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ABSTRACT

Shalow water property values referring to dissolved oxygen (DO), pH, electrical
conductivity (EC), temperature and colour were measured along transect plots within
and across wetlands in northwestern Alberta at the Ecosystamgdment Emulating
Natural Disturbance (EMEND) site, the University of New Brunswick (UNB) Forest
and a strearshannel permeated Jack Pifenus banksiangplantation in Fredericton,

New Brunswick, and a wetland in Saiddbhn, New Brunswick. These meamments

were then analyzed in relation to wetland class (bog, fen, marsh, $veardpthe
resulting soil hydraulic conductivity (HC) valyescontrasting climate, and
topographically determined terrain conditiond.ocal climate conditions refer to
precipitation (ppt), evaptranspiration (AET) anderrain conditions refer to the DEM
derived cartographic deptb-water index (DTW), flow accumulation (FA), slope,
potential relative radiation (PRRand tree height, using LIDAR (Light Detectiondan
Rarging) pointcloud dataSeasonal water property changes were also addressed. It was
found that pH, EC, and temperature were generally lowest for gegsrally low input

from mineralgroundwater slow organic matter decomposition rates, and thick organic
layers) and highest for marshes (increased seepage input from upland mineral sources,
and water table generally close to surface); DO had highest values for bogs, and lowest

values for marshes.

The water properties were best quantified by way ofdhewing regression variables:
DO: logioDTW, logioPRR, logoHC and season (temperaturef 6R0.35); EC: AET/ppt

ratio multiplied by PRR, and EMEND wetland clasg €R0.60); pH (away from bogs):



log10DTW, logioFA and logoEC Raster (R= 0.48); pH (withih bogs): tree height and
logicHC (R = 0.14); Temperature: lagdTW, season, and wetland class’ €R0.23);

water colour: pH, logHC, and logoSlope (R = 0.15).

These regression results were then used to map the water properties within and around
the wetlands within the 4 study locations using (i) anede LIDAR-DEM
determinations for DTW, slope, FRRR,and tree height, (ii) imageerivedwetland
classification, and (iii) regional specifications for AET/ppt. These maps were than
overlaid with the coesponding transect derived data, for visual comparison purposes.
In detail, these maps shed how water properties vary as @ntinuum within and
acrossDTW-influenced neighborhoods around each mapped and categorized wetland,
from summer to fall. The cdormancebetween actual and predicted water property
valuessuggest that the procedures used can be generalized over wider areas where
conditions similar to the study areas exist. Practipplieations would refer to land and

water use planning within andround wetlands, including wetland and flow channel
conservation and reclamation, quantifying wdd€, EC, pH, tempeature and colour
contributions for use in Environmental Site Assessment monitoring, fand

determinng possibleupstream disturbance.
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CHAPTER 1

INTRODUCTION

Modeling and mappin@f landscape attributes including soil and water properties is
important for a variety of landse management aspects such as planning and
conducting field operations in forestry, agriculture, industrial and residential
developments, reclamation, as wadl land and wildlife conservatiqiMcbratneyand
Pringle, 1999; Murphy et al., 2011Modeling and mapping soil moisture regimes
across the landscape and within watersheds is particularly important because variations
in soil wate availability and drainage affect water quality and what grows where, and
this needs to be considered in lamgk and wateresource planning Petrone et al.,

2008;MaxaandBolstad, 2009; Murphy et al., 2011)

Since soil moisture regimes are topographically related to where water flows and is
retained, it is now possible to quantify and model variations in soil moisture regimes by
elevational change away from locdw channels and open water pools, lakes and
shorelines, using remotely sensed data. One method to do so is the wet areas mapping
process (WAM Murphy et al., 2007) This process (i) uses the D8 algorithm for
determining flow direction, flow accumulatiomé flow channels along depression

filled digital elevation surfaces, and (ii) determines the cartographically defined depth
to water (DTW) below the barearth surface away from the open water bodies. The
digital elevation model@EM) derived flowchannel network can be expanded towards

and shrunk away from the uplands depending on flow accumulation threshold set for



stream flow initiation, which would be set to lower/higher values depending on (i)
wetter/drier weather conditions, (#&nd/or permeable to impermeable soil conditions.
Once mapped, the resulting stream network is then usedeworilee where the DTW
would be zero. In turn, the elevational change away from the DTW = O locations
defines the cartographically expected depthvater below the soil surface anywhere

across the landscag€lurphy et al., 2011)

The accuracy of this mapping increases with increased DEM resolution and has been
found sufficient for delineating soil drainage, soil type, and vegetation type nakt to
open water bodies, and for projecting variations in soil moisture regimesp@isiiure
referenced vegetation cover, wetlands, and soil texture and organic matter content
across landscapdMurphy et al., 2007; 2009; 2011; Hiltz et al., 2012; White et al.,
2012) This mapping process, however, does not permit distinction of soil and
vegetation variations and related water conditions including wetygredwithin the wet

DTW zones as these would all be affected by variations in water flow rates, retention
and soil permeability. In order to map such variations, it is therefore necessary to
supplement the WAM process with data layers that inform abeugxtent of specific

soil and vegetation conditions and wetlands within theaxea zones.

This thesis focuses on how water chemistry variables such as dissolved oxygen (DO),
pH, electrical conductivity (EC), temperature and watgour vary away from ow
channels through wetlands and towards the adjacent uplands, and how these variations
can be mapped by geospatially relating these variables to surface images and LiDAR
derived landscape attributes including stream network, DTW, wetland class and

2



potental relative radiatior{Lee, 1980; Piercet al.2005; MitschandGosselink, 2007)
Additional landscape attributes refer to surrounding upland sailent of upland water
contributing areas (flow accumulation), flow paths and soil permeability. For example,
upland seepage water would be clear and have elevated pH, DO and EC levels. Bog
water would be coloured with low pH and EC values. In comparigonyater DO
would be lower than bog water DO because of higher levels of root respiration.
Permeable soil conditions would maintain elevated DO levels but enhance soil leaching
and acidification, while impermeable soil conditions would deplete DO ataheuatr
nearneutral pH levels. Water that flows or remains through organic soils would
accumulate dissolved organic matter (DOM) as part of the organic humification process
and would turn brown, especially at elevated temperatures, while water that weuld se

through soils would be clear on account of DOM adsorption.

Project Objectives

The purpose of this project is to determihé is possible to map shallowater DO,
pH, EC, temperature, andolour in wet areas using LiDARand imagederived
landscape tiributes dealing with barground elevation, flow accumulation, vegetation

type and soil permeability. This determination is done by:

1. Measuring ballow water properties and site attributes across four wetland
classes towards adjacent uplands.

2. Doing this by choosing contrasting ecozone examples as represented by the
Boreal Plain in Alberta and the Atlantic Maritime Ecozone in New Brunswick

(Chapter 3).



3. Using ArcGIS image analysis and the Canadian Wetland Classification
guidelines to determine the wetlantasses at each measurement location
(AppendixV).

4. Using regression analysis to relate the measured soil water properties to wetland
classes and LiDARjenerated wearea attributes.

5. Using the resulting regression equations to project the wetland DEM-
inferred water properties across the wetland to upland transitions across the

contrasting ecozone examples.

The contrasting ecozone examples refer to the Ecosystem Management Emulating
Natural Disturbance (EMEND) site north of Peace River, Alberta, thnee bog

complexes in New Brunswick. This thesis is organized as flows:

Chapter 2 contains a literatureview of hydrological processes thaffect water
properties, along witldissolved oxygen, pH, electrical conductivity, temperature and
colour backgound and information, anekview of current research involving mapping

water properties.

Chapter 3 introduces the research sites that were utilized for this thesis.

Chapter 4 details the methodology that was applied throughout this thesis; including
project design, data collection, data compilation, data analysis and spatial data

projections.

Chaptes 5 to 9 investigate the relationship between DEC, pH, temperature and

colour with LIDAR derived WAM and topographic attributesespectively which
4



includes spatiarepresentation of predicted water properéesoss wetlands for each

study site.

Chapter 10 provides thesissummary along with potential applications for the water

property predictive rasters

Chapter 11 providesoacluding remarks orhis thesis; detailing the project outcomes,

claims oforiginality, and suggestions for further work.
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CHAPTER 2

LITERATURE REVIEW

Watershed Proces®s

Understandingvatershed and wat@ffecting processes begins with the condensation
and precipitation of water in the form of rain, fog, sleet or sfiae, 1980; Barkeand
Maltby, 2009a; Bourbonniere, 2009)he fate of precipitation, and the occurrence of
saturatedsoil within wet areas and wetlands within watersheds depends on the amount
and accumulation of water, topography, vegetation, and soil hydraulic conductivity
(Tiner, 2005) Wetareas and wetlands occur where saturated conditions persist
completely or partially. Under thesermbtions, oxygen within the water in the form of
dissolved oxygen becomes limited, causing temporary to continuous anaerobic
processes to be initiat¢itsch andGosselink, 2007)Wet areas and wetlands are also

affected by acid buffering and acid forming proceg¢3eser, 2005)

Precipitation first passes through the forest canopy, where it is intedceptpasses to

the forest floor via throughfall or stemflow; after which it may infiltrate the @k,

1980) Surfaceretained water would move along the surface, across the forest floor and
would then converge into flow channéBrady and Weil, 2002) In this, topography
defines watershed boundaries, flow direction, and the rate of surface water flow as it
may vary from fast on steep slopes to stagnant in flat terrain. Water may also remain in
depressions, thus forming vernal or permanent pools where the soil is partially

permeable or impermeable, respectivélee, 1980; Mitschand Gosselink, 2007)
7



Topography also affects surface temperatures, and thus vegetation growth and
evapotranspiration rates. In this way, north facing slopes are cooler and wetter than
south facing slopes due to a decrease in direct sunlight, thereby encouraging the growth

of shadetolerant speciefi_ee, 1980)

The rate at wiuh water moves through soil is controlled by the hydraulic conductivity
of the parent materiglLee, 1980) Coarse parent materials, such as sandstone, have
higher hydraulic conductivity rates than those composed of fine material, such as
siltstone or shale. Also, the position on the landscape will deterthe accumulation

of fine materials and humified organic matter, both of which are dominant in
depressions, fens and swamfizafni and Brooks, 1990 Brady and Weil, 2002)
Fibrous organic matter in therin of the forest litter accumulations of the forest floor
and undecomposed sphagnum peat allows water to infiltrate and drain quickly. The type
of wetland and the conditions within that wetland therefore have a strong influence wet

area water propertigMitsch andGosselink, 2007)

In general, water properties such as DO, pH, ECpésature and water calowithin
watershed, wet areas and wetlands are affected by allogenic features, such as climate
(precipitation, air temperature, season), bedrock and topography, and are further
modified by autogenic processes due to vegetative aonwb-organism metabolisms
involving water uptake, growth, respiration (oxygen uptake and carbon dioxide release),
chemical adaptation to partial to complete anoxic conditions, and organic matter

decompositior{Lloyd andHeathcote, 1985)



Water Properties

Dissolved Oxygen (DO),commonly measured in mg/L (ppm), is a thwvegiable
attribute that is directly affected by the extent of atmospbkeileexchange and soil
biological activities Oxygen enters water in three ways, i) diffusion, ii) water aeration,
and iii) plant exudes. Ae concentration of oxygen is higher in air than in water, so
oxygen will move from the high pressure to low pressure in an attempt to reach
equilibrium (Shotyk, 1988) The rate of diffusion will increase with increased surface
area, which prodes more area for oxygen to diffuse across. In the wetland
environment, this equates to higher aeration of water in fibric organic soils than in
mesic or hemic soils, because fibric soils provide space for air, as opposed to finer
textured soils, which dmot. Water aeration occurs in moving water, as oxygen is
pushed into water due to increased air pressure, and increased surface area; both of
which result from water turtbbence (Shotyk, 1988). Plants produce oxygen through
photosynthesis, and as oxygertransported to roots some oxygen exits the plant and

enters the surrounding soil ecosyst@andJenseretal., 1982)

Processes that decrease oxygen concentration in watemtee stagnation, microbial
activity and plant us€¢Husson, 2013)Water that is not moving will be unable to
acquire oxygen through diffusion or aeration as discussed above and aerobic
microorganisms will use oxygen as electron acceptors for metabolic activity when
consuming organic matter (Shotyk, 1988). Microorganastvity will increase with
increasing soil temperature, and switch from aerobic to anaerobic processes as the

dissolved oxygen content decreases, thereby decreasing the redox potential of soil and
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water from oxygenating to reducing. This has been shovatdur in wetlands as well

as streams, rivers, and laKeBierce, 1953Mitsch andGosselink, 2007)

As dissolved oxygen decreases, potential for anoxic conditions anedox potential
developgMitsch andGosselink, 2007)Dissolved oxygen levels between 4 to 16 mg/L

are considered oxic, < 4 mg/L are low,2mg/L are hypoxic, and when 0 mg/L of
oxygen remain water is anox{Pearsalland Mortimer, 1939) Redox potential, which

IS a measure of electron pressure, decreases with a decrease in available oxygen and
increasing pH. The relationship between dissolved oxygen and redox potential i
logarithmic, with redox potential increasing sharply as oxygen levels increase from
anoxic to hypoxic, then levelling off as oxygen levels increase from hypoxic to oxic

(Armstrong, 1967)

As redox potential decreases and oxygen becomes limited, at approximately 250 mV
redox potential (<1 mg/L dissolved oxygen), microorganisms begin to use elements
other than oxygen as electron acceptors, beginning with nitrogen, then, as redox
potential deaases further, manganese, iron, sulfur and carbon are reduced in

sequential ordefArmstrong, 1967; MitsclandGosselink, 2007)

Nitrogen is one of the most limiting elements in wetland soils, primarily due to its
position on tle redox potential scale, which causes it to become an electron acceptor
more readily than other elements. The nitrogen cycle in wetlands shows nitrogen in a
variety of oxidation states, resulting in plant uptake, volatilization, or leaching as a
result of denitrification (Tiner, 2005; Whiteand Reddy, 2009) Manganese and iron

reduction follows nitrate on the redox potential scale; existing in reduced forms, and
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sometimes reaching toxic concentratiofkis can be problematic as plant roots exude
oxygen, causing the reduced forms of iron to become oxidized and form a coating on
roots, preventing proper nutrient excharfgerhoeven, 2009)The reduction of sulfur,
which follows on the redox potential scale, can cause a buildup of hydrogen sulfide,
which can be toxic to plant roots, limit availability of sulfur to plants, or immobilize
zinc and copper; hower¢his is more common in saltwater wetlands, due to increased
levels of sulfategMitschand Gosselink, 2007)The reduction of carbon requires very
low redox potentials, below200 mV, and can lead to methane emissions and

fermentation.

Electrical conductivity (EC), expressed in §icm (microsiemens per cemtetrg or
ms/cm (millisiemes per centnetrg, is a measuref wat er 6 s abi |l ity

electric curren{Changet al., 1983) The rate of the electric current depends on the

concentration and charge of dissolved ions in solution, and temperature of the solution.

Electrical conductivity values increase as ion concentration and ion charges increase.

With regard to temperature,eetrical current and temperatures increase concurrently

(Lloyd andHeathcote, 1985)

While the activity of ions can be measured with EC, the specific ions in solution cannot
be read with an EC tester (one ion cannot be distinguished from another). Total
dissolved solids (TDS), however, can be inferred from EC valueg)aease in EC
equals an increase in TD@&tekwan et al., 2004; Lloyd and Heathcote, 1985)
Electrical conductivity values increase as water moves through mineral soil and
bedrock as electrolytes from the mineral commbred the soil are dissolved into the

11
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water, raising the ion concentration. Soil and bedrock composition, therefore, will affect
EC values. Further, evaporation of mineral rich water will increase the concentration of

dissolved solid¢Lloyd andHeathcote, 1985)

With regard to wetlands, electrical conductivity can beralicator of a mineral versus

an organic water source, with lower EC values being found in organic derived water,
such as from bogs or surface flow, due to a lack of interaction with dissolved ions, and
increased organic acids (Shotyk, 1988). High EQeslin wetlands, indicating mineral
water, can provide information about mineral content of wetlands if there is some
knowledge of parent material mineral composition, and will impact vegetation
composition on the sitéSchwintzerand Tomberlin, 1982) Also, wetlands located
upstream of fish bearing streams may contribute to the TDS content of streams and

rivers, which can be detrimental to fish populations.

Water pH, referring to acidity or alkalinity of soil water, is a measafdéydrogen ion
concentration. Low soil pH generally indicates low base cation availabilities for plant
use while increasing the solubility of toxins such as aluminum and manganese ions

(BradyandWeil, 2002)

Controlling factors of pH include bedrock type, climate, organic matter, and vegetation

type (BradyandWeil, 2002).

Bedrock weathers to form the mineral component of soil, which contains base cations,
such as calcium &, magnesium (Mg), and potassium (K); and as such, the

composition of the minerals in soil and soil water depend on the mineral composition of
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bedrock (BradyandWeil, 2002; Shotyk, 1988). Agroundwatepasses through mineral
soil, hydrogen ions are adirted to soil particles, thereby increasing pH; the effect of

which is increased with a decrease in soil particle size (BradWeil, 2002).

Climatic effects, precipitation and evapotranspiration, will result in predominately
acidic soils when the formesurpasses the latt¢Bernerand Berner, 1987) Further,
increasd precipitation causes increased nutrient leaching, as well as the addition of
both weak and strong acigBernerandBerner, 1987; Leonardind Fluckiger, 1987)

Weak acids, predominantly carbonic acid, form as carbon dioxide mixes with water in
the atmosphere, or at the soil surface, and can lower pH. The effect of carbonic acid is
more pronounced when pH is between 5 and 7. Strong acids form adtaotdbe
oxidation of elements such as nitrogen and sulfur, which may occur in clouds, then fall
to the earth as precipitation or dry deposition. Historically lightning, forest fires, and
volcanoes have resulted in the addition of sulfur and nitrogerndoatmosphere,
however this has increased due to anthropogenic sources, such as fossil fuel burning

(BradyandWeil, 2002).

Vegetation can affect soil pH by i) helping to control sefhperature and moisture, ii)
influencing soil organic matter, and its accumulation, and iii) supplying base cations.
The effect of vegetation on temperature and soil moisture depends on vegetation type
and position on the landsca@&higham, 2009) Thick forest canopies, especially those

on north facing slopes, can encourage cool and moist soil temperatures, which are
prevalent to acid forming processes, due to a reductitacitrial decomposition, and

an increase in fungal decompositiRousk et al., 2009)The type of vegetation,
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specifically deciduous versus cferous, will determine whether organic matter
consists primarily of ligneous or cellulose material (Shotyk, 1988). Ligneous material,
consisting of coniferous needles, decomposes more slowly than cellulose material, and
therefore will accumulate on therést floor. This accumulation of organic matter
increases acid functional groups, and decreases base cation recycling, which results in
soil pH decrease. Deciduous leaf litter, however, contains more cellulose, and can be
broken down more easily than camibus litter, therefore organic matter does not
accumulate on the forest floor, and base cations from the organic matter are released

back into the soil (Shotyk, 1988).

Organic matter accumulation will cause pH to decrease for two reasons; i) organic
mater contains many acid functional groups, which release hydrogen ions into solution,
increasing pH, ii) organic matter forms organic complexes with base cations, making
them soluble, and subject to leaching (Brashd Weil, 2002). Cool, wet conditions,

espeially those found in wetlands and saturated soils, are subject to organic matter

accumulation, due to lower temperatures in wet versus moist soil.

Water Temperature, a measure of heat intensity, often expressed in degrees Celsius,
provides an indication fokinetic energy, and the energy available for biological
processes, including both primary productivity and decompositiGitterer et al.,

1998) As temperature increases, available energy and microbiological activity
increases. As a result, temperature can be used to indicate soil respiration rates, or the

peak rate of biological activitfFangandMoncrieff, 2001) Further, storage of nutrients

14



such as carbon and nitrogen has been found to decrease with an increase in

temperaturegKirschbaum, 1995)

Factors influencing soil temperature include satsolation, land form, soil moisture,

and vegetatioriBeaudetteandO 6 Ge e n , 2 @t@l9 2005pThe effeceof solar

insolation, which includes diffuse, direct beam and reflected radiation from the sun, is
controlled in part by latitude, slope and asg@ierce et al., 2005)'he angle at which

the sunds | ight hits the earth wil!/ deter
(Pierceetal., 2005). As a result, soils occurriaglow latitudes,on south facing slopes

and/or on flat topography have greater exposure to solar radiation tharathoge

latitudes,on north facing slopes and uneven terrain.

Land form has been showmwo @ffect solar radiation, but it also controls moisture

regimes and water accumulation pattdBsaudetteandO6 Geen, 20 @t@l;, Swan:
1988) As water accumulates on the landscape, oxygen becomes limited, a greater
degree of energy is regad to heat soil, and organism activity slo(#aser, 1957)

Land form also contributes to vegetation patterns, which affect soil temperatures in a
variety of ways including shading, organic matter accumulation, and moisture retention.
Canopy cover itercepts solar radiation, and promotes a cool, moist and humid
environment, while vegetation species presence determines organic matter
accumulation based on cellulose versus lignin content of leaves and branches, as well as

by absorbing and holding watat or near the soil surfag8wanson et al., 1988)

Water colour, which can bemeasured in platinum cobalt units (PCU), refers to the

yellow to brown tint in filtered water, with clear and higldgloured samples having
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low and high tints (PCU values), respectively. Troalour (suspended particles
removed), as opposed to apparesibur (suspended particles included), is an indicator
of dissolved organic matter, including lignin, humic and fulvic acids; with bog water
being shown to contain higher traelourvalues than fen or swamp wat€iauserand
Brooks, 1983; WallagandHolden, 2010) Clearcolourin fens and swamps compared

to bogs is attributed to increased movement of fen and swamp (Batewintzerand
Tomberlin, 1982) Water colour, specifically dissolved humic substances, can affect
water chemistry by influencing metal complexation, light absorption and pH values

(McKnight, ThurmanandWershaw, 1985; T. R. MoomndJackson, 1989)

Mapping Water Properties

Current research involving spatial mapping of water properties has thus far mainly
focused on open water areas. Giusti and Makgelli (2009) and Khan (2012) utilized
remote sensing for mapping and predicting DO in open water. Khan (2012) investigated
the effect of water flow and temperature on DO. Giusti and Madriglli (2009)
incorporated abiotic factors such as climate and photoperiod, and biotic factors such as
sediment nutrient release and organic matter decay, in order to predict daily DO
fluctuation. Costa (2006) used SAR to investigate pH and total dissolved solids of lakes
in order to better understand lake evolution and distribution. Aquatic and emergent
vegetation was used as a proxy for water geochemistry, which allowed remotely sensed
spectral signatures to be used as water quality indicators, with three distinct lake types,
ranging from low pH and TDS to high, being identified. Pongpetch (2012) studied the

water quality of open swamp water, which included DO, pH, and TDS, and applied the
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results to an ArcGIS mapping platforfiongpetctand Suwanwaree, 2012This study

was applicable for open water that had been largely affected by anthropogenic
processes. Rags et al. (2012) and Wallag20(l0) used remote sensing techniques to
investigate dissolved organic matter (DOM) and dissolved organic carbon (DOC) in
open water, with the spectral signature of the water used for water property predictions
(Rogersetal., 2012; WallagandHolden, 2010) Andersson (2008) investigated spatial
properties, extracted from tog@aphic maps and applied in ArcGIS, and their effect on

DOC in stream watgiAnderssorandNyberg, 2008)

The WAM process, which displays depth to water, is an ideal candidate for testing
below surface ater property mapping abilities based on its proven accuracy, ability to
locate wet areas and wetlands based from-bardh DEMs. The inclusion of the
cartographically defined depth to water may be useful as an indicator of not only soil

but water propeyt attributes as wel(Murphy et al., 2007White et al., 2012)For

example, the WAM process proved useful in the geospatial mapping of soil nitrate
leaching from uplands and subsequent-area denitrificatiorzones(Murphy et al.,

2011) The DEM-derived stream network should also prove useful for high resolution
mapping of neasurface seepage locations as these would punctuate the hyporheic
zones next and along the bottom of streams and lakes. At these locations, there would
be a greater fl@ of DOG-and minerac ar r yi ng water which woul c
spotso for mi crobi al | y ifatednducesl donvgrsion ofe s s e s

mineral Hg to methyl mercury.
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CHAPTER 3

RESEARCH SITES

Introduction

This chapter itroduces the study areas used for data collection and mapping purposes.
These areas were chosen based on availability ofreggbiution images and LIiDAR

derived digital elevation models (DEM exemplifying a strong geographic and ecozone
contrast (boreal yeus temperate maritime), accessibility, and prior familiarization. The

specific areas refer to the Ecosystem Management Emulating Natural Disturbance
(EMEND) site 90 km northwest of Peace RivV
area complex within the University of New Brunswick Forest, in Fredericton, New
Brunswi ck ( 466W)5,6 0 &l-pesnbated dabk PindPifus banksianga

pl antation also in Fredericton, N-ar@a Br uns

complex neaBaint JohnnNewBr unswi ck (45A 176N, 66A1306W)

Ecosystem Management Emulating Natural Disturbance (EMEND) Site

The EMEND site{ 56 A4 4 6 N, belohgs tb th® Bovéal Plains Ecozone (ESWG
1995 (Figure 1). Averageyearly air temperature at EMEND is 1.2°C17.7°C and
15.9°C for January and July, respectively. Average yearly precipitation is 431mm, with

38% falling as snowKishchuk, 2004)

This site is predominantly northeast sloping, with topography being defined by ground

moraine and lacustrine deposits, resulting in level to slightly undulating surface; with
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surface materials consisting of fine textured glaciolacustrine and glaciagpiisds
(Kishchuk, 2004) Elevation ranges between 677 and 880m above sea level, and
drainage becomes poor as the topography levelKafhchuk, 2004) Mineral soil for

this site consisted of primarily fine textured materials, containing few coarse fragments.
Eluviation and illuviation of clay fragments was the dominant pedologic procéks, w
luvisols being the predominant soil type, followed by brunisols and gleftsislschuk,

2004)

The forest overstory consists primarily of spruédcég, pine inug, and aspen
(Populug, while lowbush cranberry\(iburnum edulg prickly rose Rosa acicularig

alders Alnug, and buffaloberry Shepherdia canaden¥islominate the understory
(Hiltz, 2014) The site consists of natural forest as well as compartments that have had
silvicultural treatment, including variable retention treatments (10%, 20%, 50%, and
75% retention), and controlled fire disturban&shchuk, 2004) however all areas

surveyed are natural and-barvested wetlands.
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EMEND Site

* Peace River, AB

Figurel. Location of EMEND site in northwestern Albe(ta5 6 A4 4 6 N, 118 A1906\

New Brunswick Sites

The University of New Braswick (UNB) Forest( 4 5 A56 6 N,, J®Bl6Aine 1 6 W)
plantation ( 4 5 A5 3 6 N, , artl @h& B&ird Whn Bog45A 1706 N.,al 66 A13
belong to the Atlantic Maritime Ecozon(&SWG, 1995) with the Fredericton sites

occurring in theSaint JohnRiver Valley, and theSaint Johnsite occurring in the

Southern NewBrunswick Uplands Figure 2). Averageyearly air temperature for the
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Fredericton sites and ttgaint Johrsite is 4.5°C and 5°C, respectively; with average
temperatures for both areas be#dgC in winter and 15°C in summer. Average yearly

precipitation is 1140mm, with 23% falling as sn@SGW, 1995)

The Fredericton an&aint Johrsites contain blanket and veneer glacial till, with the
Fredericton sites occurring on undulating to gently rolling terrain, an&aimg John

site having a more moderate rolling topography with hills and ridges, which consist of
igneous bedrock with a till coverin@tobbe, 1940; Wicklunénd Langmaid, 1949)
Elevation ranges between 105 and 120m above sea level for the Fredericton sites, and
approximately 70 to 80 mlevation for the Saint Johnsite. Drainage varies
considerably for both sites; however it is generally rapid, with poorly drained areas
occurring in gently undulating topograpli$tobbe, 1940; Wicklundnd Langmaid,

1949)

Mineral soil for both sites is predominantly podzolicying developed from glacial
till, most notably grey sandstone; gleysols and brunisols occur less freq(#tothpe,
1940; Wicklundand Langmaid, 1949) The Saint Johnsite has some component of

resistant rocks such as granite and shale, which have eroded from bedrock material.

Both the Fredericton an8aint Johrsites consist of mixedwood Acadian forests, with
sugar maple(Acer saccharuiy red maple (Acer rubrum, white birch (Betula
papyriferg and yellow birch (Betula alleghaniens)s dominating the deciduous
component of theforest, and balsam fi(Abies balsameéa black spruce(Picea

mariang, red sprucgPicea rubens and Eastern hemlocksuga canadensgideing
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the dominant conifers (ESGW, 1995). These sites are managed as part of ongoing forest

harvest operations, howe\adt sites surveyed were natural andharvested wetlands.

Figure 2. Location of UNB Forest( 4 5 A5 6 6 N, , S&ind Aohri( #\WW)A 170N,
6 6 A1l 3a0dWack Pine plantatign4 5 A5 3 6 N, site8 6 A 3
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CHAPTER 4

METHODS

Sampling Design

The natural variability of landscape soils and their related chemistry requires that they
be divided into similar classes for stratified random samp{@gepin and Johnson,
1993) Therefore, prior to field excursions, data collection zones were grouped by
wetland class, i.ehogs, fens, marshes and swampisesewetlandzonations for the
study areas arghownin Figure3 and 4the resulting plot numbers per wetland class are
shown inTable 1. The sample size for each water property across the study areas
contained at least 50 plots per wetland class to ensure that the plot megasspesre
represented at 95% confiden€repinandJohnson, 1993)The catchment areas above

the plot locations were all within 365 ha, to underscore the intent to detewekarea

water properties as feected by the immediate areagthin and above the wetrea

sampling locations.

Transects were laid out across wetland esf®m the highesto the lowest DTW to
capture the natural variation of tfige water properties from the partial to complete
soil saturationincluding wetarea zones,-Q0 cm, 1625 cm, 2550 cm, 50100 cm, and
100275 cm DTW, referring, respectively, to very poor, poanperfect, moderately
well, and welldrained soil drainage condition&igure5 and6; Table2) (Schwintzey
1982. Additional plots were taken along the outer boundary of wetlands, to obtain a

sufficient sampleige for the higher DTW classes.
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Tablel. Number of plots surveyedIsite location and wetland class

Wetland Class

Site Bog Fen Marsh Swamp Upland Sum
EMEND 78 94 42 46 79 339
UNB 118 162 145 236 20 681
St. John 21 83 0 21 7 132
Jack Pine 0 0 0 32 14 46
Sum 217 339 187 335 120 1198

Table2. Number of plots surveyedyldepth to water class (4 ha flow initiation)

DTW Class (cm) - 4ha Flow Initiation
Site 0-10 10-25 25-50 50-100100-260 Sum

EMEND 16 82 104 70 67 339
UNB 471 169 36 3 2 681
St. John 2 24 44 33 29 132
Jack Pine 1 7 16 9 13 46
Sum 490 282 200 115 111 1198

Data Collection

In order to quantify springp-fall seasonal effects, plots measurements were taken for
the New Brunswick study areas at three time periods, May, late Jurteeptember /
October. Field measurements were taken in June and August of 2013 and in July of

2014 for the EMEND site.

Plots were accessed through ground travel and transect walking and GPS referenced
with a Magellan Mobile Mapper with (§/4m accuracy. Aeach plot, a pit was dug to
approximately 50 75 cm or until some obstructiomas reachedHgure 7). Shallow

water from at or near the rooting zofifleavailable) was then collected into a receptacle

for the DO, pH, ECtemperatureandcolourmeasurements.
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Figure7. Example of a EMEND plotshowing site details

Dissolved oxygenwas measured in situ with an optical D@etre (mg/L), YSI
Professional Series PRO ODO instrument. Measurements required that the DO sensor
was submerged in water for up to 35 seconds, or until the digital DO reading stabilized.
The readings had an accuracy ©f0.2 mg/L. EC was measured in sitwith a
Waterproof EC Tester (uS/cm), Eutech Instruments; Oakton. The instrument sensor
was placed in water until the digital reading stabilized. All readings were accugate to
1% of the readings, and were normalized t&C2%Vater pH was measured in sitith

a Waterproof pH tester 30, Eutech Instruments, Oakton, #t@1 pH accuracy. The

pH measurements were taken once the prone readings stabilized. All pH readings were

automatically normalized to 26. Water temperature was measured with a Taylor
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digital Thermanetre(°C). The thermmetrewas placed in the water directly in the pit
until the digital reading settled. Measurements were accurat8.10°C.Water colour

was determined using a 250mL sample, which was filtered with a 40um filter paper to
remove suspended materials, and measured with a Haoloaur of Water Portable

Photanetre(PCU), accurate to + 10 PCU.

Additional plot data were generated by determining p#pecific tree height,
vegetation presence by species, émmst floor and/or peatepth(Zoltai 1995). All

trees / shrubs within Betres fromthe plot centrewere recorde@nd dominant types
hardwood, softwoodshrub and mixed were determined based on relative dominance (>
50% cover) within the plot aredA. tree representinthe avelage canopy height per plot
was chosen and measured with a Suunto Hyes® Ground vegetation surveys
consisted of recording all species within a?iptot near the centre pl¢Hiltz, 2014)

Six photos were taken at each plot for visual reference pointing downward, skyward

and along the basic cardinal directions (north, east, santhyest).

Wetland Classification

A combination of techniques involving aerimhagery, LiDARderived topographic
data, and wearea mapping attributes were used for wetland classification based on the
Canadian Classification System wetland definitions. These definitions referred to
domed bog, basin bog, fen/ swamp, marsh andweiiands, or uplandsAppendix V).

The imagebased wetland classification was done using the ArcGIS supervised image

classification tool. The images as acquired from the Government of Alberta (ESRD)
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and the Government of New Brunswick (SNB) had a 1m latesblution. The
supervised classification process/olved selecting training areas each specific to a
particular wetlandclass to be used as guiding input for the automated Maximum
Likelihood Classification process. This classification was successfthdadelineation

of fens, swamps and marshes. The domed or raised bogs area delineated from the high
resolution baresarth LIDAR DEMs using the Standard Deviation of the Focal Statistics
tool in ArcGIS: standard deviation greater than 0.1m within 10 mesiralithin any
centrecell would locate raised bogs within their waeta zones. Also, the 0 andlO

cm DTW zones were classified agen water zones, and fen/swanmespectively.

The Near tool in ArcGIS was used to determine the distance each clagkifigdhs to
the nearest matching wetland class for quantitative assessment of the wetland
allocation, and field measured wetland class results were compared graphically with

ArcGIS derived wetland allocations for visual determination of conformance.

Wet-Areas M apping.

Wet area maps were created using the LIDAR derived DEMs (< 1m lateral accuracy) as
per Murphy et al. (2011) by applying the FILL tool in ArcGIS to remove depressions in
the point cloud LIiDAR data and then deriving flow direction, slope gradand flow
accumulation using the D8 and-ibfinity algorithms. Four hectare and 1 ha flow
accumulation thresholds, emulating end of summer flow conditions, and periods of
excessive precipitation, respectively, according to White et al. (20XktE wged to

display predicted streams across the study sites. Slope and distance from DTW = 0
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locations will then be used to determine the depth to water below the soil surface

(Murphy et al. 2011). Depth to water is calculated with the following equation:

(e}

% agke Equation 1
a

X

DTW(m) = 5

D
o

where dz/dx represents the slope for each cell, i represents each cell along the flow
path, a represents the value determined by flow across a cell, and x represents the cell
size inmetres. Two wetareas mappingppocedur es were used: (1)
method, i.e., all LiDARIocated wetlands were automatically assumed to be flat and
were assigned a DTW value of 0, and (ii) the original method, i.e., only streams and
open water bodies were assigned a DT\Meaf zero. The former method is important

for outlining the extent of wet area features, whether it is a bog, fen, swamp or marsh,
and when knowing the changes in DTW within these features is not important, such as,
for specific operations planning, suas delineating harvest block layout and road
access. The original method was used for the purpose of this thesis, because this
method automatically assigns DEdléfined DTW and flow accumulation values across

the landscape and inside wetlands. This is @b because the five water properties
being researched couldn principle- be differently affected by each local combination

of flow accumulation the deptbf-water below the surface of the grountiwo
datalayers, i.eDTW(4ha) andDTW(1ha) were denved based on the 4ha and 1ha flow

initiation thresholds.
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Derivation of Geospatial Datalayers

Various geospatial datalayers were derived from LIiDAR generated point cloud data
using ArcGIS raster manipulation softwalisted inTable 3anddescribed irthis

section.

Table3. Categorical and continuous variablesed for predicting water properties.

Continuous Variables Categorical Variables
Depth to Water Site
Flow Accumulation Season
Slope Wetland Class

Curvature Wetland Class by Site

Tree Height Evapotranspiration/Precipitation (Ra

Potential Relative Radiation (PRR) Hydraulic Conductivity

Ratio*PRR

Mapped Water Properties

The DEMderived Flow accumulation (FA) values were convertedlagioFA the
values were converted into mean values for each circular 50 and 150m neighborhood
around each raster cell, to generate thean logoFA (50m) and mean logoFA

(150m)datalayers, using ArcGIS focal statistics.

Slope rasters referred to aSlope(5m) Slope(10m) Slope(20) Slope(50m)
Slope(150m)and Slope(500m)were generated from the 5, 10, 20, 50, 150 and 500m
circular neighborhoods of each raster cell, average with ArcGIS focal statitight

of vegetationwas determined by subtracting the |dstl (feature) from the first (bare
earth) point cloud LIDAR returns using the Raster Calculator tool in ArcGIS.

Curvature rasters were created by applying the ArcGIS Curvature tool to the LIDAR
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generated bare earth DEM (1 m resolution). Average valueswgith, 50m, and 100m

were determined for each site using the Focal Statistics tool. Curvature values consisted
of three types of curvature; i) profile curvature, ii) planform curvature, and iii)
combination of profile and planform curvature. Profile cuvatis parallel to the
direction of slope, while planform curvature is perpendicular to the direction of slope

(Buckley 2010).

The bareearth DEM was also used to determine the extenPaiEntial relative
radiation (PRR), following Pierce (2005). This watone by using the ArcGIS hourly
hillshade tool for all growingeason daylight hours, i.e., any month having an average
temperature above 5°C. The resulting hourly values were summed to get daily, monthly

and growingseason totals.

In order to representhé climatic effect for the four study areas, ratio of
evapotranspiration over precipitation was calculated. This ratio was multiplied to
PRR using the Raer Calculatoin ArcGIS, to obtain an index that accounts for local

climate differences among tstudy areas.

Data Compilation

All field determinations and plegxtracted datéayer values were assembled into a
spreadsheet and organised primarily by location and sampling date. This compilation
involved thepreviously mentionedumerical anatategoricavariables(Table 3, as

well as sampling date, photo reference numbers, plots specifics (vegetation species,
forest floor/ peat deth).
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The wetland classspecification was based on the Canadian Wetland Classification
Guidelines(NWWG, 1997) The classes were specified by name (bog, fen, marsh,
swamp, upland) and the names were then coded as 1 when applicable andn@tywhen

as follows.Similarly, the study area locations were identified by name and by 0 and 1

coding as follows iTable4 and 5.

Table4. Coding used fothewetland classs

Plot Bog Fen Marsh | Swamp| Upland
1 1 0 0 0 0
2 0 1 0 0 0
3 0 0 1 0 0
4 0 0 0 1 0
5 0 0 0 0 1

Table5. Codingusedfor thestudy locations

Plot EMEND UNB Jack Pine | Saint John
1 1 0 0 0

2 0 1 0 0

3 0 0 1 0

4 0 0 0 1

The wetland classes were further distingatslhy way of their expected hydraulic
conductivity values (Clapp and Hornberger, 1978; Letts 2@d@)were assigned to
bogs, fens/swamps, marshes, uplands, and open water (uplands variechfsitea

(Tableb).
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Table6. Hydraulic conductivity values for wetland classes and uplands

Substrate HC (crm/second)

Bog Domed: 0.028 Upland EMEND: 0.0002451
Bog Basin/ Marsh: 0.0002  Upland UNB: 0.0034563
Fen/ Swamp: 0.00001 Upland SJ / JP: 0.0009644

Open Water: 0.5

The continuous andategorical variables were viewedhistograms and box plots for

visual examinations of the data distribution by categorical variables: (i) data that were
skewed were log aquareroot transformed to obtain normally distributed variables to

be used as possible independent regression variables; outliers among the data were

identified,andretained if judged to be free efror.

Data analysis

Data analysis involved correlation and multiple regression analyses. The regression
analysis adopted DO, pH, EC, Temperatugglour as the dependent regressi
variables, and used the previously listed continuous and categueadables as
independent ariables.The correlation coefficient of all measured variaplscept for

forest floor depthwas also determined, andhosewith high corelation coefficients
weretested for use in the predictive model, whether or not they could be used to map
water poperties Table7). Forest floor/ peatdepth could not be used as a quantitative
variable because it was often not possible to measure the entire depth of the soijani

layers
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Table7. Plot-determined variable®earson arrelation coefficients

DO pH EC log10EC Temperature Color ~ Dom. Tree  Ground Veg.
DO 1.00C

pH 0.144  1.00C

EC 0.222 0.435 1.00C

logioEC 0.177 0549 0.72% 1.00C

Temperature  -0.148 -0.038 -0.176 -0.296 1.00C

Color -0.111 -0.435 -0.272 -0.218 -0.085  1.00C

Dom. Tree -0.145  0.128 -0.167 -0.292 0.392 -0.134 1.00C

Ground Veg.  -0.191 -0.445 -0.214 -0.29C 0.11¢ 0.158 -0.08C 1.00C

Variables that had the strongest influence on the dependent variables were retained
through stepwise deletion. Besfitted results were retained if (i) the’? Ralue of the
bestfitted regression miel would increassignificantly, (ii) the besfitted scatter plot

of actual versus modelled would be linear and more or less evenly distributed about the
1:1 line, (iii) the coefficients of the retained regressiariables would have a low error

of estimate, a high\talue, and gvalues < 0.001.

Regressiomnalysis began by plotting the predicted results from the regression equation
in order to visually assess normality of the residuals. The test data set, ngrfisti

values that were set aside and not used for model formulation, was then used to
compare actual versus predictedults Theset of 100 randomly selected test plots

contained samples of each wetland classl@cation Table 8).
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Table 8. Number of verification plots byocation'season ad wetland class Total
number: 100.

Site #Plots Class #Plots
Emend 23 Bog 20
UNB-spring 15 Fen 30
UNB-summer 15 Marsh 15
UNB-fall 27 Swamp 29

SJ 16 Upland 6

JP 4

Scatter plots and correlation coefficients were developed to quantify the ability of the
model to predict test data. Further data analysislwed averaging of all wetland class

data, for both EMEND and NB, and quantifying their relationships. Actual versus
predicted average values were plotted, and correlation coefficients were determined in
order to show general data trends and predictiseltebased on wetland class. In order

to display and quantify the model s abilii
classes, actual and predicted values for each wetland class: bog, fen, marsh, swamp, and
upland, were grouped and correlation @icefnts were determined. Data outliers, for

all data analyses, were investigated for reasons of possibleonéormance.

Map Water Properties Using ArcGIS

The ArcGIS Raster Calculator was used to project the dependent regression variables
based on thedstfitted regression equations. The resulting rasters where then overlaid
by the corresponding plot derived values for the dependent variables such that the
projected and plabased values would be coded to have the saotwir, to enhance

visual data tanap comparisonslhe values so mapped would then be compared with
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plot-based valueasedfor the regression analysi®r verification purposes. This was a

done by quantifying the trend of the pleised values against the n@apjected values.
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CHAPTER 5

DISSOLVED OXYGEN

Introduction

This chapter dealwith DO as reviewed in Chapterad? this thesisThe site details and
methodology for this chapter can be found in Chapters 3 armd this thesis
respectively.The primary goal of this reaech is to determine ghallowwater DO can

be mapped using remotely sensed data, primarily LiDAR derived WAM and
topographic attributes, while accounting for wetland class and seasonal variation. The
resultingmap would identify areas that typically have higher/lower oxygen demand,
and therefore demonstrate the accompanying ecological characteristics, such as specif

vegetation presence/absence.
Results

A total of 1198 DO plots were measured at the EMEND Bigdlocations, which
included all wetland classes and seasonal variation at the UNB KbBigste 8 and

Figure9). DO values were transformed for use in regression analysis using the formula:

6 OA WO DOBO AGAOI 00 & 6xad Equation2
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Figure8. EMEND (left) and UNB Forest (right) plot locations with measured DO.
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Figure9. Saint John Wetland (left) and Jack Pine (right) plot locations with measured DO.



A summary of all measuredO valuesbased on wetland and degthwater classes
showed thaDO values were highest in uplands and bogs and lowest in marshes and

fens while DO and DTW increased concurrenfliable9).

Table9. Summary of DO values bwyetlandand deptkto-water classes

Dissolved Oxygen (mg/L)
Class Min Max Mean Stddev|DTW (cm) 4 ha Min Max Mean Stddev
Bog 1.1 12.6 4.9 23 |0-10 0.3 12.2 3.3 2.0
Fen 0.3 14.3 3.6 2.7 ]10-25 0.4 13.3 3.9 2.5
Marsh 0.4 13.3 3.6 2.5 |25-50 0.5 12.7 5.0 2.7
Swamp 0.4 10.0 3.9 2.4 |50-100 0.4 14.3 5.6 3.0
Upland 1.4 10.6 6.4 2.0 ]100 - 275 0.5 11.3 6.2 2.4

Boxplots showing the distribution of transformed DO values for both site and wetland
class revealed three common outliers, which were removed from the data set due to
possible influence of open water on timeasurementd={gure 10). While a graphical
demonstration of\eerage DO based on site and seasdwmwed DO values were lowest

at UNB, most notalylin the summe(Figurell).
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transformed DO distributi@by site and wetland claswith outliers.
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Figurell Averagefield-determinedO valuesby site and season.
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Multiple regression analysis revealed that among the continuous and categorical
variables (Table 3availablefor predictingDO; UNB summer|logioDTW (4ha flow
initiation), log10PRR, andogi0HC were the most important variables for explaining
observed DO trends (R 0.35) Table10; Figure1?). Residualalues were shown to
have a normadlistribution Figurel3). Outliers values which were found to be
inconsistent with the majority of plots that had similar landscape attributes, were
determined by visual analysi$ the residuals, and when removed gave 4n & 38.
Correlations between DO afidld measured variables demonstrated weak
relationships, among which the strongest was between DO and EC, which had a
correlation coefficient of 0.22nd as such, measured variables were not used for

predicting DO(Table11).

Table 10. Best fit predictive variables used to model DG €R0.35) using multiple
regression analysis.

Coefficient Std. Error Std. Coefficient t-Value  P-Value

Intercept 6.04 1.019 6.04 5.9 <0.0001
UNB Summer -0.22 0.034 -0.163 -6.4 <0.0001
log;oDTW (4ha) 0.198 0.022 0.242 8.8 <0.0001
log;oPRR -1.47 0.256 -0.154 -5.7 <0.0001
log;HC 0.118 0.007 0.435 17.8 <0.0001
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Figure12 Scatterplot of actual versus predicted transformed DO values, withitbes
regression linegutliers in red
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Figurel1l3. DO model: fequency distribution of theesiduas.
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Tablell. Correlation coefficients between DO and all measured variables

Cormrelation Coefficient

DO
DO 1.00
EC 0.22
logioEC 0.18
pH 0.14
Color -0.11
Dom. Tree -0.14
Temperature -0.15
Ground Veg. -0.19

Wetland classification for each study site showed generally good conformance between
field measured and image determined wetlands, with field measured wetland classes
occurring within 10m of image class determined wetlands >80% of the time (Appendix
V). Specific wetland forms; domed bogs, and open water, were within 60m of ArcGIS
determined wetland forms >80% of the time (Appentlix Correlations between
actual, predictecand mapped DOT@ble 12) revealed a better relationshiggtween

actual versus predicted, then actual versus mapped DO values.

Tablel12. Correlation coefficients faactual, predicted and mappB@® values

Conrelaton Coefficient

DO Actual
DO Actual 1.00
DO Predicted 0.60
DO Mapped 0.41

The DO rasters created using the best fit multiple regression equation provided a data
layers that reveal general visual conformance across all sittswatland classes

(Figurel4 andFigurel5).
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Regression analysis comparing the DO of the test plots (100 extracted values) and the
modelled values showed ar? Rf 041 (Figure 16). Average DO values for each

wetland class by location revealed a correlation coefficient of Gig8rel7).
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Figurel6. Actualversus predicted DO values for th@0 verificationplots, with best fit
regression line and outliers highlighted in red.
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Figurel7. Averagefield-determinedO valuesby wetland class and location
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Comparson of actal versus predicted @ values within each wetland class showed the
best results were found in bogs and fens, with correlation coefficients of 0.68 and 0.59,
respectively; while upland DO demonstrated the poorest relationship, with a correlation

coefficientof 0.24(Figurel8).

Both bogs and fens showed similar frequency distributions of low to high DO values.
Actual DO in swamps showed l@oad distribution from 1 mg/L to 8 mg/L, while
predicted values were moreamowly distributed, showing a DO value commonly
around 3 md!/ (Figure 19). Actual marsh DO values tended to be approximately 1
mg/L lower than predicted values; while frequency distributions for upland DO showed

that modelled results did not@unt well for high DO values
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Figure 18. Correlation coefficierst of actual versus predicted DO valugs wetland
class.

51



60 Bog 80 Marsh
50 . 70 A
60
2. 40 ,A\\ > 50 I\
= =
5.30 v‘(\ - 5,40 /ﬂ\\ \
E 20 - (1 E 30 l \
! 20 l ] \\
10 , ‘\' ‘ 10 / [ | \
[
0 . Yﬁ\ . 0 | ==
0 3 10 15 0 5 10 15
Dissolved Oxygen (mg/L) Dissolved Oxygen (mg/L)
120 50
\ Fen aUpland

100 Il 40 1
= 80 U . |
2l 23 :
SN S0 f\ ‘
= 40 ' i

i
2014 ‘.\: . 10 ‘1\\/\
' \
o || . \<\ . 0 4%

0 3 10 15 0 3 10 15
Dissolved Oxygen (mg/L) Dissolved Oxygen (mg/L)

140 Swamp

120 £

100 A —Actual - -Predicted
>
2 80 PV
5]
= { \
g 60 \
"0 )

/ ~
. J—é\:,L%
0 i

5 10 15
Dissolved Oxygen (mg/L)

Figure19. Frequency distributions for actual and predicted DO vdiyaegetland class.

Dissolved oxygen values taken from a literature review stemsand swampsaving
generally low DO values, while plots influence by open water, and uplands have higher

52



DO values(Table 13). Although general landscape information veasilable for each
of the DO measurements, including transition zones and dominant tree cover, the

spatial distributio of DO values was not available
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Table13. Literatureversudfield-determinedO values averages and rangs, field-determinedutliersexcluded.

Wetland / Forest Type DO (mg/L) Location Source Wetland Class DO (mg/L) Location
Bog 6.4 Minnesota, USA Clausen and Brooks (1983)  Bog 6.5,1.8-11.3 EMEND
Black Spruce Bog 0.1-0.7 Wisconsin, USA Pierce (1953) Bog 3.9, 1.1 - 12.6 New Brunswick
Bog / Fen Transition 5.4 Wisconsin, USA  Clausen and Brooks (1983)
Alder Fen 02-1.6 Wisconsin, USA Pierce (1953) Fen 3.4,05-8.7 EMEND
Wilow Fen 9.2 Wisconsin, USA Pierce (1953) Fen 3.6, 0.3 - 12.7 New Brunswick
Black spruce / Alder Fen 2.5 Wisconsin, USA Pierce (1953)
Fen 2.8-8.0  Algonquin Park, ON Sparling (1966)
Cedar Swamp 0.1-25 Wisconsin, USA Pierce (1953) Swamp 52,1.0-9.7 EMEND
Black Spruce Swamp  0- 2.6 Wisconsin, USA Pierce (1953) Swamp 3.7, 0.4 - 10.0 New Brunswick
Open Water Marsh 7.3 Wisconsin, USA Pierce (1953) Marsh 3.2,0.7-8.7 EMEND
Sedge Marsh 0.9 Wisconsin, USA Pierce (1953) Marsh 3.5,0.4 - 9.6 New Brunswick
Cattail Marsh 2.5 Wisconsin, USA Pierce (1953)
Upland Adjacent Zone 2.1-3.7 Wisconsin, USA Pierce (1953) Upland 6.8,3.2-10.6 EMEND
Upland 6.9-8.0 North Carolna, USA  Daniels et. al. (1973) Upland 5.4, 1.4 - 10.4 New Brunswick
o Stream 11.2 Wisconsin, USA Pierce (1953) Stream 5.3, 1.3 - 8.4 New Brunswick




Discussion

Dissolved aygen is utilized byorganisms for metabolic function, which increases as

soil and water temperatures rig&@ngandMoncrieff, 2001) The lowest average values

for all DO plots sampled occurred in the
Summer 6 variable demonstrated a significa
water (0g10DTW) was also found to be influential for predicting DheTtransition

from shallow to deep water resulted with DO values increasing, due to cooler soil
conditions, and diminished biological activity deeper in the soil prodite shown in

Chapter 8 of this thesigor example, ater close to the surface is wanfin summer)

and contains more organic matter than water deep in the soil profile; resulting in
increased biological activity and oxygen reduct{eangand Moncrieff, 2001; Mitsch
andGosselink, 2007; Thomas et al., 2009t or south facing sites would tend to have

lower DO values than north facing sites, with the exception of domed bogs, which were
insulated from radiation by a thick organic lay@hen potential relative radiation

values increased, meaning the microsite was generally receiving more heat, the DO
values would decrease; thiog0PRR provided another means for valuing the degree of

biological activity across the landscape.

Hydraulic comuctivity increases showed an rease in DO valuess the easily
decomposed material that occurs in fens and swamps produced a component of fine
material that caused the hydraulic conductivity to slow, resulting in a decrease in pore
space, and a reductiof oxygen diffusion into watgGafni andBrooks, 1990; Thomas

et al., 2009)Additional continuous and categorical variables available for possible DO
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predictions were found to either correlate with predictive variables, ov®rimeffect

on DO predictionsAmong field measured variables, DO related best with E@b(e

11), however the relationship was weak due to wide ranging DO values along the EC
gradient, which ul t ed from factors such as temp

influence on DO being more prevalent than EC.

The results of the multiple regression analysis for predicting DO revealed \aiue

of 0.35, which was due to the variability of the naturatiirape. While the regression
trend for predicting DO was significant, factors that affect water properties in the
natural environment, such as tree species heterogeoaitgpy covermound and pit
topography, and sufurfacegroundwaterinteractions, cold not all be accounted for
(Ulanowski and Bran, 2013) The occurrence of landscape heterogeneity was most
notable for outlier plots, where low/high DO values occurred where there was no
indication of change in predictive variables. For example, hummocky terrainesy

in fine scale DTW, temperature, and DO variations, however 1m resolution LiDAR

derived data may reveal generally no change in landscape attributes.

The DO raster created with the best fit regression equation allowed for the DO values to
be mapped aoss the wetland area for all study sites. The maps provide visual
confirmation of the validity of the modelled results, while allowing the extrapolation of
information for the remaining wetland areas. Discrepancy between predicted and
mapped DO results oarred where actual wetland classes differed from mapped
wetland classes. While the majority of wetland plots were within 10m of mapped
wetlands, DO values extracted from ArcGIS represented the DO within 5m of plot
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centre thereby resulting in loss of carmance between predicted and mapped results.
Spatially defined wetland classes were used to display HC values across the landscape,
therefore when HC values, were improperly mapped, spatial DO values differed from
predicted DO values. The average diffeerbetween all predicted and mapped DO
values, across all plots, remained only 0.5 mg/L. The majority ofeshatiysis involved

actual versus predicted results, instead of actual versus mapped results in order to

ensure clear viewing of the strengths arehlinesses of the model.

Further investigation into the results of the model predictions, beginning with the test
plots, revealed thatamong a random selection of wetlands and locatiangood
relationship was found to exist between actual and predietadts. Residual outliers
occurred due to having higher than average DO values, measured in open water. A
comparison of average actual versus predicted wetland class data showed a generally
good correlation; with EMEND marsh, EMEND swamp and EMEND upldraisng

the furthest diversion from actual mean values. While the EMEND marsh DO values
were the lowest of all surveyed locations, they did not possess any other attributes that
made them distinguishable for mappisig pur
not used as a categorical predictive variable, because it did not show significant results.
As a result, the differences in mean values are not better accounted for with this model;

however the difference in mean DO vaigonly 1.5 mg/L.

Average actuaDO values in EMEND swamps and uplands are higher than model
predicted values because, while low HC values typically occur in swamps, coniferous
dominated swamps and uplands found at the EMEND site occasionally had higher field
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observed HC values, resulgj in their having higher DO values thdahe model

predicted.

DO values taken from a literature review sleoMgimilarities to the results of this thesis,
including low DO values in fens, swamps and marshes, and generally higher DO values
in uplands; however, the dataemenot supported by specific site information, therefore
outliers, such as very low DO in a bkaspruce bog, are not able to be validated. While
generalized site details including dominant vegetation were available, plot specific data,
such as influence of open water on measurements and depth to water, were not. Pierce
(1953) measured water propest in transects across wetlands, and showed similar
trends as those in this thesis. DO values were high in uplands and streams, and
decreased in wetlands. Low bog DO values measured by Pierce could be attributed to
the comparatively warm climate in whiakata was measured, or the unknown bog

form; as basin bogs having typically lower DO values than domed bogs.

In summary, he results of this study show that DO within and across wetlands can be
modelled and mapped using LIDAR derived WAM and topographic attributes, allowing
for a spatial representation of DO, which can be used to gain insight into the ecological
conditions ocurring on the landscape. Areas having low DO values commonly occur
with deciduous vegetation, warm position on the landscape, and increased biological
activity; while cool, deep water, such as that in domed bogs and uplands, with low
biological activity, tended to have high DO valuetmprovements in mapping
resolution, specifically, the utilization of LIDAR data with soifetrelateral accuracy

for WAM and topographic attribute determination, may improve DO mappiust
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notably by allowing users to idefytiand map small scale variations, such as mound
and pit topography and forest stand heterogeneity; which have been found t®&¥fect

values across the landscape.
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CHAPTER 6

ELECTRICAL CONDUCTIVITY

Introduct ion

This chapter deals with EC as reviewed in Chapter 2 of this thesis. The site details and
methodology for this chapter can be found in Chapters 3 and 4 of this thesis,
respectively The primary goal of this research is to determirghdllow watelEC can

be modelled and mapped for select wetlands in Alberta and New Brunswick using
LIDAR derived WAM and topographic attributes, thus demonstrating the ability to
display EC values across a wide variety of wetland terrain, while accounting for

wetland classind seasonal variation.

Results

A total of 1181 EC plots were measured at the EMEND and NB locations, which
included all wetland classes and seasonal vaniat theUNB Forest(Figure 20 and

Figure2l).
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Figure20. EMEND (left) and UNB Forest (right) sites showing plot locations with measured EC.
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Figure 21. Saint John Wetland (left) and Jack Pine (right) sites showing plot locations with measured



A summary of all measured E@luesbased on wetland and dbgo-water classes
showed that masuredeC values were highest in uplands, while remaining similar for
bogs, fens, swamps, and marshes; with swamps having the lowest averagedsC
and the 50 100 cm deptho-water range had the highest EC values among all DTW

classegTablel14).

Tablel14. Summary of EC valudsy wetland andTW classes

Electrical Conductivity (micro S / cm)

Class Min Max Mean Stddev(DTW(cm)4ha Min Max Mean Stddev
Bog 20.0 9400 748 85.9 |0-10 10.0 380.0 459 428
Fen 100 600.0 77.8 84.0 |10-25 20.0 1390.0 114.0 1846
Marsh  10.0 3100.0 183.6 446.2 |25-50 20.0 5000.0 2959 637.9
Swamp 20.0 2600.0 916 220.4 |50-100 20.0 3800.0 373.6 696.9
Upland 10.0 5000.0 560.4 905.3 |100 - 275 20.0 3000.0 178.8 419.9

EC values wer&ransformed using a legconversion, due to being strongly skewed to
the left. Boxplots showing the distribution of legC values for both site and wetland
class revealed four common outliers, which were removed from the data set due to
possible measuremeaitror Figure 22) Average logoEC values, plotted for each site,
and season for the UNB Forest, showed the New Brunswick sites all having low
log10EC values around 1.5, while the EMEND 1eiC values were significantly

higher, by approximately 1 order wfagnitude [Figure23).
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Figure 22. Boxplots showing logEC distributionsby site and wetland

highlight outliers.
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Figure23. AveragemeasurediogiocEC values bysite and season

class to

Multiple regression analysis revealed thatong the continuous and categorical

variables Table 3 availablefor predicting logoEC; evaporatio/precipitation ratio
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multiplied by potential relative radiation, EMEND marsh, EMEND swamp, and
EMEND upland were the most important variables for explaining observeft ©g
trends (R = 0.60) (Table15, Figure24). Residual values were shown to have a normal
distribution Figure25). Outliers values which were found to be inconsistent with the
majority of plots that had similar landscape attributes, were determined by visual
analysis of the residuals, and when rentbgave an R= 0.63.Correlations between

EC and measured variablgisowed that pH was well correlated with EC andd&ég@

(Table16).

Table15. Best fit predictive variables used to model k& (R = 0.80) using multiple
regression analysis.

Coefficient  Std. Eror = Std. Coefficient t-Value P-Value

Intercept 0.252 0.079 0.252 3.187 0.0015
Ratio*PRR 0.00024  0.000013 0.404 17.685 <0.0001
EM Marsh 0.556 0.053 0.216 10.464 <0.0001
EM Swamp 0.500 0.049 0.215 10.299 <0.0001
EM Upland 0.742 0.036 0.417 20.444 <0.0001
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Figure24. Scatterplot of actual versus predictedi0EC values, with bst fit regression
line andvisually determined outliers highlighted in red
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Figure25. Frequency distributionf the residual values from theag.0 EC model.

66



Tablel6. Correlation coefficients between EC and all measured vasiable

Cormrelation Coefficient

EC
EC 1.00
log; oEC 0.72
pH 0.44
DO 0.22
Dom. Tree -0.17
Temperature -0.18
Ground Veg. -0.21
Color -0.27

Wetland classification for each study site showed generally good conformance between
field measured and image determined wetlaras, discussed in Chapter 5 and
AppendixV of this thesis.Correlations between actual, predicted and majgpdeEC
revealeda similar relationship between actual versus predicted, and actual versus

mappedog:oEC valuegTablel7).

Tablel7. Correlationcoefficients foractual, predicted and mappled0cEC values.

Correlaton Coefficient
log; EC Actual

log; oEC Actual 1.00
log;,EC Predicted 0.78
log,cEC Mapped 0.75

The EC rasters created using the best fit multiple regression equation pravidath
layer that revead general visual conformance across all sites and wetttasses

(Figure26 andFigure27).

67



89

Figure26. Field EC valuesoverlayingEC rastes for the EMEND (left) and UNB Forest (right) sites


































































































































































































































































































































































































































































