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ABSTRACT

River damming and offstream water diversion have led to the severe collapse of
riparian cottonwoods along the St. Mary River. To promote cottonwood recovery, a
systemic restoration approach was applied by improving critical components of the flow
regime, and initial assessments showed successful seedling recruitment. This research
pfovides a longer-term assessment by comparing sapling distribﬁfion and growth among
six regulated and free-flowing river reaches. Sapling patches along the lower St. Mary
were very sparse (14% of reach) compared to those along the similarly-regulated
Waterton River (82%). This disparity highlighted different conceptual models of
degradation and restoration trajectories. Reach mean sapling diameters were strongly
positively related to average spring river levels (R*=0.987), indicating that growth along
the lower St. Mary may be hindered by low flows. However, more variation in sapling
size occurred at smaller spatial scales indicating that site-level factors like density are

also important determinants of growth.
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CHAPTER 1
Introduction to Riparian Cottonwoods and the St. Mary River
Like many rivers worldwide, the St. Mary River is heavily impacted, with
stressors including, but not limited to, climate change and melting glaciers, an interbasin
transfer of water that is the subject of international dispute, invasion by non-native
species, gravel mining, cattle grazing, and most importantly - irrigation. The St. Mary
River has a long history of use for irrigation dating back to 1898. Although St. Mary
water provides regional economic benefits and supports Canada’s largest irrigation
project, ecosystem impacts have been severe. Since completion of the St. Mary Dam in
1951, the downstream cottonwood population has collapsed (Rood & Heinze-Milne
1989; Rood et al. 1995).

Cottonwoods, or poplars (Populus spp.), are intimately linked to a river’s natural
flow regime (Braatne et al. 1996). They are phreatophytes with their roots obtaining
water from the capillary fringe situated above the saturated water table, which in semi-
arid climates is recharged by the near-horizontal infiltration of river water (Rood et al.
1995). In arid and semi-arid regions, cottonwoods are thus restricted to riparian areas
along the river valley bottoms. Their decline, however, imposes an enormous ecological
impact.

Southern Alberta is unique in that it supports four Populus species that overlap and
hybridize, resulting in rich and diverse cottonwood woodlands (Martinsen & Whitham
1994; Whitham et al. 1999; Floate 2004). Cottonwoods are the only native trees in this
prairie landscape and provide habitat for many birds and other animals (Knopf et al.

1988; Rood et al. 2003a Trainor et al. 2007). Cottonwood decline not only means a loss



in terrestrial biodiversity, but could also result in a loss of instream habitat and aquatic
ecosystem functions, such as the interception of pollutants (Sweeney ;t al. 2004).

River damming is one of the greatest human impacts on fresh water environments
around the world (Nillson et al. 2005), and the St. Mary Dam is only one of numerous
dams in southern Alberta and worldwide that have affected riverine landscapes. Loss of
riparian woodlands due to damming and diversion has also been reported across North
America along the Missouri River in North Dakota (Johnson et al. 1976), the creeks
draining into Mono Lake in eastern California (Stine et al. 1984), the Arkansas River in
Colorado (Snyder & Miller 1991), the lower Colorado River in Arizona (Busch & Smith
1995), the Yakima and Kootenay Rivers within the Columbia River Basin (Braatne &
Jamieson 2001), the Big Lost River in Idaho (Rood et al. 2003b), and the Green River in
Colorado (Breck et al. 2003). Other studies found declines in riparian tree growth
(Johnson et al. 1976; Reily and Johnson 1982; Stromberg & Patten 1991, 1992), or a lack
of younger age classes (Howe & Knopf 1991, Johnson 1992, Rood et al. 1996).

Among these degraded rivers, the St. Mary is a prominent case study (Annear et al.
2004; Rood et al. 2005; Naiman et al. 2005) that has been documented in a trilogy of
papers by Rood and others (Rood & Heinze-Milne 1989, Rood et al. 1995, Rood &
Mahoney 2000). The final paper in this series progressed further than documenting
riparian ecosystem decline, and provided an asses§ment of seedling recruitment following
a novel flow restoration strategy. That strategy involved operating the St. Mary Dam to
produce favourable streamflow patterns for seedling establishment. A decade has now
passed since the recruitment event, which allows us to ask the question, “was restoration

successful?” Before presenting more detailed objectives of this research, the historical



context relative to irrigation, hydrology, and past research on the St. Mary will be

introduced.

1.1 Irrigation and the St. Mary River

The St. Mary is a transboundary river originating in Glacier National Park,
Montana, and flowing northeastward into Alberta. It is thus subject to sharing by the
United States and Canada. An international water sharing agreement and the creation of
a governing body called the International Joint Commission (IJC) was laid out in Article
VI of the 1909 Boundary Waters Treaty with apportionment to each country set
according to the IJC’s 1921 Order (Task Force 2006). Briefly, the agreement defines the
international sharing of both the St. Mary River and the Milk River, an adjacent
transboundary river. Because the St. Mary is a larger river and flows away from
Montana, water is transferred from the St. Mary into the Milk so that it can return to
Montana.

The diversion infrastructure to support this interbasin transfer was completed by
1917 and consists of the U.S. St. Mary Canal and Sherburne Dam and Reservoir on
Swiftcurrent Creek (Figure 1-1). Near the outflow of Lower St. Mary Lake, a weir
diverts water from the St. Mary River into the U.S. St. Mary Canal, which consists of a
series of canals and inverted siphons, for deliveryjnto the North Fork of the Milk River.
Sherburne Dam is regulated to release water in coordination with water intake into the
canal. Therefore, although the upper St. Mary is considered a regulated river and has

experienced flow decreases after 1917 (Figure 1-2), releases from Sherburne reservoir



compensate for some of thé water removal so that the river has retained a relatively
natural flow pattern. )

The St. Mary-Milk River Project is not the only water management project on the
river. In 1898, the first irrigation structure, a weir, was constructed along the upper St.
Mary River at Kimball, south of Cardston, Alberta (Figure 1-1), Water was diverted
offstream and conveyed through a series of man-made and natural channels, first
reaching Lethbridige by 1900. Irrigation was used to promote settlement of the area and
demand for water progressively grew. Demand exceeded supply in some years and a
dam with a storage reservoir was deemed necessary (Gilpin 2000). The St. Mary Dam
and Reservoir were completed by 1951 and allowed for further irrigation expansion such
that the St. Mary Irrigation District now supplies water to over 370,000 acres (150,000
ha) extending from the Lethbridge area to Medicine Hat (SMRID 2007).

The St. Mary Project is also supported by water diverted from the adjacent Belly
and Waterton Rivers. The Waterton Dam was constructed by 1964 and is used to store
water for diversion into the Belly River and from the Belly River to the St. Mary
Reservoir. Demand for water is so great that 118% of the median annual flow of the St.

Mary is currently allocated (Alberta Environment 2003), meaning that in one out of two

years there is not enough water for all users to take their full allocation.
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Figure 1-2. Mean monthly discharge during the irrigation season on the upper St. Mary
River (05AE027) from before and after the completion of the St. Mary-Milk diversion.
The interval from 1903-1917 was in a cooling phase of the Pacific Decadal Oscillation
(Mantua and Hare 2002), which generally brings greater streamflows and accounts for
some of the difference between the average pre- and post-diversion river flows.



1.2 Past riparian research on the St. Mary River

In 1989, Rood and Heinze-Milne first reported cottonwood w;)odland decline on
the lower St. Mary River. By comparing the lineal distance covered by cottonwoods in
aerial photographs from 1961 and 1981 (ten and thirty years post-dam), a 48% reduction
was discovered in the 40-km stretch downstream from the dam, compared to only a 5%
reduction upstream. In 1995, a second paper (Rood et. al. 1995) extended that data set to
include analysis of air photos from 1951 and 1985, revealing an even greater 68%
decline. Moreover, field surveys from 1985-1994 indicated further decline and a
deficiency of seedlings and saplings.

To determine causes, Rood and Heinze-Milne (1989) first noted that the collapse
was not symptomatic of a regional pattern since there were no declines along the
undammed upper St. Mary and Waterton Rivers, and an increase in cottonwood
abundance along the neighbouring Belly River. Second, by studying the water table
elevation at two sites, Rood et al. (1995) confirmed a close link between river stage and
groundwater level along the lower St. Mary River. The riparian water table increased and
decreased in co-ordination with river stage, with a gradual down slope in water table
level extending away from the channel. This means that phreatophyte reliance on the
groundwater table is ultimately a reliance on streamflow.

Both studies involved hydrological analysgs using historic streamflow records.
They found that (1) summer flows were very low in many years, and that (2) while flood
magnitudes had not substantially decreased downstream of the dam, post-flood recession
rates were abrupt compared to the gradual decline upstream of the dam. Flood peaks,

which did not change, are important for scouring, mobilizing and rejuvenating point bars,



creating ideal sites for seed germination (Braatne et al. 1996; Trush et al. 2000). Flood
recession rates, which did change, are important for cottonwood seedi‘ings whose quickly
growing roots need to maintain contact with the declining water table (Mahoney & Rood
1998). Observations on sediment character downstream of the dam ruled out loss of fine
sediments as the primary cause of decline. Therefore, decline of mature trees was
attributed to drought stress caused by low summer flows, and lack of seedlings and
saplings was attributed to abrupt flood recession rates that did not allow for recruitment.

Concern over cottonwood decline, and controversy surrounding the new Oldman
River Dam that also brought issues on its southern tributaries into focus, prompted
changes in water management on the St. Mary River. In 2000, Rood and Mahoney
reported on two changes in the operation of the St. Mary Dam that were implemented to
improve instream flows, and thus promote restoration of the cottonwood population. The
first change was implemented in 1991 when the Alberta Government established a
minimum instream flow of 2.75 m’/s (Water Act, Alb.Reg. 307/91). There was no prior
formal minimum criterion, but generally 0.93 m’/s (30 cfs) was considered as an
operating objective (Mahoney & Rood 2000).

The second change in dam operations occurred following the flood of 1995, the
third largest flood on record, with a return interval of approximately 50 years. Large
floods often produce the biggest and most successful cohorts of cottonwoods because
they scour and mobilize a greater area of the floodplain providing extensive barren sites
for seed germination (Whited et al. 2007). In 1995, not only was the magnitude of the
flood favourable, but dam operations produced post-flood flows that were gradually

reduced according to a more natural pattern (ramped) at a rate of approximately 2.5 to 5



cm/day. This rate was determined in a prior greenhouse experiment to be sufficient for
elongating seedling roots to maintain contact with the water table (M;honey & Rood
1991). Ramping flows were successfully implemented and promoted a major recruitment
event in that year (Rood & Mahoney 2000). The physical disturbance provided by the
flood also helped promote establishment in subsequent years. Because the flood was a
regional occurrence and ramping flows were also implemented on the Waterton and
Oldman dams, the seedling recruitment event was regionally widespread (Rood et al.
1998; Kalischuk et al. 2001).

In the analysis of Rood and Mahoney (2000), the lower St. Mary was divided into
three segments based on channel characteristics such as floodplain width, sinuosity,
slope, and meander amplitude and wavelength. Eighteen transects were established along
the three segments to assess seedling density and heights. On the upper segment, known
as Box Canyon, only one site had seedlings, at a density of about 30 per m>. On the
middle reach, seedling densities were generally sparse, but did reach 340 per m* at one
site. Lack of seed source on these upper two reaches was likely a factor in the limited
extent of recruitment. The third reach had a wider floodplain with more abundant mature
woodlands and was located downstream from the confluence with Pothole Creek — a
tributary that can provide on average approximately 13% of the St. Mary’s August
discharge (Appendix E). This segment provided areas that were suitable for a large
recruitment event at four of the six sites, with densities as high as 144 seedlings per m” in
1996. A 95% reduction in the initial seedling density was observed in 1999 as the
seedlings increased in height. The St. Mary River case study demonstrated the

importance of understanding historic hydrology.



1.3 Historic Hydrology of the St. Mary River

The average annual hydrographs for both the upper and lower“St. Mary River
show a typical flow regime for rivers of this region with low flows throughout the winter, v
steeply increasing in May leading to a period of higher flows in the late spring and early
summer associated with snowmelt and rain events (Figure 1-3). Flows then gradually
decline to baseflow, by late summer. The flood peak naturally occurs between late May
and mid June. However, river damming has increased the seasonal variation in the day of
the annual maximum along the lower St. Mary such that peak flows occasionally occur in
winter or in October Wﬁén the reservoir level is reduced before freeze-up (Figure 1-4).

The magnitudes of flood peaks are also highly variable from year to year (Figure
1-5), ranging from 27 m’/s in 1941 to 793 m*/s in 1908 along the upper St. Mary. Along
the lower St. Mary, flood peaks ranged from 2.8 m’/s in 1961 to 702 m*/s in 1974 (period
of record commenced in 1912). As indicated in section 1.2, the St. Mary Dam has not
attenuated the magnitude of large flood peaks because the reservoir has a relatively small
capacity (Figure 1-5). Five of the six largest floods on record have occurred post-
damming. Flood recurrence analysis was presented in Rood et al. (1995), and I have
updated that analysis ‘to include the most recent data, including the flood of 2005. Along
the upper St. Mary, a 100-year flood has a magnitude of 499 m’/s, and along the lower St.
Mary, 560 m*/s. Although flood magnitudes have»not decreased, and are often larger on
the lower St. Mary than the upper St. Mary as seen in 2005 (Figure 1-5), the overall
volume of flow during the spring peak has been greatly reduced due to reservoir filling.
Mean May and June flows decreased from 54 m’/s in the pre-dam period to 33 m%/s in the

post-dam period. Also, a comparison of mean recorded versus mean naturalized flow



during the post-dam period showed greatly reduced flows during the spring freshet
(Figure 1-6). |
Reduced May and June flows due to reservoir filling contrast with increased flows‘

due to reservoir lowering in the late summer. Although low summer flows have been
cited as the cause of mortality of mature trees along the St. Mary River, and there were
many years where flows were very low (Rood et al. 1995), mean August discharge has
increased from 6.82 m’/s in the pre-dam period to 8.79 m’/s in the post-dam period (and
see Figure 1-7), although this increase was not significant (t-test: t = 0.797, df = 76, p =

1 0.428). Prior to damming, late summer water diversions at Kimball would come from
late summer flow, but now, summer irrigation supply comes from reservoir storage
enabling somewhat supplemented flows. It is thus likely that the ecosystem experienced

some stress even before construction of the St. Mary Dam in 1951.
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Figure 1-3. Average hydrographs for the period of record for the upper St. Mary (USM;
05AE027) and lower St. Mary (LSM; 05AE006). Hydrographs show the typical
snowmelt-dominated pattern for rivers of this region.
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Figure 1-4. Julian day of the annual maxima (Qmax) for the upper and lower St. Mary
(USM and LSM respectively). Most Qmax occur between mid-May and the end of June
(JD 135-180), but river damming along the lower St. Mary has altered the timing so that
flood peaks occasionally occur in winter or in October when the reservoir level is brought
down before freeze-up.
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Figure 1-5. Historic annual maximum flood peaks for the period of record along the
upper St. Mary (A) and the lower St. Mary (B). Dashed lines represent return intervals
calculated with a Log Pearson Type III (A), and a 2 Parameter Log Normal (B)
distributions in DISTRIB 2.2.
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Figure 1-6. Comparison of average weekly discharge hydrographs from recorded flow
data (05AE006) versus naturalized flow data (05AE006B) along the lower St. Mary for
the post-dam period (1952-2005). Naturalized flows represent what the flow would be
without regulation and were obtained from Alberta Environment (2004). The advantage
of using naturalized flows is that a comparison can be done in the same time period,
avoiding the effects of natural climatic variation that occur throughout the period of
record.
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Figure 1-7. Mean August discharge for the period of record along the lower St. Mary
(05AE006). There were many years with very low flow during the pre-dam period due to
diversion at Kimball. In the post-dam period, increased storage capacity has allowed for
increased late summer flows and in the post-IF (instream flow) period flows are
consistently greater.
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1.4  Hydrology as the key variable: Instream flows for cottonwoods

Hydrology is a key variable driving riverine ecosystems and a;ffects geomorphic
and biological components, water quality, and the overall connectivity of the system
(Annear et al. 2004). Cottonwoods depend on hydrology for both survival of established
trees, and for recruitment of new seedlings, as seen along the St. Mary River. There is
much further evidence for cottonwood-streamflow relationships in each of the broad
categories of survival and growth, and recruitment.

Although the exact requirements for survival and growth are not fully understood,
many studies have shown a link between these characteristics and streamflow. Declines
in cottonwood survival, vigor, and growth have been reported along numerous rivers
whose hydrology has been altered by damming and diversion (Stromberg & Patten 1990;
Rood et al. 2003a; Rood et al. 2003b). Additional studies have shown decreased vigor
and growth of cottonwoods following declines in the water table due to channel
excavation for gravel mining (Amlin & Rood 2003; Scott et al. 1999). Declines in
cottonwood health, such as precocious leaf senescence, branch sacrifice, and crown die-
back, have also been observed following naturally or artificially low flows (Rood et al.
2000). Willms et al. (1998) found that annual branch growth increments were positively
correlated with streamflow in the early spring when stem elongation occurs and high
flows recharge the water table. Andersen (2005) bas also shown a correspondence
between sapling height growth and peak streamflow or the maximum streamflow for 30
days during the growing season. More specifically, Stromberg and Patten (1991) have
correlated annual growth rings with streamflow and found that 40-60% of the natural

flow was required to maintain a healthy canopy in mature black cottonwoods (Populus
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trichocarpa). Physiological responses to dewatering that could impact growth were
reviewed in Rood et al. (2003b) and include stomatal closure, reduceéi transpiration and
photosynthesis, reduced water potential, and xylem cavitation.

In common with the St. Mary River, other regulated rivers show missing younger
age classes from floodplain woodlands due to the prevention of recruitment (Howe &
Knopf 1991; Merigliano 1998; Battacharjee et al. 2006). For seedling recruitment, flow
patterns are important, and those patterns are described by the Recruitment Box Model
(Mahoney & Rood 1998). This model integrates the seedlings’ ecophysiological
constraints with the timing and magnitude of the spring peak and the post-flood rate of
recession. Two recent papers have built upon the Recruitment Box Model further
developing and quantifying the instream flow needs of cottonwood recruitment (Dixon &
Turner 2006; Braatne et al. 2007). In Braatne et al. (2007), we built a step-wise model by
developing criteria for each of the important hydrograph components. We considered not
only the current year’s hydrograph, but the effects of the years before and after the
establishment year that would influence floodplain condition and seedling survival.

In these recruitment models, two of the aspects of the flow regime that are
important for seedling recruitment are flood flows and gradual post-flood recession rates.
Floods are needed to scour away existing vegetation and mobilize sediment creating
moist and barren substrate zones. These suitable nursery sites are required by
cottonwood seedlings, which have limited nutrient reserves and are shade-intolerant
(Braatne et al. 1996). The post-flood recession that exposes the new seed beds must
coincide with the timing of seed dispersal, and occur at a rate that allows the roots of the

newly germinated seedlings to maintain contact with the declining moisture zone. By
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placing seedlings in rhizopods, a type of growth chamber that allows for the controlled
manipulation of water level, a decline of about 2.5 cm/day was found“to be sufficient
(Mahoney & Rood 1991).

The recognition of the importance of such aspects of hydrology is reflected in
the concept of instream flow needs (IFN), which iare generally defined as the flow regime
that would adequately meet a desired level of ecosystem function (Gordon et al. 2005).
With the recognition of declining ecosystems, instream flow management has been used
to promote conservation and restoration.

The concept of instream flow needs, or environmental flows, emerged in the late
1960s to 1970s and has led to the development of about three dozen methods (Annear et
al. 2004), including the popular Tennant method (Tennant 1976) and Instream Flow
Incremental Methodology (Stalnaker 1995). Determination of minimum flows and single
species objectives (usually sport fish) are common themes among many of these
methods, but more recently, holistic approaches have been suggested for conservation
and restoration. Junk et al. (1989) developed a ‘Flood-pulse concept’ that recognized the
multiple ecosystem benefits of over-bank flooding. Poff et al. (1997) suggested that a
‘Natural Flow Regime’ would be beneficial to the ecosystem as a whole and not just a
few fish species, but they recognized that determining what ‘natural’ means is
challenging and may not be possible in heavily altf:red systems. Similarly, Hughes and
Rood (2001) suggested a “systemic restoration” approach aimed at restoring natural flow
dynamics, thus benefiting the entire ecosystem, rather than site-specific artificial

measures such as vegetation plantings or fish stocking. Trush et al. (2000) acknowledged
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that all components of the annual hydrograph are needed to maintain geomorphic and
ecological functions of healthy alluvial rivers. (‘

Clipperton et al. (2003) recognized the principles of the ‘Natural Flow Regime’
and its intra- and inter-annual variability and compiled a report outlining the instream
flow needs of four ecosystem components in the Oldman River Basin: water quality, fish
habitat, riparian vegetation, and channel maintenance. They integrated the results into an
overall instream recommendation for ecosystem protection, but the flow prescription has
yet to be implemented.

Hauer and Lorang (2004) supplied dam operators with plans for more favourable
instream flows that they developed based on an intensive study of floodplain dynamics
on the Snake River. They hypothesized that their flow prescriptions would, among other
aspects, promote cottonwood woodland regeneration by restoring floodplain dynamics
and connectivity. Studies where instream flows have already been implemented for
restoration include the successful restoration of the Truckee River in Nevada (Rood et al.
2003a), and successful seedling establishment following simulated or prescribed flooding
along Boulder Creek in Colorado (Friedman et al. 1995), the Middle Rio Grande in New
Mexico (Taylor et al. 1999; Sprenger et al. 2002) and throughout the Oldman River Basin
in Alberta (Rood et al. 1998), including the St. Mary River.

Although assessment or long-term monitoring is recognized as an important part
of any management project (Kondolf & Micheli 1995; Gordon et al. 2005; Woolsey et al.

2007), few of these studies have observed the longer-term response of these restoration

attempts, with the exception of that of Taylor et al. (2006), which evaluated the Middle
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Rio Grande seedlings ten years after establishment. Like Taylor et al. (2006), I will be

assessing the longer-term response of flow restoration on the St. Mary River.

1.5  Objectives

The primary objective of this research on the St. Mary River is to answer the
question, “Was restoration successful?” More specifically, have changes in dam
operation implemented over a decade ago along the lower St. Mary River, including
increased minimum flows in 1991, and ramping flows in 1995, promoted recovery of the
cottonwood population?

Initial success occurred as ramping flows promoted seedling recruitment,
especially along the reach downstream of Pothole Creek (Rood & Mahdney 2000). That
initial response to flow management was important, but for restoration to be considered
successful, continued survival and growth are necessary. If the seedlings that established
as a result of the flood of 1995 survived, they would now be juveniles or saplings.

The main chapter of this thesis, Chapter 2, will present a study on the extent and
size of saplings along the lower St. Mary River with comparisons to other regional river
reaches. The study system involved both regulated and free-flowing reaches with both
similar and different hydrologic regimes for contrasts and comparisons. Because
hydrology was the factor that was used to promote restoration, I will determine if
differences in sapling size are attributable to differences in streamflow.

The third chapter, like the initial restoration assessment in Rood and Mahoney

(2000), will focus on recruitment. However, this chapter will present a hydrological
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analysis using streamflow data from 1995-2005 to determine if recent flows are
favourable for recruitment. |

Together, the growth and the recruitment analyses will provide an overall
assessment of restoration success and relate cottonwood life history components to
streamflow. This research will provide continued and longer-term evaluation of
management practices, which is an often forgotten but critical part of any restoration
program. Further, this research will increase our general understanding of riparian
ecosystem water needs in a region where there is an ever present human demand for

increased water use.
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CHAPTER 2
Assessment of flow restoration for riparian cottonwoods along the St. Mary River
with comparison to other regional rivers
2.1  INTRODUCTION

River damming is one of the greatest human impacts on riverine ecosystems in the
world (Nilsson et al. 2005). Dams alter natural streamflow patféms, resulting in the
decline of streamflow-dependent riparian ecosystems (e.g. Johnson et al. 1976; Snyder &
Miller 1991; Busch & Smith 1995). In addition to damming, riparian zones tend to be
subjected to many other impacts such as cattle grazing and land clearing (Howe & Knopf
1991), resulting in widespread decline (Noss et al. 1995).

In response to ecosystem declines, river restoration has become a prominent field
with more than 37,000 restoration projects implemented in the United States (Bernhardt
et al. 2005). However, most restoration projects are site specific, often involving
vegetation plantings or invasive species removal. Landscape-scale or systemic
approaches that restore ecosystem processes necessary for the function of biological
communities are closer to the goals of restoration ecology (Hobbs & Norton 1996;
Hughes & Rood 2001). In a river degraded by damming or water diversion, landscape-
scale methods include restoring a more natural flow regime with intra- and inter-annual
variation (Poff et al. 1997; Richter et al. 1997; Stromberg 2001).

By restoring streamflow patterns, it follows that organisms such as riparian
cottonwoods, whose life history patterns have evolved in coordination with streamflow
patterns, would also be restored (Braatne et al. 1996). For example, on the dammed and
dewatered Truckee River in Nevada, flows were restored for the endangered Cui-ui

sucker, but these more natural flows also promoted cottonwood and willow recruitment,
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resulting in restoration of the riparian woodland, which in turn, prompted the return of
many bird species (Rood et al. 2003a). )

Like the Truckee River, the St. Mary River has also been dammed and extensively
dewatered, and provides a prominent case study for the effects of water management on
riparian ecosystem decline. In the 40-km stretch downstream from the St. Mary Dam,
most of the cottonwood groves that were once naturally-sparse have died, and throughout
the lower St. Mary, younger age classes became absent (Rood & Heinze-Milne 1989;
Rood et al. 1995). The cause of the decline was attributed to low summer flows causing
mortality of mature trees, and abrupt post-flood flow declines that preventedv seedling
replenishment (Rood et al. 1995).

Flow restoration measures along the lower St. Mary River commenced 16 years
ago with a tripling of minimum flows in 1991, and a novel management strategy for
recruitment involving gradual flow recession (ramping) following the flood peak in 1995.
The 1-in-50 year flood in 1995 created barren colonization sites, and was followed by
ramping flows that satisfied seedling requirements as described by the Recruitment Box
Model (Mahoney & Rood 1998). A large recruitment event occurred resulting in initial
restoration success (Rood & Mahoney 2000). In 1996, seedling densities ranged from 30
to 340 seedlings per m” at various sites along the river.

Assessment or long-term monitoring is recognized as an important part of any
management project (Kondolf & Micheli 1995; Gordon et al. 2005; Woolsey et al. 2007),
but few studies have documented the longer-term response of riparian restoration
attempts. Taylor et al. (2006) provide an exception in their evaluation of cottonwoods

along the Middle Rio Grande River ten years after seedlings established as a result of
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prescribed flooding and invasive species removal. In common with the approach of
Taylor et al. (2006), I have assessed the longer-term response of cott(;‘nwoods to flow
restoration of the lower St. Mary River.

The seedlings that established about a decade ago as a result of the 1995 flood
would now be saplings, or juvenile trees. The primary objective of this chapter was to
assess the distribution and growth of the sapling population to assess the success of
instream flow management.

A complexity in restoration is determining an appropriate target, or a reference
system from which to judge success (White & Walker 1997). For this research, other
regional river reaches Were studied to provide comparisons and contrasts to the lower St.
Mary. Study sites were established along the slightly regulated upper St. Mary above the
St. Mary Dam, and along the free-flowing upper Waterton and Castle rivers. Sites were
also established along the lower Waterton River below the Waterton Dam — a reach that
shares many hydrologic and geomorphic characteristics with the lower St. Mary. The
lower St. Mary was divided into two reaches with one immediately downstream of the St.
Mary Dam and the other below an inflowing tributary. All of these river reaches would
have a similar cohort of saplings because they also experienced a major recruitment event
in, or after 1995 due to the widespread flooding, and flow ramping from the dams (Rood
et al. 1998; Mahoney & Rood 2000). N

My objective was to determine if saplings along the lower St. Mary differed in
size from those along other reaches, and to determine if differences were attributable to
streamflow, as streamflow was the factor that was changed to promote restoration. Not

only did this research provide a longer-term assessment of restoration efforts, but it
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provided information on cottonwood sapling survival and growth, which is a subject that
deserved further study. (‘

Few studies have looked at cottonwood saplings, an important life stage that
represents post-establishment survival. The study of cottonwood saplings along the
Green and Yampa rivers in Colorado (Andersen 2005) provides an exception. Andersen
(2005) stressed the need to study saplings because flow models for optimizing seedling
recruitment have been developed, and even verified (Shafroth 1998; Rood et al. 2003a;
Dixon & Turner 2006), but flow prescriptions to optimize growth and survivorship of
saplings are lacking.

The first step in this research was a hydrological analysis to determine whether the
minimum flow criterion, one of the flow restoration measures, was being implemented.
The next step was to establish if the initial seedlings had survived and grown into
saplings. Then, size versus streamflow relationships were investigated. This is
potentially quite complex. First, due to the spatial and temporal heterogeneity that is
characteristic of riparian areas (Naiman et al. 2005); and second, due to the nature of
observational field studies and the differences in environmental factors.

Environmental factors include edaphic factors such as substrate texture and
nutrients; climatic factors such as temperature, precipitation, humidity, and length of the
growing season; topographic factors such as altitude, slope, and aspect; or biotic factors
such as the density of other trees and vegetation (Husch et al. 2003). Andersen (2005)
also recognized that a sapling’s biotic environment (herbivores), its physical environment
(soil properties and topography), and its physical state (root distribution) influence its

response to a hydrological event. Further, foresters have long recognized the potential
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for different growth rates at different sites by developing a range of growth curves
dependent on site quality (Husch et al. 2003; Pederson et al. 1996). ~‘-

If one views the overall growth of a sapling as a summation of the effects of all the
factors, then the contribution of any one factor could be quite small, with a few maj'or
factors having more effect. I hypothesized that streamflow, as a key variable, is one of
those major factors. Therefore, I predicted that saplings growing along river reaches that
differ in hydrology could be of different sizes with a positive association between water
supply and growth.

Other factors that might predominantly affect sapling size, such as beaver
herbivory, growth form, position on the floodplain (i.e. elevation above river stage at
baseflow), density, and geomorphic context were also investigated for their effect on
sapling size. Sapling excavations to determine precise age of establishment were carried
out to confirm that the saplings present were from the 1995 cohort.

By analyzing the streamflow regime and the presence and growth of saplings along
the St. Mary compared to other reaches, the success of flow management was assessed.

Using this study system as an example, conceptual models of river degradation and

restoration trajectories are then discussed.
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2.2  METHODS
2.2.1 Study Area - River Courses and Descriptions

The three rivers involved in this study — the St. Mary, the Waterton, and the
Castle — drain the east slopes of the Rocky Mountains and are all southern tributaries of
the Oldman River (Figure 2-1). They are located in the Oldman River Sub Basin of the
South Saskatchewan River Basin, which drains into Hudson Bay. All rivers start in the
alpine and subalpine ecoregion, and flow through to the fescue grassland ecoregion.
While the Castle joins the Oldman River, the St. Mary and Waterton Rivers continue
flowing through to the moist mixed grass ecoregion before contributing to the Oldman
River (Alberta Agriculture and Food 2005).

The St. Mary River begins in the Lewis Range of the Rocky Mountains in Glacier
National Park, Montana and flows into St. Mary Lake and then Lower St. Mary Lake.
The river flows northward into Alberta, and then from the international border the St.
Mary flows for 48 km into the St. Mary Reservoir. The reach upstream of the reservoir
will be referred to as the upper St. Mary (USM) and is partly regulated because the
tributary, Swiftcurrent Creek, is dammed by the Sherburne Dam, and because of
offstream diversion into the U.S. St. Mary Canal (Figure 1-1). But the upper St. Mary
has retained a natural flow pattern, and thus the term ‘partly regulated’ is used when
describing this reach. Downstream of the intemational border, and near the town of
Kimball, the St. Mary River passes through Coal Canyon and St. Mary Canyon, which
are segments with steep sandstone cliffs that create a very narrow floodplain and confine
meandering (Figure A-1). Lee Creek, an almost free- flowing tributary, joins the St.

Mary River near Cardston.
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Figure 2-1. Map of the study area in southern Alberta showing study rivers, study site
locations, and hydrometric gauging stations.
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Streamflow downstream of the reservoir is regulated by the St. Mary Dam and
this reach will be referred to as the as the lower St. Mary (LSM). Ap{iroximately 14 km
downstream from the Dam, the LSM enters Box Canyon (Figure A-2). Like the canyons _
of the upstream reach, Box Canyon is composed of sandstone cliffs that partially confine
the river. This reach is highly sinuous, but the meanders are deeply entrenched by the
resistant and steep cliffs. Eighty-three kilometers downstream from the St. Mary Dam,
the river is joined by Pothole Creek, a small creek ‘that also delivers irrigation return
flows. The St. Mary River from this point to the confluence with the Oldman River, 14
km downstream, widens and is less confined (Figure A-3). This final reach will be
referred to as the lower St. Mary downstream of Pothole Creek (LSM/P).

The Waterton River parallels the St. Mary River in its northeastward journey from
the Rocky Mountains to the Oldman River. Numerous alpine streams contribute to the
large Waterton Lakes complex. These are large lakes, and consequently flood flows are
attenuated and sediments settle, leaving the reach below the lakes sediment depleted.
From the lakes, the Waterton River flows for 32 km (Buhrman & Young 1982) until it
reaches the Waterton Reservoir. This reach will be defined as the upper Waterton (UW).
Flow into the Waterton reservoir is augmented by several creeks including Drywood
Creek, but flow is also diverted from the reservoir into the Belly River and eventually
into the St. Mary Reservoir through the Blood Indian Reserve (Figure 2-1).

Downstream from the Waterton Dam, the Waterton River flows for another 39
km until its confluence with the Belly River. This reach from the Waterton Dam to the

Belly River will be referred to as the lower Waterton (LW). The lower Waterton River,
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like the St. Mary River also has sections where the river is confined by steep cliffs
(termed 1** Canyon and 2" Canyon by Buhrman and Young (1982); F1 gure A-5).

The Castle River starts close to the Continental Divide just north of Waterton
Lakes National Park. It flows northward for many kilometers before it is joined by the
West Castle River that also begins close to the continental divide. The river continues to
flow northward and then eastward for about 50 kilometers into the south arm of the
Oldman River Reservoir, passing through a bedrock-confined section called the Castle
Canyon (Figure A-7; distances according to Buhrman and Young (1982)).

These three rivers that encompass six river reaches provided both similarities and
comparisons for my sapling study. Several attributes of these reaches are summarized in
Table 2-1. The higher elevation reaches (USM, UW, and CSL) are partly regulated or
free-flowing, have larger mean annual flows and greater precipitation, are cooler, and
provide fewer degree days than the lower reaches, which are regulated by dams.

Table 2-1. Hydrologic and climatic attributes of the six river reaches studied. Mean
annual discharge (Q,) from 1996-2005 is presented. Total May-August precipitation,
mean July temperature, and annual total degree days (DD) are climate normals for 1971-
2000 (Alberta Agriculture and Food 2005). Climate values represent upland conditions

and could be different than the adjacent river valley, but are provided as indicators of
differences among reaches.

Reach Reach Status Q. May-Aug Mean July Annual total
ID (m’/s) ppt (mm) temp (°C) DD (>5°C)
upper St. Mary  USM  slightly regulated 17.41 _ 250-300 15-16 1350-1500
lower St. Mary  LSM regulated 9.90 225-275 16-17 1500-1650
lower St. Mary 10.35
d/s of Pothole LSM/P regulated 225-250 16-17 1500-1650
upper Waterton UW free-flowing 10.42 275-300 15-16 1350-1500
lower Waterton LW regulated 10.62 250-300 15-17 1350-1650
Castle CSL free-flowing 14.60 250-275 14-15 1200-1350
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2.2.2 Hydrology

Each river reach has an associated hydrometric gauging statio}l that measures
river stage (Figure 2-1; Table 2-3). River stage is converted to discharge using a stage-
discharge rating curve, and discharge values are published in Water Survey of Canada’s
hydrological database (HYDATS; http://scitech.pyr.ec.gc.ca/ waterweb/main.asp).
Although Pothole Creek was not a study reach, its gauging station was listed in Table 2-2
because data from this gauge were used to calculate a more accurate discharge for the
lower St. Mary (LSM) reach by subtracting the Pothole flow from the St. Mary near
Lethbridge flow. Data from this gauge were also used to determine the importance of

Pothole Creek flow contribution to the St. Mary River.

Table 2-2. Hydrometric gauges used for hydrological analyses. Gauge locations are
marked on the map of the study region (Figure 2-1).

Station Name Reach Station No. Period of Record
Association

St. Mary River at International

B USM 05AE027 1902 - present

oundary

St. Mary River at Hwy #501 USM 05AE043 1998 - present

St. Mary River near Lethbridge LSM, LSM/P 05AEQ006 1911 - present

Pothole Creek at Russell's Ranch LSM 05AE016 1919 - 1956; 1972 -
present (seasonal)

Waterton River near Waterton Park uw 05AD003 1908 - present

Waterton River near Glenwood Lw 05AD028 1966 - present

Waterton River near Stand Off Lw 05AD008 1915 -1966

Castle River near Beaver Mines CSL 05AA022 1945 - present

Minimum criteria
To determine if the minimum flow criteria set in 1991 were being met along the
St. Mary and Waterton rivers, I calculated the average number of days during the

growing season (May-Oct) when the daily mean discharge was less than the criteria -
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2.75 m’/s for the St. Mary and 2.27 m®/s for the Waterton. Three time periods (pre-dam,
post-dam, and post-IFN) and upstream versus downstream compariS(;ns were made. The
pre-dam time period for the St. Mary River was from 1912-1950 and from 1916-1963 for
the Waterton River. There were data gaps, with 1931 to 1934 missing along the LW and
1931 to 1947 missing along UW, when the gauges were not maintained. For the LW, I
corrected the ‘“Waterton River near Standoff’ gauge to the ‘Waterton River near
Glenwood’ gauge with an equation derived by linear regression (R* = 0.978), using data
from the period of overlap. I used the corrected data for the interval prior to 1966 when
the Glenwood gauge became operational.

To provide another perspective on low flows, I compared 7Q;¢ values among the
time periods and reaches. This metric represents the average minimum flow for seven
consecutive days with a 10 year return interval. Return intervals were calculated in
DISTRIB 2.20 (Eaglin 1999) using Log Pearson Type III distributions, which provided

the best fit. The flow that had a 0.10 probability of occurring was the 7Q,.

Streamflow within a cottonwood sapling’s life

For these analyses, I considered the ten years of streamflow data from 1996-2005
as these were the flow conditions that the post-1995 cottonwood cohort would have
experienced prior to the field measurements. Mean monthly discharge hydrographs for
the growing season were compared across the reaches. Daily discharge values were
back-converted to stage values using rating curves provided by Alberta Environment, and
the base stage was subtracted to produce mean monthly stage hydrographs. In addition,

the percentage of natural flow experienced by the regulated reaches was calculated using
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Alberta Environment’s Natural Flow Database (Alberta Environment 2004). For the

percentage of natural flow determination, the average percent difference between weekly

recorded flow and weekly natural flow from 1996 to 2001 was calculated.

2.2.3 Sapling Assessment and Measurement
Sapling extent

To accomplish the first objective of this study and determine if the post-1995
cohort of seedlings had survived to the sapling stage, the riparian zones along the lower
St. Mary River were extensively surveyed for the presence of saplings. Between 2005
and 2007, the entire 95 km section of the lower St. Mary downstream from the Dam was
floated by a combination of kayak, raft, and canoe, with many sections visited more than
once. Along the upper St. Mary a 12 km section through Coal Canyon was floated in
2005. Along the lower Waterton, a section representing approximately one-third of the
reach length was floated in 2006, and along the Castle River, preliminary measurements
were taken along a 7 km section that was floated in 2005.

In addition, a low-altitude photography flight was undertaken on August 2, 2007
with photographs taken almost continuously along the entire lower St. Mary and
Waterton reaches. Photograph locations were identified using topographic maps, and
1:30,000 aerial photos from 1999 for the St. Mary, and 1:10,000 aerial photos from 2005
for the Waterton. From the bottom of the spillways to the confluences, points were
marked at one kilometer intervals along both rivers. At each point, a photograph was
assessed for the presence of saplings and mature trees, and for the possibility that it could

provide habitat for cottonwood saplings. A point could potentially provide habitat if it
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was not a valley wall, a cut bank, or severely impacted by land clearing. For the LSM
and LSM/P, flight photographs were available for 57 out of the 83 kilometer points, and
13 out of the 14 points respectively. For the LW, photographs were available for 51 out

of 60 points.

Study sites

To further assess and quantify sapling characteristics, fourteen study sites were
established along the six river reaches. I selected sites based on accessibility and
presence and abundance of saplings. Along the LSM, there were only three locations that
supported abundant sapling patches, therefore, these locations were designated as study
sites. Sapling measurements at these sites are not representative of reach-wide
characteristics, but rather represent the potential for restoration.

Along the upper St. Mary and lower Waterton, partially confined canyon sites
were selected for comparison to the geomorphically similar sites on the lower St. Mary.
One of the only locations with saplings in the canyons on the upper St. Mary was selected
in addition to a second site further downstream with more abundant saplings. Along the
lower Waterton, a site was established in the 1% Canyon, with two additional sites further
downstream, including one that had been used in a prior seedling establishment study
(Kalishcuk et al. 2001). The site along the upper Waterton was provided by a willing
landowner, as was one of the sites on the Castle. The other site on the Castle was used in
the prior seedling establishment study (Kalischuk et al. 2001). Site locations are shown
in Figure 2-1 with specific coordinates listed in Table 2-3. More detailed maps showing
the locations of each study site are found in Appendix A. Characteristics of each site are

listed in Table 2-3.
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Sapling data collection

Excavations: At each study site, up to ten saplings were arbitr;rily selected for
excavation. For each sapling, the height of the above-ground stem was measured and
then cut off at the substrate surface. A hole was dug down around the stem to expose the
roots. Holes varied in depth from shallow to over 0.5 m. Once the root was exposed, a
section containing the stem to root transition was cut out with a handsaw, and brought to
the lab for aging. Multiple cross-sectional discs from each sample were cut throughout
the stem-root transition so that the maximum number of annual growth rings could be
counted. The discs were sanded with progressively finer sandpaper down to a 400 grit
paper to reveal annual rings and to determine if pith was present.

Roots do not have a central pith, a mass of spongy parenchyma tissue inside the
vascular cylinder, whereas shoots do (Esau 1977). The sanded discs were aged under a
dissecting microscope with up to four-times magnification. If the root crown, the point
where the stem and root meet, was not obtained, a ‘+’ was added to the apparent year of
establishment indicating that the sapling could have established in a prior year(s). The

diameter of the disc with the maximum number of rings was measured with calipers

along two different axes, and an average diameter was calculated.
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Table 2-3. Some attributes of the study sites selected for sapling measurements. Study sites identification tags include the
reach abbreviation, followed by a sequential upstream to downstream number. Coordinates are from Google Earth (2007)
and were taken from the approximate middle of the site.

Study site ID Coordinates Altitude  Dist. from gauge  Landform Main substrate Major disturbances
(m.a.s.l.) (km) type
upper St. Mary
USM-1 49°03'58.56" 113°13'34.59" 1196 5uls island large cobble / silt cattle
USM-2 49°05'05.43" 113°13'29.45" 1180 1 u/s island silt beaver / some browsing
lower St. Mary
LSM-1 49°21'44,71" 113°03'30.50" 1052 67 u/s {6 1o dam) bar cobble beaver, cattle
LSM-2 49°22'06.64" 113°01'30.35" 1029 60 u/s island silt beaver, caitle, deposition
LSM-3 49°30'35.21" 112°56'42.35" 910 35uls island silt deposition
lower St. Mary d/s Pothole
LSM/P-1 49°35'43,29" 112°53'40.82" 850 6 d/s bar silt deposition
LSM/P-2 49°36'09.37" 112°54'13.19" 850 7 dis bar silt browsing, deposition
LSM/P-3 49°36'16.99" 112°54'24.73" 850 7.5d/s bar silt browsing, beaver
upper Waterton
Uw-1 49°14'39.27" 113°44'48.23" 1219 24 d/s island cobble / silt -
lower Waterton
LW-1 49°21'20.77" 113°39'20.72" 1128 255 uls island cobble/gravel/sand beaver, leaf galls
LW-2 49°25'39.43" 113°30'13.52" 1052 4ufs bar silt/sand deposition
LW-3 49°30'11.50" 113°19'27.27" 983 22d/s bar silt some deposition
Castle
CSL-1 49°30'17.02" 114°11'23.19" 1219 5uls island small cobble / sand -
CSL-2 49°29'10.67" 114°07'21.40" 1183 3/5d/s bar organic litter / silt /  heavily browsed (moose or elk)

cobble




Transects: Two or three belt transects were established at each study site for a
total of 33 transects. Originally, three transects were established at er;ch study site, but
two transects provided sufficient numbers of saplings. Transects were positioned through
sapling zones and spaced fairly evenly throughout the site. Transects ran from the
water’s edge, towards the back of the floodplain, perpendicular to the river channel, and
stopped where there were no more saplings. Transect lengths were thus variable and so
were transect widths. Depending on sapling density, transect widths varied from 1 mto 6
m.

Along each transect, floodplain elevations, sapling densities, sapling heights and
diameters were measured. Sapling grO\;vth forms were noted, species were categorized
and evidence of damage was recorded.

First, elevations were surveyed to the nearest 0.5 cm every one to four meters
along the transect using a transit and staff gauge. When floodplain surfaces were highly
variable, one meter intervals were used and when change was gradual, intervals up to
four meters were used. Linear interpolation was used to calculate elevations for points
along the transect that were not directly measured, but supported saplings. [ converted
the elevation measurements to elevation above river stage at baseflow using river stage
data obtained from real-time hydrometric stations available from either Alberta
Environment (http://www3.gov.ab.ca/env/water/bgsins/ BasinForm.cfm) or Water Survey
of Canada (http://scitech.pyr.ec.gc.ca/waterweb/ main.asp). An average water level
around the time when the measurements were taken was obtained, accounting for a time

lag based on the distance between the gauge and the study site and an estimated water

velocity of 1 m/s. My definition of baseflow was derived from Leopold’s (1994)
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definition of a low flow, such that low flow was the flow that was exceeded 95% of the
time for the last ten years of data.

Next, the number of saplings in each of the continuous 1 m long quadrats along
the belt transect were counted. The count of each quadrat was divided by the width of the
belt transect to determine saplings per m?, which was then averaged with the value from
the preceding and proceeding quadrats to provide a three meter moving-average density.

Subsequently, the height of each sapling encountered along the transect was
measured with a meter stick or staff gauge to the nearest centimeter. Height was
measured as the length from the ground surface to the 2005 terminal bud scar, and thus
saplings that were measured early or late in the 2006 growing season were comparable.
Stem diameter at ground level of every sapling was measured with calipers to the nearest
0.5 mm. Thus, for every sapling there was a pair of height-diameter measurements.

Saplings were classified as single stems, branched single stems, clumps, or
sprouts based on apparent clonal structure and origin. Single stems and branched single
stems had only one point of emergence from the substrate, but branched single stems had
more than one dominant stem. They were grouped with the single stems for some of the
analyses. Clumps had multiple stems emerging from the substrate and were assumed to
be joined below the surface. For clumps, height and diameter measurements were taken
on the tallest stem. A sprout was defined as adverltitious shoots (suckers) from a larger
base such as a stump, and so was of non-seedling origin.

For species categorization, leaf shapes were visually assessed with classification
into Populus angustifolia (POan), P. trichocarpa (POtr), P. deltoides (POde), and hybrid

categories (POan-x-POtr, POtr-x-POan, POan-x-POde, POde-x-POan). Classification
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was based on a simplified form of that in Gom and Rood (1999). The bidirectional
introgression between Tacamahaca species, and heterophylly of pref(;rmed versus
neoformed leaves, adventitious shoots (Floate 2004), and long versus short shoots
(Dickmann et al. 2001), produce a complete continuum of leaf morphologies.
Consequently, species and hybrids were only tentatively identified.

Finally, any damage to the sapling was noted. Evidence of beaver and other
browsing, if the tip of the main stem was missing, if the sapling was covered in flood

debris or was prostrate, and any other health problems were recorded.

2.2.4 Sapling Data Analysis
Sapling size variables

Both height and diameter variables were indicators of total growth occurring over
the life of the sapling, and a third size variable that combined height and diameter was
also calculated. Height versus diameter relationships are commonly used in forest
mensuration and in studies of allometric growth (Husch et al. 2003; Niklas 1995; Huang
et al. 1992), and they provide information on whether the saplings were tall and thin or
short and wide. For each sapling with a pair of height-diameter measurements, a height-

to-diameter ratio (H/D) was calculated.

Statistical test overview
Statistical analyses were performed in SPSS (version 13.0 for Windows, 2004)
with the exception of the nested ANOVA, which was performed in JMP (version 7.0,

SAS Institute Inc. 2007). When possible, both parametric and non-parametric tests were
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carried out because the residuals of the size variables were not normally distributed

3

(Figure D-1, D-2; Table D-1).

Excavated saplings

Establishment patterns in relation to the flood year were explored with relative
frequency histograms. Saplings in which the precise age was not obtained (e.g. 1999+)
contributed to the maximum year obtained, the prior year, and the year before that, with a
weighting of 0.4 to 0.4 to 0.2 (e.g. 1999: 0.4, 1998: 0.4, 1997: 0.2). Sapling height and
diameter versus age relationships were tested with linear regression to determine if an
equation could be derived to assign ages to saplings measured along the transects. Also,
differences in mean size of saplings that established from 1995 to 1998, including
saplings identified as 1999+, were tested among the reaches using ANOVA and Kruskal-
Wallis tests. This comparison helped eliminate age as a confounding factor. Levene’s
tests for equality of variances were carried out and if variances were unequal, Tamhane’s

post-hoc tests for unequal variance were performed.

Patterns in the sapling transect data

Initially, all saplings measured along the transects were summarized in data
graphs that illustrated aspects including sapling h?i ghts, densities, and spatial distribution
with distances from the river and floodplain elevation. This data set included saplings
that were damaged or beaver-browsed, sprouts, and saplings from the different
cottonwood species and their hybrids. As these factors would influence sapling size, a

sapling whose growth form was classified as a sprout, whose main stem had been
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damaged by browsing or other causes, or whose diameter at ground level included
beaver-browsed stems or only represented one of two attached stems ‘(‘i.e. a branched
single stem) were removed from the sample for subsequent size comparisons.

Saplings identified as P. deltoides or their hybrids were also removed from the
sample (Appendix C), but all of the saplings within the Tacamahaca section were
analyzed together as there did not appear to be species-related size differences within this
section (Appendix C). Clumped and single stemmed saplings were also analyzed

together, after an initial analysis indicated that there were no size differences between

these two growth forms (Appendix D).

Size distribution: To compare the ranges of sapling sizes, differences in sapling

size distributions among the transects within a site, and among the sites were tested using

two-sample Kolmogorov-Smirnov tests.

Mean sapling size: Differences in mean sapling size were tested using a nested

ANOVA in JMP in which transects were nested in sites, nested in reaches, and sites were
nested in reaches. This test determines if there is a significant difference among groups
of interest (i.e. reaches), when there is no link among sampling units from one reach to
other. It also indicates whether variation among the reaches is greater than the variation
that is to be expected among the sampling units. Student’s t post hoc tests were

performed at the site and reach levels.
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Relationships between sapling size and streamflow: As the rivers studied were of
different sizes, an analysis with discharge values would be confounded, therefore river
stage above base stage values were used to determine relationships between size and
hydrology. This analysis was done at the reach level as this was the level on which
hydrological variables differed. Linear regression was used to determine relationships
between adjusted reach mean sapling sizes and streamflow. Adjusted means are the
means of means, and thus Weight' transects within a site equally, and sites within a reach
equally.

Relationships between sapling size and other factors:

Beaver-browsing: The proportion of beaver-browsed saplings was compared

among the reaches using a xz test to determine if beaver-browsing was greater along the
LSM. The expected values used in the xz test were derived from the data, and were
calculated based on an equal distribution among the reaches. Although beaver-browsed
saplings were removed from the data set for sapling size analyses, the size of browsed
and non-browsed saplings were compared using t-tests and Mann-Whitney tests to
determine if beaver-browsing was contributing to the observation of short saplings along
the lower St. Mary.

Elevation: The relationships between transect mean elevation and transect mean
heights, diameters, and H/D were tested using linear regression as floodplain position was
an edaphic factor that could potentially affect size.

Density: The ecological theory of the effect of density on plant performance is
well-developed (i.e. -3/2 power law of self-thinning, density-dependent growth or

intraspecific competition), whereby decreasing density results in increased biomass of
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individual plants (Smith 1996). Primary literature on the effects of density on height and
diameter growth is less prevalent. Studies in loblolly pine plantations"and in young
stands of oak and yellow-poplar (Liriodendron sp.) have indicated that height growth is
less affected than diameter growth by thinning (Allen and Marquis 1970; Harrington
2001). Other silviculture studies on coastal stands of black cottonwood have shown an
increase in both height and diameter growth with early stand thinning (Peterson et al.
1996). Because of the potential for different growth rates at different levels of
competition, the effect of density on the sapling size variables was explored at the
transect, site, and reach levels with both linear regression and power curve functions.
However, this was undertaken with the understanding that the analysis was confounded
with the effect from different age classes and that the level of density at which
competition occurs would vary with resource limitation, which would vary across the

sites.

Geomorphic context: ArcMap 9.0 was used to measure valley widths, which

provided an indication of geomorphic context. Using a contour interval shape file, I
measured the distance perpendicular to the river between the first contour intervals on
either side of the river. Measurements were taken at five points within a 1 km area
surrounding each study site. The relationship between mean sapling size and valley
widths was then tested using linear regression. The impact of geomorphic context was
explored because Willms et al. (2006) found that cottonwood growth was greater in more
confined reaches, possibly due to decreased density. However, this pattern only applied

to mature trees and was not observed during the juvenile growth phase. Stromberg and
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Patten (1996) also observed differences in cottonwood growth with geomorphic context,

£

possibly due to differences in streamflow-groundwater connections.

2.3 RESULTS
2.3.1 Hydrology
Minimum criteria

Even before the St. Mary Dam was completed, the lower St. Mary River (LSM)
experienced many more low flow days (days < 2.75 m’/s) than the upper reach (Table 2-
4), primarily due to the Kimball diversion. After the construction of the Dam, the
number of days when the criterion was not met along the LSM remained high, compared
to the USM (Table 2-4). When the minimum flow criterion was implemented in 1991 the
number of days when discharge was less than 2.75 m*/s dramatically decreased to about
zero days, while it increased on the upper reach (Table 2-4). Further evidence for
successful implementation was provided by substantially greater 7Q, values that were
equivalent to values of the USM (Figure 2-2).

Compliance was also generally successful on the lower Waterton River. There
were no major irrigation projects on the Waterton prior to the construction of the
Waterton Dam in 1964, and there were no days when the flow was less than 2.27 m>/s
(Table 2-4). The Waterton Dam resulted in a large increase in low flow days, but after
1991 that number was greatly reduced. There were about five days per growing season
when the criterion was not being met, similar to the number of low flow days on the free-

flowing upper reach, indicating that the natural upstream water supply hindered

compliance. Prior to damming on the Waterton, the lower reach had a greater 7Qyo than
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the upper reach due to the input from several small tributaries. The Dam greatly reduced

7Q10, but the 1991 criterion helped to improve low flows. The post—1991 period was also

a drier period than the previous intervals as indicated by the lower 7Q1o value for the

free-flowing upper reach.

Table 2-4. Mean number of days during the growing season (£SE) when average daily

streamflow did not meet the minimum flow criteria along the upper and lower St. Mary
River and the upper and lower Waterton River, among three time periods. The pre-dam
period was from 1912-1950 and 1916-1963 for the St. Mary and Waterton respectively.
The post dam — pre-IF (instream flow) period was from 1952-1990 and 1965-1990, and

the post-IF period was from 1991-2005 along both rivers.

St. Mary Waterton
upper lower upper lower
pre-dam 05 + 0.3 577+ 6.8 0.1 £ 0.1 0.0 £ 0.0
post-dam - pre-IF 0.0 £ 0.0 55.7 £ 83 1.0 £ 08 535 + 106
post-IF 15 + 1.4 0.5 £ 0.3 47 + 28 4.7 £ 2.0
6
5

7Q1 (M’/s)
w

O pre-dam
3 post-dam- pre-IF
B post-IF

USM LSM Uw

w

Figure 2-2. Comparison of the 7Q;o (£SD), the average minimum flow for seven
consecutive days with a 10 year return interval, along the upper and lower St. Mary River
(USM, LSM) and the upper and lower Waterton River (UW, LW), among three time
periods. The pre-dam period along the LSM was regulated by the Kimball diversion,
while the pre-dam period on the LW was free-flowing. For both rivers, the minimum

instream flows (IF) were implemented in 1991.
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Streamflow within a sapling’s life

Discharge along the lower St. Mary reach was slightly lower t(han discharge along
the lower St. Mary downstream of Pothole reach because of the minor contribution from
Pothole Creek. The historic contribution of Pothole Creek to St. Mary River near
Lethbridge flow is further explored in Appendix E.

Over a sapling’s life to date, estimated to be from 1996-2005, the higher altitude
partly regulated and free-flowing reaches (USM, UW, CSL) had the largest May and
June discharges (Figure 2-3A). June flows on LW were also relatively high whereas the
other regulated reach, the LSM, had the lowest June flows. The USM continued to have
the highest flows throughout the rest of the months in the growing season, whereas the
CSL, the LW and LSM had lower and relatively comparable flows. The CSL and LSM
thus provide an interesting comparison since both a free-flowing and a regulated reach
have low summer flows.

When river stage above baseflow was examined, CSL had the highest spring

(May-June) stage, and LSM and LW had low spring stage (Figure 2-3B). LSM had

comparable late summer stage to the other reaches while LW had very low summer stage.
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Figure 2-3. Reach comparisons of mean monthly discharge (A) and river stage above
baseflow (B) during the growing season within a sapling’s life (1996-2005).
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2.3.2 Sapling extent

From field observations made between 2005 and 2007, and fro;n photographs taken
during the 2007 low-altitude flight along the entire length of the lower St. Mary River,
we found cottonwood saplihgs distributed in sparse patches indicating successful pbst-
establishment survival. However, the saplings appeared small and stunted given their
likely establishment approximately ten years ago. Saplings were generally absent along
most of the LSM reach from the dam to the confluence with Pothole Creek, with only 8
out of 57 of the kilometer points supporting saplings (Figure 2-4). In many locations,
apparently suitable sites were not colonized and in other areas, especially in Box Canyon,
sandbar willow (Salix exigua), but not cottonwood, was abundant. In one location,
saplings that had been over 2 m tall in 2002 were no longer there due to beaver-browsing
(Figure 2-5). This location was Site II-4 from the prior study of seedling recruitment
(Rood & Mahoney 2000).

Below the confluence with Pothole Creek, mature woodlands were more abundant

and so were saplings, with 8 out of the 13 kilometer points supporting saplings (Figure 2-
4). However, there were point bars and other apparently suitable locations with
woodlands, but not saplings. One of those locations, Site III-3 from the seedling study,
had a documented seedling density of about 106 individuals per m* in 1996, and about 5
individuals per m? with a mean height of 50 cm in 1999 (Rood & Mahoney 2000).
However, in 2006 there were no saplings present at that site, only weedy herbaceous
species (Figure 2-6). This could have been due to cattle grazing as cattle were observed

numerous times in the vicinity.
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In contrast to the St. Mary with its sparse patches of saplings, the entire section of
the Waterton River that was floated in July 2006 supported abundant ;aplings with a
range of vertical structure (Figure 2-7). The abundance and extensive distribution of
saplings in this segment, representing approximately one third of the reach length and
starting immediately downstream from the dam, indicated successful post-establishment
survival along the lower Waterton River. Photographs of the entire reach from the low-
altitude flight confirmed that sapling distribution was extensive with 42 out of 51
kilometer points supporting saplings, and all points supporting mature trees (Figure 2-4).

The proportion of points that supported trees and saplings differed significantly
from the expectation that saplings and trees were distributed evenly among the reaches
(trees: y* = 26.8, df = 2, p < 0.001; saplings: ¥ = 26.8, df = 2, p < 0.001). The LSM had
fewer trees and saplings than expected. However, when only sites that supported trees
were considered, there was no significant difference among the reaches in the proportion
of points that supported saplings (x* = 1.86, df = 2, p = 0.395).

There was also no significant difference among the reaches in the proportion of

points that could have provided suitable sites for saplings (x* = 2.96, df = 2, p = 0.227).
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Figure 2-4. The proportion of kilometer points supporting cottonwood trees and/or
saplings along the lower St. Mary, lower St. Mary downstream of Pothole, and lower
Waterton reaches. Chi-square tests indicated that significantly less trees and saplings
were observed along the LSM (**). However, among the reaches, if a site had trees,
there was no significant difference in the probability that it would support saplings.
There was also no difference in the distribution of apparently suitable sites for supporting

saplings.
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Figure 2-5. Beaver-browsing at Site II-4 from the previous seedling recruitment study on
the lower St. Mary River (49°30°14” 112°57°25”). This site is about 2 km upstream of
the current study’s LSM-3 site. (A) In 2002, approximately 7-yr-old saplings stood over
2 mtall. (B) In 2005 those saplings were no longer present as they had been harvested by
beaver. Beaver-cut stems with coppice sprouts remained.
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Figure 2-6. Comparison of Site III-3 (49°36°47”, 112°54°26”) on the lower St. Mary
River downstream of Pothole Creek in 1996 (A) and 2006 (B). In 1996, this location
supported an extensive seedling lawn as a result of the large 1995 flood. In 2006, no
saplings were present; the plants in the photograph are hertbaceous weedy species. The
top photo is a scan of a slide and was originally published in Rood and Mahoney (2000).
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Figure 2-7. Extensive and dense saplings from multiple age classes at a location along the
lower Waterton River. This location is on the left bank of the river (photo is taken facing
upstream), just downstream of the Waterton Dam (49°20°52”, 113°39°27”).
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Figure 2-8. Photographs showing sapling extent along the lower St. Mary (A; 49°30°48”,
112°56°57”) and lower Waterton (B; 49°21°57”, 113°39’18”) from the 2007 low-altitude
flight. Sapling were more extensive along the Waterton, and at points where saplings
were present along the St. Mary, they were less abundant.
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2.3.3 Sapling Analysis from Excavated Saplings

Most saplings became established in the years following the 1995 flood, with a
few saplings establishing later in 1999 to 2001 and a few before 1995, especially along
the Castle River (Figure 2-9). There were large size ranges for saplings that established
in the same year, and consequently there were only weak relationships between sapling
age and size for some study reaches (Figure 2-10, 2-11). For example, saplings that
established in 1997 along the LSM/P ranged in height from about 100 to 300 cm. There
were also a few saplings that had established in the early 1990s or late 1980s, and these
were often in the same size range as the saplings that established after the 1995 flood.

 The reaches with the larger sample sizes, the LW and LSM/P, displayed positive
height or diameter versus age trends (Figure 2-10, 2-11; height vs. age: LSM/P: R* =
0.139, df =27, F = 4.19, p = 0.051; LW: R*=0.142, df = 23, F = 3.64, p = 0.070;
diameter vs. age: LSM/P: R* = 0.132, df = 26, F = 3.27, p = 0.083; LW: R?=0.132, df =
26, F = 3.79, p = 0.063). With only weak associations, it was not possible to assign ages
to the saplings that were measured along the transects.

Among the post-1995 cohort, the LSM supported some of the shortest saplings,
but they were only significantly smaller than those along the CSL reach (Figure 2-12A;
one-way ANOVA: F =3.76, df = 73, p = 0.005; Tamhane: LSM-CSL: p = 0.030;
Kruskal-Wallis: 4*> = 17.3, df = 5, p = 0.004). Si gnificant differences in diameters were
not detected among the reaches (Figure 2-12B; one-:rvay ANOVA: F=1.082,df=76,p=
0.378; Kruskal-Wallis: x* = 5.550, df = 5, p = 0.352), but Tamhane’s post-hoc test
detected a difference between LSM and UW at a = 0.10 (p = 0.079). The height-to-

diameter ratios were significantly different, with the LSM reach supporting shorter, wider

33



saplings than the UW, LW and LSM/P reaches (Figure 2-12C; one-way ANOVA: F =
4.44, df = 69, p = 0.003; Kruskal-Wallis: xz =18.3,df=5,p= 0.003;‘Tamhane: LSM-
LSM/P: p =0.002, LSM-UW: p = 0.015, LSM-LW: p = 0.018). The CSL reach had the
tallest, narrowest saplings, but they were not significantly different than the LSM
(Tamhane: LSM-CSL: p = 0.211). The post-hoc groupings seerpgd inaccurate, possibly
due to not meeting the assumptions of the ANOVA. In summary, the excavated saplings
growing along the regulated reaches did not substantially vary from the saplings growing
along the free-flowing reaches. The excavated sapling data set displayed large variation
in size, and consequently the data collected along the transects were explored for

relationships to streamflow regime.
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Figure 2-9. Relative frequency age distributions of saplingé by reach and for the all the
reaches combined. The vertical line represents the flood year.
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Figure 2-10. Relationship between height and year of establishment for saplings
excavated along each reach. Relationship trends were detected for LSM/P and LW. The
vertical line represents the flood year. (+:establishment year is earlier than or equal to the
value presented; ~: height is an approximation; t: p < 0.10)
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occurred for the LSM/P and LW reaches, the reaches with the highest sample sizes. The
vertical lines represent the flood year. (+: establishment year is earlier than or equal to
the value presented; t: p < 0.10)
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Figure 2-12. Reach mean heights (A), diameters (B), and height-to-diameter ratios (C)
(£SE) for saplings that established from 1995-1998. Letters (‘a’, ‘b’) indicate groupings
of similarly-sized saplings only in relation to LSM (due to the pairwise nature of the post-
hoc tests) according to a one-way ANOVA with Tamhane post-hoc tests for unequal
variances. (t: p < 0.10).
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2.3.4 Sapling characteristics from transect data
Patterns in the transect sapling data

There was apparent substantial variation in sapling locations, densities, and
heights among tfansects, even thosé within a single site (Figure C-1). Sapling heights did
not necessarily get larger with increasing elevation or distance fyom the river, and the
oldest saplings weren’t always towards the back of the floodplain. Along some transects,
saplings were found in disjunct patches (e.g. LSM-2 T1) whereas along other transects,

sapling distribution was more extensive, with continuous sapling bands (e.g. LSM/P-2).

Size distribution

Figure C-1 demonstrated that the range or distribution of sapling sizes varied
between the transects. Along some transects, all saplings were about the same size (e.g.
LSM-3 T1), while along other transects, there were wider ranges of sapling sizes (e.g.
LW-3 T1). Distributions of sapling heights along transects within a site weren’t
necessarily similar. For example, transects one and two at USM-2 had significantly
different height distributions (Table D-2). Other sites where the transect height
distributions were also significantly different were LSM-3, LSM/P-1, LSM/P-2, LSM/P-
3, LW-2, LW-3, and CSL-1 (Table D-2).

Site-specific height distributions were also variable with some sites showing a
Poisson-like distribution with many shorter sapling;, while other sites had a more even or
a normal distribution (Figure 2-13). Sites within the same reach were not necessarily

similar (Table D-3). For example, LSM-1 was similar to a site on the lower Waterton and

on the Castle, but not similar to LSM-2, which was only seven kilometers downstream.
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Figure 2-13. Comparison of relative frequency distributions for sapling height among
study sites. LW-3 was an example of a site that had a Poisson-like distribution with
many shorter saplings. Heights at LSM/P-1 were more evenly distributed with saplings
in all height classes. CSL-2 had a distribution that was approaching normal.
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Mean sapling size

A nested ANOVA with transects designated as a random fact()‘f, and sites and
reaches as fixed factors showed that differences in sapling heights occurred among the
transects nested in sites, nested in reaches (Figure 2-14C; F = 11.2, df = 19, p < 0.001),
among the sites nested in reaches (Figure 2-14B; F = 4.99, df = 8, p = 0.002), and among
the reaches (Figure 2-14A; F = 2.83, df =5, p = 0.043). Overall, the model accounted for
35% of the variation in sapling heights, with reaches accounting for about 4% of the
variation, sites for 14%, and transects for 8%. At the reach level, LSM saplings were
significantly shorter than LSM/P and CSL saplings, but at the site level, saplings at LSM
sites were not significantly shorter than saplings at sites on all the other reaches (Figure
2-14).

Differences in sapling diameters were also detected at all three levels (Figure 2-
15; transects: F = 4.54, df = 19, p < 0.001; sites: F = 10.4, df = 8, p < 0.001; reaches: F =
4.75, df = 5, p = 0.004), with the model accounting for 25% of the variation. Most of that
variation was accounted for at the site level (12%), while the reach and transect levels
each accounted for about 3%. LSM, LSM/P, and LW had saplings with the smallest
diameters, and saplings along those reaches were significantly narrower than USM and
CSL saplings (Figure 2-15). At the site level, there was a lot of variation between the
sites within a reach. For example, USM-1 and LW-1 supported some of the widest
saplings, and USM-2 and LW-3 supported some ofwthe narrowest. Sites along the LSM
covered the complete range of sapling diameter groupings.

The height-to-diameter ratio was also significantly different among the transects,

sites, and reaches (Figure 2-16; transect: F = 1.97, df = 19, p = 0.008; site: F = 11.5, df =
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8, p <0.001; reach: F =44.0, df =5, p < 0.001). This model accounted for 25% of the
variation in sapling size ratio, but, in contrast to the height and diameéer models, most of
the variation was explained at the reach level (16%), with reduced variation occurring at
the site and transect levels (7% and 2% respectively). The USM and LSM, and the LW

| and CSL had similar mean H/D ratios, LSM/P supported taller or narrower saplings, and
UW supported shorter or wider saplings. While the other sites within a reach supported a

wider range of H/D ratios, LSM sites were more similar.
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Figure 2-14. Mean (£SE) sapling heights for transects (C), which were nested in sites
(B), which were nested in reaches (A). Adjusted means (+SE) are presented for sites and
reaches. For reaches and sites, letters indicate groupings that were not significantly
different according to Student’s t post-hoc tests.
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Figure 2-15. Mean (+SE) sapling diameters for transects (C), which were nested in sites
(B), which were nested in reaches (A). Adjusted means (£SE) are presented for sites and
reaches. Letters indicate groupings that were not s}gnificantly different according to
Student’s t post-hoc tests.
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Figure 2-16. Mean (+SE) sapling height-to-diameter ratio for transects (C), which were
nested in sites (B), which were nested in reaches (A). Adjusted means (+SE) are
presented for sites and reaches. Letters (‘a’,’b’, etc.) indicate groupings that were not
significantly different according to Student’s-t post-hoc tests performed in JMP.
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Relationships between sapling size and streamflow

At the reach level, the level on which streamflow varied, there€was little variation
in sapling size among the reaches. Heights varied within a range of about 40 cm, while
diameters varied within about 10 mm. At the reach level, one of the few significant
differences detected in mean sapling height by the nested ANOV A was between LSM
and LSM/P (Figure 2-14). These reaches had very similar streamflow values.
Consequently, there was no significant relationships between reach mean sapling height
and the river stage above basé stage in spring (May-June) or summer (July-August)
(Figure 2-17A; spring: R*=0.064, F = 0.275, df = 5, p = 0.628; summer: R*=0.002, F =
0.008, df =5, p = 0.933).

For diameter, relationships with streamflow were significant, with a positive
association between reach mean diameter and the river stage above baseflow in spring
and summer (Figure 2-17B; spring: R® = 0.978, F = 198, df = 5, p < 0.001; summer: R* =
0.754, F =11.5, df =5, p = 0.028).

There were no significant relationships between H/D and river stage (Figure 2-
17C; spring: R*=0.198, F =0.987, df = 5, p =0.377; summer: R*=0.334, F = 2.01, df =
5, p=0.230). Other factors that could have influenced sapling sizes were explored in

subsequent analyses.
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June) and summer (July-August). (*: p <0.05)
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Beaver-browsing

Field observations indicated that the lower St. Mary reach was( heavily beaver-
browsed, with browsing resulting in complete harvesting at one location (Figure 2-5).
Subsequent data collection confirmed that LSM had been more heavily beaver-browsed
than the other river reaches (Figure 2-18; y* = 234 df = 5, p< 0.0Ql). This has likely
resulted in the higher proportion of clumped and sprout saplings along this reach (Figure
2-19; 4% =92.0, df = 5, p < 0.001).

It was hypothesized that the higher occurrence of beaver-browsing was partially
responsible for the small post-1995 saplings along the lower St. Mary. The mean heights
of non-browsed (103 + 3) and browsed saplings (109 * 4) along the LSM were either not
significantly different according to a t-test, or the browsed saplings were significantly
taller according to a Mann-Whitney test (t-test with unequal variances: t =-1.29, df =
173, p = 0.200; Mann-Whitney: Z = -2.40, total N = 391, p = 0.016). Conversely, the
mean diameter of non-browsed saplings (25.0 + 0.8) was significantly larger than the
mean diameter of browsed saplings (18.6 £ 1.0) (t-test with unequal variances: t = 5.006,

df =179, p < 0.001; Mann-Whitney: Z = -4.523, total N = 384, p < 0.001).
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Figure 2-19. Mean proportion of clumped and sprout saplings by reach (+SE), calculated
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classified as single stemmed.
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Elevation

All saplings were found from 0.45 m to 3 m above river stage ;it baseflow, with
90% of the saplings found between 0.75 m and 2.25 m (Figure 2-20). Most saplings were
found at 1.10 m, and the average elevation (+SE) was 1.44 + 0.01 m.

Within this narrow range of sapling occurrence, elevational position did not affect
sapling size as there was no relationship between reach mean elevation and reach mean

sapling height, diameter, or height-to-diameter ratio (linear regression: height: F = 0.043,

df =5, p = 0.845; diameter: F = 2.47, df =5, p=0.191; H/D: F = 1.16, df = 5, p = 0.342).

200 —— 90% ———»!

150— :
o !
3] ! |
c 1
5 !
& 100+ A
i !

50— il

T
0 ndfill

0.00 0.50 1.00

Eievation (m)

Figure 2-20. Elevational position of all saplings méasured. While all saplings were
found from 0.45 to 3 m, most saplings (90%) were found from 0.75 m to 2.25 m.
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Density

Different reaches supported a wide range of sapling densities {Figure 2-21). Most
saplings along the lower St. Mary were found in low densities (less than 1.5 saplings per
mz), similar to the distribution along the upper Waterton. In contrast, USM and LSM/P
had a wide range of densities, extending to values as high as 9/m°. LW and CSL had low
to intermediate densities. Not only were densities significantly different among the
reaches, they were also different at the site and transect levels, with most of the variation
occurring at the site level (Table D-4).

The relationship between sapling size and density varied dependent upon the
spatial scale (Figure 2-22). At the transect level, there were significant negative power
relationships between height, or diameter, and density, but the height-density relationship
was not as prominent as that for diameter, or the height-to-diameter ratio (curve fit:
height: R* = 0.089, F = 3.04, df = 32, p = 0.091; diameter: R? = 0.465, F = 27.0, df = 32,
p <0.001; H/D: R*=0.394, F = 20.1, df = 32, p < 0.001). At the site level, the height
versus density negative power relationship was not significant (R*=0.088, F = 1.163, df
=13, p = 0.302), but the diameter and H/D relationships were (diameter: R* = 0.541, F =
14.124, df = 13, p = 0.003; H/D: R2 = 0.443, F = 9.536, df = 13, p = 0.009). At the reach
level, there was a positive linear relationship between height or H/D and density (linear
regression: height: R* = 0.605, F = 6.13, df = 5, p =0.069; H/D: R*=0.873, F=27.5, df
=5, p = 0.006), and no relationship between diameter and density (R?=0.140, F = 0.650,

df = 5, p = 0.465).
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Figure 2-21. Relative frequency histograms of sapling density for each reach. LSM was
similar to UW in that both reaches had mostly low sapling densities, with no high density
classes. USM and LSM/P had a wide range of densities extending to some very high
density classes, and LW and CSL had intermediate levels of density.
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Floodplain width

The sites along the more alluvial LSM/P reach had much large;r floodplain widths
than the partially confined sites on the LSM (Table 2-5).. USM and LW sites were a mix
of narrow and wide sites, the UW site was intermediate, and the CSL sites were relatively
wide. CSL-2 was an anomaly because it had an extremely large standard deviation and

the value measured does not seem to fit the appearance of the site, and consequently it

was removed from subsequent analyses.

Table 2-5. Site floodplain widths as calculated in ArcMap. Floodplain width was
defined as the distance perpendicular to the river between the first contour intervals on
either side of the river.

Floodplain width
Site ID (m+SD)
USM-1 110+ 26
USM-2 693 + 101
LSM-1 349 = 36
LSM-2 374 + 32
LSM-3 136 + 11
LSM/P-1 949 + 291
LSM/P-2 856 + 38
LSM/P-3 721 £+ 191
UW-1 452 + 63
LW-1 153 + 8
LW-2 379 = 17
LW-3 725 + 63
CSL-1 741 = 47
CSL-2 1315 + 551

No relationship was detected between adjusted site mean height or diameter and
floodplain width (linear regression: height: R* = 0.080, F = 0.956, p = 0.349; diameter: R?

=0.165, F =2.17, p=0.169). There was a significant relationship between adjusted site
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mean height-to-diameter ratio and floodplain width (Figure 2-23; linear regression: R*=
0.708, F =26.7, df =12, p <0.001). The height versus floodplain Wi;ith relationship,
although not significant, was apparently positive, and the diameter versus width
relationship was negative, resulting in the strong H/D versus floodplain width
relationship. Therefore, sites with wider floodplains were more likely to have
proportionally taller saplings. |

Because geomorphic context was found to have an influence on cottonwood
growth through differences in population density (Willms et al. 2006), and the sapling
sizes in this study were found to be related to density (Figure 2-24), the relationship
between sapling density and floodplain width was investigated. A significant positive
relationship was detected (Figure 2-24). Because the H/D was significantly related to
density at the site level, the relationship between H/D and floodplain width may be due to

differences in density.
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Figure 2-23. Positive relationship between site mean sapling height-to-diameter ratio
(£SE) and floodplain width. (**: p <0.001)
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Figure 2-24. Positive relationship between adjusted mean site density (+SE) and
floodplain width. Sites with wider floodplains were more likely to have increased sapling
density (linear regression: F = 6.81, df = 12, p = 0.024).
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2.4  DISCUSSION

Based on comparisvons of cottonwood sapling extent and size, the outcome of
instream flow restoration along the lower St. Mary River (LSM) was partially successful.
Some characteris‘tics indicated success, while others indicated failure. In terms of -
restoration success, the implementation of the 1991 minimum instream flow has resulted
in greatly increased low flows (Table 2-4; Figure 2-2). Those low flows have probably
helped to promote the observed seedling survival by increasing late summer water
supply. Ten years after a seedling recruitment event that resulted from a 1-in-50-year
flood, followed by managed ramping flows, saplings were present. In addition, mean
sapling heights, both of excavated saplings established in 1995 to 1998, and saplings
measured along the transects, were no different than mean sapling heights along other
partly regulated and free-flowing river reaches (Figure 2-12, 2-14). Therefore, there was
relatively consistent height growth of saplings across a range of streamflow conditions.
Stem diameter may be a better indicator of growth in response to environmental
variables, and it displayed a positive response to increasing river levels.

In terms of restoration failure, sapling extent along the LSM was limited. This
was evident when compared to the extent of saplings along the lower Waterton River
(Figure 2-4; Figure 2-8). However, the lower St. Mary River downstream of Pothole
reach (LSM/P) had more extensive saplings even though it experienced very similar
discharge to the LSM. The LSM, LSM/P, and LW ;tudy system provided similarities
and contrasts in recent hydrologic regimes, seed source, geomorphic context, and
management history that will provide the foundation for a discussion of conceptual

ecological models of restoration pathways and processes.
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2.4.1. Restoration models based on sapling extent data

Ecological restoration is considered the ‘acid test’ of ecologicéll theory (Bradshaw
1987). We confirm that we understand the underlying ecosjrstem processes if we can
restore ecosystemn health after degradation or damage. Operating the St. Mary Dam to
provide ramping flows, for example, was essentially a test of the Recruitment Box
Model. Conversely, egological restoration can advance ecological theory with restoration
projects acting as experimental systems (SER 2004). Comparison of sapling and tree
extent along the three regulated reaches in our study provides the basis for developing
models of restoration trajectories.

Sarr (2002) has developed three relevant conceptual models of degradation and
restoration trajectories for ecosystems that were degraded by livestock grazing and
~ restored with livestock exclusion. Lake et al. (2007) adapted these models and discussed
them in relation to any stressor. These models include the ‘rubber band’, ‘broken leg’ or
‘hysteresis’, and ‘Humpty Dumpty’ models. In the rubber band model, once the stressor
is removed, a resilient ecosystem rapidly recovers, following a trajectory that is the
reverse of degradation. This model might be especially applicable to sites in which
factors supporting vegetation, such as soils and channel form, have not been degraded
(Sarr 2002). The ‘broken leg’ model, renamed the ‘hysteresis’ model by Lake et al.
(2007), describes recovery as a lengthy non-linear process that follows a different
pathway than the reverse of degradation. Successic;nal processes, assembly rules, lag
times, and feedback mechanisms are all possible causes for the different trajectories (Sarr
2002, Lane et al. 2007). The ‘Humpty Dumpty’ model, describes a situation when the

ecosystem cannot be restored after the stressor is removed. Explanations for non-
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recovery ‘include invasion by non-native species, or a change to an alternative stable state
(Sarr 2002). "

Two important terms for the discussion of ecological trajectories include the
closely related terms of ‘resilience’ and ‘resistance’. In the ecological literature,
resilience has two meanings (Gunderson 2000). The term was first introduced in the
1970s, and was defined as “a measure of the persistence of systems and of their ability to
absorb change and disturbance and still maintain the same relationships between
populations or state variables” (Holling 1973). In contrast, it has also been used to
describe “the speed at which a systerh returns to its former state after it has been
perturbed or displaced from that state” (Suding et al. 2004). The latter definition is more
consistent with the non-scientific definition of resilience: “the ability to bounce or spring
back into shape, position, etc.” (“Resilience” 1986), and the former definition has the
same meaning as the term ‘resistance’, which is used in the restoration ecology literature.
Resistance is defined as “the ability to maintain its structural and functional attributes in
the face of stréss and disturbance” by the Society for Ecological Restoration (SER 2004),
and similarly by Suding et al. (2004). The definitions that [ will use for the remainder of
the study are as follows: resilience is the ability to readily recover, and resistance is the
capacity to withstand stress.

A degradation trajectory is represented by a curve that shows that the ecosystem
is able to withstand some stress and still remain healthy up until a certain threshold is
reached, after which collapse occurs rapidly. Threshold responses have been observed in
Populus fremontii-Salix gooddingii woodlands along the San Pedro River in Arizona in

relation to surface flow permanence and depth to groundwater (Lite & Stromberg 2005).
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While Sarr (2002) and Lake et al. (2007) show identical degradation pathways in all of
their models, I propose that the degradation pathway varies with ecos;lstem sensitivity or
resistance. This concept is similar to a model presented in Gordon et al. (2005) in which
pathways of ecological disturbance differ between robust and fragile ecosystems. A prior
study in the Oldman River Basin showed that riparian cottonwood recruitment and
growth had different sensitivities to flow regulation dependent on their geomorphic
context (Willms 2006).

The LSM and LSM/P differ in geomorphic context, but have experienced very
similar levels of flow regulation over the same time period. The narrower floodplain of
the LSM provides less habitat for riparian cottonwoods than the wider floodplains of the
LSM/P, and this is shown in their historic cottonwood distribution. Prior to any river
regulation, the LSM was sparsely wooded, while woodlands were more abundant
downstream of Pothole Creek (Dawson 1884). Fewer trees and a more sensitive
geomorphic context have resulted in a steeper degradation curve along the LSM than the
LSM/P. Also, the impact of losing one tree in a system that only has one hundred trees is
much greater than the impact of losing one tree in a system that has 10,000 trees. The
steeper degradation pathway of LSM ultimately resulted in a more degraded state than

the condition along the LSM/P (Figure 2-25).
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Figure 2-25. Differences in degradation trajectories based on ecosystem resistance or
sensitivity. The lower St. Mary downstream of Pothole reach (LSM/P) was more
resistant to stress than the sensitive lower St. Mary reach (LSM).

The starting point of degradation began with off-stream diversion in the late
1890s which resulted in streamflow decline, and cottonwoods became stressed. When
the St. Mary Dam was constructed in 1951, streamflows remained low, stress persisted
and the mature trees died. The combined effects of other stressors such as beaver activity
(Figure 2-18), cattle grazing (Figure 2-6) and possibly herbicide spraying for the invasive
leafy spurge, Euphorbia esula (J. Bevers, pgrs.com.) may have also contributed to
declines. A century of river regulation that prevented recruitment means that an entire
population of cottonwoods could have died, and along the LSM most of the population
has disappeared, with the exception of 13 out of 57 locations where sparse remnant
mature trees persist. The alluvial LSM/P was more resistant to the stress, and so

recruitment was not entirely excluded and population degradation has not been nearly as

severe, with 10 out of 13 locations supporting mature trees.
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While summer streamflows along the lower St. Mary River were reduced to 30%
of the natural flow prior to the implementation of the minimum flow (;riterion,
streamflows along the lower Waterton River were reduced to only 44%. In addition, the
LW experienced unfavourable river regulation for about 30 years, a period much shorter
than the typical lifespan of a cottonwood tree, and as such, all 52 locations observed in
2007 through aerial photographs still supported mature trees. Drought-stressed trees and
some dead trees were observed in the late 1980s (S. Rood,‘pers. comm.}, but decline in
areal extent as measured from air photographs was not severe (Rood et al. 1995).
Therefore, the LW had not progressed very far along the degradation trajectory, and had
not yet reached the threshold of collapse prior to the implementation of the minimum
criterion.

With only small to fnoderate degradation, recovery along the LW can be
represented by a reversal in the degradation pathway, and thus follows the rubber band
model. We consider that the LW currently supports a healthy riparian ecosystem as there
are e);tensive saplings from many size classes that cover 82% of the locations surveyed
with photographs from the low-elevation flight. Mature trees, and thus seed sources,
were still plentiful, and therefore, restoration was able to occur to a state where the

ecosystem can be considered healthy.
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Figure 2-26. Conceptual models of cottonwood restoration trajectories along the lower
St. Mary (a), and lower St. Mary downstream of Pothole, or lower Waterton (b). The
LSM follows the Humpty Dumpty model whereby instream flow restoration reduced
stress and ecosystem condition improved marginally (solid arrow), but lack of seed
source means that given time (dashed arrow), the ecosystem would never return to the
desired condition. The existing cottonwood population may expand slowly resulting in
further improvements of ecosystem condition. With increased management effort in the
form of seed addition (block arrow), the ecosystem could be put on a different path of
restoration that could improve the cottonwood condition. The LSM/P and LW follow the
rubber band model in which less severe degradation enables rapid improvement of
ecosystem condition following stress reduction. Adapted from Sarr (2002) and Suding et

al. (2004).

However, can the healthy state along the lower Waterton be attributed to flow
res;:oration? Even with the implementation of the minimum flow criterion, the proportion
of natural flow during the growing season actually decreased after 1991, and late summer
flows only increased from 44% of natural flows to 47%. Further, ramping flows were
only moderately favourable since their implementation in 1995 (see Chapter 3). Low
flow indicators (nQ4<2.27 and 7Q10) showed improvements in low flows (Table 2-4;

Figure 2-2), but on a monthly time scale, these differences were minor or negligible.

Differences in the health of the cottonwood population could also be influenced by long-
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term climate regimes like the Pacific Decadal Oscillation (PDO). There was a warming
phase from 1977 to the mid-1990s, and currently there is a possibility ;)f a shift into a
cool phase (Mantua and Hare 2002).

Restoration along the LSM/P may also be following the rubber band model as the
return of ramping flows and summer flows that increased from 31% to 56% of natural
flows promoted seedling recruitment such that saplings now occur at 62% of locations
surveyed, and it is likely that saplings would have occurred more extensively if cattle had
been excluded (Figure 2-6).

Like the degradation pathways, restoration pathways between LSM/P and LSM
also differ with the LSM following the Humpty Dumpty model (Figure 2-26). These
reaches currently have similar flow regimes, and while hydrology is considered a key
variable structuring riverine ecosystems (NRC 2002; Annear et al. 2004), the reaches
differ in the extent of the seed source. Historically sparse woodlands, coupled with more
severe degradation, have left the LSM with few mature trees that can act as seed sources.
With little seed source, recruitment has been limited, and only 8 out of 57 locations
supported saplings in 2007. Proximity to seed source has been recognized as an
important factor in the initial establishment of seedlings along the St. Mary River (Rood
& Mahoney 2000). The reaches that had more plentiful seed source had higher
proportions of locations with saplings, and therefore: lack of seed source is at least a
partial cause for the limited restoration along the LSM (Figure 2-4).

Seeds are not the only source of propagules for cottonwoods. Cottonwoods can
also reproduce asexually through root suckering or branch fragmentation, and these forms

of reproduction are important determinants of woodland structure (Gom & Rood 1999).
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With few mature trees as sources for asexual propagules, these forms of reproduction
would also be minimal, further limiting population growth and expans;on.

If seed source had been more plentiful, restoration along the LSM would probably
have been more successful. When considering only locations that supported mature trees,
and thus a seed source, there was no difference among the reaches in the proportion of
locations that supported saplings (Figure 2-4). Sites that supported mature trees might
also be sites that are naturally more favourable for saplings, and thus the hypothesis that
seed source is the limiting factor might be confounded by environmental or site
favourability.

In general, seed banks and propagule dispersal are important considerations in
restoration ecology (Suding et al. 2004; Young et al. 2005). The ‘efficient-community’
hypothesis of recolonization proposed by Galatowitsch and vanderValk (1996), or
passive restoration approaches (Kaufmann et al. 1997), rely on the presence of a seed
bank or seed dispersal for recolonization. Cottonwood restoration is somewhat unusuali
in this respect, since cottonwood seeds have a very short period of viability (Braatne et al.
1996), and do not form seed banks. The cottony seeds do have the potential for long-
range dispersal via wind and water, but no studies have formally documented dispersal
distances. Some sources indicate that long distance dispersal might not be prevalent as
large numbers of seeds fall within a stand, and most of the seeds are deposited.within a
few hundred meters of the parental tree (Zasada & Phipps 1990; Braatne et al. 1996).
Hydrochory also has the potential for to disperse seeds long distances, but can only

supply seeds to downstream sites. Dams such as the St. Mary Dam interrupt the

longitudinal connectivity which would have naturally brought seeds from the upper St.
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Mary to the downstream reach. Seed concentrations in the water column along
downstream fragmented river reaches can be 70-94% lower than in the;upstream, free-
flowing reach (Merritt & Wohl 2006). Long-distance dispersal may have resulted in two
sapling patches along the lower St. Mary at locations with no nearby mature trees. Or
else, mature trees may have been present at those locations when the seedlings
established.

A mature cottonwood may produce 25 million seeds (Van Haverbeke 1990), and
thus cottonwoods are not normally limited by fecund'ity. However, out of the millions of
seeds produced, only a portion would reach suitable germination sites. Out of those, only
a portion of seeds would germinate, and then only a portion of those seedlings would
survive. Therefore, although the few trees at some of the LSM locations may produce
many seeds, the abundance of those seeds might not be sufficient to overcome the very
low odds of successful recruitment.

In a study of prairie pothole wetland restoration in northern Idaho, the restoration
approach was natural revegetation after restoration of hydrology (Galatowitsch &
vanderValk 1996), similar to the St. Mary River. However, the restored wetlands had
fewer plant species and fewer species represented in the seed bank than in natural sites
(Galatowitsch & vanderValk 1996). The authors concluded that passive restoration
cannot be the only method undertaken in this type of habitat. A study on riparian willow
restoration in Yellowstone National Park also found that simply decreasing the level of
the stressor — large elk populations due to predator extirpation.— would not bring back the

desired willow-beaver state, and that further management effort to restore the hydrologic

regime would be needed (Wolf et al. 2007). In these cases, and in the St. Mary case, thé
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ecosystem cannot cross a threshold or revert to the desired alternative stable state without
increased management effort (Hobbs & Norton 1996; Suding et al. 20‘04). Given only
time, the ecosystem condition may improve somewhat (Figure 2-28a), but if the threshold
is not overcome, than the desired state cannot be reached.

For the St. Mary River, the additional management effort might take the form of
seed addition. While restoration ecologists strive for landscape-scale or systemic
restoration methods such as a return to a more natural flow regime, for the St. Mary River
and other severely altered systems, removing the stressor by returning the necessary

hydrology is not sufficient.

2.4.2 The nature of variation in sapling growth

Among the different analyses that I performed on cottonwood sapling size, more
variation occurred on smaller spatial scales than at the reach level. I found differences in
sapling height distributions between sites within a reach, and between transects within a
site (Table D-2; Figure 2-13). There were also large size ranges for saplings that were
the same age along the same reach (Figures 2-10, 2-11), and there were no differences in
heights or diameters among the reaches for saplings that established from 1995 t01998,
with the exception of the smaller UW saplings. These saplings could have been smaller
due to chance as the sample size was smaller than along the other reaches, or false rings
may have indicated the saplings were older than the;y actually were (Everitt 1968), as
these saplings were harvested from a patch that predominantly established in 1999. -

In addition to the other analyses that indicated greater smaller-scale variation, the

nested analyses of variance showed more variation in height and diameter at the transect
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and site level than at the reach level (Figures 2-14, 2-15). Also, the variation that was not
accounted for by the nested models would include variation found Witiiin a transect, a
spatial scale smaller than the transect level.

The importance of spatial scale has been recognized in riparian ecology (Baker
1989; Bendix 1994; Dixon et al. 2002) and forms the basis for the field of landscape
ecology (Naiman et al. 2005). I expected reach level differences to be greatest, reflecting
differences in hydrologic regime since this is considered the key variable (NRC 2002;
Annear et al. 2004), and because cottonwoods are highly sensitive to changes in water
supply (Stromberg & Patten 1991; Willms et al. 1998; Scott et al. 1999; DiSalvo & Hart
2002; Horton et al. 2001). However, less sensitive complacent growth can occur when
water levels are sufficient (Willms 2005; Braatne et al. 2007).

There are several possible explanations why lower variation occurred at the reach
level. First, although the hydrological variables such as the river stage above base stage
in spring and in summer differed only at the reach scale, streamflow interacts with each
site differently, perhaps dependent upon factors such as substrate, floodplain elevation,
geomorphic context, and vegetation. This relates to hierarchy theory which states that
processes at one scale exercise at least partial control over processes at smaller scales
(Bendix 1994). For example, field observations suggested that substrates at some sites
were highly variable, with patches of silt adjacent to cobble. The silt patches may wick-
up moisture more readily from the water table creating a large capillary fringe that
provides more moisture to a sapling than the adjacent cobble patch. Therefore, the

discharge that is consistent along the reach provides very different levels of moisture

availability dependent on finer-scale processes of substrate texture distribution.
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A second reason for complacent growth across the reaches may be due to
adaptation of root morphology. The distribution of cottonwood roots ;s apparently
adapted to maximize uptake from predictable water sources (Williams & Cooper 2005;
Andersen 2005). Lower water levels, such as along the lower St. Mary River may result
in saplings that invest more energy in deeper roots. Along reaches with higher water
levels, more investment may occur in lateral roots.

The high variability in sapling growth also provides support for, and may reflect
- the high spatial heterogeneity that characterizes riparian zones (Naiman et al. 2005).
Moreover, differences in microhabitats, defined as the part of the general habitat used by
an organism (Smith 1996), may be accentuated because of the inherent pattern in the
cottonwood growth curve. A typical cottonwood growth curve, as presented in Willms et
al. (2006) and Berg et al. (2007), commences with a slow growing ‘establishment’ phase
that may last up to seven years. Once the seedling root system is established, energy is
redirected into the shoot system and the juvenile grows rapidly. This growth levels off as
the tree reaches about its twentieth year. If a sapling is located in a favourable
microhabitat it may be released from the establishment phase earlier than the other
members of its cohort that are located in less favourable microhabitats. A transition from
the slow-growing establishment phase to the ‘growth acceleration’ phase could
emphasize differences in sizes of saplings of the same age.

Factors such as floodplain elevation and den;ity are part of a sapling’s

microhabitat, but the effect of elevation on sapling size was not detected. The lack of an

elevational effect could be due to: the narrow range of elevations in which saplings
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occurred, confounding factors such as age variation, or a tradeoff between living at low
versus high positions on the floodplain.

Most saplings were found growing within a relatively narrow range of elevations
between 0.75 and 2.25 m above the river stage at baseflow (Figure 2-20). They occurred
within a zone that provides further support for the elevation parameters of 0.6 to 2 m that
were initially utilized in the Recruitment Box Model (Mahoney & Rood 1998).
However, following establishment, sediment deposition and scour could have altered the
floodplain surface elevation.

It was expected that sapling size should increase with elevation, due to the
formation of arcuate bands with older saplings further back on the floodplain. However,
this type of establishment mainly occurs on point bar formations in reaches with
progressive meander migration (Scott et al. 1996). Many of the landforms that I sampled
from were attached islands or other types of bars, or in reaches where active meandering
is confined by steep valley walls. In addition, saplings from multiple establishment years
were often found intermixed within sapling zones (Figure C-1).

A tradeoff between low and high elevation habitats may occur because the roots
of low elevation seedlings would reach water more quickly, and subsequently more
energy could be put into shoot growth. But more prolonged inundation, or more severe
scour and deposition could reduce shoot growth as well as result in mortality. Higher
elevation saplings would have to expend more eneréy in root growth to reach the water

table and would be more prone to drought, but they would be more protected from

geomorphic processes (Dixon et al. 2002; Polzin & Rood 2006).
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Although floodplain elevation was a microhabitat factor that did not affect sapling
size, density was a factor that did. Sapling heights were not related té) density at the
transect and site levels (Figure 2-22), and this is consistent with a prior study (Andersen

12005). In contrast, Taylor et al. (2006) found that saplings growing in less dense plots
increased quickly in height. At the reach level, there was a positive trend between height
and density, but because there were no height-density relationships at the smaller spatial
scales, this weak relationship may be due to chance r;ther than reflecting causal
associations.

Transects and sites that had lower densities supported saplings with larger mean
diameters (Figure 2-22). In low density zones, there is less competition and potentially
more resources available for greater sapling growth. This diameter-density relationship is
consistent with the results of another study of ten-year old Populus deltoides saplings
(Taylor et al. 2006).

For diameter at the reach level, the lack of relationship with density may be due to
confounding effects from the diameter versus streamflow relationship. Given the
decreasing diameter versus density relationships apparent at the smaller spatial levels,
and the low density of saplings along the LSM, it would be expected that those saplings
would have a larger diameter than the other reaches. If the LSM diameter had been
larger, it appears from Figure 2-22, that there would have been a decreasing relationship
between diameter versus density. However, the dian;eter versus streamflow relationships
were significant, indicating that at the reach level streamflow has more effect on diameter
than density. What may be happening is that saplings along the lower Sp. Mary, although

not significantly thinner than saplings along the LSM/P, LW, and UW, should be larger
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in diameter due to their low density, but their growth was being inhibited by low
streamflows. Low densities imply a lack of competition, but the density at which
competition occurs can vary due to differences in resource availability. If resources are
limiting, competition will occur at [ower densities than when resources are plentiful.
Lower leaf litter-derived nutrients such as nitrogen from the feWJ rgmaining mature trees
(Naiman et al. 2005), as well as lower water levels may be contributing to lower resource
levels along the LSM.

The low density along the LSM may also be due in part to the limited seed
supply, increased mortality of established seedlings and fewer years in which favourable
hydrologic conditions promoted seedling establishment. In confined reaches, it is often
only large floods that produce the conditions necessary for successful seedling
recruitment, and thus extensive recruitment may naturally occur only once in several
decades (Scott et al. 1996).

While density did not significantly account for variation in reach mean sapling
diameter, the average spring water level and the average summer water level accounted
for most of the variation (Figure 2-17). However, in this study the differences among the
reaches only explained 3% of the overall variation in diameter. An increase in spring
stage from 0.2 to 0.6 m, about the magnitude of difference between the regulated reaches
and the free-flowing and moderately regulated USM, would increase diameter about 9
mm over all the years of growth, an increaée of 37‘?;. An increase in summer stage from
0.1 to 0.3 m, about the magnitude of difference between the regulated and the free-
flowing reaches, would increase diameter about 7 mm, an increase of 28%. Either flow

variable can account for much of the variation because spring and summer water levels
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are strongly positively correlated. However, this does not reveal whether spring flows or
summer flows are more important for radial growth. Studies of annual branch or stem
increments reveal that for stem elongation, spring flows are more important (Willms et al.
1998; Andersen 2005), as branch elongation occurs from early in the growing season to
mid-July in this region (Phelan 2007). The seasonal pattern of radial growth is unknown
but may occur over a longer period of time with limited growth in the early and later
parts of the growing season, and faster growth rate in the middle (Kort 2005).
Streamflows extending into the late summer are probably more important for diameter
growth than height growth.

Whereas streamflow is an abiotic factor affecting saplings, beaver-browsing is a
biotic factor. Beaver are sometimes considered beneficial and necessary for the
maintenance of a riparian ecosystem. For example, in Yellowstone National Park they
play a key role in a hydrologic regime that is necessary for riparian willows (Wolf et al.
2007). However, beavers can severely damage other riparian plants. Barnes (1985)
found that cottonwoods at his study site along the Chippewa River in Wisconsin were so
severely damaged by recurring beaver cutting that their future was uncertain. Similar to
Barnes’ (1985) site, beaver-browsing along the LSM resulted in many cottonwoods with
a shrubby growth form (Figure 2-21). In my study, beaver-browsing was more prevalent
along the LSM than the other reaches (Figure 2-18). Comparing the extent of trees and
saplings among the three regulated reaches (Fi gure~2-4), and the density of patches that

were present (Figure 2-21) shows that the woodland resource available for beavers along

the LSM was sparse.
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Beavers are a natural disturbance along rivers in the Oldman Basin, but when
their effect is combined with the effects of river regulation, the cumulative impact may be
greater than the sum of the individual influences. Studying the effects of multiple
stressors is one of the foremost challenges in ecosystem science and especially important
for restoration and management (Breitburg et al. 1998). A ‘stressqr’ may be defined as a
perturbation applied to a system at an excessive level, whether it is foreign or natural to
that system (Barrett et al. 1976). Along the LSM, river regulation represents an
anthropogenic stressor, beaver-browsing represents a natural stressor, and their
cumulative effect on the cottonwood population has been severe. River damming and
off-stream diversion have reduced streamflows, causing a decline in the cottonwood
population and many of the remaining trees have been harvested by beavers. Beavers by
themselves might not impose such a serious threat, but their actions on a population that
has already been stressed are proportionally greater than along a healthy river with
numerous trees. Breck et al. (2003) reported the same phenomenon along the regulated
Green River in Colorado whereby river regulation magnified the impacts of beaver on

cottonwoods due to decreased spatial distribution and density.

2.4.3 Conclusions
Assessing and isolating the effects of restoration is challenging (Klein et al.
2007). In our study, non-linear degradation and restoration trajectories, thresholds,

multiple impacts, and extensive natural variation at small spatial scales added to the

complexity. The contrast in the ecological condition along two adjacent regulated rivers -
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the lower St. Mary and the lower Waterton - was striking. The lower St. Mary supported
few sapling patches and the lower Waterton supported abundant saplings with a range of
vertical structure. The differences between these two rivers highlighted different models .
of degradation and restoration trajectories. The lower Waterton River has been subjected
to 30 years of regulation by the Waterton Dam. Vigor of mature trees suffered, but their
areal extent had not declined severely (Rood et al. 1995), and some recruitment persisted.
The degradation pathway had not yet reached the threshold of collapse, but ecosystem
resistance may have been compromised. If further diversions, rather than instream flow
restoration and a moratorium on additional water allocations, were allowed to occur,
ecosystem condition may have quickly advanced along the degradation pathway.
Minimum flows have been successfully implemented, reducing the number of low flow
days, and ramping flows following the 1995 flood led to a successful recruitment event.
Thus, instead of progressing further along the degradation pathway, cottonwood
condition has moved along a trajectory of rapid restoration. We now consider the lower
Waterton River as supporting a healthy population of riparian cottonwoods.

In contrast, the lower St. Mary reach has been subjected to 100 years of river
regulation, resulting in collapse of the cottonwood population. Flows have been more
severely reduced within a geomorphic context and historic cottonwood abundance that
was more sensitive to change. The threshold of collapse along the degradation pathway
was surpassed. When increased minimum flows an;i ramping flows were implemented,
the ecosystem commenced along its restoration pathway. Seedlings successfully
established and survived to the sapling stage, but their distribution is extremely limited.

The landscape-scale, or systemic approach of restoring elements of the flow regime is the
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approach recommended by restoration ecologists. However, witﬁ a lack of propagules
and limited long-distance dispersal, the restoration pathway will never'lead back to the
desired ecosystem condition along the LSM. Incréased management effort using more
active and site-specific restoration measures such as seed addition may need to be
undertaken. Future studies along the St. Mary River could thus include seed addition
experiments. N

In the patches of saplings that were present along the lower St. Mary reach, height
growth was not significantly different from that of other regional river reaches. Diameter
growth was significantly different among the reaches, and differences in river levels
explained most of that variation. However, much more variation in diameter occurred at
spatial scales smaller that the reach level. While hydrologic variables differed at the
reach level and hydrology is considered a ‘master variable’ (NRC 2002), more variation
occurred among the sites and transects. Microhabitat factors or interaction of hydrology
with those microhabitat factors may have produced the variation at the smaller spatial
scale. In addition, root adaptation to different hydrologic regimes may have limited the
variation due to reach level hydrological variables.

In conclusion, restoration has commenced along the lower St. Mary as indicated
by sapling survival at some locations and consistent sapling growth at those locations in
comparison to other regional river reaches. However, for more widespread reach-level
benefits, increased intervention, and particularly seed addition, may be needed to

overcome the threshold along the restoration trajectory.
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CHAPTER 3
Unfavourable Streamflows for Cottonwood Recruitment along Regulated Rivers - a
Model of Recruitment Likelihood
3.1 INTRODUCTION

Regulation of streamflow by damming and dewatering is responsible for
unsuccessful cottonwood reproduction along many rivers, and has resulted in decadent
populations with missing younger age classes (Howe and Knopf 1991, Johnson 1992,
Rood et al. 1995). The dependency of seedling recruitment on specific streamflow
patterns is now well understood and is summarized by the Recruitment Box Model
(Mahoney and Rood 1998). This model integrates the seedlings’ ecophysiological
constraints with the timing and magnitude of the spring peak and the post-flood rate of
recession (Figure 3-1).

First, a flood event is needed to scour existing vegetation and deposit sediments,
creating moist and barren substrates. These suitable nursery sites are required by
cottonwood seedlings, which have limited nutrient reserves and are shade-intolerant
(Braatne et al. 1996). Second, the post-flood recession that exposes the new seed beds
must coincide with the timing of seed dispersal, which occurs from June to July, usually
in coordination with the spring flood peak (Stella et al. 2006).

It has been observed that seedling survival generally occurs in an elevational band
of 0.6 to 2 m above the base stage (late summer, low water elevation) with these limits
being defined by loss through scour or deposition in lower elevations, and drought-
induced mortality in higher elevations. Thus, moist seed beds between these elevations
should be exposed during the period of seed dispersal. By placing seedlings in rhizopods,

a type of growth chamber that allowed for the controlled manipulation of water level, a
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decline of about 2.5 cm/day was found to be beneficial (Mahoney & Rood 1991). With
this gradual recession, seedling root growth is able to maintain contaét with the declining
moisture zone, preventing drought. By the end of the growing season, at low water
elevation, the combination of 60-90 cm of seedling root growth, 30-60 cm of capillary

fringe above the saturated water table, and residual soil moisture should be able to supply

seedlings with sufficient water.

3.0
seed
2.5 4 (release | pegryitment
: Box
2.0 1 -
1.5 - ‘ recruitment

band

1.0 )0\/\
0.5 - ramping =
(2.5 cm/d)

O-O - T T T T
May Jun Jul Aug Sep

River stage above base stage (m)

Figure 3-1. The Recruitment Box Model. The recruitment box defines an area in time
(seed release) and space (recruitment band) in which cottonwood seedlings are likely to
become established if streamflow patterns (hydrograph peak and ramping) are
favourable. The stage hydrograph shown is from the lower St. Mary River (05AE006) in
1995, and represents a 3-day moving average. (Modified from Mahoney and Rood 1998).

- The underlying concepts of the Recruitment Box and especially ramping flows
were applied to dam operations along several rivers and were successful at promoting

seedling recruitment, providing support for the validity of the model (Kalischuk et al.
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1998; Rood and Mahoney 2000; Rood et al. 2003a). These studies show that the
Recruitment Box Model is a valuable tool for river conservation and ;estoration.
However, this tool can be further developed and quantified with an analysis similar to the
one we developed for the Yakima River in Braatne et al. (2007), helping us to further
understand streamflow requirements for recruitment.

By analyzing streamflow data from the last decade (1995-2005) on each of the
river reaches studied in the previous chapter, not only can streamflow requirements for
recruitment be further understood through the further quantification of a conceptual
model, but recent flow management practices can be assessed, and the likelihood of
recruitment along free-flowing and regulated reaches can be compared. The model can
be somewhat tested by comparing the model outcome with the establishment years

obtained from the excavated saplings analyzed in Chapter 2.

3.2 METHODS

This analysis involved a three step process of: developing model criteria,
calculating values from historic data, and rating the historic values using the criteria. For
the first step, criteria were developed based on the Recruitment Box Model and other
hydrological requirements established in prior studies (Mahoney & Rood 1998 and
references therein). Developing the model involved determining which components of
the annual hydrograph are important for seedling establishment, and what values of those
components are necessary.

The second step involved obtaining and calculating the historic values from the

streamflow record. Streamflow data were obtained from the Water Survey of Canada’s
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hydrological database (HYDAT) for each of the river reaches analyzed (Table 3-1).
Because stage data were needed for certain criteria, discharge data were converted to
stage data based on the stage-discharge rating curves provided by Alberta Environment.
The version of the rating curve used is also presented in Table 3-1. To convert discharge
values positioned between the points provided by the rating curve, linear interpolation, a
method also used by Alberta Environment, was used. The ‘forecast’ function in Excel

was useful for this task.

Table 3-1. Water Survey of Canada’s streamflow gauges used in the recruitment analysis
with associated stage-rating curves provided by Alberta Environment.

Gauge Name Reach Gauge # Stage-rating
curve #

St. Mary River at International Boundary USM 05AE027 29

St. Mary River near Lethbridge LSM/P 05AEQ006 12

Waterton River near Waterton Park Uw | 05AD003 16

Waterton River near Glenwood LW 05AD028 15

Castle River near Beaver Mines CSL 05AA022 16

The third step involved rating the historic values according to the set criteria. An
overall recruitment score considering each of the criteria was then calculated, and
indicated the likelihood of successful seedling establishment in any particular year.

A final step involved verifying the model outcome by comparing the generated
recruitment score to the observed years of establishment obtained from the sapling

excavations presented in Chapter 2.
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3.3 RESULTS

3.3.1 Development of model criteria
Five hydrograph components provided the foundation for the recruitment model:

the magnitude of the disturbance flow, the height (= stage) of the spring peak above

baseflow, the timing of the spring peak, the post-spring peak ramping rate, and the late

summer stage. The criteria and ratings given to each of the com;)c;nents are described

below and are summarized in Table 3-2.

Disturbance flow (QOma): Highly favourable floods had a return interval of ten

years or greater (Scott et al. 1997; Stromberg 1998; Auble and Scott 1998; Whithed et al.
2007), and the barren substrates produced by those large floods were considered to have
lasted for three years before vegetation encroachment. Moderately favourable floods had
a recurrence interval of five to ten years, with effects lasting up to two years later. The
difference between this analysis and the Recruitment Box Model was that in this model
the disturbance flow, which creates barren nursery sites, was uncoupled from the spring
peak flow that creates moist nursery sites. A disturbance flow, as the precursor of
recruitment, was considered an important aspect in the recruitment process and was thus
given a rating out of two.

-

Spring peak timing: Favourable timing occurred from the end of May to mid June

(May 24 — June 15), coinciding with the period preceding potential seed release, which
generally occurs from June to July in this region, depending on species and location

(DeBell 1990, Van Haverbeke 1990). Because spring peak timing is fairly consistent
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throughout the period of record (Figure 1-4), this criteria was given a rating out of one. It
was included in the model, because regulation has the potential to alter this naturally

consistent phenomenon.

Height of spring peak above base stage (H,p): The spring peak occurring in the
year of interest had to reach a stage of at least 0.6 m above baseflow, or suitable
germination sites were considered unavailable. As outlined in the Recruitment Box
Model, this lower elevation occurs because of loss from scour below this point. The
higher the floodplain surface that is wetted (up until 2 m) the more area that would be
available for seed germination. Therefore, a minimum rating out of three would be given
if only part of the recruitment band was wetted and a maximum rating would be given if

the entire recruitment band up to 2 m was moistened.

Ramping: A mortality coefficient (M) to describe ramping rate favourability was
developed in Braatne et al. (2007), with lower values representing more favourable post-
flood stage declines. Mortality coefficients for all reaches in this analysis were lower
than the coefficients for the Yakima River possibly due to differences in streamflow
supply, the different character of the regions, or different stream sizes. Therefore, the
value of the coefficient that would describe a favourable ramping rate was altered in this
analysis from < 20 on the Yakima, to <5 in the Old;nan Basin. The M < 5 criterion was
selected because it was known to represent a favourable ramping rate for this region.

Ramping rates have been determined to be an important factor for seedling survival, but

the variation in capillary fringe depth due to differences in substrate, and the possibility
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of moisture sources other than streamflow (i.e. precipitation) that could also prevent
drought-induced mortality, mean that it could be possible for seedlingé to survive without
favourable ramping. For example, in 1995 along the LSM/P reach, successful seedling
recruitment occurred (Rood & Mahoney 2000) despite the unfavourable mortality
coefficient (M = 21). The summer of 1995 was relatively wet with seven days of
precipitation greater than 2 mm in July (total July precipitation = 59.6 mm) that would
not only supply moisture, but also reduce vapor pressure demand. For this reason, the

ramping rate was not given a rating as high as Hy,, but rather given a rating out of two.

Late summer stage (H,.): Post-colonization drought survival in the first year of

the seedling’s life was considered by rating mean August discharge. Various methods of
determining an appropriate August discharge were considered. One mefhod was based =
on a set of assumptions to determine what the water table would need to be to support a
seedling based on root growth of 1 cm/d, a specific number of days for root growth to
occur that is in turn based on water table declines, and a capillary fringe of 40 cm. The
values of 1 cm/d and 40 cm were taken from the literature (Mahoney and Rood 1998). If
a seedling established at the maximum elevation of 2 m on June 15, by August 15
(average of August), after 65 days of root growth the roots would be at 1.35 m above
base stage. The capillary fringe of 0.40 m would allow the water table to be at 0.95 m. If
a seedling established at the minimum elevation of 6.6 m at a later date (July 15) due to
that surface just recently becoming available, and roots grew for 30 days, then the roots

would be at 0.30 m above base stage. With a capillary fringe of 0.40 m, the water level

could be 0.10 m below base stage. This method was not used because it resulted in a
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large range of possible values, it would have been a difficult analysis to carry out for each
individual year with the variation that occurs in the width of the elevational recruitment
band, and in the timing, and it is based on assumptions of root growth and fringe depth
that could vary with site and elevational position.

The method used was based on a simpler set of assumptiqqs and produced a
universal value. If a seedling established at 0.6 m at around mid-July, by August 1 an
optimal and proven ramping rate of 2.5 cm/d would produce a water level of 0.225 m
above base stage [0.6m — 15d*2.5cm/d]. By the end of the summer, flows are naturally
around baseflow, and so on average August flows should be 0.11 m above base stage
[(0.225 + 0) / 2]. Because many years met the 0.11 m criterion, because precipitation can
also influence drought survival, and because seedlings may not rely on saturated soil
water in their first few years (Cooper et al. 1999), this component was only given a rating

out of one (/+).

3.3.2 Calculation of historic values

Annual peak flow (Qna): Flood recurrence intervals were calculated using

streamflow data for the periods of record and by using 2-Parameter Log Normal
distributions in DISTRIB 2.20 (Eaglin 1999). Distribution fit was assessed with
DISTRIB’s K-S statistic, which provided a measure of the difference between the actual
and the hypothetical distribution. When considerin;, all the reaches, the 2-Parameter Log
Normal distribution provided the best fit (better than the tyr)ical Log Pearson Type I1I,

although results were very similar). The exception was the Upper Waterton reach that

had a compound function with a break at about the 20-yr return interval probably due to
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attenuation by the large Waterton Lakes. The two functions for the upper Waterton were

€

calculated in Excel using regression.

Height of spring peak above base (H,p): To find the maximum spring (May-July)

stage, discharge data were converted to stage data, and base stages were subtracted from
each value. Baseflow was calculated as the flow during the growing season that was
exceeded 95% of the time over the last ten years. The baseflow values were then

converted to stage values.

Ramping: The converted stage data above base stage were assessed from the day
of the spring peak to the day when stage change became minimal. Minimal stage change
was defined as a change less than 1 cm/d for seven consecutive days. Three-day moving
averages were calculated, and then daily stage changes were calculated by subtracting the
current day’s level from the previous day’s level. Stage declines were classified as
sufficient (< 5 cm/d), stressful (5-10 cm/d) or lethal (>10 cm/d) and proportions of each
category were used to calculate a differentially weighted mortality coefficient (M) such
that M = (prop. of lethal days * 3 + prop. of stressful days) / 3.

Originally a set date (July 31) was used as the endpoint of the analysis because it
eliminated the process of determining when stage leveled out, but this resulted in an
artificially high number of sufficient days, which di]uted the proportion of stressful and
lethal days. For example, along the lower St. Mary, 1964 was a notoriously bad year for

ramping where flows were abruptly dropped and kept at baseflow for the rest of the

summer (Rood et al. 1995). With the method described above, the mortality coefficient
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was 65. But with the set endpoint of July 31, the constant baseflow increased the number
of favourable days and resulted in a mortality coefficient equal to 1995, a year when

ramping flows were implemented fairly successfully.

Late summer stage (H,,5): Mean monthly discharge values for August published

in HYDAT were back converted to stage data, and then base stage was subtracted.
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Table 3-2. Rating criteria for the recruitment analysis. The following criteria were
developed and applied to historic values to produce an overall recrultment score
indicating the likelihood of recruitment in any particular year.

Disturbance (Q .

++  large disturbance (>10 y return interval (T)) within 3 y
+  moderate disturbance (5-10 y) within 2 y
- small disturbance (<5 y)

Spring peak timing (H,, date):
+ May24-Junl5
- outside limits
Spring peak stage above base stage (H,,):

+++ >2m
++ 13-2m

+ 0.6-13m

- <0.6m
Ramping (M):
++ M«<5

+ M=5-10

- M > 10 or Hgyp, too low

Drought survival (H,,,):

+ H,y > 0.11 m above base stage
- H,y < 0.11 m above base stage

9

Proceeding pages:

Table 3-3. Historic values used in the recruitment analysis. Recurrence intervals (T)-
were calculated from flood magnitudes (Qmax), mortality coefficients (M) were calculated
from the rate of post-flood flow decline.

Table 3-4. Likelihood of recruitment from 1995-2005 along the five river reaches.
Ratings (+/-) were based on how well the historic values met the rating criteria. The
number of ‘+’ ratings was summed for an overall indicator of success regarding each
hydrograph component.
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disturbance timing spring peak ramping  survival
Qua(m¥s) T Hsp (date) Hgp (M) M Haug (M)
USM: 1995 337 25 7-Jun 1.94 9« 0.48
1996 126 2-3 10-dun 1.18 2 0.26
1997 157 3-5 2-Jun 1.32 3 0.33
1998 84 <2 18-Jun 0.94 2 0.18
1999 88 <2 20-Jun 0.85 2 0.35
2000 61 <2 17-Jdun 0.78 0 0.19
2001 58 <2 29-May 0.75 0 0.15
2002 197 6-7 30-Jun 1.49 10 0.25
2003 80 <2 31-May 0.92 1 0.13
2004 50 <2 7-dun 0.69 2 0.29
2005 95 <2 7-Jun 1.01 3 Q.15
LSM/P: 1995 522 80-90 7-Jun 2.58 21 0.34
1996 81 <2 6-Jun 0.9 9 0.07
1997 117 2-3 158-dun 1.11 18 0.11
1998 76 <2 20-Jun 0.87 9 0.08
1999 31 <2 18-Jul 0.43 N/S 0.39
2000 1 <2 14-May 0.08 N/S 0.06
2001 6 <2 4-Jun 0.08 N/S 0.01
2002 196 6-7 29-dun 1.48 33 0.06
2003 45 <2 31-May 0.63 6 0.04
2004 11 <2 28-Jul 0.11 N/S 0.07
2005 370 20-30 8-Jun 2.11 29 0.04
uw: 1995 449 20 7-Jun 1.96 6 0.26
1996 127 3 9-Jun 0.93 2 0.25
1997 154 5 2-Jun 0.99 1 0.26
1998 105 <2 17-dun 0.83 0 0.19
1999 101 <2 19-Jun 0.81 0 0.30
2000 64 <2 24-May 0.63 0 0.17
2001 101 <2 5-dun 0.81 0 0.11
2002 180 8 18-Jun 1.11 3 0.22
2003 94 <2 30-May 0.78 0 0.13
2004 69 <2 7-dun 0.66 0 0.23
2005 115 2-3 7-Jun 0.86 0 0.17
Lw: 1995 902 ~300 7-Jun 4.47 17 0.10
1996 106 <2 6-Jun 0.88 8 -0.02
1997 156 2-3 3-Jun 1.18 15 -0.04
1998 126 <2 19-Jun 1 14 0.03
1999 66 <2 7-Jun 0.58 N/S 0.12
2000 8 <2 13-May 0.04 N/S -0.05
2001 30 <2 6-Jun 0.29 N/S -0.06
2002 300 5-10 10-Jun 1.94 13 0.02
2003 67 <2 4-Jun 0.59 N/S -0.05
2004 31 <2 11-dun 0.29 N/S -0.02
2005 245 5 7-Jun 1.09 16 -0.02
CsL: 1995 812  300-500 7-dun 3.45 8 0.34
1996 125 2-3 5-Jun 1.3 4 0.16
1997 167 3-5 1-Jun 1.47 7 0.19
1998 178 3-5 27-May 1.51 7 0.11
1999 104 <2 26-May 1.19 6 0.21
2000 67 <2 23-May 0.95 1 0.08
2001 90 <2 5-Jun 1.11 5 0.05
2002 225 5-6 17-Jun 1.68 9 0.16
2003 101 <2 26-May 1.17 1 0.06
2004 56 <2 7-Jun 0.87 1 0.21
2005 150 2-3 7-Jun 1.41 4 0.17
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disturbance Hsp timing Hsp ramping  survival Total
(/ ++) (/+) (J++4) (/ ++) (/+) /9
USM: 1995 ++ + ++ + * 7
1996 ++ + + ++ + 7
1997 ++ + + ++ + 7
1998 - - + ++ + 4
1999 N - + ++ + 4
2000 - - + ++ + 4
2001 - + + ++ + 5
2002 + - + + + 4
2003 + . —+ + 6
2004 + + ++ + 5
2005 - + + 4+ + 5
Overall 8/22 7/11 12/33 20/22 11/11
LSM/P: 1995 ++ + ot - + 7
1996 ++ + + + - 5
1997 ++ + + - - 4
1998 - - + + - 1
1999 - - - - + 1
2000 - - - - - 0
2001 - + - - - 1
2002 + ) - + - - 2
2003 + + + + - 4
2004 - - - - - 0
2005 ++ + 4+ - - 6
Overall 10/22 6/11 11/33 3/22 2/11
uw: 1995 ++ + ++ + + 7
1996 ++ + N —+ + 7
1997 ++ + + ++ + 7
1998 - - + +4 + 4
1999 - - + ++ + 4
2000 - - + ++ + 4
2001 - + + ++ 4
2002 + - + ++ + 5
2003 + + + ++ + 6
2004 - + + ++ + 5
2005 - + + ++ . 5
Overall 8/22 7/11 12/33 21/22 10/11
LW: 1995 ++ + +++ - - 6
1996 ++ + + + - 5
1997 ++ + + - 4
1998 - - + - - 1
1999 - + - - + 2
2000 - - - - - 0
2001 - + - - 1
2002 + + ++ - 4
2003 + + - - - 2
2004 - + - 1
2005 + + + - - 3
Overall 9/22 9/11 9/33 1/22 1/11
CSL: 1995 ++ + +++ + + 8
1996 ++ + + ++ + 7
1997 ++ + + + + 6
1998 - + 4 4
1999 - + + + 4
2000 - - + ++ 3
2001 - + + ++ - 4
2002 + - ++ + + 5
2003 + + + ++ - 5
2004 - + + ++ + 5
2005 - + + ++ + 5
Overall 8/22 9/11 15/33 17/22 711 )
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3.3.3 Application of the model to historic values

In the decade of streamflow analyzed, over the five reaches, nearly a complete
range of establishment scores from zero to eight out of a possible nine were observed
(Table 3-4). The most favourable years on all reaches were the years following the flood
of 19975. This flood provided two extra points for each of 1995, 1996, and 1997 that were
not given for any other year (with the exception of 2005 for LSMkP). Ramping and
summer drought survival were less favourable on the regulated LSM/P and LW in those
years, but the other hydrograph characteristics were favourable enough to give a
relatively high overall recruitment score.

Disturbance flows were approximately equal across the reaches throughout the
period analyzed, and this is consistent with the observation that river damming has not
attenuated flood flows along the St. Mary and Waterton rivers (Figure 1-5). The timing
of those floods has slightly changed, however. Along the St. Mary, timing was slightly
less favourable along the regulated reach, whereas along the Waterton, the lower reach
had slightly more favourable spring peak timing (Table 3-4).

There was also a difference between the free-flowing reaches and the regulated
reaches in the number of years with favourable spring peaks. In years with smaller floods
(< 2 yr return interval) such as 1999-2001 and 2004, the free-flowing reaches still had
spring peaks that were greater than the minimum elevation where seedlings establish, but

the LSM and LW did not. Annual maximum discharge in those years on those reaches

often occurred at a time other than spring.
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Ramping rates were much less favourable along the regulated reaches, as the time
period when ramping should occur coincides with reservoir filling, reducing the water
supply available for environmental functions. The USM and UW had favourable
ramping in almost every year, while the LSM/P and especially the LW had highly
unfavourable ramping. The CSL had favourable ramping in most years, with moderately
favourable ramping in the remaining years. The Castle River prcv)v>ided an interesting
intermediate between the upper and lower reaches of the St. Mary and Waterton. Similar
to the upper reaches, it is free-flowing; however it is not attenuated by any lakes, which
results in a flashier flow regime.

A similar phenomenon occurred with the drought survival ratings. Along the LW
and LSM/P, only one or two years, respectively, out of the eleven years analyzed had
sufficient August discharge (Table 3-4). The upper reaches were favourable in almost all
years, and the CSL reach was again intermediate.

After 1995-1997, there was reduced likelihood of recruitment; however, a score
of four might still result in some recruitment. Years that scored a four, were missing
some aspect of the establishment process, but might have sufficient ratings in the rest of
the aspects to enable some colonization. For example in 1998-2001 on the USM and the
UW, there was no disturbance flow, but some of the recruitment band would have been
wetted, and subsequent ramping and drought survival flows were favourable.

Years that scored a 0-3 would likely not su;gport recruitment as they were missing
several critical aspects of the hydrograph, and the aspects that they did have were only
marginally favourable. Years that scored a five, might support limited recruitment, and

years with a score of 6 or above likely had fairly extensive recruitment events.
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3.3.4 Verification of the model with excavated sapling data

The excavated saplings from Chapter 2 provided a way of verifying the model’s
output from the earlier years (i.e. 1995-2000). The association should be interpreted with
caution as not all saplings were randomly sampled, sample sizes were small, and the
excavation data represents recruitment into the sapling phase rather than seedling
recruitment. -

For all reaches, the associations between the model predictions and the observed
sapling recruitment revealed an apparent lag between the prediction and the outcome
(Figure 3-2). While the model predicted that most recruitment should have occurred in
1995, 1996, and 1997, the sapling data showed that most establishment occurred in 1997,

1998, and 1999.
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Figure 3-2. Comparison of recruitment model predictions (top) and the observed
frequency of saplings (bottom) for each river reach analyzed from 1995 to 2000. Values
plotted in the top figure for each reach are the overall recruitment score out of nine
generated by the model. Values plotted in the bottom figures are the relative frequencies
of excavated saplings that established in that year.
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3.4  DISCUSSION

A model is defined as an abstraction or simplification of a natural phenomenon
(Smith 1996). In riparian systems, which have beZen described as “the epitome of
heterogeneity” (Naiman et al. 2005), the simplification of a process such as recruitment
should be undertaken with caution. In addition to the five hydrograph components
considered in my model, there are many other factors that could ;clffect seedling
recruitment such as climate, seed source, or the availability of suitable recruitment sites.

For example, favourable ramping flows and sufficient August flows are going to
be more important in a hot and dry year when water demand is greater. It is also possible
that climatic variables would play different roles depending on location in the basin. The
more western higher elevation reaches, which are cooler and receive more precipitation
(Table 2-1), might rely less on streamflow than the eastern lower elevation reaches.
Another climatic factor that could affect model outcome, and that was observed in 2005,
was a late season frost that caused abortion of catkins resulting in low seed production.
Despite somewhat favourable flows in 2005, field observations indicated minimal
establishment.

The exclusion of climatic factors may be one of the reasons that the model did not
accurately predict the observed sapling age distributions (Figure 3-2). Conversely,
another variable may need to be added to the model to account for post-establishment
mortality. A scour survival component was included in the model developed in Braatne
et al. (2007), but that was included to account for the common winter storm events that
could flush away newly established seedlings. As we do not commonly receive winter

floods in this region, this variable was not included in the model. A variable that
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represents ice scour, or next year’s spring flood scour potential would be more suitable
for this region, and may improve model predictions. ‘

Although the model did not predict sapling frequency accurately, it may be more
accurate in predicting initial seedling establishment, which was the intended purpose of
the model. The high recruitment scores in 1995, 1996, and 1997 are consistent with the
observation of a wide spread recruitment event in the Oldman River Basin (Kalishchuk et
al. 1998; Rood & Mahoney 2000).

Differences in recruitment likelihood between free-flowing and regulated reaches
were apparent. Along the free-flowing reaches, most years were quite favourable, which .
is contradictory to the observation that recruitment is naturally episodic (Scott et al. 1997;
Samuelson & Rood 2004). However, my model focused on establishment or colonization
and first year survival, which may occur more frequently than recruitment (survival to the
3" year) if mortality occurs after the first year (Rood et al. 2007). My model
incorporates some aspect of longer term survival, and thus recruitment, by ensuring that
establishment occurs within an elevational band in which seedlings usually survive.

Other factors such as cattle grazing and pugging (breakdown of substrate surface
from cattle trampling) can affect recruitment. There were quite a few years in which
recruitment seemed likely on the USM, but from field observations on river trips, few
saplings were observed, but evidence of cattle was. Seedling study sites have been lost to
cattle grazing along the Oldman River (Kalischuk e; al. 2001) and along the Elk River
(Polzin & Rood 2006).

The generalizations and assumptions that the model relied on may not apply to all

site-specific conditions. The recruitment band was set from 0.6 to 2 m above base stage
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with sufficient stage recession rate of 5 cm/d. However, other studies have found
recruitment both above and below these boundaries (Scott et al. 1997; Rood et al. 1998).
The upper boundary is dependent on the amount of precipitation usually available and
both the upper boundary and ramping rate could be variable dependent on the substrate
present, with finer substrate allowing more moisture retention. The lower boundary
depends partly on ice scour, which may be more prevalent along séme reaches than
others (Rood et al. 2007), and subsequent flood scour.

Another assumption was that the stage rating curve, which is developed at one
cross-section along the entire reach, is representative of that reach. In a segment with a
steeper or narrower channel compared to the cross-section measured, the same amount of
flow would result in a higher stage. However, site specific stage-discharge patterns have
been closely associated with the gauging station’s stage-discharge pattern along some
rivers (Polzin & Rood 2006).

The area of floodplain surface encompassed by the recruitment band is also
dependent on channel shape with larger areas available on gradually sloping, broad
surfaces. This might mean that a similar recruitment score on two reaches that differ in
geomorphology could result in different amounts of recruitment. Further, the interaction
of streamflow with geomorphology means that a streamflow criterion applicable to an
alluvial reach might not apply to a partially confined reach. For example, along partially
confined channel sections along the upper Missour{River, recruitment occurs only at

high flows, whereas in sections with lateral migration, recruitment occurs at both

moderate and high flows (Scott et al. 1996).
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The lower Waterton and lower St. Mary had very similar recruitment scores, but
the lower Waterton has extensive zones of saplings with multiple age ¢lasses, while the
lower St. Mary has few sapling patches (Section 2.3.2). This is partly due to a lack of
seed supply on the St. Mary, but despite the low recruitment scores, the Waterton has still
supported recent recruitment.

In conclusion, the overall recruitment score produced by the model showed a co-
ordination with initial seedling establishment documented in the literature (Rbod et al.
1998; Rood & Mahoney 2000), but not seedling recruitment (i.e. survival to the third
year). This was shown by the disparity between model predictions and the observed
sapling frequencies. The model did consider one aspéct of post-establishment survival by
ensuring that seedling establishment occurred within the recruitment band—an elevational
band that generally favours survival-but even with this consideration, the model was
more accurate at predicting establishment, rather than recruitment. Refining the model
with the addition of another hydrograph component that represents post-establishment
scour from the following years flood events would likely improve predictions of

recruitment, and thus co-ordination with observed sapling frequencies.
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CHAPTER 4
Implications for Management and Future Research

To restore the degraded cottonwood population along the lower St. Mary River, va
systemic, or landscape-scale restoration approach was undertaken. Critical components
of the flow regime were changed to restore the abiotic processes needed for the function
of the biological community. This can also be considered a passvi\}e restoration approach
in which the stress causing ecosystem degradation is removed, and should be the first
step taken for ecological restoration (Kauffman et al. 1997; SER 2004). With current
instream flow management practices, ecosystem condition along the lower St. Mary
reach (LSM) has displayed some improvéments, but will never be restored to its pre-
degraded condition (Figure 2-26). Two prospective strategies to promote further
restoration are increased management effort, or a more active restoration approach, and

the improvement of instream flow management.

4.1 Increased management effort

In systems where removal of the stressor does not prompt re-initiation of
autogenic ecosystem processes, a solution that has been suggested is increased
management effort (Hobbs & Norton 1996; Suding et al. 2004). Increased management
alters the restoration trajectory and allows the system to overcome the threshold that is
preventing recovery. For the lower St. Mary reach: a management strategy that will
likely promote further recovery is seed addition. Alternatively, vegetative shoot cuttings
could be planted. There are advantages with either strategy, and consideration should be

given to experimental, genetic, and practical aspects.
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Vegetative cuttings versus seed addition

The advantage of using vegetative shoot cuttings is that they contain more energy
reserves, and thus have a high probability of survival (Rood et al. 2003c). Also, cuttings
grow quickly, and provide a more advanced stage of recovery. One of the large river
restoration projects in North America—the Sacramento River Project in California—used
cuttings to re-establish riparian vegetation (Alpert et al. 1999). Iﬁ éddition, the use of
cuttings has been extensively developed for the establishment of poplar plantations
(Stanturf et al. 2001), and could provide many lessons for natural stand recovery.
However, as vegetative plantings for restoration have not yet been carried out in southern
Alberta, the collection, storage and preparation of cuttings may present a challenge.

The advantage of the seed addition strategy is that seed bearing branches could be
easily cut, bagged, and placed on the floodplain surface when hydrological conditions are
favourable for recruitment. Hydrological conditions are generally favourable in high
flow years when irrigation demands are lower, and more water is available for beneficial
manipulation by Alberta Environment Dam managers. The placement of seed-bearing
branches was a strategy that was used along the Middle Rio Grande River (Bhattacharjee
et al. 2006). Alternatively, seeds could be collected, cleaned, and then sprinkled onto the
floodplain surface in known densities (Friedman et al. 1995). A disadvantage of seed
addition is that seedlings typically have high mortality rates (Schweitzer et al. 2002;
Dixon 2003). However, this could be ameliorated l;y adding seeds to floodplain surfaces
at favourable elevations as determined by the Recruitment Box Model. Large mammal

exclosures or fencing that prevent cattle, deer, and beaver from browsing or disturbing
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seedlings could also enhance survival. Another advantage of seed addition is that it

provides an opportunity to test the hypothesis that seed source is limiting.

Experimental considerations

The correspondence between mature tree and sapling patch distributions provides
evidence for seed source as a limiting factor (Figure 2-4), but thivs >interpretation could be
confounded by site favorability. Sites that supported mature trees might also be sites that
are naturally more favourable for saplings. To further explore the hypothesis that seed
source is limiting, observations of natural seed fall should be undertaken to determine
whether sites without trees receive seeds from regional sources. Then, to assess site
favourability, equal densities of seeds could be added to sites with trees and to sites
without trees, and subsequent seedling establishment and survival would be monitored.

Another aspect of site suitability that could be further assessed is the apparent
equal distribution of suitable sites along the lower St. Mary, lower St. Mary downstream
of Pothole, and lower Waterton reaches. Subjective assessments from aerial photos
suggest that suitable sites are not limiting, but more quantitative assessment of whether
these sites are suitable or not could be determined by adding seeds and observing if they
survive and grow.

Seed addition over many years could also provide an opportunity to calibrate the

recruitment model developed in Chapter 3. A knO\;vn density of seeds could be added to
a range of floodplain surfaces and elevations. The responses of seedling survival and

density to each subsequent aspect of the hydrograph could then be monitored.
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Genetic considerations

Although collection of seeds and shoots from remnant trees alang the LSM may
provide propagules that are well-adapted to local conditions, genetic variation may be
limited. A range of regional sources should be used for seed or shoot collection, because
genetic variation is im‘portant for the future success of the reproductive population.

Many studies have shown that most of the genetic variation in Populus is found
within a population, and that gene flow over large regions has resulted in little variation
among populations (Farmer 1996). The range of variation within a population can
produce a wide range of flowering and seed dispersal times, which can take advantage of
interannual variation in climatic conditions or the flow regime, and provide seeds
throughout the period when flood waters are gradually receding and exposing new
substrate. Therefore, genetic variation is important for the future reproductive success of
the population.

Beyond the population level, recent studies have shown that genotypes of
keystone or foundation species like poplar can have effects at the community and
ecosystem levels (Whitham et al. 2006). For example, some genotypes have high tannin
levels, and are less palatable to many invertebrates, and so affect the community
composition. Further, different community compositions affect ecosystem processes like

nitrogen mineralization (Whitham et al. 2006).
4.2  Implications for instream flow management

Government managers of the St. Mary Dam have indicated that it would be

challenging to obtain more flows for environmental functions (J. Mahoney, pers. comm.)
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Should opportunities emerge, however, flows could be managed differently by increasing
spring river levels or improving ramping flows. ‘

This study provides some evidence that increased spring flows may promote
diameter growth (Figure 2-17). Providing support for a causative association between
spring flows and diameter, a préliminary study indicates that seasonal radial growth at a
site along the Oldman River occurs in the period when flows arevh>i ghest, from May to
mid-July (C. Phelan, unpublished). These results should be interpreted with cautiop,
however. The diameter-flow relationship I detected may not be causative, but rather
explained by differences in altitude and climate between the upper free-flowing and
lower regulated reaches (Table 2-1).  The diameter-flow relationship may also have been
confounded from mixed age classes. Looking at the results from only the excavated
saplings that established from 1995 to 1998, there was no significant difference in
diameter between the reaches, with the exception of the Castle reach that supported wider
saplings (Figure 2-12). There is also a possibility that cottonwoods less than 50 cm in
height that were excluded from data collection were not seedlings, but rather stunted
older saplings. If there were more stunted saplings along the LSM, this would mean that
sapling sizes were smaller than the results indicated.

The recruitment model suggests that improvements to ramping flows could be
made, as the regulated reaches were not as favourable as the free-flowing reaches in
relation to the mortality coefficient (Table 3-4). Improved ramping flows would also
provide increased water in May and June that would be available for sapling growth. In
addition, favourable ramping would aid in the establishment of seedlings or cuttings from

the seed addition and shoot planting experiments.
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In conclusion, this research provides some evidence that increased spring flows,
or improved ramping flows could further recover ecosystem condition. Also, seed
addition or vegetative shoot plantings could not only aid in the recovery of the
cottonwood popublation, but could provide interesting experimental opportunities. This

study provides an impetus to accompany the landscape-scale passive restoration approach

 that has already been implemented, in which abiotic factors were restored for biotic
components, with a site-specific active restoration approach, in which biotic components

are directly restored.

123



LITERATURE CITED

Alberta Agriculture and Food. 2005. Agroclimatic Atlas of Alberta: Maps.
{http://www1.agric. gov.ab.ca/$department/deptdocs.nsf/all/sag7019}. Accessed
up until June 2007.

Alberta Environment. 2003 (revised 2005). South Saskatchewan River Basin Water
Allocation. Background study for South Saskatchewan Water Management Plan.

Alberta Environment. 2004. South Saskatchewan River Basin Historical Weekly
Natural Flows 1912-2001. Version 3.02, October 2004.

Allen RH, Marquis DA. 1970. Effect of thinning on height and diameter growth of oak
& yellow-poplar saplings. U.S.D.A. Forest Service Research Paper NE-173.
{http://www.fs.fed.us/ne/newtown_square/publications}

Alpert P, Griggs FT, Peterson DR. 1999. Riparian forest restoration along large rivers:
Initial results from the Sacramento River Project. Restoration Ecology 7(4): 360-
368.

Amlin NM, Rood SB. 2003. Drought stress and recovery of riparian cottonwoods due to
water table alteration along Willow Creek, Alberta. Trees 17:351-358.

Andersen DC. 2005. Characterizing flow regimes for floodplain forest conservation: an
assessment of factors affecting sapling growth and survivorship on three cold
desert rivers. Canadian Journal of Forest Research 35(12): 2886-2899.

Annear T, Chisholm I, Beecher H, Locke A and 12 others. 2004. Instream Flows for
Riverine Resource Stewardship, revised edition. Instream Flow Council:

Cheyenne, WY.

Auble GT, Scott ML. 1998. Fluvial disturbance patches and cottonwood recruitment
along the upper Missouri River, Montana. Wetlands 18(4): 546-556

Baker WL. 1989. Macro- and micro-scale influences on riparian vegetation in western
Colorado. Annals of the Association of American Geographers 79(1): 65-78.

Barnes WJ. 1985. Population dynamics of woody plants on a river island. Canadian
Journal of Botany 63: 647-655.

Barrett GW, Van Dyne GM, Odum EP. 1976. Stress Ecology. BioScience 26(3):192-194.
Berg KJ, Samuelson GM, Willms CR, Pearce DW, Rood SB. 2007a. Consistent growth

of black cottonwood despite temperature variation across elevational ecoregions
in the Rocky Mountains. Trees 21: 161-169.

124


http://wwwl.agnc
http://www.fs.fed.us/ne/newtown_square/publications%7d

Bendix J. 1994. Scale, direction, and pattern in riparian vegetation-environment
relationships. Annals of the Association of American Geographers 84(4): 652-
665.

Bernhardt ES, Palmer MA, Allan JD, and 22 others. 2005. Synthesizing US river
restoration efforts. Science 308(5722): 636-637.

Bhattacharjee J, Taylor JP, Smith LM. 2006. Controlled flooding and staged drawdown
for restoration of native cottonwoods in the Middle Rio Grande Valley, New
Mexico, USA. Wetlands 26(3): 691-702.

Braatne JH, Rood SB, Heilman PE. 1996. Life history, ecology, and conservation of
riparian cottonwoods in North America. In: Stettler RF, Bradshaw HD, Heilman
PE, Hinckley TM. eds., Biology of Populus and its implication for management
and conservation. NRC Research Press: Ottawa. pp. 57-85.

Braatne JH, Jamieson B. 2001. The impacts of flow regulation on riparian cottonwood
Jorests of the Yakima River. Prepared for the Bonneville Power Administration,
Portland. {http://www.efw.bpa.gov/cgi-bin/FW/publications.cgi}.

Braatne JH, Jamieson R, Gill KM, Rood SB. 2007. Instream flows and the decline of
riparian cottonwoods along the Yakima River, Washington, USA. River
Research and Applications 23: 247-267.

Bradshaw AD. 1987. Restoration: an acid test for ecology. In: Jordan WR, Gilpin ME,
Aber JD. eds., Restoration ecology: a synthetic approach to ecological research.
Cambridge University Press: Cambridge, U.K. pp. 23--30.

Breck SW, Wilson KR, Andersen DC. 2003. Beaver herbivory and its effect on
cottonwood trees: influence of flooding along matched regulated and unregulated
rivers. River Research and Applications 19: 43-58.

Breitburg D, Seitzinger S, Sanders J. 1988. Preface - The effects of multiple stressor on
freshwater and marine ecosystems. Limnology and Oceanography 44(3, Part 2).

Busch DE, Smith SD. 1995. Mechanisms associated with decline of woody species in
riparian ecosystems of the southwestern U.S. Ecological Monographs 65: 347-
370. -

Buhrman H, Young D. 1982. Canoeing Chinook Country Rivers. University of
Lethbridge: Alberta.

Campbell JS, Mahoney JM, Rood SB. 1993. A lack of heterosis in natural poplar
hybrids from southern Alberta. Canadian Journal of Botany 71: 37-42.

125


http://www.efw.bpa.gov/cgi-bin/FW/publications.cgi%7d

Clipperton GK, Koning CW, Locke AGH, Mahoney JM, Quazi B. 2003. Instream flow
needs determination for the South Saskatchewan River Basin, Alberta, Canada.
Publication No. T/719 by Alberta Environment and Alberta SuStainable
Resources Development.

Cooper DJ, Merritt DM, Andersen DC, Chimner RA. 1999. Factdrs controlling the
establishment of Fremont cottonwood seedlings on the upper Green River, USA.
Regulated Rivers: Research and Management 15(5): 419-440.

Dawson GM. 1884. Map showing wooded and prairie tracts in the region in the vicinity
of the Bow and Belly rivers. In: Maps to Accompany Report of Progress from
1882 to 1884. Geological and Natural History Survey and Museum of Canada.
Montreal, Canada: Dawson Bros.

DeBell DS. 1990. Populus trichocarpa Torr. & Gray. In: Burns RM, Honkala BH. eds.,
Silvics of North America: Vol. 2. hardwoods. Agriculture Handbook 654. U.S.
Department of Agriculture, Forest Service, Washington, DC.

Dickmann DI, Isebrands JG, Blake TJ, Kosola K, Kort J. 2001. Physiological ecology of
poplars. In: Dickmann DI, Isebrands JG, Eckenwalder JE, Richardson J. eds.,
Poplar Culture in North America. NRC Research Press: Ottawa. pp 77-118.

Disalvo AC, Hart SC. 2002. Climatic and stream-flow controls on tree growth in a
western montane riparian forest. Environmental Management 30(5): 678-691.

Dixon MD, Turner MG, Jin, C. 2002. Riparian seedling distribution on Wisconsin River
sandbars: controls at different spatial scales. Ecological Monographs 72(4): 465-
485,

Dixon MD. 2003. Effects of flow pattern on riparian seedling recruitment on sandbars in
the Wisconsin River, Wisconsin, USA. Wetlands 23(1): 125-139.

Dixon MD, Turner MG. 2006. Simulated recruitment of riparian trees and shrubs under
natural and regulated flow regimes on the Wisconsin River, USA. River Research

and Applications 22: 1057-1083.

Eaglin RD. 1999. DISTRIB 2.20 for Windows: Statistical Distribution Analysis.
{http://www-cee.engr.ucf.edu/software/}.

Esau K. 1977. Anatomy of Seed Plants 2" Ed. Wiley: New York.

Everitt BL. 1968. Use of cottonwood in an investigation of the recent history of a
floodplain. American Journal of Science 266: 417-439.

126


http://www-cee.engr.ucf.edu/software/%7d

Farmer RE. 1996. The genecology of Populus. In: Stettler RF, Bradshaw HD, Heilman
PE, Hinckley TM. eds., Biology of Populus and its implication for management
and conservation. NRC Research Press: Ottawa. pp. 33-55.

Floate KD. 2004. Extent and patterns of hybridization among the three species of
Populus that constitute the riparian forest of southern Alberta, Canada. Canadian
Journal of Botany 82: 253-264

Friedman JM, Scott ML, Lewis WM. 1995. Restoration of riparian forest using
irrigation, artificial disturbance, and natural seedfall. Environmental Management
19(4): 547-557.

Galatowitsch SM, vanderValk AG. 1996. The vegetation of restored and natural prairie
wetlands. Ecological Applications 6(1): 102-112.

Gilpin JF. 2000. Quenching the prairie thirst: a history of the Magrath Irrigation
District, Raymond Irrigation District, Taber Irrigation District, St. Mary River
Irrigation District. St. Mary Irrigation Project: Lethbridge.

Gom LA, Rood SB. 1999. Patterns of clonal cottonwood occurrence in a mature grove
along the Oldman River, Alberta. Canadian Journal of Botany 77: 1095-1105.

Gordon ND, McMahon TA, Finlayson BL, Gippel CJ, Nathan RJ. 2005. Stream
Hydrology: An introduction for ecologists, 2" ed. John Wiley & Sons Ltd.: West
Sussex, England.

Gunderson LH. 2000. Ecological resilience — in theory and application. Annual Review
of Ecology and Systematics 31: 425-39.

Harrington TB. 2001. Silvicultural basis for thinning southern pines: concepts and
expected responses. Georgia Forestry Commission Publication #FSP001. 13 pp.
{http://www.gfc.state.ga.us/Resources/Publications/ForestManagement/
SilviculturalBasis.pdf}

Hauer RF, Lorang MS. 2004. River regulation, decline of ecological resources, and
potential for restoration in a semi-arid lands river in the western USA. Aquatic
Sciences 66: 388—401.

-

Hobbs RJ, Norton DA. 1996. Towards a conceptual framework for restoration ecology.
Restoration Ecology 4(2): 93-110.

Holling CS. 1973. Resilience and stability of ecological systems. Annual Review of
Ecology and Systematics 4: 1-23.

127


http://www.gfc.state.ga.us/Resources/Publications/ForestManagement/

Horton JL, Kolb TE, Hart SC. 2001. Responses of riparian trees to interannual variation
in ground water depth in a semi-arid river basin. Plant, Cell and Environment 24:
293-304. ‘

Howe WH, Knopf FL. 1991. On the imminent decline of Rio Grande cottonwoods in
central New Mexico. Southwestern Naturalist 36(2): 218-224.

Husch B, Beers TW, Kershaw Jr. JA. 2003. Forest Mensuration 4" ed. Wiley:
Hoboken, New Jersey.

Huang SM, Titus SJ, Wiens DP. 1992. Comparison of nonlinear height diameter
functions for major Alberta tree species. Canadian Journal of Forest Research
22:1297-1304.

Hughes FMR, Rood SB. 2001. Floodplains. /n: Warren A, French JR. eds., Habitat
conservation: managing the physical environment. Wiley: Chichester, UK. pp
105-122

Johnson WC, Burgess RL, Keammerer WR. 1976. Forest Overstory Vegetation and
Environment on the Missouri River Floodplain in North Dakota. Ecological
Monographs 46(1): 59-84.

Johnson WC. 1992. Dams and riparian forests: case study from the upper Missouri
River. Rivers 3(4): 229-242.

Junk WIJ, Bayley PB, Sparks RE. 1989. The flood pulse concept in river-floodplain
systems. Canadian special publication of fisheries and aquatic sciences 106:
110-127.

Kalishchuk AR, Rood SB, Mahoney JM. 2001. Environmental influences on seedling
growth of cottonwood species following a major flood. Forest Ecology and
Management 144: 75-89.

Kauffman JG, Beschta RL, Otting N, Lytjen D. 1997. An ecological perspective of
riparian and stream restoration in the western United States. Fisheries 22: 12-24.

Klein LR, Clayton SR, Alldredge JR, Goodwin P. 2007. Long-term monitoring and
evaluation of the lower Red River Meadow restoration project, Idaho, U.S.A.

Restoration Ecology 15(2): 223-239.

Knopf FL, Johnson RR, Rich T, Samson FB, Szaro RC. 1988. Conservation of riparian
ecosystems in the United States. Wilson Bulletin 100(2): 272-284

Kondolf GM, Micheli ER. 1995. Evaluating stream restoration projects. Environmental
Management 19(1): 1-15.

128



KortJ. 2005. Hydraulic and canopy conductances in hybrid poplar clones, PhD Thesis,
University of Toronto.

Lake, PS, Bond N, Reich P. 2007. Linking ecological theory with stream restoration.
Freshwater Biology 52: 597-615.

Leopold LB. 1994. 4 View of the River. Harvard University Press: Cambridge,
Massachusetts.

Lite SJ, Stromberg JC. 2005. Surface water and ground-water thresholds for maintaining
Populus-Salix forests, San Pedro River, Arizona. Biological Conservation 125:
153-167.

Mahoney JM, Rood SB. 1991. A device for studying the influence of declining water
table on poplar growth and survival. Tree Physiology 8: 305-314.

Mahoney JM, Rood SB. 1998. Streamflow requirements for cottonwood seedling
recruitment — an integrative model. Wetlands 18(4): 634-645.

Mantua N, Hare SR. 2002. The Pacific Decadal Oscillation. Journal of Oceanography
58: 38-44.

Marshall IB, Schut PH. 1999. 4 National Ecological Framework for Canada: A
cooperative product by Ecosystems Science Directorate, Environment Canada,
and Research Branch-Agriculture and Agri-Food Canada. {http://sis.agr.gc.ca/
cansis/nsdb/ecostrat/intro.html#ecological%20map%?20units } . Accessed till Jun
2007.

Martinsen GD, Whitham TG. 1994. More birds nest in hybrid cottonwood trees. Wilson
Bulletin 106(3): 474-481

Merigliano MF. 1998. Cottonwood and willow demography on a young island, Salmon
River, Idaho. Wetlands 18(4): 571-576.

Merritt DM, Wohl EE. 2006. Plant dispersal along rivers fragmented by dams. River
Research and Applications 22(1): 1-26.

Naiman RJ, Dechamps H, McClain ME. 2005. Riparia. Elsevier: New York

Niklas KJ. 1995. Size-dependent allometry of tree height, diameter and trunk-taper.
Annals of Botany 75: 217-227.

Nilsson C, Reidy CA, Dynesius M, Revenga C. 2005. Fragmentation and flow
regulation of the world's large river systems. Science 308(5720): 405-408

129


http://sis.agr.gc.ca/

Noss RF, LaRoe ET IIlI, Scott M. 1995. Endangered ecosystems of the United States: a
preliminary assessment of loss and degradation. United States Department of the
Interior, National Biological Service, Washington, D.C. Biological Report 28.

NRC (National Research Council). 2002. Riparian areas: functions and strategies for
management. National Academy Press: Washington, D.C. 428 pp.

Peterson EB, Peterson NM, McLennan DS. 1996. Black cottonwood and balsam poplar
manager’s handbook for British Columbia. FRDA Report 250, B.C. Ministry of
Forests. .-

Phelan CA. 2007. Ecohydrology of a riparian woodland along the Oldman River,
Alberta, M.Sc. Thesis, University of Lethbridge.

Poff NL, Allan D, Bain MB, & 5 others. 1997. The natural flow regime: a paradigm for
river conservation and restoration. BioScience 47: 769-784.

Polzin ML, Rood SB. 2006. Effective disturbance: seedling safe sites and patch
recruitment of riparian cottonwoods after a major flood of a mountain river.
Wetlands 26(4): 965-980.

Reily PW, Johnson WC. 1982. The effects of altered hydrologic regime on tree growth
along the Missouri River in North Dakota. Canadian Journal of Botany 60: 2410-
2423.

“Resilience”. Def. 1986. Webster’s New World Dictionary. 2™ ed.

Richter BD, Baumgartner JV, Wigington R, Braun DP. 1997. How much water does a
river need? Freshwater Biology 37(1): 231-249.

Rood SB, Heinze-Milne S. 1989. Abrupt downstream forest decline following river
damming in southern Alberta. Canadian Journal of Botany 67: 1744-1749

Rood SB, Mahoney JM, Reid DE, Zilm L. 1995. Instream flows and the decline of
riparian cottonwoods along the St. Mary River, Alberta. Canadian Journal of
Botany 73: 1250-1260

Rood SB, Mahoney JM. 1996. River damming and riparian cottonwoods along the
Marias River, Montana. Rivers 5(3): 195-207.

Rood SB, Kalischuk AR, Mahoney JM. 1998. Initial cottonwood seedling recruitment
following the flood of the century of the Oldman River, Alberta, Canada.
Wetlands 18(4): 557-570.

Rood SB, Mahoney JM. 2000. Revised instream flow regulation enables cottonwood
recruitment along the St. Mary River, Alberta, Canada. Rivers 7(2): 109-125

130



Rood SB, Patino S, Coombs K, Tyree MT. 2000. Branch sacrifice: cgvitation—associated
drought adaptation of riparian cottonwoods. Trees 14(5): 248-257.

Rood SB, Gourley CR, Ammon EM, and 7 others. 2003a. Flows for floodplain forests: a
successful riparian restoration. Bioscience 53(7): 647-656.

Rood SB, Braatne JH, Hughes FMR. 2003b. Ecophysiology of riparian cottonwoods:
stream flow dependency, water relations and restoration. Tree Physiology 23:
1113-1124. o

Rood SB, Kalischuk AR, Polzin ML, Braatne JH. 2003c. Branch propagation, not
cladoptosis, permits dispersive, clonal reproduction of riparian cottonwoods.
Forest Ecology and Management 186(1-3): 227-242.

Rood SB, Samuelson GM, Braatne JH, Gourley CR, Hughes FMR, Mahoney JM. 2005.
Managing river flows to restore floodplain forests. Frontiers in Ecology and
Environment 3(4): 193-201.

Rood SB, Berg KJ, Pearce DW. 2007a. Localized temperature adaptation of
cottonwoods from elevational ecoregions in the Rocky Mountains. Trees 21: 171-
180.

Rood SB, Goater LA, Mahoney JM, Pearce CM, Smith DG. 2007b. Floods, fire and ice:
disturbance ecology of riparian cottonwoods. Canadian Journal of Botany 85:
1019-1032.

Samuelson GM, Rood SB. 2004. Differing influences of natural and artificial
disturbance on riparian cottonwoods from prairie to mountain ecoregions in
Alberta, Canada. Journal of Biogeography 31: 435-450.

Sarr DA. 2002. Riparian livestock exclosure research in the western United States: a
critique and some recommendations. Environmental Management 30(4): 516-526.

Schweitzer JA, Martinsen GD, Whitham TG. 2002. Cottonwood hybrids gain fitness
traits of both parents: a mechanism for their long-term persistence? American
Journal of Botany 89(6): 981-990.

Scott ML, Friedman JM, Auble GT. 1996. Fluvial process and the establishment of
bottomland trees. Geomorphology 14: 327-339.

Scott ML, Auble GT, Friedman JM. 1997. Flood dependency of cottonwood

establishment along the Missouri River, Montana, USA. Ecological Applications
7(2): 677-690.

131



Scott ML, Shafroth PB, Auble GT. 1999. Responses of riparian cottonwoods to alluvial
water table declines. Environmental Management 23(3): 347-358

SER (Society for Ecological Restoration International Science & Policy Working Group).
2004. The SER international primer on ecological restoration. {www.ser.org}.

Shafroth PB, Auble GT, Stromberg JC, Patten DT. 1998. Establishment of woody
riparian vegetation in relation to annual patterns of streamflow, Bill Williams
River, Arizona. Wetlands 18(4): 577-590.

Smith RL. 1996. Ecology and field biology 5" ed. Harper Collins: New York.

SMRID (St. Mary Irrigation District). 2007. {http://www .smrid.ab.ca/smrid/general.htm}
Accessed till Oct 2007.

Snyder WD, Miller GC. 1991. Changes in plains cottonwoods along the Arkansas and
South Platte Rivers — Eastern Colorado. Prairie Naturalist 23: 165-176.

Sprenger MD, Smith LM, Taylor JP. 2002. Restoration of riparian habitat using
experimental flooding. Wetlands 22(1): 49-57.

Stanturf JA, van Oosten C, Netzer DA, Coleman MD, Portwood CJ. 2001. In:
Dickmann DI, Isebrands JG, Eckenwalder JE, Richardson J. eds., Poplar Culture
in North America. Part A, Chapter 5. NRC Research Press: Ottawa. pp. 153-206.

Stalnaker C, Lamb BL, Henriksen J, Bovee K, Bartholow J. 1995. The Instream Flow
Incremental Methodology: A Primer for IFIM. Biological Report 29, USDI
National Biological Service: Washington, D.C.

Stella JC, Battles JJ, Orr BK, McBride JR. 2006. Synchrony of seed dispersal,
hydrology and local climate in a semi-arid river reach in California. Ecosystems
9: 1200-1214.

Stine S, Gaines D, Vorster P. 1984. Destruction of riparian systems due to water
development in the Mono Lake Watershed. In: Warner RE, Hendricks KM. eds.,
California Riparian Systems. University of California, Davis. pp 528-533.

Stromberg JC, Patten DT. 1990. Riparian vegetatian instream flow requirements: a case
study from a diverted stream in the eastern Sierra Nevada, California, USA.

Environmental Management 14(2): 185-194.

Stromberg JC, Patten DT. 1991. Instream flow requirements for cottonwoods at Bishop
Creek, Inyo County, California. Rivers 2: 1-11.

132


http://www.smrid.ab.ca/smrid/general.htm%7d

Stromberg JC, Patten DT. 1992. Mortality and age of black cottonwood stands along
diverted and undiverted streams in the eastern Sierra Nevada, California.
Madrono 39(3): 205-223. '

Stromberg JC, Patten DT. 1996. Instream flow and cottonwood growth in the eastern
Sierra Nevada of California, USA. Regulated Rivers: Research and Management

12:1-12

Stromberg JC. 2001. Restoration of riparian vegetation in the south-western United
States: importance of flow regimes and fluvial dynamism. Journal of Arid
Environments 49: 17-34.

Stromberg JC. 1998. Dynamics of Fremont cottonwood (Populus fremontii) and saltcedar
(Tamarix chinensis) populations along the San Pedro River, Arizona. Journal of
Arid Environments 40: 133-155.

Stromberg JC, Beauchamp VB, Dixon MD, Lite SJ, Paradzick C. 2007. Importance of
low-flow and high-flow characteristics to restoration of riparian vegetation along
rivers in arid south-western United States. Freshwater Biology 52: 651-679.

Suding KN, Gross KL, Houseman GR. 2004. Alternative states and positive feedbacks
in restoration ecology. Trends in Ecology and Evolution 19(1): 46-53.

Sweeney BW, Bott TL, Kaplan LA, & 5 others. 2004. Riparian deforestation, stream
narrowing, and loss of stream ecosystem services. Proceedings of the National
Academy of Science of the U.S.A. 101: 14132-14137.

Task Force (International St. Mary-Milk Rivers Administrative Measures Task Force).
2006. Report to the International Joint Commission, April 2006.

Taylor JP, Wetser DB, Smith LM. 1999. Soil disturbance, flood management, and
riparian woody plant establishment in the Rio Grande floodplain. Wetlands 19(2):
372-382.

Taylor JP, Smith LM, Haukos DA. 2006. Evaluation of woody plant restoration in the
Middle Rio Grande: ten years after. Wetlands 26(4): 1151-1160.

Tennant DL.. 1976. Instream flow regimens for fish, wildlife, recreation and related
environmental resources. Fisheries 1(4): 6-11.

Trainor AM, Shenk TM, Wilson KR. 2007. Microhabitat characteristics of Preble’s
meadow jumping mouse high-use areas. Journal of Wildlife Management 71(2):
469-477.

Trush WJ, McBain SM, Leopold LB. 2000. Attributes of an alluvial river and their

relation to water policy and management. Proceedings of the National Academy of
Science 97(22): 11858-11863.

133



Van Haverbeke DF. 1990. Populus deltoides Bartr. ex Marsh. In: Burns RM, Honkala
BH. eds., Silvics of North America: vol. 2. hardwoods. Agriculture Handbook
654. U.S. Department of Agriculture, Forest Service, Washington, DC.

White PS, Walker JL. 1997. Approximating nature’s variation: selecting and using
reference information in restoration ecology. Restoration Ecology 5(4): 338-349.

Whited DC, Lorang MS, Harner MJ, Hauer R, Kimball JS, Stanford JA. 2007. Climate,
hydrologic disturbance, and succession: drivers of floodplain pattern. Ecology
88(4): 940-953.

Whitham TG, Martinsen GD, Floate KD, Dundey HS, Potts BM, Keim P. 1999. Plant
hybrid zones affect biodiversity: tools for a genetic-based understanding of
community structure. Ecology 80(2): 416-428.

Whitham TG, Bailey JK, Schweitzer JA, and 14 others. 2006. A framework for
community and ecosystem genetics: from genes to ecosystems. Nature Reviews
Genetics 7: 510-523.

Williams CA, Cooper DJ. 2005. Mechanisms of riparian cottonwood decline along
regulated rivers. Ecosystems 8(4): 382-395.

Willms J, Rood SB, Willms W, Tyree M. 1998. Branch growth of riparian cottonwoods:
a hydrologically sensitive dendrochronological tool. Trees 12: 215-223.

Willms CR. 2005. The influence of geomorphology and flow regulation on riparian
cottonwoods, M.Sc. Thesis, University of Lethbridge, Lethbridge, AB.

Willms CR. 2006. Growth of riparian cottonwoods: a developmental pattern and the
influence of geomorphic context. Trees 20(2): 210-218.

Wolf EC, Cooper DC, Hobbs NT. 2007. Hydrologic regime and herbivory stabilize an
alternative stable state in Yellowstone National Park. Ecological Applications
17(6): 1572-1587.

Woolsey S, Capelli F, Gonser T, & 10 others. 2007. A strategy to assess river
restoration success. Freshwater Biology 52(4): 752-769.

Young TP, Petersen DA, Clary JJ. 2005. The ecology of restoration: historical links,
emerging issues and unexplored realms. Ecology Letters 8: 662-673.

Zasada JC, Phipps HM. 1990. Populus balsamifera 1. In: Burns RM, Honkala BH eds.,

Silvics of North America: vol. 2. hardwoods. Agriculture Handbook 654. U.S.
Department of Agriculture, Forest Service, Washington, DC.

134



APPENDIX A
MAPS AND PHOTOGRAPHS OF STUDY SITES
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Figure A-1. Location of study sites (X) and hydrometric gauges (&; 05AE027 and
05AE043) along the upper St. Mary reach.
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Figure A-2. Location of study sites (X) along the lower St. Mary reach downstream from
the Dam and Reservoir. Box Canyon displays closely spaced contour intervals. The start
of the river segment shown in the top map is 13 km (river distance) downstream from the
end of the river segment shown in lower map. Both maps have the same scale.
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Figure A-3. Location of study sites (X) and streamflow gauge (J; 05AE006) along the
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Figure A-4. Location of the study site UW-1 (X) and the hydrometric gauge (&) on the
upper Waterton reach.
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Figure A-5. Location of study sites LW-1 and LW-2 (X) and current hydrometric gauge

(; 05AD028) along the lower Waterton reach. The start of the river segment in the top
map is approximately 10 km downstream (river distance) from the end of the segment in
the bottom map. Both maps have the same scale.
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Figure A-6. Location of study site LW-3 (X) and hydrometric gauge (&) that is no longer
operational (05AD008) along the lower Waterton reach.
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Figure A-8a. Dense band of saplings at USM-2 with mature trees in the background.
The photograph was taken in the approximate middle of the site and the main channel is
out of the photo on the right. Note: Photograph of USM-1 not available.
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08/02/2007; SB Rood

Figure A-8b. Overview of sapling band and patches with some remnant mature trees
towards the back of the floodplain on a gradually sloping cobble bar at LSM-1.

Figure A-8c. Dispersed and shrubby saplings at the upstream end, and in the back
channel of the attached island at LSM-2.

142



Figure A-8d. Overview of sapling band along the back channel, and mature trees on the
attached island at LSM-3.

Figure A-8e. Overview of LSM/P-1 from low-altitude flight. The river is flowing from
left to right.
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Figure A-8f. Dense saplings intermixed with willows at LSM/P-2. The photograph was
taken towards the upstream end of the site and a small portion of river is visible on the
left.

Figure A-8g. Overview of LSM/P-3 showing multiple sapling size classes with mature
trees as seen from a low-altitude flight. River is flowing from left to right, and the study
site is located on the point bar in the middle of the photo.
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Figure A-8h. Small saplings with pole-size trees at UW-1. The photograph was taken
from near the upstream end of the site looking downstream and the river is visible on the
right.

Figure A-8i. Seedlings, saplings, and poles on the island, and mature trees along the
valley wall at LW-1.
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Figure A-8j. Narrow sapling band with terrace vegetation in the foreground at LW-2.
The photograph was taken from the downstream end of the site looking upstream.

07/05/2008

Figure A-8k. Dense and wide sapling band at LW-3. The photograph was taken from
close to the river channel looking away from the channel.
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Figure A-8l. Small sapling band at CSL-1. The photograph was taken at the downstream
end of the site looking downstream. The back channel is visible on the right and the bare
middle of the island is visible on the left. Another sapling band was located on the other
bank of the island.

Figure A-8m. Small sapling band with wolf willow and other shrubs in the foreground at
CSL-2. The photograph was taken from close to the river channel.

147



APPENDIX B
- HISTORIC HYDROLOGY OF POTHOLE CREEK

The confluence of Pothole Creek creates a slight change in the hydrologic regime
of the St. Mary River. Because the flow of the lower St. Mary can be quite small at
times, any contribution to its flow could be important for the downstream ecosystem.
Also, as the only gage on the lower St. Mary is downstream from the confluence, it was
important to determine how much Pothole Creek contributed to the flow recorded at that
gage so that an indication of flow for the reach above the gage can be obtained.

Pothole Creek is a natural channel that was used as part of the irrigation canal
system and thus some of the flow represents irrigation return water. It was thus expected
that any major change in irrigation infrastructure such as the St. Mary Dam would lead to
changes in Pothole hydrology. Flow during the growing season was examined over the
period of record, and selected results from spring, late summer and the overall growing
season are presented.

From the pre- to the post-dam period (1919-1950 and 1953-1956; 1972-2006
respectively) early spring flows represented by Qu,y decreased from an average of 2.41 +
0.29 m*/s to 0.80 + 0.15 m’/s (Figure B-1A). This could have been due to a change in the
storage capacity of the irrigation system. With early irrigation infrastructure (i.e. the
Kimball weir), there would have been minimal storage and the high flows in spring
would have to be returned to the river. After the reservoir was built, spring flows could
now be stored for use later in the season. Despite the decline in Pothole discharge during
May, its contribution to the St. Mary slightly increased (pre-dam: 7.50 + 1.15 %; post-
dam: 7.77 + 1.34 %).‘ The increased storage provided by the dam also caused declines in
May and June flows on the St. Mary, therefore, the proportional contribution of Pothole
remained relatively similar. 7

In contrast to spring flows, late summer flows increased due to a more consistent
discharge from year to year (Figure B-1C; Q,yq: pre-dam: 0.63 £ 0.14 m’/s; post-dam:
0.89 + 0.14 m’/s). The highly variable discharge in the pre-dam period meant that
contributions to the St. Mary ranged from 0 — 38% with an average of 17.01 + 2.48%.

The more consistent discharges in the post-dam period on average contributed much less
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to the St. Mary (12.59 + 1.37%). The construction of the large storage reservoir
providing a more constant and dependable water supply into the late summer and
increased irrigation efficiency perhaps lead to the change in flow character. Contribution
declined because the August flow on the St. Mary increased from the pre-dam to post-
dam period (6.7m’/s to 8.3 m’/s), likely due to stored water being released later in the
season.

Over the entire growing season, Pothole discharge and ité contribution to the St.
Mary (Figure B-1C) slightly declined from 1.67 + 0.15 m*/s to 1.00 + 0.12 m%/s, and 8.99
1 1.09% to 7.84 £ 1.00%. This means that the LSM reach (above Pothole) experienced
around 8-9% less water than the reach below Pothole throughout the period of record.
When analyzing historic hydrology of the lower St. Mary above Pothole this reduction in
flow should be considered, and when analyzing changes at a smaller time scale (i.e.
monthly flows), removing Pothole Creek discharge may provide a more accurate

description of flows that that reach experienced.
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Figure B-1. Historic hydrology of Pothole Creek. Mean monthly discharge in May (A)
was much greater during the pre-dam period (1920-1950) than the post-dam period
(1953-1956; 1972-2006). Mean August discharge (B) was more consistent from year to
year and thus overall, in contrast to spring flows, it was greater in the post-dam period.
Despite changes in hydrology between the pre-dam and post-dam periods, the
proportional contribution of Pothole Creek to the St. Mary River (C) has not changed
during the growing season.
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APPENDIX C
TRANSECT REPRESENTATIONS
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Figure C-1. Sapling height and density in relation to floodplain elevation above baseflow
and distance from the river along each of the 33 transects. Bars represent mean height of
saplings per quadrat and are categorized by density. Triangles (A) represent the above-
ground height of an excavated sapling that was aged, and are thus associated with an
establishment year. The ‘+’ denotes that the maximum age was not obtained. If the heights
of the excavated saplings were not available, they were plotted along the x-axis. Transect

identification labels are in
the upper St. Mary). This

the top left corner (e.g. “USM-1 T1” is transect #1 at site #1 along
figure continues on the next 7 pages.
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APPENDIX D
ADDITIONAL STATISTICS

Table D-1. Tests of normality for height (top) and diameter (bottom) residuals.
Residuals (calculated as the difference between measured values and site means) were
not normally distributed. Histograms showing the lack of normality are found in Figures
D-1 and D-2.

Kolmogorov-Smirnov Shapiro-Wilk
Statistic df D Statistic df p
USM-1 0223 46 <0.001 0.834 46 <0.001
USM-2 0.125 207 <0.001 0.886 207 <0.001
LSM-1 0.084 101 0.078 0.966 101 0.010
LSM-2 0.133 88 0.001 0.886 88 <0.001
LSM-3 0.188 107 <0.001 0.837 107 <0.001
LSM/P-1 0.144 140 <0.001 0.928 140 <0.001
LSM/P-2 0.238 248 <0.001 0.614 248 <0.001
LSM/P-3 0.201 123 <0.001 0.844 123 <0.001
UWw-1 0.158 81 <0.001 0.755 81 <0.001
LW-1 0.165 69 <0.001 0.810 69 <0.001
LW-2 0.084 137 0.020 0945 137 <0.001
LW-3 0.145 428 <0.001 0.856 428 <0.001
CSL-1 0.144 140 <0.001 0.917 140 <0.001
CSL-2 0.169 75 <0.001 0778 75 <0.001
Kolmogorov-Smirnov Shapiro-Wilk
Statistic df o Statistic df p
USM-1 0.160 51 0.002 0895 51 <0.001
USM-2 0.124 214 <0.001 0.903 214 <0.001
LSM-1 0.097 103 0.019 0.922 103 <0.001
LSM-2 0.122 88 0.003 0908 88 <0.001
LSM-3 0.107 106 0.004 0.941 106 <0.001
LSM/P-1 0.175 139 <0.001 0.900 139 <0.001
LSM/P-2 0.238 265 <0.001 0.600 265 <0.001
LSM/P-3 0.206 .126 <0.001 0.835 126 <0.001
Uw-1 0.168 83 <0.001 - 0.809 83 <0.001
LW-1 0135 71 0.003 0863 71 <0.001
LW-2 0.153 158 <0.001 0.875 158 <0.001
LW-3 0.183 438 <0.001 0.759 438 <0.001
CSL-1 0.144 140 <0.001 0.849 140 <0.001
CSL-2 0.178 82 <0.001 0836 82 <0.001
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Figure D-1. Histogram of height residuals with normal distribution plotted for each study
site. Most residuals were not normally distributed. Figure continues on next page.
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study site. Residuals were not normally distributed. Figure continues on next page.
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Table D-2. Variation in sapling height distribution among transects within a site
according to two-sample Kolmogorov-Smirnov tests. For sites with three transects, pair
wise comparisons were done between each combination of transects. Total sample size
(N), the test statistic (Z), and significance value (p) are presented.

Site Transects N Z p Tr.ansects
similar
USM-1 T T2 53 1.099 0.179 - - yes
USM-2 T1 T2 221 1.637 0.009 no
LSM-1 T1 T2 65 0.928 0.356 yes
T1 T3 107 0.898 0.396 yes
T2 T3 108 0.470 0.980 yes
LSM-2 T1 T2 157 0.906 0.384 yes
LSM-3 T1 T2 83 0.883 0.417 yes
T1 T3 80 1.664 0.008 no
T2 T3 59 1.392 0.042 no
LSM/P-1 T1 T2 106 1.921 0.001 no
T1 T3 120 2.759 <0.001 no
T2 T3 60 0.863 0.446 yes
LSM/P-2 T1 T2 266 2.250 <0.001 no
LSM/P-3 T1 T2 149 1.638 0.009 no
Uw-1 T1 T2 83 0.699 0.713 yes
LW-1 T1 T2 90 0.632 0.819 yes
LW-2 T1 T2 95 1.399 0.040 no
T1 T3 103 1.123 0.161 yes
T2 T3 130 1.386 0.043 no
LW-3 T1 T2 222 1.273 0.078 yes
T1 T3 164 0.958 0.317 yes
T2 T3 278 1.571 0.014 no
CSL-1 T1 T2 141 1.795 0.003 no
CSL-2 T1 T2 86 0.522 0.948 yes
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Table D-3. Differences in sapling height distribution among sites according to two-
sample Kolmogorov-Smirnov tests. Tests were run between all sites, but only those
results where significant differences were not detected are presented.

Site Similar Z P
distribution to:  (test statistic)  (sig. value)
USM-1 LSM/P-3 0.780 0.577
LW-1 0.914 0.374
USM-2 LSM-2 0.891 0.405
Uw-1 1.109 0.183
LSM-1 LW-1 1.249 0.089
CSL-2 1.016 0.253
LSM-2 LW-3 0.720 ‘ 0.677
USM-2 0.891 0.405
LSM-3 LSM/P-2 0.843 0.476
LSM/P-1 -
LSM/P-2 LSM-3 0.843 0.476
LW-3 1.329 ' 0.058
LSM/P-3 LW-1 1.330 0.058
USM-1 0.780 0.577
UwW-1 USM-2 1.109 0.183
LW-1 CSL-1 1.095 0.182
LSM/P-3 1.330 0.058
LSM-1 1.249 0.089
USM-1 0.914 0.374
LwW-2 CSL-2 1.251 0.088
LW-3 LSM-2 1.016 0.253
LSM/P-2 1.329 0.058
CSL-1 LW-1 1.095 0.182
CSL-2 LSM-1 1.016 0.253
LW-2 1.251 0.088
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Table D-4. Nested ANOVA testing for differences in sapling density at the transect, site,
and reach levels, followed by student’s-t post hoc tests for differences among reaches.
Letters indicate reaches along which sapling densities were not significantly different.

Source DF SS MS F p

Model 32 5473.4859 171.046 142.139
river 5 900.106 14.2221 <0.001
site[river] 8 2853.06 25.6507 <0.001
transect[river,site] 19 304.619 13.323 <0.001

Error 2001 2407.9514 1.203

Total 2033 7881.4373

Reach group

USM bc

LSM c

LSM/P a

UwW be

LW b

CSL b
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APPENDIX E
CONSISTENT SAPLING GROWTH IN SECTION T4ACAMAHACA
COTTONWOODS

Species effects were tested because seedlings of the different Populus species can
have different growth rates both in the field and in a controlled laboratory setting
(Kalishcuk et al. 2001, Kranjcec et al. 1998). Also, poplar hybrids have the potential for
heterosis, although this phenomenon did not occur in 3-yr-old cuttings of the interspecific
hybrids of southern Alberta (Campbell et al. 1993). That same study however, did show
slower growth of Populus angustifolia compared to P. trichocarpa and P. deltoides,
consistent with the other studies (Kalischuk et al. 2001, Kranjcec et al. 1998).

The most abundant species measured was P. angustifolia, followed by P.
trichocarpa (Table E-1). P. deltoides and their hybrids were not numerous, had limited
distribution, and were observed to have larger annual stem growth than their P.
angustifolia neighbours, and so were eliminated from the sapling size data set. To
compare P. angustifolia, P. trichocarpa, and their hybrids, USM-2 was the only site that
had sufficient samples of each of the species (Table E-1) and was thus used for a size
comparison. One site was selected to minimize the influence of environmental factors
that would vary among sites. Because transects within a site can vary (Figure E-1), the
USM-2 sample was further narrowed to an elevational range of 1.00 to 1.10 m in which
all species groups were found.

Within the subset of saplings, there were no significant differences in height,
diameter, or height to diameter ratio between the species categories (Figure E-1;
ANOVA: height: F = 0.512, df = 84, p = 0.675; diameter: F = 1.037, df = 94, p = 0.380;
H/D: F = 1.575, df = 84, p=0.202). This means that all saplings in the section
Tacamahaca (i.e. POan, POtr, and intrasectional hyprids) were used in the sapling size

analyses.

167



Table E-1. Number of saplings in each species category by site. Populus angustifolia is
the most dominant species at all sites except for the two sites on the Castle reach. USM-2
(in bold) was used for size comparison between P. angustifolia, P. trichocarpa, and their

hybrids.
Number of saplings per species per site
POan-x- POan-x- POtr-x- POde-x- POan-

POan  “por  Pode TO"  poan  FO% poan  x?
USM-1 12 30 6 5
USM-2 135 39 21 20
LSM-1 108 1 2
LSM-2 97 4
LSM-3 101 5 1 3
LSM/P-1 127 6 2 4 3
LSM/P-2 216 18 1 15 5 11
LSM/P-3 55 66 6 5
Uw-1 53 7 3 20
LW-1 73 5 2
LW-2 151 1 11
LW-3 427 6 4 1
CSL-1 3 138
CSL-2 1 84
proportion  0.73 0.05 0.04 0.12 0.03 0.01 0.01 0.01
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Figure E-1. Mean sapling size (+ SE) comparison among the cottonwood species found
in an elevation band of 1.00 to 1.10 m at USM-2. There were no significant differences
in height, diameter, or height to diameter ratio among saplings identified as Populus
angustifolia (POan), P. trichocarpa (POtr), and their hybrids.
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APPENDIX F
GROWTH FORM DIFFERENCES IN SAPLING SIZE

The mean diameter and H/D of clumps was not significantly different than single
stems (Table F-1; diameter: t = -0.471, df = 2052, p = 0.683; H/D: t = -0.809, df = 1867,
p = 0.418), but the mean height of clumps was significantly larger than single stems at a
=0.10 (Table F-1; t =-1.924, df = 1877, p = 0.055). However, at some study sites, single
stems were larger and at other sites, the heights were approximately the same (Figure F-

1). Therefore, saplings of both growth forms were pooled for the analyses.

Table F-1. Mean size (£SE) of single stemmed and clumped saplings. Heights of the
two different growth forms were significantly different at o = 0.10, but diameter and H/D
were not significantly different.

Single stems  Clumps

Height' 11342 120 +£3
Diameter 23.8£04 241+06
H/D 535+£05 541107

Bsingle stem
Oclump

Height (cm)

.
o
U
1]
O

LSM-2
LSM-3

LSM/P-1
LSM/P-2
LSM/P-3 fmm

Figure F-1. Comparison of site mean heights between single stemmed and clumped
saplings. Although clump heights were significantly larger than single stems overall, at
some sites single stems were taller or equivalent to the clumped saplings.
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