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SUMMARY

Recent global change predictions indicate relatively large
changes in the future climate of the western Canadian interior.
Moisture deficiency could become a critical factor driving future
change in the southern boreal forest of western Canada, where the
climate is presently much drier than its counterparts in eastern
North America and Europe.

Analyses of vegetation-climate relationships have been
conducted as a simple temporal scaling technique to identify the
most important processes controlling the southern boundary of the
boreal forest in western Canada. In a previous study, thermal
characteristics of climate, such as growing degree days and
summer temperature, were found to correspond poorly with forest
zonation in this region. In contrast, a close fit was found
between the southern boundary and the isoline where annual
precipitation (P) equals potential evapotranspiration (PET),
using the empirical Jensen-Haise method. In the present study, a
similar result was obtained, when PET was estimated using a
highly simplified version of the Penman-Monteith equation. These
results indicate that the southern limit of the western Canadian
boreal forest is governed, either directly or indirectly, by
moisture deficiency.

Questions concerning long-term, regional processes remain to
be answered. First, is the present distribution of the boreal
forest determined directly by climate, through drought effects on
tree regeneration and survival, or is it a result of a high,
drought-induced fire frequency on the prairies in the past?
Second, how important is the boreal forest in producing the
observed climatic moisture gradient?
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INTRODUCTION

The boreal forest occupies nearly 30% of the Canadian
landscape, and also extends over large areas of Alaska, Siberia
and northern Europe. This forest type occurs in cold climatic
regions, and in Canada, is typically dominated by several species
of conifers (e.g. Picea crlauca, Picea mariana and Pinus 
banksiana) with only a few hardwood tree species. In eastern
Canada, the boreal forest forms its southern boundary with
temperate forests, with a high diversity of hardwoods. However,
in western Canada, the boreal forest is bounded to the south by
prairie grasslands, where coniferous trees are naturally absent,
and hardwoods are mainly restricted to small, stunted groves of
aspen (Populus tremuloides) in the most favourable sites.

Recent GCM predictions indicate a warmer, and possibly drier
global climate in the future, as the levels of atmospheric carbon
dioxide and other greenhouse gases continue to increase (e.g.
IPCC 1990, 1992). These effects are expected to be greatest in
northern continental regions (e.g. Manabe et al. 1992), including
most of the world's boreal forest. This could lead to a prairie-
like climate over parts of the southern boreal forest in western
Canada (Emanuel et al. 1985; Rizzo and Wiken 1992).

Scaling issues are fundamental to understanding both 1)
biological responses of the boreal forest to changes in climate
and 2) the feedbacks of the forest on atmospheric and climatic
processes. BOREAS (Boreal Ecosystem - Atmosphere Study) is a
large, ongoing field experiment in western Canada focusing on
processes governing the interaction between the boreal forest and
the atmosphere, with an emphasis on how these processes may
respond under climate change (Sellers et al. 1991). The
experiment is interdisciplinary and has a spatially nested
design, which should allow both physical and biological processes
to be scaled up, from small spatial scales (e.g. individual
leaves and trees) to much larger scales (landscape and region).

Because BOREAS field activities will concentrate on one or two
growing seasons, the strongest contribution will be to improve
understanding of interscale relationships of diurnal and seasonal
processes. However, predicting future responses of the boreal
forest will also require an improved insight into ecological
responses to climate, many of which operate under much longer
time scales (decades to centuries). These include, for example,
the effects of climate on tree regeneration and growth, forest
succession, fire regimes, and the accumulation of carbon in
peatlands.

One of the simplest approaches to address the temporal scaling
problem is to examine the spatial relationships which have
developed over time between climate and natural vegetation
zonation (e.g. Holdridge 1947, Tukhanen 1984). A previous
analysis (Hogg 1994) showed that the southern boundary of the
boreal forest in western Canada corresponds poorly with thermal
characteristics of climate, including July mean temperature and
the number of growing degree days. In contrast, this-boundary
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was found to fit very closely with the isoline where mean annual
precipitation (P) equals mean annual potential evapotranspiration
(PET), by the Jensen-Haise method. This isoline, where P-PET=0,
is henceforth referred to as the "zero isoline". Such a result
suggests that in western Canada, the southern boundary of the
boreal forest is governed either directly or indirectly by
moisture rather than temperature (Hogg 1994).

The Jensen-Haise method of estimating PET (Bonan 1989, Jensen
et al. 1990) is relatively simple to use, requiring only
temperature, altitude, and mean monthly global solar radiation.
However, it is empirically based on measurements taken over well-
watered grasslands and agricultural crops in the western United
States. In contrast, the Penman-Monteith equation is
theoretically based, and can be parameterized for any vegetation
type, including forests (Jones 1983; Jensen et al. 1990). It is
also theoretically suited for interscale, spatial comparisons
(e.g. McNaughton and Jarvis 1991) and forms the basis for
estimating evapotranspiration in forest ecosystem process models
(e.g. Running and Coughlan 1988). Unfortunately, the Penman-
Monteith equation normally uses detailed input data (e.g. net
radiation, vapour pressure) that are not generally available from
the long-term climate record, particularly in remote regions of
the boreal forest. The equation also needs vegetation-specific
estimates of canopy conductance (both physiological and
aerodynamic).

The present analysis uses a simplified form of the Penman-
Monteith equation, parameterized for a generic forest, to allow
long-term PET estimates from monthly mean daily maximum and
minimum temperatures at climate stations in western Canada.
The objective was to compare the simplified Penman-Monteith
equation and the Jensen-Haise method in terms of the
correspondence between the zero isoline (of P-PET) and the
southern boundary of the boreal forest.

METHODS

Evapotranspiration in forests is more sensitive to vapour
pressure deficit than to net radiation because of high
aerodynamic conductances (g a , Jones 1983). Using ga = 200 mm
applicable to coniferous forests (Running and Coughlan 1988), the
net radiation term of the Penman-Monteith equation was found to
contribute only 5.0±0.4% of total PET for the three stations in
the region (Bad Lake, Saskatchewan; Churchill, Manitoba and
Edmonton, Alberta) where long-term net radiation data are
available (Environment Canada 1982a). Thus for this application,
the Penman-Monteith equation (Jensen et al. 1990) could be
simplified to the following, which requires only the mean maximum
and minimum temperature for each month:



[1]PET =
(A+y (1+ gra /gc ) )

where:

D = mean vapour pressure deficit (kPa), estimated as:

(emax -em, ․ )/2 - edew (Jensen et al. 1990); e max and em,„ are
the saturation vapor pressures for the mean maximum and
minimum daily temperatures for each month; e da„ is the
saturation vapor pressure at dewpoint temperature. As a first
approximation in this preliminary analysis, the dewpoint was
assumed to be 2.5°C less than mean minimum temperature, which
corresponds to the mean nightly maximum relative humidity
(May-September) of 84% at Saskatoon.

k = proportionality constant, seconds per month;

p = mean density of air (kg m -3 ) at mean station pressure and

mean monthly temperature (T ):mean • •

C = heat capacity of air (1.012 kJ kg-1 °C-1);

A = slope of saturation vapour pressure (kPa °C -1 ) at Tmean;

X = latent heat of vaporization (MJ kg -1 ) at Tmean ;

y = psychometric constant at mean station pressure (kPa °C-1);

ga = aerodynamic conductance of forests (200 mm s -1 assumed);

gc = average canopy conductance (mm s-1)

Canopy conductance (gc ) is highly variable, being controlled
largely by stomatal responses to environmental conditions, but
typically ranges from 1-10 mm s -1 in both forests (coniferous
and deciduous) and native grasslands (Jones 1983). However, the
apparent sensitivity of transpiration to changes in g c decreases
as the spatial scale under investigation increases; McNaughton
and Jarvis (1991) and their earlier analyses provide a more
comprehensive theoretical framework for spatial scaling of the
processes governing transpiration.

In the present, highly simplified analysis, a standard mean
canopy conductance gcs of 5 mm s -1 was used for mean monthly
temperatures >10°C, but other values of g cs were also tested. In
all analyses, a linear reduction in gcs to 0 mm s -1 was assumed to
occur as mean monthly temperature decreases from 10°C to -5°C.
This is meant to reflect the effects of cold or frozen soils,
subfreezing night temperatures and dormancy on evaporation and
conductance (Running and Coughlan 1988). Because g cs is
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expressed in standard units (mm s -1 ), it is affected by the
purely physical effects of temperature and pressure (altitude) at
a given degree of stomatal opening. Corrected conductance (gc)
was thus calculated from conductance in standard units (gcs)
according to Jones (1983).

Mean monthly PET was calculated for each of the twelve months
using Equation [1], using the 1951-1980 long-term climate normals
(Environment Canada 1982b) from 254 stations in the region. Mean
annual PET was then determined as the sum of the monthly values.
Finally, a climate moisture index was calculated for each station
as P-PET (annual precipitation minus PET, with units in cm).

RESULTS AND DISCUSSION

The analysis showed a close correspondence between the
southern boundary of the boreal forest in western Canada and the
zero isoline of the P-PET climate moisture index, based on the
simplified Penman-Monteith equation with g cs = 5 mm s -1 (Figure
1). The position of this isoline is very similar to that
obtained in a previous study using the Jensen-Haise method (Hogg
1994, also shown in Figure 1) and the Priestley and Taylor (1972)
method (Hogg, unpublished). These results indicate that in the
western Canadian interior, the boreal forest is restricted to
areas where there is a surplus of precipitation over potential
evapotranspiration. The boundary between the foothills forest
and prairie near Calgary also corresponds to the zero isoline
where P=PET (Figure 1).

It should be noted that the estimates of PET using the
simplified Penman-Monteith equation are highly sensitive to the
value of canopy conductance (gcs ) used. At Edmonton, Flin Flon
and Winnipeg (Figure 1), PET was found to increase nearly in
direct proportion to values of gcs between 4 and 6 mm s -1 (Table
1). The PET estimates in this analysis are also affected by the
method of estimating vapour pressure deficit. Thus the position
of the zero isoline using this equation is strongly dependent on
the parameterization. In contrast, the PET estimates based on the
more empirical Jensen-Raise equation are uniquely determined by a
station's elevation, global solar radiation and temperature.

In western Canada, the zero isoline where P=PET corresponds to
a sharp discontinuity in several landscape characteristics and
processes. Hydrologically, the isoline corresponds to a sharp
regional gradient in the quantity of annual runoff, ranging from
<2.5 cm per year in the grassland to the south to > 10 cm per
year over most of the boreal forest (Fisheries and Environment
Canada 1978). South of this isoline where chronic moisture
deficits occur (P<PET), conifers and peatlands are generally
absent (Zoltai 1975, Vitt et al. 1994, Hogg 1994), aspen is
restricted to small patches and has a stunted growth form, and
lakes tend to dry up during periods of drought (Campbell et al.
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1994). The intensity, severity and extent of forest fires is
also strongly affected by weather conditions, particularly
moisture. The drought of 1988-89, for example, caused fires to
burn over three million hectares of boreal forests and peatlands
in northern Manitoba (Hirsch 1991). Unusually poor regeneration
of jack pine (Pinus banksiana) has been noted, following one of
the large 1989 fires in Saskatchewan. This drought also lead to
massive dieback of aspen in the northern grassland region (pers.
obs).

These effects might increase in the future, if increasing
atmospheric CO2 levels lead to a warmer and drier climate. This
could also lead to major feedbacks on atmospheric CO2 levels
(c.f. Tans et al. 1990) and in the energy balance of the regional
landscape (e.g. Bonan et al. 1992). Feedbacks of this type
include immediate impacts, such as those produced by large-scale
fire or drought, and longer-term responses, including chronic
reductions in forest regeneration and growth, increased
decomposition of forest soils and peatlands, and melting of
permafrost. Such processes cannot be adequately assessed solely
through intensive, short-term ecophysiological, hydrologic and
meteorological studies.

Historical analyses of past ecosystem responses to climate,
coupled with simulation modelling of long-term processes, can be
a powerful approach to understand these longer term processes.
This approach forms part of the Climate Change Initiative of the
Canadian Forest Service. Current studies are relying on
dendrochronology, palynology and peat stratigraphy, surveys of
decomposition rates, tree growth and biomass, and seedling
regeneration across regional climate gradients. Modelling
initiatives include a carbon budget model (Kurz and Apps 1994),
and forest growth models patterned after FORSKA (Prentice et al.
1993) and FOREST-BGC (Running and Coughlan 1988).

One of the problems in assessing drought effects, even on a
50-100 year time scale, is the scarcity of detailed weather data.
Such data is available for our region, but early data are mainly
limited to observations of temperature and precipitation.
However, the simplified Penman-Monteith approach presented here
can use this limited information to estimate PET on a daily,
monthly, or annual time-step. Temporal changes in the climate
moisture index (P-PET) can then be estimated and applied, for
example, to studies of tree-ring responses to climatic moisture
deficits (Hogg, unpublished).

Other questions concerning long-term, regional processes
remain to be answered. For example, is the southern boundary of
the western Canadian boreal forest determined directly by
climate, through drought effects on tree regeneration and
survival, or is it a result of a high, drought-induced fire
frequency on the prairies in the past? If the present forest
distribution is strictly climate-limited, then even slight future
changes in climate could have a major impact (Hogg 1994).
Feedbacks of the vegetation on regional climate may also be
important, e.g. to what extent does the presence of boreal forest
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produce the observed climatic moisture gradient? These types of
questions can only be addressed through continued, interscale and
interdisciplinary research efforts, with a much greater emphasis
the temporal scaling issue.
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Table 1. Estimates of annual potential evapotranspiration (PET)
and climate moisture index (P-PET) using the Jensen-Haise method,
and the simplified Penman-Monteith equation under differing
values of standard canopy conductance (gcs ). Station locations
are shown in Figure 1.

Saskatoon Flin Flon Winnipeg

P (Annual Precipitation, mm) 349 446 526

PET	 (mm):

Jensen-Haise method 518 363 499

Penman-Monteith (gc = 4 , mm/s) 413 300 404

Penman-Monteith (gc = 5 mm/s) 509 370 499

Penman-Monteith (gc = 6 mm/s) 604 439 592

P-PET,	 in cm:

Jensen-Haise method -16.9 11.3 2.5

Penman-Monteith (gc = 4 mm/s) -6.4 17.6 12.1

Penman-Monteith (gc = 5 mm/s) -16.1 10.6 2.7

Penman-Monteith (g, = 6 mm/s) -25.5 3.7 -6.6
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Figure 1. Correspondence of the southern limit of forest
distribution in the interior of western Canada with the zero
isolines of P-PET using the simplified Penman-Monteith equation
(gc = 5 mm s -1 ) and the Jensen-Haise method. Political boundaries
of three provinces are shown (Alberta, Saskatchewan and Manitoba,
from left to right). Forest outlier near 50°N, 110°W belongs to
the Cypress Hills (P-PET = +5 cm by Penman-Moneith method).
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