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INTRODUCTION

The temperate rainforests along the west coast of North America represent the most extensive on the planet.  While temperate rainforests also exist in Chile, New Zealand, Tasmania, and a few other places, all of these combined do not have the extent of those on the northwest coast of North America.  An unbroken stretch of coastal rainforest extends nearly twenty degrees of latitude from northern California through the panhandle of Alaska.  At the extremes it may be a narrow strip near the ocean but sections in Washington and British Columbia rainforest conditions extend several tens of kilometers inland (Franklin and Waring 1980).  Nowhere is this forest type better developed than the Queets River Valley on the Olympic Peninsula of Washington (Kirk and Franklin 1992, Van Pelt 2001).  The riparian forest of the Queets River has been an important natural laboratory that has led to significant advances in our understanding of the production dynamics and associated ecology of riparian flood plain forests over the past decade (Naiman et al. 2000, Naiman and Bilby 1998).

Riparian forests associated with alluvial rivers such as the Queets may be key to understanding how and why the riverine systems throughout the Pacific Coastal Region are so dynamic and productive. Interactions between geomorphology, hydrology and riparian-derived large woody debris (LWD) in alluvial floodplains modify channel morphology and shape the nature of riparian forests throughout much of this region (Gregory et al. 1991, Montgomery 1999, and Naiman et al. 2000).  An understanding of the ecology of these riparian forests is especially important because it determines the characteristics and fluxes of nutrients and organic matter to streams, including LWD.  It is the riparian-derived materials that help shape biotic communities, and underpin processes related to channel morphology, flow conditions, sedimentation and habitat complexity (Bilby and Bisson 1998, O’Connor et al. 2003).  While the river corridors are physically dynamic, it is forest productivity that ultimately influences many of the physical processes shaping these corridors throughout forested mountain regions.  Questions regarding the dynamics of forest succession along with the delivery and distribution of large wood fueled our initial explorations into the production ecology of riparian trees in a semi-pristine lowland floodplain of the Pacific Coastal Rainforest within the Olympic National Park, Washington.  Although we have built an unsurpassed and comprehensive data set on riparian forest production dynamics, important opportunities for future research and investigation remain that build on our strong foundation of previous research.  While these forests only contain a dozen or so species of trees, the epiphytic communities contain well over one hundred species of bryophytes, lichens, and vascular plants – many only found in the old-growth rainforest canopies (Nadkarni 1984, Ellyson and Sillett 2003).  This remains an important new frontier that will lead to a broader understanding of forest production in riparian floodplain systems.  The Queets River is unique because we can place new canopy data in the context of our previous work thereby leading to a whole new level of understanding of riparian forest production.  This will provide the data for powerful tools that can be utilized by regional resource managers working to restore riparian ecosystem function.  It will also directly benefit the overall goals of Olympic National Park and work currently underway to collect data quantifying current ecosystem condition as part of long-term monitoring efforts.  In addition, several canopy species have been listed as either threatened or endangered, among those the marbled murrelet (Brachyramphus marmoratus).  Understanding the environments where these organisms live along with the ecology and development of forest canopy communities in general, is essential to sound ecosystem management and important for achieving public education and outreach goals.

Epiphytes serve a number of important ecological functions in forest canopies where they are abundant.  Heavy epiphyte loads contribute to the nutrient-gathering capacity of the forest by greatly expanding tree surfaces and increasing atmospheric deposition of nutrients (Knops et al. 1996, Nadkarni 1986).  Nitrogen fixation by epiphytic cyanolichens can supply several kilograms of newly fixed N per hectare per year (Pike 1978).  Epiphytic bryophytes are major contributors to canopy soils that develop on branches in rain forests (Ingram and Nadkarni 1993).  These sponge-like accumulations store water in the canopy (Veneklaas et al. 1990), allowing desiccation-sensitive organisms to flourish high above the ground.  Vascular plants also occur as canopy epiphytes, especially on large trees in rain forests (Clement et al. 2001, Sillett 1999, Sawyer et al. 2000).  The dry mass of epiphytes and associated dead organic matter held in the crowns of individual rain forest trees can exceed 100 kg (Hofstede et al. 1993, Nadkarni 1984, Ellyson and Sillett 2003).  Murrelets require the large moss bolsters that form on the large limbs of rainforest trees in order to nest.  As the accumulations of moss take centuries to form, these are not present in younger forests.  Many of the conservation battles over the last several decades have been directly associated with the old-growth coastal rainforests and their associated biodiversity (Ervin 1989, Dietrich 1992).

Despite the distribution and interest in these forests, an extremely small amount of research has been done to quantify the structure or epiphytic communities in these forests.  Forests in the Pacific Northwest were the sites of some of the very first research on forest canopies.  Starting with epiphyte research in old-growth Douglas fir trees in 1970 as part of a large research effort sponsored by the International Biological Program, an examination of forest canopies has spread across the globe, with particular focus in the tropics.  In the late 1970s Nalini Nadkarni began her investigation of the epiphyte communities on the huge Acer macrophyllum trees abundant near the Hoh Rainforest Visitor Center in Olympic National Park.  Within a few years she shocked the world and snagged the cover article in Science with her discovery of canopy roots (Nadkarni 1981).  Her discovery showed that the epiphyte communities that live on the branches of the trees develop a soil and that the trees can adventitiously root into these soils, deriving moisture and nutrients.  Nadkarni has spent the last 30 years in the cloud forests of Costa Rica and is now among the world leaders in epiphyte research.  Sadly, no one has followed in her footsteps in the Olympic canopies.

In the early 1990s the Western Canada Wilderness Coalition (WCWC) sponsored Neville Winchester, an entomologist from the University of Victoria, to examine the arthropod flora of the Carmannah Valley along the west coast of Vancouver Island.  Five giant Picea sitchensis trees were rigged with ropes and platforms to allow access to various parts of the five trees.  After five years, collecting over 2 million insects, and farming these out to expert entomologists from around the world, more than 15,000 individual species of insect were identified (Winchester and Ring 1999).  Among these included 300 species never before described.  These were species not found on the forest floor, nor in the canopies of nearby younger forests.

During the mid 1990s a researcher at Humboldt State University examined the epiphytic communities in five large Picea sitchensis trees growing with Sequoia sempervirens in northern California.  Billy Ellyson’s systematic approach has set a new standard for biomass sampling with tree canopies (Ellyson and Sillett 2003).  By first making a structural map of the tree he was able to proportionally sample throughout the crown to ensure he could make valid whole-tree extrapolations of biomass estimates.  In all he found nearly 90 species of non-vascular epiphytes, as well as two fern species.  Excluding large Sequoia, which can support hundreds of kg of ferns alone (Sillett and Bailey 2003), his biomass estimates indicate that Picea sitchensis can support more epiphytic material (i.e., 59 kg biomass and 190 kg dead organic matter per tree) than any conifer previously studied.  Picea sitchensis is the only tall conifer surveyed to date with a higher bryophyte than lichen biomass.  The relatively small proportions of chlorolichen and cyanolichen biomass on Picea are likely due to the vertical displacement of lichens by bryophytes in very wet forests (Sillett and Goward 1998, Sillett and Neitlich 1996).  While only five trees were involved in the study, this remains the only whole tree sampling of epiphyte biomass from Pacific Northwest coastal rainforests.  The riparian forests in the Queets Valley will have much higher loadings of epiphytes than this study from northern California as the precipitation is another 50% higher and the additional presence of the dramatic pendulous club moss, Selegenella oregana.

The term canopy structure has recently become a focus in ecological literature, but the term encompasses a vast array of ideas, many of which are misunderstood (Lowman and Nadkarni 1995, Van Pelt and North 1996, Ishii et al. 2004).  Nevertheless the controlling influence of canopy structure on many ecosystem functions is widely recognized (Harr 1982, Winchester and Ring 1996, Dawson 1999).  At the stand scale there is interest in how tree crowns occupy the three-dimensional space of the canopy and how the understory light environment is influenced by different canopy structures (Wilson 1965, Van Pelt and Franklin 2000, Parker et al. 2002, Van Pelt and Nadkarni 2004).  The amount of light that reaches the forest floor is affected by the amount and spatial distribution of foliage in a stand (Reifsnyder et al. 1971, Parker et al. 2004).  The interception of rain by the tree crowns in a stand affects the spatial pattern and nutrient content of this moisture as it reaches the forest floor (Puckett 1991, Edmonds et al. 1998, Hutchings et al. 1998, Dawson 1999).  The age of the stand, spacing and sizes of canopy gaps, the species present, and the multilayering of foliage within the stand all influence the three-dimensional distribution of foliage (Spies and Franklin 1991, Van Pelt 1995, Van Pelt and Franklin 2000, Franklin et al. 2002).  The moderating effect of forest canopies on understory microclimate (temperature, relative humidity) is well known (Chen et al. 1999), but how these effects develop through time and how they are controlled/influenced by canopy structure is still poorly understood.

During the last decade great strides have been made in the ability to measure and map structure within trees and forests.  Within-tree work on the structural detail in old-growth Douglas-fir trees was developed by some of the pioneers of rope-based sampling.  The analysis on the detail of old-growth Douglas-fir canopies is the work of Denison, Pike, and Massman (Pike et al. 1977, Massman 1982).  Today, these remain the standard from which all subsequent work has borrowed heavily (Clement and Shaw 1999, Ishii et al. 2002, Ellyson and Sillett 2003).  Their concept of the foliar unit allowed possible the realistic estimation of foliage biomass with the crowns of these very complex canopies.  A foliar unit is a discrete aggregation of twigs that develop over time on tree branches.  Through advances in equipment and technology, a small group of researchers have taken these earlier techniques several steps further and have now developed relatively simple techniques for the three dimensional mapping of structure at the branch level, tree level, and stand level (Van Pelt et al. 2004).

The coastal temperate rain forests dominated by Picea sitchensis represent not only the most abundant natural forest formation along the Pacific Northwest coast, but also among the most structurally complex.  Once these coastal forests in the Pacific Northwest reach an age of about 200 years, they are considered old-growth forests (Franklin et al. 1981, Franklin and Spies 1991).  These complex forest formations are the sites of some of the regions highest biological diversity (Franklin and Waring 1980, Winchester and Ring 1999, Naiman et al. 2000, Franklin et al. 2002).  A greater understanding of how these forests develop their complex structure and how this structure affects the distribution and accumulation of epiphytes is key to learning how land managers can better work with our managed landscapes to conserve this biological diversity.

The general work we are planning will provide the first stand-level data sets ever produced concerning the structural development and epiphyte distribution in coastal temperate rainforests.  The detail of sampling at both the stand scale and within-tree scale will be brought together for the first time into a cohesive, concise study.  The development of these forests has weakly been addressed in the past using chronosequence, but usually in general silvicultural or successional studies.  Never has the structural detail of the development of their complex canopies been studied specifically, nor the subsequent accumulation of epiphytic diversity.  Epiphyte biomass has been estimated at the stand-level before, but never linking epiphytic species to specific structures in the canopy, nor has it been done over an entire chronosequence.

Objectives
This goal of this study is a detailed analysis of the structural development that occurs in a riparian chronosequence of Alnus rubra – Picea sitchensis forests and how this development affects the vertical organization of the forest and the development of epiphytic communities with their canopies.  

Proposed Approach
In order to assure that measurements taken from in the canopy can be extrapolated to the stand-level, a three-tiered approach will be used.  The first stage, already completed, involved establishing plots representing a chronosequence from newly formed gravel bars to the centuries-old Picea-Tsuga rainforest.  Stage two will be the selection and structural mapping of trees along the chronosequence.  Stage three will consist of epiphyte sampling within the mapped trees.  The three stages are designed to be sequential and will represent the most complete data set (and the only one) on the stand-level development of structure and epiphyte accumulation in riparian forests that has ever been attempted.

CHRONOSEQUENCE ESTABLISHMENT AND STAND-LEVEL MEASUREMENTS

Prior establishment of a series of plots representing a chronosequence was performed by students from the University of Washington (Balian 2001, Coe 2001).  Many of these previous sites were retained for this study and a few plots were added.  The sites are located in unconstrained reaches of the Queets River at RM 25 and 36.  Before final plots were installed a reconnaissance survey was conducted to establish general tree heights and ages.  Balian (2001) had already collected ages from many of the sites.  Transects (elongated plots) have many advantages over square or circular plots (Kuiper 1994, Van Pelt 1995, Van Pelt and Nadkarni 2004), as they provide a convenient way to sample a stand, while retaining the ability to examine many spatial aspects of the stand.  The length of each plot was thus made at least two-times the height of the average dominant tree and was wide enough to capture enough of the spatial variability within the stand.  Ideally, plots were approximately three times as long as wide.  Due to the nature and shape of some of the geomorphic surfaces, the ideal plot size was not always possible.  If a geomorphic boundary compromised the plot, however, the plot was lengthened or widened to meet the minimum criterion.  

Once the plot boundaries were established, a stem map was first prepared.  In plots 60 years-old or older, all trees greater than 5cm dbh were mapped and measured for species, dbh, height, crown height, and 4 cardinal crown radii.  Mapping was accomplished by setting up a transect line using 100m tapes and rebar.  The ‘X’ coordinate of each tree was simply the distance along the tape at which the tree occurs.  An Impuse® laser rangefinder was used to get the ‘Y’ coordinate – the distance from the tape.  A +/- sign was given and determined by which side of the tape the tree being measured occurred.  Anomalies of tree form were noted, such as broken tops, spike tops, wounds or other abnormalities.  

Along the established tape line, any piece of dead wood (greater than 5 cm thick) intercepted by the tape is measured.  Measurements may include species, diameter, decay class (Maser and Trappe 1984), piece length, and beginning and end points where each log intersects the tape.  Diameter is measured perpendicular to the central axis of the log at the interception point.  These data are used to calculate log volume in the entire plot (Harmon et al. 1986).  Also along the tape, in a band with a width equal to 0.03 times the height of the average dominant tree, trees not yet mapped yet greater than 50cm in height, were mapped and measured for species, basal diameter, height, crown height, and average crown diameter.  All other woody plants (shrubs) taller than 50cm in height were also measured for species, X-value, basal diameter, and height in this smaller transect.  Herbaceous and moss vegetation was sampled as percent cover by species in a continuous string of 1m diameter circles for the length of each transect.  Trees and shrubs shorter than 50 cm were counted and tallied by species within these subplots.

Due to the small sizes of trees in plots younger than 60 years, all trees taller than 50 cm were mapped in the main plot, so that only shrubs were sampled in the secondary transect.  All other measurements in these plots were the same as for the older plots.

A summary of the twenty-one plots with some attributes are listed below.


Plot
Basal
Canopy
Stem
Max


Rank
Site
Age
Species
 Area
Area
Volume
Volume
Height






 (m2)
(m2/ha)
(m3/ha)
(m3/ha)
(m)



1
O6
3
Salix - Alnus
240
0.5
130
0.1
1.2


2
K24
3
Salix - Alnus
80
2.7
1,180
1.2
2.0


3
K12
11
Salix - Alnus
45
13.3
9,030
13
4.2


4
K15
13
Salix - Alnus
240
27.7
29,930
259
15.1


5
K9
13
Salix - Alnus
96
23.8
23,490
135
16.0


6
K8
19
Salix - Alnus
150
28.1
75,160
358
15.1


7
K18
20
Salix - Alnus - Populus
1,000
22.2
30,930
266
33.6


8
K19
33
Salix - Alnus - Picea
875
19.6
21,680
172
19.6


9
O4
34
Alnus
750
24.6
33,880
226
20.9


10
K17
39
Alnus - Picea
1,200
37.0
32,780
515
31.2


11
K20
49
Alnus
1,875
28.5
37,490
439
35.4


12
O2
51
Alnus
900
44.9
49,370
722
36.0


13
O1
58
Alnus - Picea
750
35.9
63,290
550
31.6


14
K11
60
Alnus - Picea
1,250
51.2
62,360
802
33.7


15
K2
84
Alnus - Picea
1,500
48.7
50,050
849
32.4


16
O3
94
Picea - Populus
2,500
68.9
105,830
1,289
52.0


17
K10
123
Picea - Populus
4,400
100.1
211,370
1,907
56.8


18
K4
153
Picea - Populus
5,200
84.1
139,030
1,635
61.9


19
K22
180
Picea - Populus
6,500
80.0
124,410
1,682
64.7


20
K16
250
Picea - Tsuga
9,000
99.8
148,080
2,069
76.7


21
K21
350
Picea - Tsuga
9,600
98.1
222,810
1,899
81.5

WITHIN-TREE STRUCTURAL MEASUREMENTS

The detailed, within-tree structural mapping and epiphyte measurements will naturally take place on a subset of the 4,359 trees from among the 21 plots.  The objectives will be to select a subset of trees representing all the species and the full range of size/age classes.  This will allow the use of regression to estimate sampled parameters on the trees that were not climbed and mapped.  Based on previous work on structural development and epiphyte accumulation (Sillett 1999, Van Pelt and North 1999, Van Pelt and Nadkarni 2004), the within-species individual tree variability greatly increases as tree age.  Therefore, some redundant sampling will need to occur in the older age classes to capture this variability.  Trees will be randomly selected among the chosen stands to the extent that the safety concerns of climbing are met.  A tentative list of proposed sample trees is presented below.  

   Site   Age      Species                      ACCI       ACMA        ALRU        PISI         POTR       SASP       TSHE


O6
3
Salix – Alnus
-
-
-
-
-
-
-


K24
3
Salix – Alnus
-
-
-
-
-
-
-


K12
11
Salix – Alnus
-
-
2
-
2
2
-


K15
13
Salix – Alnus
-
-
-
-
-
-
-


K9
13
Salix – Alnus
-
-
2
-
-
2
-


K8
19
Salix – Alnus
-
-
-
2
-
-
-


K18
20
Salix - Alnus – Populus
-
-
2
-
2
2
-


K19
33
Salix - Alnus – Picea
-
-
-
-
-
-
-


O4
34
Alnus
-
-
-
-
-
-
-


K17
39
Alnus – Picea
-
-
-
-
1
-
-


K20
49
Alnus
-
-
2
2
-
-
-


O2
51
Alnus
-
-
-
-
-
-
-


O1
58
Alnus – Picea
-
-
-
-
-
-
-


K11
60
Alnus – Picea
2
2
2
2
-
-
-


K2
84
Alnus – Picea
-
-
-
-
-
-
-


O3
94
Picea – Populus
-
-
2
2
3
-
2


K10
123
Picea – Populus
-
2
-
-
-
-
2


K4
153
Picea – Populus
-
-
-
-
-
-
-


K22
180
Picea – Populus
2
2
-
3
3
-
3


K16
250
Picea – Tsuga
3
3
-
3
-
-
5


K21
350
Picea – Tsuga
3
3
-
3
-
-
5

Total trees sampled     85
10
12
12
17
11
6
17

Rigging Tall Trees

Rigging a tall tree for intensive study occurs in 5 phases:  1) setting the initial rope, 2) accessing the lower crown, 3) accessing the upper crown, 4) establishing the climbing route, and 5) descending.  Each phase is described below.

Setting the Initial Rope—There are many ways to set the initial rope for tree climbing.  Choosing the right method depends on the type of tree to be climbed.  If the tree is small-sized, the climbing rope is thrown directly over sturdy branches up to 10 m high.  For medium-sized trees, a throw bag is used (canvas sack with lead shot inside) tied to a nylon cord to access branches up to 25 m high.  Very tall trees in old-growth forests are usually not accessible by these techniques, because the lowest sturdy branches in their crowns are frequently located above 30 m.  A powerful, compound bow or a crossbow is used to shoot a rubber tipped arrow over sturdy branches in the lower crown.  The vertical range in our work is up to 85 m.  The arrows are tied to medium-strength monofilament, which is attached to a spinning reel on the front of the bow.  If the shot misses, and the arrow goes over an unsafe branch, the arrow is lowered to the ground, untied, and the monofilament is reeled in.  After a successful shot over a safe branch, a nylon cord is tied to the monofilament and pulled up over the branch.  The cord is strong enough to then haul the climbing rope over the branch.  When both ends of the climbing rope are on the ground, one end of the rope is anchored to a tree trunk with a knot.  Now the rope is ready to be climbed.

Accessing the Lower Crown—The rope is climbed using two ascenders attached to the climbing harness.  Foot stirrups are attached to the lower ascender.  By alternating between standing and sitting, trees can be climbed fairly rapidly.  Once the branch supporting the climbing rope is reached, an arborist-style lanyard is used to anchor to the tree.  The climber then detaches from the climbing rope and signals an assistant to untie the knot at ground level.  The climbing rope is then pulled up attached to the climbing harness.  

Accessing the Upper Crown—Our climbing lanyards consist of a 20 m long arborist-style rope with locking steel clips spliced into both ends.  Two 1 m lengths of arborist-style rope are tied to the middle of the lanyard with Blake’s hitches such that about 0.6 m of each rope is left as a tail.  The Blake’s hitch is a special friction knot that allows a climber to safely ascend and descend a rope by sliding the knot along the rope.  Each tail has a double-locking carabiner spliced into the end.  To anchor oneself to the tree, one end of the lanyard is thrown over the base of a sturdy branch, the steel clip is lowered by tossing loops of slack up towards the branch, and the clip is attached to the climbing harness when it comes within reach.  All of the slack in the rope is removed by sliding the Blake’s hitch and by attaching the tail to the climbing harness.  Using the branch as if it were a pulley, the climber hoists himself up the lanyard while sliding the tail along for safety.  When the branch is reached, the other end of the lanyard is used and the procedure is repeated by throwing it over the base of a sturdy branch located up to 7 m higher than first.  The second tail is used to ascend the other end of the lanyard.  In this way, the climber is never detached from the tree – the first tail is detached when all of the climber’s weight is on the second tail.  This method is repeated, which is known as split-tail climbing, until the upper crown is reached.  As branches become smaller towards the top of the tree, the trunk is used as the pulley.

Establishing the Climbing Route—A rescue pulley is secured to the trunk in the upper crown with a loop of 2.5 cm tubular nylon webbing and a locking carabiner.  The pulley is hung above one or more sturdy branches.  One end of the climbing rope is passed through the pulley and lowered to the ground along a clear path that will be independent of the climbing path.  Using two-way radios, an assistant on the ground signals the climber that both ends of the rope are back on the ground.  The assistant then anchors the end that was just lowered.  By being careful during the previous phase, a clear climbing path is established during the initial ascent.  If not, the climbing path is rerouted upon descent.

Descending—Standard techniques are used to rappel to the ground.  Rappelling involves using a friction device that attaches to the rope and allows a controlled descent.  Once back on the ground, a black nylon cord is tied to one end of the rope with a special knot.  The rope is the replaced by the cord, which is left hanging from the pulley at the top of the tree with both ends tied and secured at ground level.  The black cord is virtually invisible.  On a good day, the whole rigging procedure takes about three hours for a 90 m tall tree.  On a bad day, it takes the whole day.

Mitigating Impact on Marbled Murrelets Caused by Climbing Trees 

Pacific coast old-growth rainforests support rich communities of plants and animals, which dwell on the surface of the bark, within layers of canopy soil, inside hollow cavities, or amidst epiphytes on branches.  These canopy organisms can now be directly studied by researchers using rope-based methods of access, but careless climbing can damage them.  With proper training, however, it is possible to conduct intensive research in old-growth forest canopies without having negative effects on canopy organisms.  A well-trained team has been assembled at Humboldt State University and the University of Washington for conducting research in old-growth Sequoia and Pseudotsuga canopies.  Members of our team have climbed over 1000 trees for marbled murrelet related research, found and taken measurements on nearly 50 nests, much of this on the western Olympic Peninsula.  We have installed time-lapse camera equipment on active nests, and have collected nest measurements according to Pacific Seabird Group (PSG) protocol.  Team members have climbed marbled murrelet trees for Simpson Timber, California Fish and Game, and Cal Berkeley.  In addition, team members have conducted ground surveys for two seasons in Big Basin Redwoods State Park, and have done pelagic survey work in Zodiacs off of the coast of California at Ano Nuevo State Park.  

Climbing spikes or spurs are never used, and a tree’s cambium is neither exposed nor injured during climbing.  We strive to protect both the tree and its residents while climbing for research purposes.  We employ five methods to protect canopy organisms:  1) avoiding direct contact with nesting marbled murrelets,  2) keeping quiet,  3) blending into the canopy,  4) protecting epiphytes, and  5) minimizing trampling.  We employ three methods to protect the tree itself:  1) minimizing ground-level disturbance,  2) minimizing damage while rigging, and  3) minimizing damage during research climbing.  Each method is described below.

Avoiding Direct Contact with Nesting Marbled Murrelets—One of the most threatened species of the old-growth forest canopies is undoubtedly the marbled murrelet.  We have studied the existing literature on this species and remain in contact with two of the most active marbled murrelet researchers in the world:  Kim Nelson and C. J. Ralph.  Several team members have great experience on finding active nests and evidence of old nests.  So far in our Sequoia research we have not climbed during marbled murrelet nesting season, but have at Mt. Rainer National Park after getting the appropriate permits.  Even though no birds were seen during our work there, it is possible to conduct canopy research in these forests during the nesting season without affecting the species (Kim Nelson, personal communication).  Of all the various activities we do in trees, rigging trees is most likely activity to disturb nesting murrelets because the split-tail climbing method requires a more body movement and rope-throwing.  Therefore, rigging of trees will not be done during marbled murrelet nesting season unless, perhaps, an active nest is found (see next paragraph).  We will also refrain from any lateral crown movement and epiphyte sampling during the nesting season.  Once a tree is rigged, ascending and descending ropes along climbing paths will not disturb nesting murrelets as long as researchers use the methods outlined below and as long as climbing does not occur when parent birds are exchanging places on a nest (i.e., within 30 minutes of dawn and dusk).  Only one climber per tree will be permitted during the nesting season.  The crown of each rigged tree will be carefully searched for marbled murrelet nests.  If a nest is found, our research procedures will change dramatically.  If we find an old, abandoned nest, we will not disturb it.  Instead, we will collect data on nest size, structure, and location.  If we find an active nest, we will abandon the tree until the end of the nesting season.

It is possible to collect data on nesting behavior from an adjacent tree (Kim Nelson, personal communication).  This would require rigging an adjacent tree, but the information on murrelet nesting behavior thus gathered would be extremely valuable.  Marbled murrelet research suffers from the paucity of active nests that have been documented and monitored (Kim Nelson, personal communication).  We still know little about murrelet nesting behavior and murrelet nesting requirements in old-growth forests.  Therefore, our proposed canopy research could make a substantial contribution to the conservation of marbled murrelets if we are permitted to conduct research climbing during the nesting season of this threatened species. 

Keeping Quiet—In addition to the marbled murrelet, a wide variety of birds utilize the old-growth forest canopy, including the northern spotted owl.  Loud talking and shouting might disturb nesting birds, so we keep our voices low when communicating with each other in a tree.  It is often necessary to maintain communication with assistants on the ground, so we use two-way radios.  

Blending into the Canopy—We wear dull-colored clothing while climbing in order to blend into canopy environment.  Our harnesses, ropes, and cords are camouflage.  Bright colors may attract predatory birds like ravens and jays that are known to prey on marbled murrelets and other species.  Birds flying through the canopy rarely notice us unless they happen to be foraging in the tree we are climbing.  We try to remain motionless when predatory birds are nearby.

Protecting Epiphytes—An ancient tree can harbor a huge biomass of epiphytes.  Large, horizontal branches often support thick mats of ferns and mosses.  Soil accumulates in large branch crotches and at the bases of reiterated trunks in the crown.  Vascular plants frequently grow from this soil, including shrubs and small trees found on the forest floor.  Epiphytes are vulnerable to disturbances caused by careless climbing.  We secure thick moss mats occurring on branches along climbing paths by tying them down with twine or mesh netting.  Netting and twine are carried while rigging to stabilize particularly vulnerable epiphytes that are passed along the way to the upper crown.  While de-rigging trees, these protections are removed.

Minimizing Trampling—In addition to epiphytes, canopy soil supports a diversity of life, including mycorrhizae, saprotrophic fungi, salamanders, mollusks, annelids, insects, spiders, mites, and other invertebrates.  These soil communities can be damaged by careless climbing.  We minimize trampling by avoiding thick mats of epiphytes and canopy soil.  Instead of standing on branches or soil, we prop our feet against the trunk and hang from our harnesses while resting.  We use special climbing harnesses designed for tree work that are very comfortable, even after several hours in a tree.  Few epiphytes and no canopy soil grows on the vertical bark of trunks, so the inevitable trampling of trunk epiphytes caused by boot traffic during climbing only affects a tiny fraction of a tree’s arboreal organisms, and then only along the climbing path(s).  

Minimizing Ground-Level Disturbance—Careless and repeated foot traffic in old-growth forests damages sensitive understory vegetation and leads to soil compaction.  Our research team utilizes existing wildlife trails whenever possible and tries to consistently travel along the same pathways.  Climbers always ascend a tree from the same side of its trunk.  This reduces soil compaction to a small area at the base of the tree.  We store instruments, excess climbing equipment, and other gear in small clearings away from tree roots.  After we finish working in a grove, we cover heavily used areas with branches and duff.

Minimizing Damage While Rigging—No spikes or spurs are used while rigging because they expose a tree’s cambium to pathogens.  Split-tail climbing is safer, easier, and less destructive than spur climbing.  In the lower crowns of tall trees, it is not possible to use the main trunk as a pulley because of its great girth.  Therefore, sturdy living branches are used as pulleys.  Lanyards are not thrown over downsloping branches because this can damage epiphytes if the rope slides down the branch under tension.  Instead, lanyards are thrown over the base of upsloping branches and the slack is used to make it flush with the trunk before ascending.  If no upsloping branches are available, the lanyard is tossed over multiple branches that flare outward so that the rope is held against the trunk under tension.  

Minimizing Damage During Research Climbing— A main climbing path is established during rigging.  All subsequent ascents of a tree occur along this path, thus minimizing the surface area of bark that will be scuffed by the boots of climbers.  If a tree has multiple, reiterated trunks and it is necessary to access individual sub-crowns, other climbing paths are established along reiterated trunks.  During epiphyte sampling, no more than three climbers are permitted in a tree at the same time.  Multiple climbers use independent ropes in the crown.  These ropes are tied to the trunk(s) so that climbers ascend and descend on fixed ropes.  This reduces damage to cambium that would result from prolonged split-tail climbing on branches.  

Tree Mapping

A metric tape is stretched from average ground level to the treetop.  If the tape cannot be anchored on the ground, it is tied to a nearby tree or shrub at the proper height.  Metal tags are attached to the main trunk at 5-m intervals for use as future benchmarks in height measurements of trunks, limbs, and branches once the metric tape has been removed.  The tree’s total height is recorded to the nearest decimeter, and main trunk diameters are measured at each tag.  Near the base of large trees, additional diameters are often needed for accurate estimation of wood volume.

Reiterated trunks are defined as accessory trunks arising from the main trunk, other reiterated trunks, or limbs (Sillet and Van Pelt 2000, 2001, Van Pelt et al. 2004).  They are vertically oriented stems with their own branches and are architecturally indistinguishable from freestanding trees except for their locations within the crown of the larger, supporting tree.  This follows the terminology of Hallé et al. (1978), but in the narrow sense of using this term only for complete reiterations.  The following data are recorded for each reiterated trunk: basal diameter, base height, base distance, base azimuth, top height, top distance, and top azimuth.  Distances and azimuths are referenced to the center of the main trunk.  If the reiteration is more than 5 m tall, or if there are structural anomalies, additional diameters, distances, and azimuths are measured.

Limbs are defined as large branches that arise from the main trunk and give rise to reiterated trunks.  They consist of limb segments, and they terminate in other limb segments or reiterated trunks.  Branch segments are defined as accessible sections of large branches that arise from the main trunk and give rise to other branch segments or branches.  Limbs behave differently from branches physiologically and are thus kept separate on data sheets.  Both limb segments and branch segments receive the same measurements: the diameter at each end is measured as well as the height, distance, and azimuth of each end.  Smaller branches can also arise along the length of a branch segment, but larger branches and trunks will cause the branch segment to be divided into additional segments.

Limb segments, branch segments, and branches are named according to their origins.  Each branch receives a unique number within a given tree. The following measurements are taken for each branch greater than 2 cm in diameter: basal height, basal diameter, extension (i.e., slope-corrected horizontal distance from trunk to branch tip), percent foliated, azimuth from trunk, overall slope, and curvature.  Overall slope is measured in degrees, positive (up) or negative (down), in five-degree increments.  A two-letter code is used to further describe curvature.  The first letter refers to the shape of the portion of the branch near the trunk, and the second letter refers to the shape of the rest of the branch.  There are three different designations (O = orthotropic, upward tending, G = geotropic, downward tending, and N = neutral), resulting in nine possible codes.

Each branch is classed as either original or epicormic.  Original branches are those formed when the treetop was at the height of the branch (i.e., piths of original branches are continuous with the pith of the trunk).  Epicormic branches are those formed below the top of the tree (i.e., they originated from the cambium).  However, the process of epicormic branching often results in many branches originating from the same location (Ishii and Wilson 2001).  On old trees, these branch systems can become very well developed, sometimes containing a dozen or more epicormic branches emerging from a single locus on the trunk.  In these instances, the entire epicormic system is given one number, but all of the branch parameters are separately recorded.

On young trees or older trees of many species, branches are simple and conform to a genetically programmed architectural model (Hallé et al. 1978).  On such simple branches, biomass parameters of the branch can be predicted from measurements of basal diameter, extension, and percent of foliage cover.  As trees age, branches sustain damage from disturbances and reiterate to become asymmetric and individualistic (Ishii et al. 2002).  Biomass estimates of these complex branches require three additional measurements: number of bifurcations in which both forks exceed 4 cm in diameter; total axis length greater than 4 cm in diameter; and number of foliar units (see below).  Live axes are distinguished from dead axes, and their lengths are estimated to the nearest 0.5 m.

A foliar unit is a species-specific, naturally occurring unit that consists of repeating clusters of stems and foliage that can be counted to quantify foliage on individual branches.  This modifies previous methods used to quantify foliage in Pseudotsuga menziesii (Pike et al. 1977, Massman 1982).  In some tree species, leaf density within a foliar unit varies from tree to tree and along the height gradient, so calibration is needed to maintain accuracy and repeatability.  At the beginning of the study, the crew assembles in a tree to discuss the foliar unit for that particular species.  Also during sampling, a subset of 2-6 randomly chosen foliar units are removed from each tree and brought to the ground for further calibration.  These destructive samples are then brought to the laboratory for dissection.  Trees in which the foliage on branches is sampled via foliar units do not need to have the percent foliated number recorded.

The spread, depth, and centroid of foliage on each branch are also estimated to improve visualizations and modeling of the crown mapping data since the foliage may not be centered on the branch.  Spread is the greatest width of foliage associated with a branch in a horizontal plane perpendicular to the branch azimuth.  Depth is the greatest length of foliage in a vertical plane.  The centroid is the center of mass of all foliage associated with a single branch.  Its location is defined in three dimensions by recording its height, distance, and azimuth relative to the main trunk. 

To account for all of the foliage on a tree, including leaves on branches less than 2 cm in diameter, live branches in 0 to 1 and 1 to 2 cm diameter classes are counted in 5 m height intervals throughout the crown.  In the case of epicormic branch systems, these are given the branch number and height of that system.  These data can be further refined by estimating the number of foliar units of these small branches aggregated by height intervals.

As mentioned above, trees with complex branches have a subsample of foliar units removed and brought to the laboratory for dissection. This will result in enough information to complete within-tree and between-tree comparisons. For trees with simple branches, this is not practical. Whole branches are very large in comparison to foliar units, so that the same amount of removal would be destructive to the forest and present a nearly insurmountable task in the laboratory. In these instances, a subset of branches is removed from the set of trees of the same species in the stand, so that the full range of branch sizes is sampled.

EPIPHYTE SAMPLING

Epiphyte sampling will occur on three substrate types: trunks, axes (i.e., branches > 4 cm diameter), and branchlets (i.e., branches < 4 cm diameter, including foliage).  Trunks will be divided into into 5 regions for sampling:  base (defined as buttressed region from ground to taperless column), lower trunk (from base to halfway up clean barrel), upper trunk (rest of the way to lowest branch), lower crown (lower half of live crown), and upper crown (rest of the way to treetop).  Since the trees will have already been mapped by this point, we will know the surface area of each region.  Sampling will consist of scrutinizing a fixed proportion (1 to 5%, depending on conditions) of each region, including the entire circumference.  A gridded, 20 x 50 cm quadrat frame will allow for ease of visual estimation of cover.  As the frame is moved around the circumference of the tree, the height and azimuth of the sampling location will be recorded.  Epiphyte removal will be required on a 2-4% subset of the samples for biomass estimations.  The lean of the trunk will also be recorded as epiphyte abundance will be influenced by throughfall and stemflow.  There should be higher diversity on the dry (lower) vs. wet (upper) sides of leaning trunks, although the biomass will be concentrated on the upper side.  Also, branch stubs, wounds, and knotholes are distinctive habitats will warrant special attention.  Distinctive habitats will be sampled separately and the location and aerial extent noted.
Percent cover of epiphytes on axes will be measured via the spiral transect method (Sillett 1995, Ellyson and Sillett 2003).  Axis plots will occupy 0.5 m of branch length and consist of five wraps of a metric diameter-tape spaced 10 cm apart.  Percent cover of epiphytes will be estimated by recording the presence of species beneath tick marks on the tape that are π-cm apart.  Each time a species is found beneath a tick mark, a hit is recorded for that species.  Cover for each species in a plot is calculated as the number of hits divided by the total number of possible hits in the plot (i.e., transect length in cm divided by π).  Three additional variables will be measured in each axis plot: height above ground, distance from trunk to plot, and % sky.  Percent sky was a visual estimate of canopy openness above each plot.

Percent cover of epiphytes on branchlets will be estimated within 0.5 by 0.5 m quadrat frames.  The cover of each epiphyte species within a frame will be visually estimated to the nearest percent.  Height above ground, distance from trunk to plot, and % sky will also be recorded at each sampling location.  All epiphytes biomass measurements will be taken as part of the foliar units that will be collected for foliar biomass.  

Identifying many chlorolichens in the field to species is challenging, because some species require chemical testing for confirmation, while others have subtle morphological distinctions that are best viewed under a microscope.  The genus Usnea is particularly challenging.  Usnea rubicunda, longissima, and ceratina are relatively easy to identify, but other species will be partitioned into the Usnea cornuta group, which has tufted thalli, and the U. filipendula group, which has pendulous thalli with a blackening main axis.  For similar reasons, Bryoria, Cladonia, and crustose lichens will not be identified to species in the field, and cover estimates will be recorded for genera only.  In general, inconspicuous crustose lichens will not be carefully examined during field sampling.  Destructive samples will be searched for crusts in the laboratory.

ANALYSES

Sample branches and foliar units will be dissected in the laboratory.  Components of each branch or foliar unit (leaves, twigs, branchlets, reproductive material, and epiphytes) will be separated (epiphytes separated by species or guild), oven-dried, and weighed.  Component masses will then be used as dependent variables, and branch dimensions (basal diameter, extension, and percent foliated) will be used as independent variables in stepwise multiple regression analysis.  The resulting species-specific equations are used to estimate component masses of all simple branches on each tree.  For trees with complex branches, average values for the foliar units will be used to estimate foliage biomass of all complex branches on each tree.  To estimate leaf areas, green, undried foliage of each species must be used.  A subset of non-overlapping green leaves is counted and digitally scanned to obtain a one-sided estimate of leaf area.  These leaves are then dried and weighed, and the specific leaf area (m2/g) is calculated.  This allows the conversion of foliar biomass into leaf area for entire branches and trees.

Destructive samples of foliage biomass, leaf area, and leaf count, whether calculated from foliar units or whole branch estimates, must be applied to the entire trees to come up with whole-tree estimates.  In the case of foliar units, because the entire tree will be inventoried during the mapping process, values will simply be multiplied for a whole-tree estimate.  For trees in which entire branches will be measured in the field, regression must be used.  Independent variables can include branch diameter, branch extension, branch height, and/or percent foliated.  The predictive equation will be applied to all of the branches within a tree that were not destructively sampled to derive a whole-tree estimate. 

Once the tree-based estimates of branch and reiteration volume, foliage biomass, and leaf area are known for all of the mapped trees, we can estimate them for the remaining trees that were not climbed to derive stand-level estimates using multiple, stepwise regression.  For each species, potential variables include DBH, height, crown depth, crown diameter, maximum crown radius, height to crown base, crown projection area, and crown volume.

Whole-tree masses of epiphytes and dead organic matter will be calculated by dividing the total mass of samples removed from a tree by the sampling intensity (i.e., approximately 0.01) for that tree.  Masses will be determined separately for trunks, axes, and foliar units.  In order to reduce noise from infrequent epiphytic species, those occurring in fewer than 5% of the plots will be removed from the data matrix prior to all multivariate analyses.  Bray-Curtis ordination will be performed on the resulting primary matrix using the variance–regression method of endpoint selection and the Sørenson coefficient as the distance measure (McCune and Mefford 1999).  Presence / absence species data will be transformed by the Beals smoothing function prior to ordination analysis.  This transformation smooths patterns of joint occurrences of species and facilitates extraction of the dominant epiphyte compositional gradient (McCune 1994).  Variance extracted by an ordination axis will be expressed by the coefficient of determination between Euclidean distances in ordination space and Sørenson distances in the original species space.  A secondary matrix of number of plots plus 6 additional variables (i.e., height above ground, % sky, number of lichen species, number of bryophyte species, lichen cover, and bryophyte cover) will also be constructed.  Correlations among these variables and plot ordination scores will be used to aid interpretation of the dominant compositional gradient.

Cluster analysis will be performed on the transposed primary matrix in order to delimit groups of epiphytes that share similar habitats or substrate preferences (McCune & Mefford 1999).  Following the rationale of McCune et al. (2000), log-transformed cover values will be relativized by species sums of squares prior to this analysis, which uses Ward’s method of clustering and a Euclidean distance matrix, and the resulting dendrogram will be scaled by Wishart’s objective function converted to a percentage of information remaining.  Association analysis will also be used to test whether individual epiphyte species pairs co-occurr more or less often than expected by chance.  A 2 x 2 contingency table can be used for each pair of species used in the multivariate analyses.  The likelihood ratio (Sokal and Rohlf 1994) will be used as a test statistic.
DISCUSSION

The results from this study will be the first to closely examine the development of the canopy structure in the coastal Alnus rubra – Picea sitchensis riparian forest type.  The old-growth rainforest canopy is well known for being an important resource for a great many wildlife species, yet how a young Alnus stand turns into this magnificent creation is still largely a mystery.  This study will follow, through direct measurements and modeling, the development of leaf area, crown complexity, and epiphyte accumulation in this riparian forest type.  The structural maps and models developed can be used as a template for other areas as well a framework for other studies (e.g. birds, insects, fungi).

The within-tree work on the structural development in these forests is unprecedented.  To date, the only other study of this magnitude was done in Pseudotsuga forests in the Cascades of Washington (Van Pelt and Nadkarni 2004, Van Pelt et al. 2004), but it lacked any information on epiphytic communities.

Deliverable Products

The results from this study will be the first to closely examine the development of canopy structure in the coastal Picea sitchensis rainforest.  The old-growth rainforest canopy is well known for being an important resource for a great many wildlife species, yet the intricacies of how a young Alnus grove along the river turn into this magnificent creation is still largely a mystery.  This study will follow, through direct measurements and modeling, the development of leaf area, crown complexity, and epiphyte accumulation in this forest type.  

Structural Development and Stand Evolution of Riparian Forests along the Queets River, Washington.

A stand level analysis based on the plot work collected during 2003.  Paper is nearing completion.  Probably submit to CJFR

Epiphyte Accumulation in Tree-Crowns in an age sequence of Riparian Rainforests along the Queets River, Washington. 

This will summarize the tree-level work done in the crowns of 85 riparian trees of seven species spanning over 300 years of age.

Biomass Accretion and Biodiversity Increases Associated with 300 Years of Structural Development in Picea sitchensis Rainforests.

This will be a big paper on the stand-level development and partitioning of biomass, including leaf area, wood volume, understory, etc.  This is where we bring in the understory species diversity as well the epiphyte studies, converted to stand-level estimates.

DURATION  

This is a three-year study.  The first year is finished and consisted of mainly the stand-level work.  The within-tree structural mapping will be the primary focus of year two.  As time allows, epiphyte sampling will commence in year two and finish in year three.  Year three will include lab work, analysis, and write-up.

TIMETABLE – SUMMER 2004

April-May 22nd  –  Misc. tasks from Summer 2003.  Tree selection for within-tree analyses.

May 24th – July 2nd  –  Structural mapping of selected trees.

July 5th – August 13th  –  Data entry of mapped trees.  Analysis and branch selection for epiphyte sampling and biomass collections.  Mapping and epiphyte sampling of young (3-10 year) and small (vine maple and understory hemlocks).

August 16th – Sept 24th  –  Epiphyte sampling in mapped trees.

Sept 27th ​– Winter  –  Identification, separating, drying, and weighing of collected samples.  Analysis and write-up of results.
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