. , 2011). Plants are damaged by these acidic emis-
sions which cause leaf necrosis and chlorosis (Wahid, 2006; Nelson & Sewake, 2008).
Satellite imagery, including studies using the Normalized Difference Vegetation Index
(NDVI), show significant damage to vegetation (Nadeau, 2004). At the community
scale, volcanic emissions are associated with a decline in species richness and vege-
tation cover (Kamijo & Hashiba, 2003; Kamijo et al. , 2008; Ting & Poulsen, 2009).
Most pronounced is the decline in trees, but this can allow for an expansion of herba-
ceous plants and grasses (Kamijo et al. , 2008). This is because the death or defoliation
of trees allows for more light to penetrate to the understory, and this reduces competi-

tion for resources for herbs and grasses.

There are potentially competing effects of different mixtures of volcanic gases on
the health of an individual plant. The principal constituents of volcanic emissions are
H,0 and CO,, both of which are the key components of photosynthesis and, therefore,
vital to plant growth (Abrams, 2011; Jenkins, 2012; McElrone et al. , 2013). A study
on photosynthesis in Gunnera insignisis at Turrialba, a degassing volcano in Costa
Rica, suggested that high levels of volcanic CO, was able to counteract the negative
effects of exposure to SO (Jenkins, 2012). Heavy and trace metals are also emitted by
degassing volcanoes and can damage plants. However, their concentrations in plants
growing near degassing volcanoes do not typically exceed phytotoxic levels and are,
therefore, unlikely to have significant direct implications for plants or their consumers

(Grasso et al. , 1999; Martin et al. , 2009b, 2010; Burson, 2012; van Manen, 2014b).

Some species growing downwind of Masaya are able to neutralise volcanic acid

rain caused by degassing using leaf cation exchange (Johnson & Parnell, 1986). How-
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ever, functional parts of a plant might respond differently to volcanic gas emissions
(Abe et al. , 2014). For example, leaf health might not be affected by exposure to
volcanic gases, but reproductive success might be decreased. Volcanic emissions are
likely to have an overall negative ecological impact, though they may benefit tolerant

plants in some ways.

1.3 Industrial pollution

The effects of industrial air pollution on downwind vegetation have been well studied,
and these pollutants can provide a useful analogue for volcanic gases. Industrial pol-
lutants principally consist of sulphur (S), nitrogen (N) and ozone based compounds,
but may also include heavy metals. S is a key component of volcanic emissions,
but chlorine (Cl) and fluorine (F) which are also released from degassing volcanoes
(D’ Alessandro et al. , 2008; Aiuppa et al. , 2009), are less associated with industrial
pollution (Evans ef al. , 2011). There is some evidence for volcanic N emissions in
the form of HNO; (Mather et al. , 2004), but these are not as significant as S. Volcanic
S, Cl and F are also known for their acidifying effects on the local environment, which
is a common consequence of industrial air pollution. Acidification affects terrestrial
ecosystems directly as well as through the responses of soils and their microbes (Singh
& Agrawal, 2008). Whilst industrial emission rates can be significantly higher than
those of volcanic degassing, it is important to remember that volcanic degassing can-
not be controlled, so potentially represents a long-term pollutant source. Insights from
industrial pollution literature are likely to prove useful in developing an understanding
of how volcanic gases might affect local ecosystems, even if there are variations in
pollutant composition.

Like volcanic degassing, high levels of industrial SO5 pollution is linked to de-
creased species richness and a decline in tree cover supporting the expansion of un-
derstory species, including herbs and grasses. Many other industrial pollutants such

as nitrogen and ozone have been shown to modify plant communities (Fuhrer ef al. ,
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1997; Bobbink et al. , 1998; Stevens et al. , 2004; Payne et al. , 2011, 2013; Dirnbock
et al. , 2014). Pollution can, therefore, affect vegetation cover, the number of species
and their composition.

The effect of industrial pollutants is well studied for northern hemisphere ecosys-
tems, such as boreal forest (Vavrova et al. , 2009). However, at lower latitudes where
climatic conditions differ and there are different limiting factors, the impacts of pollu-
tion (volcanic or indilstrial) are less well known (Delmelle et al. , 2001). Therefore, the
results from this thesis might also be useful for informing predictions of the potential

ecological impact of industrial pollution in the tropics.
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1.4 Introduction to Masaya Volcano, Nicaragua

In 1979, Nicaragua’s first national park Parque Nacional Volcdn Masaya was formed.
It is located approximately 20-25 km south of Managua (Figure 1.2), and lies to the
west of the town of Masaya (Figure 1.5). The summit elevation of Masaya volcano
is 635 m a.s.l.. Average annual temperatures range from 20 to 28°C and there is 1500
mm of rain per year, mostly during the wet season which runs from May to October

(Wermundsen, 1999).

1.4.1 Geological setting

Masaya Volcano is a part of the Central American Volcanic Front (CAVF), which
stretches from Guatemala (Tacand) in the North to Panama (La Yeguada) in the South.
This chain is a result of the subduction of the Cocos and Nazca Plates underneath the
Caribbean Plate (Carr, 1984). The geological history of Masaya has been well docu-
mented by Walker et al. (1993), and the large caldera (6 x 11.5 km) is thdught to have
been formed by a series of explosive basaltic eruptions (Williams, 1983). Masaya has
a low shield volcano shape, unlike the characteristic composite cone shape of many

other Nicaragua volcanoes.

Historical records mention the existence of a lava lake within Nindiri crater (Figure
1.3), which produced a lava flow in 1670 (McBirney, 1956). More recently, there
was a lava flow from the flanks of the San Fernando crater (Figure 1.3) in 1772.
Between 1850 and 1859, a large subsidence event formed the currently active Santiago
Crater (Figure 1.3). Since then, there have been many degassing crises lasting years to
decades, coupled with occasional very small ash eruptions (McBirney, 1956; Stoiber
etal. , 1986; Walker et al. , 1993; Rymer et al. , 1998). Incandescence from the magma

can be frequently seen in the Santiago crater.
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Dates Reference
1850-1859 1
1902-1906 1
1919-1927 1
1946-1959 1,2
1979-1988 2,34

1993-present  4,5,6

Table 1.3: Dates of recorded degassing crises at Masaya, adapted from Horrocks (2001). 1:
McBimey (1956), 2: Stoiber ef al. (1986), 3: Walker et al. (1993), 4: Rymer et al. (1998),
5: Delmelle et al. (1999), 6: Martin et al. (2012).

1.4.2 Recent activity at Masaya Volcano

Masaya is a degassing volcano characterized by periodic phases of degassing that last
years to decades, with the latest starting in 1993 and continuing to the present day
(Table 1.3). The regional trade winds are north-easterly, blowing the plume to the
south-west. The downwind area is polluted with volcanic gases, including SO,, HCI
and HF (Delmelle et al. , 2001). The plume also carries water and carbon dioxide, as
well as volcanogenic heavy metals and trace elements (Horrocks, 2001; Martin ef al. ,
2010). There have been very infrequent ash eruptions from the Santiago Crater, which

might also have temporarily added ash particles to the volcanic plume of gases.

Gas emissions from Masaya have been well studied, with the first measurements of
volcanic SO, made by Stoiber ef al. (1986) using COSPEC (Correlation Spectrome-
ter), a UV spectroscopy technique. This has since been advanced and a new instrument,
named FLYSPEC, is currently used to measure volcanic SO, at Masaya (Horton et al. ,
2005; Williams-Jones et al. , 2005; Nadeau, 2004) as well as a DOAS, Differential Op-
tical Absorption Spectroscopy, (Mather et al. , 2006). Other studies have used similar
remote sensing techniques, such as open-path Fourier Transform Infrared spectroscopy
(Horrocks, 2001), allowing for the measurement of a wider range of gases, including
CO,, H,0, HCI and HF. Others have directly quantified gas emissions from Masaya
using diffusion tubes (Allen, 2002), sulfation plates (Delmelle et al. , 2001, 2002) and

direct measurement of aerosols have been made using impactors (Mather et al. , 2003;
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Martin et al. , 2012) and filter packs (Mather et al. , 2006; Martin et al. , 2009a).
The degassing history of Masaya is well-studied compared with other volcanoes,
making it a good candidate location for the study of the ecological impacts of volcanic

degassing.

1.4.3 Environmental impacts

The ambient SO, concentrations downwind of Masaya regularly exceed the WHO
health recommendations of above 500 ug m™3 for periods of more than 10 minutes,
or above 20 ug m~3 over a 24 hour period (Delmelle et al. , 2002; WHO, 2011; van
Manen, 2014a). S, as well as Cl and F compounds are dry-deposited on the local
downwind environment (Delmelle et al. , 2001, 2002). During the wet season, these
gases mix with moisture in the atmosphere and produce acid rain (Johnson & Parnell,
1986). Both dry and wet deposition of these volcanic plume constituents are known
to acidify the soil (Delmelle et al. , 2003). Downwind of Masaya, volcanic andosols
have the capacity to sequester aluminum-hydroxy- sulfate minérals, which reduces to

some extent the impacts of acidification (Delfosse et al. , 2005).

1.4.4 Ecological setting ‘

The climax community at Masaya is tropical dry forest. This is a forest ecosystem
found at tropical and sub-tropical latitudes where rainfall is seasonal and there is a
dry period of no or little rainfall, during which many plant species lose their leaves.
Tropical dry forest is an endangered ecosystem in Central America and only 0.1%
of its original extent remains (Gillespie & Walter, 2001). Tropical dry forests are a
biodiversity hotspot and so are priorities for conservation (Myers et al. , 2000).
Secondary tropical dry forest succession is well studied in response to both human
disturbances (e.g. forest cutting for cultivation- Hartter ét al. (2008); Williams-Linera
et al. (2010), grazing- Larkin et al. (2012), invasive species- Johnson & Wedin
(1997)) and natural disturbances (e.g. landslide- Shiels & Walker (2003); Velazquez
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& Gomez-Sal (2009), hurricane- Willig et al. (2011)). Recovery or regeneration
from these types of disturbances can be observed on relatively short timescales (years
to decades). However, processes and patterns in primary succession of tropical dry
forest, which take much longer due to the requirement of soil formation, are less well
understood. There are no studies of the ecological impacts of volcanic degassing on
any tropical dry forest ecosystems.

Masaya Volcano National Park is very dry and has lower plant species richness
compared with other dry forest reserves in Costa Rica and Nicaragua (Gillespie &
Walter, 2001). As a result of volcanic activity, there are a variety of habitats cover-
ing different successional stages. This ranges from two recent lava flows emplaced
in 1772 and 1670 CE that are barely colonized (lichens and ferns, with some pioneer
trees becoming established e.g. Plumeria rubra) to parts of the park that appear to have
reached a tropical dry forest climax community. Additionally, although not permitted
outside of the designated agricultural area, grazing by local farmers livestock and fire-
wood removal are not uncommon. Like other dry forests, Masaya is also vulnerable to
natural disturbances such as fire. This means that although a large area of the park is

forested, very little of it can be defined as primary forest.

1.4.5 Ecological impacts of degassing from Masaya

Due to volcanic activity in the early 1950s, coffee plantations several kilometres down-
wind of the volcano became infertile (McBirney, 1956). Significant damage to plants
and crops has also been observed since 1993, the beginning of the latest degassing pe-
riod (Delmelle et al. , 2001, 2002). Normalized Difference Vegetation Index (NDVI)
imagery of the volcano and its surroundings shows areas of high vegetation damage
within the first few kilometres downwind of the active vent (Nadeau, 2004), which is
also evident on Google Earth satellite imagery (Figure 1.3).

High accumulations of major and trace elements have been found in grasses grow-

ing downwind of degassing volcanoes, including Masaya (Martin ef al. , 2010) and
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Turrialba (Burson, 2012). Whilst these have been shown to act as useful tracers of
volcanic emissions, they do not typically reach phytotoxic levels for the plants. Addi-
tionally, a study of cultivated foods growing downwind of Masaya, including pineapple
and pitaya, found heavy metal concentrations did not exceed the threshold for human
consumption (van Manen, 2014a). This suggests that it is acid species such as SO,
HCI and HF, which are released in much larger quantities, that are responsible for the
most damage to vegetation. These acid species are known to directly damage leaves
for example, through necrosis and chlorosis (Nelson & Sewake, 2008).

However, there is evidence that some plants, Melanthera sp. and Lantana sp.
(Johnson & Parnell, 1986), have the capacity to neutralize acid rain allowing them
to persist in the most affected areas. Additionally, despite the influence of the vol-
cano, Pacific Parakeets have been observed inhabiting the crater (Wermundsen, 1999)
and solitary bees nest in the ash at the crater edge where volcanic gas concentrations
are extremely high (H. Erenler, pers. comm., 21 November 2013). However, to date
there has been no research into how volcanic degassing is affecting plant communities
downwind of the volcano. Additionally, at the plant scale it is not known how plant

growth and traits respond to exposure to volcanic gases.
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Figure 1.2: Map of Central America showing the location of Masaya Volcano National Park
marked with a green dot. The capital of Nicaragua, Managua, is marked with a red dot
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Figure 1.3: Google Earth satellite imagery of the area surrounding Masaya Volcano from the
29th March 2014 and the 8th December 2014. An area of damaged vegetation is evident to the

SW of'the active crater. SP= San Pedro Crater, N= Nindiri Crater and SF= San Fernando
Crater.

Figure 1.4: Plume of gases emerging from Santiago Crater
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Figure 1.5: Map of Masaya Volcano National Park (PNVM). The active Santiago Crater is
marked in red, and the predominant wind direction is shown with an arrow. The two most
recent lava flows (in 1670 and 1772, which extends beyond the park boundary) are shown, as
is the lava flow underlying the main sampling area, named Chocoyos. Nearby towns of
Masaya and Nindiri are also marked, as is the lake, Laguna de Masaya.
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1.5 Thesis outline

Persistent volcanic plumes provide nétural laboratories for studying the environmental
and ecological effects of gas fumigation and acid deposition. Downwind and crosswind
variation in gas concentrations and deposition rates produce a strong and short gradient
along which ecological and environmental data can be collected. Persistent degassing
from Masaya Volcano in Nicaragua has been recorded for several decades, making it
an ideal candidate for a study of the long-term ecological and environmental impacts.
Additionally, it is situated in a well-populated area, making it both easy to access and
of relevance for the health and livelihoods of local people.

The focus of this thesis is a cross-wind transect, several kilometres downwind of
the actively degassing Santiago Crater at Masaya Volcano, where data were collected
on volcanic gases and ecological and environmental variables. Along this transect,
measurements of ground level SO,, HCI and HF gas concentrations and deposition
rates were used to characterize the pollution load and exposure to the volcanic plume.
These measurements covered a large area across five different sampling periods. This
combination of spatial and temporal detail has not yet been previously studied down-
wind of Masaya.

Gas concentrations along a cross-wind transect are expected to follow a Gaussian
distribution. Fitting a Gaussian model to gas concentration and deposition rate data
would allow for the plume profile to be characterized in terms of its centreline, width
and peak concentration. These data revealed variations through time in the composition
and dispersal of volcanic gases from Masaya, demonstrating the relevance of volcanic
and meteorological factors in influencing the downwind distribution of volcanic gases
and their deposition. Additionally, using a Gaussian model to describe the cross-wind
distribution of volcanic gases would allow for estimated volcanic gas levels at any
point along the transect, where measurements were not taken. This was applied in
the following chapters, where is was possible to estimate SO, concentrations where

ecological data were collected along the transect.
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Results from the Gaussian fit were taken at sites where ecological (plant commu-
nity) and environmental (soil pH, EC, leaf litter layer depth and canopy cover) data
were collected. The variation in these ecological and environmental data were linked
to the gradient of exposure to volcanic gases. This provides the first study of the im-
pact of volcanic degassing alone on plant community composition. Additionally, it
contributes to the small body of literature on the effects of environmental disturbance
on tropical dry forest ecosystems, and might help inform predictions of the ecological
impacts of industrial pollution in tropical regions.

To complement the plant community data, the trait response of individual species
was also studied, providing the first evidence of plant morphological response to vol-
canic degassing. The response of Dalechampia scandens leaf and blossom traits to
variation in exposure to volcanic gases was tested, and compared to a second species
with a similar distribution, Byrsonima crassifolia. Additionally, this provides the first
field evidence for the Berg Hypothesis using D. scandens. This species is known from
greenhouse studies to have a strong response in leaf traits, but not blossom traits, to
variation in environmental conditions.

The diversity of responses at the plant scale to volcanic gases can be linked to the
variation in plant community composition along the transect. Additionally, plant trait
data provide a contrasting‘ assessment of the ecological response to volcanic gases to
a study at the plant community level. Plant traits are likely to respond more rapidly
to short term variations in volcanic gas levels, whereas the plant community likely

represents the long term impacts of volcanic degassing.
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1.5.1 Aims

The aims of this thesis are to answer the following questions:
e Volcanic gas concentrations and their deposition rates downwind of Masaya

— What are the atmospheric concentrations and deposition rates of volcanic
SO,, HCI and HF along a cross-wind transect downwind of Masaya, and

can they be described using a Gaussian model?

— Is there any temporal variation in these gas concentrations and deposition

rates?
— Can this be attributed to variation in volcanic degassing levels or in meteo-
rological conditions for dispersal of the gas plume?
e Plant communities downwind of Masaya
— How does the exposure gradient affect some environmental variables along
the transect?
— How does this gradient affect plant species richness and composition?
— What evidence is there for ecological feedbacks in response to volcanic
gases?
e Dalechampia scandens response to volcanic gases
— Is there evidence in support of the Berg Hypothesis using Dalechampia
scandens in a field setting? |

— Does volcanic degassing produce unfavourable conditions for Dalechampia

scandens growth?

— Does another plant, Byrsonima crassifolia respond in the same way as

Dalechampia scandens?
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1.5.2 Structure

The aims of this thesis, as described above, will be addressed in Chapters 2-4. A cross-
wind transect that represents an environmental gradient in exposure to the plume forms
the basis for the data presented in these chapters. Chapter 2 contains the data collected
on volcanic gas concentrations and deposition rates along the transect, collected over
five sampling periods. This data is discussed in the context of changing emissions
from Masaya volcano and variation in meteorological conditions for dispersal of the
gas plume. Chapters 3 and 4 use the gradient produced by volcanic degassing along
this transect to identify the ecological response. The plant community response along
this environmental gradient is the subject of Chapter 3. This chapter also includes
a discussion of ecological feedback mechanisms that might also influence the plant
species composition along the transect. Chapter 4 focuses on the plant scale response,
and tests the Berg Hypothesis in a field setting using the response of Dalechampia

scandens to this gradient.
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Chapter 2

Volcanic gas concentrations and

deposition rates downwind of Masaya

Results from diffusion tubes and sulfation plates that were deployed along a cross-
wind transect during five sampling periods are presented alongside meteorological data
obtained from the HYSPLIT model. It will be shown that both volcanic degassing
and meteorological conditions play an important role in determining downwind atmo-

spheric pollutant concentrations and their deposition rates.
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2.1 Imntroduction

Degassing volcanoes release a range of gases including H,O, CO,, SO,, HCI and HE.
Although most volcanic emissions are made up of H,O and CO,, detecting these is
more difficult because their background levels are high and variable (Oppenheimer,
2003). Therefore, volcanic gas plumes are typically monitored in terms of the amount
of SO, the next most abundant gas. SO., is of particular interest because it can have
significant impacts on the nearby environment and human populations. Similarly, HCL
and HF are also acid gases that can produce considerable impacts so are often used as
tracers for volcanic emissions. Away from industrialized areas, SO,, HCI and HF typi-
cally have a negligible background concentration. Therefore, a study of the distribution
of volcanic gas concentrations in the atmosphere and the rate of their deposition onto
the surrounding environment would be useful in determining an exposure gradient to

the volcanic plume.

In order to better understand the distribution of the atmospheric concentrations of
these gases around a volcano, two important factors must be considered: the emission
rate of these gases from the volcano and the meteorological conditions for the dispersal
of and deposition from the resulting volcanic plume. The deposition rate is calculated
by:

D=V=xC (2.1)

where D, the deposition rate of a gas, is a product of the deposition velocity for that
gas (V) and its atmospheric concentration at the same location (C). Therefore, the
deposition rate will also depend on the factors influencing gas concentration, as well
as the deposition velocity of the gas, which is determined by the properties of the
gas, meteorological conditions and the type of surface it is being deposited on. Under
~ high deposition velocities, more gas is transferred to the environment, thus reducing

its concentration in the atmosphere.

The emission rate from a volcano may vary on both short and long time-scales.

21



CHAPTER 2. VOLCANIC GAS CONCENTRATIONS AND DEPOSITION
RATES DOWNWIND OF MASAYA

Masaya is known for having cycles of degassing activity (McBirney, 1956; Johnson
& Parnell, 1986; Horrocks, 2001; Williams-Jones et al. , 2003), with large changes in
emission rates of SO, and other gases over time-scales of decades. Gas emissions are
also variable on hourly and daily time-scales (Stoiber et al. , 1986; Nadeau, 2004).
Additionally, there may also be small changes in the composition of emissions, i.e.
ratios between the different gas constituents, which is often used to forecast eruptions
or changes in a volcano’s behaviour (Burton et al. , 2000; Horrocks, 2001; Mather
et al. , 2006).

The dispersal of a volcanic plume, once it has been emitted, is controlled primar-
ily by meteorological factors. The wind velocity, i.e. its speed and direction, will
determine the area most affected by the volcanic plume (Vallero, 2007). Addition-
ally, atmospheric stratification will also control the height of the plume, and therefore
the extent to which the ground is fumigated (Delmelle et al. , 2001). Under ’ideal’
atmospheric conditions, the dispersal of a volcanic (or other pollutant) plume is ex-
pected to follow a Gaussian distribution in both the horizontal (x) and vertical axes (z),
(Vallero, 2007) and this spread grows downwind, diluting the plume. Data collected
along a cross section through urban, industrial and volcanic plumes have demonstrated
that a Gaussian model can provide an appropriate fit to the dispersal of gases and their
deposition (Weil & Jepsen, 1977; Harrison & McCartney, 1980; Mehdizadeh & Rifai,
2004; Martin et al. , 2010).

Meteorological factors also play an important role in modifying a volcanic plume’s
composition. Changes to the plume may arise from chemical processes such as the
oxidization of sulfur dioxide to sulfuric acid, which is dependant on the presence of
cloud water and high humidity (Langmann et al. , 2009). Additionally, both wet and
dry deposition will change the plume composition, and the rate of these is controlled
by atmospheric conditions such as humidity, temperature and wind speed. Deposi-
tion velocities vary between chemical species depending on size characteristics; larger
particles will be sedimented out more rapidly, whilst finer particles will have a longer

atmospheric residence time and will be deposited further downwind.
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At a small spatial scale, downwind gas concentrations and deposition rates are
locally controlled by geographical factors such as topography and the presence of veg-
etation which might cause mechanical turbulence. Meteorological conditions for de-
position, as well as dispersal, change through seasons and days (Langmann ef al. ,
2009) therefore, the importance of wet and dry deposition is likely to be both spatially
and temporally variable. It is both dry and wet deposition mechanisms that are respon-
sible for the deposition of acid species (including S, Cl and F), which have significant
impacts on ecosystems (Singh & Agrawal, 2008). Since there are potentially large
variations through time in gas emission rates frofn a volcano, as well as meteorologi-
cal conditions for the dispersal, this is an important consideration for the methodology
of this study. This is of particular significance when considering the environmental and
ecological impacts, as these will respond to long term variation in exposure to volcanic
emissions.

Previous studies on the spatial distribution of volcanic or industrial gases typically
use passive sampling devices such as diffusion tubes or sulphation plates. Since these
are small, inexpensive and do not require power they are particularly useful tools for
assessing spatial variability as a large number can be deployed over a large area (Nash
& Leith, 2010). Other methods for measuring such gases such as spectroscopy provide
more precise measurements through time for a given location (Williams-Jones et al. ,
2005). However, these provide an indication of the variation in emission rate only with
less information on the potential dispersal of the plume. For the purposes of the study,
which considers the environmental and ecological impacts in later chapters, passive
samplers which allow for a large spatial covérage are more appropriate. Diffusion
tubes (Delmelle et al. , 2001; Allen, 2002; Delmelle et al. , 2002; Bellomo et al. ,
2007, Staszewski et al. , 2011; Godoi et al. , 2013; van Manen, 2014a,b) and sulfation
plates (Lynch et al. , 1978; Bourque & Arp, 1996; Delmelle et al. , 2001, 2002; Ta
et al. , 2005; Tasdemir & Gunez, 2006) have been previously used in many studies
of both industrial and volcanic gases . Typically, maximum gas concentrations and

deposition rates were much higher in studies downwind of volcanoes than in industrial
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regions.

At Masaya, studies of the downwind spatial distribution of volcanic gas concen-
trations and their deposition rates have only been undertaken during the dry season,
in February and March (Delmelle et al. , 2001, 2002; van Manen, 2014b). Down-
wind rain samples were collected in August and October 1981, which were found to
be acidified by volcanic sulfur and chloride, though this was not linked to volcanic gas
data such as concentration, deposition rate or emission rate (Johnson & Parnell, 1986).
Although measurements of plume composition have been undertaken across a variety
of seasons (Burton et al. , 2000; Allen, 2002; Witt ef al. , 2008; Martin et al. , 2009a,
2012), these studies have been conducted at the crater rim only, so have focused on
characterizing the composition of volcanic emissions, and not their ultimate fate in the
environment. Therefore, to fully understand the potential environmental and ecolog-
ical impacts of degassing from Masaya, it is necessary to have well constrained data

from different seasons.

2.1.1 Aims

The aim of this chapter is to characterize volcanic gas concentrations and deposition
rates along a downwind transect that provides an approximate cross-section through
the plume. These data are compared with a Gaussian distribution. Five sampling‘
periods, at different times of the year, are used to investigate the influence of variation
in volcanic gas emission levels and meteorological conditions on the dispersal profile
of the plume. Data on volcanic gas concentrations and deposition rates are used to
estimate total exposure to the plume along the transect. The results from this chapter
provide an essential data set for the following two chapter on the ecological impacts of

these gases at the plant community and individual plant scale.
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2.2 Methods

2.2.1 Sampling

2.2.1.1 Sampling locations

Preliminary data were collected in February 2013, and three sampling areas were es-
tablished: an upwind zone, the volcano crater edge and a downwind transect (Figure
2.1). The downwind transect was selected based on the typical wind direction (WSW),
and upwind sites were chosen in the opposite direction. Data were collected across
four sampling periods (December 2013, February 2014, May 2014 and June 2014) us-
ing these sampling areas, though the exact locations of sampling sites were not always
the same. Some diffusion tubes and sulfation plates placed in visible locations were
missing on return. It is likely that these were stolen by local passers-by, so a more
hidden location at the same site was used in following sampling seasons. Additionally,
in May 2014 and June 2014 a longer transect was used, given that NW winds were
known to be more common dilring these months (Figures 2.21 and 2.22). The 3 km
long transect followed a path at the base of the caldera wall, which provides an approx-
imate cross section through the plume, which lies about 2 km downwind of the actively
degassing Santiago Crater. The exact shape of the transect was restricted in places by
access due to the caldera wall to the West and an agricultural area to the North where

many samplers had been likely stolen as more people pass through this part of the park.
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Figure 2.1: Map of the the sampling sites. Upwind sites are in dark green, crater sites are in
red and the transect sites are in orange. Precise locations for the crater are shown in Figure
2.8 and for the transect a map for each field season is displayed below (Figures 2.2, 2.3, 2.4,
2.5). The actively degassing Santiago Crater is marked in red and the black arrow shows the
typical prevailing wind direction. For the location of Parque Nacional Volcan Masaya within

Nicaragua see Figure 1.2.
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2.2.1.2 Sampling periods

Data were collected for five periods (February 2013, December 2013, February 2014,
May 2014 and June 2014). At Upwind sites only for May and June 2014, one expo-
sure period (May-June 2014) was used to cover both these sampling periods, as more
accurate measurements can be obtained from longer sampling periods when concen-
trations are thought to be low, which was found to be the case during the previous
sampling periods. Having multiple sampling periods was useful to constrain variation
in volcanic gas emissions, and also variation in meteorological conditions which would

affect plume dispersal and gas deposition rate.

2.2.2 Diffusion tubes

Diffusion tubes are used for measuring atmospheric gas concentrations and have previ-
ously been used to detect indoor (Godoi et al. , 2013) and outdoor pollutants (Staszewski
etal. ,2011), including volcanic emissions (Delmelle ez al. , 2001; Mather et al. , 2006;
van Manen, 2014a). They are passive sampling devices that comprise a small plastic
tube with a filter at one end and an absorbent at the other that collects the target gases
e.g. SOo (Gradko Environmental, 2012) and acid gases including HCIl, HF, HoSOy,
NOs, HBr, NH3 and H3PO, (Gradko Environmental, 2014b). Diffusion tubes func-
tion on the principle that a compound will diffuse through the filter from an area of
high concentration (outside the tube) to an area of low concentration (inside the tube)
and then collect on the absorbent (Gradko Environmental, 2014a). The absorption of
the compounds maintains the diffusion gradient between the inside of the tube and its
surroundings. The tubes are exposed for a known length of time, during which the
absorbent collects the target gas. The absorbent is then analysed for its chemical com-
position, using Ion Chromatography (IC) to determine atmospheric gas concentrations,
accounting for the time exposed.

Two types of diffusion tubes were purchased from and analysed by Gradko Envi-

ronmental to measure volcanic gas concentrations. They were attached to trees (Figure
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2.6) or structures (e.g. a hut) and exposed for 1-2 weeks, before being sealed in larger
tubes and returned to Gradko Environmental for analysis.

Volcanic gases measured by diffusion tubes included SO, H,SO,, HCI and HF.
The H,SO, data correlated well with the other volcanic gas data (SO,, HCI and HF).
However, there is uncertainty in the potential overlap between SO, and HSO, as the
methods for sampling both of these are very similar. This means that SO, diffusion
tubes might also be recording H,SO,4 and vice-versa. SO, typically had a stronger
correlation with HCI and HF, as well as deposited S, Cl and F, when compared with
H5S04, and had a better NRMSE (Normalized Root Mean Squared Error) for the Gaus-
sian fits (Table A.4). Therefore, only the SO9 data will be used to represent sulfuric
gas concentration levels. Using SO, rather than H,SO4 will also allow for a compar-
ison of atmospheric SO concentrations with other studies of volcanic and industrial
pollution, as this gas has been more commonly measured than HySOy.

Other acid gases were measured in December 2013 and February 2014 (NOgs, HBr,
NHj; and H3PO,) but these have not been included as they did not show any relationship
with volcanic degassing. In December 2013, HBr and H3PO, were below the limit of
detection for all sites with the exception of one for HBr (9.94 ug m—%) and another
for H3POy (15.56 ug m™3). Variable concentrations of NO3 were found during this
sampling season, with some high concentrations found at the beginning (south) of the
transect but low or below the limit of detection elsewhere including at the crater. These
have not been presented in this study as they are thought to have been caused by the
fertilization of nearby farmland, outside the national park. In February 2014 NO;, HBr,
NHj; and H3PO4 were all below the limit of detection. Therefore, results presented in
this thesis include SOy, HCI and HF only.

Diffusion tubes were analysed by Gradko Environmental using Ion Chromatogra-
phy (IC) following their standard in-house method GLM1 for SO, (Gradko Environ-
mental, 2012) and GLM3 for acid gases (Gradko Environmental, 2014b). All data
(upwind, crater and transect) have been blank corrected, i.e. the raw blank values (Ta-

ble 2.1) for that season and gas were subtracted from the raw values for exposed tubes,
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before calculation of atmospheric concentration based on exposure time. The limit of
detection was 0.03 ug for SOy, 0.14 ug for HCI and 0.05 pg for HF. One batch of
acid gas tubes, exbosed in December 2013, was suspected to have been affected by
a chloride contamination during the manufacturing process. However, this was only
identified by Gradko Environmental after the tubes had been installed. Since other
gases recorded by the tubes (e.g. HF) were expected to be unaffected, sampling pro-
ceeded as planned. Although upwind sites recorded higher levels of HCI than in other
sampling periods, it is thought that correcting the transect and crater sites data with

blank and background (upwind) would account for this.

Gas Feb2013 Dec 2013 Feb2014 May-June 2014

SO, 0.01 0.002 0.02 0.01
HCl 0.55 0.33 0.12 0.43
HF 0.09 0.08 0.07 0.11

Table 2.1: Blank diffusion tube results in pg.

To assess variation between individual tubes, a pair of tubes was exposed at the
same site in each sampling season. The mean relative deviation was 5.8% for SO,
3.2% for HCI and 8% for HF. Similarly, to test whether there was an upper saturation
limit to the tubes, during the May-June 2014 sampling period one tube was exposed
for the entire duration (2 weeks), alongside one in May (1 week) and one in June (1
week) at the crater rim (site OCP) where high gas concentrations had been previously
measured. It was possible to add the total concentrations detected in each tube, prior
to time corrections, and the mean relative deviation was 7.6% for SO,, 19.4% for HCl

and 0.3% for HF (see results in Table 2.5).

2.2.3 Sulfation plates

Lead dioxide sulfation plates have been previously used to measure industrial sulfate
deposition (Huey, 1968) and have also successfully been applied in volcanic settings
including at Masaya (Delmelle et al. , 2001). They comprise a petri dish containing a

layer of lead dioxide paste, which reacts with deposited substances. This can then be
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Figure 2.6: a) Photograph of SO2 (purple) and acid gas (green) diffusion tubes and a sulfation
plate attached to a tree, b) Photograph of a sulfation plate secured in a rock at ground level.
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extracted and analysed using Ion Chromatography (IC), and from the amount of sulfate
it is possible to estimate the deposition rate of SO,. Like the diffusion tubes, these are
exposed for a known length of time, which is used to calculate a deposition rate. These
have also been shown to detect volcanic chloride (Delmelle et al. , 2001) and are also
thought to detect fluoride (P. Delmelle, pers. comm. 22 January 2015) although there
has been no independent verification of the validity of using sulfation plates to detect
HF deposition. |

Deposition rates of sulfate, and estimated deposition rates of chloride and fluoride
from the volcano were directly measured using sulfation plates. These were prepared
and analysed in the EGL labs at the Open University following the method of Huey
(1968). A lead dioxide paste was prepared and approximately 10 ml of this was placed
in 50 mm petri dishes and dried overnight at 60° C. The dried lead dioxide paste in
the petri dish forms the sulfation plate. To prevent contamination during storage and
transportation, each was covered with a lid and sealed with parafilm.

As with the diffusion tubes, sulfation plates were attached to trees (Figure 2.6)
or structures (e.g. a hut) where available, or placed on the ground at upwind, crater
and downwind locations (Figure 2.1). Plates were exposed facing the volcano and
secured as close to vertical as possible. Deﬁosited sulfur reacts with lead oxide in the
plate to form lead sulfate. Similar reactions are also thought to occur with chloride and
fluoride, to form lead chloride and lead fluoride. Sulfation plates were exposed for a
recorded amount of time, typically between one to two weeks.

On collection, the plates were re-sealed with their lid and parafilm before being
transported to the UK for analyéis. The lead dioxide ’pad’ was removed from the
petri dish and placed in a 5% sodium carbonate solution for extraction. The extracts
were heated to ensure all lead sulfate, lead chloride and lead fluoride was in solution
and then filtered, before being analysed using Ion Chromatography on an IC3000 for
sulfate, chloride and fluoride concentrations. For samples that were expected to be
beyond the measuring range (over 100 mg/1 sulfate) these were further diluted (1 in 4

or 1 in 10) to ensure accurate results and to prevent damage to the IC.
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Field blanks (unexposed sulfation plates) and lab blanks (extraction solution with
no sulfation plate added) were also run on the IC to identify any possible sources of
contamination. Blank deposition rates were calculated from the field blanks. In De-
cember 2013 there was a suspected HCl contamination in some but not all of the plates.
This was found in the lab blank from the extraction batch of these likely contaminated
samples (lab blank: 11.1 mg 17! HCI, whereas other blank values were typically less
than 1 mg 17! HCI). Therefore, this probably represents contamination from the wa-
ter used in the sodium carbonate solution for extractions. The exposed plates affected
by this contamination (codes S10/1 to S10/15) were excluded from the chloride data
set, but the sulfate and fluoride data were unaffected and, therefore, retained. Another
plate, S11/48 (February 2014, Site 23G), was also removed from all data analysis as it
had very high levels of sulfate, chloride and fluoride, all of which were several times

larger than neighbouring plates.

Season Sulfate Chloride Fluoride
Dec-13 0.00 0.93 0.84
Feb-13 0.00 0.79 1.09
Feb-14 0.67 0.77 1.63
May-Jun 2014 1.50 1.03 1.39

Table 2.2: Blank sulfation plate results in mg 17! for February 2013, December 2013,
February 2014 and May-June 2014. 1 mg 1! represents a deposition rate of 4.12 mg m—2
day~! over a 7 day period.

The method detection limit, calculated from three standard deviations from the
mean of all the blanks was 3.1 mg 17! for sulfate, 2.6 mg 1! for chloride and 2.9 mg
17 for fluoride.

The average of all the blanks for a given sampling period (Table 2.2) was sub-
tracted from the raw data, and any blank subtracted values lower than O were removed.
The results for sulfate, chloride and fluoride contents of the extracts of the sulfation
plates (mg 171) were then converted to dry deposition rates of SO,, HCI and HF (mg
m~2 day~!) based on their length of exposure and the area of the sulfation plate as well

as the dilution during their extraction using:
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D, = ((my — my) + d)/a) /¢ 2.2)

where D, is the estimated deposition rate at location x, m,, is the measured concen-
tration of sulfate, chloride or fluoride on a plate exposed at location z in mg 171, m; is
the average blank concentration for sulfate, chloride of fluoride for the corresponding
sampling period in mg 171, d is the dilution, a is a constant relating to the surface area
of the plate (=0.00173494 m?) and  is the time exposed in hours. Blank corrected data
are displayed in the appendix (Tables A.1, A.2 and A.3).

Using pairs of plates, exposed at the same place for the same length of time, it was
possible to calculate the mean relative deviation for sulfate (8%), chloride (15%) and

fluoride (7%).

2.24 HYSPLIT model

When looking at volcanic gas distribution patterns it is important to understand how
meteorological conditions affect plume dispersal. HYSPLIT, Hybrid Single-Particle
Lagrangian Integrated Trajectory (Draxler, 2013), is a model that uses gridded mete-
orological data for the calculation of air parcel trajectories (Cerdn et al. , 2005; Allen

| et al. , 2010; Watt et al. , 2007) and for determining wind speeds (Witt et al. , 2008),
that has been applied at Masaya for the sampling periods.

The model had been run using the GDAS meteorological data set available from
NOAA’s ARL. For all runs of the model, hourly trajectories have been calculated from
10 m above the ground level of the same starting point, the actively degassing crater
(11.984°N, -86.168°E). The model was programmed to start a new trajectory every
hour, and each trajectory lasted 15 minutes. Each run covered the length of the sam-
pling periods during which diffusion tubes and sulfation plates were exposed.

For each sampling period the average point reached by 15 minutes from the start
time (endpoint) was calculated to allow comparisons between seasons and with de-

gassing data. This was done by calculating the mean latitude, longitude and height of
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all the endpoints at 15 minutes for each sampling period. This shows how far and in
what direction gases emitted at the crater are modelled to have travelled during this
time. A 15 minute period was used because it was most appropriate for covering the
study area. The distance and bearing from the crater to the average 15 minute end-
point was measured for each sampling period, and an estimate of the wind speed was
calculated from the distance measurement. Additionally, using trigonometry, an ap-
proximate centreline position along the transect (to match with the Gaussian fit to the

gas concentration and deposition rate data) was calculated from the bearing.

2.2.5 Data analysis

Pearson’s correlation was used to test the relationship between pairs of data for gas
concentrations (diffusion tubes) and deposition rates at tree and ground height (sulfa-
tion plates) for SO,, HCl and HF exposed at the same site. A strong positive correlation

would suggest a common, volcanic, origin for these gases.

2.2.5.1 Gaussian profile along the transect

Gas concentration and deposition rate data has been collected at sites along the tran-
sect. However, to better understand how these might affect the downwind ecosystem, a
profile of volcanic gas concentrations and deposition rate is more useful as it can allow

for a value to be estimated at any given point.

When a pollutant is continuously emitted from a point source, such as Santiago
Crater at Masaya Volcano, it is subjectéd to advection and lateral dispersion such that
the pollutant concentration in the plume varies with distance from the plume axis ac-
cording to a Gaussian distribution (Vallero, 2007). Along a transect at ground level
(of constant downwind distance and height) that creates a cross section through the
plume, the expected pollutant concentration (C,oz) at point z m along a transect can

be calculated from an expected distribution:
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(x — 330)2)

oo (2.3)

Cvolc,m = Uuolc,0€TP ( -

where the peak concentration at the centre-line of the plume, Cync0, Occurs at
the centreline zy and o is the standard deviation of the distribution in concentration
in m (width). A Gaussian model is useful since it allows for comparisons of plume
parameters (peak gas concentration, centreline position and plume width), between
different sampling data sets.

Sites along the transect did not form a precise straight line and were not perfectly
perpendicular to the plume axis, but they provide a useful appfoximatioh.d'lr"here was
a change in altitude of al;out 100 m along the transect (Figure A.1 in the Appendix),
therefore the measurements were not made at a constant height. Additionally, pro-
cesses such as deposition, chemical reactions in the plume and atmospheric instability
(e.g. changes in wind direction through time) might have influenced local gas concen-
trations and therefore, modified the Gaussian distribution. Nevertheless, it is expected
that a Gaussian model could be fitted to gas concentration data along the transect which

formed an approximate cross-section through the plume.

2.2.5.1.1 Gas concentrations

Prior to the fitting of the model, the transect data was background corrected using the

average of the upwind sites to give the volcanic pollutant concentration:

Cn=0C,+C 2.4)
Co=Cpn—0C (2.5)

where C,, is the measured concentration, Cj is the background concentration and
C, is the concentration as a result of volcanic degassing.
Each point along the transect was background corrected (using the average of

Regis, Comalito and Meteo sites, locations shown in Figure 2.1), and values lower
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Figure 2.7: Diagram showing a) volcanic and background components of the measured gas
concentrations (Equation 2.5) and b) the parameters used to describe the Gaussian profile,
described in Equation 2.3
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than the background were discarded for the fitting of the Gaussian distribution. The
distance along the transect was defined by the direct distance from site 21, thought to
be near the centreline of the plume. Negative values represent the start of the transect
(S from site 21) with positive values being at the end of the transect in the agricultural

area (N from site 21).

The following Gaussian model was used to estimate the concentration of a gas

(Cest,z) at a location at cross-wind distance x using:

. 2
(z—2o0)” ‘”0"’)) o 26)

Cest,a: = COemp(_ 20_2
C

A non-linear least-squares method (nls function in R (2014), version 3.1.1) was
used estimate best fit values for the maximum concentration (Cy ¢), centreline position
(o) and plume width (o) that produced the lowest sum of residuals squared between

estimated (C.st ) and C,, the background corrected measured values (C,,-Cp).

The best fit values were used to calculate parameters which describe the distribu-
tion of gas concentrations (Figure 2.7) Where possible, this was done for all sampling
periods (February 2013, December 2013, February 2014, May 2014 and June 2014)
and gases (SO, HCI and HF). The maximum concentration (Cy) refers to the maxi-
mum gas concentration estimated by the Gaussian fit for diffusion tubes (measured in
pg m~3). The centreline () is the distance in m along the transect from site 21.
The width parameter, given in m, is o¢ and this is the equivalent of one standard de-
viation of the distribution of the gas from the centreline. The integral of the Gaussian
fit (Integrale), i.e. the area under the curve, was calculated using Equation 2.7. This
provides an estimate of the total mass of gas reaching a cuboid shaped cross section
through the plume with dimensions of length —oo to oo frdm the centreline, and a
width of 1m and a height of 1m. For the diffusion tube data this is displayed using a

unit of mg.

Integrale = CooV/ 27w 2.7)
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To assess the goodness of the fit of the Gaussian model to the measured data the
Normalized Root Mean Square Error (NRMSE) was calculated. The NRMSE is dis-

played as a percentage variation from the mean measured concentration value, calcu-

lated by:
_ 2
RMSE = Y& (?/; Up) 2.8)
RMSE

NRMSE = 100 (2.9)

Yo
where y, is observed or measured values and y,, is values predicted by the Gaussian
model. The Gaussian model was considered acceptable when NRMSE < 35%, which
excluded those that had a poor fit to the original data. Residual plots were also used to
check for any systematic spatial variation from the model, and an example is shown in

the Appendix (Figure A.2).

2.2.5.1.2 Deposition rates

If the deposition rate of a gas is proportional to its concentration in the atmosphere,
deposition rates would also be expected to follow a Gaussian distribution. Using the
same method as for with gas concentration, the following Gaussian model was used to

estimate the concentration of a gas (D, ;) at a location at cross-wind distance x for

tree:

_ 2

Dtesty = Dtoexp(—(i%‘ﬂ) (2.10)
Opt
and ground heights:
2
T—z

Dgest = Dgoexp(—(——ﬂ) @2.11)

203,
A non-linear least-squares method (nls function in R) was used estimate best fit

values for tree (D, zo,p; and o p;), and ground (Dgo, To,pg and op,) parameters, that
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produced the lowest sum of residuals squared between estimated (Dtg 5 OF Dgest z)
and background corrected measured deposition rates (Dy;=Dyys-Dp and Dy,g=Dypng-Dp)
as explained in Equation 2.5.

Parameters from the Gaussian best fit to tree and ground deposition rate will be
displayed alongside the coﬁcentration parameters. The maximum deposition rate at
tree (Dy ) and ground (Dg 4) height is measured in mg m~2 day~! and the centreline
and width are measured in m as above (zo, p; and o p¢, and T pg and opg). The intégral
of the Gaussian fit to tree (Integral,) and ground (Integral,) data was calculated
using a similar formula to the diffusion tube concentration data (Equations 2.12, 2.13).
For both tree and ground heights, this gives the total volcanic gas deposition in gday™!
on arectangle of length —oo to co and with 1m. The NRMSE; and NRMSE, calculated

as above (Equation 2.9) are also displayed.

Imtegral, = Do 0V21 , (2.12)
Integraly = Do qov2m (2.13)

A comparison between tree and ground height deposition rate measurements will

also be made using a paired t-test.

2.2.5.2 Explaining variation in downwind volcanic gas levels

Correlation between the Gaussian parameters (centreline and width) and HYSPLIT
data, including wind direction, wind speed and plume height, was used to test whether
the wind data is able to identify the affected area. Additionally, correlation between
crater rim measurement and integral of the concentration and deposition rates was also

performed.

2.2.5.3 Deposition velocities

Using the integrals from the Gaussian fits for concentration and deposition rate data it

was possible to calculate deposition velocities for season and height (h= ¢ or g repre-
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senting tree and ground height respectively):
Vi, = cx (Dy/Cy) (2.14)

where V}, is the deposition velocity at tree or ground height, or gas transfer rate
for a given season and with a unit of cm/s, D, is the integral of the deposition of a
gas onto a sulfation plate exposed for that season at tree or ground height measured
in g day over a 1 m wide rectangle of infinite length ~! using sulfation plates and C;
is the gas concentration integral at that location at tree height in mg over a cube of 1
m height, 1m depth and infinite length. The constant (c) has a value 1.157 required to
convert g to mg (*1000), m to cm (*100) and days to seconds(/86400). The deposition
velocity represents the rate at which a species was transferred from the atmosphere to
a surface, in this case sulfation plates, which is thought to be a useful approximation
for vegetation, and was calculated for all measured gases (SO, HCI and HF) and all
seasons at both tree and ground height where a Gaussian model had been successfully
fitted. However, since concentration data were only collected at tree height, deposition

velocity at ground height provides an estimate.
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2.3 Results

2.3.1 Control sites

For each sampling season the upwind control sites were located within the park (Me-
teo and/or Comalito) and in the nearby town of Masaya at the Regis Hotel (Figure
2.1). Upwind results for sulfation plates and diffusion tubes, after blank correction,
suggested that there were negligible or low gas concentrations and deposition rates at
these sites (Tables 2.3 and 2.4). SO, concentrations at all sites were below the limit of
detection, with the exception of Regis in May and June 2014 which was just above the
limit of detection. Similarly, SO, deposition was below the limit of detection for most
sampling seasons and sites, except Comalito in February 2014 and Regis in May and
June 2014.

HCI gas concentrations recorded by diffusion tubes were mostly below detection at
upwind sites, but were high for the contaminated tubes in December 2013, reaching up
to 16 ug m~3. Sulfation plates recorded HCI deposition rates ranging from below the
limit of detection (Meteo in February 2013, Comalito and Regis in December 2013) to
1 mg m2 day~—! (Comalito in May-June 2014). HF gas concentrations measured by
diffusion tubes were not always below the limit of detection, but low concentrations
were detected ranging from 0.37 ug m:?’ (Regis in February 2014) to 4.62 pg m™3
(Meteo in February 2013). HF deposition rate detected on sulfation plates ranged from
below the limit of detection to 1.2 mg m~2 day~! (Regis in February 2014).

Although gases were not always below the limit of detection at upwind sites,
their measured concentrations and deposition rates were considerably lower than those

found near the crater edge and along the transect.
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Season Site Hours SO, HClI HF

F13/U1 Feb-13 Meteo 244 BD BD BD
F13/U2 Feb-13 Regis 201 BD BD 4.62

D13/U1 Dec-13 Comalito 215 BD 15.68 BD

D13/02 Dec-13 Regis 244 BD 10.51 BD
F14/U1 Feb-14 Comalito 315 BD BD 0.87
F14/U02 Feb-14 Regis 351 BD 1.53 0.37
MJ14/U1 May-June 2014 Comalito 333 BD BD 4.34
MIJ14/U2 May-June 2014 Regis 353 1.81 BD 1.71

Table 2.3: Concentrations of gases (ug m~3) measured by diffusion tubes at upwind sites.
Row names are the unique sample codes for diffusion tubes, which can be matched to the
additional information in the appendix (Table A.1). BD= Below detection.

Season Site Hours SO, HClI HF
S6/52 Feb-13 Comalito 340 BD 091 0.36
B11/01 Feb-13 Regis 201 BD BD BD
B11/02 Feb-13 Regis 201 BD BD BD
B11/03 Feb-13 Meteo 244 BD BD BD
S10/54 Dec-13 Regis 244 BD BD 1.19

S10/56 Dec-13 Comalito 215 BD BD 1.01

S11/96 Feb-14 Comalito 315 1.61 0.11 0.35
S11/102 Feb-14 Regis 351 BD 0.1 0.73

S16/99 MJ14  Regis 354 7.11 04 BD
S16/97 MJ14  Comalito 333 BD 1.07 BD

Table 2.4: Deposition rates (mg m~2 day ') measured using sulfation plates at upwind sites.
Row names are the unique sample codes for sulfation plates, which can be matched to the
additional information in the appendix (Table A.3). BD=Below detection.
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2.3.2 Crater sites

The highest recorded gas concentrations (Table 2.5) and deposition rates (Table 2.6)
were found at HI when data were available for this site (in December 2013 for SO2
concentration, February 2014 for HC1 and HF concentration for diffusion tubes, and
in February 2014 for S02 and HCI deposition rate whilst February 2013 had the high-
est HF deposition rate). The lowest gas concentrations (diffusion tubes) at a crater
site were recorded at OCP in June and NCP in February 2013, whereas the lowest de-
position rates (sulfation plates) were recorded in December 2013 at NCP. Due to the
varying position of the tube at NCP (Figure 2.8) and a lack of data for HI across all the
sampling seasons, these sites provided less useful information about variation in de-
gassing throughout the duration of the studied periods, so OCP was used as a reference

point for crater values.

0 0.125 0.25 0.5 km

San Pedro
N NCP1
Nindiri NCP3
San Fernando
«.rater
OCP»

Figure 2.8: Locations of crater sites. The position of NCP was changed between sampling
periods as a result of diffusion tubes and sulfation plates being lost.

At OCP, S02concentration decreased through the sampling seasons from February
2013 to June 2014 (Figure 2.9). HCI increased from February 2013 to December 2013
but then decreased in the following sampling periods. HF increased from February
2013 to December 2013 and February 2014 before decreasing in May/June 2014.

Gas deposition rates were higher in February 2013, December 2013 and February
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Figure 2.9: Background corrected OCP diffusion tube results for S02 (green), HCI (blue) and
HF (red) in fig m-3 for February 2013, December 2013, February 2014, May 2014 and June
2014. Note the different scales for S02, HCI and HF.
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Figure 2.10: Background corrected OCP sulfation plate results for S02, HCI and HF in mg
m~2day-1 for February 2013, December 2013, February 2014, May 2014 and June 2014.
Note the different scales for S 02, HCI and HF.
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Season Site Hours SO, HClI HF

F13/C1 Feb-13 NCP1 218 183 17 4
F13/C2 Feb-13 OoCp 166 959 87 8
D13/C2 Dec-13 OoCp 256 742 125 14
D13/C3 Dec-13 H1 257 2083 764 79
F14/C1 Feb-14 NCP2 336 377 9 11
F14/C2 TFeb-14 OCP 342 614 136 17
F14/C3 Feb-14 H1 341 1766 2055 195
M14/C1 May-14 NCP3 168 483 123 26
M14/C2 May-14 OCP 169 242 33 8
J14/C1 Jun-14 NCP3 165 295 39 16
J14/C2 Jun-14 OoCP 161 75 11 4
J14/C3 Jun-14. H1 168 881 263 32

MJ14/C May-June 2014 OCP** 330 176 29 6

Table 2.5: Background corrected concentrations of gases (g m—3) measured by diffusion
tubes at crater sites. ** These tubes were exposed over both the May 2014 and June 2014
sampling periods, and are, therefore, expected to represent an average of these.

2014 than during the May and June 2014 sampling periods.
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Season Site Hours SO, HClI HF

S6/2 Feb-13 HI1 48 6764 1177 181.2

S6/4 Feb-13 HI1 22 2234 414 68
S6/15 Feb-13 OCPg 192 925 109 249
S6/17 Feb-13 NCPI1t 219 72 11 4.8

S10/57 Dec-13 NCPlg 263 31 8 03
S10/58 Dec-13 OCPt 256 635 125 222
S10/59 Dec-13 OCPg 256 567 81 16.5
S10/62 Dec-13 HI 256 6326 466 115.8

S11/97 Feb-14 HI1 341 7772 1596 79.5
S11/100 Feb-14 NCP2g 336 130 33 1.7
S11/101 Feb-14 OCPt 342 616 146 23.5

S16/22 May-14 NCP3t 168 589 110 15
S16/24 May-14 OCPg 169 69 18 0.3
S16/25 May-14 OCPt 169 64 15 03

S16/59 Jun-14 NCP3g 165 108 22 43
S16/60 Jun-14 NCP3t 165 233 48 8.7
S16/62 Jun-14 OCPt 161 56 13 2.1
S16/63 Jun-14 HI1 168 589 140 20.7
S16/64 Jun-14 Hi 168 591 137 36.3

S16/61 MJ14 OCPt 330 142 26 4.1

Table 2.6: Background corrected deposition rates (mg m—2 day ') measured using sulfation
plates at crater sites. t=tree height, g=ground level.
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2.3.3 Transect sites

A summary of the data collected along the transect for each season is displayed in
Tables 2.7, 2.8 and 2.9. A full table of gas concentration and deposition rate at tree
and ground height for the transect sites can be found in the appendix (Tables A.1, A.2
and A.3). For each measurement SO, had the largest concentrations and deposition
rates, followed by HCI and HF. There was considerable variation between the seasons

for each gas. Gas deposition rates were typically lower at ground than at tree height.
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2.3.3.1 Relationships between gas concentrations and deposition rates

Given that the different measured gases and deposited particles are thought to be of
volcanic origin it is expected that they will correlate well together. There is a strong re-
lationship between all volcanic gases and their deposition measured at tree and ground
height at each site, and this is significant according to Pearson’s Correlation for all
gases (p<0.05) shown in Table 2.10. The ratios between the gas concentrations and

deposition rates are shown in Table 2.11.
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CSO, CHCI CHF D;SO, D.HClI D.HF D,SO, D,HCI Dy;HF

C SOy 1.00 094 0.86 0.90 090 0.88 0.83 0.79 0.81
CHClI 094 1.00 0.82 0.90 0.89 0.89 0.70 0.68 0.69
CHF 0.86 0.82 1.00 0.85 0.81 0.77 0.59 0.54 0.58
D; SO, 090 090 0.85 1.00 090 0.96 0.78 0.73 0.78
D; HCI 090 0.89 0381 0.90 1.00  0.96 0.78 0.80 0.80
D.HF  0.88 089 0.77 0.96 0.96 1.00 0.73 0.68 0.77
D, SO, 0.83 0.70 0.59 0.78 0.78 0.73 1.00 0.88 0.95
D, HCI  0.79 0.68 0.54 0.73 0.80  0.68 0.88 1.00 0.91
D,HF 0.8l 0.69 0.58 0.78 0.80  0.77 0.95 0.91 1.00

Table 2.10: Correlation between gas concentration and deposition rate data at tree and ground height along the transect. C= Concentration (at tree height
only), D;= Deposition rate at tree height and D4 = Deposition rate at ground height. All possible data pairs from the five sampling periods were used. All

were significant at p<0.05
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2.3.3.2 SO, along the transect

The highest peak SO, gas concentration estimated from the Gaussian fit (Table 2.12)
was found in February 2014 (1137 pg m~3). June 2014 had the lowest SO, gas concen-
tration peak (364 pug m~3). The centreline for June 2014 was also farther north along
the transect at around 770 m, but it was relatively consistent during the other seasons
where it was between 100 m and 170 m. December 2013 had the widest plume (o¢
= 704 m) and it was between 510 m and 550 m during the other seasons. December
2013 and February 2014 had similar integrals around 1460 mg m~2, suggesting that the
high concentrations found in February 2014 were balanced by the large plume width
in December 2013. February 2013 had a slightly lower integral at 1224 mg m~2, but
much lower values were found in May (649 mg m~2) and June (501 mg m~2). For
all seasons, the NRMSE was below 20% for the Gaussian fit to SOy concentrations,

confirming the model provided a good fit to the measured data.

SO, deposition was considerably higher at tree height than at ground level. The
highest peak SO, deposition estimated from the Gaussian fit was found in Febru-
ary 2013 (2604 mg m~2 day™") for tree and February 2014 (620 mg m~2 day~* for
ground), though it was not possible to successfully fit a Gaussian curve to the February
2013 ground data. This is likely because the data collected during this sampling period
did not straddle the centreline. June 2014 had the lowest SO deposition maximum
peak (240 mg m~2 day—! for tree and 187 mg m~2 day~ for ground). The centreline
for June 2014 was also further north along the transect at around 790 m for both tree
and ground. Other seasons had values between 40 m and 430 m for both site types
for the centreline. For tree and ground sites, December 2013 had the widest plume.
For tree height, the maximum plume integral was in February 2013, produced by the
very high maximum deposition found during this time period. At ground level, the
maximum integral was in February 2014. May and June 2014 had the lowest integrals
for tree and ground sites for SO, deposition. Overall the NRMSE suggested the fit to

the gas concentration data was much better than the deposition data.
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Figure 2.11: Variation in background corrected SO2 gas concentration at tree height along the
transect in the different sampling periods. The lines are best fit Gaussian curves, with
parameters given in Table 2.12.
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Figure 2.12: Variation in background corrected SO2 deposition rate at tree and ground height
along the transect in the different sampling periods. Colours and symbols as in gas
concentration plots and a dashed line is used to show the curves that could not be successfully
fitted, i.e. an NRMSE of less than 35%.
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Feb-13 SO, Dec-13 SO, Feb-14 SO, May-14 SO, Jun-14 SO,

Co (ug m™3) 909 825 1137 490 364

Zo,c (m) 108 135 165 155 770

oc (m) 537 704 515 528 549

Integralc (mg) 1224 1456 1468 649 501
NRMSE¢ (%) 5 14 11 18 6

Dty (mg m~2 day 1) 2604 546 960 _ 257 240
Zo,pt (M) 41 433 233 182 751

op; (m) 349 697 489 430 470

Integralp; (g day™?) 2280 954 1177 277 282
NMSEp; (%) 25 34 25 26 6

Dgo (mg m~2 day™!) 465 620 229 187
To,pg (M) 267 293 196 828

Opg (M) 664 568 359 508

Integralp, (g day™) 774 884 206 239
NMSEpg (%) 35 32 14 11

Table 2.12: Gaussian fit parameters for SOy gas concentrations at tree height and deposition
rates at tree and ground heights along the transect across the different sampling periods. For
the concentration data, Cgp is the maximum concentration, which occurs at distance x=xg ¢
and o is the width parameter. The integral (calculated by Equation 2.7) and the NRMSE¢
(the normalized root mean squared error expressed as a percentage as in Equation 2.9) are
both also shown. For the deposition data at tree () and ground () heights, Dy is the maximum
concentration, which occurs at distance x=xo p and op is the width parameter. The integral
(calculated from Equations 2.12 and 2.13) and the NRMSEp (Equation 2.9) are both also
shown. For both the concentration and deposition data, if the NRMSE were beyond the
bounds of acceptability (>35%), the results in the table are blank.
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2.3.3.3 HCIl along the transect

Like SO,, the highest maximum concentration for HCI estimated by the Gaussian fit
(Table 2.13) was found during February 2014 (287 ug m~3), and the lowest during the
June 2014 sampling period (62 pg m™3). Similarly, the centreline for June 2014 was
considerably further along the transect (704 m) than the other sampling periods (less
than 170 m). December 2013 had the widest plume (¢ = 730 m) compared with other
seasons (350 m to 470 m). February 2014 had the highest integral values (309 mg
m~2) and the lowest integral was June with 69 mg m~2. According to the NRMSE the
Gaussian fit was good for all seasons, though December 2013, had the highest NRMSE
(29 %). This batch of acid gas diffusion tubes has suffered a chloride contamination,
and this may have reduced the accuracy and precision of the data collected.

~ HCI deposition at tree height also reached a highest maximum in February 2013
(246 mg m~2 day~!), and lowest maximum in June 2014 (50 mg m~2 day~'). It was
not possible to successfully fit a Gaussian distribution to the February 2013 ground
data. The highest maximum deposition at ground level was in February 2014 (128
mg m~2 day~!) whilst the lowest was June 2014 (35 mg m~2 day~'). Like SO,,
the centreline was consistent between most seasons (February 2013, December 2013,
February 2014 and May 2014) but a more northerly centreline was found in June 2014
(718 m for tree and 1058 m for ground). The widest plume was in December 2013 for
tree (742 m) and in June 2014 for ground (912 m). February 2013 and February 2014
had high integrals for tree (244 mg km~* day~! and 202 mg km™! day ™~ respectively)
and February 2014 had the highest integral for ground (177 mg km™" day~'). June
2014 had the lowest integrals for both tree and ground. As with SO, the NRMSE

suggested that the fit to the gas concentration data was better than the deposition data.

2.3.3.4 HF along the transect

The peak HF concentration estimated by the Gaussian fit (Table 2.14) was highest
in February 2014 (30 xg m~3) and the lowest was in June 2014 (15 ug m™3). The
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Figure 2.13: Variation in background corrected HCI gas concentrations at tree height along
the transect across the different sampling periods. The lines are best fit Gaussian curves, with
parameters given in Table 2.13.
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Figure 2.14: Variation in background corrected HCI deposition rates at tree and ground
heights along the transect across the different sampling periods. The lines are best fit Gaussian
curves, with parameters given in Table 2.13.
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Feb-13HCI Dec-13 HCl Feb-14 HCl] May-14 HCl Jun-14 HCI

Co (ug m™3) 114 136 287 85 62

o, (m) 225 139 116 164 704

oc (m) 356 730 430 467 443

Integralc (mg) 102 249 309 99 69
NRMSE¢ (%) 6 29 13 12 8

Dty (mg m~2 day ™) 246 109 179 63 .50
To,pt (M) 34 261 287 275 718

ope(m) - 396 742 544 560 481

Integralp; (g day™?) 244 202 244 89 60
NMSEp, (%) 28 29 29 20 13

Dg, (mg m~2 day~?) 115 128 70 35
Zo,pg (M) 117 379 256 1058

Opg (m) 615 630 328 912

Integralp, (g day™) 177 202 57 81
NMSEpg (%) 26 32 21 21

Table 2.13: Gaussian fit parameters for HCI gas concentrations at tree height and deposition
rate at tree height and ground height along the transect across the different sampling periods.
See Table 2.12 for a description of the parameters.

Feb-13HF Dec-13HF Feb-14 HF May-14 HF Jun-14 HF

Co (ug m=3) 26 18 30 20 15

Zo,c (m) 47 163 149 338 1019

oc (m) 473 787 504 566 876

Integralc (ng) 30 36 38 28 33
NRMSEq (%) 9 25 29 24 30

Dty (mg m~2 day ™) 57 33 8 8
Zo,pt (M) 32 240 198 862

0ps () 414 504 486 650

Integralp: (g day™") 59 42 9 13
NMSEp;: (%) 24 26 11 12

Dgo (mg m~2 day™?) 10 7
To,pg (M) 210 827

0D (m) 242 522

Integralpy (g day™") 6 9
NMSEp, (%) 8 10

Table 2.14: Gaussian fit parameters for HF gas concentrations at tree height along the transect
across the different sampling periods. See Table 2.12 for a description of the parameters.
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Figure 2.15: Variation in background corrected HF gas concentrations at tree height along the
transect across the different sampling periods. The lines are best fit Gaussian curves, with
parameters given in Table 2.14.
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Figure 2.16: Variation in background corrected HF deposition rate at tree and ground height
along the transect across the different sampling periods. The lines are best fit Gaussian curves,
with parameters given in Table 2.14.
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centreline position was more variable for HF, ranging from -47 m in February 2013
and extending as far as 1019 m for June 2014. The plume in the December 2013
sampling season was again wide, though June 2014 also had a large plume footprint
for HF (876 m). The integral was between 28 mg m~2 and 38 mg m—2. The NRMSE
was very good (less than 10%) for the February 2013 Gaussian fit and was high but
still within the bounds of acceptability for the other seasons for HF.

It was not always possible to successfully fit a Gaussian model to HF deposition at
tree and ground height as the NRMSE value were too high and beyond the bounds of
acceptability. The highest measured peak for tree height was in February 2013 (57 mg
m~2 day~!). The lowest maximums were in May and June 2014 (8 mg m~2 day~!)
for tree and June 2014 (7 mg m~2 day~!) for ground. As with the other gases, the'
centreline for HF deposition was consistent between most seasons (February 2013,
February 2014 and May 2014) but a more northerly centreline was found in June 2014
(862 m for tree and 827 m for ground). The widest plume was in June 2014 for tree
(650 m) and ground (522 m). February 2013 had the largest integrals for tree (59 mg
km~! day~!), and very low integrals were found in May and June 2014 at tree and

ground height.
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2.3.4 Deposition rates at tree and ground height

1000
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Tree HF Deposition Rate (mg m 2d 1)

Figure 2.17: Variation in SO2, HCI and HF deposition rate between tree and ground height
along the transect across the different sampling periods. The line on the plots is 1:1. Seasons
coloured as in previous plots.

The deposition rate of S02, HCI and HF was lower at ground level than it was at
tree height (Figure 2.17). Some of the instances where ground deposition exceeded
tree deposition might be explained by the variability in the sulphation plate data caused
by analytical error. However, S02 deposition was 17.9 % lower at ground sites, HCI
deposition was 15 % lower at ground sites and HF deposition was 16.8 % lower at
ground sites, and this difference was significant at p<0.05 for the three gases according

to a paired t-test. The difference in deposition rate between tree and ground sites is
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most pronounced at higher deposition rates.
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2.3.5 Deposition velocities

For all gases, the estimated dry deposition velocities were lower at ground than at tree
height, with the exception of HCI in June 2014 (Table 2.15). The difference in dry de-
position velocities between tree and ground height might be because the concentration
was only measured at tree height, whilst deposition rate was measured at both tree and
ground height. It is not possible to determine whether the lower deposition velocity at
ground height is as a result of a lower concentration at ground height, or because the
environmental conditions closer to the ground produce a lower deposition velocity for

a given atmospheric concentration.

SO, T SO, G HCIT HCIG HFT HFG

Dec 13 0.76 0.62 094 0.82

Feb 14  0.93 0.70 091 0.75 1.29
May 14 049 0.37 1.04 0.67 038 024
Jun14  0.65 0.55 1.00 1.35 046 031

Table 2.15: Deposition velocities (cm s~1) calculated from the integral of the Gaussian fit to
gas concentration data and deposition data at tree (T) and ground (G) height. Since the
exposure periods for the diffusion tubes and sulfation plates did not overlap during February
2013, this data has been omitted from the calculation of deposition velocities. Deposition
velocities could not be calculated for HF at tree level in December 2013 and at ground level in
December 2013 and February 2014, because it was not possible to successfully fit a Gaussian
curve to these data.

At both tree and ground height, SO, had the highest deposition velocity in the
driest month, February 2014. Deposition velocities were lower in December 2013,
May 2014 and June 2014, at the end and beginning of the wet season. For HCI very
similar deposition velocities were found across all sampling seasons at tree height.
More variable lower velocities were found at ground height, with the exception of
June 2014, where a high deposition velocity was estimated. Like SO,, HF has the
highest deposition velocity at tree height in February 2014. The lowest HF deposition
velocities were found in May and June 2014 at tree height. It was only possible to
estimate ground deposition velocities for May and June 2014 for HF, but these gave

very low values.
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2.3.6 HYSPLIT model
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Figure 2.18: Wind rose of HYSPLIT trajectories for February 2013.

According to the HYSPLIT model, February 2013 had consistent winds that would
blow the volcano’s plume in a WSW direction, with relatively high wind speeds (Figure
2.18). In December 2013 (Figure 2.19), the area most likely affected by Masaya’s
volcanic gases was to the SW of the volcano, and wind speeds were slower than in
February 2013. February 2014 (Figure 2.20) had a very similar wind rose to February
2013, but wind speeds were typically lower. In May and June 2014 (Figures 2.21 and
2.22)the majority of trajectories were towards the WSW of the volcano, but there were

also more in the NW sector than in previous periods. Additionally, wind speeds were
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Figure 2.19: Wind rose of HYSPLIT trajectories for December 2013.
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Figure 2.20: Wind rose of HYSPLIT trajectories for February 2014.
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Figure 2.21: Wind rose of HYSPLIT trajectories for May 2014.
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Figure 2.22: Wind rose of HYSPLIT trajectories for June 2014.
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Figure 2.23: Influence of time of day on a) Bearing and b) Windspeed. Data shown is for
May and June 2014.

considerably lower than in previous sampling periods.

Particularly in the May and June 2014 data sets, the wind direction and strength
had a strong dependency on the time of day (Figure 2.23). In the day (6-18 h), the
bearing is typically highly negative (less than 90), suggesting that the area to the SW of
the volcano is most likely to be affected by volcanic gases. Additionally wind speeds
are high, particularly early morning and mid afternoon. In contrast, during the nights
(18-6 h) the bearing is slightly negative (between 0 and -90) indicating that the area to
the NW of the volcano is most likely to be affected by volcanic gases. Additionally,

there is a significant decrease in wind speed, which suggests that there had been a
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weakening of trade winds. This would have strong implications for the impacted area

depending on what time of day gases were emitted.
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24 Interpretation

Data collected at the upwind sites showed very low background SO,, HCl and HF
gas concentrations, often below the limit of detection. Likewise, their deposition rates
were low or below the limit of detection at upwind sites. Therefore, it is unlikely
that there were any significant sources of the measured gases during the sampling
periods, other than the actively degassing Santiago vent of Masaya volcano. A strong
positive correlation between measured gas concentrations and deposition rates along
the transect supports an argument that these are all of the same, volcanic, origin (Table
2.10). However, there was variability in gas concentration and deposition rates at the

crater and along the downwind transect between sampling periods.

2.4.1 Crater

Very high gas concentrations (Table 2.5) and deposition rates (Table 2.6) were recorded
at the crater rim sites. May 2014 and June 2014 had significantly lower gas concen-
trations and deposition rates than the other seasons, with the exception of HF concen-
tration (Figures 2.9 and 2.10). Whilst this may appear to show a decrease in gas
emissions from Masaya volcano during this study, this must be interpreted with cau-
tion because the data collected represent periods of several weeks and it is not possible
to quantify emissions outside of these sampling periods. This data does highlight the
long-term variability in gas emissions between the different sampling periods. There
is an order of magnitude difference between the maximum and minimum recorded gas
concentrations and deposition rates during the five sampling seasons. Additionally, gas
concentrations at the crater were twice as high during the May 2014 sampling period
than the following week in June 2014. Therefore, there is also considerable short-term

variation in gas emission rates from Masaya volcano.
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2.4.2 Transect

Variations in Gaussian distribution parameters for gas concentrations and deposition
rate were found between the seasons along the downwind transect. These were likely
affected by the emission rate of volcanic gases and wind characteristics at the time of

emission.

2.4.2.1 Gas concentration and deposition rate integral

The integral, which represents the total gas concentration or deposition along the tran-
sect, is calculated as a product of the peak concentration (or deposition rate) and the
width. There was no relationship between the peak concentration or deposition rate
predicted from the Gaussian best fit model and the width (Figure 2.24). Addition-
ally, there is a larger variation in peak concentration or deposition rate than there is in
the width parameter for all Gaussian fits across the seasons. The peak concentration
will likely have been controlled by gas emission rates at the crater, as well as wind

parameters, and the width is likely to vary according to wind parameters.

Therefore, the gas emission rate at the crater is likely to be a strong control on
downwind gas concentrations and deposition rates, and consequently the calculated
integral values. With the exception of all HF measurements and SO, deposition rate at
ground height, there was a significant relationship between measurements at the crater
at site OCP and the integral (Figure 2.25). Additionally, wind speed, the height of the
plume, the standard deviation (or width) of this height and atmospheric stratification
could also have affected the peak concentration and therefore integral of gases along
the downwind transect. Although atmospheric stratiﬁcation was not measured during
this study, the plume height and wind speed could be estimated from the HYSPLIT

model but these did not explain variation in the transect integral or width.
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Figure 2.24: Maximum concentration/deposition rate and width for all seasons, using a
logarithmic scale for peak concentration or deposition rate. Grey lines show integral values
measured in mg for concentration data and g day-1 for deposition rate data at tree and ground
height.
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Figure 2.25: Concentration or deposition rate measured at OCP (crater) against the transect
integral, for each gas. Season colours are as in previous plots. The concentration at OCP (Old
Car Park crater site) is measured in /ig m~3 and the deposition rate at this site is measured in
mg m~2 day-1. The integral has a unit of mg for concentration data and g day-1 for
deposition rate data. A star shows correlations significant at the p<0.05 level. Where a tree or
ground height measurement was not available from the OCP site, the other was used as a
substitute. February 2013 has been excluded from this analysis as the data collected along the
transect did not coincide with the data collected at OCP.
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2.4.2.2 Plume direction and width

Within seasons, the estimated plume centreline and width remained similar between
gases and measurement type (Figure 2.26). February 2014 and May 2014 had similar
distributions of width and centreline estimates (Figure 2.26). February 2013 had a
much lower centreline, whilst June 2014 had a much higher centreline. A wider plume
distinguished December 2013. This consistency between the different gases measured
in the same seasons supports the validity of the Gaussian best fit models. There was

greater variation in estimated values for the position of the centreline than the width.
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Figure 2.26: Centreline and width parameters for all seasons and gases. Colours and symbols
as in previous plots.
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It is expected that the mean bearing of the wind direction, i.e. the predominant
direction in which the wind was blowing, would have an effect on the position of the
centreline. It was possible to convert the wind bearing from the HY SPLIT model to an
estimated position along the transect using trigonometry. The centreline position for
all measured gas concentrations and deposition rates (SO,, HCl, HF) was taken from
the Gaussian best fit model. Correlation between these two was significant at p< 0.01

(Figure 2.27).

Differences between the observed Gaussian centreline and the HYSPLIT bearing
are likely because both degassing and the wind direction are temporally variable on
very short timescales (hours, minutes), so gas emission rates might have been high
when the wind direction was atypical. Additionally, it is possible that the height of
the plume varied with the time. of day, and that an inversion layer could trap the plume
near the ground at night causing more intense fumigation. Local topography, such as

the caldera wall might also have influenced the wind direction.

The rate of degassing from the crater, as approximated by gas concentration and
deposition rates at OCP appears to be a strong control on the total volume of gas reach-
ing the downwind transect. The wind direction determines the area most affected by
emitted gases. Therefore, using gas emission and wind direction data might allow for
forecasts of how downwind areas might be affected by degassing without the need
for extensive measurements. This data is of great use to identifying potential impactS
on the downwind environment, including local people. This approach could also be
tested at other volcanoes to produce similar profiles of the downwind gas concentra-
tion and deposition rate along a transect through the plume. Further work is required
to constrain the contribution of other wind parameters (wind speed, plume height and
atmospheric stratification) to the seasonal variation in the gas concentration and depo-

sition rate patterns along the transect.
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Figure 2.27: Centreline estimated from the bearing from HYSPLIT model against the
Gaussian centreline estimated for each season and gas. Colours and symbols as in previous
plots. A 1:1 line is shown in red.
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2.4.3 Deposition rates at tree and ground height

Along the transect, it was also evident that deposition rates were lower at ground level
than at tree height, which is most noticeable for the sites where deposition rates are
highest, i.e. those closest to the centreline of the plume. Deposition rates are a function
of the atmospheric concentration of a gas and the deposition velocity for that gas onto
a particular surface. Since diffusion tubes were only exposed at tree height, and not
ground height, it was not possible to determine whether there was a lower atmospheric
concentration of the SO, HCl and HF at ground level than at tree height. Additionally,
it is possible that atmospheric conditions such as wind speed and turbulence were
slightly different at the two heights, therefore, producing a difference in deposition
rates.

Although this difference cannot be explained, it is likely to have implications for
the exposure of plants growing at different heights. A vertical gradient in exposure
to volcanic gases might produce shorter growing plants or favour species with low
forms e.g. grasses and herbs over trees. This will be explored in later chapters on the
ecological impacts of these gases. Further study of how volcanic gas concentrations
and deposition rates change with height would be beneficial in determining the extent

to which this might influence vegetation.

2.4.4 Deposition velocities

Further downwind of Masaya, SO, deposition velocity was estimated at a mean of
1.6 £ 0.8 cm s~* with a range of 0.5 to 3.8 cm s™! (Delmelle et al. , 2001). The
deposition velocities calculated for SO, in this study (Table 2.15) are slightly lower
than those obtained by Delmelle et al. (2001) but are still within their range. A likely
explanation for this difference is the sampling season, since Delmelle ef al. (2001)
collected their data during the driest months of the year (February and March). In this
study, deposition velocities were highest during the driest sampling period (February

2014). This is possibly because sulfation plates measure dry deposition only, so do
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not account for wet deposition through precipitation, which occurred more frequently
during the rainy season (December 2013, May 2014 and June 2014).

No previous estimates of chloride or fluoride deposition velocities were found at
Masaya. Since the deposition efficiency of chloride and fluoride onto sulphation plates
is unknown, the values estimated in this study may be incorrect. However, given there
was a strong relationship between all measured atmospheric concentrations and de-
position rates, they provide a useful estimate and identify a significant source of acid

loading to the proximal downwind environment.

2.4.5 Comparison with other studies

One previous study has reported volcanic gas concentrations measured with diffusion
tubes at the crater edge of Masaya (Allen, 2002), which found a mean of 4756 ug
m~3 SO,, 929 g m~3 HCI and 203 pg m~3 during sampling in May 2001. Their
sampling location appears to be closest to H1 reported in this study and their sampling
methods were similar. Compared with the study by Allen et al (2002), results presented
here for H1 show considerably lower gas concentrations, with the exception of HCI in
February 2014 which had a very high value (Table 2.16). Similarly, atmospheric
gas concentrations measured using filter-packs in 2001 and 2003 detected significantly
higher gas concentrations of 7736-11073 ug m~3 SO,, 1680-1982 ug m—3 HCI and
124-214 ;g m~3 HF. Therefore, it appears that gas emissions were much lower during

the study periods reported here than they were in 2001.

SO, HCl1 HF
a b a b a b
Minimum 916 881 183 263 25 35
Maximum 7950 2083 1300 2056 448 196
Mean 4756 1577 929 1032 203 103

Standard Deviation 3314 622 432 923 171 83

Table 2.16: Comparing crater values from a) Allen et al. (2002) and b) site H1 from this
study using diffusion tubes measured in pg m=3.

No previous studies have looked at proximal downwind gas concentrations, though
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further downwind (about 6 km) a maximum of 610 ug m—3 SO, was recorded in 1999
(Delmelle et al. , 2002). Another study across a similar area in 2012 (van Manen
2014b) found a maximum recorded SO, concentration of 471 g m~3, that of HCI was
40 pg m~3 and HF was 7.6 ug m~3. It would be expected that higher gas concentrations
would be found closer to the volcano, which fits with SO, measurements for February
2013, December 2013 and February 2014, but not for the May and June 2014 sampling
season in this study. All HC1 and HF measurements in this study were higher than those
recorded previously further downwind.

This supports the hypothesis that gas emissions from the volcano were much lower
than previously in May and June 2014, and possibly during other seasons too. This
variability in gas emissions is due to the cyclical nature of degassing from Masaya
(Rymer et al. , 1998). This suggests that maximum gas concentrations and deposition
rates would have previously been much higher along the transect, when gas emissions
from the crater were higher.

The World Health Organization (WHO) recommends that human exposure to SO,
concentrations above 500 pg m~2 for periods of more than 10 minutes, or to con-
centrations above 20 pg m~2 over a 24 hour period, should be avoided as these are
hazardous to human health (WHO, 2011). SO, concentrations measured at the crater
are clearly highly toxic, though human exposure to these is variable. For tourists, who
might come to the crater (nearest site is NCP) it’s unlikely that this short term exposure
will damage their health, but for local people who work around the volcano, including
long periods at the crater edge, and are continuously exposed to low gas concentrations
elsewhere, this is likely to produce health problems. For example, some park guards
regularly complain of headaches and nausea that they believe is related to long-term
exposure to volcanic gases from Masaya.

Despite an apparent decrease in volcanic gas emissions at Masaya, gas concentra-
tions and deposition rates measured at the crater and along the transect were incredibly
high. Studies of gas concentrations (< 25 pg m~3) and deposition rates (< 250 mg

m~2 day~!) estimated using the same methods downwind of industrial sites found
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considerably lower values (Lynch et al. , 1978; Bourque & Arp, 1996; Ta et al. , 2005;
Tasdemir & Gunez, 2006; Staszewski et al. , 2011; Godoi et al. , 2013). Equally, bulk
deposition estimates, which include precipitation, were much lower (10-40 mg m~2
day~!) in previous studies at industrial sites (Likens et al. , 2001; Gauci et al. , 2004).
A maximum of 720 ug m~3 SO, was found at Mt Etna using diffusion tubes (Bellomo
et al. , 2007), whereas almost three times this amount was measured at the crater rim
in this study. Many other studies of volcanic gas emissions use spectroscopy (Horton
et al. , 2005; Williams-Jones et al. , 2005; Palma et al. , 2008; Barrancos et al. , 2008),
providing results in tonnes of SO, emitted per day. Whilst it is not possible to compare

these data to concentration or deposition rate data collected in this study, both of these
methods show temporal variability in measured values on a variety of scales.

This is a highly important consideration for studies aiming to use volcanic (or in-
dustrial) gas data collected over a short time periods to define thresholds for the en-
vironmental or ecological response. This is because a short measurement period may
not be fully representative of the long-term conditions, as both volcanic emissions and
their dispersal vary through time. The downwind environment and ecosystems may be

responding to current, recent and past gas concentrations and deposition rates.

2.4.6 Applications

In the following chapter on the effects of these gases on the vegetation community as a
whole, an average exposure based on the centreline and width from each season from
the SO, concentration data is used. Concentration data generally had a stronger fit to
the Gaussian curve than deposition data, and SO, had a stronger fit than other measured
gases. Only SO, concentration was selected as gas concentration and deposition rates
had strong correlations with each other, implying a high degree of collinearity.
Chapter 4, which considers the growth response of individual plants, will use the

SO, concentration and deposition rate data collected in the corresponding season, since

89



CHAPTER 2. VOLCANIC GAS CONCENTRATIONS AND DEPOSITION
RATES DOWNWIND OF MASAYA

the subject of this chapter is expected to show a more immediate response to fluctuating
gas levels. Additionally, this chapter considers two plant species growing at different
heights. This means that having SO, deposition data at tree and ground height will be
useful.

As well as allowing for estimates of gas concentrations and deposition rates along
the transect, fitting a Gaussian model to the volcanic gas emission data reported in this
chapter contributes to our understanding of the dispersal of plumes. Further work to
quantify the impact of other meteorological variables and variation in gas emission
rates would allow for forecasts of volcanic or industrial gas distributions without the

need for extensive measurements over a large spatial area.

90



CHAPTER 2. VOLCANIC GAS CONCENTRATIONS AND DEPOSITION
RATES DOWNWIND OF MASAYA

2.5 Conclusions

Data collected using diffusion tubes and sulfation plates have shown that there are no
significant sources of volcanic gases in the atmosphere (SO,, HCI and HF) or their
deposition rate at sites upwind of the volcano. This is supported by strong consistent
WSW wind directions predicted using the HYSPLIT model. Extremely high gas con-
centrations and deposition rates were found at the crater. Although gas concentrations
exceeded WHO guidelines (WHO, 2011), considerably higher concentrations have
been detected during previous sampling (Allen, 2002).

Measurements collected along a downwind transect for both gas concentrations
and deposition rate data fitted a Gaussian distribution with the exception of some of
the deposition rate data. This supports the use of a Gaussian model in our understand-
ing of the dispersal of gas plumes. Between the seasons and gases, there was variation
in the peak, width and centreline position of the fitted Gaussian model. There were
strong differences between deposition rates of plates exposed at different heights (tree
and ground), particularly at high deposition rates. This will likely have different im-
plications for different vegetation types depending on their growth height.

Variation in gas emission rates from Masaya, estimated by OCP (crater) concentra-
tion and deposition rate values, was able to explain the total amount of most volcanic
pollutants measured downwind of Masaya. The centreline from the Gaussian fit was
correlated with the wind bearing modelled using HYSPLIT. Additionally, during the
wetter sampling periods, dry deposition velocity was lower, probably as a result of
increased wet deposition through precipitation. Alongside further work on the role of
other meteorological data (wind speed and height) in influencing downwind concen-
tration and deposition rates, these findings could be used to forecast how downwind
areas might be affected by volcanic degassing at Masaya and other volcanoes.

The high atmospheric gas concentrations and deposition rates detected at the crater
and along the downwind transect suggest that they are likely to have significant en-

vironmental and ecological impacts. Volcanic gas emissions such as S, Cl and F are
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known to have acidifying impacts (Delmelle et al. , 2001), and damage to vegetation
has been observed from satellite data (Nadeau, 2004). Additionally, the high levels of
SO,, imply that nearby human populations would be affected by volcanic degassing
since these exceeded the WHO’s recommendations. These impacts would have likely
been greater when gas emissions were much higher in previous years.

A successful Gaussian fit to the data was useful, because it allows for the distri-
bution of gas concentrations and deposition rates to be estimated at any point along
the transect from actual measurements. In particular, this will allow for the calcula-
tion of gas concentrations or deposition rates in Chapters 3 and 4, where ecological
data were collected but there were no measurements of volcanic gas concentrations or
deposition rates. Since all measured volcanic gas concentrations and deposition rates
were strongly correlated with each other, it is appropriate to select just one of these to
represent exposure to volcanic gases. SO, data produced the best Gaussian fits, and
therefore will be used in the following chapters to represent a gradient of exposure to

volcanic gases.
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Chapter 3

Plant communities downwind of

Masaya

Results from plant community surveys are presented alongside environmental data.
Exposure to the volcanic plume produced a significant change in species richness, type
and composition. The volcanic plume is likely to have caused a variety of feedbacks
with environmental and ecological variables, producing a unique vegetation commu-

nity downwind of Masaya.
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3.1 Introduction

There are many possible disturbances to ecosystems (e.g. hurricane, volcanoes, fire,
human activity etc.) which can vary in magnitude on both spatial and temporal scales.
A disturbance gradient, such as exposure to volcanic degassing, produces a change in
environmental conditions, including abiotic factors such as atmospheric gas concen-
trations and soil pH and nutrient content. These can have feedbacks with the biota
through canopy cover and leaf litter thickness and decomposition, to produce a unique
ecosystem.

Plants and plant communities are used to define ecological regions because they are
intrinsically important components of ecosystems, responsible for primary production.
This makes them useful subjects for the study of ecological response to stress and
disturbance. A simple measure of the ecological response to disturbance is how plant
species richness, i.e. the total number of plant species in a given area or quadrat,
responds to changing conditions. Studies of vegetation composition, including plant
type and species, provide a more detailed assessment of how an ecosystem responds to
a particular disturbance. Equally, the ecological response to an environmental gradient
of disturbance such as volcanic degassing may be considered at the individual species

level, which is the subject of Chapter 4.

3.1.1 Volcanic degassing and its impacts

Gas plumes released from persistently degassing volcanoes contain a mixture of gases
including H,0, CO,, SO,, HCI, HF and metals (Oppenheimer, 2003). Whilst H,O
and CO, are required for plant photosynthesis, other emissions have known environ-
mental impacts, including acidification (Johnson & Parnell, 1986; Delmelle et al. ,
2002). Since the composition of volcanic emission is comparable to some examples of
industrial pollution, a similar response in the vegetation downwind of a degassing vol-

cano might be expected. The effects of air pollution in North America and Europe are
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well-known (Winner ef al. , 1986; Fowler et al. , 1999; Bobbink et al. , 1998; Conti,
2001; Stoate et al. , 2001; Phoenix et al. , 2006). However, like many other ecological
studies, there has been less of a historical focus on tropical ecosystems (Delmelle et al.

, 2001), which might respond differently because of different climatic conditions.

3.1.2 Plant community response to disturbance

Both volcanic (Kamijo ef al. , 2008) and industrial or urban pollution (Angold, 1997;
Bernhardt-R6mermann et al. , 2006; Vavrova et al. , 2009) have been associated with
tree defoliation, which produces gaps in the canopy. These allow more light to pen-
etrate to the understory, which benefits many herbaceous species and can increase
species richness (Burton et al. , 2014). This provides some evidence for the interme-
diate disturbance hypothesis (Fox & Connell, 1979), where high biodiversity might
be expected to occur where there has been moderate disturbance because a large vari-
ety of species from different seral stages may be able to grow there. Both colonized
lava flows (Chevennement, 1990; Munguia, 2013) and landslide sites (Veldzquez &
Godmez-Sal, 2009) on volcanoes were found to have high species richness in previous

studies. This is attributed to a species rich herbaceous layer.

Nevertheless, disturbances that produce canopy gaps can also negatively affect the
understory, producing a decrease in species richness with increasing levels of distur-
bance (Salemaa et al. , 2001; Stevens et al. , 2004). Along a gradient of exposure to
a saline water-mud mix extruded from mud volcanoes in Borneo (Ting & Poulsen,
2009), there is an increase in species richness with distance from the disturbance. This
is because changes in the soil chemistry as a result of the mud volcano had a negative
impact on the herbaceous layer. In these cases, an intermediate level of disturbance
does not allow for competitive release, and biodiversity decreases with the disturbance.

Other disturbances can also have similar community scale responses, which is more
evident when the gradient is considered as time from the event. Secondary succession

after volcanic eruptions, such as that of Mt St Helens in 1980 (del Moral & Jones,
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2002) or Krakatau in 1883 (Whittaker et al. , 1989; Thornton, 1996; Tagawa et al.
, 2013), as well as other disturbances such as landslides (Veldzquez & Gdémez-Sal,
2008) involves a change in species richness and composition. However, species at-
tributes for colonization and secondary succession (Tsuyuzaki & Del Moral, 1995)
might, therefore, be different from those adapted to low magnitude but high frequency

disturbances such as pollution.

3.1.3 Aims

Persistent volcanic degassing from Masaya has been ongoing since 1993 Rymer ef al.
(1998); Delmelle et al. (1999); Martin et al. (2012), with other previously documented
episodes. It is known to acidify the downwind environment (Delmelle et al. , 2002)
and studies of the Normalized Difference Vegetation Index (NDVI) have linked this to
significant vegetation damage (Nadeau, 2004). However, an assessment of its impacts
on vegetation species richness and composition has not been undertaken.

This study aims to use the gradient of exposure to volcanic SO, concentration de-
fined by the Gaussian profile identified to Chapter 2 to identify the response of down-
wind vegetation communities. Both environmental and ecological variables were mea-
sured along the same transect, which represents a cross section through Masaya’s gas
plume. These data are used to prioritize the most important environmental factors
which affect plant species richness and composition. Additionally, feedbacks within

the ecosystem that enhance the effects of exposure to the volcanic plume are discussed.
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3.2 Methods

3.2.1 Location and sampling strategy

During fieldwork in December 2013, February 2014 and May 2014, data were col-
lected on plant communities, volcanic degassing, and other environmental data (in-
cluding canopy openness, leaf litter layer and soil properties) along the Los Chocoyos
trail (Figure 3.1). This trail provided a 4 km transect where the vegetation grades
from tropical dry forest to a grass dominated ecosystem under the gas plume and then
to an area set aside for local agriculture (though no sites studied were currently under
cultivation). It lies approximately 2 km downwind of the actively degassing Santiago
Crater and is restricted to the south west by the parks border which runs along the steep
caldera wall. The whole of the area is underlain by lava from the same Late Quaternary
but pre-Columbian eruption (Walker et al. , 1993).

Along the transect, 33 sampling sites were established by random selection. The
same sites were surveyed during each sampling trip. In May 2014, an additional 6
sites at the beginning of the transect (forest) as well as an additional 5 sites at the end

(agricultural) were randomly selected to extend the sampling area.

3.2.2 Plant communities

At each site, plant species data were collected using 16 m? (4 m by 4 m) quadrats.
Species were identified from plant field guides for Costa Rica by Zuchowski ( 2007)
and Gargiullo ( 2008) as well as the Tropicos plant database (Stevens, 2015). A total
of 90 species were recorded, 70 of which were identified to family or species level.
Unidentified species were included for the calculations of species richness but were
excluded from all other analyses.

In December 2013 and February 2014 presence-absence data was collected, and
in May 2014, plant species data were collected under three classifications: presence-

absence, Braun-Blanquet cover abundance and a height classification. The presence-
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Figure 3.1: Map of all plant community sampling sites. Note the different symbol for those
sampled in May-June 2014 only. The active Santiago crater and predominant wind direction
are also marked. The change in topography between these sites is shown in the Appendix

(Figure B.1).
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absence data were binary, where a value of 0 means the species was not present and 1
means the species was present in a given quadrat. Percentage cover for each species
was noted based on a visual estimate, and given that vegetation layers can overlap the
total cover the total can exceed 100%. This data was converted to a 6 point Braun-
Blanquet scale, based on the NVC recommendations (Rodwell, 2006), where 1 is the
least cover and 6 is the most cover for present species (Table B.1 in Appendix). Ad-
ditionally, the maximum height reached by a given species at each site was measured
using a tape measure to the nearest centimetre. This was converted to a 6 point height
classification where 1 is the lowest maximum height and 6 is the highest maximum

height (Table B.2 in Appendix).

3.2.3 Environmental data

As well as volcanic gas concentration data displayed in Chapter 2, data on other en-
vironmental variables was also collected at the quadrat sites during sampling. These
included canopy openness, leaf litter layer depth and soil properties, all of which are

thought to respond to volcanic gases.

3.2.3.1 Volcanic degassing

Results from the Gaussian best fit to February 2013, December 2013, February 2014,
May 2014 and June 2014 SO, data (Table 2.12), as described in Chapter 2 were added
together to estimate the average volcanic influence at each site. To remove the effect of
variation in gas emission rate between sampling periods, each were given a maximum
concentration value of 1, and the centreline position and plume width values estimated
from the Gaussian fit were used. This gave each site an exposure rating ranging from
0 to 5, with higher values representing greater exposure to the volcano’s plume. This
allowed for an estimate of the average exposure at each site, which was thought to be
more appropriate given that the vegetation will be responding to long term patterns of

degassing, including seasonal changes.
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- This rating was used to separate the sites into low (0-2), medium (2-4) and high
(4+) depending on their exposure rating. This gives a useful measure of exposure to
volcanic gases, without using absolute values of SO, whose measurements over short
sampling periods may not have been representative of the long term trend so it would
not be appropriate to use these to define threshold values. Plume sites were defined as
those with an exposure value greater than 4 (high exposure). The exposure rating for

each site is shown in the Appendix (Table B.9).

3.2.3.2 Canopy openness

Canopy openness, was measured from hemispherical photographs taken at ground
level at each site during the December 2013, February 2014 and May 2014 sampling
periods. Following recommendation by Rich (1990), the photographs were taken
(where possible) under overcast conditions producing low and even light. Photos were
taken in RAW format with a 0.20x fish-eye lens attached to a Sony NEX-3N. The focus
ring was set to infinity and exposure bracketing was ﬁsed to take three photographs one
f-stop above and below the original, allowing for the most appropriate to be selected

for analysis.

The photos were then analysed in SolarCalc to obtain a percentage canopy open-
ness value for each site (Mailly ef al. , 2013). Given the variable weather conditions,
and a lack of cloud when some photos were taken, some had to be manually adjusted

prior to analysis, to get a correct distinction between forest canopy and open sky.

Although this method is not as reliable as other methods such as the Cajanus tube
or line intersect sampling (Korhonen et al. , 2006), it is a cheap and rapid method.
Additionally, since a high variability in canopy openness is expected as along the gra-
dient of volcanic pollution, it is thought that hemispherical photography will provide
a sufficiently accurate estimate of canopy openness for the purposes of this study. The
average of the December 2013, February 2014 and May 2014 canopy openness was

used.
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3.2.3.3 Leaf litter layer

During all three sampling seasons, at each site three measurements of leaf litter layer
depth to the nearest centimetre were taken using a tape measure and the average of
these was calculated. The average leaf litter layer depth of the three sampling periods
was used. Notes were also made on the main substrate type, e.g. bare lava, bare soil or

leaf litter.

3.2.3.4 Soil properties

Soil samples were collected from three different points within the quadrat at each site
during May 2014. The leaf litter layer was removed, and the three topsoil samples col-
lected from different points in the quadrat were placed together in one sealed zip-lock
bag for each site. These were returned to the UK where they were oven dried at 40°
C before being ground and sieved to 2 mm. By adding distilled water to the powdered
soil, in a ratio of 1:5, a soil solution was created. This was shaken horizontally for an
hour at 120 rpm to ensure adequate mixing of the soil in the solution.

These were then measured using a Thermo Scientific Orion Versostar advanced
electrochemistry meter with probes for pH and EC. The pH probe (Orion 8157BNUMD)
was calibrated using pH 7.00 and 4.01; and the EC probe (Orion 013005MD) using
1413 pS/cm and 12.9 pS/cm solutions. The pH and EC meters were tested using a
standard in-house reference material of known pH and EC (R1/06). The calibration
solutions, reference material and one site were re-measured every 10 samples and this
showed that there was no drift in the measurements. The probes were carefully rinsed

in clean distilled water between measurements of each sample.

3.2.4 Statistical analyses

Using plant species presence absence data for all seasons (December 2013, Febru-
ary 2014 and May 2014), species richness (total number of different species in each

quadrat) was calculated. The relationship between all measured variables (species
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richness, SO, concentration, canopy openness, leaf litter layer depth, May soil pH and
May soil conductivity) was tested using Pearson’s correlation.

To further understand the relationship between plant species composition and ex-
posure to the volcanic plume, the plant species percentage cover data collected in May
2014 was used to determine dominant species types. The average percentage cover
of each plant type was calculated for low, medium and high exposure to the volcanic
plume.

Canonical Correspondence Analysis (CCA) was used to explore the relationship
between plant species, sampling sites and their environmental conditions (using R
2014, version 3.1.1, package 'vegan’ by Oksanen ef al. 2013). This is a popular
technique for identifying relationships between species and their environment along a
gradient (Kent, 2011). Using a model building technique, only significant variables
were retained. This was done for the presence absence data for all sampling periods
(December 2013, February 2014 and May 2014) together, computed using forward
stepwise model building with the R package ’vegan’ (Oksanen ef al. , 2013). The
significance of the variables was tested using Monte-Carlo permutations (999). In the
appendix (Figures B.2, B.3 and B.4), CCA with all environmental variables fitted
was computed for May 2014 using all species data types (presence-absence, Braun-
Blanquet and height), to demonstrate that in this instance presence-absence data is suf-
ficient to identify the relationships between species, sites and environmental variables.
This supports the use of presence absence data, which was collected for December
2013 and February 2014 as well as May 2014, enabling the use of a larger data set
covering different times of the year. Each individual environmental variable was also
taken for DCCA analysis in CANOCO. This allowed for a numerical estimate of the
significance of each variable in determining the plant species composition, avoiding
the arch effect and axis compression found using CCA for single variable analysis.

Using presence absence data, the results of the CCA were compared with cluster
analysis for both species and sites. Cluster analysis was performed using hierarchical

clustering of Bray Curtis dissimilarities and Ward’s method. CCA uses weighted chi-
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squared criteria, so cluster analysis provides a useful comparison between two distinct

methods for analysing plant community data.
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3.3 Results

3.3.1 Data along the transect

The average SO, exposure is close to a Gaussian distribution, but the northerly cen-
treline from June 2014 makes it slightly skewed, and there is a large variability in the
peak concentration reached between the seasons (Figure 3.2). For other measured
environmental variables, this variation between the seasons is less apparent.

Leaf litter layer depth reaches a minimum under the plume (around 0-500 m on the
transect), and there is an increase into the agricultural area. These results are consistent
between the seasons. Canopy openness reaches a maximum peak in all seasons before
O m on the transect and, with the exception of February 2014, stays at nearly 100%
openness into the agricultural area, although canopy openness does decrease in the
five sites sampled in May 2014. This is likely because trees have been cut down in
the agricultural area, but also the plume footprint in the undisturbed forest is wider for
canopy openness than for other variables. As with leaf litter layer depth, these results
are consistent between the seasons, but in the agricultural area values have not returned
to those at the beginning of the transect.

In May 2014 soil pH reached a minimum under the plume, and in the égricultural
- area values did not return to the high pH recorded at the beginning of the transect (Fig-
ure 3.3). There was no obvious pattern with electrical conductivity along the transect.
Species richness reached a minimum under the plume, approximately where recorded
SO, and canopy openness were highest, and leaf litter layer and soil pH were low-
est. Species richness did not appear to be affected by the sampling season, suggesting
this and other environmental variables were more stable between the seasons than SO,
concentration.

With the exception of soil electrical conductivity in May, there was a significant
correlation between the measured environmental data and species richness in all the

seasons (Figure 3.4). This strong relationship between the measured variables implies
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Figure 3.2: SO2 concentration, leaf litter layer depth and canopy openness along the transect.
SO2 data and their Gaussian best fit lines are shown for each season, alongside the average
exposure calculated from the Gaussian best fit parameters for centreline and width. Leaf litter
layer depth and canopy openness data were collected in December 2013, February 2014 and
May 2014 only. The grey dotted line denotes the boundary to the agricultural area, which

covers the right hand portion of the plot.
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Figure 3.3: Soil pH and soil conductivity (EC measured in /rS) in May 2014 only, and species
richness from December 2013, February 2014 and May 2014 along the transect. Colours as in

previous plot.
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Figure 3.4: Correlation of SO2 exposure, average litter, average canopy, May pH, May
conductivity and average species richness. The colours represent site type as in Figure 3.1;
green= forest, orange=open, red=gas and grey= agricultural. The bottom half of the plot
shows Pearson’s correlation values. Those highlighted are significant at p<0.05 (0.294).

107



CHAPTER 3. PLANT COMMUNITIES DOWNWIND OF MASAYA

Figure 3.5: Comparison of canopy photos of open areas (top left - Site 30 and top right - Site
32) and forested areas (bottom left - Site 7 and bottom right - Site 3).

that there are likely to be interactions between these.
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3.3.2 Plant type cover at different exposures

Plant Type
Cactus +Fern Grass * Herb Orchid +Rosette  Shrub *Tree Vine
0]
Low Medium High

Exposure based on estimated S 02 Concentration

Figure 3.6: Percentage cover of plant species types (May 2014) at different exposures.

Data collected in May 2014 on the percentage cover of different plant types shows
that these vary considerably with exposure to the plume. At low exposures trees ac-
count for the majority of the vegetation cover in the quadrats, with shrubs and vines
also prominent. At medium exposures vines are the most abundant plant form, but
trees and shrubs are also common. At high exposures, over 60 % of vegetation cover
is a grass. This demonstrates that the ecological impact of volcanic degassing can be

noted using a simple classification of plant types, without formal identification.
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3.3.3 Ordination

CCA with environmental variables fitted shows fhe patterns in the plant community -
composition based on presence-absence data collected in December 2013, February
2014 and May 2014. This explained 21% of the variation in the data of which 44%
was explained by CCA1 and 22% was explained by CCA2. Sites and species scores
for CCA1 and CCA2 are displayed in the Appendix (Tables B.10, B.11). It is evident
that there is no distinct change in plant community composition between the seasons,
as using season as a factor was not significant according to the CCA model building.
Therefore, the sampling season had little influence on plant community composition.
However, SO, exposure, canopy openness, leaf litter layer depth, soil pH and conduc-
tivity were significant according to stepwise selection.

CCALl, the principal axis, clearly distinguishes plume sites (triangles) from forest
sites (squares). The most important variable that explains this variation in plant com-
munity composition is the average SO, exposure This is correlated with high canopy
openness, low leaf litter layer depth and low soil pH. According to DCCA single vari-
able analysis for each of the environmental variables, SO. and leaf litter layer depth

were the most significant variables explaining the variation in the plant species data.

High positive values for CCA1 are found where exposure to SOs is estimated to be
very high. Here, the most prominent species is a grass, Cenchrus. Species in this genus
are known to grow in open disturbed areas, including beaches, in Nicaragua (Stevens,
2015). Another grass was only found in the gas area, Melinis repens, during December
2013 and February 2014 but not May 2014. This species is a common pioneer species
on more recent lava flows from the volcano. It is probably growing in this area because
there is a lot of bare lava, but since it is not very. abundant, it does not appear to be as
tolerant as Cenchrus is towards volcanic gases.

In the area under the plume, the herb, Diodia, a ruderal plant known to prefer
very dry and sandy areas (Stevens, 2015), was also common. Additionally, during

December 2013 and February 2014, Pityrogramma calomelanos, a fern that is quick
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Figure 3.7: CCA (Canonical Correspondence Analysis) of plant species presence-absence
data for December 2013, February 2014 and May 2014, with environmental variables (SO2
concentration, leaf litter layer depth, canopy openness, May 2014 pH and May 2014
conductivity). Sites are classified by their type. The sites, which were sampled in three
different seasons, are linked by dashed lines all plot close to each other on the ordination
diagram (lone sites represent the extra May 2014 quadrats). Species have been coloured by
their type, and their size represents their total abundance across all sampled quadrats. A fitted
surface for species richness is shown in grey.
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CCA1 CC2

Acanthocereus tetragonus 0.04 -0.49
Ageratum conyzoides 1.24  0.55
Blepharodon mucronatum  -0.32  -0.18
Bromelia pinguin ~ -0.03 -0.50
Cenchrus 1.53 -0.57

Cissus microcarpa  0.10 -0.09

Cissus verticillata ~ 0.31  0.12
Cleome viscosa  -0.18  0.39
Dalechampia scandens  0.24 0.46
Diodia 1.57 -0.40

Euphorbia colletiades  -0.22 -0.59
Iresine calea -0.02 0.81

Justicia carthaginensis  0.08 0.86
Mimosa albida  0.87 -0.48
Oplismenus burmannii ~ -0.13  0.32
Senna pallida  -0.19  0.59

Serjania grosii  -0.34  0.30

Smilax spinosa  -0.38 -0.44

Table 3.1: Species scores for CCA1 and CCA?2 for abundant species using presence-absence
data from all seasons. Species scores for all species are found in the appendix (Table B.11).

Variable Percent explained Eigenvalue ratio
Exposure (SO3) 8.80 1.42
Litter 7.80 1.35
Canopy 7.60 0.89
May pH 5.60 0.86
May conductivity 370 0.41

Table 3.2: Summary of DCCA using single constraining variables

to colonize volcanic landscapes in the tropics (Chevennement, 1990; Velazquez &
Goémez-Sal, 2009; Tagawa et al. , 2013), was abundant in the gas area too. A shrub,
Mimosa albida, was also abundant in the area exposed to the plume. No trees were
recorded at the gas sites, and plant heights (both of individuals and species) are gener-

ally low.

Highly negative CCA1 values are found for a variety of plant types, including the
orchid Oeceoclades maculata, shrubs (e.g. Aphelandra scabra and Acalypha), trees

(Pisonia macranthocarpa, Stemmadenia and Gliricidia sepiunt) and vines (Pithecocte-
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Figure 3.8: Photograph of typical downwind plants including Cenchrus spp., Diodia spp. and
Bromelia pinguin at Site 23.

nium crucigerum and Blepharodon mucratonum). These forest and understory species
are common to tropical dry forests (Figure 3.9), as well as other forest types, and can
also be found in more open second growth forests (Gargiullo, 2008). As noted previ-

ously, there is a greater species richness at lower S 02 concentrations (Figure 3.12).

Species with a large point size (Figure 3.7) that are found around a score of 0
for CCA1 are common across all site types, and these include Cissus verticillata,

Dalechampia scandens and Bromelia pinguin.

CCA2 distinguished agricultural and open sites, that had positive CCA2 scores,
from forest sites which had negative CCA2 scores (Figure 3.7). These sites were
associated with a high canopy openness and high pH, but a thin leaf litter layer. A
vine, Amphilophium paniculatum, which is known to prefer open disturbed areas, was
most common here. Additionally, a Fabaceae vine (thought to be a cultivated bean),
alongside Physalis in December 2013, were both found at some of these agricultural

sites. Both of these species may have escaped from cultivation nearby.

Other herbs and shrubs found here (e.g. Ruellia blechum, Lantana camara, Sida
rhombifolia, Senna pallida, Turnera scabra and Kallstroemia), are common to open
disturbed areas (Stevens, 2015). Conversely, low CCA2 values were associated with

forest trees and understory plants. This distinction along the CCA2 axis was also
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Figure 3.9: Photograph of a forested area (Site 2) and understory (Site 1) with a large variety
of plant species.
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Figure 3.10: Photograph of typical plants in the agricultural area including Cissus verticilata,
Amphilophium paniculatum and Rauvolfia tetraphylla at Site 32.

evident with cluster analysis of sites, but not of plant species. Soil conductivity (EC)
does not explain a significant amount of variation in the data according to DCCA
(Table 3.2). It appears that positive CCA1 scores represented volcanic disturbance

whilst negative CCA2 scores represented human disturbance.

Overall, it appears that the forest sampled along the transect was not primary or
virgin tropical dry forest. Many large climax tree species were not encountered, e.g.
Ceiba pentandra, Enterolobium cyclocarpum and Gyrocarpus americanus (Marenco
etal ,2012), though this may have been biased by the quadrat size used for sampling.
However, the presence of many species of second growth and moderate disturbance
supports a hypothesis that there was some level of disturbance across the forested areas,
including those unaffected by the gas plume. This may be as a result of proximity to
human settlements, where exploitation of forest resources, such as firewood extraction,

have been occurring.

Nevertheless, the forest surveyed represented a clearly different environment to the
grass dominated landscape downwind of the volcano, as demonstrated by the varia-
tion in environmental variables and species composition. Additionally, species such as
Bursera simarouba, which were encountered during this sampling, are important to the

forest ecosystem as they support a large number of insect and mammal species (Zu-
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Figure 3.11: Photograph of typical plants of the open forest areas including Senna pallida,
Cissus microcarpa and Lantana camara at Site 8.

chowski, 2007). Therefore, highly negative CCA1 values might represent the type of
ecosystem that might be expected downwind of the volcano if there was no degassing,
and moderate levels of human disturbance, and so provide a clear control for the study

of plant communities along a gradient of exposure to volcanic gases.

3.3.4 Cluster Analysis

Cluster analysis for sites, using the same plant species presence-absence data as in
the CCA ordination, identifies four distinct groups. Those with high positive CCAl
scores are mostly plume sites and those with high positive CCA2 scores are made up
of mostly agricultural and open sites. A group with negative CCA1 scores is made
up of forest and open sites, with some agricultural sites from the May 2015 sampling
period and another group comprising mostly forest sites has negative CCA2 scores.
With species, there is a clearly defined group comprising plume and some agricultural

species with high CCA1 scores. The remaining groups are tropical dry forest tree and
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Figure 3.12: CCA of plant species presence-absence data for December 2013, February 2014
and May 2014 with cluster analysis for a) sites and b) species using Ward’s method are shown

by grey shapes.
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understory plant species that have mostly negative CCA1 scores.
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3.4 Interpretation

3.4.1 Environmental and ecological variables along the transect

A peak in exposure to volcanic SO, was matched with a peak in canopy openness and
troughs in leaf litter layer depth, soil pH and species richness (Figures 3.2 and 3.3).
No trend for soil conductivity was found along the transect. Correlation between mea-
sured environmental (SO,, canopy, litter, soil pH and soil conductivity) and ecological
(species richness) variables was highly significant for all pairs, with the exception of
those with soil conductivity. These variables are highly interrelated, and could be
linked to exposure to volcanic SOs.

A marked decrease in species richness observed here is comparable to the effects
of high levels of industrial pollution (Salemaa et al. , 2001; Stevens et al. , 2004) and
a study of plant communities at two mud volcanoes in Indonesia (Ting & Poulsen,
2009). Environmental conditions were too extreme for a lack of trees to stimulate
significant understory herbaceous growth. This may be as a result of the frequency
of the disturbance, since degassing has been ongoing since 1993 at Masaya, and there
have been many cycles of high gas concentrations prior to this (Stix, 2007). These
results are not in agreement with the intermediate disturbance hypothesis (Fox &
Connell, 1979).

As with plant species richness, studies of other taxonomic groups (e.g. fauna) tend
to find a decrease in species richness in response to high levels of industrial pollution
(Hoffmann et al. , 2000; LiSka & Herben, 2008; Miller & Watmough, 2009; Babin-
Fenske & Anand, 2011). Similar effects of volcanic pollution other biota downwind of

Masaya might be expected.

3.4.2 Plant species composition

Overall, the pattern of the relationship between sites, species and environmental vari-

ables was similar between the presence absence data for all sampling periods (Decem-
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ber 2013, February 2014 and May 2014 in Figure 3.7) and the different classifications
for plant species data in May 2014; presence absence (Figure B.2), Braun-Blanquet
cover (Figure B.3) and height classification (Figure B.4).

As well as a change in species richness, there was also a change in species compo-
sition along the transect. When plant species are categorized by their type, there was
an evident shift from forest, where trees represented most of the cover along with vines
and shrubs in the undisturbed section of the transect, to a grass dominated environment
at high exposure to the volcanic plume (Figure 3.6). This pattern was also reflected
in the ordination of the data using CCA (Figure 3.7), which also included other en-
vironmental variables. Positive CCA1 values are associated with sites that had high
exposure to SO, and an open canopy and where grass species were abundant. Most
trees, and associated understory plants, as well as leaf litter layer depth had negative
CCA values. Plume sites had the highest positive CCA1 scores, and this was supported
by cluster analysis of sites, which identified these as a distinct group of sites (Figure
3.12). A cluster of species with positive CCA1 values included plume species, as well
as some agricultural species. |

There is evidence that some biota benefit from high pollution levels, as this distur-
bance can make light and nutrients more available to ruderal species tolerant of these
conditions (Angold, 1997; Bernhardt-R6mermann et al. , 2006), which may competi-
tively exclude other plants (Bobbink et al. , 1998), leading to a slower recovery time
with some species missing (Sebesta et al. , 2011). Areas that have an open canopy as
a result of pollution, e.g. volcanic degassing from Turrialba, Costa Rica (Duarte &
Fernandez, 2011; Burson, 2012) or industrial pollution in the Krkonose (Giant) Moun-
tains, Czech Republic (Vévrovi et al. , 2009) allow herbs to thrive, since trees would
have prevented enough light from penetrating to the understory. Species associated
with plume sites in this study were either not encountered in the nearby forest, or some
were only found in the most open patches. This suggests that in the downwind zone
these few grass, shrub, herb and fern species were benefiting from competitive release.

However, species richness decreased with exposure to the plume, suggesting that the
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benefits of an open canopy Wére outweighed by high volcanic gas levels for the major-
ity of tropical dry forest plants.

Grass species are common as a results of disturbance. A grass species was ob-
served to dominate following a landslide at Casita Volcano (Velazquez & Gémez-Sal,
2009) in the most affected area where pre-disturbance soils did not remain. Equally,
on Miyake-Jima Island (Kamijo et al. , 2008) after an ash eruption followed by sev-
eral years of volcanic degassing, the ecosystem became dominated by two tussock
grass species from early and late succession. One of these is a pioneer species already
known for its preference of acidic soils, which typically would out-compete the other,
a climax species. At Masaya, the dominant grass was Cenchrus which is known to in-
habit disturbed areas, and this dominated over the pioneer grass, Melinis repens. Other
ruderal plants including herbs and a fern were present in the area most affected by the
volcano. These plant groups are also commonly found in disturbed areas in other stud-
ies (Angold, 1997; Kamijo et al. , 2008). Only some of these species were observed to
be growing on the two most recent lava flow (1670 and 1772) upwind of the volcano.

Therefore, as a result of degassing there was a secondary succession that allowed
for colonization by stress tolerant and ruderal species that grow in open areas, but
that could also tolerate high SO, and acidic conditions. The plant community in the
grassland in the area most affected by the volcanic gases differs from a lava flow that
is in the early stages of succession.

In some cases, such as ozone pollution (Payne ef al. , 2011), studies have found
a compositional change, but not a reduction in species richness (Dirnbock et al. ,
2014). The results of this study are most comparable with cases of extremely high
industrial pollution, where there is a marked reduction in species richness, but with
some ruderal plant species increasing in abundance with exposure to volcanic gases.
This may be because multiple interacting pollutants have a much greater effect on the
ecosystems than just a single one (Payne et al. , 2011). At Masaya, SO, HCI and
HF are likely to affect the downwind ecosystem directly and through acidification, and

other volcanic emissions including HoO, CO, and heavy metals might also be having
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ecological consequences. Separating the effects of these can be incredibly difficult,

particularly when they are correlated with each other (Payne et al. , 2014).

3.4.3 Environmental and ecological feedbacks

The lack of trees, leaf litter layer and an open canopy as a result of degassing in the
area downwind of Masaya is significant. Geological mapping of Masaya volcano sug-
gests that the whole of the study area shares the same substrate, a Late Quaternary,
but pre-Columbian lava flow (Walker et al. , 1993). Therefore, if age and type of
lava flow were the primary environmental controls on vegetation communities in this
area, a similar species composition along the transect might be expected. However the
unaffected dry tropical forest contains well established trees. Whilst a few individuals
were observed growing in the area most affected by the volcanic plume, none were
encountered during this sampling.

Early successional trees are vital for colonization because they contribute to soil
formation through leaf litter, and their canopy provides shade for understory vegeta-
tion. Additionally some colonizer trees can be nitrogen fixing, and without any nitro-
gen fixers the rate of plaht cover accumulation is slowed during succession (Chang
& del Moral, 2015). Also, trees provide perches for birds which disperse other plant
species (Campbell et al. , 1990). Therefore, if trees could survive the SO pollution, it
is possible that some understory plants that could tolerate high concentrations of SO,
but not an open canopy and thin leaf litter layer, might have been able to survive in the
gas region.

Species richness is highest where there is a greater leaf litter layer depth. This
means that there is a feedback between the presence, or absence, of species that pro-
duce large quantities of litter (particularly trees) and the micro-environment created
as a results of this. Additionally, where pollution levels are highest in tropical dry
forest in India (Singh et al. , 2004), there is reduced litter production, attributed to

lower biomass production. Litter decomposition was also found to be slowed by air
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pollution, as a result of decreased microbial activity. Both of these factors contributed
to a low turnover of nutrients. It is likely that similar mechanisms would slow leaf
litter production and decomposition downwind of Masaya where there is even higher
concentration of SO, pollution and a more acidic soil than the area in India studied by
Singh et al. (2004).

Changes to the substrate through leaf litter decomposition are required to facilitate
the arrival of late successional species (Read & Lawrence, 2003). Without a developed
soil, seedlings may germinate, but not develop into trees in the downwind zone. The
lack of soil formation in the area downwind of the volcano would likely reduce the
availability of a seed bank, which is an important contributor to secondary succession
by providing dispersal opportunities through time, and not just space (Nifio et al.
, 2014). Germination could potentially happen during periods of low gas levels if
there was an established seed bank. Therefore, a high seed rain would be required to
contribute new colonizers to the area downwind of the volcano. Volcanic degassing at
Turrialba (Duarte & Fernandez, 2011; Burson, 2012) and anthropogenic pollution in
the Czech Republic (Vavrova et al. , 2009) may have killed all or most of the trees,
but there is well developed soil that could support the return of trees with declining
gas emissions, which is not the case at Masaya. This means that the time for this area
to return to established forest if emissions were to stop instantly could be closer to the
time-scales for primary succession, which could be several hundred years.

It is known that Masaya has been degassing for several periods lasting years to
decades since the mid 19th century (McBirney, 1956; Stix, 2007), and it has quite
possibly had other degassing periods prior to this. Although volcanic degassing will
not result in primary succession, it is a more intense and frequent disturbance that other
examples of secondary succession, therefore the recovery would likely be even slower,
closer to that of primary succession. Therefore, it is unlikely that there would have
been a sufficiently large break in volcanic degassing during the last few hundred years
to allow for succession to progress significantly, particularly given the poor establish-

ment of trees and the lack of soil development. This might be indicating that volcanic
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degassing has been modifying the typical path of succession on this section of the lava
flow, for longer than is currently known from historical records.

Chapter 2 identified variation in gas emission rates and the dispersal of the volcanic
plume between sampling periods and it is known that Masaya’s degassing episodes are
variable in intensity on a variety of timescales. Whilst these variations might have
implications for the plant communities, it was noted in this chapter that there were not
considerable differences between vegetation composition between the three sampling
periods that could not be explained by seasonal variation. This suggests that the plant
communities are responding to the pattern of dispersal of the plume, more than changes
in gas emission rates. This means that absolute SOy values measured in Chapter 2
cannot be reliably used to define response thresholds in the plant community.

The consistency of the results between seasons, and the strong relationship between
plant community composition and exposure to volcanic SO, supports an argument that
the dispersal of Masaya’s plume has followed a similar pattern in previous years and
decades. This suggests the vegetation community might provide a useful indicator of
volcanic gas dispersal, which when applied alongside pollen records might be used to
reconstruct fossil volcanic plumes.

Feedbacks with soil pH, leaf litter layer depth and canopy openness were likely
buffering potential changes from fluctuating gas levels during the measurement peri-
ods in this study. Additionally, plant communities are expected to respond on longer
timescales. Whilst plants may die rapidly under a sudden change to extreme condi-
tions, there is a lag time in vegetation recovery as successful seed germination (and
possibly even dispersal) are required which may take several seasons. However, a re-
peat of this study over a period of years rather than months might reveal such changes
in plant communities in response to variation in gas levels. The timing of a disturbance
within the plant’s cycle can affect the magnitude of its impacts (Peguero & Espelta,
2011). A short term response to volcanic gases might be expected to be more pertinent

at the individual plant level, which is the subject of the following Chapter 4.
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3.5 Conclusions

Degassing from Masaya volcano produces a gradient of exposure to atmospheric SO,
pollution and this has strong environmental and ecological impacts. In the downwind
zone there is an open canopy, a thin leaf litter layer and a low soil pH and there are few
species. The vegetation community is made up of small plants, comprising grasses,
herbs, and a fern and shrub species, many of which are not found on newly colonized
lava flows. This contrasts to the established forest, that is probably moderately dis-
turbed by human activity, found on the unexposed section of the same lava flow. Here
there is a denser canopy, a thick leaf litter layer and many tropical dry forest trees and
understory plants can be found, which contributes to much higher species richness.
These results were similar to those of previously documented episodes of volcanic
degassing and some industrial pollution studies. There was no significant variation
between the three sampling seasons (December 2013, February 2014 and May 2014),
or in the analysis using plant cover abundance and plant height data collected in May
2014.

The unusual plant community downwind of the volcano confirms that degassing
has played a major role in shaping the ecosystem here. Additionally, local feedbacks
from SO, pollution relating to presence of trees and their canopy, the development of
the leaf litter layer and soil formation have also contributed to this unique seral stage
on the section of the old lava flow that is affected by volcanic gases. This might also
suggest that the volcano has been degassing for longer than is known from historical

records.
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Chapter 4

Dalechampia scandens response to

volcanic gases

Volcanic gas concentration and deposition rates measured in Chapter 2 are used as a
environmental gradient of exposure to Masaya’s plume to explore the plant morpholog-
ical response. Leaf and flower traits of a vine, Dalechampia scandens, were measured
along a the transect and results are compared with another abundant plant, Byrson-
ima crassifolia. Possible mechanisms to explain the enhanced growth of D. scanden&

leaves under the volcanic plume are discussed.
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4.1 Introduction

4.1.1 Individual species response to an environmental gradient

A simple way of assessing the response of an individual plant to an environmental gra-
dient or stress is to consider its growth, through measurements such as leaf size (length
or area), leaf number, plant height and biomass. No studies have looked at this with
respect to volcanic degassing, but several have considered the impacts of industrial
pollution on individual species. Most report a negative effect of the exposure to pol-
lution on plant growth (Pandey & Agrawal, 1994; Verma & Agrawal, 1996; Dodd &
Doley, 1998; Tricker et al. , 2004; Yang et al. , 2006; Pourkhabbaz et al. , 2010; Tiwari
et al. , 2010; Nikula et al. , 2011; Maisto et al. , 2013; Leghari, 2013). However both
inhibition and stimulation of growth were found in a controlled experiment looking at
urban pollution effects on several species (Honour et al. , 2009). Other stresses, such
as low water availability are also linked to a smaller leaf size (Nobel, 2009; Chalcoff
et al. , 2008). The gradient of exposure to volcanic SO, provides a unique field setting

for a study of the effects of volcanic gases on plant growth.

4.1.2 Impact of volcanic gases on plants

Volcanic gases are known to affect plants both directly and indirectly. Volcanic SO,
amongst other acid emissions such as HCl and HF causing damage to leaves such
as chlorosis (Nelson & Sewake, 2008). However there is evidence that the negative
effects of these gases can be balanced by high CO, (Jenkins, 2012). Some plants have
mechanisms to deal with exposure to volcanic pollution, such as base cation transfer
to neutralize acid rain (Johnson & Parnell, 1986). However, volcanic emissions are
associated with increasing soil acidity, and they produce environmental conditions that
few plants can tolerate, as demonstrated in Chapter 3. This is evident when looking
at satellite imagery, including Normalized Difference Vegetation Index (NDVTI), where

areas downwind of degassing volcanoes such as Masaya have high levels of vegetation
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damage (Nadeau, 2004). Overall, there may be competing effects of volcanic gases
on individual plant species and different functional parts of the same plant may have
varying responses (Abe et al. , 2014). Using a gradient of exposure characterized by
volcanic SO, levels, the response of plant traits can be explored. Vegetative and floral

trait variability can also be compared along this gradient.

4.1.3 Dalechampia scandens

Dalechampia scandens is a neotropical vine with serially homologous vegetative and
pollination traits, and it is widespread across Central and South America. It is of partic-
ular interest because it has a specialized pollination system composed of two involucral
bracts, that are thought to have evolved from leaves given théir morphological similar-
ity. These bracts surround a resin gland, which produces resin as a reward for the bees

that pollinate it.

4.1.3.1 Berg Hypothesis

The Berg Hypothesis (Berg, 1960) states that in plants with specialized pollination
systems (i.e. those relying on a small number of pollinator species), variation in the
size of floral structures (e.g. blossoms) will be decoupled from vegetative parts (e.g.
leaves). Vegetative traits, such as leaf size are likely to be more phenotypically variable
depending on environmental conditions. The floral structures of plants with special-
ized pollination systems are expected to have strong selection for precision (Hansen
et al. , 2007), thus producing consistently sized inflorescences. This is because they
are reliant upon a consistent match in size with their pollinator(s), to ensure pollen
is transferred when the reward is collected. This means that floral traits need to be
buffered against environmental variation to ensure that pollination continues to occur
(Frazee & Marquis, 1994)), as this is vital for the production of a seed set and its sub-
sequent germination. The bracts may also be subjected to stabilizing selection. Large

- bracts which act as floral advertisements may be more likely to attract more polli-
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nators, but they may also increase the probability of seed predation (Pérez-Barrales
et al. , 2013). This will act to maintain a consistent size of floral structures within a
population.

The decoupling of floral and vegetative structures occurs because different factors
drive selection for the size of these traits. The size of floral structures is genetically
linked to pollinator fauna whilst the vegetative structure respond phenotypically to
abiotic and biotic environmental conditions. This also means that it is expected that
there might be greater variability in vegetative traits than in floral trait as a result of
these different selection processés. Understanding these differences contributes to out
knowledge of the evolution of plants and the contribution of genetic and environmen-
tal factors to plant phenotypic characteristics. The Berg Hypothesis has been demon-
strated in a variety of different plants (Frazee & Marquis, 1994; Pérez-Barrales et al. ,
2007; Herrera, 2005; Chalcoff et al. , 2008), including Dalechampia scandens grown
in greenhouses (Hansen ef al. , 2003, 2007; Pélabon et al. , 2005, 2011, 2012).

4.1.3.2 D. scandens response to environmental conditions

D. scandens has been the subject of many greenhouse studies (Hansen et al. , 2007,
Pélabon et al. , 2005, 2011, 2012). Its response to different environmental condi-
tions has been previously tested through manipulation of light and nutrient availability.
There was a strong response in leaf size to different growing conditions, whilst bract
size remained unaffected (Pélabon ef al. , 2011), and this supports the Berg Hypothe-
sis (Berg, 1960). Under favourable environmental conditions, such as higher nutrient
availability, D. scandens leaf blade length increased. If a plant can put more resources
into growing larger leaves, it is then likely to benefit from a greater photosynthetic
surface area. Therefore, there is an advantage of vegetative traits being phenotypically
variable, which does not apply to floral traits that are involved in pollination.

To date, published studies have only focused on greenhouse populations of this
species and not wild D. scandens plants. The varying environmental conditions around

Masaya Volcano National Park, produced by volcanic degassing provide a natural lab-
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oratory in which to observe the response of D. scandens’ vegetative and floral traits.
D. scandens is commonly found in other disturbed areas across the park, including for-
est openings and grassland areas on recent lava flows. The species is common across
the Pacific side of Nicaragua in seasonally dry to moist forests and second growth
(Gargiullo, 2008). It is a climbing herbaceous vine characterized by stinging hairs
(Stevens, 2015) . It has been the subject of many plant trait studies in the context of
the Berg Hypothesis, but these have been conducted in a laboratory setting, rather than

with wild-growing plants.

4.1.4 Byrsonima crassifolia

Byrsonima crassifolia is a tree found growing in similar environments to D. scandens.
It is of great value to local people who use its wood and eat the fruit, which is also
known to have pharmacological uses (Maldini et al. , 2009; Guilhon-Simplicio & de
Meneses Pereira, 2011; Herrera-Ruiz et al. , 2011). It is also known to bio-accumulate
pollutants, such as fluoride (Olivares & Pena, 2004).

No previous studies of the response of this tree to environmental conditions were
found. Although some studies found tree species to have a negative response to ex-
posure to pollution (Pourkhabbaz et al. , 2010; Nikula et al. , 2011; Leghari, 2013),
others find no effect (Khavaninzadeh et al. , 2014; Jochner et al. , 2015). This might
be because trees are less phenotypically plastic than other plant types. Additionally,
no examples of the Berg Hypothesis have been previously found in tree species (Arm-
bruster et al. , 1999). Therefore, B. crassifolia provides an interesting comparison to
D. scandens as it is a valuable plant to the local community and a different response to

volcanic gases might be expected because of its contrasting life history.

4.1.5 Aims

Using Masaya Volcano National Park as a 'natural laboratory’ this study aims to ex-

plore the response of D. scandens and B. crassifolia traits to the environmental gradient
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of volcanic degassing as defined using data collected in Chapter 2. This provides an
opportunity for the first test of the Berg Hypothesis in a field setting for D. scandens,
and for B. crassifolia is the second example of a study on the Berg Hypothesis in a tree
species .

Secondly, this study aims to identify the environmental conditions under which D.
scandens and B. crassifolia produce the longest leaf blades. Leaves would be expected
to grow larger under more favourable environmental conditions, i.e. away from the
volcanic plume. As noted in the previous Chapter, volcanic gases may also be affecting
plants through feedbacks with environmental conditions such as soil pH and canopy

openness.
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4.2 Methods

4.2.1 Sampling strategy

During fieldwork in February and March 2014, D. scandens individuals were sampled
from four areas within Masaya Volcano National Park, covering upwind of the volcano,
an area partly affected by degassing, downwind of the volcano where gas levels were
highest and near the crater (Figure 4.1. Precise locations and site names are given in
Table C.1 in the Appendix). The areas were defined by exposure to the plume.

Plants were sampled between 20th of February and the 6th March 2014 and in-
dividuals that had blossoms in a recent state of opening, i.e. were presenting pollen
and had an intact resin gland, were collected for measuring. As many sampling units
(leaves and floral parts) as available were collected with a total of five from the Up-
wind zone, 19 from the Gas zone and 12 from the partly affected zone and four from
the Crater zone.

As a comparison, in May and June 2014, B. crassifolia was sampled using a similar
methodology (Figure 4.1 and Table C.2 in the Appendix). The sampling area was
larger and extended into an agricultural area which is partly affected by the gases and
also human activity, and these were classified with the Part samples as they had a low
or irregular exposure to the gas plume. Plants were sampled between the 24th May and
the 8th June 2014 and units that had blossoming flowers were selected for sampling.
An average of three units were measured per site, with a total of 21 sites (five in Gas,

seven in Part, and nine in Upwind).

4.2.2 Dalechampia scandens morphology

Each sampling unit comprised the upper (distal) and lower (proximal) bracts and the
enclosed resin gland and styles, and the corresponding distal and proximal leaves found
on the same stem (Figure 4.2). This is the typical growth form for D. scandens, and

only samples with all of these components intact were selected. Measurements were

132



CHAPTER 4. DALECHAMPIA SCANDENS RESPONSE TO VOLCANIC GASES

1772

Degassing measurement

1670 Dalechampia

ftom alito
Atd X  Crater

A Gas
A Part

A Upwind

1772

Degassing measurement
1670%

Romalito Byrsonima
] Gas
= Part
[ ] Upwind

iter

005 1 2km
INTTITITLI

Figure 4.1: Map of Masaya Volcano National Park showing D. scandens and B. crassifolia
sampling sites separated into four categories, and location of degassing measurements.
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made of the leaf blade lengths (LD and LP) and the bract lengths (BD and BP), gland
(G) and style (S). Leaf and bract lengths were taken with the adaxial surface of the
organ facing upwards. Gland area (Ga) was calculated by multiplying the average of
the left and right gland heights (Gh) by the gland width (Gw). G, the square root of
the gland area, was used in order to keep the measurement units the same as the other
traits (mm). The style length (S) was taken as the average length of the three styles
present. All measurement were made using digital callipers (0.01 mm precision) and,

where needed, a hand lens (x 10) was also used.

Figure 4.2: Drawing and photo of D. scandens to show leaf and blossom traits measured.

4.2.3 Byrsonima crassifolia morphology

For each individual tree, between two and four sampling units were measured. Each
sampling unit (leaves and blossom) was removed from the tree where it branched off
from the main stem, and measurements were made on the leaves, stem and blossom
(Figure 4.3). The length (LL) and maximum width (LW) of the upper (closest to the
blossom) pair of leaves were measured. The total stem length (SFL) was measured

from the point at which it was cut off from the main branch to the tip of the blossom.
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The blossom stem length (FL) was defined as the distance from the tip of the blossom
to the point where the first florescence was found, and the leaf stem length (SL) was
the distance from here to the point at which the unit was cut off from the main branch.
All measurements were made using digital callipers (0.0l mm precision). The total

number of pairs of leaves (Tot) was also noted.

Figure 4.3: Drawing of B. crassifolia showing leaf and blossom traits measured.

4.2.4 Volcanic emissions

Volcanic gas (S02) concentrations and deposition rate were measured using diffusion
tubes and sulfation plates respectively as described in Chapter 2. Since a measure-
ment was not made at all sampling sites, S 02 concentrations and deposition rate was
taken from the Gaussian fit for sites along the transect (Gas and Part), or the nearest
measurement (Upwind and Crater). Data from the closest sampling period were used,
i.e. results from February 2014 were used with the D. scandens data, whilst results
from May and June 2014 were used with the B. crassifolia data. The results from both
May and June 2014 were included with the B. crassifolia data because they had very
different profiles of volcanic gas concentrations. May 2014 had a very similar profile

to February 2014, albeit with lower concentrations, whilst June 2014 had a much more
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northerly centreline. Additionally, both May 2014 and February 2014 followed simi-
lar patterns to the average exposure to SO, (Chapter 3), suggesting that these provide
good representations of long-term exposure too. The deposition rate data were also
split into tree and ground heights, and both of these were used for D. scandens, but
just the tree height data were used for B. crassifolia, to account for the growth height

of the two different plants.

4.2.5 Soil pH and EC

Soil samples were collected at all D. scandens sites in February 2014, but due to time
constraints this was not possible with B. crassifolia samples. At each sampling lo-
cation, the organic layer was removed and three topsoil samples were collected and
placed together in a sealed zip-lock bag. These were returned to the UK and analysed

as described in Chapter 3 for soil pH and soil conductivity.

4.2.6 Statistical analyses

To test the Berg Hypothesis using the D. scandens data, the mean, standard deviation,
range and coefficient of variation (CV) for each of the measured parameters for leaves
and bracts were compared. Pearsonfs Correlation was used to identify any relationships
between the measured morphological traits.

For D. scandens and B. crassifolia, Pearson’s Correlation was used to identify the
relationships between the measured morphological variables and environmental vari-

ables.
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4.3 Results

Results tables are displayed in the appendix (Tables C.1 and C.2).

4.3.1 Variability and relationships amongst traits

Leaf parameters had a much higher standard deviation than bract parameters (Table
4.1), and their range was also much larger with distinctions between habitats. Leaf

parameters also had higher coefficients of variation than bract parameters (Table 4.1).

Mean Standard Deviation Minimum Maximum CV

Leaf (Distal) 21.52 9.84 7.96 45.37 0.46
Leaf (Proximal) 42.65 13.99 11.00 70.33 0.33
Bract (Distal) 12.45 3.17 6.76 20.37 0.25
Bract (Proximal) 13.97 421 5.66 22.69 0.30
Gland 3.45 0.45 2.63 423 0.13

Style 4.33 0.83 2.68 6.02 0.19

Table 4.1: Summary statistics on leaf and bract morphological measurements of D. scandens.
All measurements in mm. n=40

4.3.1.1 Correlation

There was a positive correlation between proximal and distal leaf length, as well as
between proximal bract length, distal bract length, gland size and style length (Table

4.2). There was no correlation between any leaf and bract parameters.
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4.3.2 Responses to different environments

SO, concentration, and deposition rate at both tree and ground level as well as soil pH
and EC had a significant positive relationship (Table 4.2) with D. scandens distal and
proximal leaf lengths (LD and LP). The distal bract length (BD) was correlated with
SO, deposition rate at both tree and ground level, but there were no other significant
correlations between bract characteristics and environmental variables.

B. crassifolia had a very strong relationship between leaf length and width (Table
4.3). Additionally, all stem characteristics were well correlated with each other, with
the exception of blossom stem length (FL) and leaf stem length (SL). The environmen-
tal variables were correlated with each other, but not with any of the morphological

data.
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4.4 Interpretation

4.4.1 Dalechampia scandens

4.4.1.1 Variability and relationships among traits

There was considerable variation in leaf blade length. This was not as strong in bract
length, or other characteristics of the blossom (Table 4.1). Given the relative proximity
of all the samples in this study, it is likely that they were part of the same population,
so would all have been potentially able to interbreed. This means that they would have
been pollinated by the same species of bee and, therefore, expected to have very similar
sized bracts. Some of the variation in bract size might be related to the developmental
stage of the floral structure, as it was not possible to ascertain whether each one was
sampled on the first day of opening (flowering may last for over one week, Armbruster
et al. (2009)).

The dimensions of the four floral traits (BP, BD, G and S) were positively corre-
lated amongst themselves (Table 4.2). There was a strong relationship between upper
and lower bract lengths (Table 4.2). This is likely because the bracts are under strong
selection for precision, meaning that they must be of a consistent corresponding size to
serve their role in protecting the floral bud (Hansen et al. , 2007). The leaf structures
(proximal and distal leaf) were correlated with each other but not with the floral struc-
tures. This supports the Berg hypothesis, because it implies that different selection

pressures are operating on the vegetative and reproductive traits.

4.4.1.2 Responses to different environments

Pearson’s correlation analysis found that factors relating to high exposure to volcanic
degassing (high SO, concentration and deposition rate at tree and ground level along-
side a low soil pH) had a strong positive correlation with leaf lengths, but not with bract

variables. This contrasts with a decrease in leaf size typically associated with increased
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exposure to pollutants (Pandey & Agrawal, 1994; Dodd & Doley, 1998; Honour et al.
, 2009; Pourkhabbaz et al. , 2010; Leghari, 2013).

Greenhouse studies (Pélabon et al. , 2011) found an increase in D. scandens leaf
blade length under higher nutrient and light environments. Therefore, this suggests
that growing conditions for D. scandens were more favourable in the area that is most
affected by volcanic degassing. Whilst this may seem counter-intuitive, since volca-
noes release many pollutants into the downwind environment, it is possible that the
volcanic plume provided some advantages to D. scandens growing in this area.

Sulfur dioxide is a key volcanic constituent and it is also known from industrial
pollution to have highly damaging effects on plants (Winner et al. , 1986; Nelson &
Sewake, 2008; Chung et al. , 2011). Plants growing under high gas conditions might
have required a larger leaf size in order to obtain sufficient CO, from the atmosphere.
However, it appeared that plants were growing vigorously in the downwind zone and
there was no evidence of necrosis or chlorosis on the leaves of these plants, which
suggests that the SO, concentrations were not too high. Previous work near Masaya
identified two plant species that were able to neutralize volcanogenic acid rain (John-
son & Parnell, 1986) by adding base cations (e.g. K1) to the water. If D. scandens
had a similar mechanism for dealing with volcanic pollution it might have been able to
directly or indirectly benefit from these volcanic emissions.

Volcanic SO, might have been linked to increased photosynthesis (Gu et al. , 2003).
When volcanic sulfur dioxide is oxidized to sulfate aerosols in the atmosphere, this
produces a ground level increase in the amount of diffuse sunlight and cooling through
a reduction in surface radiation (Lamb, 1970; Robock et al. , 2007). Although this
process is associated with stratospheric volcanic sulfur emissions from large explosive
eruptions, persistent degassing from volcanoes like Masaya is likely to have similar
effects on incoming radiation (Schmidt et al. , 2012), because the source of the sulfate
aerosols is being continually replenished. This could reduce the impacts of the midday
depression, where photosynthesis in tropical forests decreases as the temperature be-

comes too high (Pons & Welschen, 2003).This supports a greenhouse study where a
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simulated longer day length was linked to larger leaf growth in D. scandens (Pélabon
etal. ,2011).

Degassing volcanoes principally emit water vapour H,O and CO, (Oppenheimer,
2003). Where there were high volcanic SO, concentrations and deposition rates it can
be inferred that there would also have been elevated CO, and H,O concentrations.
Both of these are used in photosynthesis by plants during the day and have been pre-
viously associated with enhanced plant growth (Nobel, 2009; Kliring et al. , 2007,
Chalcoff et al. , 2008). Elevated atmospheric concentrations of CO, and H,O might
have been benefiting those plants that can tolerate the high concentrations of other
toxic gases, such as SO,. Using the previously estimated mass ratios (Burton ef al.
, 2000) of SO, and H,O (18-20), and SO, and CO; (1.5-1.7) from Fourier transform
spectrometery at Masaya, it was possible to estimate the volcanic contribution to the
atmospheric concentrations of these gases. For both H,O and CO,, it appears that vol-
canic degassing would have increased the atmospheric concentration by less than 1%.
Therefore, it seems unlikely that either of these were responsible for increasing the leaf
size of D. scandens plants growing downwind of Masaya.

However, a study at Turrialba Volcano in Costa Rica found that the rate of photo-
synthesis Gunnera insignis appeared unaffected along a gradient of exposure to vol-
canic degassing, where high SO, and CO, concentrations were found (Jenkins, 2012).
It is possible that volcanic CO2 may have accumulated near the ground as it is denser
than air (e.g. Lake Nyos disaster in 1986). CO, is known to reduce the damaging ef-
fects of SO, pollution on plants (Baker et al. , 1997; Mulpuri & Luit, 1994; Agrawal &
Singh Deepak, 2003). This is because the physiological response of a leaf to elevated
atmospheric CO, concentrations reduces the amount of SO, that can enter the leaf,
and elevated CO, can allow for more carbon to detoxify SO,. Therefore, it is possible
that volcanogenic CO, was accumulating near the ground downwind of Masaya, and
enhancing D. scandens’ growth.

Volcanoes also directly emit small amounts of many trace elements and metals such

as iron, and if any of these are key nutrients for D. scandens this might have been en-
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hancing its growth in the downwind zone. Equally, a decrease in soil pH caused by the
deposition of acidifying compounds, such as sulfate, chloride and fluoride (Delmelle
et al. , 2003), will affect the bioavailability of nutrients. An increase in available nutri-
ents for D. scandens might have also occurred as a result of ash fertilization (Frogner
et al. ,2001; Lansing et al. , 2001; Shoji & Takahashi, 2002), as dispersal from a small
eruption is likely to follow that of the gas plume. There was a slight increase in the EC
(electrical conductivity of the soil, a possible indicator of nutrient level) in the down-
wind zone, but it did not have a strong relationship with leaf length characteristics.
Therefore, it seems unlikely that total nutrient availability explains the more vigorous
growth of D. scandens in the downwind zone, though it is possible that there are one
or two specific nutrients that are more bioavailable here. Further study is required to
determine any possible nutrients emitted by Masaya that would otherwise be lacking

in the downwind zone and be required by D. scandens.

Individual plants form a part of the ecosystem, which as identified in Chapter 3
will also be responding to longer term patterns in volcanic gas emission and dispersal.
Since the downwind zone is partially vegetated, this might have reduced competition
for resources, particularly light where there were fewer trees. However, this is not
thought to be an important factor, since individuals from the upwind group were grow-
ing in similarly open areas too (e.g. Pencas). Those in the partly affected group had
the most canopy cover and greatest density of surrounding vegetation, but these did

not have the largest leaves.

In summary, it is challenging to attribute enhanced leaf growth in D. scandens
directly or indirectly to one volcanic gas. It appears than under current levels, SO is
not damaging to this plant. If downwind atmospheric CO, or H,O ratios are diffefent
downwind from previous measurement at the crater, perhaps as a result of topography,
this seems like the most likely explanation for enhanced leaf growth. Measurements
of light levels, atmospheric CO5 and H,O and soil micro nutrients would be beneficial

in determining the cause of larger leaf growth in D. scandens downwind of Masaya.
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4.4.2 Byrsonima crassifolia

4.4.2.1 Variability and relationships among traits

B. crassifolia leaf measurement were strongly associated with each other, but not with
measurements of floral characteristics. This suggests that this species supports the Berg
Hypothesis as its vegetative traits are decoupled from floral traits. Whilst B. crassifo-
lia is known to be pollinated by 25 different species of o0il collecting bee (Alvarez
& Landeiro, 2008), these results suggest that this tree may have evolved a specialized
pollination system, whose morphology is decoupled from vegetative traits and envi-
ronmental variation. Although it may have a range of pollinator species, if these are of

similar size and behaviour, they may perform the same function for B. crassifolia.

4.4.2.2 Responses to different environments

No B. crassifolia morphological variables showed any significant relationship with gas
concentrations. This suggests that this plant is tolerant of the environmental conditions
produced by current and past degassing from Masaya Volcano, despite no evidence of
any benefits to this species. This species is highly valuable in the local community as
it provides wood and fruit, and it is also known to have pharmacological uses (Maldini
et al. , 2009; Guilhon-Simplicio & de Meneses Pereira, 2011; Herrera-Ruiz et al. ,
2011). It may be a useful pollutant tolerant species to grow in the area downwind of

the volcano.

4.4.3 Comparison

It is possible that these differences between the two species can be explained by their
growth form; D. scandens is a vine whereas B. crassifolia is a tree. This might be
a results of a higher exposure to volcanic gas emissions for B. crassifolia than D.
scandens, because of typically higher deposition rates at tree than ground height as

recognised in Chapter 2.
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These two plant species, whilst able to grow in a similar location, will have dif-
ferent limiting conditions with respect to other environmental variables, such as water
availability and nutrients. Difference in life-histories might mean that trees such as B.
crassifolia less phenotypically plastic, and therefore less likely to show a response.

This suggests that the relationship seen in D. scandens is not found in all plant
species that grow under the highly polluted conditions produced by Masaya Volcano,
and may be unique to this plant. Therefore, further work is required to fully understand

why D. scandens produced larger leaves where volcanic pollution was highest.

4.4.4 Implications and further work

A better understanding of the individual plant respbnse to volcanic gases would benefit
our forecasts of the potential impacts of increased air pollution in the tropics, which is
expected to be a key component of future global change (Pozzer et al. , 2012). This
might be applied to develop pollution resistant crops and better agricultural practices
in a polluted environment.

Explaining D. scandens leaf variability is challenging, particularly given that many
volcanic environmental variables co-vary, and therefore it is difficult to separate them.
Since there was not a similar pattern found in another plant species, B. crassifolia, it is
perhaps unlikely that volcanic gas emissions were enhancing photosynthesis. Further
work isolating the direct and indirect effects of individual volcanic gas constituents
(e.g. CO, and H,0) might be able to identify which is responsible for enhanced leaf
growth in D. scandens.

It would also be beneficial to consider other aspects of D. scandens and B. cras-
sifolia vitality in a future study. Previous work has shown that volcanic pollution can
also affect reproductive success, both positively and negatively (Abe et al. , 2014).
It would be necessary to consider how volcanic gases affect pollination and seed dis-
persal to ascertain whether they are producing any long-term impacts to these plant

species.
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Previous studies of the impacts of industrial pollution on plant growth have found
notable seasonal variation in both pollutant composition and plant response (Tiwari
et al. , 2010; Leghari, 2013). Impacts on plants might also depend on the stage in the
life cycle, as younger plants are thought to be fnore sensitive (Honour et al. , 2009).
Pollution can also effect plant phenology (Honour et al. , 2009; Jochner et al. , 2015)
including timing of senescence and flowering. Chapter 2 identified variation in both
gas emission rate and the dispersal of the volcanic plume through time. The timing of
high volcanic gas concentrations and deposition rates might have a strong influence on
the individual plant response. A repeat of this study at different times of the year and

under different gas levels would be beneficial in supporting the results presented here.
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4.5 Conclusions

This study has confirmed the Berg Hypothesis using wild Dalechampia scandens grow-
ing in a field setting. Variability in vegetative traits is greater than those of the blossom,
and these two are decoupled. Interestingly, the largest leaves, which have previously
been associated with higher nutrient availability and therefore favourable growing con-
ditions, are found in the mostly devegetated zone downwind of the volcano where ex-
posure to volcanic gases is high. It is unclear exactly which volcanic gas constituents
are producing this unexpected relationship, which was not found in another plant, B.
crassifolia, that also tolerates growing in the area immediately downwind of the vol-
cano. D. scandens is, therefore, an interesting candidate species for future research in
the context of tolerance of extreme environmental conditions. By understanding how
D. scandens can tolerate and thrive under highly polluted conditions, it may be possible
to apply this to the development of pollution resistant crop species. Further research
could inform our understanding of how different plant species respond to complex

mixes of volcanic emissions.
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Chapter 5

Conclusions

5.1 Summary

5.1.1 Volcanic gas concentrations and deposition rates downwind

of Masaya

Chapter 2 aimed to quantify volcanic gas concentrations and deposition rates (of SO,
HCI and HF) along a transect several kilometres downwind from Masaya. Across five
sampling seasons (February 2013, December 2013, February 2014, May 2014 and June
2014), data were collected upwind, at the crater and along a transect downwind of the
volcano. There was no significant upwind contribution to the measured volcanic gas
concentrations or their deposition rate. There were considerable differences in the rate
of degassing between the sampling periods, as estimated by measurements at the crater
rim. Additionally, most of the data collected followed a Gaussian distribution and the
maximum concentrations and integrals estimated by this along the transect were also
highly variable between sampling periods.

A significant relationship between the transect integral and measurements at the
crater (OCP) was found for SO, concentration and deposition rate at tree height and all
HCI measurements. Overall, the gas emissions measured appeared to be much lower

than in previous studies, implying that higher volcanic gas levels might have been
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previously found along the transect. Nevertheless, very high concentrations of SO,
were found at most sampling sites, considerably exceeding World Heath Organization

recommendations for human exposure.

From both the centreline estimated by the Gaussian fit to concentration and depo-
sition rate data, and wind data calculated from the HYSPLIT model, it appeared that
the plume direction was relatively consistent, with the exception of a more northerly
bearing in June 2014. There was a significant link between these Gaussian models and
the HYSPLIT data. Calculated dry deposition velocities for SO, and HF were lower
during wet season measurements, which is likely as a result of preferential wet pre-
cipitation. No measurements were made during the height of the rainy season, when
greater changes in wind direction and deposition regimes might have been expected.
Additionally, further work is required to understand the role of wind speed, plume
height and atmospheric stratification on the resulting gas distribution (e.g. width pa-
rameter). Overall, this chapter identified high gas emissions from Masaya, with a

strong potential for environmental and ecological impacts.

5.1.2 Plant communities downwind of Masaya

A plant community scale study was used with the aim of quantifying the impacts of
volcanic degassing on the vegetation as a whole along the transect. The gradient pro-
duced by volcanic SO, from Masaya had a strong influence on a range of ecological
and environmental factors. Downwind of the volcano, there was a species poor com-
munity, comprising small plants (grasses, herbs, fern and a shrub). This was likely as
a result of the high pollution and low soil pH, as well as feedbacks with the leaf litter
layer and canopy cover. This contrasted with a species rich and diverse tropical dry
forest community on an unexposed section of the same lava flow, as well as newly col-
onized lava flows. The presence of trees produced a denser canopy, more leaf litter and
encouraged the presence of understory species. This study provided limited evidence

for the Intermediate Disturbance Hypothesis.

150



CHAPTER 5. CONCLUSIONS

The environmental and ecological data suggest that exposure to volcanic SO, has
played an important role in shaping the ecosystem downwind of the volcano, and this
had been supported by feedbacks between tree establishment, leaf litter and soil for-
mation, all of which influence the direction of succession. The lack of evidence for
succession in the area downwind of the volcano suggests that volcanic degassing might
have continued further back in time than is known from historical records. If this is
correct, further work could allow for plant community studies to infer past gas outputs

at other volcanoes.

5.1.3 Dalechampia scandens response to volcanic gases

There were two aims of Chapter 3: to test the Berg Hypothesis using Dalechampia
scandens and Byrsonima crassifolia in a field setting and to test the response of these
species to high concentrations of volcanic SO,. Measurements of leaf and bract char-
acteristics found strong evidence for the decoupling of units, which supports the Berg

Hypothesis for both species.

D. scandens leaf length responded positively to an increase in SO, concentra-
tion, indicating that the gas plume is providing a more favourable environment for
the growth of this species. This relationship was also tested in another species that was
found abundantly around the volcano, B. crassifolia, and no relationship was found

between the leaf or bract characteristics of this species and exposure to volcanic gases.

D. scandens might be benefiting directly from volcanic emissions (e.g. CO,, HO,
trace metals), or indirectly through the effects of SO5 on incoming radiation or changes
to the soil (increased acidity affecting nutrient availability or ash fertilization). Al-
though it was not possible to determine the precise mechanism by which D. scandens
leaves grow bigger, this chapter has shown that it is a pollution tolerant plant, making

it an interesting candidate species for future research.
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5.2 Concluding remarks and future work

The volcanic gas concentrations measured in this study were considerably lower than
in previous research. This variability of volcanic degassing over different timescales
makes it challenging to determine a threshold at which an ecological response can be
predicted. However, the low variability in the wind direction at Masaya produces a
gradient of exposure, which appear to be relatively consistent. With this in mind, it is
possible that the plant community chapter represents a long-term response to volcanic
degassing, whilst D. scandens is responding to more contemporary gas levels. This is
because vegetation succession happens over very long timescales as it requires inputs
of seeds and the growth of plants to maturity. Individuals of D. scandens however, that
were able to tolerate previously high gas concentrations, might have been able to grow
rapidly in a nutrient rich and competition free environment as pollution decreased.
This highlights the importance of scale, when measuring the ecological response to an
environmental disturbance.

The volcanic gas concentrations and deposition rates measured in this study clearly
pose a threat to human health, particularly to local people living and working in prox-
imity to the volcano. Additionally, there is an indirect impact from the gases on veg-
etation and, therefore, crops and livestock grazing in the area affected by the volcano.
However, the identification of pollution tolerant species that are local to the area might
be able to provide possible solutions for local farmers.

A continuous long-term data set of gas emissions would be helpful in determining
the extent to which volcanic emissions are typical, high or low on both short and long
times-scales. Additionally, a more continuous data set, with more measurements from
the wet season would also be useful, alongside quantification of wet deposition.

This, alongside regular data on the plant communities would also allow for a better
understanding of the response of different plant species to variations in gas emission
rates, particularly if there were large increases or decreases in the amount of gas emit-

ted from the volcano. It would allow for the determination of time-scales of disturbance
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and recovery specific to the tropical dry forest ecosystem at Masaya. Future studies
would also benefit from including fauna in an ecological assessment, as volcanic gas
emissions are likely to have both a direct impact, as well as an indirect effect through
vegetation. Additionally, similar studies at other degassing volcanoes would be useful
for comparison between different ecosystems.

More work is also required to better understand the relationship between exposure
to the volcanic plume and D. scandens growth. This could involve measurements
of photosynthesis at the leaf level, chemical analyses of soil and plant material or
greenhouse or field experiments with plants. As with the plant communities data,
another sampling season, with different gas fluxes would also be beneficial, which
might allow for thresholds to be defined.

Additionally, this work could be used to inform future studies on the ecological

impacts of volcanic or industrial pollution in the tropics.
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Degassing

A.1 Degassing data

A.1.1 Topography along the transect
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Figure A.l: Topography along the transect. Sites at the beginning and end of the transect for
each sampling period have been shown.

176



APPENDIX A. DEGASSING

A.1.2 Diffusion tube data
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A.1.3 Sulfation plate data
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Table A.3: All sulfation plate data in mg m~2 day—!. Data below the limit of detection are
shown as BD. All data for SOy, HC1 and HF is blank corrected but not background corrected.

Labcode Season Site Hours Distance SO, HCI HF
S6/2 Feb-13 HI1 48 6764 1178 182
S6/4 Feb-13 HI1 22 2234 415 68
S6/15 Feb-13 OCPg 192 925 110 25
S6/17 Feb-13 NCP1t 219 72 11 5
S6/18 Feb-13 1 91 -1088 BD 7 6
S6/19 Feb-13 1 91 -1088 BD 5 5
S6/20 Feb-13 2 91 -1021 41 7 5
S6/21 Feb-13 2 91 -1021 30 7 7
S6/22 Feb-13 3 92 -883 98 11 7
S6/23 Feb-13 5 92 -598 504 66 19
S6/24 Feb-13 5 92 -598 367 37 14
S6/25 Feb-13 6 92 -575 492 53 16
S6/26 Feb-13 9 96 -505 508 71 17
S6/27 Feb-13 10 93 -479 840 80 22
S6/28 Feb-13 11 93 -441 958 131 29
S6/29 Feb-13 12 93 -360 1639 196 43
S6/30 Feb-13 13 93 -347 1545 180 42
S6/31 Feb-13 14 94 -306 922 94 25
S6/32 Feb-13 15 94 248 1728 199 47
S6/33 Feb-13 16 94 -144 1822 188 45
S6/34 Feb-13 17 95 91 2816 264 67
S6/35 Feb-13 18 95 -11 2555 203 49
S6/36 Feb-13 19 95 0 2411 236 56
S6/37 Feb-13 20 95 48 2900 295 64
S6/38 Feb-13 21 97 112 551 61 21
S6/39 Feb-13 22 97 174 310 35 11
S6/40 Feb-13 24 120 275 605 77 20
S6/41 Feb-13 25 97 326 1548 181 41
S6/42 Feb-13 26 97 377 1818 188 42
S6/43 Feb-13 27 97 399 669 76 21
S6/44 Feb-13 28 98 475 243 27 9
S6/45 Feb-13 29 97 578 1082 133 31
S6/46 Feb-13 30 97 671 876 100 27
S6/47 Feb-13 31 97 757 760 89 20
S6/52 Feb-13  Comalito 340 BD 1 BD
B11/01  Feb-13 Regis 201 BD BD BD
B11/02  Feb-13 Regis 201 BD BD BD
B11/03  Feb-13 Meteo 244 BD BD BD
S10/1 Dec-13 1g 264 -1088 34 BD 2
S10/2 Dec-13 1t 264 -1088 38 BD 2
S10/3 Dec-13 2g 263 -1021 71 BD 2

Continued on next page
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Table A.3: All sulfation plate data in mg m~2 day—!. Data below the limit of detection are
shown as BD. All data for SOz, HCI and HF is blank corrected but not background corrected.

Labcode Season Site Hours Distance SO, HClI HF
S10/4 Dec-13 2t 263 -1021 80 BD 1
S10/5 Dec-13  3g 263 -883 109 BD 2
S10/6 Dec-13 3t 263 -883 103 BD 3
S10/7 Dec-13 4g 263 763 113 BD 3
S10/8 Dec-13 4t 263 -763 142 BD 4
S10/9 Dec-13  6g 263 -591 153 BD 5
S10/10 Dec-13 6t 263 -591 122 BD 3
S10/11 Dec-13 8g 263 -550 172 BD 4
S10/12  Dec-13 8t 263 -550 262 BD 5
S10/13  Dec-13 9g 263 -505 158 BD 4
S10/14  Dec-13 10g 263 -508 371 BD 13
S10/15  Dec-13 10t 263 -508 301 BD 13
S10/16  Dec-13 1lg 263 -479 224 71 9
S10/17  Dec-13 11t 263 479 264 92 13
S10/18  Dec-13 12g 263 441 253 71 10
S10/19  Dec-13 12t 263 -441 315 97 14
S10/20  Dec-13 13g 263 360 252 82 10
S10/21 Dec-13 13t 263 -360 177 67 10
S10/22  Dec-13 14g 263 -371 444 115 18
S10/23  Dec-13 14t 263 371 493 105 17
S10/24  Dec-13 15g 263 -347 237 61 10
S10/25  Dec-13 15t 263 -347 283 75 11
S10/26  Dec-13 16g 263 -306 457 106 15
S10/27  Dec-13  17g 263 -248 237 84 9
S10/28  Dec-13 16t 263 -306 243 60 9
S10/29  Dec-13 19g 264 -87 243 78 10
S10/30  Dec-13 19t 264 -87 279 61 11
S10/31 Dec-13  19.5t 264 72 416 86 12
S10/32  Dec-13 19.5t 264 72 312 75 10
S10/33  Dec-13  2l1g 264 0 745 159 24
S10/34  Dec-13 21t 264 0 247 66 8
S10/35  Dec-13 26g 264 275 350 95 12
S10/36  Dec-13 26t 264 275 875 180 28
S10/37  Dec-13  27g 264 326 362 86 15
S10/38  Dec-13 28t 264 377 542 122 19
S10/39  Dec-13  29g 265 399 441 100 15
S10/40  Dec-13 26t 265 399 466 101 15
S10/41 Dec-13  30g 265 475 521 113 15
S10/42  Dec-13 30t 265 475 723 123 22
S10/43  Dec-13 3lg 265 578 412 84 14
S10/44  Dec-13 31t 265 578 423 91 15
S10/45  Dec-13 32g 265 671 346 95 11

Continued on next page
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Table A.3: All sulfation plate data in mg m~2 day—!. Data below the limit of detection are
shown as BD. All data for SO9, HCI and HF is blank corrected but not background corrected.

Labcode Season Site Hours Distance SO, HClI HF
S10/46  Dec-13 32t 265 671 483 83 14
S10/47  Dec-13 33g 265 757 456 104 15
S10/48  Dec-13 33t 265 757 489 91 15
S10/49  Dec-13 34g 265 843 206 24 5
S10/50  Dec-13  35g 266 923 369 35 8
S10/51 Dec-13 35t 266 923 387 51 9
S10/54  Dec-13 Regis 244 9330 BD BD 1
S10/56  Dec-13 Comalito 215 BD BD 1
S10/57  Dec-13 NCPlg 263 31 8 1
S10/58  Dec-13 OCPt 256 635 125 23
S10/59  Dec-13 OCPg 256 567 81 18
S10/62  Dec-13 HI1 256 6326 466 117
S11/2 Feb-14 1T 335 -1088 BD 1 BD
S11/3 Feb-14 1G 335 -1088 2 1 1
S11/4 Feb-14 2T 335 -1021 7 1 BD
S11/5 Feb-14 2G 335 -1021 9 3 BD
S11/6 Feb-14 3T 335 -883 19 3 1

- S11/7 Feb-14 3G 335 -883 15 3 1
S11/8 Feb-14 4T 335 -763 55 11 1
S11/9 Feb-14 4G 335 -763 51 9 2
S11/11 Feb-14 6T 335 -591 124 23 3
S11/12  Feb-14 6G 335 -591 100 18 3
S11/13 Feb-14 8T 335 -550 177 30 6
S11/14  Feb-14 8G 335 -550 115 20 4
S11/15  Feb-14 9T 335 -505 186 31 6
S11/16  Feb-14 9G 335 -505 146 31 6
S11/17  Feb-14 10G 335 -508 235 55 6
S11/19  Feb-14 11T 335 -479 247 53 7
S11/20  Feb-14 11G 335 -479 241 49 7
S11/21 Feb-14 12T 334 -441 379 76 10
S11/22  Feb-14 12G 334 -441 268 63 8
S11/24  Feb-14 13T 334 -360 332 62 14
S11/25  Feb-14 13G 334 -360 302 58 13
S11/26  Feb-14 14T 334 -371 540 107 23
S11/27  Feb-14 14G 334 -371 351 75 17
S11/28  Feb-14 15T 334 -347 531 104 22
S11/29  Feb-14 15G 334 -347 505 112 24
S11/31 Feb-14 16T 334 -306 672 119 23
S11/32  Feb-14 16G 334 -306 241 53 13
S11/33  Feb-14 17T 334 -248 456 72 18
S11/34  Feb-14 17G 334 -248 443 77 17
S11/35  Feb-14 18T 334 -144 1042 214 38

Continued on next page
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Table A.3: All sulfation plate data in mg m—2 day L. Data below the limit of detection are
shown as BD. All data for SOy, HCI and HF is blank corrected but not background corrected.

Labcode Season Site Hours Distance SO, HCI HF
S11/36  Feb-14 18G 334 -144 678 124 25
S11/38  Feb-14  19rockT 334 -72 1108 207 36
S11/40  Feb-14 19T 334 -87 634 135 32
S11/41 Feb-14 19G 334 -87 481 94 14
S11/42  Feb-14 20G 334 -11 798 160 32
S11/45 Feb-14 21T 334 0 778 135 27
S11/46  Feb-14 21712 334 0 91 171 29
S11/47  Feb-14 22G 334 48 572 107 21
S11/49  Feb-14 24T 334 174 844 169 32
S11/50  Feb-14 24G 334 174 215 50 12
S11/51 Feb-14 25G 334 222 667 146 18
S11/52  Feb-14 26T 334 275 1007 197 36
S11/54  Feb-14 27G 334 326 598 109 21
S11/55 Feb-14 28T 334 377 592 109 25
S11/57 Feb-14 29T 334 399 983 165 25
S11/58 Feb-14 29G 334 399 643 137 23
S11/59  Feb-14 30T 334 475 869 148 30
S11/60  Feb-14 30G . 334 475 475 100 19
S11/61 Feb-14 31T 334 578 721 149 29
S11/62  Feb-14 31G 334 578 637 114 24
S11/64  Feb-14 32T 333 671 603 132 20
S11/65 Feb-14 32G 333 671 512 124 20
S11/67  Feb-14 33T 333 757 706 157 26
S11/68  Feb-14 33G 333 757 440 138 20
S11/69  Feb-14 34T 286 943 299 107 16
S11/70  Feb-14 34G 286 943 302 92 16
S11/72  Feb-14 36T 287 1082 267 93 15
S11/73 Feb-14 36G 287 1082 278 90 16
S11/69.2 Feb-14 34T 286 943 344 71 11
S11/70.2 Feb-14 34G 286 943 330 61 10
S11/72.2 Feb-14 36T 287 1082 316 63 10
S11/73.2 Feb-14 36G 287 1082 297 61 9
S11/96  Feb-14 Comalito 315 2 BD BD
S11/97 Feb-14 HI1 341 7773 1596 80
S11/100 Feb-14 NCP2g 336 132 33 2
S11/101 Feb-14 OCPt 342 618 146 24
S11/102 Feb-14 Regis 351 BD BD 1
S11/103 Feb-14 Pencas 213 BD 1 1
S16/1 May-14 M2g 167 -1403 BD 3 BD
S16/2 May-14 M2t 167 -1403 BD 1 BD
S16/3 May-14 M3g 168 -887 4 5 BD
S16/4 May-14 M3t 168 -887 14 19 BD

Continued on next page
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Table A.3: All sulfation plate data in mg m~2 day~!. Data below the limit of detection are
shown as BD. All data for SO, HCI and HF is blank corrected but not background corrected.

Labcode Season Site Hours Distance SO, HClI HF
S16/5 May-14 Md4g 168 -586 16 15 1
S16/6 May-14 M4t 168 -586 18 8 BD
S16/7 May-14 Mb5g 168 -312 85 8 1
S16/8 May-14 M5t 168 =312 125 39 4
S16/9 May-14 Mob6g 168 0 228 57 7
S16/10 May-14 Mé6g 168 0 193 51 6
S16/11 May-14 M6t 168 0 271 58 8
S16/12  May-14 M6t 168 0 276 64 7

- S16/13 May-14 M7g 168 347 209 66 8
S16/14  May-14 M7t 168 347 189 55 6
S16/15  May-14 MS8g 168 671 97 33 2
S16/16  May-14 M8t 168 671 147 55 5
S16/17  May-14 M9g 169 999 56 8 BD
S16/18  May-14 MOt 169 999 103 27 2
S16/20  May-14 Pencast 168 BD 2 BD
S16/22  May-14 NCP3t 168 597 111 15
S16/24  May-14 OCPg 169 76 19 BD
S16/25  May-14 OCPt 169 72 16 BD
S16/40  Jun-14 M3t 167 -887 BD BD BD
S16/38  Jun-14 M2t 168 -1403 BD BD BD
S16/39  Jun-14 M3g 167 -887 2 7 BD
S16/44  Jun-14 MbSg 167 -312 17 9 1
S16/41 Jun-14 Mdg 167 -586 2 15 BD
S16/42  Jun-14 M4t 167 -586 4 BD 1
S16/43 Jun-14  MS5g 167 -312 13 7 BD
S16/48  Jun-14 Mé6g 167 0 BD BD BD
S16/49  Jun-14 M6t 167 0 86 23 4
S16/37  Jun-14 M2g 168 -1403 BD BD BD
S16/51 Jun-14 Mg 166 347 142 30 5
S16/52  Jun-14 M7t 166 347 171 38 6
S16/53 Jun-14 M8g 166 671 173 34 6
S16/54  Jun-14 M8t 166 671 244 49 8
S16/55  Jun-14 MO9g 165 999 189 35 6
S16/56  Jun-14 MOt 165 999 216 43 8
S16/45  Jun-14 M5t 167 -312 20 5 BD
S16/46  Jun-14 M5t 167 -312 30 6 1
S16/47  Jun-14 Mé6g 167 0 54 16 2
S16/50  Jun-14 M6t 167 0 63 12 3
S16/58  Jun-14  Pencast 165 BD 3 1
S16/59  Jun-14 NCP3g 165 116 23 4
S16/60  Jun-14 NCP3t 165 240 49 9
S16/62  Jun-14 OCPt 161 63 14 2

Continued on next page
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Table A.3: All sulfation plate data in mg m~2 day~!. Data below the limit of detection are
shown as BD. All data for SO9, HCI1 and HF is blank corrected but not background corrected.

Labcode Season Site Hours Distance SO, HClI HF
S16/63  Jun-14 HI1 168 596 141 21
S16/64  Jun-14 H1l 168 598 138 36
S16/99  MIJ14 Regis 354 7 BD BD
S16/61  MIJ14 OCP t 330 149 27 4
S16/97 MJl14 Comalito 333 BD 1 BD
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Dec 13 Feb 14 May 14 Jun 14

Co (ug m=3) 551 1954 409 327
Zo,c (M) 121 88 171 1072

oc (m) 689 416 499 639
Integralc (mg) 951 2037 511 525
NRMSE¢ (%) 23 10 24 12

Table A.4: Gaussian fit parameters for HoSO4 gas concentrations across the different
sampling periods. Cy is the maximum concentration, which occurs at distance x=xg ¢ from
the centreline and o is the width parameter. The integral is calculated by Coocv/27 and the
NRMSE is the normalized root mean squared error expressed as a percentage.

A.2 Gaussian fits

A.2.1 H,SOy4

The Gaussian fit to the H,SO4 gas concentration data was very similar to that of SO..
Overall, SO, has better NRMSE values and therefore chose over H,SO4 to represent

sulfuric gases.

A.2.2 Residuals

There was no correlation between residuals and distance along the transect and pre-

dicted values from the Gaussian model (Figure A.2).
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Figure A.2: Example of residuals against a) distance and b) predicted values from the
Gaussian model from December 2013 SOz.

-1000 -500 O 500 200 300 400 500 600 700 800

Distance (m) Predicted Concentration (tg m 3)
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A.3 HYSPLIT model

A.3.1 Testing the model

First, to test the reliability of the model, it has been run at 10 m above ground level
every daylight hour (from 6:00 depending on time of year to 18:00) for the five days for
which a Google Earth satellite image, with a visible plume was available (22/1/2014,

9/4/2013, 30/1/2011, 31/3/2010 and 18/12/2004).

Figure A.3: HYSPLIT trajectories and Google Earth imagery showing comparison between
observed gas plume (visible in Google Earth image) and calculated HYSPLIT trajectory.

HYSFyrr

HYSPUT HVftffe] T

There was a good relationship between the visible plume direction and the direction

of the HYSPLIT trajectories for the 5 days shown (Figure A.3). The height at which
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the model was run did not appear to be significant in determining the direction of the
trajectory. However, the time of day did seem to be significant and for all days there
was a slight change in direction, generally more northerly, during the last few hours of

daylight, which was particularly evident in April 2013 (Figure A.4).

Figure A.4: HYSPLIT trajectories and Google Earth imagery by time for 9/4/2013. Red is
morning, blue is day-time and green is afternoon.

HYSPLIT
*
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Plant communities

B.l Plant communities
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Figure B.1: Topography between sites surveyed for plant communities on the transect.
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B.1.1 Classification tables

Cover (%) Braun-Blanquet scale

Not present
<1

1-5

6-25

26-50
51-75
76-100

AN AW = O

Table B.1: Braun-Blanquet cover abundance scale

Maximum Height (cm) Height scale

Not present 0
<10 1
11-25 2
26-50 3
51-100 4
100-200 5
>200 6

Table B.2: Maximum height scale
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B.1.2 Plant species results

Table B.3: All identified species and their growth form.

Species

Short Family Form
Acalypha Acalypha Euphorbiaceae Shrub
Acantetr Acanthocereus tetragonus Cactaceae Cactus
Agercony Ageratum conyzoides Asteraceae Herb
Amphpani Amphilophium paniculatum Bignoniaceae Vine
Pthcctnm Pithecoctenium Bignoniaceae Vine
Aphescab Aphelandra scabra Acanthaceae Shrub
Bidepilo Bidens pilosa Asteraceae Vine
Blepmucr Blepharodon mucronatum  Apocynaceae Vine
Bromping Bromelia pinguin Bromeliaceae Rosette
Burssima Bursera simaruba Burseraceae Tree
Byrscras Byrsonima crassifolia Malpighiaceae Tree
Byttacul Byttneria aculeata Malvaceae Vine
Casecory Casearia corymbosa Salicaceae Tree
Cenchrus Cenchrus Poaceae Grass
Cissmicr Cissus microcarpa Vitaceae Vine
Cissvert Cissus verticillata Vitaceae Vine
Cleovisc Cleome viscosa Cleomaceae Herb
Cochviti Cochlospermum vitifolinm  Bixaceae Tree
Dalescan Dalechampia scandens Euphorbiaceae Vine
Diodia Diodia Rubiaceae Herb
Eleuindi Eleusine indica Poaceae Grass
Euphcoll Euphorbia colletiades Euphorbiaceae Tree
Euphherb Euphorbia herb Euphorbiaceae Herb
Fabaflow Fabaceae vine flower Fabaceae Vine
Fabapod Fabaceae vine pod Fabaceae Vine
Ficus Ficus Moraceae Tree
Glirsepi Gliricidia sepium Fabaceae Tree
Ipomoea Ipomoea Convolvulaceae ~ Vine
Irescale Iresine calea Amaranthaceae ~ Shrub
Jatrcurc Jatropha curcas Euphorbiaceae Shrub
Justcart Justicia carthaginensis Acanthaceae Herb
Kallstrm Kallstroemia Zygophyllaceae =~ Herb
Lanturti Lantana urticifolia Verbenaceae Shrub
Lasirusc Lasiacis ruscifolia Poaceae Grass
Loncmini Lonchocarpus minimiflorus  Fabaceae Tree
Malvconn Malvaviscus connicus Malvaceae Shrub
Maraarun Maranta arundinacea Marantaceae Shrub
Melirepe Melinis repens Poaceae Grass
Micoarge Miconia argentea Melastomataceae Tree

Continued on next page
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Table B.3: All identified species and their growth form.

Short Species Family Form
Mimoalbi Mimosa albida Fabaceae Shrub
Oecemacu Oeceoclades maculata Orchidaceae Orchid
Opliburm Oplismenus burmannii Poaceae Grass
Petialli Petiveria alliacea Phytolaccaceae ~ Shrub
Philjacq Philodendron jacquinii Araceae Vine
Physalis Physalis Solanaceae Vine
Pisomacr Pisonia macranthocarpa Nyctaginaceae Tree
Pitycalo Pityrogramma calomelanos  Pteridaceae Fern
Plumrubr Plumeria rubra Apocynaceae Tree
Rauvtetr Rauvolfia tetraphylla Apocynaceae Shrub
Ruelblec Ruellia blechum Acanthaceae Herb
Ruelinun Ruellia inundata Acanthaceae Shrub
Russsarm Russelia sarmentosa Plantaginaceae Shrub
Selagnll Selaginella Selaginellaceae ~ Fern
Sennpall Senna pallida Fabaceae Shrub
Serjgros Serjania grosii Sapindaceae Vine
Sidarhom Sida rhombifolia Malvaceae Herb
Sidaspin Sida spinosa Malvaceae Herb
Smilspin Smilax spinosa Smilacaceae Vine
Spermacc Spermacoce Rubiaceae Herb
Stemmadn Stemmadenia Apocynaceae Tree
Tecostan Tecoma stans Bignoniaceae Tree
Thevetia Thevetia Apocynaceae Tree
Trichava Trichillia havanensis Meliaceae Tree
Trigrugo Trigonia rugosa Trigoniaceae Shrub
Tropmori Tropaeolum moritzianum Tropaeolaceae Vine
Turnscab Turneara scabra Passifloraceae Herb
Urerbacc Urera baccifera Urticaceae Tree
Verbovat Verbesina ovatifolia Asteraceae Shrub
Waltindi Waltheria indica Malvaceae Herb
Xantwend Xanthosoma wendlandii Araceae Vine
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Table B.6: May 2014 presence absence species data.
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May 2014 Braun-Blanquet cover species data.
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May 2014 Braun-Blanquet cover species data.
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Table B.7: May 2014 Braun-Blanquet cover species data.
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Table B.8

lant height species data.

: May 2014 maximum p
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lant height species data.

: May 2014 maximum p
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B.2 Data Analysis

B.2.1 Ordination scores

Table B.10: Site scores from CCA for all seasons. D=December 2013, F= February 2014,
M=May 2014 and CE and CO are sites where data were collected in May 2014 only.

CCAl1 CC2

D1 -1.09 0.10
D2 -144 -1.15
D3 -1.32 036
D4 032 0.05
D5 -047 -0.04
D6 -044 0.55
D7 -0.85 -0.09
D8 021 0.85
D9 -0.17 1.08
D10 -0.32 -0.99
D11  -033 0.81
D12  0.06 -0.90
D13 011 -0.84
Di4 1.04 -1.46
D15 056 -1.11
D16 -0.29 -1.84
D17 -0.28 -0.91
D18  2.00 -0.56
D19 0.64 1.57
D20 248 -2.28
D21 2.51 -2.83
D22 281 -1.74
D23 1.76  -1.21
D24 250 -243
D25 236 -1.01
D26 1.54 0.07
D27 1.57 -0.85
D28 .72 0.17
D29 1.60 0.12
D30 1.26 0.24
D31 1.12  1.69
D32 0.63 272
D33  0.89 3.00
F1 -1.18 0.22
F2  -151 -1.33
F3 -1.06 0.66
F4 -0.66 0.12

Continued on next page
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Table B.10: Site scores from CCA for all seasons. D=December 2013, F= February 2014,
M=May 2014 and CE and CO are sites where data were collected in May 2014 only.

CCAl1 CC2

F5 -0.70 -0.10
F6 -044 1.20
F7 -0.88 0.03
F8 033 1.20
F9 -0.12 0.93
F10 -046 -1.31
F11 -024 124
F12 -0.03 -1.10
F13 -0.08 -0.97
F14 1.07 -1.75
F15 0.73 -1.16
F16 -0.25 -2.04
F17 -0.29 -1.20
F18 1.94 -1.19
F19 050 2.83
F20 258 -2.55
F21 2.61 -2.83
F22 261 -2.10
F23 1.10 -1.13
F24 261 -2.10
F25 278 -2.03
F26 1.74 -0.20
F27 1.68 -0.76
F28 1.50 0.50
F29 1.62 0.33
F30 1.04 0.03
F31 1.28 2.02
F32 0.70 253
F33 0.64 2.82
M1 -1.19 -0.08
M2 -146 -1.37
M3 -098 0.92
M4 072 0.01
M5 -054 0.16
M6 -052 0.86
M7 -094 -0.06
M8 005 1.19
M9 -0.09 0.83
M10 -029 -1.29
M11 -029 0.84
M12 -0.08 -0.65
M13 036 -0.90

Continued on next page

226



APPENDIX B. PLANT COMMUNITIES

Table B.10: Site scores from CCA for all seasons. D=December 2013, F= February 2014,
M=May 2014 and CE and CO are sites where data were collected in May 2014 only.

CCA1 CC2

M14 1.22 -1.52
M15 059 -1.37
Ml16 -0.38 -1.82
M17 -0.62 -1.10
MI18 239 -1.72
MI19 035 1.73
M20 239 -1.72
M21 2.17 -1.86
M22 281 -1.74
M23 1.10 -1.13
M24 2778 -2.03
M25 281 -1.74
M26 142 -0.63
M27 1.39 -0.35
M28  2.62 -0.50
M?29 1.80 0.32
M30 1.16 0.34
M31 1.16 2.10
M32 041 2.63
M33 096 2.54
CEl1 -1.04 -0.08
CE2 -1.03 -0.17
CE3 -143 0.07
CE4 -1.63 -0.21
CE5 -1.06 0.35
CE6 -1.01 -0.11
CO1 0.79 1.90
CO2 -0.66 -0.03
Co3 -0.70 044
Co4 040 -1.59
COo5 -0.56 -0.35
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Table B.11: Species scores from CCA for all seasons.

CCA1 CC2

Acalypha -1.18 0.18

Acanthocereus tetragonus 0.04 -049
Ageratum conyzoides 1.24  0.55
Amphilophium paniculatum  0.78 1.71
Pithecoctenium -0.95 0.16
Aphelandra scabra  -1.32 -0.32
Bidens pilosa  -0.63 -0.49
Blepharodon mucronatum  -0.32 -0.18
Bromelia pinguin ~ -0.03 -0.50
Bursera simaruba  -1.44  0.39
Byrsonima crassifolia  -0.03 -0.78
Byttneria aculeata  -0.91 0.18
Casearia corymbosa -0.76  0.25
Cenchrus 1.53 -0.57

Cissus microcarpa  0.10 -0.09

Cissus verticillata  0.31 0.12
Cleome viscosa  -0.18  0.39
Cochlospermum vitifolium  -0.29 -0.20
Dalechampia scandens  0.24  0.46
Diodia 1.57 -0.40

Eleusine indica 1.10 -0.26
Euphorbia colletiades  -0.22 -0.59
Euphorbiaherb ~ 0.09 0.27

Fabaceae vine flower  0.94  1.56
Fabaceae vine pod -043 -0.31

Ficus -0.18 -0.75

Gliricidia sepium  -1.00 -0.15
Ipomoea -0.64 0.15

Iresine calea -0.02 0.81

Jatropha curcas  -1.13  0.20

Justicia carthaginensis ~ 0.08 0.86
Kallstroemia  0.09 0.67

Lantana urticifolia ~ 0.03  0.18
Lasiacis ruscifolia  -1.17 -0.03
Lonchocarpus minimiflorus  -0.05 -1.46
Malvaviscus connicus  -0.95 -0.14
Maranta arundinacea  -0.12 -0.48
Melinis repens 1.92 -1.33

Miconia argentea  -0.30 -0.61
Mimosa albida  0.87 -0.48
Oeceoclades maculata  -1.02 -0.04
Oplismenus burmannii ~ -0.13  0.32

Continued on next page
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Table B.11: Species scores from CCA for all seasons.

CCA1 CC2

Petiveria alliacea -0.98 -0.23
Philodendron jacquinii  -0.67 -0.85
Physalis  0.70 2.77

Pisonia macranthocarpa  -1.03  0.55
Pityrogramma calomelanos 1.23 -0.79
Plumeriarubra  -0.38 -0.50

Rauvolfia tetraphylla  -0.21  0.81
Ruellia blechum  -0.24  0.59

Ruellia inundata - -1.29 -0.04
Russelia sarmentosa - -0.84  0.08
Selaginella  -1.34 -0.38

Senna pallida -0.19 0.59

Serjania grosii  -0.34  0.30

Sida thombifolia  0.20 0.28

Sida spinosa  -1.55 -0.97

Smilax spinosa  -0.38 -0.44
Spermacoce  0.81 0.12
Stemmadenia  -0.70 -0.65

Tecoma stans  -0.83  0.05

Thevetia -0.61 -0.18

Trichillia havanensis  -0.49 -0.61
Trigoniarugosa -1.03 048
Tropaeolum moritzianum -1.05 -0.27
Turneara scabra 1.24 0.88

Urera baccifera -0.97 0.16
Verbesina ovatifolia  -1.40 -0.41
Waltheria indica 1.17 -0.12

- Xanthosoma wendlandii  -0.67 -0.60
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B.2.2 May 2014 Ordination

CCA for the three different data types gave very similar results. Small differences were
found in the significance of individual species and the exact positioning of the species
sites and environmental variables. However, the same environmental gradients were
recognized, and this supports the use of the simple presence absence data in Chapter 4.
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B.2.2.1 Presence absence

Figure B.2: CCA for all species and sites using presence absence data from May 2014. Sites
have been classified by their type using symbols and plant species have been classified by
their type using colour. The size of a plant species point is determined by its overall
abundance along the transect, with points being used instead of text for less abundant species.
Environmental data are displayed in grey.
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B.2.2.2 Braun-Blanquet classification

Figure B.3: CCA for all species and sites using Braun-Blaunquet cover data from May 2014.
Sites have been classified by their type using symbols and plant species have been classified
by their type using colour. The size of a plant species point is determined by its overall
abundance along the transect, with points being used instead of text for less abundant species.
Environmental data are displayed in grey.
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B.2.2.3 Height classification

Figure B.4: CCA for all species and sites using height data from May 2014. Sites have been
classified by their type using symbols and plant species have been classified by their type
using colour. The size of a plant species point is determined by its overall abundance along
the transect, with points being used instead of text for less abundant species. Environmental
data are displayed in grey.
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Dalechampia
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C.1 Dalechampia scandens
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C.2 Byrsonima crassifolia
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