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ABSTRACT 

 

High mountain environments are particularly sensitive to human-induced climate change 

because they are determined by low temperature conditions. Alpine and sub-alpine 

ecosystems are ideal environments for monitoring climate-induced changes in flora and 

micro-climatic conditions as they represent pristine conditions across steep altitudinal 

gradients, yet in British Columbia they have remained mostly elusive to the scientific 

community. This project had two general objectives: (1) to advance our knowledge of 

landscape level vegetation classification, and (2) to understand how climate change might 

affect high-elevation ecosystems. The data collection for this project began in the summer of 

2007 and will end in the summer of 2011. In the first phase, we conducted approximately 

140 Relevés in order complete the biogeoclimatic classification of alpine and sub-alpine 

ecosystems in the West Cariboo Mountains. For the second and main phase of the project, 

we followed the GLORIA methodology to establish seven permanent monitoring sites, in 

the same project area, for examining changes in soil temperature and plant distribution along 

temperature gradients.  In each of the seven summits, covering an elevation gradient 

between 2030 and 2490 m.a.s.l (with a total of 112 - 1m2 plots), we observed soil 

temperature, soil nutrients, and vascular plant cover. In order to evaluate and predict 

ecosystem-level responses to climate change, the research explored how to improve the 

predictive capacity of the high-elevation biogeoclimatic ecosystem classification by using 

the data from existent GLORIA permanent monitoring sites from across the province 

(Cariboo Mountains and Coast Mountains). In meeting its two objectives, this study 

provides a comprehensive scientific basis to help researchers and land managers understand 

the changing patterns in distribution of high-elevation vascular plants, their relation to 

climatic, edaphic and topographic gradients.  

 

 

 



INTRODUCTION 

 

In British Columbia, ecosystem research and management builds upon field descriptions of 

plant community patterns; these patterns are then correlated with climatic, edaphic and 

topographic conditions. Interpreting ecosystems through vegetation patterns provides 

researchers simple ways to understand and manage complex systems. The need for 

descriptive and mensurative botanical research in high elevation ecosystems has become 

imperative since “high mountain systems were recognized as global indicators for ecological 

consequences of global or climate change” (Pauli et al. 2009). The Alpine Tundra 

biogeoclimatic ecological zone is predicted (based on climatic models) to suffer the largest 

absolute area change in future climates, with a reduction of 60% by 2025 and nearing 

disappearance by 2085 (Hamman and Wang 2006). However, recent results from field 

research indicate a less severe range contraction of species at their lower edge and an 

expansion of alpine species at their higher edge (Pauli et al. 2007; Erschbamer 2009). In 

addition to supplementing our knowledge of the biogeoclimatic ecosystems of the province, 

the research sought to improve our understanding on the potential effects of climate change 

in high elevation ecosystems. 

Globally, approximately 3% of the terrestrial land area and 4% of all known higher plant 

species occur within the alpine life zone (Körner, 2003).  Furthermore, “nearly half of 

mankind depends on water supplies originating in mountain catchments, [and therefore] the 

integrity and functional significance of the upland biota is a key to human welfare and will 

receive even more attention as water becomes an increasingly limited resource” (Körner, 

2003).The Intergovernmental Panel on Climate Change (2007) has identified alpine and 

arctic ecosystems as the most susceptible to change as a result of human induced climate 

warming. According to Grabherr and Pauli (2000), these ecosystems are valuable indicators 

of anthropogenic climate change since: 

- They are determined by low temperature conditions making them highly sensitive to 

climate warming; 

- Abiotic factors, primarily climatic factors, are more important than biotic factors; 

- They are mostly ‘pristine’ environments, so other human land use influences are negligible; 



- Environmental gradients occur along short distances, so invaders from lower altitudes 

might appear earlier since migration occurs over short distances; 

- These environments can be found across all biome types (from equatorial to polar regions). 

 

One of the most commonly predicted consequences of climate change is the migration of 

plant species from lower altitudes to higher elevations, which can result in displacement of 

alpine and nival plant species (Grabherr et al. 1995; Theurillat and Guisan 2001). Several 

studies have revealed considerable alterations of species richness with migrations, but there 

is disagreement on the patterns of these alterations and on the capacity of the flora to 

respond to changing climatic conditions (Pauli et al. 2007; Virtanen et al.2003, Walther et al. 

2005; Parolo and Rossi 2008). Some suggest a long-term decrease in alpine specialist 

species in response to warming temperatures (Guisan et al. 1998, Lesica and McCune 2004), 

while others found an upward migration of species resulting in an overall increase in 

richness (Grabherr et al. 1994, Walther et al. 2002).  

High-elevation plant communities were the first ecosystems to be described by many plant 

ecologists (Braun-Blanquet 1926, Poore 1957), however the complexity of their spatial 

arrangement led the ecologists to establish an approach whereby field observations and the 

intimacy of the ecologist with the area, were the main strengths of the descriptions 

(Shimwell 1972). Presumably, this was a consequence of the high degree of spatial 

variability of high-elevation ecosystems and of the limited capacity of statistical 

computations of the era. Also, the main purpose for the development of the classification 

techniques of the Zurich-Montpellier1 school of phytosociologists was to provide 

‘academic’ accounts on the arrangement of high-elevation ecosystems. Conversely, the 

study and classification of lower elevation ecosystems -primarily forested ecosystems- 

relied more on ‘objective’ quantifications of site conditions (e.g. soil nutrient capacities, soil 

moisture deficits, leaf area index, site index) in order to attain quantitative descriptions of 

the ecosystems. The description and classification of forested ecosystems were initially 

driven by ‘management’ purposes such as the optimization of volume and quality of lumber, 

so it became imperative to understand how to manipulate soil (edaphic) and site 

(topographic) conditions to obtain the desired stand characteristics. This was initially 

achieved by a significant effort in measuring (quantifying) as many variables as possible, 



which is a strong contrast to the descriptive approach in field ecology. At the heart of this 

juxtaposition (mensurative vs. descriptive research) there is the question of the validity of 

‘objectively’ measuring ecosystem parameters and the validity of ‘subjectively’ describing 

the ecosystems’ character. When scientists in British Columbia began establishing 

ecological classification systems for the province, rather than favouring one approach over 

another they sought to integrate the strengths of both the descriptive and the quantitative 

approaches.  From this philosophy, the Biogeoclimatic Ecosystem Classification system was 

developed.  

    The classification of British Columbia into ‘biogeoclimatic ecosystem’ units began when 

“Krajina came to the University of B.C. in 1949 and began formulating the principles of the 

Biogeoclimatic Ecosystem Classification (BEC). Krajina and his students, from the 

Department of Botany at UBC, developed BEC during the 1960's and early 1970's.” (BEC 

WEB, 2006)  In the 1970’s, Ray Coupé and Ordel Steen, under the coordination of W.J. 

Watt, began to develop the BEC for the Cariboo Region. This project was formalized with 

the publication of ‘A Field Guide to Forest Site Identification and Interpretation for the 

Cariboo Forest Region’ Land Management Handbook number 39’ in 1990.  Within this 

guide, most of the forested ecosystems of the Cariboo have an in-depth description, which is 

easy to follow and very well rationalized. The guide has provided land use planners and 

managers a sound basis for sustainable resource management. Similar BEC guides were 

developed for the other forest regions of British Columbia.  

 The objectives of the classification are: 

~ To provide a framework for organizing ecological information and management 

experience about ecosystems; 

~ To promote a better understanding of forest ecosystems and their interrelationships; 

~ To provide resource managers with a common “language” to describe sites; and; 

~ To improve the user’s ability to prescribe and monitor site-specific treatments.  

~ (Steen and Coupé 1997) 

To achieve these objectives, “the system groups ecosystems at three levels of integration: 

regional, local, and chronological. At the regional level, vegetation, soils, and topography 

are used to infer the regional climate and to identify geographic areas that have relatively 

uniform climate. These geographic areas are termed biogeoclimatic units. At the local level, 



segments of the landscape are classified into site units that have relatively uniform 

vegetation, soils, and topography. Several site units are distributed within each 

biogeoclimatic unit, according to differences in topography, soils, and vegetation.  In order 

to arrange ecosystems at the three levels of integration, the BEC system combines four 

classifications: vegetation, climatic (zonal), site, and seral. Vegetation classification is most 

important to developing the ecosystem classification. However, the climatic and site 

classifications are the principal classifications used in the application of the BEC system. ” 

(BEC WEB 2009)  The BEC research programme aims at understanding and describing all 

land-based ecosystems within British Columbia; since non-forested ecosystems are the last 

to be described, the proposed research will complement the provincial classification for high 

elevation ecosystems, which is the last step in achieving a complete description of the 

botanical ecosystems of the province.  

Accumulation, distribution, and disappearance of snow are frequently considered to be 

primary factors determining plant community composition in alpine ecosystems. It has been 

consistently reported that differential snowmelt and nivation largely determine the variations 

in growing season; hence, they also drive the ‘patchy’ distribution of vegetation in alpine 

areas (Brink, 1976). The importance of drought caused by early snowmelt, soil properties, or 

wind, was analyzed by Brink (1964), who concluded that surfaces with only slightly 

different water table levels display significant differences in seedling establishment and 

growth. Several different specific-effects of snow on vegetation have been reported 

(Heegaard and Vandvik 2004, Huelber et al. 2006) and correlated with the effects of 

topography on snowmelt. Topography controls snowpack accumulation, length of the 

growing season, soil water availability and the distribution of plant communities (Fisk et al. 

1998). Chen (2008) found no evident relationship between plant diversity and soil water 

content but it was reported that the highest species richness and species diversity occurred 

with intermediate snow depths (Figure 4). Species composition (based on Sørensen’s 

similarity index) was also found to be affected by snow depth (Chen 2008). Beniston (2003) 

predicts an average rise of the snowline of 150m for every degree (Celsius) increase of the 

air temperature, which would directly affect the structure and distribution of vegetation. 

Klinka and Chourmouzis (2001) and Mackenzie (2006) have modified the original edaphic 

grid of the BEC system to reflect the importance of snow in high elevation ecosystems. 



 

Figure 1 Comparison of species diversity (A) 

and richness (B) between snow depth classes. 

Different lowercases represent significant 

difference (Chen et al. 2008) 

 

Most of the spatial-temporal theory -which suggest that variation in space and time leads to 

species diversity (Chesson 2000)- in ecology remains untested by either empirical 

observations or experimental studies; a current focus of ecology is to investigate the effect 

of spatial dimension on community dynamics (Murrel et al. 2001).  A major goal of ecology 

is to explain why communities change in a systematic fashion across space (McGill et al. 

2006). The BEC system provides a way of explaining how communities change across 

space, which is a necessary first step in understanding what factors lead to such changes. 

Observing the full spectrum of change in plant distribution (from subalpine to high alpine) 

can provide useful information in analyzing stress gradients and the response of the 

vegetation to a variety of biotic and abiotic conditions.           

Most research on the effects of biodiversity on ecosystem function focus on single species in 

the field or on laboratory experiments devoid of natural environmental and biological 

variability; the results of such research lack applicability at community or ecosystem levels 

(Hillebrand and Matthiessen 2009).  Diaz and Cabido (2001) identify functional response 

types as groups of plant species that respond to abiotic and biotic environments in similar 

ways (eg. xerophytic vs mesopytic species). They also identify functional effect types as 

groups of plants having similar effects on the dominant ecosystem processes such as 

primary productivity and nutrient cycling (eg. nitrogen fixers and nurse species). If we are to 

understand the driving forces behind ecosystems function over large time scales, it is 



important to further our knowledge of [plant] functional types at different scales (Diaz and 

Cabido 2001). Mensurative experiments (a.k.a. non-manipulative) of plant community 

structures captures the natural variation across geographical location and time (seasonal and 

inter-annual), which can provide sufficient information to create predictive models 

(Freckelton and Watkinson 2001)   Therefore, to overcome the limitations of scale-free 

theories (a.k.a. strictly manipulative) this project included a variety of plot sizes, spatial 

(local and regional) and temporal scales.  

Although it is evident that high elevation ecosystems are under threat, it is unclear to what 

extent they will be affected by anthropogenic climate change. The Global Observation 

Research Initiative in Alpine Environments (GLORIA www.gloria.ac.at) network was 

created as part of an international effort to measure rates of change of vascular plants in 

alpine regions. This project followed the GLORIA approach to monitoring the effects of 

climate change and the BEC systematic to describe the current characters of high elevation 

ecosystems. 

Methods 

 

We used two different sampling designs to explore two different approaches in plant 

ecology. The first study, followed the BEC protocol (Pojar et. al. 1987), and was considered 

qualitative since the samples were ‘subjectively’ delineated patterns of vegetation, based on 

personal interpretations of relative uniformity in floristic composition, structure, and site 

attributes (slope position, aspect and gradient; soil depth, soil texture, and content of coarse 

fragment in the soil, thickness and sequence of soil horizons, and soil parent materials). The 

second approach, following the GLORIA protocol (Pauli et al. 2004), consisted of a 

comprehensive set of plots that were selected through topographic parameters rather than 

vegetation. This approach will also provide a set of long term monitoring plots designed to 

observe the responses of vegetation to yearly changes in soil temperature and timing of 

snowmelt. It was considered quantitative, since it relies on fixed area plots in which 

vegetation frequency counts, soil temperatures and soil nutrients were recorded.  

 

 

 



 

 

Study Area  

 

     The proposed research is being conducted in the westernmost boundary of the Cariboo 

Mountains (Map 1). The boundary of the research area follows the distribution of high-

elevation ecosystems within the Quesnel, 100-Mile House and Central Cariboo Forest 

Districts, of the Southern Interior Forest Region (Map 2, Appendix). The total area that lies 

above 1900 m.a.sl. is 71, 224 ha (Map 3), but over half of this area is either permanently 

glaciated, or too steep to access. The pilot project area (Map 4), selected for its accessibility, 

consists of 646.2 (ha), and is representative of the bedrock geology and climatic influences 

of the study area.  Sampling will be more intensive in the pilot project area. 

 

Map 1.  The yellow line marks the project areas boundary, the purple line delineates the 

Cariboo Mountains. 

 



 

Map 2. Area (ha) above 1900m.a.s.l. within the 

Quesnel, Central Cariboo and 100-Mile House 

Forest Districst. 

 

Map 3 Mt. Elsey Pilot Project Area. The red line 

marks the 1900m contour, and the green asterisks 

show the location for Releve plots and snowpack 

measurements from 2007.  

Biogeoclimatic Ecosystem Classification 

 

Following the procedures described by Pojar et al. (1987), 140 Relevés have been sampled. 

The Relevés were chosen, in situ, to represent sites of homogeneous vegetation structure and 

composition. At each site, vegetation (bryophyte, vascular and lichen) percent cover, soil 

physical characteristics (including parent materials), and topographic conditions (slope, 

aspect, landscape position, surface morphology, elevation, Latitudes and Longitudes) were 

recorded. Snowdepths and snow-water equivalents were also recorded at various sites, 

during the spring at near maximum snow depth levels.  

A classification was developed based on the observations during the Relevé sampling. 

Relevé information was synthesized following the TWINSPAN (Hill 2005) tabling 

procedure to develop ecologically-meaningful classes of plant communities that: a) can be 

floristically distinguished; b) represent a group of communities that have affinities in 

floristic composition and appearance; and, c) occupy a floristically-defined segment of 



edaphic and local climatic gradients (Brett et al. 1998). Following this step, similarities and 

differences within and among groups are being identified using presence classes and species 

significance; each group will then be classified as an association or a subassociation 

depending on their relationship to the observed hierarchy (Brett et al. 1998). After 

associations and subassociations are identified, diagnostic tables will be produced following 

the criteria for differential and dominant-differential species (Pojar et al.1987). This 

procedure will be repeated until unique diagnostic combinations of species are obtained per 

hierarchical unit. Once the tabulated classification is finalized, it will be compared to the 

‘subjective’ classification and adjusted according to its validity as a tool for the 

identification and description of vegetation; that is, its usefulness as a field guide will 

outweigh its statistical validity.  

 

GLORIA  

Seven summit areas were chosen to represent the different altitudinal gradients of high-

elevation ecosystems in the target region (Cariboo Mountains) (Figure 5).  The 

considerations for the location of the summit areas were accessibility and uniformity of the 

regional climatic conditions (Figure 6). 



 

In each summit, two variable-area plots were located 5 m and 10 m below the highest 

summit point (HSP).  For example, in the 2200 m.a.s.l summit, the contour interval at 2195 

m.a.s.l and 2190 m.a.s.l. This creates two variable-area plots (10m – 5m, and 5 – 0m below 

the HSP). At the boundary between both plots (5m contour) a set of four - 3x3m plots 

(Figure 7) has been placed in each cardinal direction. The four corners of the 3x3m plots 

were subdivided into 1m2 plots (Figure 8) for a total of 16-1m2 plots per summit. Figure 9 

shows an overview of the plot layout per summit. 

 
 

Figure 2 Four summits of different altitudes 

represent a target region. The white lines indicate 

the lower boundaries of the 5-m and of the 10-m 

summit area, respectively (Pauli et al. 2004) 

 

 

Figure 3 Target region will not cross main 

boundaries of regional climate (Pauli et al. 2004). 



 
 

Figure 4 Within each quadrant cluster, 4 vegetation plots (S11, S13, 

S31, and S33) are established (Pauli et al. 2004 

Figure 5 Example of a 1 x 1 m grid 

for shoot frequency counts and 

vegetation data collection (Pauli et 

al., 2004). 

Figure 6 The Multi-Summit 

sampling design shown on a 

hypothetical example summit :(a) 

oblique view with schematic 

contour lines;(b) top view. The 3m x 

3mquadrat clusters and the corner 

points of the summit areas are 

arranged in the main geographical 

directions.  The quadrant clusters 

can be arranged either on the left or 

on the right side of the principal 

measurement line depending on the 

nature of the terrain and habitat 

(Pauli et al. 2004). 

 

 

 

The seven summit areas cover the following elevations (meters above sea level): two at



2050m (32 (1m2) plots) and one each at 2150m (16 plots), 2200m (16 plots), 2300m (16 

plots), 2400m (16 plots) and 2500 (16plots). 

 

Map 4 Location of the 7 GLORIA summits. (IMAP BC)  

 

In total, the seven summits were monitored with a total of one hundred and twelve 

permanent 1m2 quadrants and twenty eight permanent 3m2 plots.  Within each 3m2 plot, 

one soil temperature data logger was placed 5 cm below soil surface. Soil temperature is 

recorded twice per hour for the duration of the proposed research (2008-2011). Eight  Ion 

exchange resin sticks (PRS probes) – 4 cation probes and 4 anion probes-   were placed (in 

2008 and 2009)  within the 3x3m grid in warm and cool aspects (North and South, for 4 

summits) and analyzed for changes in soil macro- and micro- nutrient availability (NO3-N, 

NH4-N, Ca, Mg, K, P, Fe, Mn, Cu, Zn, B, S, Pb, Al, Cd, measured in micro 

grams/10cm2/burial length). 

 At each 1m2 quadrant, vegetation (percent cover and presence/absence) were recorded.  

Where applicable height, and dbh were measured for at least three individuals per aspect.  

 



Results 

Figures 7 to 10 show the classification that was produced. Appenix 4 has the species list for 

each of the subzones.  

 

Figure 7 Edatopic Grid for the ESSFwcp 



 

Figure 8  Landscape Profile for the ESSFwcp 

 

Figure 9 Edatopic Grid for the IMAwc  



 

Figure 10 Landscape Profile for IMAwc 

 

Interior Mountain Heather wet cold (IMAwc)  

 
02 Empetrum nigrum – Festuca spp. – Lepraria neglecta 

 
This site unit occurs on ridges and summits which experience the earliest snowmelt in the 
Interior Mountain Heather zone. The early exposure, as well as the effects of high winds and 
rapid drainage result in plant communities with relatively low percent vegetation covers 
which are dominated by lichens such as Lepraria neglecta. At a glance, these units would 
appear to be barren habitats, however there is often high species diversity resulting from an 
abundance of specialist species adapted to such extreme conditions (Cassiope tetragona, 
Festuca brachyphylla). The vascular plants in this site unit are the first ones to bloom in the 
spring, with Loiseleuria procumbens and Silene acaulis often blooming up to 1 month 
before other site units. Soils are poorly developed, with a very high percent of rock cover. 
Slow soil development often results from the effects of wind, frost, and lack of structural 
stability on steeper slopes. Often the leeward sides (snowdrift areas) of this site unit, remain 
in perpetual early succession as cornices and snow-creep greatly disturb the soil on a annual 
basis.  
 
03 Phyllodoce spp. -Cassiope mertensiana - Luzula spp. 

 
This site unit primarily occupies the cool aspects which experience limitations from a 
reduced growing season (late snowmelt) and from rapid drainage due to slope steepness. On 
gentle to moderate slopes Cassiope mertensiana, Phyllodoce empetriformis and other 
vascular plants form extensive communities with a high percent vegetation covers. As the 
slope becomes steeper, frequent soil and snow sluffing, snowcreep, and solifluction create a 
sparse community characterized by high soil instability in which Luzula spp. and other 



ruderal species are dominant. The early accumulation of snow and late release of the 
snowpack create well  insulated and irrigated soils.  
 
01 Antennaria lanata - Artemisia norvegica  

 
The zonal site unit for the IMAwc is typically found above 2150m.a.s.l. on gentle to 
moderately steep slopes on neutral to warm aspects. Soils under this unit are moderately 
well developed. Vascular plant cover is abundant, with an extensive cover of Antennaria 
lanata and/or Artemisia norvegica. These communities experience late summer moisture 
deficits, and are generally well drained sites. Throughout the IMAwc, the site conditions 
leading to the establishment of the 01 site unit are uncommon and limited by topographic 
conditions (gentle-moderately steep slopes, on warm-neutral aspects are not very frequent). 
This site unit has low to moderate species richness, since most of the favourable sites tend to 
be well occupied by a few dominant species.  
 
04 Sibbaldia procumbens - Salix nivalis - Potentilla villosa  
 
This site unit occupies mid to high slope positions, frequently extending into ridges which 
are less exposed and of more gentle character than those in the 02 site unit. These sites range 
from scarce vegetation cover to high cover depending on soil stability and degree of 
exposure. They often have medium to high diversity levels with several species from the 02, 
01 and 03 site unit co-occurring. Soils are generally poorly developed with a high percent 
coarse fragment, resulting in rapid drainage.  
 
 
05 Carex spectabilis  

 
This site unit is fairly typical of the IMAwc since it can occur under a wide variety of 
conditions. It often dominates warm aspects and extends into exposed sites with abundant 
moisture. They are characterized by a continuous presence of Carex spectabilis, and include 
late-snowmelt areas typically dominated by Carex nigricans. The vegetation is characterized 
by a high percent cover of vascular plants with a relatively vigorous growth. Several species 
of the ESSFwcp maybe present in this site unit, including trees on warm, well drained 
aspects.  
 
 
 
Engelmann Spruce Subalpine Fir wet cold parkland (ESSFwcp)  

 
02 Empetrum nigrum - Juniperus communis  
 
This site unit occupies ridges and summits below 2100m.a.s.l. They are characterized by 
early snowmelt, high exposure to winds, poor soil development and a high percent of coarse 
fragments and rocks. They are well drained sites in which tree growth is limited by moisture 
deficits. Erythronium glanduliflora, Pedicularis bracteosa and occasionally Juniperus 
communis are dominant on sites in which soils are poorly developed, experience rapid 



drainage and frequent late summer moisture deficits.  Where soils exhibit poor to medium 
soil development, Empetrum nigrum is dominant along with heathers and graminoids.  
    
03 Abies lasiocarpa - Vaccinium membranaceum 
 
The 03 site unit is commonly found on steep slopes, ranging from warm to cool aspect. This 
combination results in well drained sites with a sufficient moisture supply and a growing 
season lengthy enough to support an extensive tree layer which can resemble the ESSFwcw. 
The sites are dominated by Abies lasiocarpa with occasional openings in which heathers are 
abundant.  
     
01 Erigeron peregrinus - Lupinus arcticus - Valeriana sitchensis  
 
This site unit represents the typical subalpine 'meadow' communities. They occur on gentle 
to mod. steep slopes with good soil development. They represent the non-forested 
component of the subalpine matrix. They are perpetually kept as non-forested sites since the 
length of the growing season is too short to sustain tree species. This site unit has a high 
degree of species richness with a well developed herb layer with vigorous growth. While 
Erigeron peregrinus - Lupinus arcticus - Valeriana sitchensis are typically dominant or co-
dominant, Veratrum viride can be locally dominant on sub-irrigated sites with rapid 
drainage.  
   
04 Abies lasiocarpa - Carex spectabilis -Valeriana sitchensis  
  
The 04 site unit represents the forested component of the subalpine matrix. These sites are 
typically raised micro-sites in which earlier snowmelt allows for the establishment and 
development of tree islands. Once trees become established, snow- interception and its 
diversion into adjacent openings- alongside earlier snowmelt- result in perpetually treed 
sites. The trees are less than 16m in height and rarely exceed 250yrs of age due to stressful 
growing conditions. The herb layer under the canopy is usually sparse, but locally abundant 
in the exposed (warm) side of the tree-clumps. Mitella spp., Viola spp. and Barbilophozia 
are typically found under the canopy.  
    
05 Abies lasiocarpa – Mitella spp. - Cassiope mertensiana  

 

This site unit is the forested component of the subalpine found in cool aspect with a later 
snowmelt timing than the 04 site unit. While the tree species are similar in character and 
composition to the 04, the sparse herb layer is typically dominated by heathers and 
occasionally by Vaccinium membranaceum if good soil drainage is present.  
     
06 Cassiope mertensiana - Luetkea pectinata    
 
The 06 site unit occupies the non-forested sites on cool aspects with late snowmelt. 
Extensive mats of Cassiope mertensiana result in sites with a very high percent of 
vegetation cover with low diversity levels and soil moisture deficits are uncommon.  Raised 
microsites within the 06 are typically dominated by trees with low vigour and high stress 



from snowcreep and frequent avalanches.  Frequent snow-sluffs (and avalanches) can extend 
this site unit well into the ESSFwcw.  
 
07 Carex nigricans - Ranunculus eschscholtzii       
 
This site unit is characterized by excessive moisture which limits the establishment of tree 
species. The communities within this site unit can be dominated by Eriophorum 
angustifolium, Carex nigricans, Caltha leptosepala, and Sphagnum spp. Seepage is 
commonly present within the top 50 cm of soil, and deep organic soils are common. 
Platanthera spp. can be locally co-dominant. This site unit can occur in a wide range of 
topographic conditions insofar as there is an abundant water supply.  
 
 
 
 
 

 

Map 5 Example of mapping ESSFwcp site series 03,05,06 & 07 



 

Map 6 Example of mapping of ESSFwcp site series 01-05 

 

 

 

Map 7 Example of mapping IMAwc site series 



Maps 5, 6 and 7 are examples of how the classification can be used to map site series in the 

landscape.  

Figure 11 summarizes the GLORIA summits and their surveying schedule.  

Summit Name and Summit Code Elevation (m.a.s.l.) of  

Highest summit point.  

Date established (e) 

Date resurveyed (r)  

Mt. Elsey (ELY) 2305 2008.08 e 

2009.09 r 

Mt. Sir Ronald (SRD) 2200 2008.08 e 

2009.08 r 

Browntop Mtn. (BTP) 2030 2008.07 e 

2009.09 r 

Browngoose Mtn. (BGS) 2050 2008.07 e. 

2009.09 r 

Mt. Caput (CPT) 2495 2009.08 e 

Mt. Tupac (TPC) 2400 2009.08 e 

South Sister (SSI) 2190 2009.09 e 

  All summits will be resurveyed in 

2011. 

Figure 11   Survey schedule for the GLORIA sites 

Figure 12 shows the species count of vascular plants in each aspect, for each GLORIA 

summit. South aspects had a slightly higher average and the TPC summit had the highest 

overall species average (15) with its North and West aspects holding the overall highest 

species count.  

 

  Number of Species per Aspect  

Elevation Summit N S E W 

Average 
(Summit) 

2030 BTP 11 8 10 8 9.3 

2050 BGS 7 8 11 6 8.0 

2305 ELY 0 12 8 3 5.8 

2200 SRD 11 13 11 14 12.3 

2495 CPT 8 10 15 6 9.8 

2400 TPC 18 10 15 17 15.0 

2190 SSI 15 15 1 5 9.0 

 Average (aspect) 10.0 10.9 10.1 8.4  

Figure 12 Number of vascular plant species per aspect and summit.  

 



 

Figure 13 Comparison of quadrants w/frame 2010 to 2008 clockwise from top left  

 

Figure 14 Comparison of quadrants w/frame 2008-2010 clockwise from top left 



 

Figure 15 Comparison of quadrant 2008-2010 clockwise from top left 

 

 

Figure 16 Comparison of quadrant 2008-2010 clockwise from top left 

 



The above Figures (13-16) are examples of the inter-annual variability in the vegetation, 

throughout three growing seasons. The red squares highlight areas in which perceivable 

changes have occurred. Notably, the seasonality for the surveying becomes critical, with the 

2010 surveys showing higher mortality, presumably due to the natural dieback for the 

season. The 2009 surveys also show some increased mortality in the vegetation (Figures 14 

and 15) which could be caused by trampling and/or the differences in growing conditions for 

each season. In 2009, drought conditions were present at the time of re-survey.  

 

 

Site Total N NO3-N NH4-N Ca Mg K P 

2008-09 BTP N 11.2 6.0 5.2 440.4 176.6 222.6 3.2 

2008-09 BTP S 4.8 4.8 0.0 275.4 93.0 116.8 3.6 

2008-09 BGS N 21.2 11.0 10.2 68.8 15.6 30.2 2.0 

2008-09 BGS S 10.0 2.8 7.2 123.6 29.6 52.4 0.8 

2010 BTP N 22.0 10.8 11.2 550.6 233.4 214.8 10.8 

2010 BTP S 10.2 4.2 6.0 184.2 31.8 79.4 1.0 

2010 BGS N 53.6 48.6 5.0 166.2 25.4 85.6 2.0 

2010 BGS S 26.6 9.4 17.2 145.6 27.8 78.6 2.0 

Figure 17 PRS probe data, units are micro grams/10cm2/burial length. See appendix 2 for 
the full dataset. 

 

North aspects showed a considerably higher amount of Nitrogen (Figure 17). This is 

attributed to higher amounts of N03-N on N aspects (about twice as much as on S aspects) 

while there was no consistent change with NH4-N amounts per sites.  



 

Figure 18 Chart for the tree mensuration dataset.  

 

No significant correlation was observed between tree diameter at breast height (DBH), 

height and age. The clustering shown on the charts in Figure 18 are a result of skewed 

sampling between 2000 and 2050 m.a.s.l.  There is a weak trend of increasing height and 

DBH with decreasing elevation, but a different sampling design would be required to 

adequately capture this relation. There is a clear positive correlation of increasing height 

with age. See appendix 1 for the full dataset and charts.  



 

Figure 19 Comparison of soil temperatures for BTP N 2008-2009 (top) and 2009-2010 
(bottom) 

 

Generally temperature was slightly colder in the north aspects and warmer in the south 

aspects. The most significant difference in Figure 19 is observed in late April  with a greater 

fluctuation in temperatures in the south aspect.  



 

Figure 20 Comparison of soil temperatures for BGS S 2008-2009 (top) and 2009-2010 
(bottom) 

 

Temperatures in the north aspect of BGS reached much lower temperatures than the south 

aspect, in mid October 2009. There was less fluctuation in temperature in the north aspect, 

once snow covered the sites.  See appendix 3 for the full dataset of soil temperatures.  



 

 

Figure 21 Soil temperatures and the sites were they were recorded (BGS W top, SRD W 
bottom) 

 

An important observation (Figure 21) is that of the moderating effect of tree and shrub cover 

on soil temperature. The west aspects of BGS and SRD showed the most stable temperatures 

through the year.  

 

 



Discussion  

 

While specific plant communities are easily observed in the field, the variability in 

microsites makes classifying ani mapping these ecosystems a particularly daunting task. It 

proved useful to collect soil temperatures and soil nutrients data to avoid making erroneous 

site-plant correlations during the development of the classification. The classification was 

developed to encompass a wide range of variability, into broad units, which can capture the 

natural range of plant communities in the area. The site series were named based on the 

plants that occur throughout the spatial extent of the units, and although these plants are 

often dominant, they need not be the dominant species in a site for it to be described under 

the site series. Instead, it is the combination of plants (plant community) and site character 

that is used in determining to which site series (or combination thereof) a given area 

belongs.  

    It proved difficult to find patterns in the variability of soil nutrients throughout the sites. 

The difference in timing of snow-melt might account for the lack of plant-soil nutrient 

patterns within the long-term monitoring sites. Likewise, soil temperatures varied 

considerably throughout vegetation types. Notably, the sites on ‘warm’ aspects displayed an 

increased vulnerability to cold temperatures during the fall and early winter. While sites on 

‘cool’ aspects maintained steady soil temperatures as they became insulated by snow-cover, 

the sites on ‘warm’ aspects are susceptible to becoming exposed to sub-zero temperatures 

since the early loss of snow-cover - during the early fall and winter- leaves them exposed to 

the frigid temperatures.  

     Throughout the project it’s become apparent that in areas of high snowfall, the inter-

annual variability in snowpack and weather needs to be accounted for so that the results 

from the re-surveys are actually capturing long-term changes in climate and not the yearly 

variation of snow-depth and the growing season’s weather. For example, the summer of 

2009 had a moderate/late snowmelt and within three weeks the sites were experiencing 

drought conditions. This resulted in a reduction in the cover of some of the vegetation 

compared to the previous year. Such variability is important to account for before using the 

observations from these sites as evidence for the effects of climate change.  

 



 

 

Conclusion  

 

Beyond measuring plant abundance and distribution over space and time, it is important to 

understand how the composition of vegetation can be used to understand ecosystem stability 

and function.  To successfully predict species responses to climate change, it is helpful to 

consider species longevity, species dispersal mechanisms, and the rates of temperature 

change versus the capacity of individual species to extend their geographical ranges 

(Beniston 2003). Species interactions and individual climatic tolerances must also be 

understood in order to accurately predict potential consequences of anthropogenic climate 

change (Swerhund 2009). Also, the link between species-level responses and ecosystem-

level responses should be better understood so that the results of this project’s sampling 

design can be used to analyze the magnitude of the impact that climate change might have 

on high elevation ecosystems.   

There is considerable uncertainty in understanding how vegetation changes with climate 

change and the role it plays in altering ecological stability. Yearly monitoring of established 

allowed us to better understand patterns of change (short-term and long-term) in plant 

diversity and structure. However, to understand the potential threats of vegetation change to 

ecosystem stability, it is essential to relate measures of biodiversity and community structure 

to ecosystem function and to explore how basic vegetation-environment interactions are at 

play in high elevation botanical ecosystems. Primary producers (vegetation) represent the 

logical place to begin detailed Biodiversity Ecosystem Function (BEF) studies since they are 

the foundational species of most ecosystems (Loreau et al. 2001).  Since experimental 

manipulations of diversity have been restricted to single localities, they limit the ability of 

ecologists to make generalizations and predictions. Also, mechanisms underlying the 

relationship between species richness and ecosystem functioning are still the subject of 

debate (Hector et al. 1999).  Further research is necessary to understand the function of 

high-elevation ecosystems and the potential impacts of climate change.  

In addition to understanding the potential changes in vegetation, it is important to 

understand how changes in diversity relate to ecosystem function and how diversity is 



related to biotic and abiotic factors. In other words, it is essential to understand the current 

composition of plant communities and the main variables that currently influence plant 

abundance and distribution in order to understand the implications of further global warming 

on ecosystems. Exploring these topics will strengthen our understanding of the potential 

threats of changing conditions to high elevation ecosystems in British Columbia. The 

geographical scale and quantitative approach of the GLORIA sites can strengthen the 

qualitative, site-specific nature of the BEC system. Using both BEC and GLORIA 

methodologies can provide a more comprehensive understanding of high-elevation 

ecosystems, the effect of climatic change and it allows for replication of the measurements 

at future times. 

Management Implications 

 

The distribution and vigour of the vegetation within the study area was found to be strongly 

associated with snow-depth, which is greatly determined by topography. It is not unusual to 

find adjacent sites with a variation in their respective growing seasons of +/- 25%; for 

example snowbeds (depressions in the landscape) will often hold their snow well into July 

while the adjacent sites become snow-free by June. At a landscape level the same 

phenomenon was observed, with cool and leeward aspects often being snow-covered 1 

month or more after the warm and windward aspects become snow-free. At the treeline 

ecotone, the same phenomenon was observed between forested sites and their adjacent 

openings. As trees protrude from the snowpack, the heat that they capture and re-radiate 

enhances snowmelt around them. Also, the interception of snow and its subsequent 

sublimation from the canopy, results in shallower snowpacks and a longer growing season 

than in the adjacent non-forested sites. This results in a positive-feedback mechanism 

whereby once trees colonize a microsite (often raised microsites) their growth results in a 

diminished snowpack around them, which in turn enables them to further propagate (often 

through snow-press induced layering). In developing reclamation plans for high-elevation 

sites in areas of heavy snowfall, it is important to consider which sites can actually become 

forested and which will remain non-forested as a result of snow accumulation that persists 

late into the year.  
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Appendix 1 Tree 

Mensuration Data PlotNumber Height(cm) AgeBH TreeSpp 
Elevation 
(m.a.s.l.) 

21104 900.00  Bl 1895 

21104 1250.00  Se 1895 

21192 754.00 71 Bl 1910 

21192 296.00 16 Pa 1910 

21192 620.00 53 Bl 1910 

21124 585.00  Bl 1914 

21124 546.00  Bl 1914 

21124 279.00  Bl 1914 

21124 910.00 137 Bl 1914 

21183 501.80 43 Bl 1924 

21183 995.00 132 Bl 1924 

21183 414.90 29 Bl 1924 

21183 770.40 86 Bl 1924 

21165 791.60 83 Se 1930 

21165 955.10 149 Se 1930 

21165 299.00 76 Se 1930 

21165 507.90 98 Bl 1930 

111753 716.00 82 Bl 1950 

111753 444.00 41 Sx 1950 

111753 2.17 36 Bl 1950 

21177 325.00 24 Bl 1965 

21177 275.00 42 Bl 1965 

21177 576.30 72 Bl 1965 

21177 528.00 62 Bl 1965 

21177 669.80 71 Bl 1965 

21177 634.80 55 Bl 1965 

21177 312.60 67 Bl 1965 

21177 265.00 27 Bl 1965 

21122 640.00  Bl 1980 

21122 755.00  Bl 1980 

21122 780.00  Bl 1980 

21168 360.00 68 Bl 1988 

21168 259.00 64 Bl 1988 

21168 315.00 55 Bl 1988 

21168 225.00 51 Bl 1988 

21168 320.00 70 Se 1988 

21168 370.00 110 Se 1988 

21176 344.00 80 Bl 2003 

21176 359.50 72 Bl 2003 

21176 432.30 43 Bl 2003 

21176 200.00 113 Bl 2003 

21176 220.00 61 Bl 2003 

21176 232.00 76 Bl 2003 

21176 210.00 46 Bl 2003 



Appendix 2 PRS Probe Data  

 

       

PRS(tm)-probe supply rate (micro grams/10cm2/burial 
length)    

Location 
Total 
N 

NO3-
N 

NH4-
N Ca Mg K P Fe Mn Cu Zn B S Pb Al Cd 

 2 2 2 2 4 4 0.2 0.4 0.2 0.2 0.2 0.2 2 0.2 0.4 0.2 

BTPE 23.4 11.8 11.6 431.8 100.8 138.8 7.2 5.4 26.8 0.2 2.6 1.4 17.0 0.0 33.8 0.0 

BTPN 22.0 10.8 11.2 550.6 233.4 214.8 10.8 3.2 29.2 0.2 3.2 1.4 14.0 0.2 35.6 0.0 

BTPS 10.2 4.2 6.0 184.2 31.8 79.4 1.0 5.4 1.4 0.2 1.0 0.8 15.6 0.2 41.2 0.0 

BTPW 18.2 7.6 10.6 515.8 165.0 256.2 4.4 4.4 33.4 0.2 2.2 1.0 10.0 0.0 30.0 0.0 

BGSN 53.6 48.6 5.0 166.2 25.4 85.6 2.0 17.2 3.4 0.4 1.0 1.0 52.2 0.2 56.6 0.0 

BGSE 24.4 17.6 6.8 182.6 43.4 93.0 3.2 15.6 7.2 0.2 2.2 1.2 44.2 0.0 54.2 0.2 

BGSW 28.7 3.7 25.0 375.7 184.1 490.0 18.4 8.6 14.9 0.2 3.0 1.1 20.7 0.2 29.9 0.0 

BGSS 26.6 9.4 17.2 145.6 27.8 78.6 2.0 18.4 2.6 0.2 1.2 0.8 24.0 0.2 39.0 0.2 

ELYN  

2008/09 17.8 10.0 7.8 90.2 23.4 26.0 0.4 6.0 0.8 0.4 1.2 1.2 26.8 0.0 18.4 0.2 

ELYS 

2008/09 21.8 16.6 5.2 64.6 27.6 32.2 1.0 7.6 1.2 0.2 1.2 0.8 22.0 0.0 19.0 0.0 

SRDN 

2008/09 12.4 10.2 2.2 89.0 28.4 33.4 1.0 15.6 2.4 0.2 1.4 1.2 25.2 0.0 30.2 0.0 

SRDS 

2008/09 16.4 5.2 11.2 87.6 26.6 45.6 1.4 12.0 1.4 0.2 1.4 0.8 13.6 0.0 22.6 0.0 

BTPN 

2008/09 11.2 6.0 5.2 440.4 176.6 222.6 3.2 9.8 25.2 0.2 5.8 1.0 25.8 0.0 26.4 0.0 

 BTPS 

2008/09 4.8 4.8 0.0 275.4 93.0 116.8 3.6 12.2 12.4 0.2 3.4 0.8 30.8 0.0 33.8 0.4 

BGSN 

2008/09 21.2 11.0 10.2 68.8 15.6 30.2 2.0 28.0 1.2 0.2 1.8 1.0 21.0 0.0 21.2 0.2 

 BGSS 

2008/09 10.0 2.8 7.2 123.6 29.6 52.4 0.8 35.8 2.6 0.0 2.2 0.8 17.0 0.0 22.4 0.0 

BTPN 22.0 10.8 11.2 550.6 233.4 214.8 10.8 3.2 29.2 0.2 3.2 1.4 14.0 0.2 35.6 0.0 

BTPS 10.2 4.2 6.0 184.2 31.8 79.4 1.0 5.4 1.4 0.2 1.0 0.8 15.6 0.2 41.2 0.0 

BGSN 53.6 48.6 5.0 166.2 25.4 85.6 2.0 17.2 3.4 0.4 1.0 1.0 52.2 0.2 56.6 0.0 

BGSS 26.6 9.4 17.2 145.6 27.8 78.6 2.0 18.4 2.6 0.2 1.2 0.8 24.0 0.2 39.0 0.2 



Appendix 3 Soil Temperatures 

 

 

 

 



 

 



 

 

 

 



 

 



 



 

 



 

 



 

 

 



 

 



 



 



 



 



 

 



 



 

 



 



 

 



 

 

 

 

 

 

 

 



Appendix 4 ESSFwcp and IMAwc Species List  
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