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FIGURE 5. Number of years in which mountain pine beetle attack was recorded at that location in the AOS data.

* See page 58 endnote re: colour version.

There were 2.4 million ha where there was no change

in severity rating over a single transition from one year

to another; conversely, there were only 32 ha where the
severity rating remained unchanged for all five transitions
between years (Table 4). In other trends, 1.7 million ha
experienced a decline in severity, while 3.5 million ha
experienced an increase in severity over a single transition
between years. The expectation over time was that the
severity of an infestation in an area might increase as

the mountain pine beetle population continued to grow.
Some of the decreases in severity observed in our analysis

may be attributed to changes in the severity classification
system in 2004 with the addition of a new trace category.
For example, in our analysis of the AOS data, we found
that 354 756 ha assigned a severity of light in 2003 were
assigned a severity of trace in 2004. Also, positional
errors and the generalized nature of the AOS boundary
delineation likely accounted for decreasing severity from
one year to the next. More difficult to explain are the

28 492 ha of impacted area which our analysis revealed
were assigned decreasing severity over 3 years, perhaps
highlighting the subjectivity of the severity rating system.
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FIGURE 6. Distribution of pine species, area impacted by mountain pine beetle, and estimated year of death.
* See page 58 endnote re: colour version.
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We estimated the year in which the majority of pine
within a 1 ha grid cell could be considered dead. The AOS
data indicated that the total cumulative area impacted
by the beetle between 1999 and 2005 was 11 048 271 ha
(Table 3). Based on the assumptions used in our analysis
and a summation of the severity code mid-points (Table
1), the amount of area that experienced pine mortality
from 1998 to 2004 was 6 565 667 ha (Table 5). In some
areas, the sum of the severity codes exceeded 100%

(2 322 524 ha). The greatest annual increase in mortality
was in 2003, when the area of estimated mortality was

2 819 056 ha, an increase of almost 50% over 2004. This
likely reflects the prolonged nature of the infestation in
many of the central areas of the British Columbia. Figure
6 illustrates the total area of pine in British Columbia, the
total area attacked by mountain pine beetle (as indicated
in the AOS), and the estimated year of death. This figure
illustrates that there is a large area of impact that may yet
exceed the > 50% severity threshold we used to define
mortality. With this approach, complementary maps

of mountain pine beetle impacts can also be produced,
indicating the cumulative impacts and mortality over
the span of the current outbreak. Other thresholds

could be used (e.g., 25% or 75%) to provide alternative
representations of mortality under different scenarios.

It should also be reiterated that difficulties with spatial
positioning of AOS polygons exist, and that the 1 ha
tessellation illustrates broad landscape trends and is

not indicative of the actual conditions present at the
geographic location represented by a given cell.

Conclusions

The total area impacted by the mountain pine beetle

is often reported without a breakdown of area by
severity rating. The total area alone is not necessarily
representative of the area killed by the beetle. A better
indication of actual mortality may be extracted by
examining the severity ratings and their accumulation
over a number of years. Furthermore, if severity is not
reported, the perception of damage may be in excess of
reality. If we consider each year separately, the area of
mortality is, on average, two-thirds less than the total
area impacted by the beetle each year. This implies
that although a large forested area of British Columbia
has been impacted by the beetle, there are still large
volumes of viable pine on the land base. Because forest
districts will have different severity rates, management
approaches need to be developed that will respond to
the severity of the infestation rather than the total

area impacted.

We recommend that: (1) when producing tabular
results, areas impacted by mountain pine beetle should
be reported by severity class; and (2) when producing
maps of the AOS data, where possible, impacts should
be shaded according to severity to accurately represent
the nature of the data. The AOS provides useful
information for synoptic applications, and the full
temporal and attributional range of this information
should be utilized.

TABLE 5. Estimated year of death and corresponding area (assuming a 50% severity threshold). Areas where severity

summed to > 100% are also shown.

Area of pine mortality
(sum of severity code

Total impact area

Area where severity

Percent of total code mid-points

Year (ha) mid-points > 50%) impact area summed to > 100%
1998 144 062 31139 22 0
1999 264 366 111209 42 14 403
2000 771517 262 997 34 33810
2001 1956 887 718 303 37 166 575
2002 4064 539 1158 009 28 423 444
2003 7 018 296 1464 954 21 613 879
2004 8 730 559 2 819 056 32 1070413
Total 22950 226 6 565 667 2322524
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Extension Note

Ecological descriptions of

Pacific golden chanterelle
(Cantharellus formosus) habitat and
estimates of its extent in Haida Gwaii

). Marty Kranabetter!, Harry Williams2, and Jacques Morin3

Abstract

Ecologically based information on golden chanterelle (Cantharellus formosus) habitat is needed to guide
decision making by forest managers. We described soils, plant communities, and stand characteristics

of productive mushroom sites and used these features in a mapping exercise to estimate the extent of C.
formosus habitat over a portion of the Haida Gwaii islands. Chanterelle sites were located at low elevations
(approximately 100 m) on well-drained soils with silt loam to sandy loam textures and thin forest floors.
Plant communities were sparse and characterized by low herb and shrub cover with extensive carpets of
feathermosses. The stands were productive second-growth western hemlock and Sitka spruce, ranging in
age from 35 to 50 years, and the sites were strongly mounded from extensive blowdown events or logging
disturbances. The site and soil properties were consistent with the zonal (01) site series (western hemlock —
Sitka spruce — lanky moss) of the submontane variant of the wet hypermaritime Coastal Western Hemlock
(CWHwh1) subzone. A preliminary assessment of C. formosus habitat around Skidegate Lake indicated
approximately 1785 ha of mesic forests (equal to 21% of the assessed forest area) with a major portion
covered by immature stands conducive to commercial picking. This information on the nature and extent of
C. formosus habitat provides the first step in successful co-management of timber and mushroom resources.

KEYWORDS: biogeoclimatic ecosystem classification, Cantharellus formosus, commercial mushroom harvest,
non-timber forest products.
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Introduction

The Pacific golden chanterelle (Cantharellus
formosus Corner) is a valuable non-timber
forest product in Haida Gwaii (Queen
Charlotte Islands), British Columbia, providing
seasonal employment and economic benefits for both
local residents and visiting mushroom pickers. An
annual harvest ranging from 45 000 to 115 000 kg,
with up to 300 pickers participating, occurs from
August to October in select productive forests of the
islands (Tedder et al. 2000). The island community
formally expressed a desire to sustain the harvesting of
mushrooms through integrated land use plans (Haida
Gwaii/Queen Charlotte Island Land Use Plan 2006).

Mushroom
Management Area

Kilometres

BRITISH
COLUMBIA

{ .

FIGURE 1. Mushroom management areas identified for
Haida Gwaii (Source: Haida Gwaii/Queen Charlotte
Island Land Use Plan 2006).

Although approximate areas of
commercial chanterelle harvesting
on Haida Gwaii are known, more
ecologically based information on

chanterelle habitat is needed to guide
decision making by forest managers.

Approximate areas of commercial chanterelle harvesting
on Haida Gwaii are known (Figure 1), but more
ecologically based information on chanterelle habitat is
needed to guide decision making by forest managers.

Cantharellus formosus is an ectomycorrhizal fungal
species on a number of host tree species including
Douglas-fir (Pseudotsuga menziesii), western hemlock
(Tsuga heterophylla), and Sitka spruce (Picea sitchensis)
(Pilz et al. 2003). C. formosus is generally found in low-
elevation coastal forests throughout the Pacific Northwest,
ranging from California to Alaska, but the more
productive habitat is typically second-growth coniferous
stands that were clearcut (Dunham et al. 2006). Microsite
variables associated with C. formosus include relatively
thin forest floors, low exchangeable acidity, and low
levels of moss cover (Bergemann and Largent 2000), and
possibly well-rotted coarse woody debris (Pilz et al. 2003).
In British Columbia, the habitat of C. formosus has been
described on Vancouver Island using the biogeoclimatic
system of classification (Pojar et al. 1987). These sites are
located in the Coastal Western Hemlock (CWH) zone
with the majority of habitat on medium-textured soils that
have moderate productivity and a low cover of herbs and
shrubs with widespread feathermosses (Ehlers 2003).

The objective of this note was to contribute further
ecological descriptions of C. formosus habitat from
the more northern extent of its range in the Pacific
Northwest. We described soils, plant communities, and
stand characteristics of productive mushroom sites
within Haida Gwaii, and examined whether C. formosus
habitat was consistent and specific enough across these
forests to potentially map commercial mushroom
harvesting areas as has been successfully done with pine
mushrooms (Tricholoma magnivelare) (Kranabetter et al.
2002). Estimates of the extent of C. formosus habitat were
made from air photographs covering an 8500-ha study
area, and this preliminary survey will help inform forest
managers and the interested public on the opportunities
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and challenges in managing both timber resources and
commercial mushroom harvests.

Materials and methods
Site selection

In September 2007, three experienced mushroom
pickers based in Haida Gwaii accompanied us to sites
known to be highly productive golden chanterelle
habitat. Chanterelles were found in each plot to
confirm habitat suitability, and locations were

selected within as wide a range of landforms and site
characteristics as possible. These plots were located in
an area just north of Queen Charlotte City, in areas
along the north and south sides of Skidegate Lake, and
in areas closer to Mosquito Lake and Gray Bay.

Ecosystem descriptions

We undertook full ecological descriptions and
biogeoclimatic (BEC) site classification for nine plots.
Standard procedures, as described in “Field Manual

for Describing Terrestrial Ecosystems” (BC Ministry of
Environment and BC Ministry of Forests 1998) were used
to describe site characteristics, vegetation, and soils for
each plot. All plant species were listed by stratum with
estimates of their percent cover. The combined percent
cover for each stratum was also recorded. Plant names
corresponded to those used by Pojar and MacKinnon
(1994) in Plants of Coastal British Columbia. Soil pits
were excavated to a depth of at least 50 cm (Figure 2), and
descriptions of the humus form and mineral soil profiles
were recorded.

Moisture regime was ranked from 0 (very dry) to 7
(wet) and nutrient regime from A (very poor) to E (very
rich), with the corresponding site series identified using
“A Field Guide to Site Identification and Interpretation for
the Vancouver Forest Region” (Green and Klinka 1994).
Landforms, soil pedons, and humus forms were classified
according to the “Terrain Classification System for British
Columbia” (Howes and Kenk 1997), The “Canadian
System of Soil Classification” (Soil Classification Working
Group 1998), and “Towards a Taxonomic Classification of
Humus Forms” (Green et al. 1993), respectively.

Stand characteristics

Forest cruise plots were done at each site to determine
stand characteristics (BC Ministry of Forests 2000).
A full prism sweep was made at plot centre, and the
diameter at breast height (DBH) was noted for each

«s_»

in” tree. One or two co-dominant trees of hybrid Sitka

FIGURE 2. Typical soil pit from productive mushroom
sites in Haida Gwaii.

spruce and western hemlock were cored at breast height
(1.3 m) for age, and tree heights were measured using

a Vertex Forester. Site indices were calculated based on
tree age and height using BC Ministry of Forests Site
Tool (version 3.2B).

Air photograph interpretation

A pilot area encompassing 8450 ha was chosen for a
mapping exercise to estimate the extent of productive
chanterelle habitat. Photo signatures for the classified
01 site series were referenced from colour air
photographs taken along the northern portion (Photos
15BCC04002: 98-103; scale 1:25 000) and southern
portions (Photos MB94003: 162-169; scale 1:15 000) of
Skidegate Lake. The photo signature for CWHwh1/01
ecosystems was based on the nine full ecological plots
along with a further five mesic stands also confirmed
as mushroom sites in the area. Both landscape position
and crown characteristics were used to identify the
appropriate habitat (minimum 90% coverage of 01 site
series within a mapped polygon).

The mesic site series of the submontane variant
of the wet hypermaritime Coastal Western Hemlock
subzone (CWHwh1/01) occurred on convex-shaped
landforms with the moderately high productivity of the
stands distinguished by the slightly smaller tree crowns
occurring close together and appearing as a deep green,
uniform texture on the air photograph. The majority
of the landscape was covered with immature forests,
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but we also examined older forests for a more complete
inventory of potential habitat. More recently logged
areas (less than 20 years) were not mapped because of
the difficulties in assessing site quality. The mapped
polygons were digitized to determine polygon size and
the relative percent of CWHwh1/01 sites over the pilot
area (excluding lakes and other non-productive areas).

Results

Site and soils

All chanterelle sites were at low elevations (70-110 m)
within the wet hypermaritime subzone, submontane
variant of the Coastal Western Hemlock zone
(CWHwh1) (Table 1). Landforms were morainal veneers
or blankets over bedrock, derived primarily from
sedimentary (likely shale) parent materials, with plots
predominately at mid- to upper-slope positions with
variable aspects. Mineral soils were medium textured
(predominantly sandy loam to silt loam) and judged

to be well drained because of low clay content. Coarse
fragment content was low, and rooting depth reached
approximately 50 cm (Figure 2). Forest floors were thin,
averaging 3 cm, usually with a matted structure and

tenacious consistency (designated as an Fm horizon).
Soils were classified as either Orthic Humo-Ferric
Podzols or Ferro-Humic Podzols with Hemimor humus
forms. All stands were logged and likely had widespread
soil disturbance, and, in some cases, sites were burned
as well. The sites were typically strongly mounded from
extensive blowdown events, and soil horizons were

well mixed and occasionally inverted. The site and

soil properties corresponded to a fairly narrow range

of moisture (ranked “fresh” or 3+ to 4) and nutrient
regimes (ranked “medium” or C to C+), all equivalent to
mesic ecosystems (Table 1).

Vegetation and stands

Tree cover (Layer A) of chanterelle habitat was exclusively
western hemlock and Sitka spruce, at generally even
proportions, with western redcedar being notably

absent except occasionally in the shrub layer (Table 2).
Western hemlock was the most abundant understorey
species in the B layer, and other shrub species such as
Vaccinium parvifolium, V. ovalifolium, Rubus spectabilis,
and Gaultheria shallon contributed usually less than 5%
cover. The herb layer (Layer C) was also low, often less
than 5%, and included small amounts of Polystichum

TABLE 1. Site and soil attributes for productive C. formosus sites on Haida Gwaii.

Plot no.
Site-soil properties 9128 9129 9130 9131 9132 9133 9134 9135 9136
SITE
Elevation (m) 71 110 na 109 91 90 95 93 93
Slope (%) 3 3 35 12 14 55 15 35 25
Aspect (degrees) 270 260 30 180 180 250 230 180 10
Mesoslope position? LV Up MD Up Up MD Up MD MD
FOREST FLOOR
Depth (cm) 3 4 4 3.5 6 4 2 2.5 1
Classification® HR RR RR HR HR HR HR HR HR
MINERAL SOIL
Dominant soil texture® L L fSL SiL SL SiL SL SiL SiL
Drainage classd W W W W W w w
Coarse fragment (%) 5 10 20 5 15 10 5 15 25
Rooting depth (cm) 60 30 55 55 40 30 50 50 40
Classification® O.HFP OHFP O.FHP OFHP OHFP OHFP OHFP O.HFP O.HFP
Moisture/nutrient regime 4C+ 4C 4C+ 4- C+ 4-C 4 C+ 3+C 3+C 4C

a
b
c
d
e

LV = level, UP = upper, MD = middle

HR = hemimor, RR = resimor

L = loam, fSL = fine sandy loam, SL = sandy loam, SiL = silt loam

W = well drained

O.HFP = orthic humoferric podzol, O.FHP = orthic ferrohumic podzol
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TABLE 2. Plant species and percent cover for productive C. formosus sites on Haida Gwaii.

Plot no.

Species by canopy layer 9128 9129 9130 9131 9132 9133 9134 9135 9136 Average
COVER FOR LAYER A (%) 80 75 65 65 80 75 75 60 70 71.7
Picea sitchensis 20 35 30 40 40 40 30 50 45 36.7
Tsuga heterophylla 70 40 40 30 35 40 50 30 30 40.6
COVER FOR LAYER B (%) 16 6 12 14 16 6 20 16 25 14.6
Gaultheria shallon 1 1 2 0.4
Menziesia ferruginea 0.1 0.5 0.1
Rubus spectabilis 0.5 3 2 1 0.7
Thuja plicata 2 2 1 2 0.8
Tsuga heterophylla 15 4 3 8 10 5 15 15 20 10.6
Vaccinium ovalifolium 1 0.5 0.2
Vaccinium parvifolium 1 1 2 3 5 1 2 0.5 3 21
COVER FOR LAYER C (%) 1 2.5 3 7 6 6 3 4 8 4.5
Blechnum spicant 0.5 1 1 2 2 0.5 0.5 3 1.2
Dryopteris assimilis 0.01 0.1 1 1 0.5 0.1 0.3
Galium triflorum 0.1 0.0
Gymnocarpium dryopteris 0.5 0.1 0.1 0.1
Listera cordata 0.1 0.1 0.1 0.0
Lycopodium clavatum 0.1 0.1 0.5 2 2 0.5
Maianthemum dilatatum 0.1 0.1 0.5 0.5 0.5 0.2
Melica subulata 0.1 0.5 0.1
Moneses uniflora 0.1 0.1 1 1 0.1 0.3
Polystichum munitum 1 1 1 4 2 5 1 5 2.2
COVER FOR LAYER D (%) 60 45 60 95 85 70 95 96 95 77.9
Atrichum selwynii 1 0.1 2 1 0.5 8 1 1.4
Barbilophozia lycopodiodes 0.5 0.1 0.1 0.1
Dicranum scoparium 1 0.1
Hylocomium splendens 10 3 5 50 30 5 20 15 55 15.9
Hypnum circinale 0.1 0.0
Kindbergia oregana 3 3 3 10 15 40 75 10 17.3
Peltigera neopolydactyla 0.1 1 0.5 2 0.4
Plagiochila porelloides 1 0.1
Plagiothecium undulatum 20 10 10 5 2 10 1 3 6.2
Pseudotaxiphyllum elegans 0.1 0.0
Rhizomnium glabrescens 20 30 30 5 5 12 3 5 4 12.1
Rhytidiadelphus loreus 10 5 20 25 40 30 30 5 20 17.8
Scapania bolanderi 0.5 0.1 0.1
Sphagnum girgensohnii 1 1 2 0.4
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munitum, Blechnum spicant, Melica subulata, Moneses
uniflora, Listera cordata, and Gymnocarpium dryopteris.
The vegetation cover was undoubtedly modified to some
degree, however, by extensive deer browsing found
throughout the islands. Mosses in the D layer typically
carpeted the forest floor, and the dominant species
included Hylocomium splendens, Rhytidiadelphus loreus,
and Kindbergia oregana. The low shrub and herb cover
with extensive moss layers is consistent with the described
site and soil properties (Figure 3) and would be classified
as the zonal (01) site series (western hemlock - Sitka
spruce — lanky moss) (Green and Klinka 1994).

The stands were all second-growth forests ranging
in age from 35 to 50 years (Table 3) and likely naturally
regenerated after clearcut harvesting (plot 9132 was not
aged because of equipment malfunction). Stand basal
area at these ages was approximately 56 m?/ha with trees
28 m in height and 35 cm in diameter, on average. A few
of these stands had been thinned in the previous decade,
and all stands were relatively well spaced, healthy, and
productive. Site index (height at age 50) ranged from 30
to 35 m for both Sitka spruce and western hemlock with
the exception of one less productive site (plot 9136). These
indices were comparable to other sites characterized by
fresh moisture regimes and medium nutrient availability
in the CWHwh1 (Kayahara and Pearson 1996).

Habitat mapping

A total of 231 polygons were mapped as CWHwh1/01
ecosystems within the project area surrounding
Skidegate Lake. Some of these stands were adjoined
but labelled as separate polygons because of significant

FIGURE 3. Typical stand and vegetation community for
productive mushroom sites in Haida Gwaii.

differences in aspect or stand age. We combined the
adjoined polygons for the purposes of the mapping
summary, which reduced the number of total polygons
to 181. The largest individual stand was 79 ha, and the
more closely grouped polygons encompassed up to
110 ha. The lower size limit of polygons was 1 ha, and
the average polygon size was 9.9 ha. The sum total of
the mapped 01 stands was 1785 ha, which was equal
to 21% of the forested landscape (note that a small
portion of the project area, approximately 250 ha, had
very young stands that could not be assessed). The

TABLE 3. Forest stand attributes for productive C. formosus sites on Haida Gwaii.

Plot no.
Stand attributes 9128 9129 9130 9131 9132 9133 9134 9135 9136
Basal area (m?/ha) 56 77 70 56 70 56 49 35 35
Age (years at DBH) 38 36 35 49 - 41 52 50 52
AVERGE HEIGHT (m)
Spruce 23 25.5 26.5 34 21.5 31.5 31 31 24
Western hemlock 23 26.5 25 28 23 27.5 30 21 17
AVERAGE DIAMETER (cm)
Spruce 21 33 37 51 27 38 48 43 30
Western hemlock 24 35 32 36 31 44 36 34 17
SITE INDEX (m @ 50 yr)
Spruce 31 35 34 34 - 35 31 30 24
Western hemlock 30 35 35 32 - 31 32 23 19
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majority of the 01 habitat was second-growth stands,
but the exact extent is unknown because forest cover
information is not publically available under the forest
tenure covering this portion of Haida Gwaii.

Discussion

The descriptions of C. formosus habitat from Haida
Gwaii were comparable with sites from Vancouver
Island (Ehlers 2003) and were consistently located

on low elevation, moss-dominated mesic ecosystems
(CWHwh1/01 - lanky moss) with immature stands of
Sitka spruce and western hemlock. Microsites with thin
forest floors were consistent with productive habitat

but not low moss cover (Bergemann and Largent

2000), and, as Dunham et al. (2006) also noted, the
association of C. formosus with buried wood was not
apparent from these study sites. Mesic ecosystems are
generally extensive in these landscapes, which, along
with large-scale logging operations in the 1950s and
1960s, have led to the widespread and abundant fruiting
of C. formosus. We also noted large numbers of Boletus
edulis (King bolete) and the occasional Polyozellus
multiplex (blue chanterelle) in this same forest habitat,
which could support additional mushroom harvests
from these stands (Tedder et al. 2000). The results of
the study would suggest there are opportunities for the
co-management of timber and mushroom resources but
also potential conflicts depending on the rotation age of
the second-growth stands.

For most attributes, the chanterelle sites fit the
CWHwh1/01 concept well, but using herb and shrub
indicator species to assess soil nutrient regimes can be
problematic under second-growth stands, especially
with extensive deer browse (Kayahara and Pearson
1996). For example, the rich-indicator species sword
fern (Polystichum munitum) was sometimes noted on
steeper slopes and on chanterelle sites with very thin
humus layers, suggesting perhaps a better than average
soil nutrient regime (also noted by Ehlers [2003]). A few
plots also had quite high cover of the moss Kindbergia
oregana, which, based on its distribution in other coastal
forest ecosystems, would also indicate slightly richer
soils. It is possible that the cover of K. oregana and P
munitum were temporarily elevated in second-growth
stands due to the scalping of forest floors during past
logging events, and that over time these species could
decline as forest floor depth increases under climax
stands. However, in hypermaritime climates, we also
expect some beneficial effects of soil disturbance on
site productivity when deep mixing of the profile

counteracts the strong weathering and podzolization
processes that limit phosphorus and cation availability
(Kranabetter et al. 2005a). It might, therefore, be
acceptable to classify some of these chanterelle sites as
transitional to CWHwh1/03 sword fern to reflect richer
soil nutrient regimes.

We walked through a few moist, rich sites
(CWHwh1/05 and /06) and were unable to find any
chanterelles, which would support the mapping of
CWHwh1/01 sites as commercial habitat. Further
investigations of more contrasting sites and landforms
could help refine soil nutrient regimes, which were
predominantly ranked medium (to perhaps slightly
rich) but might also include poorer soils as described
elsewhere in the Pacific Northwest (Pilz et al. 2003).

At a microsite level, we often found large mushroom
fruitings on the tops of hummocks or on the convex
part of a slope, which would suggest that well-drained,
moisture-shedding microsites (3 to 3+ moisture
regime) were ideal. Therefore, within mesic polygons,
separating out moderately well-drained soils or sites
with few hummock features might eliminate less
productive habitat. This degree of precision in ecosystem
mapping was not possible with the air photographs
provided, however, and would likely require either field
assessments to more closely evaluate site features or air
photographs of finer resolution.

None of the described sites were old forests, and
the apparent skewed distribution in fruiting to favour
immature stands is consistent with other areas in the
Pacific Northwest (Ehlers 2003; Dunham et al. 2006).
The reduction in fruiting bodies with stand age suggests
C. formosus is an early-seral species that is displaced to
some degree by mid-seral and late-seral ectomycorrhizal
fungal species during succession (Kranabetter et al.
2005b; Twieg et al. 2007). As an early-seral species,
C. formosus would disperse and establish readily after
forest harvesting; in fact, some evidence suggests
soil disturbances such as broadcast burning further
enhances C. formosus abundance in young stands
(Peterson et al. 2000), perhaps due to the exclusion of
other competing early-seral ectomycorrhizal species.

An important issue for forest managers and
mushroom pickers is whether declines in fruiting with
stand age would eventually render a site noncommercial
for C. formosus harvests. Research under way on
Vancouver Island suggests mushroom harvests could
continue well past the anticipated rotation age of
70 years for these stands (T. Ehlers and R. Winder,
pers. comm.). However, harvesting second-growth
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stands during the prime producing years of C. formosus
could create an immediate conflict between timber

and mushroom resources, whereas maintaining some
immature stand age classes through time would be in
the best interests of mushroom pickers. The mapping
exercise demonstrated relatively extensive areas of
potential mushroom habitat (21%), comparable in

size to select areas with high concentrations of pine
mushroom habitat in other parts of the province
(Trowbridge 2005; Williams and Reid 2005), and so,
perhaps, some land-use objectives could be agreed upon
between industry and the public that would maintain a
suitable proportion of productive sites. One advantage
of the chanterelle habitat type is that individual

stands are generally large enough (averaging 10 ha)

to facilitate planning of harvesting schedules or leave
areas. Commercial thinning of immature stands may
also maintain chanterelle harvests while allowing some
timber extraction (Pilz et al. 2006).

In conclusion, an inventory of mesic sites in the
CWHwh1 approximated the potential commercial
habitat for golden chanterelles, and immature
second-growth stands within these sites were the
best predictor of current commercial picking areas.

To more fully understand the potential scope of the
resource throughout the islands, further studies could
be undertaken to examine the extent of C. formosus
fruiting in other BEC variants (e.g., CWHwh?2 at higher
elevations) and stand age classes with the appropriate
mesic habitat. General assessments of chanterelle habitat
might be possible through existing terrestrial ecosystem
maps (e.g., Lewis 2003) or, more approximately, through
forest cover polygons, but we would recommend the
interpretation and ground-truthing of ecosystems from
air photographs for the most precise mapping of habitat.
The preliminary assessment of C. formosus habitat
around Skidegate Lake indicated that relatively large
areas of commercial harvests are currently available,
which should provide some flexibility in co-managing
the land base for timber and mushroom resources.

Acknowledgements

We thank Enrique Sanchez, Chris Johnston, and Tom
Johnson of BC Timber Sales for their interest in non-
timber forest products of Haida Gwaii and support in
undertaking the fieldwork. The mushroom expertise and
time provided by Raymond Bishop and William Walker
was greatly appreciated. Digitizing of the mapped habitat
was provided by Jola Makowska and Sugu Thuraisamy
of Infinity-Pacific Stewardship Group Ltd., and funds for
the study were provided by BC Timber Sales.

Harvesting second-growth stands during
the prime producing years of C. formosus
could create an immediate conflict
between timber and mushroom resources,
whereas maintaining some immature
stand age classes through time would be
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Changes in riparian area structure,
channel hydraulics, and sediment
yield following loss of beaver dams

Kim C. Green! and Cherie J. Westbrook?2

Abstract

Channel structure, riparian zone structure, and sediment transport capacity were investigated for
Sandown Creek, a stream in the East Kootenay region of British Columbia where beaver dams were
removed in the late 1980s to “improve” fish passage and flood conveyance. A series of historical aerial
photographs taken over a 36-year period between 1968 and 2004 recorded the physical changes to a 3-km
section of the stream valley following removal of 18 beaver dams. In the 16 years following beaver dam
removal, channel pattern changed from a multi-thread to single-thread form. The riparian area structure
also changed from 69% open areas and 9% beaver ponds to 90% closed vegetation. The change in channel
structure in Sandown Creek resulted in an estimated 5-times increase in the mean flow velocity and an
additional 648 m? of sediment available for transport. These findings provide the empirical data needed to
verify long-standing assumptions about the ability of beaver ponds to effectively trap sediment and reduce
bankfull flow velocity. The results of this study also underscore the speed and magnitude of alterations in
the channel and riparian area structure in response to beaver loss in British Columbia’s mountain valleys.
While the physical removal of beavers and beaver dams may be a practice of the past, wildland
managers may still be inadvertently compromising the sustainability of beavers and associated wetlands in
many areas of British Columbia by failing to adequately manage riparian areas to maintain beaver habitat.

KEYWORDS: beaver dams, channel hydraulics, dam removal, flow velocity, mountain stream, riparian area
structure, sediment yield, wetlands.

Contact Information

1 PhD Candidate, Department of Forest Resource Management, University of British Columbia, 2424 Main Mall,
Vancouver, BC V6T 124 Email: apexgeo.kg@telus.net

2 Assistant Professor of Hydrology, Department of Geography and Centre for Hydrology, University of
Saskatchewan, 117 Science Place, Saskatoon, SK S7N 5A5. Email: cherie.westbrook@usask.ca

JEM — VoLUME 10, NUMBER 1

Green, K.C. and C.J. Westbrook. 2009. Changes in riparian area structure, channel hydraulics, and sediment yield
following loss of beaver dams. BC Journal of Ecosystems and Management 10(1):68-79.


mailto:apexgeo.kg@telus.net
mailto:cherie.westbrook@usask.ca
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Introduction

ithin the ecology community, beaver
(Castor canadensis) are widely known to
have dramatic effects on the hydrology,

geomorphology, and ecology of riverine systems. By
building dams, beaver form upstream ponds that
increase water storage in stream channels; decrease
stream velocity; elevate the local water table; trap
nutrients and sediments, which reduces downstream
turbidity and improves water quality; increase riparian
vegetation diversity; and create and maintain riparian
wetlands (Naiman et al. 1988; Gurnell 1998; Butler
and Malanson 2005; Rosell et al. 2005). Despite their
critical role in ecosystems, few studies have actually
quantitatively described the influence of beaver dams
on streamflow, sediment yield, channel hydraulics, and
riparian structure, particularly across the breadth of
the beaver’s geographic range. The lack of quantitative
research on the importance of beaver dams in the
creation and maintenance of wetlands in many parts
of British Columbia makes the beaver vulnerable to
direct and indirect impacts from forestry activities,
cattle grazing, as well as other development activities
that can compromise the sustainability of beavers and
their habitat (Ott and Johnson 2000; BC Ministry of
Environment, Lands, and Parks 2001).

The beaver population in North America was
estimated to have been between 60 and 400 million prior
to the arrival of European settlers (Naiman et al. 1986).
Beaver habitat covered most of the continent ranging
from northern Mexico to the Arctic and from the Pacific
to Atlantic oceans (Jenkins and Busher 1979). Intense
trapping and habitat destruction through draining of
wetlands for settlements and agriculture resulted in a
rapid decline of beaver to near extinction by the early
1900s (Naiman et al. 1986). Conservation efforts have
allowed beaver to recover to about 10% of their original
population size across most of their original range
(Naiman et al. 1986).

In several regions of North America, such as British
Columbia, beaver dams were routinely destroyed up
until the late 1980s as they were believed to be a barrier
to fish migration. Dam removal in Sandown Creek in
the late 1980s provided an opportunity to examine the
resulting changes to the fluvial landscape. The objective
of this study was to assess long-term landscape alteration
by beaver. Specifically, we determined the effects of
beaver dam removal on: (1) riparian structure,

(2) channel hydraulics, and (3) sediment yield in a
British Columbia stream where beaver dams were

Despite their critical role in ecosystems,
few studies have actually quantitatively
described the influence of beaver dams
on streamflow, sediment yield, channel
hydraulics, and riparian structure,
particularly across the breadth of the
beaver’s geographic range.

removed to “improve” fish passage. We used GIS
coupled with historical aerial photography and field
surveys as a means of evaluating changes to landscape
and stream channel structure over a 36-year period.
Further, published empirical models were used in
combination with field studies and GIS methods to
estimate temporal changes in sediment yield.

Methods
Study area

The study was conducted along a 3-km reach of
Sandown Creek, which drains a 72-km? area in the
eastern Purcell Mountains directly west of the Rocky
Mountain trench in southeastern British Columbia
(Figure 1). Approximately 18 beaver dams were removed
from this stream reach in the late 1980s in an effort to
improve fish passage to Copper Lake. Currently, the
stream reach has a bankfull width of 4-6 m, an average
gradient of 0.01 m/m, and a riffle-pool morphology. The
floodplain is 50-100 m wide and averages about 1.1 m

in elevation above the channel bottom. Fine-textured
glaciofluvial and glaciolacustrine sediment underlies the
main valley of Sandown Creek from Copper Lake to the
confluence with Skookumchuck Creek.

Sandown Creek drains an area with a semi-arid
climate. November, December, and June tend to be the
wettest months of the year. The long-term mean annual
precipitation is 660 mm recorded at Environment
Canada’s Kimberley, BC station (No. 1154203), 40 km
southwest of Sandown Creek. Over half of the total
annual precipitation falls as snow between the months
of November and March. Mean monthly temperatures
range from a low of —8.6°C in January to a high of
17.4°C in July. Peak flows in Sandown Creek occur
in response to snowmelt from May to late June and
average 2.65 m3/s based on long-term gauging in
nearby Mather Creek.
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FIGURE 1. Location of Sandown Creek with the bold channel section showing the 3-km reach included in this study.
The enlarged orthophoto shows the locations of study areas A and B and the 2005 field survey sites 1 and 2.
* See page 79 endnote re: colour version.

Riparian area structure

Two channel segments (Areas A and B in Figure 1),
totalling 1 km of stream length and 13 ha of floodplain
area, were selected for a detailed investigation of
temporal and spatial changes in beaver pond sites and
floodplain vegetation. Aerial photography was obtained
for six different years spanning 1968-2004 (Figures 2
and 3). Three photographs covered the 20-year period
before the dams were removed (1968, 1975, and 1988),
and three photographs covered the 16 years following
dam removal (1995, 1997, and 2004). For the analysis,
five of the aerial photographs (1995 photo was excluded
due to poor resolution) at nominal scales of between
1:15 000 and 1:20 000 were scanned and enlarged to

a scale of 1:5000 so that individual shrubs, trees, and
dams were clearly visible. Locations of beaver dams and
the extent of each land cover type, including beaver
pond, open vegetation (sedges and grasses), and closed
vegetation (shrubs and trees), were delineated on each
photograph by hand. A digital planimeter was used to
determine the total area of each land cover type on each
of the five photographs in both study areas.

Channel hydraulics

The change in mean velocity and cross-sectional stream
power of the bankfull flow was estimated for a 500-m
channel section in Area A by using channel surveys, air
photo analysis, and Manning’s equation to compare the
hydraulic geometry of the channel with and without the
dams. The historical air photographs provided a visual
record of the change in channel form following removal
of the beaver dams. Area A was chosen for this analysis
because of the relative ease of measurements.

Bankfull flow or discharge (Qp) in cubic metres per
second is related to channel cross-sectional area (A)
(m?) and average velocity (v) (m/s) by:

Qpv=Axv [1]
Equation 1 is also equivalent to:
Qr=wxdxv [2]

where w is bankfull channel width (m), and d is average
bankfull channel depth (m). The influence of the dams
on channel hydraulic geometry can be determined by
assuming that Qy, is equivalent with dams (Qyp) and
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without dams (Qpnp)- This is a reasonable assumption
because, in the 1988 photo, the 3-km section of
Sandown Creek below Copper Lake was occupied by
beaver dams and accounted for an area of 0.35 km?

or just less than 1% of the 45.6 km? total catchment
area; in other words, an area too small to influence the
flow regime of the catchment (Novitzki 1979, 1985).
Therefore, if Qpp is equivalent to Qpyp then:

wpdpVp = WNDANDVND (3]

such that changes in the cross-sectional area of the
bankfull channel will affect the stream mean velocity.

The effect of dam removal on stream mean velocity
was estimated using Manning’s equation. Manning’s
equation relates velocity (v) (m/s) to channel geometry
(Henderson 1966):

A%
R%S% {ﬁ} S
V=" T Tn

(4]

where R is hydraulic radius (m), S is the surface slope
of the water (m/m), and # is Manning’s roughness
coefficient, a dimensionless value that accounts for the
roughness of the channel bed and banks, and ranges
from 0.025 to over 0.15 in natural alluvial channels
(Henderson 1966; Acrement and Schneider 1989). The
hydraulic radius is also equal to the cross-sectional area,
A, divided by the wetted perimeter (P = w +2d).

Manning’s # is estimated using the method outlined
in Acrement and Schneider (1989) where total # is
calculated in an additive manner such that:

n = (ny+ ny +ny +n3 +ny)m [5]

where n;, = base n value; n; = addition for surface
irregularities; n, = addition for variation in channel
cross-section; 73 = addition for obstructions; ny =
addition for vegetation; and m = ratio for meandering.

Stream power (Q2) (W/m) is defined by Bagnold
(1977) as the energy available in flowing water to
do work such as transporting sediment and eroding
channel boundaries. The effect of dam removal on
stream power per unit length of channel is expressed as:

Q=yQSs (6]

where vy is the specific weight of water (N/m3), Q is
bankfull flow or discharge (m?/s), and § is the surface
slope of the stream water (m/m). The influence of the

beaver dam removal on cross-sectional stream power
(w) (W/m?2) was calculated as:

w = yvdS (7]
where v is stream velocity and d is depth.

The mean cross-sectional area of the bankfull
channel with the beaver dams was calculated from
the mean width of all the beaver dams in Area A
multiplied by a mean depth of 0.6 m, which is consistent
with the mean height of beaver dams in a similar
physiographic setting in Glacier National Park, Montana
(Meentemeyer and Butler 1999). Dam widths were
measured by hand on the 1988 air photograph enlarged
to a scale of 1:2000. While the beaver dams were intact,
stream velocity and cross-sectional stream power were
determined using Equations 4 and 6, respectively, with
mean surface water slope along the 500-m channel
length calculated as 0.0028 m/m, assuming an average
valley slope of 0.016 m/m and a dam height of 0.6 m.
Valley slope was determined using GIS and a 25-m
resolution digital elevation model (DEM) for the 3-km
reach below Copper Lake.

Following removal of the dams, the mean cross-
sectional area and wetted perimeter of the bankfull
channel were determined using data from 2005 field
surveys at Sites 1 and 2 (Figure 1; Table 1).

TABLE 1. Channel structure based on the 2005 survey
data from field sites 1 and 2.

Station no.

1 2 Mean
Stream <2 <2
gradient? (%)
Bankfull 52 4.5 4.9
width (m)
Bankfull 0.28 0.35 0.33
depth (m)
D50 (mm) 10 15 12.5
Dgg (mm) 35 30 32.5

2 Channel gradient was measured with a hand-held clinometer
with an accuracy of + 2%. Gradients less than 2% (0.02 m/m) are
reported as < 2.

b Particle-size distribution was estimated using the Wolman pebble
count method traversing from bank top to thalweg. D50 means
that 50% of particles were smaller than or equal to 10 and 15 mm at
stations 1 and 2, respectively.
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FIGURE 2. A series of six air photographs from Area B (scale approximately 1:10 000) spanning 36 years and
documenting the physical changes to the channel and floodplain following removal of the beaver dams in the late
1980s. Black lines highlight beaver dams that contain ponds. The greatest change in channel and floodplain structure
occured between 1988 and 1995. Higher-resolution air photos were used in the actual analysis. * See page 79
endnote re: colour version.

For Sandown Creek, which has a width that is calculations, the mean surface slope was equivalent to
much greater than its depth, R is approximately equal the average valley slope of 0.016 m/m.
to stream depth, d. Bankfull width was measured where

well-defined, vegetated banks confined the channel. Sediment yield

Bankfull depth was measured at the thalweg, which Two methods were used to estimate the total amount
was the deepest point across the channel cross-section. of sediment stored behind the 18 dams that were
For average velocity and cross-sectional stream power present in 1988 along the 3-km channel section below
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FIGURE 3. Historical air photographs for Area A (scale approximately 1:10 000) indicate that dams 1, 3, 6, and 8
were present from 1968 to 1988. Dams 2 and 5 were evident in the 1975 photo. Dams 4 and 7 were only evident in
the 1988 photo. None of the dams in the 1975 photo contained water, and dams 2 and 5 appeared to have released
sediment. The 1997 air photograph was included in the riparian structure analysis, but is not shown in this figure.

* See page 79 endnote re: colour version.
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Copper Lake. Estimates were based on the eight beaver
dams in the 500-m channel section of Area A. For

the first method, sedimentation rate was set at 3.7 cm
per year, which is consistent with sedimentation rates
for beaver ponds from similar physiographic settings
(Butler and Malanson 1995). In addition, historical air
photographs and peak flow data from the nearby long-
term hydrometric station at Mather Creek were used to
determine the age and disturbance history of the dams.
Mather Creek is 20 km south of Sandown Creek and has
a similar basin geology, topography, and climate.

For the second method, the total volume of sediment
stored in the 500-m channel of Area A was estimated
by applying the regression equation developed for
Glacier National Park, Montana, a site with a similar
physiographic setting to Sandown Creek. This equation
relates total volume of sediment (S,) to pond area (Ap)
for an estimation of cubic metres of sediment per pond
(Butler and Malanson 1995):

Sq= —84.082 + 0.625024, (8]

The pond areas associated with the eight beaver
dams in Area A were measured with a digital planimeter
on the 1988 air photograph enlarged to 1:2000.

Results
Riparian area structure

Following beaver dam removal, the floodplain of
Sandown Creek below Copper Lake was converted from
a wide wetland area with ponds, open vegetation, and a
multi-thread channel pattern to a single-thread channel
with dense shrub cover. Historical air photographs

from Area B indicated this conversion occurred over a
very short time period between 1988 and 1995 (Figure
2). The floodplain in Areas A and B was occupied
predominantely by open vegetation (69%) and beaver
ponds (9%) during the 20 years preceding dam removal
(Figure 4). In the 16 years following removal of the
dams, the open areas were replaced by dense vegetation
consisting of willows and coniferous saplings. No beaver
ponds were present in the 1997 or 2004 air photographs,
and less than 10% of the floodplain riparian area
consisted of open vegetation areas of sedges and grasses
(Figure 4).

Channel hydraulic geometry

Several methods were used to determine the influence of
the beaver dams on channel hydraulic geometry
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I Cheried wegetation
B Cpeen vegrtation
'E'D B e v puoied
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60

40
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FIGURE 4. Changes in riparian area structure in Areas A
and B over a 36-year period. Beaver dams were removed
in the late 1980s.

(Table 3). Obvious changes in channel form, including

a decrease in average channel width and a loss of beaver
ponds, were apparent through visual inspection of the
historical air photographs from Areas A and B (Figures
2 and 3). A comparison of the hydraulic geometry of the
channel in Area A with and without the beaver dams
indicated that dam removal decreased average cross-
sectional area of bankfull flows by over 12 times (Table
2). The loss of beaver dams also resulted in a substantial
decrease in Manning’s roughness coefficient from 0.176
to 0.053. The combined effect of reduced cross-sectional
area and reduced roughness coefficient translated into a
5-times increase in mean bankfull stream velocity and

a 12-times increase in cross-sectional stream power.

In other words, relative to current channel conditions,
beaver dams likely reduced the mean velocity of bankfull
discharge by approximately 81% and reduced average
cross-sectional stream power by up to 92%.
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TABLE 2. Influence of beaver dams on Sandown Creek
channel hydraulics in Area A.

Channel hydraulic

parameter Dams present Dams absent
Bankfull cross 20.4 1.7
sectional area (m?)

Manning’s roughness 0.176 0.053
coefficient, n

Stream velocity at 0.221 1.14
bankfull (m/s)

Stream power (W/m?) 0.43 5.46

Sediment yield

The eight beaver dams present in the 1988 aerial
photograph of Area A ranged from 9 to 81 m wide and
23 to 53 m long (Table 3). The dams had a cumulative
pond length of 320 m and an estimated mean surface
water gradient of 0.0028 m/m. The historical air
photographs showed that dams 1, 3, 6, and 8 were present
from 1968 to 1988 (Figure 3). Dams 2 and 5 were evident
on the 1975 air photograph, whereas dams 4 and 7 were
only present on the 1988 air photograph. None of the
dams contained water in the 1975 air photograph.

The Log Pearson III flood frequency analysis of
annual peak flows for nearby Mather Creek (Water
Survey of Canada Station 08NGO076) indicated that a
flood with a return interval of 8 years occurred in June
1974. Detailed analysis of the historical air photographs
determined that only some of the dams in Sandown
Creek failed in response to the 1974 flood. All the dams
in Area A emptied of water, but only dams 2 and 5,
which were the most recently constructed, appeared
to have failed and released sediment. None of the peak
flows recorded on Mather Creek between 1975 and 1988
had a return interval greater than 8 years. Based on the
air photographs and flood history, dams 1, 3, 6, and 8
were approximately 20 years old; dams 2 and 5 were
roughly 12 years old, assuming they had been repaired
within 2 years of the 1974 flood; and dams 4 and 7 were
estimated to be 2 years old (Table 3).

Using an average sedimentation rate of 3.7 cm per
year (Butler and Malanson 1995), 406 m? of sediment
was estimated to be stored behind the eight beaver dams
in Area A in 1988 (Table 3). However, if all the dams
present in 1975 released their sediment during the 1974
flood, then the total volume of sediment stored by the
dams in 1988 would be reduced to 283 m? or 35 m3

per dam averaged over eight dams. If the pond area
regression method (Equation 8) was used to compute
the volume of sediment, a total of 290 m3 (36 m? per
pond) was available for transport in 1988 along the
500-m section of Sandown Creek in Area A.

Eighteen beaver ponds were visible in the 1988 air
photographs along the 3-km stretch of Sandown Creek
below Copper Lake. Using a mean sediment volume of
36 m? per pond, the total volume of sediment available
for transport was roughly 648 m3 or approximately
22 cm of sediment if distributed evenly along the 3 km
length of channel.

Discussion

The aerial photograph analysis showed that beaver

are important agents of stream ecosystem change as
they affect riparian structure and channel hydraulic
properties. Removal of beaver dams in Sandown Creek
has resulted in a change in riparian vegetation from

a variety of vegetative cover types to low riparian
complexity comprised almost exclusively of dense
shrubs and conifers. Dam removal also changed channel
structure from multi-thread channels and ponds

with high complexity to a meandering single-thread
channel with no ponds. These changes resulted in a
5-times increase in stream cross-sectional velocity and

a 12-times increase in stream power. The decrease in
stream power associated with the presence of beaver
dams was estimated to have resulted in the accumulation
of over 600 m? of sediment or roughly 22 cm of
sediment along a 3-km section of Sandown Creek.

Beaver may influence 20-40% of the total length
of North American headwater streams (Naiman
and Melillo 1984), and their dams are thought to be
important structural elements within the channel
because they create steps in the elevational profile
(Gurnell 1998). The pools created upstream of dams
cause stream water to flow via new pathways around
dams and across forested riparian areas, which increases
the amount of open canopy (Hammerson 1994). Since
beaver dams contribute to the formation of multi-
thread channel patterns (Woo and Waddington 1990;
Westbrook et al. 2006) and cause channel avulsions
(Cooper et al. 2005), one would expect that removal
of beaver dams would cause the channel pattern to
revert to a single-thread and allow the riparian forest
to grow. Indeed, observations at Sandown Creek
provided support for this hypothesis. Within 16 years,
Sandown Creek changed from a wide multi-thread
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TABLE 3. Estimates of available sediment stored in beaver ponds on a 500-m reach of Sandown Creek in Area A.

Dam no.
Total  Avg. m3
(to nearest  per
1 2 3 4 5 6 7 8 m?) pond
Dam age (yrs) 20 12 20 2 12 20 2 20
Dam width (m) 30 12 28 9 53 81 9 48
Pond length (m) 44 48 23 53 28 51 25 48
Pond area (m?) 99 405 388 502 952 1482 291 1109
DEPOSITION RATE METHOD
Sediment depth (m)? 0.74 0.44 0.74 0.07 0.44 0.74 0.07 0.74
Sediment volume (m?3) 81.4 53.3 42,5 9.8 31.1 94.4 4.6 88.8 406 51
REGRESSION METHOD
Sediment volume (m?3) 478 169 158 230 511 842 98 609
Sediment depth (m) 0.53 0.42 0.41 0.46 0.54 0.57 0.34 0.55
Channel length (m) 33 26 26 29 34 36 21 34
Sediment volume in 44.2 27.2 26.2 32.7 45 50.5 17.7 47.1 291 36

channel (m?3)

2 Sediment accumulated in beaver pond during dam life.

channel to a single-thread channel following beaver
dam removal. Also, shrubs invaded the riparian area
following dam removal, changing the vegetation cover
from predominantly open to predominantly closed.
However, the observations from Sandown Creek
contrasted with those reported in the literature where
most researchers found that beaver-affected areas persist
as grass- and sedge-dominated open areas for decades
to centuries (Ruedemann and Schoonmaker 1938; Ives
1942; Johnston and Naiman 1987). The succession
sequence is frequently stalled because shrubs and

trees seldom invade riparian areas affected by beaver
activities (McMaster and McMaster 2000). Potential
causes for this may be higher shrub production when
beaver are present (Neff 1957; Baker and Hill 2003),

or a lack of ectomycorrhizal fungi on conifer species

due to the fatal effects of prolonged flooding on fungi
survival (Terwilliger and Pastor 1999). The processes
driving rapid shrub and tree invasion in Sandown Creek
require further investigation, but may be associated with
post-dam groundwater dynamics in the relatively high-
gradient mountain valleys of western North America.

Several studies have determined that the primary
influence of beaver dams during peak flow periods is
reduced flow velocity (Novitzki 1978, 1985; Johnston
and Naiman 1987; Woo and Waddington 1990; Devito
and Dillon 1993; Hillman 1998; Meentemeyer and
Butler 1999). Similar to jams of large woody debris,
beaver dams typically form a series of step-pools along
the length of a stream (Naiman et al. 1988; Butler
and Malanson 1995). Observations of the hydraulic
influence of large woody debris jams demonstrated
that resistance associated with jams decreases with
increasing flow depth as the jams become submerged by
rising peak flows (Shields and Gipple 1995). However,
well-maintained beaver dams generally extend up to
or beyond the height of the adjacent floodplain, and
discharge peak flows uniformly over the top of the dam
so that the effect of beaver dams as roughness elements
is maintained during peak flow periods (Woo and
Waddington 1990; Gipple 1995).

Beaver dams have been reported to reduce flow
velocity by up to 100% during low-flow periods,
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depending on their age, state of repair, and number

in sequence along the stream channel (Burns and
McDonnell 1998; Meentemeyer and Butler 1999).

The calculations from Sandown Creek suggested that
functioning beaver dams likely reduced the mean
velocity of bankfull discharge by approximately 81%.
Increases in bankfull width at the dams enable greater
discharges to be transported in the channel before the
floodwaters overtop the stream banks. This means that
the removal of beaver dams in Sandown Creek either
severed or greatly reduced the hydrologic connection
between the stream and the riparian zone. Hydrological
consequences of this disconnection include lowered
water tables and decreased soil moisture in the riparian
zone (Cooke and Reeves 1976). Ecological changes
include a vegetation shift from riparian species to more
xeric species and a decrease in the width of the riparian
zone (Bryan 1928; Hendrickson and Minckley 1984).

Beaver dams have a substantial impact on sediment
transport rates in a watershed, and act as long-term
storage areas for both suspended and bedload sediment.
Reported rates of sediment deposition behind beaver
dams range from 2.5 cm per year in low relief areas of
the Canadian Shield to upwards of 27.9 cm per year
in the mountainous areas of Glacier National Park,
Montana (Devito and Dillon 1993; Butler and Malanson
1995). Although some study models suggest gradual
pond infilling and the eventual formation of meadows,
a more likely process is periodic beaver dam failure
associated with basin flooding and at least partial
release of stored sediment, especially in higher-energy
mountainous environments (Butler and Malanson
2005). Our analyses for Sandown Creek revealed that
some of the beaver dams on a 1-km reach of Sandown
Creek failed in response to a flood that had an 8-year
return interval. However, only two dams appeared
to release substantial volumes of sediment. Our
observations also suggested that sediment transport
and storage dynamics in streams with beaver dams were
complex. During large-magnitude floods, beaver dam
failure can result in extensive disturbance to channel
banks and portions of the adjacent riparian area, and
can cause scour and/or aggradation below the washed-
out dam. Smaller magnitude floods that cause limited
dam failures likely result in local channel aggradation
and degradation as sediment is redistributed through
the channel network (Kondolf et al. 1991; Hillman
1998). Where dams have failed, stream base levels drop
and the channel creates an incision in the fine sediments
stored behind the dams (Fouty 2003).

Management implications

Beaver dams are important hydrogeomorphic structures
that can influence channel and floodplain structure,
channel hydraulics, and sediment budgets of watersheds.
The disappearance of beavers and beaver dams from
Sandown Creek in southeastern British Columbia

has resulted in substantial increases in flow velocity,
increased sediment yield, and decreased wetland area,
which, in turn, has caused channel entrenchment, bank
erosion, and increased rates of sediment transport along
the lower reaches of Sandown Creek.

Although the importance of beaver activities on
the fluvial environment has been widely recognized
in the ecology literature, beavers and their dams
were still being destroyed in British Columbia during
the late 1980s to improve flood conveyance and fish
passage. Numerous studies from North America
and Europe have since established the beneficial
function of beaver ponds for many aquatic species
including fish (Snodgrass and Meffe 1998; Schlosser
and Kallemeyn 2000; Pollock et al. 2004). However,
many fluvial systems across British Columbia remain
in a degraded state due to the removal of beavers and
their dams. While riparian management zones are
a legislated requirement along fish-bearing streams
(BC Ministry of Forests and Range 1995), there are
no guidance documents or legislation available to
British Columbians that recognize the importance
of managing or enhancing beaver habitat to preserve
wetlands in many parts of the province. This study
was motivated by the desire to improve our under-
standing of the importance of beavers in a healthy,
functioning ecosystem.

Acknowledgements

Tembec, Inc. is graciously acknowledged for their
support during the initial field assessment of Sandown
Creek. Bruce Pope, RPF, of Tembec is also thanked for
his assistance in filling in some of the data gaps for this
study. The detailed review and comments provided by
one anonymous reviewer were greatly appreciated. This
project was completed as part of the course requirements
for Geography 503, University of British Columbia, and,
for this reason, we thank Marwan Hassan, PhD, and
Rob Millar, PhD, PEng, who provided the incentive and
the inspiration for this project. Finally, thanks to the
beavers that once inhabited Sandown Creek and whose
past engineering efforts remain a legacy to teach us the
importance of responsible environmental stewardship.

JEM—VoLumE 10, NUMBER 1 77



GREEN AND WESTBROOK

TEST YOUR KNOWLEDGE
References .7 Questions on page 114

Acrement, G.J. and V.R. Schneider. 1989. Guide for
selection of Manning’s roughness coefficients for natural
channels and flood plains. US Geological Survey,
Washington, DC. Water-Resource Paper 2339.

Bagnold, R.A. 1977. Bed load transport by natural rivers.
Water Resources Research 13:303-312.

Baker, B.W. and E.P. Hill. 2003. Beaver (Castor
canadensis). In Wild mammals of North America:
Biology, management, and conservation, 2nd edition.
G.A. Feldhamer, B.C. Thompson, and J.A. Chapman
(editors). The Johns Hopkins University Press,
Baltimore, Md.

British Columbia Ministry of Environment, Lands

and Parks. 2001. Beaver management guidelines, draft
version. BC Ministry of Environment, Lands and Parks,
Vancouver Island Region, BC. wlapwww.gov.bc.ca/vir/
pa/Beaver-Guide.pdf

British Columbia Ministry of Forests. 1995. Riparian
management area guidebook. BC Ministry of Forests,
Forest Practices Branch, Victoria, BC.

Bryan, J. 1928. Change in plant associations by change in
ground water levels. Ecology 9:474-478.

Burns, D.A. and J.J. McDonnell. 1998. Effects of a
beaver pond on runoff processes: Comparison of
two headwater catchments. Journal of Hydrology
205:248-264.

Butler, D.R. and G.P. Malanson. 1995. Sedimentation
rates and patterns in beaver ponds in a mountain
environment. Geomorphology 13:255-269.

. 2005. The geomorphic influences of beaver
dams and failures of beaver dams. Geomorphology
71:48-60.

Cooke, R.U. and R.W. Reeves. 1976. Arroyos and
environmental change in the American Southwest.
Oxford Clarendon Press, Gloucestershire, UK.

Cooper, D.]., ]. Dickens, N. Thompson Hobbs, L.
Christensen, and L. Landrum. 2005. Hydrologic,
geomorphic and climatic processes controlling willow
establishment in a montane ecosystem. Hydrological
Processes 20:1845-1864.

Devito, K.J. and PJ. Dillon. 1993. Importance of runoff
and winter anoxia to the P and N dynamics of a beaver
pond. Canadian Journal of Fisheries and Aquatic
Science 50:2222-2233.

Fouty, S.C. 2003. Current and historic stream channel
response to changes in cattle and elk grazing pressure
and beaver activity. PhD thesis. University of Oregon,
Eugene, Oreg.

Gipple, C.J. 1995. Environmental hydraulics of
large wood debris in streams and rivers. Journal of
Environmental Engineering 121:388-395.

Gurnell, A.M. 1998. The hydrogeomorphological effects
of beaver dam-building activity. Progress in Physical
Geography 22:167-189.

Hammerson, G.A. 1994. Beaver (Castor canadensis):
Ecosystem alterations, management, and monitoring.
Natural Areas Journal 14:44-57.

Henderson, EM. 1966. Open channel flow. MacMillan
Publishing Co., New York, NY.

Hendrickson, D.A. and W.L. Minckley. 1984.
Cienegas: Vanishing climax communities of the
American Southwest. Desert Plants 6:131-175.

Hillman, G.R. 1998. Flood wave attenuation by a
wetland following a beaver dam failure on a second
order boreal stream. Wetlands 18:21-34.

Ives, R.J. 1942. The beaver-meadow complex. Journal of
Geomorphology 5:191-203.

Jenkins, S.H. and P.E. Busher. 1979. Castor canadensis.
Mammalian Species 120:1-8.

Johnston, C.A. and R.J. Naiman. 1987. Boundary
dynamics at the aquatic terrestrial interface: The
influence of beaver and geomorphology. Landscape
Ecology 1:47-57.

Kondolf, G.M., G.F. Cada, M.]. Sale, and T. Felando.
1991. Distribution and stability of potential salmonid
spawning gravels in steep boulder-bed streams of the
western Sierra Nevada. Transactions of the American
Fisheries Society 120:177-186.

McMaster, R.T. and N.D. McMaster. 2000. Vascular flora
of beaver wetlands in western Massachusetts. Rhodora
102:175-197.

Meentemeyer, R.K. and D.R. Butler. 1999. Hydro-
geomorphic effects of beaver dams in Glacier National
Park, Montana. Physical Geography 20:436-446.

Naiman, R.J. and ].M. Melillo. 1984. Nitrogen budget of
a subarctic stream altered by beaver (Castor canadensis).
Oecologia 62:150-155.

78 JEM—VoLuME 10, NUMBER 1


http://wlapwww.gov.bc.ca/vir/pa/Beaver-Guide.pdf
http://wlapwww.gov.bc.ca/vir/pa/Beaver-Guide.pdf

CHANGES IN RIPARIAN AREA STRUCTURE, CHANNEL HYDRAULICS, AND SEDIMENT YIELDS

Naiman, R.J., ]. Melillo, and J. Hobbie. 1986. Ecosystem
alteration of boreal forest streams by beaver (Castor
canadensis). Ecology 67:1254-1269.

Naiman, R.J., C.A. Johnston, and J.C. Kelly. 1988.
Alteration of North American streams by beaver.
Bioscience 38:753-762.

Neff, D.J. 1957. Ecological effects of beaver habitat
abandonment in the Colorado Rockies. Journal of
Wildlife Management 21:80-84.

Novitzki, R.P. 1979. Hydrologic characteristics of
Wisconsin’s wetlands and their influence on floods,
stream flow and sediment. In Wetland functions and
values: The state of our understanding. P.E. Greeson,
J.R. Clark, and J.E. Clark (editors). American Water
Resources Association, Minneapolis, Minn.

Novitzki, R.P. 1985. The effects of lakes and wetlands
on flood flows and base flows in selected northern
and eastern States. In Proceedings of the Conference
on Wetlands of the Chesapeake. Environmental Law
Institute, Easton, Md.

Ott, G.D. and D.W. Johnson. 2000. Beaver influence
on fisheries habitat: Livestock interactions. A research
review paper. Twisp, Wash. Unpublished report. www.
okanoganl.com/ecology/beaver/index.htm

Pollock, M.M., G.R. Pess, T.J. Beechie, and D.R.
Montgomery. 2004. The importance of beaver ponds
to Coho salmon production in the Stillaguamish River
basin, Washington, USA. North American Journal of
Fisheries Management 24:749-760.

*

Rosell, E, O. Bozser, P. Collen, and H. Parker. 2005.
Ecological impact of beavers Castor fiber and Castor
canadensis and their ability to modify ecosystems.
Mammal Review 35:248-276.

Ruedemann, R. and W.J. Schoonmaker. 1938. Beaver-
dams as geologic agents. Science 88:523-525.

Schlosser, I.]. and L.W. Kallemeyn. 2000. Spatial
variation in fish assemblages across a beaver influenced
successional landscape. Ecology 81:1371-1382.

Shields, ED. and C.J. Gipple. 1995. Prediction of effects
of woody debris removal on flow resistance. Journal of
Hydraulic Engineering 121:341-354.

Snodgrass, ].W. and G.K. Meffe. 1998. The influence of
beavers on stream fish assemblages: Effects of pond age
and watershed position. Ecology 79:928-942.

Terwilliger, J. and J. Pastor. 1999. Small mammals,
ectomycorrhizae, and conifer succession in beaver
meadows. OIKOS 85:83-94.

Westbrook, C. J., D. J. Cooper, and B.W. Baker.
2006. Beaver dams and overbank floods influence
groundwater—surface water interactions of a Rocky
Mountain riparian area. Water Resources Research
42:W06404, doi:10.1029/2005WR004560.

Woo, M.K. and ].M. Waddington. 1990. Effects of
beaver dams on subarctic wetland hydrology. Arctic
43:223-230.

ARTICLE RECEIVED:  April 23, 2007
ARTICLE ACCEPTED: December 23, 2008

Figures 1, 2, and 3 are available in colour in the online version of this article at:

www.forrex.org/publications/jem/ISS50/vol10_nol_art7.pdf

© 2009, Copyright in this article is the property of FORREX Forum for Research and Extension in Natural Resources Society.

ISSN 1488-4674. Articles or contributions in this publication may be reproduced in electronic or print form for use free of charge to the
recipient in educational, training, and not-for-profit activities provided that their source and authorship are fully acknowledged. However,
reproduction, adaptation, translation, application to other forms or media, or any other use of these works, in whole or in part, for
commercial use, resale, or redistribution, requires the written consent of FORREX Forum for Research and Extension in Natural Resources
Society and of all contributing copyright owners. This publication and the articles and contributions herein may not be made accessible to
the public over the Internet without the written consent of FORREX. For consents, contact: Managing Editor, FORREX, Suite 702,

235 Ist Avenue, Kamloops, BC V2C 3]4, or email jem@forrex.org

The information and opinions expressed in this publication are those of the respective authors and FORREX does not warrant their accuracy

or reliability, and expressly disclaims any liability in relation thereto.

JEM—VoLumE 10, NUMBER 1 79


http://www.okanogan1.com/ecology/beaver/index.htm
http://www.okanogan1.com/ecology/beaver/index.htm
http://www.forrex.org/publications/jem/ISS50/vol10_no1_art7.pdf
mailto:jem@forrex.org

Research Report

Using the low-level aerial survey
method to identify Marbled Murrelet
nesting habitat
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Abstract

Identifying and managing nesting habitat for the threatened Marbled Murrelet (Brachyramphus marmoratus)
is difficult because it nests secretively, high in the canopies of large, old conifers of the Pacific Northwest.

In British Columbia, low-level surveying from a helicopter is now a recommended standard method of
assessing forested landscapes for key microhabitat features—such as availability of potential platforms and
developed moss pads for nests, foliage cover above the nest, and accessibility—that are not distinguishable

on air photos, satellite images, or forest cover maps. Using a sample of 111 nest sites and 139 random sites
within forests greater than 140 years old and distributed across three study areas in south coastal British
Columbia, we confirmed the effectiveness of the aerial survey method for classifying overall habitat quality of
murrelet nesting habitat. The minimum map units were 3-ha patches. Overall, 40% of the 111 nest sites were
in patches classed as Very High, 36% were in High, 15% were in Moderate, 6% were in Low, and 3% were in
Very Low. Our ranking of habitat quality was most strongly influenced by estimates of platform availability
and moss development. Using an information-theoretic approach, we identified that the Resource Selection
Function scores of nest patches improved as elevation decreased, slope grade increased, and the proportion
of emergent and canopy trees with mossy pads increased. We also confirmed that study area location affected
the strength of model application. Our findings support the potential utility of the low-level aerial survey
method for identifying or confirming Marbled Murrelet nesting habitat for land-management purposes.

KEYWORDS: aerial survey, Brachyramphus marmoratus, classification, habitat quality, Marbled Murrelet,
nesting habitat assessment, survey methods.
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USING THE LOW-LEVEL AERIAL SURVEY METHOD TO IDENTIFY MARBLED MURRELET NESTING HABITAT

Introduction

r I " he Marbled Murrelet (Brachyramphus
marmoratus) is a small seabird (Family Alcidae)
found in nearshore waters of the Pacific

Northwest. Throughout most of their range, murrelets
typically nest on thick mossy pads that have developed
on large branches of older trees (Hamer and Nelson
1995; Nelson 1997; Manley 1999; Nelson and Wilson
2002). In British Columbia, forests less than 140 years
old support few nesting murrelets, because these forests
lack suitable canopy structures for nests. Most nest sites
are found in forests greater than 250 years old (Burger
2002; Waterhouse et al. 2004). The declining areas of
coastal old-growth forest in British Columbia has led

to the listing of Marbled Murrelets as Threatened by
the Committee on the Status of Endangered Wildlife in
Canada (2000) and to efforts to manage their nesting
habitat (CMMRT 2003).

Effective habitat management that is compatible
with other forest resource use requires reliable mapping
of the forest habitat in which murrelets are most likely
to nest (British Columbia Ministry of Water, Land and
Air Protection 2004). Studies at nest sites indicate that
suitable nesting habitat generally includes: large, old
trees; suitable platforms for nests on limbs or deformities
within the canopy; some degree of foliage cover over
the nest; and canopy gaps that allow flying murrelets to
access nest sites (Nelson 1997; Burger 2002; CMMRT
2003). Not all large, old trees provide the necessary
canopy structure that allows nesting. Consequently,
habitat suitability mapping cannot rely solely on stand
age and tree size as shown in forest cover mapping or air
photo interpretation. Furthermore, a key requirement,
potential nest platforms (defined as limbs or deformities
> 15 cm in diameter, including epiphyte cover) are not
visible in air photos and are not included in forest cover
or other available Geographic Information System
(GIS) resources (e.g., CMMRT 2003; Donaldson 2004;
Waterhouse et al. 2008). Established methods used to
assess canopy platforms involve ground-based observers
(e.g., Manley 1999; Rodway and Regehr 2002; Burger
and Bahn 2004), but these methods are both labour-
intensive and biased by site accessibility (Bradley 2002;
Bradley et al. 2004). Therefore, low-level aerial surveys
using helicopters provide an alternative method for
assessing forest canopy structures and for efficiently
classifying and mapping potential murrelet habitat-
nesting areas (Burger et al. 2004).

Our study tested the application
of the low-level survey method
in two regions of southern British
Columbia, the Sunshine Coast and
the west coast of Vancouver Island,
and used nest sites previously located
with radio-telemetry.

Based on field testing and consultation with
practitioners, standard methods for low-level surveys
were developed (Burger et al. 2004) using environmental
variables known to be linked to murrelet habitat
requirements (Ralph et al. 1995; Nelson 1997; Burger
2002; CMMRT 2003). Briefly, the assessment ranks
a range of canopy and topographic parameters, then
provides a subjective ranking of the overall habitat
quality using a six-class ranking system (Nil through
Very High) (details in “Methods” section). Aerial
surveys are usually undertaken in conjunction with
other habitat-assessment methods, such as air photo
interpretation or habitat algorithms, and are used
either to confirm the quality of a specific forest area for
murrelet management or to produce maps of habitat
quality that will assist in management planning (Burger
2004). Our study tested the application of the low-
level survey method in two regions of southern British
Columbia, the Sunshine Coast and the west coast of
Vancouver Island, and used nest sites previously located
with radio-telemetry (Bradley 2002; Bradley et al. 2004;
McFarlane Tranquilla et al. 2005).

Our study had three objectives. First, we tested
whether nest sites could be effectively distinguished
within the greater than 140-year-old forest (mature
and old) by comparing habitat at nests with habitat at
randomly selected points within the same landscapes.
The assumption was that habitat murrelets actually use
would best reflect the desirable qualities for nesting.
(Cody 1985; Martin 1992). We inferred selectivity by
murrelets for (or against) habitat of a particular class if
nest sites occurred more frequently (or less frequently)
within the class relative to the randomly selected sites
(Jones 2001; Manly et al. 2002). These comparisons were
made at two spatial scales: within patches (radius 100 m
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around the selected point or nest), and within the larger
stand of similar forest surrounding the patch. Second,
by comparing the habitat quality classes assigned to
patches and stands, we examined whether the area of
mapping unit would affect our ranking of habitat quality
class, and if so, what implications this might have for
describing and managing nesting habitat. Third, we
evaluated the relationships between assessments made of
the individually assessed environmental variables (e.g.,
tree size, moss development, and platform availability)
and the overall habitat quality class for each site. This
also allowed us to determine whether all assessed
variables, or a subset of these, best predicted habitat
suitability for nest sites.

Study areas

We analyzed data from three study areas: Desolation
Sound and Toba Inlet, adjacent to each other on the
Sunshine Coast (50°50"' N, 124°40' W), and Clayoquot
Sound on the west coast of Vancouver Island (49°12' N,
126°06' W). The Sunshine Coast region is characterized
by three biogeoclimatic zones: Coastal Douglas-

fir (0-600 m elevation), Coastal Western Hemlock
(0-1000 m), and Mountain Hemlock (usually >1000 m)
(Meidinger and Pojar 1991). Forests at lower elevations
are dominated by Douglas-fir (Pseudotsuga menziesii),
western hemlock (Tsuga heterophylla), and lesser
amounts of western redcedar (Thuja plicata). Amabilis
fir (Abies amabilis) becomes common at moister sites
and with increasing elevation. The forest transitions
into yellow-cedar (Chamaecyparis nootkatensis)

and mountain hemlock (Tsuga mertensiana) in the
Mountain Hemlock zone (Green and Klinka 1994).
Forests on the Sunshine Coast are fragmented by
mountainous topography, including steep cliffs and
avalanche chutes (Zharikov et al. 2006), ongoing forest
harvesting activities that date back to the early 1900s,
fire disturbance (particularly in drier ecosystems), and
some wind disturbance.

Clayoquot Sound is dominated by the wetter
variants of the Coastal Western Hemlock and Mountain
Hemlock zones. Sitka spruce (Picea sitchensis) is often
found in wet sites of coastal floodplains. The windward
hypermaritime variants of the outer coast of Clayoquot
Sound commonly have bog forests and include a
mixture of western hemlock, redcedar and yellow-cedar,
amabilis fir, and small amounts of lodgepole pine (Pinus
contorta) (Green and Klinka 1994). Forests in Clayoquot
Sound are relatively continuous and uniform, except

in the southwest portion of the study area, which is
fragmented by forest harvesting, and in the northeast
portion of the study area, which is mountainous.

Methods
Sampling

We used a two-sample design (i.e., use versus random).
We evaluated habitat using 100 m radius plots centred
on the sites defined as the patches. Nests were located
by tracking radio-tagged murrelets on the Sunshine
Coast from 1998 to 2001, and in Clayoquot Sound from
2000 to 2002 (Bradley et al. 2004; Zharikov et al. 2006).
Nest samples from different years were combined on the
assumption that habitat selection at the scale we tested
was not detectably affected by inter-annual variations
of other factors (e.g., food availability, climate; but see
McFarlane Tranquilla et al. 2005). We used only nests at
sites in forests older than 140-years and thus excluded
11 nests found in forest classed as less than 140 years
old and six potential cliff nests (e.g., Bradley and Cooke
2001) for which platform structure assessments are not
appropriate.

We compared known nest sites with sites at
randomly located points in greater than 140-year-old-
forest of each study area. We defined Study Area using
a minimum convex polygon that encompassed all nests,
plus a 5-km buffer. The buffer was approximately double
the mean distance between the annual samples of known
nests within the study areas (Zharikov et al. 2006).
Inclusion of the buffer ensured that we could obtain a
sample of random points that was at least equal to the
number of nests.

We maintained a minimum spacing of 600 m
between random points and ensured representation
across the landscape and elevational gradient
(Waterhouse et al. 2008). Elevation was calculated from
a digital elevation model (Integrated Land Management
Bureau 2007), and we retained it as an explanatory
variable for the statistical analyses.

Aerial observations and habitat assessments

We used a Bell Jet Ranger helicopter and followed the
methods of Burger et al. (2004). Flight routes were
planned using GPS, a 1:85 000 topographic map, and
1:20 000 forest cover maps. Before data collection at

a site, we confirmed GPS locations on pre-marked air
photos. Sites were tested blind; that is, observers did
not know whether the site was a nest or random point.
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TABLE 1. Description of environmental variables and habitat quality classification used to assess nest and random

USING THE LOW-LEVEL AERIAL SURVEY METHOD TO IDENTIFY MARBLED MURRELET NESTING HABITAT

patches by the low-level aerial survey method (adapted from Burger et al. 2004).

Variables

Description

Classes?

Large Trees?

Trees with Platforms?®

Moss Development?

% of canopy trees > 28 m tall

% of canopy and emergent trees with potential nest platforms

% of canopy and emergent trees with obvious mossy pads on limbs

Very High, 51-100%
High, 26-50%
Moderate, 6-25%
Low, 1-5%

Very Low, ~1%

Nil

Canopy Closure % cover of overstorey canopy based on vertical projection of crowns ~ Most Likely, 40-60%
on the ground, using the recommendations from the Canadian Moderately Likely,
Marbled Murrelet Recovery Team (2003) 30 or 70%
Least Likely,
< 30%, > 70%
Vertical Complexity® Vertical complexity and gappiness is subjectively ranked from least ~ Very High to Low
to highest, approximately matching the criteria used in air photo
assessments of murrelet habitat
Topographic Topographic features providing gaps and complexity to the Very High to Low
Complexity® forest (e.g., large boulders, rocky outcrops) ranked by subjective
assessment
Slope Grade Steepness of slope grade at site Flat and gentle
Moderate
Steep
Slope Position Position on macroslope (slope assessed based on natural Low and Valley Bottom
topographic breaks) Mid
Upper and Ridge

Patch Habitat Quality

Stand Habitat Quality

Overall habitat quality ranked as a qualitative assessment
considering occurrence and amount of all variables within the
100 m radius patch

As above, but overall habitat quality ranking of the stand (which
varies in area) surrounding and including the 100 m radius patch.

Very High, 51-100%
High, 26-50%
Moderate, 6-25%
Low, 1-5%

Very Low, ~1%

Nil

a

b

¢ A subjective assessment based on the effect of stand-level topography (e.g., slope, small rocky outcrops, avalanche chutes, large boulders) in

Mod-Low refers to pooled Moderate, Low, and Very Low (~1-25% where applicable) for analysis (refer to Figure 1).

Very High: Very non-uniform (> 40% difference leading trees and average canopy, very irregular canopy created by emergent trees, gaps, fallen
trees); High: Non-uniform (31-40% height difference; canopy gaps often visible due to past disturbance; irregular canopy created by emergent
trees, gaps, fallen trees); Moderate: Moderately uniform (21-30% height difference, some canopy gaps visible, evidence of past disturbance, a
few emergent trees and obvious gaps); Low: Uniform (11-20% height difference, few canopy gaps visible, little or no evidence of disturbance,

no emergent trees).

creating small gaps and creating a complex canopy structure.
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At each patch, the helicopter circled for 3-5 minutes.
If patches or stands included young forest greater than
or equal to 140 years old, or non-forested areas, the
assessment was applied only to those portions of forest
greater than 140 years old.

We classed environmental variables of patches using
standard aerial survey criteria (Table 1; Burger et al.
2004). These variables are thought to describe habitat
structure associated with cover (Canopy Closure,
Vertical Complexity, and Slope Position, i.e., exposure),
access into the stand (Vertical Complexity, Topographic
Complexity, and Slope Grade), and nest platform
availability for Marbled Murrelets (Large Trees, Trees
with Platforms, Moss Development, and Slope Position,
i.e,, site productivity). After taking into consideration
the classes of all the other parameters, we finally assessed
the overall habitat quality of the patch (Patch Habitat
Quality). Without making detailed assessments of each
canopy parameter, we also subjectively classed the overall
habitat quality of the stand surrounding the patch (Stand
Habitat Quality). Stands included forest with relatively
uniform age, species composition, and structure of trees,
but were variable in area. Also, stands were broadly
equivalent to polygons mapped for forest cover from air
photos (Resource Inventory Committee 2002).

Data analysis

Statistical procedures used SAS 9.1 (SAS Institute Inc.
2003). Significance was evaluated using « = 0.10, unless
otherwise specified. We used a larger than customary
level of significance to reduce the likelihood of a Type II
error (i.e., not detecting real differences), which we felt
could pose more risk to murrelet management than the
occurrence of a Type I error. Using a suite of regression
tools, we screened each variable and subsequently
pooled classes of some variables to provide adequate
sample sizes for analyses and pooled data among study
areas where no effect was indicated (see methods in
Waterhouse et al. 2008).

Determining habitat quality of nest
patches and stands

We used a log-linear model (Agresti 1996) to determine
if habitat quality differed according to Site Type (nest
versus random point). This was done for both patches
(Patch Type effect) and stands (Stand Type effect). From
these models, we generated the predicted probabilities
(Prob) that an observation belonging to one of the Site

Types (nest or random point) would fall into any one
of the habitat quality classes (e.g., Very Low through
Very High).

Assessing habitat quality of patches
compared to stands

To determine if overall habitat quality substantially
differed depending on the area of forest classed, we
used the Kappa statistic (x) (Cohen 1960) to measure
agreement between matched pairs of patch and stand
(pooled nest and random samples: n = 249); full
agreement equals 1 from a possible range of 0 to 1.
Next, for those sites for which the habitat class of the
patch differed from that assigned to the surrounding
stand, we tested if the lack of agreement occurred
more often between matched pairs at nest sites than
between those at random sites (Chi-square test). We
hypothesized that a lack of agreement would be greater
for nest sites than for random sites if nesting murrelets
selected smaller patches of higher-quality habitat within
poorer-quality stands.

Determining relationships of environmental
variables to patch habitat quality

To examine relationships between the environmental
variables and the final habitat quality class of patch we
used Spearman rank correlations (r;) and the Mantel-
Haenszel Chi-square test between ordinal variables
(Mantel and Haenszel 1959).

Predicting nest patch habitat using
resource selection functions

We determined which combination of environmental
variables were the best predictors of nest patches

using Akaike’s Information Criterion adjusted for
small samples (AIC.) and Akaike weights (w) to select
logistic regression models (multiple or single) that best
predicted Patch Type under our use-availability design
(Burnham and Anderson 2002). We interpreted these
models as Resource Selection Functions (Manly et

al. 2002) that are proportional to the true probability
of predicting Patch Type (i.e., nest patch). Please see
Appendix for modelling details. We considered all
variables identified a priori for field testing (Table 1)
and included Study Area, Elevation, and any significant
interactions indicated by the individual univariate
analyses of the variables during screening. We reduced
the potential for multicollinearity by excluding those
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variables highly associated based on Spearman rank
correlations (if P < 0.01 and r, > 0.7; Myers 1986),
and retaining only the variable that best explained the
differences between Patch Type.

Categorical predictors were parameterized using
indicator or dummy variables that can take on values
of 1 or 0 (Myers 1986, pp. 87-94). All but the final
level of a predictor were assigned a dummy variable, so
that the parameter estimate for each dummy variable
conveyed the difference in the effect of a level compared
to the effect of the final level. During model selection,
all dummy variables of a categorical predictor were
either kept in or dropped from the model. If the dummy
variables associated with an interaction were included,
then the dummy variables associated with both main
effects were also included in the model. The “best”
model had the minimum AIC. and highest weight, and
models that differed from it by less than 2 units in AIC.
scores were considered to have similar predictive ability
(Burnham and Anderson 2002). Akaike weights were
interpreted as approximate probabilities of the model,
being the “best” from among those models examined
(Anderson et al. 2000).

We initially assessed the “best” models based on
the non-significant Hosmer and Lemeshow (2000)
goodness-of-fit tests. Only then did we further examine
fit of the “best” model in two phases. We used K-fold
cross-validation (Boyce et al. 2002; Lillesand et al.
2004; see methods used Waterhouse et al. 2008) to
assess the performance of each model for predicting
Patch Type, where a strong positive Spearman rank
correlation coefficient (r;) between the predicted
Resource Selection Function (categorized into bins) and
the relative frequency of nests indicates good predictive

performance (Boyce et al. 2002). Then, we determined
the deviance reduction (AD) associated with each
predictor variable by using (Chi-square) likelihood
ratio tests (McCullagh and Nelder 1989; Guisan and
Zimmermann 2000).

Results
Habitat quality of nest patches and stands

In the three study areas, we assessed 250 sites composed
of 111 nest sites and 139 random sites (Table 2). We
found that both nest and random patches centred

on these sites (Patch Habitat Quality) and the stands
surrounding the patches (Stand Habitat Quality) were
distributed across five habitat quality classes (Figures

la and 1b). Following pre-screening tests, we combined
the Moderate, Low, and Very Low classes (hereafter
Mod-Low) for testing habitat quality of patches and
stands. Due to an interaction between Study Area and
Patch Type (y°= 6.23, P = 0.04), we tested Patch Type
separately by Study Area; whereas we pooled study areas
for testing Stand Type due to non-significant differences
(Study Area y° = 1.60, P = 0.45; Study Area x Stand Type
¥2=2.09, P =0.35).

Our tests of Patch Type (nests versus random) were
significant for Desolation Sound (y? = 4.88, P = 0.03)
and Toba Inlet (y? = 9.22, P < 0.01), but non-significant
for Clayoquot Sound (y* = 0.22, P = 0.64). Most nests
in all the Study Areas were classed Very High and High
(approximately 70-80 %; Figure 1a). In Desolation
Sound and Toba Inlet, nest patches, when compared to
random patches, respectively occurred 1.6 and 3 times
more often than expected in Very High quality habitat
and similarly less often than expected in the Mod-Low

TABLE 2. Area, forest cover, and sample sizes for the three study areas.

Type of site
Forest
Study Area Total area > 140 years old Nest Random
(ha) (% of area) (no. of sites) (no. of sites)
Clayoquot Sound 1.82 x 10° 53 312 42
Desolation Sound 2.44 x 103 12 58 632
Toba Inlet 1.89 x 10° 20 22 34
Total patches 111 139

2 One nest site and one random site were dropped for most analyses due to missing data.
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FIGURE 1. Proportions (%) by variable classes of nest (N) patches and of random (R) patches in each Study Area for
Patch Habitat Quality (a) and Stand Habitat Quality (b) contrasted to the predicted probabilities and standard errors
(SE) by variable classes (but using the combined Mod-Low as per Table 1) produced from reduced statistical models
for Patch Habitat Quality (c) by Study Area and Stand Habitat Quality (d) for combined Study Areas.

habitat. (Figure 1c). For Stand Type, most nest stands
(60-70 %) were also classed Very High or High (Figure
1b). Using the pooled Study Areas, our results were
consistent with the Patch analysis (y*=5.13, P = 0.02,
Figures 1b, 1d); nest stands were 1.5 times more likely to
be classed Very High than were random stands (Figure
1d), whereas those classed Mod-Low were similarly
avoided (used 1.4 times less; Figure 1d).

Habitat quality of patches compared
to stands

The habitat quality classes assigned to the patch and
its surrounding stand were usually identical (75% of
nest patches, n = 111; 73% of random patches, n = 138;
74% for pooled data, n = 249 with x = 0.65, SE = 0.04).
For those pairs that did not match (n = 65; 28 nest sites

and 37 random sites) the difference was only one class,
except for one pair with a larger difference. We found
that significantly (y> = 7.67, P < 0.01) more of the nest
patches were within stands assigned a lower habitat
quality class (23/28; 82%) rather than a higher class
(18%) compared to the random patches, which were
as likely to be assigned a higher (18/37; 47%) or lower

(53%) quality class than the surrounding stand.

Relationships of environmental variables to
patch habitat quality

To examine relationships between the overall habitat
quality and the environmental variables assessed at each
patch, we pooled data from study areas. Overall patch
habitat quality was strongly positively correlated with
the occurrence of large trees, trees with platforms, and
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FIGURE 2. For each Study Area, proportions (%) of nest (N) patches and of random (R) patches by class for Large

Trees, Trees with Platforms, Moss Development, Vertical Complexity, Canopy Closure, Topographic Complexity, Slope
Position, and Slope Grade. Proportions of classes sum to 100% for each variable.
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moss development (for each comparison: Spearman
rank correlation, n = 248, r, = 0.75-0.91, P < 0.01). Patch
Habitat Quality was moderately correlated with vertical
complexity (positive), slope position (negative), and
elevation (negative) (n = 248, ;= 0.32-0.46, P < 0.01),
and weakly correlated with slope grade (negative) and
topographic complexity (positive) (n = 248, r; < 0.21,
P<0.01).

Predicting nest patch habitat using
resource selection functions

In the greater than 140-year-old forest, we found that
both nest and random patches fell within most of the
possible classes of each environmental variable (Figure
2). Exceptions were that no patches were classed Nil
for any variable, and no patches were classed Very Low
for Topographic Complexity or as Low or Very Low for
Vertical Complexity.

For model building, we excluded canopy closure
as a candidate variable because most samples fell
into the Most Likely class (Figure 2). We tested,
separately, Large Trees, Trees with Platforms, and Moss
Development because Spearman correlations suggested
multicollinearity (n = 250, r;> 0.72, P < 0.01). For the

AIC, analysis using Moss Development, Platform Trees,
and Large Trees, following pre-screening, we combined
the three lower classes into one (Mod-Low).

First, we tested models containing Moss
Development, retaining Study Area because it had a
significant effect on this variable (y* = 19.55, P < 0.01).
We additionally retained all other variables including
Elevation (thus the significant interaction term Study
Area X Elevation), because the Spearman correlations
among them were either significant but weaker (range
n =248 to 250, range r, = 0.13 to 0.51, P < 0.05) or were
not significant (P > 0.05 for Vertical Complexity and
Slope Position, Vertical Complexity and Elevation). The
analysis produced 160 models of which two appeared
“best” for predicting nest patches (Table 3). Model 1
included Study Area, Moss Development, Slope
Grade, Elevation, and Study Area x Elevation
interaction. Model 2, which had a similar predictability
(A AIC < 2), included these same variables plus
Topographic Complexity. Only Vertical Complexity and
Slope Position were excluded from the top models. Both
models had reasonable fit based on a non-significant
Hosmer and Lemeshow Goodness of Fit statistics
(ie, P> 0.10).

TABLE 3. Resource Selection Functions that predict Patch Type developed by using Akaike’s Information Criterion
adjusted for small samples (AICc) and weighting (w;). Top models were selected based on AAICc, with two top models

identified using Moss Development.

Model Variables

No. of
variables (K)

AIC. o;

Model 1 Study Area

Moss Development
Slope Grade
Elevation

Study Area x Elevation

Model 2 Study Area

Moss Development
Slope Grade

Elevation

Study Area x Elevation

Topographic Complexity

Model 3 Moss Development
Slope Grade

Elevation

10 310.17 0.25

13 311.57 0.16

6 313.14 0.08
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The likelihood parameter estimates for Model 1
(Table 4) provided us with the influence of each variable
on the Resource Selection Function score, which is
proportional to the probability of nest patch use. The
model yielded higher Resource Selection Function
scores (assuming elevation is zero) at Toba Inlet than
at Desolation Sound, and produced the lowest scores
at Clayoquot Sound (Study Area effect). These scores:
(1) increased if moss development was classed High or
Very High (Moss Development effect); (2) decreased as
elevation increased (Elevation effect); (3) declined most
steeply with elevation in Toba Inlet and least steeply in
Clayoquot Sound (Study Area x Elevation interaction);
and (4) increased as slope gradient increased, where
steep slopes were more likely and gentle slopes were least
likely to have nest patches than were moderate slopes
(Slope Gradient effect).

Model 2 had a similar interpretation, but the
additional estimates from including Topographic
Complexity were not significant. The estimates were
difficult to interpret because nests were best predicted

to occur in patches with Very High and Moderate
complexities, followed by patches with Low complexity,
and were least likely to occur in patches of High
complexity. We therefore deemed Model 2 unreliable
and focused further only on Model 1.

For Model 1 we used the K-fold cross-validation and
confirmed that it had good predictive capacity (r; = 0.84,
n =10, P < 0.001). We also determined that all variables
included in Model 1 contributed significantly to
explaining the deviance in the model (i.e., P < 0.02); the
greatest change in deviance was explained by Elevation
(AD = 20.57), followed by Slope Grade (AD = 12.06),
Study Area x Elevation (AD = 9.13), Moss Development
(AD = 7.52), and then Study Area (AD =7.13).

Next, we re-ran the AIC_ analysis using Trees with
Platforms instead of Moss Development. We found that
Trees with Platforms was retained as an explanatory
variable in one of four top models only if Study Area,
for which we had detected a significant pre-screening
effect (y° = 8.96, P < 0.06), was excluded. Otherwise,

TABLE 4. Statistically significant predictions derived from the top-ranked binary logistic regression model (Model 1,
Table 3) for separating Patch Type (nests versus random patches). Significance of the overall model was based on
the reduction in deviance between an intercept-only model and a model with all predictor variables included (y2 =
53.88, df =9, P < 0.0001). All tests of variables or interactions shown here are based on 1 degree of freedom

(n=248).
Variable Parameter estimate Standard error Likelihood ratio y2 P
Intercept 3.265 1.072 N/A N/A
Moss Development
Very High 0.564 0.379 2.22 0.14
High 1.064 0.377 8.22 0.004
Study Area
Clayoquot Sound -2.724 1.119 6.99 0.008
Desolation Sound -2.244 1.083 4.98 0.0256
Elevation -0.005 0.002 20.55 <0.001
Elevation x Study Area
Clayoquot Sound 0.004 0.001 7.50 0.006
Desolation Sound 0.004 0.001 7.99 0.005
Slope Grade
Gentle -1.435 0.472 .82 0.002
Moderate -0.867 0.335 6.97 0.008
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Trees with Platforms was not retained. Lastly we re-
ran the analyses using Large Trees, for which the
Study Area effect was non-significant (y* = 0.80, P =
0.67), and we found it was retained in two of five top
models. Consistent with the AIC. analysis for Moss
Development, our analyses using Trees with Platforms
and Large Trees also retained various combinations

of these variables in the top models: Elevation, Slope
Grade, Topographic Complexity, but also Vertical
Complexity in the Large Tree AIC. analysis.

Discussion
Classifying habitat quality

In support of using the low-level aerial survey method
to assess Marbled Murrelet habitat, we found that
murrelets selected nesting habitats in higher-quality
classes and avoided those in lower-quality classes. This
was found for both patches (100 m around nests) and
the larger surrounding stands (usually tens or up to
low hundreds of hectares). Overall, 40% of the 111
nest sites were in patches classed as Very High, 36%
were in High, 15% were in Moderate, 6% were in Low,
and 3% were in Very Low. Because we were comparing
sites at nests with sites at random points within greater
than 140-year-old forest, some proportion of the
random sites also occurred in suitable nest habitat.
Consequently, the differences between nest and
random patches were less striking than expected; this
is a common problem when comparing used habitat
with random (Jones 2001; Manly et al. 2002). The
small differences between nest and random patches (or
stands) in the predicted probabilities of habitat quality
(Figure 1c and 1d) and the considerable proportion of
nests (24%) in patches classed as Mod-Low suggest
that the classification’s effectiveness for distinguishing
all nest patches has limitations in the greater than
140-year-old forest stratum.

The aerial survey classification’s greatest value for
wildlife managers may be in its use to quantitatively
rank and classify the potential value of one area relative
to another, rather than to provide a threshold to identify
suitable nesting habitat within the older forest stratum.
The challenge in this application is that, given the lack
of known relationships between habitat quality and
occupancy or nest density (Burger 2004; Burger and
Waterhouse 2009), we do not know to what extent one
class supports higher densities of nesting murrelets than
another class.

The low-level aerial survey method provided a
regionally consistent method for identifying Marbled
Murrelet nesting habitat in south coastal British
Columbia. Despite some differences among study
areas—that is, nesting habitat was more effectively
distinguished on the Sunshine Coast (Desolation Sound
and Toba Inlet) than on the west coast of Vancouver
Island (Clayoquot Sound)—nest habitat patches had
many similar characteristics among the regions based
on those variables assessed by the aerial survey method.
We suspect that nest patch selectivity was more easily
detected on the Sunshine Coast because availability
of suitable habitat is reduced there owing to historic
disturbance and to effects of topography and elevation
(Zharikov et al. 2006); that is, it is less likely on the
Sunshine Coast that random points would fall within
suitable habitat. In comparison, Clayoquot Sound has
experienced far less habitat loss from logging and has
more uniform coverage of suitable forest (Zharikov
et al. 2006); consequently a higher proportion of
random points might fall within suitable nesting habitat,
thereby minimizing the differences between nests and
random points.

Aerial assessments of habitat quality were sensitive
to the area of forest assessed, even though agreement
was high between the classes assigned to pairs of patch
and forest stand (74% of these pairs had identical habitat
quality class). Information can be lost as minimum
mapping units increase in area (i.e., the grain at which
the element is assessed increases) (Fassnacht et al. 2006),
as shown by our comparison between smaller patches
contained within often larger stands. Our result was of
particular importance because we showed that, where
there were differences between the habitat quality of the
patch and surrounding stand at nest sites, the nests were
disproportionately found in patches of habitat classed
higher for habitat quality. Murrelets are likely selecting
higher-quality patches for nesting within the overall
forest matrix (Nelson and Wilson 2002). The minimum
mapping unit currently applied for producing aerial
survey habitat maps for murrelets in British Columbia
is approximately 3 ha, with maps produced to 1:20 000
scale (Sue McDonald, Western Forest Products, pers.
comm., November 2008). Based on our testing using
3-ha patches, if inventory sampling is applied uniformly
during low-level flights, 3 ha should be adequate for
identifying patches of higher-quality habitat.
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Interpreting the Classification

Murrelets, as most other animals, likely exploit a

wider range of habitats by using patches with a range

of habitat characteristics (Guénette and Villard 2004).
By broadly distributing themselves for nesting across
the landscape, murrelets can perhaps better respond

to factors such as the distribution of marine prey

and predators. Research has shown that considering
combinations of both structural and topographic
variables improves the probability of detecting that a
patch has nesting habitat value for murrelets (Bahn and
Newsom 2002a, 2002b; Nelson et al. 2006; Zharikov et
al. 2006). The habitat quality classification is intended to
incorporate assessments of multiple forest structural and
topographic variables (Burger 2004). Yet, the assessment
of overall habitat quality made from the helicopter

was, in practice, weighted by a few key forest structural
features. The strong positive intercorrelations between
the habitat quality classification and forest structure
variables suggested that the final assigned habitat quality
class was dependent on tree size, platform availability,
and moss development while little weighting was
attributable to topographic variables.

In contrast to the habitat quality classification, the
Resource Selection Functions suggested that murrelet
nest habitat was best distinguished from available
habitat using topographic variables as well as forest
structural variables. Moss Development, Slope Grade,
and Elevation proved the best predictors of murrelet
nesting habitat following our analysis approach using
AIC.. Mossy platforms are key forest structural features
for supporting the nest (Nelson 1997; Burger 2002) and
can be distinguished within the greater than 140-year-
old forest by using aerial surveys. Although strongly
intercorrelated, Large Trees and Trees with Platforms
were less reliable predictors of murrelet nest habitat
than Moss Development in the Resource Selection
Functions. Slope Grade, retained as an aerial estimate
of topography, is thought to describe site accessibility
where steeper slopes may enhance a murrelet’s ability
to access stands by exposing entryways into the canopy
(Bradley 2002). Although the best-fit models did not
retain Slope Position, we suggest it may be beneficial
to record this variable during aerial surveys because
it may be help to eliminate stands on ridge tops that
can be exposed to wind disturbance and are therefore
less suitable for murrelets (Meyer et al. 2002, 2004).
Elevation may influence murrelets’ nest-site selectivity
because low-elevation forests are often more productive
(have larger trees) and are often closer to foraging

areas used by murrelets (Burger 2002; Meyer et al.

2004; Nelson et al. 2006; Zharikov et al. 2006). More
importantly, the model explained in part how nest
patches may occur across a range of elevations and
slopes where murrelets are able to access and use higher-
elevation habitats or steeper slopes if platforms with
moss pads are available.

We found only weak evidence that Topographic
Complexity and Vertical Complexity, as assessed in
aerial surveys, helped to predict murrelet nesting
habitat. Their effectiveness for distinguishing habitat
may be reduced if there is site-to-site variation in how
murrelets discriminate stand access. Vertical Complexity
can alternatively be assessed on air photos (Waterhouse
2002, 2008; Donaldson 2004). Canopy Closure, based
on the lack of variability in our data, may not prove as
useful a variable to collect during aerial surveys in the
greater than 140-year-old forest stratum. In immature
forests (< 140 years old), however, closed and uniform
canopies might preclude murrelets from accessing
canopy limbs (Waterhouse et al. 2002).

Conclusions and management
implications

Low-level aerial surveys enable biologists to identify
likely nesting habitat for Marbled Murrelets, as they
focus on key habitat features (platforms and moss
development) not discernable using lower-resolution
tools such as aerial photographs or satellite images.
When combined with knowledge of site topography,
estimating availability of mossy platforms may prove
one of the most useful indicators of the aerial survey.
Aerial surveys can be used to rapidly classify and map
large areas of forest, including forest with poor access for
ground observers. If applied with a fine-scale resolution
of approximately 3 ha, small patches of suitable habitat
within a larger matrix of less suitable forest can be
detected, and hence improve the accuracy of the
classification. This information can be used to help
identify candidate areas that meet habitat management
objectives for nesting murrelets (e.g., Wildlife Habitat
Areas; British Columbia Ministry of Water, Land and
Air Protection 2004).

Our selectivity analysis supports the idea of focusing
management for nesting murrelets on habitats classed
Very High or High in aerial surveys. However, such
higher-quality habitats might not be frequently found
in some landscapes and a proportion of murrelets
(approximately 25% in this study) do nest in some
lower-quality habitats.
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Low-level aerial surveys enable biologists
to identify likely nesting habitat for
Marbled Murrelets, as they focus on key
habitat features (platforms and moss
development) not discernable using
lower-resolution tools such as aerial
photographs or satellite images.

Consequently, wildlife managers may need to consider
using lower-quality habitats (particularly those classified
Moderate) to meet habitat management objectives. In
such cases, and depending on management objectives,
other methods could be applied to show evidence of
murrelet use of these lower-quality habitats (e.g., radar
or audiovisual surveys).

At the practical level, the current discrete six-class
classification (Burger et al. 2004) could be replaced
by the less subjective predictive Resource Selection
Functions (i.e., producing continuous relative
probabilities) (Boyce et al. 2002; Manly et al. 2002;
Boyce 2006). We are cautious in overly interpreting our
current Resource Selection Function results because
our testing may be considered borderline exploratory,
where the variables were selected a priori but the
relationship between them was unknown. Further
development of Resource Selection Functions would
enable biologists to integrate stand-level metrics
collected during aerial surveys with other stand and
landscape metrics that relate to habitat selectivity
(Bahn and Newsom 2002a, 2002b; Meyer et al. 2004;
Zharikov et al. 2006). Such an approach could also help
account for hierarchal or multistage habitat selection
(Johnson 1980; Orians and Wittenberger 1991; Manly
et al. 2002), which may be used by the Marbled
Murrelet (Manley 1999; Meyer 2007).
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Appendix A

Using logistic regression to estimate a Resource Selection Function when the data consists of two samples:
One of used and one of available sites

Following along the lines of Keating and Cherry (2004) and Manly et al. (2002):

P(site has a nest | site is among the type types of samples drawn, x) =

P,
—" P(site has a nest | x)
P,

P
1+ - P(site has a nest | x)
a

where P, and P, are the sampling inclusion probabilities for the used and available sites respectively and x is a
vector of explanatory environmental variables.

If we assume that the resource selection probability function has the form , where for all , then

P(site has a nest | x) = exp(BT x), where BT x < 0 for all x, then

exp ([S*Tx)

P(site has a nest | site is among the two types of samples drawn, x) =

the first element of B* is Bo t10g (5 )

Keating and Cherry (2004) show that one way to ensure BT x < 0 for all x is for P(site has a nest) <

p 1+ exp (B'x)

u

a
ny

ngexp (B 7x)

for all x in the population (where 1, and n, are the size of the used and available samples, respectively).

Under these conditions, a logistic regression fit to the use-availability data (i.e., the dependent variable is coded as
1 when the site is used an 0 when the site it is available, along with the vector of explanatory variables) will be able
to recover either: (1) the assumed resource selection probability function when P, and P, are known, or

(2) a Resource Selection Function proportional to it when P, and P, and are unknown.

© 2009, Copyright in this article is the property of FORREX Forum for Research and Extension in Natural Resources Society; the
Province of British Columbia; and her Majesty the Queen in right of Canada, Environment Canada.
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commercial use, resale, or redistribution, requires the written consent of FORREX Forum for Research and Extension in Natural Resources
Society and of all contributing copyright owners. This publication and the articles and contributions herein may not be made accessible to
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Extension Note

British Columbia’s Forests

White Pine Blister Rust Forest Health
Stand Establishment Decision Aid

Stefan Zeglenl, Richard Hunt2, and Michelle Cleary3

Introduction

White pine blister rust (Cronartium ribicola) is an introduced disease affecting five-needle pines throughout
North America. Like other non-native pests, its impact on the native hosts has been dramatic, decimating
species such as western white pine in both number and distribution. Because of its prevalence, white pines
have been removed from commercial forestry consideration in most areas. This is unfortunate as western
white pine is an excellent substitute for Douglas-fir in areas prone to laminated root disease. It can also
command a premium price. To mitigate disease impact and permit management, a good understanding of
the biology of C. ribicola is necessary.

The Stand Establishment Decision Aid (SEDA) format has been used to extend information on various
vegetation and forest health concerns in British Columbia. This decision aid summarizes information
that relates current management regimes to the spread and effects of white pine blister rust. The first page
provides general information, hazard ratings for the biogeoclimatic zones and subzones of British Columbia,
and biological considerations for white pine blister rust. The second page outlines the implications to
silviculture and the various techniques used to manage the disease. This page also includes a resource and
reference list to provide readers with more detailed information. Reference material that is not available
online can be ordered through libraries or the Queen’s Printer at: www.qp.gov.bc.ca
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Discussion Paper

Relationships between habitat area,
habitat quality, and populations of
nesting Marbled Murrelets

Alan E. Burger! and F. Louise Waterhouse2

Abstract

We review relationships between the area and quality of apparently suitable nesting habitat (as defined

by canopy structure) and the population size of Marbled Murrelets (Brachyramphus marmoratus) which
such habitat might support. This information is important to manage the old seral forest nesting habitat
of this threatened seabird. Studies at different spatial scales indicate that linear relationships provide good,
biologically feasible fits between murrelet counts and areas of apparently suitable habitat when the effects
of habitat quality are unknown. A large-scale analysis across Washington, Oregon, and California showed
a strong linear relationship between murrelet numbers and area of habitat within large conservation
regions. Seven separate watershed-level radar studies (six in British Columbia and one in Washington)
support a linear relationship and also indicate that when logging reduces habitat, the murrelets do not
aggregate in the remaining habitat at higher densities. Tree-climbing studies show similar trends at stand
levels: compared to more pristine habitat, nest densities were not higher in remnant old-growth patches
in depleted, highly fragmented areas. Do murrelets nest at higher densities in higher-quality habitat? The
sparse information on this topic suggests a correspondence between nest locations and habitat quality as
assessed by algorithms, air photo interpretation, and low-level aerial surveys. Most nests (92% and 86%
in pooled data from aerial surveys or air photo interpretation, respectively) were found in habitat rated as
Moderate, High, or Very High, and few (8% and 14%, respectively) in those rated Low, Very Low, or Nil.
The relationship between perceived quality and the likelihood of nesting is, however, non-linear and it

is premature to assume that murrelet nest densities will be significantly higher within the upper ranks of
suitable habitat assessed from forest features.

KEYWORDS: Brachyramphus marmoratus, habitat assessment, habitat management, habitat quality,
Marbled Murrelet, nesting habitat, population-habitat relationships.
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Introduction

The issue of “how much habitat is enough?”
frequently arises when land managers consider
maintaining wildlife habitat (Tear et al. 2005).
In British Columbia, this dilemma is a regular problem,
both in large-scale strategic plans such as regional

land use planning, and in finer-scale planning for
landscape units or watersheds. It is important to know
whether a consistent relationship exists between the
amount (area) of apparently suitable habitat and the
number of target animals likely to use this habitat. This
information can then be applied, either to determine
the habitat area needed to maintain a desired wildlife
population, or to estimate the number of animals likely
supported by a specific area of habitat. In this paper, we
assess the relationships between expected populations
of nesting Marbled Murrelets (Brachyramphus
marmoratus) and the area and quality of suitable
nesting habitat in British Columbia’s forests. Marbled
Murrelets are listed as “Threatened” in Canada. In
British Columbia, they are “red-listed” and designated
as an “identified species” under the Forest and Range
Practices Act (Canadian Marbled Murrelet Recovery
Team 2003; Identified Wildlife Management Strategy
2004). Loss of nesting habitat in old seral forest is the
main threat affecting this enigmatic seabird (Burger
2002; Piatt et al. 2006). This review provides a timely
response to issues facing government agencies, the
forest industry, and other stakeholders in planning
policies, management strategies, and operational plans
that involve Marbled Murrelet nesting habitat in British
Columbia’s old forests.

Forest managers dealing with Marbled Murrelets
raise two important questions:

1. Is there a linear relationship between the expected
numbers of breeding murrelets and the area of
suitable nesting habitat?

2. Can murrelets be expected to nest at higher densities
in better-quality habitat?

In research and strategic planning for murrelets, the
measure of population is the number of birds (including
breeders, failed breeders, and non-breeders) that might
fly into a watershed or be counted on the ocean (e.g.,
Burger 2002; Piatt et al. 2006). The exact relationship
between the number of nests and the number of birds
entering a watershed is not known (Burger 2001; Peery
et al. 2004).

It is important to know whether a
consistent relationship exists between the
amount of apparently suitable habitat
and the number of target animals likely
to use this habitat.

Background

The biology and conservation issues of Marbled
Murrelets are well covered in recent reviews (Ralph et al.
1995; Burger 2002; McShane et al. 2004; Piatt et al. 2006).
Apart from a negligible number (~3%) of nests located
on cliff-ledges or in old deciduous trees, murrelets in
British Columbia require old seral conifers (generally

> 200 years old) to nest, and most nests have been found
within 30 km of the sea (Burger 2002). A guideline
document focusing on maintenance and restoration

of forest nesting habitat outlined the intent of the
Canadian Marbled Murrelet Recovery Team (CMMRT)
(Canadian Marbled Murrelet Recovery Team 2003).

The recovery team’s recommendations helped develop a
habitat algorithm currently used to map habitat across
coastal British Columbia (see “Murrelet Habitat Mapping
Algorithm” below).

Murrelet Habitat Mapping
Algorithm

he Canadian Marbled Murrelet Recovery

Team (2003) algorithm as used for mapping
murrelet habitat in coastal British Columbia
(e.g., Chatwin and Mather 2007) includes:

« Stands with age classes 8 (141-250 years) or
9 (250+ years) that have height class 4 (28.5 m)
or greater.

« Elevations of 0-900 m, except in the North
and Central Mainland Coast conservation
regions where 600 m is the highest elevation
and 500 m in the Haida Gwaii (Queen
Charlotte Islands) region.
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Based on the recovery team’s guidelines (Canadian
Marbled Murrelet Recovery Team 2003) and other
products from the Marbled Murrelet Conservation
Assessment (Burger 2002; Steventon et al. 2003, 2007),
the provincial government published guidelines in
the Identified Wildlife Management Strategy (IWMS)
under the Forest and Range Practices Act. The IWMS
accounts and measures for Marbled Murrelets focuses
on maintaining nesting habitat within forests on Crown
land (Identified Wildlife Management Strategy 2004).
All of these conservation initiatives and management
measures deal with maintaining likely areas of suitable
nesting habitat. It is therefore important to know the
relationships between habitat area and numbers of birds
using the habitat.

Relationship between murrelet
numbers and habitat area

Here we address the question: Is there a linear
relationship between the expected numbers of breeding
murrelets and the area of suitable nesting habitat? Issues
of habitat quality are discussed later.

Evidence from a large-scale
regional analysis

At a regional spatial scale, Raphael (2006) compared
availability of inland nesting habitat and at-sea counts
of Marbled Murrelets across conservation zones in
Washington, Oregon, and California. He found a highly
significant (R? = 0.88) positive linear relationship
between murrelet numbers and area of forest habitat
across nine large latitudinal segments. He concluded
that the amount of nesting habitat likely sets carrying
capacity, and suggested that murrelet population size
would likely be reduced as habitat is lost because the
birds did not aggregate in remaining suitable habitat at
higher densities.

Evidence at watershed scales from
radar studies

The use of high-frequency marine radar has become

a standard protocol for counting Marbled Murrelets
(Manley 2006), and is often used to estimate the number
of murrelets entering watersheds as they fly in from

the sea (Burger 2001; Cooper et al. 2001). Although

the proportion of murrelets detected with radar varies
according to the radar location, topography, tilt of the
radar antenna, and flight paths, several studies show
that radar is the most reliable method to assess local

murrelet populations during the breeding season and to
track changes in these populations (Arcese et al. 2005;
Bigger et al. 2006; Cooper et al. 2006). Radar counts of
murrelets entering watersheds include some proportion
of non-breeding or failed breeders, and the exact
relationship between the number of birds counted with
radar and the number of nests within the watershed is
not known (Burger 2001; Peery et al. 2004).

Seven separate watershed-level radar studies (six in
British Columbia and one in Washington) examined the
relationships between murrelet counts and habitat areas.
These studies defined habitat in different ways—some
used the CMMRT algorithm, but others not. Nesting
density will obviously be affected by how areas of
habitat are defined, but here we are interested in the
nature of the census-habitat relationship and not the
exact predictive equations. All seven studies indicate
that linear relationships between murrelet counts and
habitat areas provide a good, biologically feasible fit to
the data (Table 1). Two analyses specifically testing for
linearity in the trends showed that linear regressions
generally were the best fit; when more complex power,
quadratic, and cubic functions fit the data better, the
differences were marginal and the predicted lines were
close to linear (Burger et al. 2004, 2006). Several studies
showed a wide scatter of points leading to relatively
low predictability of the regressions, but these studies
usually had low sampling (mainland British Columbia;
Burger et al. 2004), problems in defining the catchment
area (southwestern Vancouver Island; Burger et al.
2006), or included factors such as commuting distance
which affected the murrelet densities (mainland British
Columbia; Burger et al. 2004). Regional differences
in the regression slopes, and hence densities (birds
per hectare of habitat), suggest that a single uniform
nesting density for murrelets does not exist across
British Columbia (e.g., densities were lower on the
mainland than on southwestern Vancouver Island;
Burger et al. 2004). These regional differences might be
due to variance in the distribution and quality of forest
habitat, or at-sea foraging conditions (Burger et al. 2004;
Ronconi 2008).

Evidence at the stand level from
telemetry and tree-climbing studies

Radio-telemetry (catching murrelets at sea, attaching
small radio transmitters, and tracking them back to nest
sites) is the most effective tool for locating murrelet nests
and hence for determining the habitat relationships of
actual nest sites (Bradley 2002; Waterhouse et al. 2007,
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TABLE 1. Is there a linear relationship between numbers of breeding Marbled Murrelets and area of suitable nesting
habitat? Evidence from a comparison of radar counts of murrelets entering defined catchments with the areas of
likely suitable habitat within those catchments.

Study area and reference

Sample effort

Conclusions

Clayoquot Sound, British
Columbia (Burger 2001)

Olympic Peninsula,
Washington
(Raphael et al. 2002)

Comparison of five
regional studies (two on
southwest Vancouver
Island and three on

the British Columbia
mainland; Burger et al.
2004)2

Southwest Vancouver
Island - south of
Clayoquot Sound
(Burger et al. 2006)

Radar counts in
18 watersheds over
3 years

Radar counts in
10 watersheds over
3 years

Variable effort in

each study (1-3 years

of surveys and

18-25 watersheds per
study). Pooled data
covered >18 000 birds at
101 watersheds

(> 2 million ha)

Radar counts at
25 watersheds over 4
years

Significant positive linear relationship between radar counts and areas of
low-elevation mature forest.

Logged watersheds had lower than expected counts based on original
forest area.

Where logging removed suitable habitat, the murrelets were not
aggregated in the remaining habitat at higher densities.

Significant positive linear correlations between murrelet counts and core
areas of late-seral forest.

Additional negative effects of amount of forest edge and isolation of
forest patches.

Both linear and non-linear (power curves) equations showed significant
regressions between murrelet counts and habitat area.

Linear regressions were the best predictor for the west Vancouver Island
data; power curves best fit the mainland data (but shape of power curves
was near-linear).

Slopes of relationships indicated higher densities for west Vancouver
Island than the British Columbia mainland.

Watersheds at the heads of long inlets or fjords had fewer murrelets than
expected.

Significant positive linear relationship between radar counts and areas of
likely habitat.

Complex quadratic and cubic equations gave marginally better fits than
linear regression, but all regression lines were close to linear in shape.

2 'This analysis includes the Clayoquot Sound study (Burger 2001), which is also treated separately here to highlight some analyses not included in
the pooled data (Burger et al. 2004).

2008, 2009). Locating nests with telemetry provides

no data on the density of nests or the shape of the
relationship between number of nests and habitat area;
this is because only a fraction of the existing nests can
be located by telemetry in any breeding season. The
telemetry data, however, do suggest that nests are widely
separated: distances between active nests of tagged birds
averaged 4.6 £ 4.0 (SD) km in Desolation Sound and

6.6 + 4.2 km in Clayoquot Sound (Zharikov et al. 2007).

Three studies in British Columbia estimated
nest densities by climbing randomly selected trees
within selected habitat types (reviewed by Conroy
et al. 2002). Nest depressions remain visible for
several years after use and therefore the density of all
visible nests overestimates the density of nests active
within a breeding season. The density of visible nests
in fragmented habitat on the Sunshine Coast was
0.3-0.7 nests per hectare (mean and SD not available),

which was similar to densities of visible nests in more
pristine habitat in Clayoquot Sound (mean 0.53 + 0.24
[SD], 95% confidence limits, 0.05-1.0 nests per hectare)
and Carmanah-Walbran (0.60 + 0.35, 95% confidence
limits, 0.25-0.95 nests per hectare). Conroy et al.

(2002) interpreted this as evidence that murrelet nests
were not aggregated in remaining patches at higher
densities in the highly logged and fragmented landscape
(Desolation Sound).

Summary

Opverall, statistically significant and relatively consistent
evidence at a range of spatial scales (regional, watershed,
and stand) shows that murrelets nest at low densities

in suitable habitat, that populations usually exhibit a
significant positive and linear relationship with available
area of suitable habitat, and that in areas of reduced or
fragmented habitat murrelets do not aggregate in the
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remaining habitat at higher densities. As most of the
tests were correlations, inferring causal relationships
should be done with caution. Nevertheless, there is good
support for a linear relationship between the number

of breeding murrelets and the area of suitable nesting
habitat, although the slope of the relationship (number
of birds per hectare added) may vary regionally.

Relationship between nesting
density and habitat quality

The relationship between nesting density and habitat
quality is an important issue in British Columbia. By
focusing on higher-quality habitats, it may be possible
to reduce the forest area set aside to manage murrelets,
and thereby reduce impacts on timber supply. The
implication is that higher-quality habitat has a

higher probability of use and will support a higher
density of nesting murrelets. Currently, the CMMRT
algorithm provides no opportunity to rank habitat

by quality, but more refined habitat ranking could
provide opportunities for wildlife managers to offset
habitat area with habitat quality, minimizing economic
impacts for the timber industry.

It is not clear what constitutes high-quality nesting
habitat for Marbled Murrelets. The essential requisites
for nesting appear to be: tall trees, which facilitate
entry and exit for birds of low maneuverability in flight;
broad limbs or deformities, which provide platforms for

nests (usually with epiphyte cover); and forest canopy
gaps, which provide access (Burger 2002; Canadian
Marbled Murrelet Recovery Team 2003; Identified
Wildlife Management Strategy 2004). Several algorithms
developed in British Columbia and the United States
predict or rank habitat suitability for nesting murrelets
with mixed success (reviewed by Tripp 2001, Burger
2002). New methods for ranking murrelet habitat based
on air photo interpretation and low-level aerial surveys
have been developed (Burger [editor] 2004; Table 2) and
are widely applied in British Columbia by government
ministries and the forest industry. These methods show
some promise in identifying most of the known nest
sites (Waterhouse et al. 2008, 2009), but no studies have
compared such habitat rankings with actual densities of
nesting murrelets. A study comparing radar counts with
habitat rankings at the watershed level is under way

(D. Lank, Simon Fraser University, pers. comm.).

Do murrelets nest at higher densities in
higher-quality habitat?

Nest density might vary with habitat quality in several
ways. Four likely options are provided by the Linear,
Neutral, Threshold, and Modified Threshold models
(see Figure 1 for details). These options can be regarded
as competing hypotheses for comparison with available
data, and we envisage them as applying to habitat use at
a range of spatial scales from small patches (1-3 ha)

to watersheds.

TABLE 2. Ranking system used in the protocols for air photo interpretation and aerial surveys of Marbled Murrelet

habitat (see Burger [editor, 2004] for further details).

% assessed area with

Rank Habitat value General description of habitat quality habitat feature present

1 Very High Key habitat features present in abundance; nesting highly likely 50-100

2 High Key habitat features common and widespread; nesting likely 25-50

3 Moderate Key habitat features present but uncommon and patchy; nesting 6-25
likely but at moderate to low densities

4 Low Key habitat features all evident but patchy and sparse; nesting 2-5
possible but unlikely or at very low density

5 Very Low Key habitat features sparse and all may not be present; nesting ~1
highly unlikely

6 Nil All key habitat features absent; nesting impossible (e.g., bogs, 0
bare rock)
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FIGURE 1. Four possible ways in which nest density of Marbled Murrelets might vary with habitat quality as ranked
by air photographs or aerial surveys in British Columbia. All options assume no nesting in the Nil habitat rank. The
Linear model assumes a linear trend from zero to maximum density correlated with habitat rank. The Neutral model
assumes no effect on nest density by habitat rank above Nil. The Threshold model assumes no nesting in the lowest
three ranks, but equal densities in the upper three ranks. The Modified Threshold model assumes a low expectation
of nesting in the Low and Very Low ranks, intermediate densities in the Moderate rank, and equal high densities in

the High and Very High ranks.

Several studies have compared the distribution
of known murrelet nests across the ranks of habitat
quality (Table 2) as assessed by air photo interpretation
and low-level aerial surveys (Waterhouse et al. 2007,
2008, 2009). Using aerial surveys, 111 nest sites from
southern British Columbia (Desolation Sound and
Toba Inlet on the southern mainland and Clayoquot
Sound on Vancouver Island) were compared with
139 randomly selected points in forests more than
140 years old in the same watersheds. The nest sites
occurred more frequently than expected in the higher-
ranked categories, with some regional variation evident
(Waterhouse et al. 2009). Overall, nest sites were more
likely in habitat ranked in aerial surveys as “High”
or “Very High” than in the pooled “Moderate-Low”
categories. The pooled sample of 118 nest sites (i.e.,
the 111 from southern British Columbia plus 7 from
Haida Gwaii) showed that 92% of nests were found in
habitat ranked as “Moderate,” “High,” or “Very High”
by aerial surveys (Figure 2). A similar analysis using
air photo interpretation showed that, compared to
random sites, forest patches with nests more often

ranked high (Very High + High pooled) and less often
ranked low (Low + Very Low pooled), but showed no
difference for Moderate ranks (Waterhouse et al. 2008).
In general, the air photo interpretation analysis tended
to rank habitat lower than the low-level aerial surveys,
probably because potential nest platforms are not
visible on air photos. Nevertheless, 86% of nests were
in the upper three air-photo ranks (Figure 2).

Bahn and Lank (in prep.) address the issue of
habitat quality in their comparison of actual nest sites in
Clayoquot Sound relative to the rankings produced by
the Bahn and Newsom (2002) habitat suitability model.
Based on the availability of suitable nesting structures,
the model did a reasonable job in predicting where the
nests might occur. The upper two ranks (Excellent and
Good) had twice the probability of nest use compared
to the lower two ranks (Low and Suboptimal), but little
difference was evident between the use of higher ranks
(Excellent vs. Good). Two of the 31 nests (6%) fell
within the “Unsuitable” category of the best model. Bahn
and Lank (in prep.) suggest that natural selection has
not led to strong aggregations of murrelets in nesting
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FIGURE 2. Habitat quality of forest patches (~3 ha; 100 m radius) within forests older than 140 years in British
Columbia that contained a nest, as assessed by air photo interpretation (n = 125 nests) and low-level aerial surveys
(n =118 nests). Data from Waterhouse et al. (2007, 2009); see these sources for more detailed comparison between
nest sites and randomly selected points in the same watersheds.

habitat which offers the most or best nesting structures.
They speculate that murrelets use behavioural strategies
to keep nesting densities low overall, perhaps to avoid
detection and search image formation by predators.
Consequently, murrelets nest at low densities in all
habitats; only those habitats failing to support nests at
low densities are expected to be identified in such an
analysis. They conclude that murrelet modelling should
use a constraint approach rather than a correlative one.
In other words, managers could assume that few nests
might be found in the lowest ranked habitat, but habitats
ranked at the high end might not support higher
densities than those in the mid-range.

As explained above, telemetry data cannot be used
to test density effects. Conroy et al. (2002) compared
densities of nests located with randomized tree
climbing in habitats ranked as “Excellent,” “Good,” or
“Sub-optimal” using the Bahn and Newsom (2002)
habitat suitability model. At the tree-climbing plots,
the density of trees with potential nest platforms in the
Excellent, Good, and Sub-optimal categories was 30 +
14,37 £+ 27,and 12 + 11 trees per hectare, respectively
(240, 139, and 88 trees climbed, respectively). From

these tree searches, the density of nests active in the
year of discovery was 0.11 + 0.2 nests per hectare in
the Excellent category and zero in both the Good and
Sub-optimal categories. Although the results seem

to indicate higher probability of nesting in higher-
ranked habitat, the sample sizes here were unequal and
perhaps insufficient to adequately sample the sparse
distribution of nests.

Using a combination of forest-cover mapping data
and radar counts of murrelets applied to a Bayesian
habitat quality model, Steventon (2008) predicted the
likely density of breeding murrelets in watersheds
on the north coast of British Columbia. He then
compared these expected densities with low-level
aerial assessments made at 94 sites in the region using
the map-based forest cover attributes for each site
(Figure 3). The results show a positive correspondence
between habitat rank and expected density. Because
this approach combines watershed-level counts of
murrelets with patch-level helicopter assessments, the
comparison is expected to show only broad trends;
these data are therefore not strictly comparable with
those from actual nest sites (Figure 2). This explains why
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FIGURE 3. Comparison of the predicted nesting density of Marbled Murrelets (+ SE), derived from a combination

of habitat modelling and radar counts in watersheds on the north coast of British Columbia, relative to the habitat
rankings made from low-level aerial surveys (from Steventon 2008). Densities were estimates for each of 94 patches
made from the Bayesian habitat quality model incorporating radar counts (see Steventon 2008 for details) and the
habitat ranks for each patch followed the six-rank aerial survey classification (see Burger [editor, 2004]).

Steventon’s (2008) modelling predicts some nesting even
in habitat ranked as “Low” and “Nil,” due to averaging of
habitat values across watersheds, which most likely also
included better-quality habitat.

Summary

Murrelets do appear to preferentially select nest sites
that correspond broadly to the mid- and upper-ranks of
habitat quality as ranked by habitat suitability models,
air photo interpretation, or low-level aerial surveys.
However, within the mid- to upper-ranks, the habitat
ranking and the likelihood of nesting do not closely
correspond. Relative to the four schematic models
(Figure 1), the available data show little or no support
for the Linear and Neutral models. The Threshold model
fails because some nesting does occur in the lower ranks
of habitat quality. The best fit to the various data sets is
the Modified Threshold model where:

« afew nests are expected in lower-quality habitat;

« intermediate ranks (e.g., “Moderate” in Table 2)
show intermediate likelihood of nesting; and

o the upper habitat ranks are most likely to be used
for nesting, but no differences are likely within the
upper ranks themselves.

Clearly, no simple relationship exists between habitat
quality and the expectation of nesting or nest density
and this should be the focus of ongoing research.

Conclusions and management
implications

A linear relationship is clearly evident between murrelet
numbers and habitat area when habitat quality is not
known or is averaged across large spatial units. The
slope of this relationship, however, appears to vary by
geographic location. Several factors might influence
this slope including forest habitat quality, marine food
availability, and the effects of commuting distance for
the murrelets (Burger et al. 2004). The probability of
nesting does appear to be affected by habitat quality
as assessed by algorithms, air photo interpretation,
and low-level aerial surveys. Nest density is likely to
be affected by the probability of habitat use, but there
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is clearly not a simple linear or threshold relationship
between habitat quality and nest density. In suitable
habitat, the densities of murrelet nests appear low
(likely in the range of 1 nest for every 10-40 ha of
suitable forest based on radar data; Burger et al. 2004),
and are likely similar across the upper ranks of habitat
quality. These conclusions are tentative and could
change as more information on habitat associations
becomes available from radar studies, improved habitat
assessment methods, improved habitat modelling, and a
better understanding of the behaviour and life history of
Marbled Murrelets.

At the strategic level, these tentative conclusions
have important implications. The Canadian Marbled
Murrelet Recovery Team (2003) recommends that no
more than 30% of the suitable nesting habitat, which
existed in 2002 across coastal British Columbia, should
be lost by 2032 and that the area of suitable habitat
should remain stable after 2032. Consequently, 70%
of the available habitat suitable for nesting murrelets
is needed to support 70% of the existing breeding
population, and the amounts of habitat maintained
in the six murrelet conservation regions should be
proportioned assuming a linear 1:1 population-habitat
relationship. In this context, it seems prudent to include
as suitable all habitat ranked as “Moderate” through
“Very High” by air photo interpretation or low-level
aerial surveys, and perhaps assume that a small
proportion of nests (about 10% based on the aerial
survey and air photo results) might fall within those
habitats ranked as “Low” or “Very Low?” Aerial surveys
could help to confirm nest habitat attributes in areas to
be maintained that are ranked “Moderate” by air photo
interpretation.

Until the shape of the nest density response to
habitat quality is clarified, the prudent operational
approach would see the application of the same 1:1
linear relationship in the management of landscape units
and watersheds, avoiding assumptions that areas ranked
as “High” or “Very High” will support higher densities
than those ranked as “Moderate” Nevertheless, habitat
quality should be taken into account to avoid inclusion
of poor habitat and, if possible, habitat suitability should
be confirmed with aerial surveys. Habitat quality and
confirmation of habitat suitability might be important
when following current forestry regulations and
directives that emphasize the maintenance of murrelet
habitat within the non-contributing land base rather
than within the timber harvesting land base (Forest
Practices Board 2008).

Practitioners at both the strategic
and operational levels need to better
understand the regional relationships

between murrelet numbers and
habitat area and the regional responses
to habitat quality.

Practitioners at both the strategic and operational
levels need to better understand the regional
relationships between murrelet numbers and habitat
area (i.e., the slope of the population-habitat curve) and
the regional responses to habitat quality. This knowledge
would allow fine-tuning of nest habitat maintenance in
each region, which is especially important in those parts
of the murrelet’s range where habitat is most depleted
and management options are limited (e.g., southern
mainland and eastern Vancouver Island; see Canadian
Marbled Murrelet Recovery Team 2003).
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Test Your Knowledge . . .

How well can you recall some of the main messages in the preceding articles?
Test your knowledge by answering the following questions. Answers appear on page 116.

ARTICLE 1

British Columbia’s Northern Interior Forests:
Dothistroma Stand Establishment Decision Aid, by
Larry McCulloch and Alex Woods

1. New infections are likely to be highest:
A) In the fall, when it is cool and moist
B) Inthe summer during cool dry periods
C) During warm, humid conditions in the growing
season

2. Only the current years’ pine needles are susceptible.
A) True
B) False

3. The best strategy for avoiding Dothistroma
infections on dry sites is to:
A) Avoid clearcutting
B) Plant an exotic pine species
C) Spray the area with copper fungicides
D) Plant Douglas-fir
E) Plant a mix of pine, spruce, and Douglas-fir

ARTICLE 2
New methods for assessing Marbled Murrelet nesting
habitat: Air photo interpretation and low-level aerial

surveys, by Alan E. Burger, F. Louise Waterhouse, Ann
Donaldson, Carolyn Whittaker, and David B. Lank

1. Which of the following features important to
Marbled Murrelets can be assessed by low-level
aerial surveys, but not with air photo interpretation?
A) Tree height
B) Canopy complexity
C) Potential nest platforms
D) Overall habitat quality

2. Most murrelet nests have been found in habitat
patches ranked by air photo interpretation as:
A) Low to Very High

B) Moderate to High
C) Moderate to Very High
D) High to Very High

3. Because of the high cost of helicopter flights low-

level aerial surveys are well-suited for:

A) Research on actual nest sites found with
telemetry

B) Confirming habitat suitability after application
of habitat algorithms

¢) Confirming the suitability of Wildlife Habitat
Areas for murrelets

D) All of the above apply

ARTICLE 3

Profitability of manual brushing in young lodgepole
pine plantations, by Christopher Opio, Karima Fredj,
and Baotai Wang

1. The break-even relative additional cost (BeRAC)
represents:

A) The critical value that a new treatment’s actual
relative additional cost (ARAC) should not
exceed for the treatment to be profitable.

B) The critical value that a new treatment’s actual
relative additional cost (ARAC) should be equal
to in order for the treatment to be profitable.

C) The value of the additional cost of a new
treatment relative to the value of a just-
established stand.

2. A brushing treatment with an actual relative
additional cost (ARAC) equal to 2% can be
interpreted as:

A) The brushing treatment results in an actual
additional cost increase of 2% relative to the
stand value.

B) The brushing treatment’s actual additional cost
represents 2% of the stand value.

C) The brushing treatment is profitable if its actual
relative additional cost represents 2% of the
stand value.

3. According to Table 1, a single brushing applied at a
radius of 1.25 m when the discount rate is
equal to 2%:
A) Requires at least 2 years of time gain to become
profitable.
B) Is profitable for less than 2 years of time gain.
C) Is only profitable if the time gain is equal to
2 years.
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ARTICLE 4
An overview of the effects of forest management on
groundwater hydrology, by Brian D. Smerdon,
Todd E. Redding, and Jos Beckers
1. Groundwater is:
A) Water in the soil
B) Water in small puddles on the ground surface
C) Water that occurs within the zone of saturation
beneath the Earth’s surface
D) All of the above

2. The proposed hydrogeologic landscapes are
based on:
A) Climate zones
B) Vegetation zones
C) Geology
D) Physiography
E) All of the above

3. Hypothesized effects of forest harvesting on
groundwater in steep, wet coastal environments
includes:

A) Decreased pore water pressures

B) Increased shallow groundwater flow

C) A large increase in deep (regional)
groundwater flow

D) Decreased surface runoff

ARTICLE 5

Aerial overview survey of the mountain pine beetle
epidemic in British Columbia: Communication of
impacts, by Michael A. Wulder, Joanne C. White,
Danny Grills, Trisalyn Nelson, Nicholas C. Coops, and
Tim Ebata

1. Annual aerial overview surveys in British

Columbia:

A) Are conducted from fixed-wing aircraft
and collect data on a variety of forest health
concerns

B) Provide operational data used for harvest
planning

¢) Are used to count the number of trees infested
with mountain pine beetle

2. Shelflife measures:

A) The length of time required for mountain pine
beetle to successfully attack and kill a host tree

B) The length of time since attack within which
mountain pine beetle killed trees are still
economically merchantable

C) The length of time it takes for the foliage of an
attacked tree to turn a characteristic red colour

3. Which two factors have contributed to mountain
pine beetle spread?
A) Warm winter temperatures and urban forests
B) Fire suppression and several years of favourable
climatic conditions
C) Plantation forestry and fire suppression

ARTICLE 6

Ecological descriptions of Pacific golden chanterelle
(Cantharellus formosus) habitat and estimates of its
extent in Haida Gwaii, by J. Marty Kranabetter,
Harry Williams, and Jacques Morin
1. Commercial picking of golden chanterelles on
Haida Gwaii typically occurs in:
A) High-elevation, productive forests of yellow-
cedar and mountain hemlock
B) Open, grassy meadows adjoining coastal
beaches
C) Low-elevation, moderately productive forests of
western hemlock and Sitka spruce

2. The yields of golden chanterelles are typically

best in:

A) Old-growth forests with high amounts of
coarse woody debris

B) Second-growth stands of conifers at least
30 years in age

C) Immediately postharvest on plantations that
had been broadcast-burned

3. Golden chanterelles have these habitat attributes

because this species is:

A) An early-seral ectomycorrhizal fungi that
colonizes the roots of conifers

B) A saprophytic fungi utilizing decaying stumps
in second-growth stands

C) A pathogenic fungi that causes root rot in
immature conifer trees

ARTICLE 7

Changes in riparian area structure, channel hydraulics,

and sediment yield following loss of beaver dams, by

Kim C. Green and Cherie J. Westbrook

1.  What ecosystem is closely linked to beaver dams in
western North America?

2. How do beaver dams influence the velocity of
bankfull flows?

3. How does channel pattern change following
removal or loss of beaver dams?
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ARTICLE 8

Using the low-level aerial survey method to identify
Marbled Murrelet nesting habitat, by F. Louise
Waterhouse, Alan E. Burger, David B. Lank, Peter K.
Ott, Elsie A. Krebs, and Nadine Parker

1.

Low-level aerial surveys are most commonly used
to assess:

A) Murrelet nest habitat

B) Murrelet nests

C) Habitat with nesting potential for murrelets

Low-level aerial surveys can be combined with
A) Air photo interpretation methods

B) GIS habitat algorithms mapping

C) Both of the above

One important low-level aerial survey habitat
variable for identifying potential nesting habitat is:
A) Vertical complexity

B) Moss development

C) Canopy closure

ARTICLE 9

British Columbia’s Forests: White Pine Blister Rust
Forest Health Stand Establishment Decision Aid, by
Stefan Zeglen, Richard Hunt, and Michelle Cleary

1. From what seed sources should resistant seedlings
be grown?

2. Which silviculture treatments are most effective for
protecting white pine?

3. How does white pine blister rust differ from pine
stem rusts on lodgepole or ponderosa pines?

ARTICLE 10

Relationships between habitat area, habitat quality,
and populations of nesting Marbled Murrelets,
by Alan E. Burger and F. Louise Waterhouse

L.

A significant correlation between habitat area and

numbers of Marbled Murrelets has been shown at

a large regional scale across hundreds of kilometres

using which method?

A) Counts of murrelets at sea adjacent to inland
forested areas

B) Low-level aerial surveys using helicopters

C) Tree-climbing in suitable habitat

D) Tracking murrelets back to nest sites using
radio-telemetry

Radar counts of Marbled Murrelets flying into
forested watersheds have been compared with the
areas of apparently suitable habitat within these
watersheds and these data show:

A)

B)

)

D)

No significant relationship between murrelet
numbers and area of suitable habitat

A significant negative relationship because
most murrelets are concentrated in the
shoreline habitat bordering the ocean in high
densities

A significant curvilinear relationship where
more birds than expected are in watersheds
with less habitat

A significant linear or near-linear relationship
indicating that murrelets are using nesting
habitat in proportion to its availability

Air photo interpretation and low-level helicopter
surveys are commonly used to assess the quality

of Marbled Murrelet habitat using a six-rank
classification scale. The available evidence from nest
sites in British Columbia suggests that:

A)
B)

)

D)

E)

Murrelets only nest in the top two ranks (Very
High and High) and avoid all other habitat
Most nests are found in the mid-rank
(Moderate) habitat quality

Murrelets generally select the higher-ranked
habitats, but some nests are found in lower-
ranked habitat

Contrary to expectations, most nests are found
in lower-ranked habitats (Low and Very Low)
Murrelets show no preference and use all these
habitat ranks according to availability
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ANSWERS TO ‘'TEST YOUR KNOWLEDGE' QUESTIONS

ARTICLE 1
1.C 2B 3 E

ARTICLE 2
1. C (See Tables 3and4) 2. C (See Table5) 3. D

ARTICLE 3
1. A 2.A 3. A

ARTICLE 4
1.C 2.E 3. B

ARTICLE 5
1.A 2.B 3. B

ARTICLE 6
1.C 2B 3 A

ARTICLE 7
1. Wetlands.
2. Beaver dams reduce the velocity of bankfull flows by approximately 81%.

3. Channel pattern changes from wide, multi-thread pattern to narrow, single-thread pattern following loss of
beaver dams.

ARTICLE 8
1.¢c 2.C 3. B

ARTICLE 9

1. For coastal stock, seedlings that originated from nurseries using major gene resistant (Cr2) seed sources should be
used. Several coastal orchards have this type of seed available. For interior stock, seedlings that have parentage from
Idaho sources should be used. Seed for these trees is available from the Bailey Seed Orchard near Vernon.

2. Select resistant stock for planting. Thin out infected trees or remove the alternate hosts to reduce local rust levels.
Prune to reduce the risk of infection or to remove infected branches. Excise cankers to protect valuable individual trees.
3. Stem rusts of hard pines, such as comandra and stalactiform blister rusts, are also from the genus Cronartium.
Although the hosts differ, the life cycles are identical to WPBR. Western gall rust, however, is a hard pine stem rust that
transfers directly between pines without requiring an alternate host.

ARTICLE 10
1.A 2.D 3. ¢C
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from practitioners, professionals, researchers, agencies, decision makers, and
resource users on all topics relating to research and management of British
Columbia’s ecosystems. The pages of this journal are open to anyone who wants
to write or read an informed, well-reasoned, and relevant article that will improve
knowledge of provincial ecosystems and communities.

T he BC Journal of Ecosystems and Management (JEM) welcomes contributions

Both original papers and previously published papers, which have been re-
written to meet the goals of JEM, are invited. Authors are encouraged to contact the
Managing Editor before preparing and submitting a manuscript.

General Guidelines
JEM accepts three categories of papers.

o Perspectives: Commentaries on the current or future status of natural resource
management. Papers may state an opinion, offer a challenge, or present a
thought-provoking idea on natural resource management issues.

Maximum length: 2000-5000 words.

« Extension Notes: Focus on simplified syntheses of existing or new research,
operational trials, case studies, preliminary field results, techniques, and
new tools or technology. Papers may offer suggestions to improve ecosystem
management activities or provide accounts of how research results have been
adopted and placed into practice.

Maximum length: 2000-5000 words.

o Research or Discussion Papers: Full-length scientific research and discussion
papers that cover major research projects or programs, develop new concepts in
natural resource management, or test ideas with data from field and laboratory
experiments, observations, or simulations.

Maximum length: 5000-10000 words.

Authors may submit their manuscript electronically as a virus-free email
attachment. Please use a compressed format (.zip, .sit, or .sea compression) to reduce
the size of large files. Text (including tables) should be provided as either WordPerfect
or Microsoft Word files. Please underline all text that should appear in italics.

If figures or illustrations form a part of the manuscript, please submit these
separately as high-resolution JPEG or TIFF files, noting their desired position in
the text with an appropriate caption. Do not embed figures with the text in the word
processing files.

If tables form a part of the manuscript, group these at the end of the document,
noting their desired position in the text with an appropriate caption. All figures and
tables should be referred to at least once in the text.
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Style and Formatting Guidelines

JEM uses the British Columbia Ministry of Forests and
Range Forest Science Program Style Guide and Authors
Manual as its publishing standard. Authors may consult
this guide online at: www.for.gov.bc.ca/hfd/pubs/Docs/
Mr/Mr041.htm

Title: The title of the article should convey the content
of the paper in as few words as possible. Strive for titles
that are 10 words or less.

Author Documentation: Include the names of all
authors, along with their job titles and institutional
affiliations, mailing address, city, postal code, and email
address. Please place the primary author’s contact
information first.

Abstract: The abstract should appear at the beginning
of the manuscript and contain 200 words or less. It
should describe the manuscript topic in one sentence,
if possible, and go on to briefly outline the manuscript’s
purpose, scope, conclusions, and management
implications, if appropriate.

Keywords: Provide 5-10 words or short phrases that

are applicable to your article. Keywords help us to find
suitable peer reviewers, and are used in metadata records
so that our archives are easily and efficiently searchable.

Headings and Subheadings: These should cover all

the major concepts in the manuscript and indicate

the relationship between the sections. Try to use no
more than three levels of headings. Use of a numbered
heading hierarchy is recommended (i.e., 1 LEVEL ONE;
1.1 Level Two; 1.1.1 Level Three).

References: Use the author-date system when citing
published works or acknowledging unpublished material
in the text. List these references alphabetically at the end
of the manuscript. Try to keep explanatory footnotes to
a minimum. For examples of bibliographic citation style,
see the articles currently posted to the JEM “Issue-in-
Progress” website (www.forrex.org/jem/).

Peer Review and Publication

If the content of the article is acceptable, the Review
Committee will assign the article to a peer review.
Perspectives are reviewed by one extension specialist;
Extension Notes, Discussion Papers, and Research Reports
are reviewed by one extension specialist and two external
peer reviewers from the natural resource community.

Depending on the results of the peer review, a final
decision is made on the acceptance or rejection of the
manuscript. A copyright release is required of all papers
accepted for publication.

If accepted for publication, the author then revises
the manuscript according to the reviewers’ comments.
Revised papers are published in the online “Issue-in-
Progress” as soon as possible following an English
edit and typesetting. Authors have the opportunity to
approve the final proofs of their papers.

Print issues are produced as each online issue closes,
approximately three times per year.

Article Levies

The author(s) will pay a levy as specified below, to be
invoiced at the time of online publication of the article.

» Extension Notes and Perspectives: $80 per journal
page to a maximum of $600. Graphics-heavy articles
may be subject to a surcharge of $50 per graphic if
there are more than three graphics.

o Research Reports and Discussion Papers: $80 per
journal page to a maximum of $1000. Graphics-
heavy articles may be subject to a surcharge of
$50 per graphic if there are more than five graphics.

Submissions

Draft manuscripts and other inquiries may be
submitted by fax, mail, courier, or email to:

Julie Schooling, Managing Editor

BC Journal of Ecosystems and Management
FORREX Forum for Research and Extension in
Natural Resources

Suite 702, 235-1st Avenue

Kamloops, BC V2C 3J4

Tel: 250.371.3995

Fax: 250.371.3997

Email: jem@forrex.org
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