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Introduction

British Columbia is experiencing climate warming trends

similar to those documented elsewhere in western North

America (Mote 2003, Taylor 2005). Some waterbirds in Brit-

ish Columbia have responded to changing climate by alter-

ing their arrival times inland after wintering at sea, their dura-

tion inland, the northward extension of their range and shift-

ing their relative abundance northward or southward

(Bunnell et al. 2008).

Bunnell et al. (2011c) documented and projected rates of

drying for wetlands in the central interior of British Colum-

bia. Drying rates change with wetland size and elevation.

Differential use of particular wetland sizes and elevations

make waterfowl species variably vulnerable to climate change.

Survey data collected by the Canadian Wildlife Service and

Ducks Unlimited Canada permit evaluation of relative use of

wetland size and elevation classes by different waterfowl

species. Our objectives are to: 1) describe influences of

wetland size and elevation on estimated waterfowl abun-

dance for the study area, 2) illustrate differences in responses

of waterfowl species to wetland size and elevation, and 3)

estimate relative vulnerabilities of waterfowl species to pro-

jected effects of climate change.

Data and methods

The study area was the Central Interior Ecoprovince

(CIE), an 11.1 million hectare region in central British Co-

lumbia (Figure 1). The CIE is divided into 12 Ecosections

reflecting landform and vegetation. It is a large and eco-

logically diverse region, incorporating 10 of the province’s

16 biogeoclimatic zones (Meidinger and Pojar 1991). Of

these, five forested zones predominate in the region:

Engelmann Spruce–Subalpine Fir, Sub-boreal Pine–Spruce,

Sub-boreal Spruce, Montane Spruce, Interior Douglas-fir

and Interior Cedar–Hemlock. Wetlands in the area support

large populations of waterfowl and other waterbirds (Breault

et al. 2007).

Data for waterfowl surveys were collected during May

by helicopter transect surveys in 2006, 2007 and 2008 (see

Breault et al. 2007 for details on survey methodology). Eight

of the 12 Ecosections of the Central Interior Ecoprovince

were surveyed; of those eight, two (Cariboo Plateau and

McGregor Plateau) were not sampled in 2007 and 2008. The

latter Ecosections were excluded from analyses of inter-an-

nual variability.

The standard, continent-wide method employed by the
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for estimating waterfowl breeding populations is the ‘total

indicated breeding’ population (Smith 1995). The method is

appropriate for continent-wide surveys. For the study area,

this method was refined by the Canadian Wildlife Service

and Ducks Unlimited Canada to reduce recorded numbers

of transients migrating through. That estimate, ‘indicated

breeding pairs’ or ‘total indicated pairs’ (TIP), is believed

to better reflect local productivity and is the measure used

here. It has been converted to density by dividing by

wetland size. At least some scoters and scaup may have

been migratory. Two measures of affinity for different size

and elevation classes of wetlands were employed: 1) the

proportion of observations of a species in a class, 2) the

density of species in a class. The former is strongly influ-

enced by the relative abundance of different size and el-

evation classes; the latter much less so.

Total wetlands evaluated were 1,573 in 2006, 2,226 in 2007 and

2,212 in 2008; wetlands for which counts were zero were included

in analyses. Elevations were extracted from the most recent 1:20

000 TRIM data (Terrain Resource Information Management Pro-

gram; archive.ilmb.gov.bc.ca/crgb/pba/trim/). Wetland size was

extracted from the British Columbia Freshwater Atlas that includes

waterbodies <1 ha (http://ilmbwww.gov.bc.ca/geobc/FWA_data).

In some instances, waterfowl are grouped as ‘divers’ and ‘dab-

blers’. That grouping follows the distinction between Anatinae

and Athyinae but encompasses all species based on their pri-

mary mode of foraging.

Treatment of relative vulnerabilities employs impacts of

climate change as projected by Bunnell et al. (2010a). Valid-

ity of that approach was evaluated using water depths for 33

wetlands measured over 11 years (1997 to 2007) in the Cen-

tral Interior Ecoprovince and for two small lakes over 20 years

(1983 to 2005) in the Southern Interior Ecoprovince (Bunnell

et al. 2010b, 2011c). Two climate variables were employed in

the drying index: annual precipitation as snow and summer

heat-moisture index, a combination of summer temperature

and precipitation (Bunnell et al. 2011b). These variables were

chosen because they were expected to have the greatest

effect on the water balance of wetlands in the study area.

Annual snowfall was expected to provide a primary water

source (input), while the heat-moisture index was expected

to provide an indication of drying trends (output).

Assessments of vulnerability to climate change were based

on two principles derived from projections of the wetland dry-

ing index as evaluated against measured water depths (Bunnell

et al. 2011c). First, small wetlands tend to be less deep and dry

faster, losing a greater proportion of habitat than do larger

wetlands. Second, the greater snowpack at higher elevations

tends to slow rates of drying. Species preferring small wetlands

at low elevations are thus most vulnerable to drying. Most

current drying is seasonal that sometimes affects potential

productivity. With continued warming, more drying will be-

come permanent with significant effects on productivity.

Our analyses included eight size classes and four eleva-

tion classes. The simplest index of vulnerability assumes the

lowest classes are most vulnerable and the highest least

vulnerable when these are ranked from smallest to greatest

size or lowest to greatest elevation. For vulnerability, affinity

was based on the proportions of each species in different

classes, rather than densities by class, because it is the vul-

nerability of wetlands as determined by size and elevation

that is critical. The density response of species may shift as

the relative distributions of available wetland sizes and el-

evations shift. For each species or group of species, we

summed the rank of each class multiplied by the percentage

of observations in each class. The total was inverted and

normalized from 0 to 1 across all species to provide a relative

ranking. Inversion equates the highest value with the great-

est vulnerability. Separate rankings were calculated for

wetland size class and elevation. We also combined the two

individual rankings additively or multiplicatively to incorpo-

rate both effects. Additive combination averages the two

effects; multiplicative combination accommodates the likeli-

hood that extreme rankings of either size or elevation can

have more effect than the two added or averaged. Combined

rankings also were normalized.

Statistical tests were analyses of variance evaluating year,

elevation and wetland size effects on estimated waterfowl

density (Systat 2000).

Results

Waterfowl density, wetland size and elevation

Of the two measures of waterfowl density, ‘total indicated

pairs’ is illustrated because it is believed to be the better meas-

ure of productivity. The two measures followed similar pat-

terns, but total indicated breeding birds was higher because
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Figure 1. Central Interior Ecoprovince of British Colum-

bia.
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fewer transients were eliminated. As assessed by total indi-

cated pairs (or total indicated birds), waterfowl numbers and

density varied with year, wetland size and elevation. The dis-

tribution of wetlands surveyed is summarized in Table 1.

The area had 155,672 wetlands covering 697,389 ha (hec-

tares). The large majority of wetlands were <2 ha (76.6 %;

Table 1). These, however, contributed only 9.6% of the total

wetland area. The two largest wetland size classes (>20 ha)

represented only 3% of all wetlands in the region, but 64% of

the wetland area. Wetland size classes were distributed simi-

larly across elevation (Table 1) and showed no statistical

association with elevation. During the three years of sur-

veys, the numbers of indicated breeding pairs over all

Ecosections were: 244,312 in 2006, 221,717 in 2007 and 220,238

in 2008. Mallard (Anas platyrhyncos) was the most frequently

encountered species (29.9% of all observations identified to

species or as scaup), followed by Bufflehead (Bucephala

albeola;18.8%) and Ring-necked Duck (Aythya collaris;

15.4%).

Although tested by analysis of variance, the nature of

interactions is best illustrated graphically. The year effect on

estimated abundance or wetland productivity was signifi-

cant for those wetlands sampled in all years (p < 0.01), and

interacted strongly with elevation class (Figure 2). The inter-

annual effect reduced the productivity measures of lower

elevation wetlands disproportionately to its effect on higher

elevation wetlands. When all waterfowl species are com-

bined, density response with elevation varied from being

significantly higher at low elevations in 2006 to no response

in 2008 (Figure 2). We found no evidence that snowfall in the

preceding year was related to measured waterfowl density.

The aggregate tendency for waterfowl density to be greater

at lower elevations in 2006 and 2007 is a definite response to

elevation rather than wetland size. The response is contrary

to the relative availability; <30% of wetlands were below

1000 m and size of wetlands was similarly distributed across

elevation (Table 1).

There was no significant inter-annual interaction between

waterfowl density and size class of wetlands. Over all years,

breeding densities of aggregated dabbling and diving ducks

showed near identical responses to wetland sizes, both be-

ing more abundant in smaller wetlands, but dabblers were

more abundant than divers (Figure 3).

Some wetlands were markedly more productive than oth-

ers. We examined estimated waterfowl density as a function

of wetland size and elevation for the most productive

wetlands. Data are shown for 2008 that had the highest

number of highly productive wetlands (>50 ducks/ha; n =

21; Figure 4). Data for 2006 and 2007 were nearly identical in

form.

Across all three years, the most productive wetlands were

the smallest, typically <2 ha. Each year had 1 or 2 wetlands of

larger sizes that hosted >50 ducks/ha, but these productive

larger wetlands differed between years. In each year, aggre-

gate density peaked about 1000 m, declining above and be-

low that elevation (2008 is illustrated in Figure 4). That is a

function of the overall density of wetlands themselves, and

particularly smaller wetlands, being centered around 1000 m

(Table 1).

Waterfowl species’ responses

Twenty individual species were recorded; Greater and

Lesser Scaup (Aythya marila and A. affinis) were not con-

sistently distinguishable from the air, so were combined as

one ‘species’ in the surveys and analyses following. We

used two measures of apparent selection by waterfowl: 1)

concentration of use relative to availability of wetland size

and elevation classes, 2) relative density within different size

and elevation classes. Both are illustrated. Table 2 summa-

rizes the size and elevation class in which species were most

commonly observed; values are the percentage of all obser-

vations for a species recorded from that size or elevation

class. Trends away from the most frequent size and elevation

classes reflect apparent preference rather than a response to

Table 1. Distribution of wetlands by size and elevation class in the central interior of British Columbia.

Elevation class

Size class (ha) 0-500m 500-1000m 1000-1500m 1500-2000 m Total Per cent

0-1 69 24187 58990 14195 97441 62.6

1-2 8 6845 13014 1870 21737 14.0

2-3 5 3248 5573 702 9528 6.1

3-5 5 3300 5379 619 9303 6.0

5-10 2 3078 4677 480 8237 5.3

10-20 12 1820 2636 279 4747 3.0

20-50 5 1179 1721 148 3053 2.0

50+ 2 645 920 59 1626 1.1

Total 108 44302 92910 18352 155672 100.0

Per cent <0.1 28.5 59.7 11.8 100.0
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availability. Because wetlands were similarly distributed across

elevation belts (Table 1), apparent preferences for a particular

size or elevation class are independent of each other.

Wetlands 0–1 ha in size were the most frequent size class,

comprising 62.6 % of all wetlands (Table 1). The most com-

monly preferred elevation class across all species was 500 to

1000 m, followed by 1000 to 1500 m. Wetlands in these eleva-

tion classes comprised 28.5% and 59.7% of all wetlands, re-

spectively (Table 1). All 9 dabblers were observed more fre-

quently in the smallest size class; 7 of the 12 divers were re-

corded more commonly in the smallest size class, but other

species were recorded most often in larger size classes (Table

2). Among dabblers, use approximated availability. There was

little apparent preference for wetland size class, though Blue-

winged Teal (Anas discors) and Cinnamon Teal (Anas

cyanoptera) occurred in the smallest size class less than ex-

pected from availability. Most dabbler species used the eleva-

tion class 500 to 1000 m about twice as much as expected on

availability alone; occurrence in the elevation class 1000 to1500

m was as expected from relative availability of wetlands.

Departures from relative availability were stronger among

Figure 2. Waterfowl density of wetlands as a function of

elevation class in the Central Interior Ecoprovince of Brit-

ish Columbia (total indicated pairs, ducks / ha, mean +

SE). a) 2006 (n = 1573 wetlands), b) 2007 (n = 2226

wetlands, c) 2008 (n = 2212 wetlands). Elevation classes

are: 4 = 400 to 499 m, 5 = 500 to 599 m, 6 = 600 to 699

m, etc. Transect survey data of the Canadian Wildlife

Service and Ducks Unlimited Canada, 2006 to 2008.

Figure 3. Density of dabbling and diving duck species

on wetlands of different size classes in the Central Inte-

rior Ecoprovince of British Columbia (total indicated

pairs, ducks / ha, mean + SE). Transect survey data of

the Canadian Wildlife Service and Ducks Unlimited

Canada, 2006 to 2008.
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divers. Any species not occurring most commonly in the

smallest wetland size class is exhibiting preference for larger

size classes; 5 of the 12 species do so. Some of those that

occur more commonly in the smallest wetland size class do

so at values well below that expected from availability alone

(e.g. 49.5% versus 62.6% for Ruddy Duck). Whatever eleva-

tion class divers used most commonly, the value generally

was well above that based on relative availability of wetlands

(Table 2), suggesting strong preference. White-winged Scoter

(Melanitta fusca) was recorded in 2007 from a single wetland

>50 ha in the 500 to 1000 m elevation belt; Surf Scoter

(Melanitta perspicillata) was recorded in 2008 from a differ-

ent wetland with the same attributes. Breeding concentra-

tions of these species are well to the north and most are very

likely transients in the study area.

Relative densities of waterfowl in different size and el-

evation classes of wetlands are illustrated for selected spe-

cies in Figure 5 and 6. For most species, the density over all

wetlands, including all zero values, is much lower than that

for Mallard, but many show different responses. Species

Figure 4. Relations of

productivity in highly

productive wetlands

(>50 ducks / ha) with

a) wetland area or

size and b) elevation

for the Central Interior

Ecoprovince of British

Columbia in 2008.

Table 2. Observations (%) of waterfowl species in the most frequently occupied wetland size and elevation class and

availability (%) of that class in the central interior of British Columbia 2006 through 2008.

      Most Frequent Size Class     Most Frequent Elevation Class

Species Class (ha) % Obs % Avail Class (m) % Obs % Avail

Dabblers

American Wigeon 0-1 64.9 62.6 1000-1500 55.4 59.7

Blue-winged Teal 0-1 48.3 62.6 500-1000 57.2 28.5

Canada Goose 0-1 51.3 62.6 500-1000 50.6 28.5

Cinnamon Teal 0-1 41.5 62.6 500-1000 52.9 28.5

Gadwall 0-1 55.1 62.6 500-1000 62.0 28.5

Green-winged Teal 0-1 73.7 62.6 500-1000 51.0 28.5

Mallard 0-1 72.5 62.6 500-1000 50.4 28.5

Northern Pintail 0-1 57.4 62.6 1000-1500 61.0 59.7

Northern Shoveler 0-1 62.2 62.6 500-1000 58.2 28.5

Divers

Barrow's Goldeneye 0-1 62.2 62.6 500-1000 60.0 28.5

Bufflehead 0-1 66.6 62.6 500-1000 59.3 28.5

Canvasback 0-1 71.0 62.6 500-1000 94.8 28.5

Common Goldeneye 3-5 68.1 6.0 500-1000 100.0 28.5

Common  Merganser 50+ 61.6 1.1 500-1000 86.3 28.5

Hooded Merganser 0-1 66.5 62.6 500-1000 74.3 28.5

Redhead 5-10 44.4 5.3 500-1000 84.4 28.5

Ring-necked Duck 0-1 55.6 62.6 500-1000 63.1 28.5

Ruddy Duck 0-1 49.5 62.6 500-1000 91.1 28.5

Scaup 0-1 54.8 62.6 1000-1500 61.1 59.7

Surf Scoter 50+ 100.0 1.1 500-1000 100.0 28.5

White-winged Scoter 50+ 100.0 1.1 500-1000 100.0 28.5
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Figure 5. Distributions of observed densities by wetland size class for selected waterfowl species in the Central Interior

Ecoprovince of British Columbia, 2006 to 2008. Note that total observations differed greatly among species; the density

scales differ across species.

Wetland size class (ha)Wetland size class (ha)

illustrated were selected to expose the variability in apparent

choice. Several species most commonly observed in the

smallest wetlands (<1 ha in size), including Mallard (the most

abundant species) and Green-winged Teal (Anas crecca),

also attained their highest densities in the smallest wetlands.

Species showing similar responses included American

Wigeon (Anas americana), Barrow’s Goldeneye (Bucephala

islandica), Bufflehead, Canada Goose (Branta candensis),

Gadwall (Anas strepera), Hooded Merganser (Lophodytes

cucullatus), Northern Shoveler (Anas clypeata), Ring-necked
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Duck and scaup (greater and lesser combined). For other

species, including Blue-winged Teal, Cinnamon Teal,

Canvasback (Aythya valisineria), Northern Pintail (Anas

acuta) and Ruddy Duck (Oxyura jamaicensis), reasonably

high densities were attained over a broader range of size

classes, up to 3 ha in size (Figure 5). A third group of species

including Common Merganser (Mergus merganser), Com-

mon Goldeneye (Bucephala clangula), Surf Scoter and

White-winged Scoter were largely limited to the largest

wetlands during the survey period (Figure 5; Table 2).

There were four broad patterns of association with el-

evation. Mallard was most dense at the lowest elevations, as

was Northern Shoveler (Figure 6) and to a lesser extent Ring-

necked Duck. For a second group, including Blue-winged

Teal, Canvasback, Cinnamon Teal, Common Merganser,

Gadwall, Hooded Merganser, Redhead (Aythya americana),

Ruddy Duck and scaup, highest densities were concentrated

or limited to elevations of 500 to 1500 m. A third group showed

a tendency towards higher densities at higher elevations,

including Barrow’s Goldeneye, Canada Goose, Northern

Pintail and, to a lesser degree, Bufflehead and Green-winged

Teal. The remaining small group included species recorded

from only a single elevation class, including Common

Goldeneye, Surf Scoter and White-winged Scoter. In all cases

they were observed only in wetlands from 500 to 1000 m in

elevation that comprised 28.5% of all wetlands.

The two broad measures (frequency of use and relative

density) are independent—a species can express high or low

density in a particular size or elevation class of wetland, re-

gardless of how common that size or age class is. For example,

the numbers of Northern Pintail using different wetland size

and elevation classes appear to follow relative availability (el-

evation class 1000 to 1500 m represented 59.7% of wetlands

and 61% of pintails were found in that class; Table 2). Al-

though most of the Northern Pintail population was found at

1000 to1500 m, the highest densities occurred in wetlands at

1500 to 2000 m (Figure 6). Across species, there were few con-

sistent associations between the most commonly or densely

used wetland size and elevation, but the dabbling ducks most

common in the smallest wetland sizes were usually at the low-

est elevations as well (Table 2; Figure 6).

Relative vulnerability

Wetland size and elevation influence the relative vulner-

ability to drying. Size because smaller wetlands generally are

less deep and elevation because higher elevations receive

more snow fall to replenish moisture than do lower eleva-

tions (Bunnell et al. 2010b, 2011c). Four indices of relative

Normalized relative vulnerability

Size class Elevation Class Multiplicative Additive

Dabblers

Northern Pintail 0.900 0.000 0.000 0.000

Northern Shoveler 0.948 0.595 0.652 0.669

Cinnamon Teal 0.882 0.523 0.534 0.526

Gadwall 0.914 0.615 0.650 0.655

Canada Goose 0.886 0.488 0.500 0.493

Blue-winged Teal 0.877 0.570 0.577 0.569

American Wigeon 0.961 0.434 0.482 0.516

Green-winged Teal 1.000 0.494 0.571 0.618

Mallard 0.987 0.534 0.609 0.646

Mean 0.928 0.473 0.508 0.521

Divers

Ruddy Duck 0.887 0.910 0.934 0.934

Canvasback 0.913 0.948 1.000 1.000

Redhead 0.709 0.843 0.691 0.679

Scaup 0.888 0.385 0.395 0.388

Hooded Merganser 0.984 0.741 0.843 0.859

Common Goldeneye 0.481 1.000 0.557 0.605

Common Merganser 0.253 0.863 0.252 0.224

Barrow’s Goldeneye 0.936 0.589 0.638 0.651

Ring-necked Duck 0.927 0.633 0.678 0.687

Bufflehead 0.980 0.586 0.664 0.694

Surf Scoter 0.000 1.000 0.000 0.104

White-winged scoter 0.000 1.000 0.000 0.104

Mean 0.663 0.791 0.554 0.577

Table 3. Relative vulnerability of waterfowl species as conferred by wetland size, elevation and both combined in the

central interior of British Columbia; normalized 0 (least vulnerable) to 1 (most vulnerable) across all species.
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Figure 6. Distributions of observed densities by elevation class for selected waterfowl species in the Central

Interior Ecoprovince of British Columbia, 2006 to 2008. Note that total observations differed greatly among spe-

cies; the density scales differ across species.
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vulnerability were derived for the study area: 1) size class

effects, 2) elevation effects, 3) combined effects additive,

and 4) combined effects multiplicative. In each case, smaller

and lower wetlands were assumed more vulnerable to drying

than larger or higher wetlands (see methods). Derived indi-

ces are reported by species in Table 3.

Vulnerability indices do not mimic the patterns of den-

sity because vulnerability reflects the physical distribution

of wetlands (Table 1) plus aggregate waterfowl response to

that distribution (e.g. Table 2). Realized densities within the

distribution classes may be a better reflection of preference,

but not of use. In terms of effects of size class, divers’ more

common use of larger size classes made them much less vul-

nerable to climate change on average (Table 3). As a group,

divers were generally more vulnerable to the effects of el-

evation and potentially diminished snowpack. Indices ranged

widely among diver species and part of their greater vulner-

ability to elevation is due to three species (Common

Goldeneye, Surf Scoter and White-winged Scoter) observed

at very low frequency and restricted to 500 to 1000 m eleva-

tion. Eliminating those species yields an average vulnerabil-

ity of 0.722 based on elevation, still markedly higher than for

dabblers when averaged across species.

Whether the two main effects were combined additively

or multiplicatively had little effect; average combined indi-

ces for the two groups were about equal. Both elevation and

size class were influential, but the dominant effect was that

of dabblers occurring more frequently in smaller wetlands,

thus making them more vulnerable. Removing the two scoter

species observed in only one year, changed the averages to

0.435 and 0.465 for multiplicative and additive, respectively.

Discussion

Waterfowl density, wetland size and elevation

Although some species attained highest densities at

higher elevations (Figure 6), size of wetlands had the greater

effect on estimated density or productivity, with smaller

wetlands generally being the most productive (Figure 3).

There are two potential reasons for small wetlands to have

higher densities of waterfowl, one geometric and the other

ecological. The geometric reason is that if waterfowl are con-

centrated at the margins or perimeter of wetlands, the esti-

mate of ducks/ha necessarily will be larger for smaller

wetlands. The ecological reason is that smaller wetlands

should exhibit greater primary and secondary productivity,

thus more forage. That follows from the sample of 33 wetlands

from the Central Interior Ecoprovince analyzed by Bunnell et

al. (2011c). They found that size and water depth were sig-

nificantly correlated, with water depth increasing with wetland

size. Shallower wetlands will be warmer, encouraging greater

primary and secondary productivity, including waterfowl.

We expect both reasons to be acting.

The distribution of wetland sizes over elevation was

broadly similar, with all size classes being best represented

from 1000 to 1500 m followed by 500 to 1000 m (Table 2).

Because wetlands are similarly distributed across elevation,

the year effect is most apparent with elevation (Figure 2) and

manifests itself as a strong decrease in waterfowl density in

wetlands below 1000 m elevation in 2008. Densities at higher

elevations remained largely unchanged. Both realized and

projected climate effects on wetland drying are more pro-

nounced at lower elevations (Dawson et al. 2008, Bunnell et

al. 2011c, Werner 2011). If the year effect is a response to

regional climate, it is worrisome that this is evident in sur-

veys conducted in May because that implies still greater

drying as the season progresses. Although worrisome, it is

not surprising. Several species of waterfowl already had ex-

tended their breeding ranges significantly northwards be-

tween the 1960s and 1990s (Bunnell et al. 2008, 2013). Data

illustrated here may simply expose dynamics of a much

broader, longer-term process.

Waterfowl species’ responses

Table 2 summarizes the availability of wetlands by size

and elevation class, plus the proportion of total numbers

observed in those classes by species. If species were re-

sponding directly to wetland availability, they would be most

frequently observed in the smallest size class (62.6%

wetlands) and between elevations of 500 to 1500 m (88.2% of

wetlands; Table 2). That is generally true for dabblers; for

divers, about half of the species were more frequently ob-

served in larger wetlands. Apparent preference for larger

wetlands may simply reflect that within the study area, larger

wetlands tend to be deeper (Bunnell et al. 2011c) and likely

provide better habitat for typical diver foods, such as aquatic

macro-invertebrates and fish. There was no apparent differ-

ence between all dabblers and all divers in the elevation

class in which they were most frequently recorded (Table 2).

The restriction of three species (Common Goldeneye, Surf

Scoter and White-winged Scoter) to 500 to 1000 m (Table 2)

could simply be happenstance; none were common in the

surveys. Unlike Common Goldeneye, both scoters were re-

stricted to the largest wetland size class. Although White-

winged Scoter breeds in the area, it is an uncommon breeder

and both scoter species are likely to be transient moving

northward. That also is suggested by large groups in a sin-

gle wetland.

Density and frequency of occurrence show somewhat

different patterns across size and elevation classes. The geo-

metric effect enhances relative density in the smaller wetland

classes, but across all species, we find some attaining their

highest densities at either end of the range in size or eleva-

tion (Figures 5 and 6). A species’ vulnerability to effects of

climate change is more directly related to the attributes of

individual wetlands than to current density, particularly

wetland size and elevation. We based relative vulnerability

of the species on the frequency at which they were observed
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in different size and elevation classes rather than on density.

Availability is largely fixed while relative density is a flexible

response to availability. For many species the two measures

are closely similar.

Relative vulnerability

Where topography is rugged and long-term weather sta-

tions are sparse, as in much of British Columbia, it is difficult

to project changes in climate with confidence (e.g. Hamann

and Wang 2005, Mbogga et al. 2010). Tests of the drying

index by Bunnell et al. (2010b,2011c) provide confidence in

the direction of change, but not the rate. The indices of rela-

tive vulnerability used here are related to broad physical

features for which we have confidence in their effect and

that are not dependent on rate of climate change.

Apparent affinities by species for particular size and el-

evation classes of wetlands make them differentially vulner-

able to climate change. Small wetlands at lower elevations

are particularly likely to dry up (Bunnell et al. 2010b, 2011c).

Moreover, warming and drying trends are expected to con-

tinue in the region (Dawson et al. 2008, Mbogga et al. 2010,

Werner 2011). Bunnell et al. (2011b) observed that “For

wetland species, management will struggle with the concept

of a real-world triage – allocating conservation efforts where

they are most likely to succeed and have the most benefit.”

They found that climate is creating a natural triage for

wetlands in British Columbia. Some regions will have too

little water to sustain smaller wetlands no matter what is

done; wetlands in other regions will not be strongly impacted

for decades; through action now, still other wetlands can be

maintained for a period during which some conditions may

change for the better. The invocation of triage in assigning

conservation effort is exactly analogous to that of a war-time

medic. Like the medic, we can attempt to reduce effects of

the wounds, and focus our efforts and limited resources

where they will achieve their greatest gain. Findings here

suggest that the triage is not consistent across species, and

some species (e.g. Canvasback, Ruddy Duck and Hooded

Merganser; Table 3) are particularly vulnerable.

Generally, the nature and distribution of wetlands in the

area augur poorly for species preferring small, low-elevation

wetlands. A substantial majority (62.6%) of wetlands are in

the smallest size class; about 28.5% of elevations are below

1000 m elevation (Table 1). During testing of the drying in-

dex, using empirical depth measurements, Bunnell et al.

(2011c) found that, on average, wetlands <2 ha in area lost

16% more water depth than larger wetlands. Under projected

climate change scenarios, the greatest impacts of drying

occurred at the lowest elevations where temperatures were

greater and snowpack was least (Bunnell 2010a, Mbogga et

al. 2010, Werner 2011).

We expected the multiplicative form of the combined index

to show a broader range of impact than the additive form. For

example, if normalized vulnerability indices for size and eleva-

tion were each 0.5, the additive index would be 0.5 and the

multiplicative index 0.25 before normalizing. For specific

wetlands, the multiplicative form is more revealing (Bunnell et

al. 2011c) and that appears broadly true of species as well. For

example, Northern Pintail and Green-winged Teal are highly

vulnerable based on their preference for small wetlands, but

this vulnerability is greatly reduced by their use of higher

wetlands. Addressing size and elevation effects separately

(Table 3) allows evaluation of likely outcomes of different re-

gional climates and distributions of wetlands.

Relative use and relative density reveal plasticity within

species. For example, Northern Pintail occurs most commonly

at elevations of 1000 to 1500 m (61% of observations), but

observations at 1500 to 2000 m (19% of total observations)

yielded densities about 4 times higher than densities at 1000

to 1500 m (Figure 6). The fact that realized densities do not

necessarily follow the same pattern as the frequency at which

the species occurs in wetlands of different sizes or eleva-

tions illustrates plasticity in wetland use (compare Figures 5

and 6 with Table 2). Moreover, Bunnell et al. (2008, 2013)

documented significant, and sometimes dramatic, shifts in

range, relative density, arrival and departure times, amount

of overwintering and reproductive measures among

waterbirds in British Columbia during the ‘climate normal’

period of the Intergovernmental Panel on Climate Change

(1961 to 1990).

The size and elevation of a wetland determines the vul-

nerability of that wetland to climate change. The flexibility of

the species determines the impact of the loss of wetlands

from a particular size or elevation class. Findings here illus-

trate both flexibility and constraints. For example, Northern

Pintail occurs most frequently in wetlands 1000 to 1500 m

elevation that are more susceptible to drying than are higher

elevations. Northern Pintail attains markedly higher densi-

ties in wetlands at 1500 to 2000 m elevation, but those

wetlands comprise <12% of all wetlands and only 19% of

pintail observations already occur there. Northern Pintail is

certainly flexible enough to exploit elevations higher than

those it uses most commonly and may even prefer them, but

its opportunities for using them are limited.

Historically, conservation efforts have concentrated on

lower elevations (<1000 m) that comprise less than 30% of

wetlands in the region (Table 1), but are the most frequently

used (Table 2). In the region, use patterns may already be

changing in response to climate (compare 2006 and 2008 in

Figure 2). Small wetlands appear to be the most favoured

and the highest waterfowl densities occur at elevations of

800 to 1200 m (Figure 4). The most favourable elevation is

likely to rise with increased drying. Mid-elevations currently

exhibit high waterfowl productivity (Figure 4), moderate dry-

ing (Bunnell et al. 2010a), good potential to intercept and

store water (snowpack is still present) and intact forest cover

to potentially buffer wetlands. They also experience less

demand for water than do lower elevations. Conversely, there

is less opportunity for successful conservation of small

wetlands at lower elevations where there is little snowpack
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and drought already is frequently expressed.

Lower elevation wetlands are more subject to drying than

are higher elevation wetlands, so waterfowl use is likely to

shift towards higher elevations than those used presently. A

shift in conservation effort to higher elevations is not as

expensive as it would be if concentrated in low-lying, well-

populated areas, but is potentially simplistic. The response

of waterfowl density (Figures 5 and 6) and wide range in

relative vulnerability (Table 3) suggests that conservation

efforts must somehow encompass a diversity of areas.

Most wetlands in the region, and many elsewhere, re-

ceive much of their input of water as ground water or from

small streams. Current regulations in British Columbia pro-

vide for no buffers around smaller, non-fish-bearing streams

or around wetlands. The dramatic outbreak of mountain pine

beetle (Dendroctonus ponderosae) in the province focused

both retrospective and new studies on the impacts of

streamside forestry on amounts and temperature (thus evapo-

ration) of water. Review of those studies suggests that re-

gardless of elevation, buffering of small streams would have

beneficial effects on sustaining wetlands (Bunnell et al.

2011a).

Conclusions

Findings here reveal that wetland conservation efforts

cannot adopt a ‘one size fits all’ approach, even within lim-

ited areas. They illustrate that some waterfowl species ap-

pear far more vulnerable to climate change than do others,

but that there is considerable flexibility within species (Fig-

ures 5 and 6). Given the apparent inter-annual variation in

effects of weather on wetland productivity, and the apparent

variability within species, data over three years are insuffi-

cient to provide detailed guidance. They do indicate that a

variety of conservation measures are likely necessary to

maintain the entire diversity of waterfowl species.
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