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Climatic Factors for Limiting Northward Distribution of Eight
Temperate Tree Species in Eastern North America
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Abstract:  Eight temperate deciduous tree species, Acer rubrum L., A. saccharinum L., A. saccharum
Marsh. » Belluta alleghaniensis Britton.» Frasinus nigra Marsh. . Quercus rubra L., Titia americana L.,
and Ulmus americana L. in eastern North America, were selected to explore relationship between the north-
ward distribution of temperate tree species and climatic factors. For each species> more than 30 sites at their
north limits of distribution were obtained from their distribution maps- and 11 climatic indices at the north lim-
its were computed. The standardized standard deviation C.SD ) method. which compares the magnitude of vari-
ance of climatic indicess» was used to detect which climatic parameter was the most important for explaining
northward distribution of these species. We presume that the climatic parameter that has the smallest variance
at the north limit would be assigned as the dominant climatic factor for limiting the distribution of this species.
The results derived from the standardized SD method indicated that the SD value of warmth index ( W7D and/
or annual biotemperature ( ABTD were the smallest among the 11 elimatic indices. Since both WI and ABT
represent growing season temperature, it suggested that growing season temperature was the most important cli-
matic factor for explaining the northward distribution of these temperate tree species. The relationships between
several climatic indices» WI, coldness index ( CI), annual precipitation (AP), annual range of temperature
CART and humid/arid index were also analyzed. As a results at the north limits of all these species. both
WI and C7 decreased with an increase of AP. and CI increased with an increase of ART. Besides growing
season temperature. precipitation and climatic continentality also have influence on the northward distribution
of the temperate trees in eastern North America.
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Some studies have suggested that the winter low tem-
perature is the dominant climatic factor for limiting north-
ward distribution of temperate tree speciesll’ 2, Fang and
Lechowic*), howevers in their study of beech ( Fagus
L. species: which are widespread among the deciduous
broadleaf forests in the nerth temperate zone. pointed out
that the growing season temperature was of the most im-
portance in explaining northward distribution of beech
species. Considering the following two reasons, we sus-
pect the reality of the viewpaint that the winter low tem-
perature is the dominant climatic factor for limiting the
northward distribution of temperate tree species:

(1) In eastern North Americas the winter low tem-
perature does not indicate an obvious change with an in-
crease of latitudes in the south of 50° N, and is even
higher in high latitudes than at middle latitudes in some
cases. Compared to such a change in winter temperature,
temperate tree species are not distributed more northward.
Such a disagreement between temperature and distribution
of trees does not support the hypothesis that the low tem-
perature restricts the northward distributions of temperate
tree species.

(2) Sakai and Weiser'>!, based on freezing experi-
ments: concluded that some temperate tree species were
able to physiologically endure the lowest temperature of
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- 80 C. Actually, however, temperate tree species do
not occur under such a low temperature condition. sug-
gesting that the distribution of temperate tree species can
not be explained hy a single low temperature factor.

This study aims at detecting the possible climatic
factors for influencing horizontally northward distribution
of temperate tree species from a large-scale and at dis-
cussing the relationships between their distributional north
limits and climatic parameters. In eastern North America,
plains and low hills are main landscape and Mt. Ap-
palachian is the only mountain where the altitude is usual-
ly lower than 500 m. A small topographical relief in the
eastern North American Continent provides a good region
for examining the relationships between climatic factors
and horizontal distributions of tree species.

1 Materials and Methods

1.1 Plant materials

According to Atlas of United States Treest®), eight
temperate deciducus trees in eastern North America were
selected for this study. These species have clear natural
boundary at their distributional north limits, and ranged
from about 100° W in longitude to the coast of Atlantic
Ocean and from 45° N in latitude to the most northern
limit of the temperate zone. Because the north limits of
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these species run through regions with a small topographic
relief> the influence of topographical factors on the rela-
tionship between species distribution and climate could be
eliminated .

1.2 Data collection

(1) Data collection for north limits of species: The
sites at the northern distribution limit were collected for
the eight selected species from their distribution ma,psMJ
by the following procedure:

We first plotted sites along the northern limit of dis-
tribution from west to east at an interval of about one de-
gree in longitude: and then read their geographical loca-
tion for the species. The sites that fall into the Great
Lakes were excluded from the geographical site dataset
and not used for the analysis.

(22 Collection of paired climatic data with sites of
the north limits: Climatic data for a site obtained from the
distribution map were estimated using climatic records at
the nearest meteorological station that is close to and has
similar altitude to the site. In general. the meteorological
station should net be far from the site by 0.5 degres of
latitude and 1.0 degree of longitude Cabout 50 — 60 km) .
For the sites without such closed meteorological stations
nearby, the climatic data were obtained by averaging cli-
matic variables of two meteorological stations that are not
far from the site by less than 1.0 degree of latitude and
2.0 degree of longitudes otherwise the sites were elimi-
nated from the dataset. As a result- at least 30 sites were
available for each species.

Climatic data used in this study were from the
“Canadian Climate Normals 1951 — 1980 "5 and the
“Climate Nommals for the U.S. 1951 - 198010 Climat-
ic variables used included monthly mean temperatures
CC) from January to December, annual mean tempera-
ture (°CJ» mean temperature for the coldest month (°C),
lowest winter temperature (CJ» monthly precipitations
Cmm) from January to December and annual precipitation
Cmm) .

1.3 C(limatic parameters

Eleven climatic parameters were used in our studys
including mean temperature for the warmest month
CMTWM, C)s mean temperature for the coldest month
CMTCM»> CD» annual range of temperature ¢ ART
°C), annual mean temperature (AMT, C), annual pre-
cipitation (AP, mm) and the following six indices.

(1> Annual biotemperature CABT» C. Holdridge[ﬂ)_

1
ABT = 122@

t; is mean temperature for months in which ¢ > 0 C:
=30 C if £, >30 C.

(2) Warmth index (Wi, C *month, Kira®1). W/
is a simple index to calculate the growing season warmth
from monthly mean temperature.

Wi=20,-5
t; is mean temperatures for months in which ¢ > 35 .

In this study> we used both ABT and WT as the in-

dices showing growing season wamth.

(3) Coldness index ( €I, C.month, Kird®). We

used CI to express degree of winter coldness.
Cl=-2(5-1¢)

t; is mean temperatures for months in which ¢ <5 “C.

(4) Annual potential evapotranspiration ( APE.
mms Thornthwaite! *1) | Evapotranspiration is the sum of
surface evaporation and plant transpiration. Potential e-
vapolranspitation is a measure ofs in the ideal conditions,
the maximum evapotranspiration transferred from the sur-
face Cvegetations soil and water) to the air.

12
APE = Z)lllﬁiei

where, APE is annual potential evapotranspiration
CmmD; e; is monthly potential evapotranspirations e; = 16
(10:/10%; ¢ is monthly mean temperature (°CJ; T is an

1
annual heat index> [ = 2§ = 21(3/531‘514;

a=675x1077 FP-7.7x107 F+1.79x
10°27+0.492 4
k; is correction factor of day-length. Fang[m gave the fol-
lowing equation to calculate the values of k; for each
month> k= ol + b
where L is latitude Cdegree)s and n» a and b are coeffi-
cients. For details of the coefficients for each month. see
Fang[ ul

(5) Moisture index (Im» Thomthwaite!™®)). Im is
a parameter of the relative humid/arid climate.
= 1005 — 604

APE

s is annual water surplus CAWSD; d is annual water
deficit CAWD); APE is annual potential evapotranspi-

ration. For calculation of these indices, see Thornth-
[10]

waite

(6) Humid/arid index (Baile}iub. It is an index
derived from monthly mean temperatures and monthly pre-
cipitation.

12
S == iE]SL

S; is monthly humid/arid index. S, = 0.18:¢/1.045" r is
monthly precipitation (mm?; ¢ is monthly mean tempera-
ture C°C .
1.4 Standard deviation { SD > method for analyzing
climatic indexes

Some studies have showed that the climatic parame-
ter with the smallest variance at a specific distributional
limit was regarded as the dominant climatic factor for lim-
iting the distribution of tree species[ Bo15] - K B sug-
gested that standard deviation (5D could be used to ex-
press magnitude of variance of climatic parameters at the
distributional north limits. In this paper» SD values of
the climatic parameters at north limits of each tree species
were used to determine the dominant climatic factor.
Since WI, CI and ABT are the summation of monthly
mean temperature for several months in a year. their SD
values are not directly comparable with those of other vari-
ables that represent a simple temperature reading. For
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these three parameters, therefore; SD should be stan-
dardized by dividing them by the number of months
summed ( n) for WI and CI, and by multiplying 12/n for
ABT for comparison on an equivalent basis''®? . Here we
call 1t as standardization of SD. The index> which shows
the smallest standardized SD values could be considered
as the dominant climatic factor for the species distribu-

tion" 161,

2 Results and discussion

2.1 Climatic indexes at the north distributional lim-
its

Mean and SD values of the eleven indexes were cal-
culated for all eight species (Table 1). WI values at the
north limits ranged from 38 to 56 °C/month for the eight
species. This was coincident with the critical climatic val-
ue at the north limit of cool-temperature zone which was
defined as a WI value of 45 °C *month by Kira™1. ABT
showed a narrow range from 5.7 to 7.6 °C and was basi-
cally coincident with the critical climatic value at the
north limit of cool-temperature zone which was defined as
an ABT value of 6.0 °C by Holdn'dge[ﬂ . These indexes,
therefore; suggested that the eight species were typical
temperate tree species. Annual precipitation at the north
limits for these eight species fluctuated from 850 to 900
mm, and another two indexes, Im and humid/arid index

(8D varied from 55 to 83 and from 125 to 156, respec-
tively. These corresponded to that of the humid climatic

zone by Thornthwaite! "]

who defined humid climate as Im
values of 20 - 100, and of humid climatic region by Bai-
ley[m who defined humid climate as S values of 87 —
162. These suggest that the north limits of these eight tree
species are under a humid climate.
2.2 Climatic factors for limiting the northward dis-
tribution

In eastern North America, annual precipitation de-
creases from east to west (Fig.1). Figure 1 demonstrates
such a precipitation pattern for a case of the north limit of
A. rubrum . Minimum annual precipitation was 500 mm
for the distribution of A. rubrum; this could be regarded
as the threshold of precipitation. According to the thresh-
old; A. rubrum could be distributed, but actually have
not occurred more northward in eastern coastal region
where precipitation is rich. The same cases appear in the
other tree species. This suggests that moisture condition is
not the primary limiting factor for the northward distribu-
tion of these tree species. This also is evident as shown
from the SD values of moisture parameters in Table 1.
The SD value is a measure indicating the magnitude of
variance of climatic indexes at the north limits. The SD
values of two moisture parameters ( AP and Im ) and hu-
mid/arid index are relatively large, suggesting that they
have a large variance. In this study, therefore; themmal

Table 1 Average and standard deviation ( SD) of 11 climatic indices at the north limits of the eight tree species in eastern North America

Acer Acer Acer Betula Fraxinus Quercus Tilia Ulmus
Climatic variables rubrum saccharinum saccharum alleghaniensis migra rubra americana americana
Mean/ SD Mean/SD Mean/ SD Mean/ SD Mean/SD Mean/ SD Mean/ SD Mean/ SD
Thermal variables
AMT (°CD 2.3/1.21 4.7/1.29 2.2/0.95 2.4/1.34 1.2/1.82 2.6/1.39 2.5/1.57 1.2/1.32
WI (<C *month!) 43.4/0.76 56.1/0.65 43.7/0.76 41.6/0.93 37.9/1.10 45.2/0.77 47.0/0.84 39.7/0.78
CI €°C*month") 75.372.25 59.5/1.37 77.4/1.29 72.9/2.41 83.9/2.44 73.972.53 74.6/1.68 85/1.61
ABT (°C) 6.3/0.96 7.6/0.69 6.3/0.95 6.1/1.07 5.7/1.01 6.5/1.00 6.6/1.04 5.8/0.70
MTWM (°C) 17.3/1.02 19.2/0.99 17.4/1.05 16.9/1.17 16.5/1.38 17.6/1.01 17.9/1.26 16.8/0.72
MTCM (°C) -14.9/3.99 -11.7/2.58 -15.3/2.56 -14.1/433 -16.1/4.75 -14.5/3.61 -14.9/2.75 -16.6/3.64
ART (¢ 32.1/4.57 30.9/2.40 32.7/2.95 31.0/4.98 32.6/5.19 32.1/3.75 32.7/3.06 33.4/3.71
APE (mm) 370.9/27.77 446.3/40.19 370.4/30.49 361.2/33.05 334/42.52 380.3/34.70 390.4/38.97 343.8/20.35
Moisture variables
AP (mm) 880.7/196.00 862.0/147.08 855.1/155.27 904.1/210.74 884.5/140.59 903.2/190.21 896.5/263.09 891.0/129.04
Im 73.3/42 .46 54.7/31.15 68.2/34.16 80.3/45.16 82.8/32.75 75.9/39.53 72.9/55.22 81.4/27.63
Humid/arid index  145.9/38.14  125.4/34.59 143.1/32.53 150.1/37.81 153.6/25.69 148.8/36.41 147.6/50.34 156.2/24.84
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Fig.1. Change in annual precipitation with longitude at the north

limit for Acer rubrum .

variables were primarily used to detect which climatic fac-
tors are the most important for delimiting their northward
distribution. Among the eight thermal parameters used,
WI and ABT showed the least SD values for all the eight
speciess whereas CI and other thermal parameters had
relatively large SD values (Table 1. It indicates that W/
and/or ABT that are measures of the growing season
warmth have the smallest variance at the north limits of
these tree species. This is to say, that the effective grow-
ing season temperature is the most important climatic fac-
tor for explaining the northward distribution of these tem-
perate tree species.
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2.3 Relationships between WI, (I and precipita-
tion

Annual precipitation at the north limits of the eight
species increased significantly from west to east. Although
WI showed a small SD value for most tree species, indi-
cating a small variance, it still had a clear pattern along a
longitudinal direction that increased from east to west due
probably to a change in precipitation. This implies that
the northward distribution of the temperate deciduous tree
species could not be explained only by a single growing
season temperature, but by a combination of temperature
and other climatic factors, such as precipitation and cli-
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Fig.2.

matic continentality. Figure 2 exhibits the relationship be-
tween WI and precipitation at the north limits for all the
species. WI declined with an increase of precipitations
demonstrating that the growing season temperature was
higher under a precipitation-rich climate than under a
precipitation-poor climate. Similar results have been ob-
tained from previous studies™ 16171 Such a pattern be-
tween WI and precipitation showed in Fig. 2 was also
found between WI and humid/arid index. Thus, although
the growing season temperature delimitted dominantly the
northward distribution of temperate tree speciess the influ-
ence of precipitation also could mnot be neglected.
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Analyzing the relationship between CI and precipitation,

Cambridge University Press, 1987. 1-174.

it was indicated that €T decreased as precipitation in- [2] Sak‘:a.i A, Weiser_ CJ. Freezing resi_stance of evergreen and
creased for five of the eight species> and no clear relation- dlec1duous trees in North America with reference to tree re-

. G : i gions . Ecology, 1973, 54:118 - 126.
ship was exhibited for the. remainders CA. saecharinum (&7 Wang J-¥, Tedhwwon Nl 1. Clhate Vivaitin s s present
A. Sacc}law andF Tgra s distribution of beech ( Fagus L.) species in the world. (in
2.4  Relationships between WI. CI and annual press)
range of temperature [4] USDA Forest Service. Atlas of United States Trees. Vols. 1

Annual range of temperature CART) can be an index - 5. Washington D C. United States Government Printing
expressing climatic continentality. In the present study. Office, 1975 - 1986. ) _
ART increased from east to west at the north limits of the [5] ‘ém;;’;?herg Eliwrﬁ]nmeﬁ Slx;rsvice, ¢ 9E§E)V1mT“mem tCanada(.i
eight species, indicating an increasing trend from the Pa ohan AMAE ommas taat ; Cmperatie an
. ! L. recipitation (Quebec, Ontario, and Atlantic Provinces},
coast inland. On the other hand, C7 increased signifi- 1085
cantly with an increase of ART CR*> 0.9 for some [6] National Oceanic and Atmospheric Administration. Climate
species). This is to say, at their north limits, CI was Normals for the U.S. 1951 - 1980, Ist ed. Detroit: Gale
larger at a smaller ART and vice versa. No clear corre- Research Company Book Tower, 1985.
lation was showed bhetween WT and ART. [ 7] I—-Ioldn‘dge- L R Detemi@tion of world plant formations from
3 Conclusion simple climatic data. Science, 1947, 105:367 — 368.
. ) [ 8] KiraT. A New Classification of Climate in Eastern Asia as
Northward distributions of temperate tree species are the Basis for Agricultural Geography. Kyoto: Horticultural
strongly related to climatic conditions. Among 11 climatic Institute Kyoto University, 1945. 23.
parameters used in the present studys WI and/or ABT [9]1 Kira T. On the altitudinal arrangement of climatic zone in
showed the least standard deviation values. or the smallest Japan. K?”‘i’Noug@k% 1948, 2:143 - 173_- _
magnitude of variance at the distributional rorth limits of 101 Thornthualte €W, An approsch toward  rfional dlassifica-
the eight temperate deciduous tree species. Since both W7 POIGLEITRIE. beopprlisty . b aBialeia.

d ABT Hecti , [11] Fang J-Y. Distribution of vegetation and climate in China.
an r?present Eteskiye groWiNg season teraperakares Osaka: Doctoral Dissertation of Osaka City University,
it was considered that the growing season temperature was 1989 .
the most important climatic factor for explaining the north- [12] Bailey H P. Semi-arid climates: their definition and distri-
ward distribution of these species. This implies the hy- bution. Eecol Study, 1973, 34:73-97.
pothesis that winter low temperature as the dominant cli- [13] KiraT. A climatological interpretation of Japanese vegetation
matic factor for limiting nerthward distribution of temper- zones . Miyawaki A, Tuxen. Vegetation Science and Envi-

. ronmental Protection. Tokyo: Marmzen, 1977. 21 - 30.

ate tree species may not be true at least for the case of our 3 e A

S . [14] Fang J-Y, Yoda K. Climate and vegetation in China. V.
study. On the other hand. at the north hml.ts of t}.]e eight Effect of climate factors on the upper limit of distribution of
tree species: both WI' and CI decreased with an increase evergreen broadleaf forest. Ecol Res, 1991, 6:113 - 125.
of precipitation. CI increased with an increase of ART [15] Hatiori T, Nakanishi 8. On the distribution limit of the luci-
and WI decreased with an increase of humid/arid index. dophyllous forest in the Japanese Archipelago. Bot Mag
These findings indicate that annual precipitation, humid/ Tokyo, 1985, 98:317 - 333. ) _
arid index and climatic continentality, as well as growing [16]  Fang J-‘ij Ohsawa M, Kira T. Vertical vegetalion zones
season temperature, also significantly influence northward ilzf;nglg(s) _Nligmude in humid East Asia. Vegaatio, 1996,
distribution of temperate trees in eastern North America. [17] Rt “oda e The aliss G20 Japhs s dltuss ot
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