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ABSTRACT

This Thesis investigates the effects of forest harvesting on shgidtawdwater
temperatures and levels, at 10 small upland catchments within two study areas in northern
New Brunswick, Canada. Three harvesting treatments were implemented: 1xnebole
2) stemonly, and 3) steronly with extra slash added . One studyaanas located near
Gounamitz Lake, and was characterized by-d@edined soils and tolerant hardwood
stands. The other study area was located near Island Lake, and was characterized by
poorly-drained soils and mostly coniferous tree species.

Monitoring wdls were placed at the base of each catchment, just above the
seepage areas on the flow accumulation lines. In each well, shallow groundwater levels
and temperatures were recorded every two or four hours by automated probes.

Shallow groundwater levels, dnvell temperatures, increased on all treated
catchments following harvesting. M&limmer water table peaks increased by as much as
two meters relative to the controls. Well temperatures increased by as muchQs 2.5
and temperature increases were adgdrry as much as three months. However,
differences from one treatment to the other were not obvious.

The hydrology model, ForHyM was calibrated to reproduce the shallow
groundwater level fluctuations observed on all catchments. The model was alsa used to
1) estimate the depth at which shallow groundwater flows, 2) determine the causes of
changes in the shallow groundwater temperature patterns, and 3) calculate increases in
soil temperatures resulting from canopy removal.

Key words: clearcutting, harvisg, groundwater flow, shallow groundwater, water
temperature, soil temperature, groundwater levels, hydrology, model -inbe)estem
only, slash, soil permeability, wells, upland catchments, watersheds.
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CHAPTER 1

INTRODUCTION AND OBJECTIVES

Recenty, concerns about impacts of forest harvesting on groundwater have
increased because of steadlilgreasing harvest intensities, as facilitated by increased
harvest mechanization (Malion@o al. 1990; Sterner 1991). With wheteee harvesting,
for example each tree is severed at the stump and is then moved as a whole to the
roadside for further processing. Intensive harvesting involves the use of heavy machinery
andleaves much of the soil within, and around, the harvested catchment exposed. This
likely changes the hydrological dynamics of the harvested sites in terms of:

1 increased rwoff versus soil percolation in areas of soil compactioz(owski
1999)

1 greatly reduced evapotranspiration from complete removal of the forest
vegetation, especially durinte initial postharvest years (Riekerk 1989)

9 altered snow accumulation due to reduced canopy interceftioar(dle and
King 1985)

1 earlier timing of snowmelt events (Hornbestkal. 1997)

1 increased stream water flow (Hibbert 1967; Verry 1972)

1 increasedon concentrations in groundwater and streams (Pé&trak1972;
Likenset al.1970; Martinet al1985; Jewett 1995; Kubin 1995; MacLedones

1997; Stanley 2002)



9 increased stream turbidity and sedimentation (Cornish 2001; Pomeroy 2002;
Martin and Honbeck 1994)

1 decreased solar insolation, d@ntencei increased summer maximum soil
temperatures (Mahendrappa and Kingston 1994)

1 increased stream temperature (Ringler and Hall 1975; Rasla¢11982; Bourque

and Pomeroy 2001).

This research of this This focuses solely on prand postharvest changes in

groundwater temperatures and levels in small forested catchments in relation to upslope
soil substrate permeability. In this context, small refers to catchments between 5 to 30 ha,
whichisthesizeanany f orest cutblocks in this stud
feasible to experimentally determine the extent to which forest harvesting affects
groundwater temperatures and water table fluctuations in upslope forest locations.

Generally, thee is little information on assessing the cumulative effects of-clear
cutting on shallow groundwater temperature and water table fluctuations. For example,
Hewlett and Fortson (1982) suggested that groundwater should be monitored for elevated
temperaturefollowing harvesting to narrow down the causes of elevated stream
temperatures in positions dovgfope from the harvest operations. Curry and Devito
(1996) and Curry and Noakes (1995) suggested that there should be more studies on
groundwater behavior with forested landscapes. Cueyal.( 2002) st ated t ha
need a better understanding of the hydrological connections between forests and streams
in the north temperate landscape and the effects of various forestry activities on the

hydrologyandb ol ogy of a watershed and its strean



Most reported investigations regarding impacts of forest harvesting have focused
on streams with yeaound discharge. To achieve ygaund discharge conditions,
however, targeted catchment areas are generally tatgdr than 5 to 30 ha. In this case,
the cutting of the entire area by way of an experimental watershed approach necessitates
cutting across a wide range of forest conditions, from uplands to lowlands, from well to
excessively well drained locations togly drained conditions in wetlands adjacent to
streams, and across several forest types. As such, the ensuing results are difficult to
interpret in terms of specific forest operations by single forest type and soil substrate.
Often, only partial cuts arendertaken in the catchment area above the hydrological
measurement station. When watersheds are not completely harvested, the interpretation
of the results is even more confounded by way of dilution, where the water from the cut
and uncut areas combinereduce the groundwater signal as it would exist at the
subcatchment level below the actually cut akence, large watershatudies that are
particularly aimedat discerning impacts of forest harvesting on streamwater temperatures
and discharge have produced variable results (Hibbert 1967; Swift and Messer 1971,
Bosch and Hewlett 1982; Hewlett and Fortson 1982; Meitad. 1985; Martinet al.
2000). Further compounding the interpretation of study results is the fact that previous
research has come from a variety of locations around the world. Differing results between
forest studies are often attributed to differences in climate, forest type and geography,
thereby necessitating more studies to encompass more of this variabégynidh and
Webber 1972; Martiet al. 1981; Silkworth and Grigal 1982; Maliondo 1988; Briggs

al. 2000).



The main reasons for the scarcity in srsathle groundwater studies of forested

uplands are most likely related to the following:

|

the renting of cstly well-drilling equipment,

1 the uncertainty of actually striking water in terrains that are generally difficult to
drill, and where access to suitable drill locations is hampered without major trail
preparations,

1 obtaining agreements between reskars and landowners regarding access,
location, harvest schedule, and harvest method,

1 the procurement of reliable-gitu equipment for measuring groundwater
parameters, and the service and maintenance of this equipment,

1 unfamiliarity with standardized msarement protocols for generating reliable

data about the groundwater.

Nevertheless, research that relates forest operations to groundwater parameters
immediately below the forest operations is important, because hardested changes to
groundwater pameters are, in principle, easily parameterized at this scale, and the
parameters so obtained can, in turn, be used to estimate the resulting changes in forest
stream water quality and quantity, with and without detream dilution effects. Steeves
(2001)has already shown that there exists a close correlation between the water
chemistry of groundwater and of the stream water immediately below the harvested

forested area.



GOAL AND OBJECTIVES
The goal of this research is to determine impacts of curesaesting practices
on subcatchment groundwater tables and temperatures, as affected by forest harvesting
and soil substrate. Shallow groundwater tables and temperatures were measured for two
consecutive years for the piend postharvest conditions, iforested sulzatchments.
Two forest areas were involved: one for tolerant hardwoods and a highly permeable soll
substrate, and one with a mostly coniferous stand and a soil substrate of low permeability
(Case 2001). For each study area;catthments wersubjected to the following
treatments:
1 wholetree harvest,
1 conventional, steronly harvest,
1 conventional, steronly harvest with extra slash added from the witde
harvest catchment, and
1 no-harvest (control).
The extra slash treatment was implemenmtean attempt to magnify the impacts of post
harvest slash cover on groundwater tables and temperatures. Specifically, this Thesis
addresses the following objectives:
1. To quantify the impact of forest harvesting method on shallow groundwater
temperatures ahwater table fluctuations.
2. To identify differences in groundwater responses due to the harvest of two forest
types (tolerant hardwoods versus softwoods).
3. To characterize the influence of soil permeability on shallow groundwater

hydrology.



4. To reproduce th preharvest measurements, and postvest responses, of water
temperature and water table levels with a portable forest hydrology model.

5. To evaluate podtarvest vegetative recovery.

The approach taken was experimental based on a multiple paired eatshm
design. Paired catchment studies compare similar catchments before and after inducing a
change, with one of the catchments left unaltered as a control (McCulloch and Robinson
1993). Briggset al (2000) have suggested that paired catchment studiesiean key in
advancing our knowledge on the impacts of intensive forest harvesting. Here, watersheds
or catchments are defined as fA...areas tha
contribute all the water that passes through a given cross sectientoffae a mo ( Di n g me
2002). The subsurface water tends to follow the contours of the landscape which act as
the catchment boundaries, although there are situations where neighboring catchments

may provide minor contributions (Lee 1980; Peck and Williamson;1DBigman 2002).

THESIS OUTLINE

The Thesis structure is outlined in Fig. 1.1. Thesis background, objectives and
literature review are summarized in Chapters 1 and 2. Chapter 3 introduces the study
areas, and the procedures employed within the experihvesttiershed study. This
includes:

9 the criteria that were used in locating the study areas,

=

details on the installation of monitoring wells and equipment,

=a

particulars on the implementation of the harvesting treatments, and

=

the procedures and methods ofedeollection, and preparation for analysis.



CHAPTER 1 and 2
Introduction and Background
- Objectives
- Outline
- Review of literature

|

CHAPTER 3
Methods
- Setup of study areas
- Data collection and processing

|

CHAPTER 4
Site Recovery
- Evaluation and implication of early
vegetative recovery

|

|

CHAPTER 5
Water Table Fluctuations

- Determining harvesting impacts

CHAPTER 6

Shallow Groundwater Temperatures | —|

- Determining harvesting impacts

CHAPTER 7
Introduction to FORHYM
- Model setup
-Demonstration of t

,, l

| v

Chapter 8
ForHyM Groundwater Level Simulations
-Evaluation of
replicate observed groundwater
fluctuations

t he

A 4

Chapter 9
Groundwater Temperature Investigations
with ForHyM
- Estimation of groundwater flow depth
- Interpretation of well temperature
pattens
- Calculation of soil temperature
increases related to harvesting

|

|

v

CHAPTER 10
Conclusion
- Summary and Recommendatio

Fig. 1.1. Thesis layout and flow.



Chapter 4 presents the results of vegetation surveys conducted after the harvesting
treatments. This lays a foundation for the followinga@tiers, which explain differences

in harvesting hydrological responses among, and between, catchments at the two study
areas, as well as predict future recovery. Chapter 5 provides a detailed analysis of the
measured water table levels. Chapter 6 provedéstailed analysis of the Thesis

generated groundwater temperature data. Chapter 7 introduces a computer model (i.e.,
FORHYM) by summarizing details about the inner workings of this model, and its
required inputs. In Chapter 8, the FORHYM model is usexbtopare measured water

table fluctuations with the modeled results. In Chapter 9, the FORHYM model is used as
an investigation tool. In addition to calculating soil temperature change resulting from
harvesting, the model compares measured vabde tempratures with computer

generated simulations for soil temperature, soil moisture, and snow pack accumulations.
The implications and recommendations that were generated from this study are

summarized in Chapter 10.



CHAPTER 2

LITERATURE REVIEW

INTRODUCTION

Groundwater plays a key role in the regulation, viability and productivity of forest
streams. For example, groundwater provides the stability that is essential to aquatic life
and influences fish movements, habitat location, selection of redd fiste survival, egg
to embryo survival, growth, and reproductive success (Cunjack and Power 1986; Marten
1992; Snucingt al.1992. Schofield 1993; Sinokrot and Stefan 1993; Ceitrigl. 1995;
Curry and Devito 1996; Powet al.1999). Also, groundwatearovides critical
protection from freezing in the winter, and stable, cool temperatures in the summer
(Curryet al.1995; Poweet al. 1999). Essentially, groundwater provides connectivity
between the stream environment and the surrounding terrestriedrenent. Therefore,
it is important to monitor groundwater flowing from managed and unmanaged forests, to
determine impacts of land use on aquatic systems. However, studies on effects of forest
harvesting on shallow groundwater levels are few (TrousdélHmover 1955;
HolstenerJorgensen 1967; Taniguchi 1997). Therefore, much of this review chapter
relates to the harvesting impacts on water based on previous streamwater studies. The
validity of this approach is, in general, supported by Urie (1971), whgested that
many forest harvesting impacts on streamwater can be interpreted as groundwater effects.

This chapter has the following objectives:



1 to review the literature on pekarvest stream and groundwater temperatures

1 to review the literature on pekarvest stream discharge and groundwater levels

POSTHARVEST INCREASES IN STREAM AND GROUNDWATER
TEMPERATURES

Streamwater temperatures have been identified as perhaps the single most
important water quality parameters (Bowétsal. 1977). For examplencreased
temperatures can affect the palatability of water for humans (Cetlsdttl978; Szlyket
al. 1989). Increased stream temperatures may contribute to the fouling of water through
algal blooms (eutrophication). Fouling interferes with recreaimhreduces levels of
dissolved oxygen (Brown and Krygier 1967; Corlmttal. 1978; Brady and Weil 1996).
High water temperatures, andherefore’ low dissolved oxygen levels have been
identified as the most important factor limiting trout distributie|l-being and survival
(Eschner and Larmoyeux 1963; Beitinger and Fitzpatrick 1979; Baitk 1987). High
water temperatures have also been shown to affect fish movements, rearing success, egg
development, species competition, growth rate and mgr{dicCormicket al.1972;
Beschteet al. 1987; Tang and Boisclair 1995; Magoulick and Wilzbach 1998). As
temperatures approach lethal limits, rates of predation by fishes, and subsequent growth,
are reduced (Baldwin 1957; Clark 1969).

Any sustained streatemperature increase (or decrease) is likely to affect the
timing of critical life cycle stages of aquatic species. For example, Hokahsbi{1973)
determined that optimal temperature for incubating trout eggs occurrétCaigth a

critical upper imit of 12.7°C. For adult brook trout, most researchers agree that optimal
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temperatures range between 12.4 and 96,4with a critical upper limit between 17.9

and 20.°C (Baldwin 1957; Stroud 1967; McCormick et al. 1972; Hokanson et al. 1973;
Magoulickand Wilzbach 1998). Holtby (1988) and the US Department of the Interior
(1968) reported that increased stream temperatures increase the growing season for
several aquatic species. These increases may translate into better survival for some
species, but duced survival for others. Problems may arise when the changes in stream
temperature alter the timing of life cycle events for a particular species, but the
surrounding environment continues to follow a normal seasonal pattern.

With respect to forest opations, most studies have shown puogtvest increases
in temperatures from 0.3 to 11°C (Eschner and Larmoyeux 1963; Gray and Edington
1969; Hewlett and Fortson 1982; Harr and Fredriksen 1988; Holtby 1988; Stott and
Marks 2000; Bourque and Pomeroy 20®kacdonaldet al.2003). Such a wide range is
in part due to location and climate. For example, the lowest recorded increag®s (0.3
©C) occurred in the cooler climate of northern North America (Bourque and Pomeroy
2001).

Largest stream temperaturerieases are usually associated with removal of all
trees up to the streambank. When this is done, stream temperature is directly related to
increased solar radiation input (Brown and Krygier 1967; Brown and Krygier 1970;
Bartonet al 1985). As a result, mg jurisdictions introduced legislation to buffer forest
streams, by disallowing indiscriminate removal of trees from within stream buffer zones.
A few studies were designed to examine the shading effectiveness of these buffers. Even
with buffers in placesmall increases in pekiarvest stream temperatures have been

measured (Martiet al. 1985; Bourque and Pomeroy 2001). To account for this, it was
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suggested that these increases may, in part, be due to changes in surrounding air
temperatures (Cluis 1972)¢ perhaps from increases in pbstrvest soil temperatures
(Eschner and Larmoyeux 1963; Hewlett and Fortson 1982).

Studies specifically centered on monitoring poatvest soil temperaturésave
indeed shown that soil temperatures are affected byetheval of the forest canopy and
slash cover, both of which act as an insulating layer over the soil. As a result, summer
soil temperatures are typically higher in cut areas, and highest in areas void of slash
(Donnellyet al.1991; Mahendrappa and Kingstb894; Proest al 1994; Mclnnis and
Roberts 1995; Messiret al. 1997). Because of the insulating effect of forest canopies
and slash piles, seasonal and daily temperature amplitudes are reduced (Lundkvist 1988;
Mahendrappa and Kingston 1994; Pedel 1994). The insulating effect results from the
blocking of incoming solar radiation during the summer, and from a reduced loss of heat
stored in the soil during the winter. Clearcut soil temperatures have been measured as
much as 67 °C higher than uncut adrols, and soils that were left without slash cover
have been found to be as much &Cigher than soils that were covered with slash

(Johnsoret al.1985; Smethurst and Nambiar 1990).

A significant amount of heat can be transferred to the steveasr from the
surrounding stream banks and bed (hyporheic zones) (Brown 1969; Eale$977;
Jobson 1977; Sinokrot and Stefan 1993; Hondzo and Stefan 1994). Similarly, it is
possible that heat transfers will take place from the soil to the groundeadethe

groundwater, in turn, would move this extra heat into the streams. BrosbiaskEL997)
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support this theory, demonstrating that there is a strong relationship between soil and
streamwater temperatures.

The time required for stream temperatuceszcover to prdarvest levels varies.
Johnson and Jones (2000) found it took 15 years, but most studies have found recovery to
occur within 34 years (Swift and Messer 1971; Harr and Fredriksen 1988; €uaty
2002). The variability in the postarvest temperature recovery time is probably due to
the magnitude of the immediate pbstrvest temperature change, and the rate of post

harvest regeneration.

POSTHARVEST INCREASES IN STREAMFLOW AND GROUNDWATER LEVELS
Many studies have shown increases iaanflow leaving forest catchments
subject to harvesting, and a few studies have shown increases in water table levels
(Eschner and Larmoyeux 1963; Hibbert 1967; Holstdoegensen 1967; Urie 1971;
Burger and Pritchett 1988; Martat al. 2000). These irreases are, for the most part, due
to reduced evapotranspirational losses (Urie 1971; Riekerk 198%tau2001). When
trees are removed from a site, less precipitation is intercepted, and therefore, there should
be less water evaporated back to tmecsphere. Also, tree removal means plant uptake
and transpirational loss of water will be reduced on the site. The effect that these
reductions in evapotranspiration will have on shallow groundwater levels may be
dependant on the topographic position & tatchment. Upland catchments that have
little or no lateral drainage restrictions may not experience large, sustained increases in
water table levels. Large, sustained guatvest increases are more likely on flat, lowland
catchments where excess watet passes through the soil is slower to pass water

converging areas (Pritchett and Fisher 1987; Meng, personal communication, June 2003).
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The impacts of tree removal on groundwater levels and stream flow are likely
also dependant on; 1) the specieg@& removed; 2) intensity of harvest; and 3) the area
harvested. Different tree species will have different rates of water uptake and
transpiration. Conifers often have greater leaf areas and maintain these transpiration
surfaces for a greater portion detyear than deciduous trees (Hewlett 1958; Dunne and
Leopold 1978; Pritchett and Fisher 1987). Greater surface areas also lead to higher
interception rates, which increase evaporative losses from a forest stand as well (Hewlett
1958; Helvey 1971; Dunne drieopold 1978). The net pelsarvest effect may be a
greater increase in dowslope water tables below coniferous catchments than deciduous
(Pritchett and Fisher 1987; Douglass 1983). Hewlett (1958) and Holskergamsen
(1967) suggest that the typespfecies removed dictates the magnitude of water table
change because of specggzecific rooting depths; deeper rooting species will consume
more soil water. Thatensityof harvest could also influence the magnitude of water
level increases. Holsterdaorgensen (1967), Urie (1971) and Trousdell and Hoover
(1955) all found that neither shelterwood harvesting nor strip cutting result in water table
increases as large as clearcutting. Similarly, the magnitude of water table change depends
on the amount of aa and density of the stand harvested (Verry 1986).

Forest harvesting also advances the timing of snowmelts (Horebatk 997).
These advances occur as canopy shade is lost, and snow surfaces melt faster. The
advanced snowmelts have been found ter altte timing of spring streamflows
(Hornbecket al.1986; Martinet al.2000).

Previous research has found that gustvesting streamflow increases can vary

by as much as 3418%, or by 112450 mm, in either the year following harvesting, or in
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the yea of maximum increase (Eschner and Larmoyeux 1963; Hibbert 1967; Bormann et
al. 1968; Verry 1972; Aubertin and Patric 1974; Nicolebal. 1982; Martinet al.2000;
Swanket al.2001). Studies on groundwater have produced similar results. For example,
HolstenerJorgensen (1967) measured harvesitiyiced water table increases of up to

two meters. In most cases, these increases were expected to las6fy@arg, but could

last as much as 185 years (Aubertin and Patric 1974; Verry 1986; Magtial. 2000;
Swanket al.2001).

Increases in waterable levels of the groundwater, and related increases in stream
flow can have both positive and negative effects: Excess water flow during summer low
flow periods may be beneficial to aquatic life downstreammay also be beneficial to
humans in instances where the water is being used for recreation or as a source of
drinking water. On the negative side, increased water flows may increase the incidence of
streambank erosion. This is especially true for fiigv run-off events. Also, increased
flows can carry with them increased amounts of nutrients away from the catchments
(Bormannet al. 1968).

Aside from its influences on streamwater, any increases in groundwater table
levels that may occur will mostly hanegative implications. One of the few benefits of
elevated water tables would be in cases where the groundwater is being extracted for
human use. Otherwise, elevated water tables may hinder forest operations, kill roots, alter
vegetative communities andmtribute to increased water temperatures (Trousdell and
Hoover 1955; Ahlgren and Hansen 1957; Holstelegensen 1967; Pritchett and Fisher
1987). If the water tables rise closer to the soil surface, harvesting machinery may cause

severe rutting, whicrelds to another set of problems. In extreme circumstances,
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harvesting operations may not be able to operate in an area at all for the wetter portions
of the year. Water tables rising into, or above, the rooting zones of forest vegetation can
lead to drowmg of the roots. This often increases mortality in the sfeom, and leads

to a change in vegetation in the letagm. Curryet al.(2002) suggest that as water tables
rise closer to the soil surface, they have the potential to further magnify angigexisti

water temperature increases by bringing the water closer to unimpeded solar radiation

inputs.
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CHAPTER 3

STUDY SETUP: TREATMENTS AND DATA COLLECTION

The purpose of this chapter is to provide an overview of the two study areas.
Specifically, ths chapter provides details on the following:

1) A description of the control and treated catchments.

2) The process of locating the catchment boundaries within the broader watershed
area. This includes the steps that were taken to delineate the catchment
boundaies.

3) The positioning of the wells within each treatment basin, to allow for continuous
groundwater monitoring.

4) The installation of the wells and the well monitoring probes.

5) The protocol used for data collection from the wells, and for establishing daily
weather conditions (air temperature, precipitation in the form of rain and snow) at
each of the two study areas.

6) Data processing.

7) Harvesting procedures.

STUDY AREAS
Two study areas were selected on industrial crbeenses in northern New
Brunswick (Fig 3.1). Both areas were selected within relatively undisturbed, mature

forest areas, each to be subjected to current forest management practices (Case 2001).
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Fig. 3.1. Location of study areas within the province of NeunBwick, Canada.

The two areas were selected so that there would be differences in bedrock geology and
forest cover type between them. The aim was to locate, within each study area, four or
five catchments that were close to each other so that geolagiicelte, soil, slope,

aspect, size and stand characteristics would not vary greatly between these catchments.

Because the study was designed to determine impacts from harvesting operations, the
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target size for the catchments was roughly between 10 ahecBéres (ha), to reflect
current cutblock size, as commonly used by the forest companies that operate in the
region. Both study areas experience similar climatic conditions, with annual rainfall of
700.3 mm, average snowfall of 317 cm, and average matetimyeratures betweeh3.6

and 16.8 C (van Groenewoud 1983).

Gounamitz Lake

Gounamitz Lake (GL) is located in northwestern New Brunswick (N 47.57; W
67.64) (Fig. 3.1). The merchantable tree species consisted almost entirely of sugar maple
(Acersacclarum Marsh.), American beech (Fagus grandifolia Ehrh.), and yellow birch
(Betula alleghaniensis Britt.), with a small component of spruce at lower slope positions
(Fig. 3.2). There are indications that portions of this area were selectively harvested with
the removal of softwoods, possibly in the
The GL study area falls within the Thibault Forest Soils Unit (Colpittd.
1995). These soils are derived from calcareous sedimentary rock, and are deposited as
loose glacial tills (Colpittgt al. 1995). The soils within this study area are almost
exclusively either Orthic humBerric Podzols or Orthic Feridumic podzols based on
the Canadian Soil Classification System (Soil Classification Working Group 1998), and
range from moderately welbtrapidly drained based on a standard drainage key
developed by Jonext al (1983) (Case 2001). Soil texture varies little with depth,
ranging from loam to sandy loam (Table 3.1). The terrain is characterized by fairly
uniform, gently rolling slopes, which make the boundaries of each subcatchment easily

distinguishable from neighboring ones (Fig. 3.3).
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Fig. 3.2. Preharvest forest stand conditions at Gounamitz Lake.
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Table 3.1. Mean physical property data for the forest floor (FF), A, B, and sub-soil (SS) layers at the
Island Lake (IL) and Gounamitz Lake (GL) study sites (adapted from Case 2001).

Coarse
Thickness Fragments Sand Silt Clay Texturé
cm % % % %
L GL L GL L GL L GL L GL L GL
FF 985 389 n/a n/a n/a n/a n/a

A 1180 1069 4500 39.04 46.84 4128 3599 4840 17.16 10.25 L L
B 1905 2192 4854 5183 5567 63.18 29.16 29.07 15.18 7.73 SL SL

SS 17.20 1910 53.61 65.67 6551 63.89 20.60 25.33 13.89 10.77 SL SL
& Texture classification according to the National Soil Survey Committee of Canada (1974)

Legend

--------------- Flow channel

== == == Ground water table
Fractured Rock
X

== Impermeable Rock

Fig. 3.3. Terrain conditions and hydrologic flow at Gounamitzel &lertical water flow

through the subsoil is greater than lateral surface and subsurface flow (adapted from Case
2001).
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Island Lake

The Island Lake (IL) study area is located in nar¢mtral New Brunswick (N
47.68; W 66.47) (Fig. 3.1). The merchantabée species are mainly black spruce
(Picea mariangMill.] BSP), balsam fir Abies balsamef..]), eastern white pineRinus
strobusL.), and trembling aspePOpulus tremuloideMichx.), with a lesser component
of white spruceRicea glaucgMoench] Vos), jack pine Rinus banksiandamb.),
white birch Betula papyriferaMarsh.), and eastern white ced@hygja occidentalid..)
(Fig. 3.4). Some, or all, of this area was clearcut between 1930 and 1940 (Case 2001).

According to Colpittset al (1995), ILfalls within the Popple Depot Forest Soils

Unit. The soils in this study area are loam or sandy loam (Table 3.1), and are derived
from felsicvolcanic rocks that with high percentages of quartz and alkali (sodium and
potassium rich) feldspars. The sadrpnt material is compacted glacial till (Colp#tsal
1995). As such, the soils are much fairly impermeable, especially in lower slope
positions, leading to varied soil substrate conditions ranging from rapidly to poorly
drained (Case 2001) (Fig. 3.9oil substrate variability is also evident in the soill
classification, with roughly half of the study area represented by Orthic Hremix
Podzols, and the other half belonging to various groups within the Brunisolic order (Case
2001). This study arda characterized by frequent and hummocky rock outcrops on the
upperslope positions, with a few, small, isolated locations on the lower slope where the
groundwater approaches the ground surface, thereby creating soft soil conditions (Fig.
3.5). Watershetloundaries and flow accumulation lines in this highly variable terrain

are often iltldefined (Fig. 3.6).
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Fig. 3.4. Preharvest foresstand conditions at Island Lake.
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Fig. 3.5. Fine scale terrain conditions at Islaate. Above: Rhyolitic outcropping on
upper slope positions of the subcatchments. Below: Wet conditions resulting from
impermeable till in depressions at lower slope positions.
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Fig. 3.6. Terrain conditions and hydrolodiiow at Island LakelLateral surface and
subsurface water flow is greater than vertical flow through the subsoil (adapted from
Case 2001).

CATCHMENT DELINEATION

At the onset of this study, digital elevation data were obtained from Service New
Brunswick.These data were used to generate a digital terrain model (DTM) for each of
these two study areas. This was done with Maplinfo software (MapInfo Corporation
1995), in conjunction with Vertical Mapper (Northwood Geoscience Ltd. 1996). The
resulting DTMs weraised to delineate the approximate locations of catchment
boundaries. However, the DTM generated boundaries had limited accuracy, because of
limited geaspatial resolution, with elevation data sampled at approximately 70 m
intervals (Watermark Industriesdn1997, cited in Finlegt al. 1999). The DTM

generated boundaries were subsequently compared with lepalodas, which were
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viewed with a stereoscope, to ascertain the overall correspondence between the DTM
catchment boundaries, and the stereo vidverd was general agreement, but there were
also ambiguities that could not be resolved with certainty. Hence, the catchment
boundaries as determined from the DTM were considered to be tentative, and these
boundaries were then flagged in the field, usitnguadheld Global Positioning System
Unit (GPS), programmed with the computgEmerated catchment boundaries. The
fieldwork proceeded by correcting the tentative boundaries, throtftgggeng once the
actual boundaries were determined by marking theitotabf highest ground next to the

tentative lines.

HARVEST TREATMENTS

In total, boundaries for five catchments were located at GL (Fig. 3.7). One of
these catchments was designated for a wtiekeharvest, a second was designated for a
conventional, gmonly harvest, and a third established for an eskaah harvest.
Boundaries for two other catchments were established to serve as controls. Areas within
the established catchment boundaries ranged from 6 to 12.5 ha, and all catchments within
the area &d similar slopes and aspects (Fig. 3.8 and Table 3.2).

At IL, boundaries were located for three catchments that were designated for the
same three harvesting treatments. One other catchment was established to serve as a
control (Fig. 3.9). A fifth catchent was also located, but this catchment was
unmonitored, and remains in reserve for future experiments. The four monitored
catchments ranged in size from 7.4 to 30.0 ha, with similar mean slopes and aspects (Fig.

3.10 and Table 3.2).
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Fig. 3.7. Catchment boundaries and location of wells at Gounamitz Th&eatchment
boundaries are mapped based on apastest aerial photograph and the Digital
Elevation Model (DEM) for New Brunswick. Water flow accumulation line lanegiare
estimated based on the DEM and field observations. Well locations are mapped from
coordinates obtained with handheld Global Positioning System units.
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Fig. 3.8. Threadimensional (3D) display of harvested catchtesexrt Gounamitz Lakémage was created using ArcView
(Environmental Systems Research Institute Inc. 2002) and ArcView Image Analysis (Environmental Systems Research Institute Inc
1999) to overlay an aerial photograph on a 3D display. Note: topographyezated by a factor of three for illustration purposes.
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Table 3.2. Characteristics of the study catchments, and their associated wells, within the two study areas.

Gounamitz Lake Island Lake

Characteristic Control Control Stem- Whole- Exra- Control Unmonitored Stem-only Whole- Extra-

only tree slash Upper well Lower well  tree slash
Abbreviated label GL-C1 GLC2 GL-SO GL-WT GL-ES IL-C N/A IL-SO1 IL-SO2  IL-WT IL-ES
Total area (ha) 9.1% 9.8 6.0% 125 11 30 30 30.6' 7.4 11.5 20.1
Catchment area above well (Ra) 8.3 8.7 5.2 10.9 9.7 14.4 15.2 30.6 7.4 10.2 18.4
Well depth (m) 6.1 6.1 5.8 5.2 6.1 4.4 5.6 N/R 7.6 6.1 6.2
Average aspeftt 63.8 105.3 411 67.4 49.2 214 213.2 237.4 168.7 227.6 217.7
Average slope (degreés) 4.1 4.8 6.4 4.4 4.5 3.2 3.2 8.4 3.9 5.8 54

@ estimate based on Digital Elevation Model for New Brunswick and calculated with the Geographic Information Systems (GIS) software, ArcView
(Environmental Systems Research Institute Inc. 2002).

® hest estimate based on knowledge of site terrain conditions.
¢ calculated with the GIS software, ArcView (Environmental Systems Research Institute Inc. 2002).
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Fig. 3.9. Catchment boundaries and locatbwells at Island LakeThe catchment
boundaries are mapped based on apastest aerial photograph and the Digital
Elevation Model (DEM) for New Brunswick. Water flow accumulation line locations are
estimated based on the DEM and field observationdl. [déations are mapped from
coordinates obtained with handheld Global Positioning System units.
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Fig. 3.10. Threalimensional (3D) display of harvested catchments at Island Lrakge was created using ArcView
(Envirormental Systems Research Institute Inc. 2002) and ArcView Image Analysis (Environmental Systems Research Institute Inc.
1999) to overlay an aerial photograph on a 3D display. Note: topography exaggerated by a factor of three for illugbeges pur



Stemonly harvesting is also known as conventional harvest. This method, as its
name implies, is the traditional, and most common, form of clearcutting (Muir 2002).
With this type of harvest, only the merchantable stem portions of the trees are removed
from thecutblock. The limbs, top and any undesired portions of the tree are cut off and
left where they fall. Wholéree harvesting is defined for this study as the removal of all
above ground portions of the tree. The tree is severed at the stump and thesensre
moved to the roadside, where the tree is processed and prepared for transport. In this way,
more biomass is captured per unit area of forest. The-gl&ish treatment involves the
use of sterronly harvesting, and adding extra slash from the neigh@ catchment that
was subjected to wholieee harvesting. This technique is not a normal harvesting
treatment, but was used to explore whether extra slash would further modifyaposst

catchment responses in groundwater tables and temperatures.

Gownamitz Lake

Harvesting operations at GL began on Augu$t,2Z000 and were mostly
complete by the first week of September, 2000. Two main harvesting systems were

implemented to administer the three harvest treatments (Fig. 3.11).

Stemonly Harvest

Chairsaw crews were used on the stenty catchment for felling and delimbing of trees.
The stems were dragged roadside by one of three types of wheeled skidders used:
Timberjack 230D; Timberjack 240D; and Tree Farmer C6D. At roadside, the stems were

cut to desed length for transport with a GO00B Tanguay 5025 slasher.



Fig. 3.11. Forest machinery used in the harvest of treatment catchments at Gounamitz
Lake.Harvesting on the wholree catchment involved felling and pilingfefled trees
with a fellerbuncher (a), movement to roadside with grapple skidders (b), delimbing with
a delimber (c), and cutting to desired lengths with a slasher (e). Harvesting on the stem
only and extreslash catchments involved felling and delimhbivith chainsaws,
movement of wood to roadside with cable skidders (d), and cutting of boles to desired
lengths with a slasher.

33





































































































































































































































































































































































































































































































































































