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INTRODUCTION

Tundra environnents provide extremely severe eon-
ditions for plant growth. They are characterized by
a short cold growing season of two to three months
and a long bitter winter. In North America, such
environments ocecur from the northernmost parts of
Greenland, Canada, and Alaska along the mountain
crests as far south as Mexico. Gradients of latitude
and elevation throughout this extensive range create
significant environmental differences between the are-
tie tundra of the north and the alpine tundra of the
south. Length of photoperiod, amount of ultraviolet
radiation received, wind force, and magnitude of
diurnal temperature fluctuations are outstanding dis-
similarities between the superficially similar environ-
ments. Bliss (1956) has called attention to these
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differences, and many others of a lesser magnitude,
in his comparison of microenvironments and plant
development in arctic and alpine tundras.

In spite of these environmental gradients, certain
arctic-alpine plant species are widely distributed
throughout the tundra regions of the northern hem-
isphere. These plants are low elevation-circumpolar
in the north and high elevation-alpine in the great
mountain systems of temperate North America and
Furasia.

The question arises, “How are aretic-alpine species
able to grow in such diverse environments?’ Are
they so ecologically plastie that any given member of
each population would be able to tolerate all of the
possible environmental combinations presented by
aretic and alpine habitats? Or, are these species
composed of ecological racés or ecoclines, each adapted
to different aspects of the tundra environment?
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Kither solution is theorvetically possible, as is a ceom-
bination of hoth. Up to now, there has not been
enough available evidence to answer either question.
However, the results of Turesson (1930) and Clausen,
Keck & Hiesey (1948) with wide-ranging species in
more temperate environments would tend to favor the
second solution.

In an attempt to answer such questions, the en-
vironniental requirements of a series of aretie and

alpine populations of a seleeted species, Oxyria
digyna (“alpine sorrel”), were investigated. The

[
» B e e .

Fia. 1.

Ozyria digyna in rocky talus at an elevation of 10,200 ft, Beartooth Mountains, Wyoming.
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primary emphasis was on possible morphological and
physiological differences hetween these populations
under the impaets of different environments. Of
particular imiportance was the study of those physio-
logical characteristies which might he of adaptive
significance.  Such an approach should he able to
determine if the environmental differences between
aretic and alpine habitats are reflected, through na-
tural seleetion, on the physiological responses of the
prineipal biotypes in the local populations of the
species.

e ~
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Ozyria digyna (L.) Hill (Fig. 1), a perennial,
herbaceous member of the Polygonaceae was selected
for this study for several reasons. (1) It has a
circumboreal arctic-alpine distribution of wide lati-
tudinal range. It occurs in the arctic tundra as far
north as 83° N, and in North America as far south
as Arizona in the mountains. (2) A considerable
body of information on the physiological processes
of this species, in the field, has been assembled (Wager
1938, 1941; Russell 1940b, 1948; Warren Wilson
1954, 1957, 1959, 1960). These studies were almost en-
tirely confined to arctic populations. (3) The seeds
of Oxyria are easily collected and germinate well.
Plants can be grown without difficulty and provide
excellent material for physiological investigation. (4)
There are few taxonomic difficulties associated with
this phylogenetically isolated species. Polunin (1940)
has called Oxyria one of the few really “good” arec-
tic species, varying from place to place only in size
of leaves and height of infloresecences. There is, how-
ever, one major difficulty associated with this species.
It is not particularly suited for hybridization experi-
ments hecause of the large numbers of small delicate
flowers in the inflorescence. A further complication
to such work is the partial apomixis in this species
which has been deseribed by Edman (1929).

Utilizing the data of Hultén (1928), the general
distribution of Oxyria is arctic-alpine cireumpolar,
with disjunet locations far to the south in the moun-
tains of Europe, Asia, and North America.

The work reported here was financed under a
grant from the National Science Foundation (NSF-
(33832-Environmental Biology) for which grateful
acknowledgment is made. For many courtesies and
assistance which made the study possible thanks are
due to: Dr. John W. Marr and Dr. William Osburn
of the University of Colorado, Dr. Moras L. Shubert
of the University of Denver, Dr. S. H. Knight and
Dr. Henry L. Northen of the University of Wyoming,
Dr. Albert W. Johnson of the University of Alaska,
and Dr. A. W. Naylor, Dr. R. L. Barnes, and Miss
Pat C. Kerr of Duke University. We are especially
indebted to Dr. Edward E. C. Clebsch and Mrs.
Barbara Mooney of Duke University whose assistance
in both the field and the laboratory was invaluable.

FIELD METHODS

HasrraTs DESCRIPTION

During the summer of 1957 and 1958, a latitudinal
series of Ozyria digyna plants was collected. These
arctic and alpine populations were selected to encom-
pass a wide geographic range of tundra habitats.
Elevations ranging from sea level to over 12,000 ft
and latitudes extending from 38° N to 76° N were
included in the population sites. Accessibility of each
collection area necessarily determined its exact locale.
The locations of these populations in relation to the
North American distribution of Oxyria are shown
in Figure 2.
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Fra. 2. North American distibution of Omyria digyna
from data of Fernald (1933) and Porsild (1957). Num-
bers refer to areas from which populations were col-
lected: 1. Elephant’s Back, California, 2. Loveland Pass,
Colorado, 3. Niwot Ridge, Front Range, Colorado, 4.
Medicine Bow Mts.,, Wyoming, 5. Beartooth Mts., Wy-
oming, 6. Logan Pass, Montana, 7. Highwood Pass,
Alberta, 8. Sunwapta Pass, Alberta, 9. Summit Lake,
British Columbia, 10. Domnjek Mts., Yukon Territory,
11. Eagle Summit, Alaska, 12. Pitmegea River, Alaska,
13. Sagavanirktok River, Alaska, 14. Pt. Barrow, Alaska,
15. Thule, Greenland, 16. Angel Glacier, Alberta.

The site of the most abundant occurrence of Oxyria
within each study area was chosen as the local popu-
lation site. Mass herbarium collections were made
and notes on the extent and characteristies of the
population were taken. At most sites, the percentage
coverage of Oxyria and the associated species was
quantitatively determined. This was done for a
5 x 5 m square by crossing two diagonal 7.1 m lines
within the microsite. The vegetation was sampled by
point intercepts at 5 em intervals along these lines.
This made a total of 283 points along the diagonals
of the 25 sq m area.

Seeds and/or live plants were collected at each
site. The live plants were sent by airmail to North
Carolina for greenhouse culture. Soil samples of the
upper mineral soil horizons at each location were
collected for later analysis.

Unfortunately, uniformly complete information is
not available from all the population sites since the
collection of seeds or plant material by some contribu-
tors was incidental to other tasks in which they were
engaged. However, the available data on sites ac-
tually visited by at least one or both of the authors
make it possible to get some idea of the environment
and associates characteristic of Oxyria populations in
widely scattered parts of its range.
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FieLp PHYSIOLOGICAL METHODS

During the summer of 1958, it was possible to carry
out a few physiological measurements in the field on
two alpine Oxyria populations. On one population,
Medicine Bow Mts., Wyoming, the carbohydrate con-
tent of the leaves and the roots was followed during
the course of the growing season. Photosynthesis and
respiration rates were measured and leaf chlorophyll
content analyzed. On an Alaskan alpine population,
Kagle Summit, the earbohydrate content was meas-
ured at a single phenological stage and chlorophyll
determinations were made.

A Model 29 Liston-Becker Infrared Gas Analyzer
(Beekman Instruments, Ine.) was utilized for all
photosynthesis and respiration measurements in this
study. This model is operated with a six-volt battery,
aud hence can be used in the field. An Bsterline-
Angus Model AW direct eurrent milliameter was used
as the recording device.

An open system, as described by Billings, Clebsch
& Mooney (1960b), was used for field photosynthesis
and respiration measurements. The method consisted
of making alternate measurements of the CO, con-
tent of a gas stream passing over a plant enclosed
in a plexiglass chamber and of a “free” air stream.
Calculations of the photosynthetic and respiration
rates were based on the difference between the CO,
contents of the two streams with the gas flow rate
maintained at 80.6 1/hr.

The plant stream was measured for 15-minute pe-
riods, alternating with 5-minute periods for measure-
ment of the air stream.

The analyzer was calibrated prior to each test pe-
riod by flushing the calibration system free of CO,
by use of an absorbent (Ascarite) in the air stream.
Then, definite aliquots of pure COs were injected
into the closed calibration system by neans of a hy-
podermic needle. A calibration curve was eonstrueted
to indicate mg CO./1.

Petioles of 8 to 10 Oxyria leaves (attached to a
single rooted plant) were inserted through a slotted
plexiglass base plate and sealed in place with Apiezon
“Q” type scaling eompound. A one liter plexiglass
photosynthetic chamber was then sealed on top of
the base plate, thus completely euclosing the leaves.
During the course of a test period a eontinuous ree-
ord of the radiation received was recorded with an
Instruments Corporation Recording Pyrheliometer.
The temperature was measured at 3-minute intervals
inside and outside of the photosynthetic chamber using
shielded mereury-in-glass thermometers.  Light in-
tensity in foot eandles was read on a photoelectric
illumination meter (Weston KElectrical Instrumment
Corp.) at 5-minute intervals.

An attempt to control excessive temperature build-
up within the chamber was made by placing a Corn-
ing infrared glass filter, CS1-69 no. 4600 M-2040, so
that it intercepted the direet solar radiation. Also,
snow was paeked around the base of the chamber,
which not only helped in temperature control but pre-
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vented moisture condensation on the upper chamber
surface.

Two test runs were completed on Oxyria, the first,
of 1 hr duration on leaves of a plant in early flower
bud stage oun July 9, and another of 2 hrs duration
on a plant in late flower bud stage on July 22. At
the conclusion of each run, the chamber was covered
with a black eloth for a ten minute period for de-
terminations of dark respiration.

From the milliameter recordings, caleulations of the
photosynthetic rate of 1.5 minute intervals were made
and expressed on three bases: per gm of fresh weight
per hr, per sq dm of leaf surface (twice the area of
the leaf) per hr, and per milligram of total chloro-
phyll per hr.

The procedure used for carbohydrate extraction
and analysis has been previously described (Mooney
& Billings 1960) and is comparable to the procedures
of Russell (1940b) and Warren Wilson (1954).
Samples of the upper tap root and leaves were taken
at definite phenological stages and analyzed in triph-
cate for starch and total sugar, the sum of which
was considered “total earbohydrate.”

Determinations were made of the total nitrogen
content of the aleobol-insoluble residues by the method
of Block & Bolling (1951) on all the samples taken
for carbohydrate analysis.

Samples of Oxyria leaves were collected from the
Medicine Bow Mts., Wyoming, and Eagle Summit,
Alaska, for chlorophyll determinations. The fresh
weight of the sample was taken, the leaf outline
traced, and the sample placed in a green vial contain-
ing 80% acetone. These were used later for deter-
mination of eblorophyll content by the speetrophoto-
metriec method of Arnon (1949).

LABORATORY METHODS

All plants used in laboratory experimental work
were grown from field-collected seed. The plants were
grown in a standard greenhouse soil mixture (two
parts loam, one part leaf mold, and one part sand)
in 4-inch elay pots. These plants were maintained
either in the greenhouse or in especially constructed
growth chambers, watered daily, and fertilized with
a “eomplete” liquid fertilizer at regular intervals.

GrowTH CHAMBER DESIGN

Plants utilized for laboratory physiological meas-
urements and for detailed analysis of growth and
phenological development were grown in controlled-
envirommnent growth chambers. These low-temperature
growth chambers constructed from “island-type” dis-
play freczer units have been deseribed by Billings,
Clebseh & Mooney (1960a). It was possible to con-
trol and c¢yele both temperature and light periods in
the chambers enabling a simulation of temperature and
light ¢yeles in natural tundra environments.

CHAMBER PROGRAMMING

Three growth chambers were utilized for experi-
mentation. One chamber was used to simulate the
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diurnal eycle of an alpine environment at a latitude
of approximately 41° N. The day temperature was
controlled at 65° F for a 12-hr period and the night
temperature at 40° F for an equal time. A 15-hr
photoperiod was maintained. These values were
selected to represent average alpine mid-summer con-
ditions in the Medicine Bow Mts.,, Wyoming, as meas-
ured by Bliss (1956). This simulation of the en-
vironment involved control of only thermoperiod and
photoperiod. :

A second chamber simulated growing season con-
ditions of the Alaskan Arctic Coastal Plain at 71° N.
The day temperature was kept at 55° F and the night
at 35° F, both for alternating 12-hr thermoperiods.
This chamber was constantly lighted.

The two chambers deseribed above will be referred
to as the “alpine” and “aretie” chambers, respectively,
throughout the text.

A third chamber was used first at a constant 50° F
temperature and 12-hr photoperiod. Later, the same
temperature was maintained but the photoperiod was
changed to 17 hrs. This will be referred to as the
“constant temperature” chamber.

CHAMBER UTILIZATION

Two separate sets of plants were placed consecu-
tively in the chambers during the duration of the
project. Each set consisted of either 4 or 5 different
populations, usually 10 plants to the population, in
each of the 3 chambers. At weekly intervals, each
plant was scored for phenological development and
the inflorescences of fruiting specimens were har-
vested and pressed. In addition to recording pheno-
logical development, growth measurements were made
at regular periods on one set of populations.

Almost all plants utilized in the laboratory for
physiological measurements were taken directly from
chambers for use. Exceptions to this procedure will
be noted in the text.

PHOTOSYNTHESIS AND RESPIRATION MEASUREMENTS

For the laboratory, a “closed” system was designed
for use with the infrared gas analyzer. It was not
possible to utilize the “open” system that was em-
ployed in the field because of the rapidly fluctuating
CO, content of the semi-urban air. A plant was placed
in a closed system of known CO, concentration and
the time was measured for a given amount of CO; to
be added to or removed from this system. In actual
practice, the operating range was .0285 to .0315%
COy in the air streamn.

In the laboratory, it was possible to control the
temperature of the air within the photosynthetic
chamber. A thermistor inside the chamber was uti-
lized as the sensing eclement for a Yellow Springs
Instrument Model 71 Temperature Controller. The
controller was attached to an ice-water compressor
thus maintaining the water at any pre-set tempera-
ture. The water from the cooler was ecirculated
around the photosynthetie chamber by use of a water

pump.
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Four 300-watt incandescent “sealed beam” spot
lights were used for both a light and a heat source
in the system. Illumination at the base of the photo-
synthetic chamber could be maintained from 0 to 7,000
fe by use of switches and a rheostat.

The standard air flow rate used in all laboratory
gas exchange measurements was approximately 170 1
(6 cu ft) per hr.

DESCRIPTIONS OF ARCTIC AND ALPINE
OXYRIA HABITATS
The similarities and differences of the principal
Oxyria habitats investigated throughout a wide range
of latitudes are presented in the following section.
The location, elevation, exposure, parent material,
some of the soil characteristics, and associated species
are given for these Oxyria miecrosites.

GENERAL HaBiTAT DESCRIPTIONS

Elephant’s Back, California. The only Oxyria
population collected from the Sierra Nevada was lo-
cated in Alpine County, California, south of Carson
Pass (38° 42’ N, 119° 57" W). Collections were made
at this site on August 15, 1957. Oxyria plants were
growing on the very steep northeast-facing talus of
Elephant’s Back at an elevation of 9,100 ft. The
talus, which is composed of voleanic andesitic breceia,
is a site of very late snowmelt. The microsite is
scantily vegetated with Oxyria as well as Agropyron
pringlei (Scribn. & Sm.) Hitche.,, Arabis lemmonii
Wats., Arenaria nuttalld Pax., Lupinus lyallii Gray,
Penstemon heterodozus Gray, Phacelia frigida Greene,
Ranunculus eschscholtzii  Schlecht. var. oxynotus
(Gray) Jeps., Sewecio fremontiv T. & G. var. occi-
dentalis Gray, and Calyptridium umbellatum (Torr.)
Greene.

Loveland Pass, Colorado. This population was ecol-
lected at an elevation of 12,300 ft in the Loveland
Pass area of Colorado (39° 40’ N, 105° 53" W). The
miecrosite is situated on a northwest-sloping (25°)
granitic boulder field. Oxyria is restricted to rock
crevice areas within the houlder field, although in the
general area it is also found on gravelly, otherwise
unvegetated areas, such as road fills and drainage
diteches. Associated with Oxyria in the soil pockets
are Geum turbinatum Rydb., Primula angustifolia
Torr., Suzifraga rhomboidea Gireene, Trisetum spica-
tum (1.) Richt., and Selaginella densa Rydb.

Oxyria was in bloom at the time of collection, and
some of the flowers were smutted. These were the
only smutted individuals noted in all of the field col-
lections.

Pikas (Ochotona princeps), small alpine mammals,
were very evident in the site area on the August 5,
1957, collection date. )

Niwot Ridge, Front Range, Colorado. The Niwot
Ridge population was collected in the vicinity of the
University of Colorado Institute of Arctic and Alpine
Research Tundra Laboratory on Niwot Ridge in the
Front Range of Colorado (40° 04' N, 105° 38 W)
at an approximate elevation of 12,000 ft. The micro-
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site is loeated on a north-facing stabilized talus
(granite and schist) which has a slope of 25°.
Oxyria is restricted to protected crevieces within the
talus. Abundant Oxyria seedlings were observed on
the August 11, 1957, collection date, at which time
the mature plants were in flower.

In the protected erevices, Mertensia viridis A. Nels.
and Senecio fremontii T. & G. are prominent. In
the more open erevice areas, Sedum rosea (L.) Scop.,
Cirsium hookerianum Nutt., Claytonia megarrhiza
(Gray) Parry, Trifolium wanum Torr., Geum turbin-
atum Rydb., and Trisetum spicatum (L.) Richt. oc-
cur.

Medicine Bow Mountains, Wyoming. The Oxyria
population selected from this area is located in the
crevices of an essentially level quartzite boulder field.
The plants are restricted to soil pockets which are
formed, in part, through the intense activity of
pikas. The microsite is situated at an elevation of
10,800 ft in the northern Libby Flat area of the
Medicine Bow Mts. (41° 20" N, 106° 19" W). Oxy-
ria_also occurs in the Medicine Bow alpine area on
rocky north-facing slopes but is not eommon.

Associated with Oxyria within the boulder field
are Aquilegia caerulea James, Ribes montigenum Me-
Clatehie, Sepecio fremontii T. & G., and Cystopteris
fragilis (L.) Bernh.

Observations and physiological measurements were
made on this population throughout the 1958 growing
season.

Beartooth Mountains, Wyoming. This population
is located on the Beartooth Plateau area approxi-
mately 4 mi north of Beartooth Pass (44° 59" N,
109° 25’ W) at an elevation of 10,600 ft. The micro-
site is located on a gentle north-facing portion of the
Wyoniing Creek drainage. The area is composed of
stream-deposited rock fragments, primarily gneiss,
ranging .from 2 ft in diameter down to gravel size.
In spite of the considerable amount of soil surround-
ing and underlying the rock, the microsite area is
essentially vegetationless with the cxception of widely
seattered elumps of completely exposed Oxyria and
Deschampsia caespitosa (L.) Beauv. This relative
lack of vegetation is due to normally late snowmelt.

Oxyria was setting and dispersing fruit on the
August 25, 1957, collection date. Even at this date,
however, it was apparent that the population area
had not been snow-free for long.

Logan Pass, Montana. Seed, only, were collected
from an Oxyria population growing in the immediate
vieinity of Logan Pass, Lewis Range (48° 42" N,
113° 43" W), at an clevation of 6,650 ft. The plants
were growing completely exposed on a level sedimen-
tary rock substrate. The collection date was August
27, 1957.

Highwood DPass, Alberta. An Oxyria population
was selected in the Elk Mountains of Alberta, in the
vieinity of Highwood Pass (50° 35" N, 115° 02" W).
The plants are found loecally abundant in a cirque of
8,000 ft elevation at the base of a fossiliferous lime-
stone talus slide. These plants are growing exposed,
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on an east-facing slope (13°) associated with smal,
rocks, but not in crevices. The thin turf is underlain
with broken rock. Oxyria ranged from full flower
to fruiting stage at the time of collection, July 28,
1958.

The results of the vegetational analysis here are
given in Table 1. Oxyria covers less than 3% of
the ground surface, while bare rock has a coverage
of over 509;,.

Sunwapta Pass, Alberta. Oxyria occurs at the base
of a stone-stripe area 1 mi southeast of Sunwapta
Pass, Alberta (52° 12' N, 117° 08" W). The miero-
site is located on an east spur of Mt. Athabasca be-
tween Hilda Creek and Saskatchewan Glacier at an
elevation of 7,200 ft. This late snowmelt habitat
is situated on a gentle north-facing slope. Associated
with Oxyria are Silene acaulis L., Trisetum spicatum
(L.) Richt, and Poa alpina L. Plant cover was
less than 19 of the ground. Collections of seed and
live plants were made here on August 16, 1958.

Summit Lake, British Columbia. A small colony
of Oxyria was found in this area at the base of a
large dolomitiec roek outerop and talus. The north-
facing slide area (25° slope) is located at an eleva-
tion of 5,300 ft near Summit Lake (58° 37" N, 124°
41’ W). Oxyria is frequent within the microsite area
but is limited to the shallow soil pockets in the
slide. Even at the relatively early collection date on
August 2, 1958, virtually all of the Oxyria fruits had
been dispersed.

The percentage cover of the vegetational con-
ponents is given in Table 1. There is a high per-
centage of roeck cover. Coverage of the site by
Oxyria is about 29,. The high percentage of moss
cover in the general area is reflected in the figures
given for this quadrat.

Donjel: Mountains, Yukon Territory. The popula-
tion site selected in the Donjek Mts. (61° 23" N,
139° 27" W) is located on a north-facing solifluction
lobe at an elevation of 5,700 ft. The microsite is
situated on a 29° slope of the actively flowing lobe
where approximately 2 in. of turf overlies a sandy
subsoil.

Oxyria is seattered in small clumps throughout the
nierosite. It is also found in the general area as-
sociated with Salix and Cassiope along rocky stream-
sides down to an elevation of less than 4,400 ft.

Because of the late date of collection at the popula-
tion area on August 25, 1958, several plant identifica-
tions in the quadrat sample could not be carried
below generic level. All of the species were in late
fruit or had dispersed seed and were showing fall
coloration at this date. The results of the vegetational
analysis are in Table 1.

Eagle Summit, Alaska. A population of Oxyria
was found immediately south of Bagle Pass (65°
28" N, 145° 24' W), on the Steese Highway, Alaska.
1t is situated on a northwest-facing 32° slope, at an
elevation of 3,800 ft. The microsite is a semi-sta-
bilized talus with small gravelly soil pockets. The
substrate rock is largely mica-schist.
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TaBLE 1. Vegetational analyses at Oxyria mierosites in the middle and northern parts of its North American
range. Figures are percentage cover.

Saga-
Species Highwood | Summit Donjek Eagle Pitmegea | vanirktok Point
Pass Lake Mits. Summit River River Barrow
Achillea lanulosa Nutt.. . .......... .36 — — — — — —
Anemone parvifolia Michx.. .. ... .. 72 — — — — —
Antennarie elpina (L.) Gaertn.. . . .. 1.8) — — — — — —
Arnica cordifolia Hook.. . . ......... 72 — — — — —
Carex haydeniana Olney........ .. .. 2.88 — — — —
Castilleja occidentalis Torr.. . ... .. .. .72 — — — — —
Deschampsia caespitosa (L.) Beauv.. . .36 — — — — —
Draba crassifolie R. Grah........... 72 — — — — — —
Epilobium alpinum L.. ... ....... .. 1.08 — — — — —
Erigeron peregrinum (Pursh) Greene

subsp. callianthemus (Greene)

(0770 |1 ORI 1.44 — — — — — —
Festuca brachyphylle Schultes. . . . . .. 72 — — — —
Juncus drummondii E. Meyer. . . . .. 72 — — — — - —
Luzula spicata (LY DC............. 72 — — — — — —
Myosotis alpectris Schmidt. . ..... .. .36 — — — — — —
Ozyria digyna (L) Hill. . ...... ... 2.88 2.11 71 23.84 31.54 25.80 22.70
Phleum alpinum L................. .36 — — — — —
Poaalpinali..................... 5.40 5.26 - — — —
Poa epilis Seribn.. . ... L 72 — — — — — —
Potentille diversifolia Lehm.. . .... .. .36 — — — - —
Saliz arctica Pall. var. araioclada

(Schneid.) Raup............... 2.88 — — — — —
Saliz nivalis Hook................. 3.24 — —_ — — — —
Sazifraga lyellii Engler. . ....... ... .36 — — — — — —
Sibbaldia procumbens L............. 1.44 — — — — —
Tarazacum lyratum (Ledeb.) DC.. .. 36 — — — — —
Antennaria monocephala DC.. ... ... — .35 .36 — — —

Draba nivalis Liljebl. var. elongata

S.Wats....ooviiic -— 1.40 — — — —
Erigeron humilis Grabh.............. — .35 — — —
Poa leptocoma Trin.. . ..... ....... — 1.75 — — — 2.47 —
Polygonum viviparum L.. .. ...... .. — 1.05 .36 — — — —
Saliz arctica Pall.. . ............... — 8.77 — — — — —
Sazifraga punctata L... .. .......... — 1.40 — — 1.79 — .35
Trisetum spicatum (L.) Richt.. . .. .. — 5.61 — 71 6.09 3.89 —
Artemisia alaskana Rydb........ ... — .71 1.78 — — —
CUrer SP......ovvovreannnennnn. — — 10.71 3.20 — — —
Cassiope tetragona (L.) D. Don...... — — 37.50 — — — —
Dryas octopetala L. subsp. punctata

(Juz) Hult.. ... — — 71 — —

Oxyltropis SP. o oo — — .71 — — —
Pedicularis 8p... ... — .36 — — —
Salix polaris Wahlenb. subsp.

pseudopolaris (Flod.) Hult.. .. ... — — 16.79 5.34 — — —
Saliz reticulata L. ................ — — .36 — 36 — —
Silene acaulis L. . ................ — — 3.57 — — —
Luzula wahlenbergit Rupr.... . ... ... — — — 2.85 — — —
Polemonium boreale Adams. ...... .. — — — 1.07 — — —
Aconitum delphinifolium DC. subsp.

paradozum (Rehb.) Hult.. . ... .. — — — — .36 — —
Artemisia Sp... ... — — — — 1.43 —
Drabasp............ ... ... .. — — — — .36 —

Epilobium latifolium L.. ... ...... — — — — 2.15 —

Equisetum arvense L. .. ........... — — — — .36 — —
Luzula nivalis (Laest.) Beurl... .. .. — — — — 2.87 — —
Poaarclica. .. ............ .ot — — — — 24.01 — 25.53
Salix phlebophylla Ands.. . .. ... ... — — — — 8.24 — —
Stellaria monantha Hult.. ... ... .. — — — 2.51 — —
Carez lachenallit Schk............. — — — — — .35 —
Saliz rotundifolia Trautv.. ... .. ... — — — — 2.12 .72
Sazifraga cernua L................. — — — — 71 .35
Cochlearia officinalis L.............. — — — — 5.32
Ranunculus nivalis L............... — — — — — — 10.64
Taraxacum alaskanum Rydb.. ... ... — — — — — — 1.42
Lichens............... ..., .36 — 3.57 2.85 — 6.71 .35
MosSes. . ..ot 5.76 28.42 6.43 8.90 12.90 38.16 22.34
Liverworts. ...................... — 1.05 — — — — —
Total vegetational cover........... 37.41 57.54 82.86 50.53 94.98 80.21 89.72
Baresoil... ..................... 8.99 6.67 17.14 — 5.02 19.79 10.28
Rock... .. ..o, 53.60 35.79 — 49 .47 — — —
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Oxyria is extremely abundant in the miecrosite as
is shown by the vegetational analysis in Table 1. It
comprises almost a fourth of the total cover. Ilow-
ever, it appears to be mainly of loeal occurrence, ap-
pearing in rock slides and also along the road cut.

The roots of Oxyria here were infested with woolly
aphids, the only such infestation noted in the field
collections.

The collared pika, Ochotona collaris, was very ac-
tive in the rock slide at the time of colleetion on
August 14, 1958,

Pitmegea River, Alaska. An Oxyria population
was selected at the mouth of the Pitmegea River on
the Aretic Ocean (68° 56’ N, 164° 38 W), on the
northern eoastal plain of Alaska. This site is situ-
ated at the hase of a north-facing shale bluff with a
slope of 24°. The combined talus and solifluetion
lobe is a site of late snowmelt. Oxyria is very abun-
dant in the miecrosite, constituting over 309, of the
cover (Table 1). Colleetions were made here on
August 18, 1958.

Untortunately, a number of herbariunt speeimens of
the associated plants were lost in transit, hence some
of the identifications are to the generic level only.

This station, and the remainder to be discussed, are
all arctic tundra sites; those previously discussed
have been located along a south to north alpine
tundra environmental gradient.

Sagavanirktok River, Alaska. A population of
Oxyria was chosen in the Franklin Bluffs seetion of
the Sagavanirktok River (69° 50" N, 148° 40" W),
on the Arctic Coastal Plain of Alaska. The wmiero-
site is located on a terrace with a very gentle (1°)
west-facing slope which evidently has late-lying snow.
The clevation of this site is under 500 ft.

Oxyria is abundant in the sample, constituting 25%
of the cover (Table 1). Mosses, however, comprise
an even greater portion of the sample.

In the general area, Oxyria is frequently found in
late snowmelt areas. Collections were made at this
site on August 13, 1958.

Pt. Barrow, Alaska. In the Pt. Barrow region
(71° 17" N, 156° 47" W), there are occasional con-
centrations of Oxyria on the eroding surfaces of the
dissected sea cliffs. At such microsites where snow
accumulates and melting is slow, Oxyria may be very
abundant although quite dwarfed and with flowering
stalks uncommon.

Such a concentration of Oxyria was chosen as a
collection site on August 21, 1958. The population
area is less than 50 ft in elevation and is south-fae-
ing with a 25° slope.

Although Oxyria is quite abundant in the miero-
site area, comprising over 209 of the cover (Table
1), it becomes rare at a distance of only a few hun-
dred meters inland.

SOt ANALYSES
Ouly limited analyses were carried out on the soil
samples eollected in the field: percentage of sample
greater than 2 mm in diameter, pIl, and total nitro-
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gen.  Total nitrogen was determined by the Kjeldah
method, and pH determinations were made by the
method of Metson (1956). The results of the limitec
soil survey are presented in Table 2 as averages of
duplieate determinations.

TasLr 2. Soil analyses for Oxyria population arecas
Percent
Location over 2mm | Percent pH
diam.* total N
Loveland Pass. . ........... 38.5 .37 5.30
Niwot Ridge. . ............ 3.7 .30 5.35
Medicine Bow Mts.. . ... ... 3.4 .43 5.50
Beartooth Mts.. .. .. ... .... 51.8 .07 5.60
Highwood Pass............ 3.6 .78 7.00
Summit Lake..... ...... ... 5.0 .32 7.80
Donjek Mts.. ... ...... ... 39.0 .20 6.25
Eagle Summit. .. .......... 44 .0 11 5.85
Pitmegea River.. ... .. ..... 41.0 .21 7.35
Sagavanirktok River. ... ... 40.4 21 775
Pt. Barrow................ 17.5 .29 i 6.25

* Fraction over 2 mm diameter and total nitrogen are on an air-dry weight basis.

All of the soils from Oxyria habitats in the Yukon
Territory and Alaska have a high percentage of
gravel while those of the southern alpine stations
usually have low gravel percentages. Loveland Pass,
where the population oecurs in erevices of severely
weathered granite, and the Beartooth Mts., where the
observed population grows on stream-deposited
gravels, are the two alpine loeations where the soil
has a high rock and gravel content.

The total nitrogen values are generally high, which
may be related to the high incidence of small mam-
mal activity coincident with Oxyria populations. The
only low value is from soil of the Beartooth stream
gravels.  With this exeeption, the southern alpine
soils exhibit higher nitrogen values than those of
northern sotls,

The pll values range from acidic to basie, demon-
strating the broad tolerance of Oxyria as a species in
regard to reaction of the substrate.

Russell (1940a) presents pI and total nitrogen
values for various Oxyria habitats on Jan Mayen
Island. The pIl there ranged from 7.2 to 7.6 and the
total nitrogen from 0.10 to 0.179, values which are
m keeping with those given here for arvctie stations.
However, Warren Wilson (unpublished data) found
a wider range in soil nitrogen in Oxyria habitats on
Jan Mayen, with values extending from 0.008 to
1.0019;.

Haprrar SuMMary

Throughout the range of the present work, the
southern and northern alpine arcas, and the Alaskan
Arctie, habitats of Oxyrin generally appear to have
late snownielt as a common denominator. Oxyria in
the south is usually associated with ereviees or rock
m some form: talus, streamside gravel, houlder field,
or shallow fractured rock suhstrate. As a result of
sueh rocky surfaces, alpine Oxyria sites are very
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TABLE 3. Analysis of certain morphological characteristics of Oxyria populations as exhibited under field, con-
trolled environment, and greenhouse conditions
AVERAGE AVERAGE INFLORESCENCE
Lear LENgTH/LEAF WIDTH RATIO Brancu NUMBER
Location Field Chambers Greenhouse Field Chambers
Branch Branch
N Ratio N Ratio N Ratio N number N number
Elephant’s Back, Calif....... — — 19 77 — — — — 19 6.6
Loveland Pass, Colo......... 13 77 19 .88 — — 5 8.0 14 8.0
Niwot Ridge, Colo.......... 15 .78 — — — — 13 5.2 — —
Medicine Bow Mts., Wyo.... 6 .69 20 .81 5 .80 2 8.5 20 5.7
Beartooth Mts., Wyo........ 24 75 — — 9 .86 13 2.0 — —
Logan Pass, Mont.......... — — 20 .89 9 .84 — — 13 5.0
Highwood Pass, Alta........ 24 70 10 .81 8 71 15 2.5 4 3.8
Angel Glacier, Alta.......... — — — — 9 62 — — — —
Summit Lake, B. C.. .. 25 o7 — — — — 12 2.5 — —
Donjek Mts., Yukon........ 9 .67 19 .57 9 .63 11 1.7 6 2.5
Eagle Summit, Alaska. . . ... 29 .59 20 .53 9 69 31 2.5 7 3.5
Pitmegea River, Alaska. . ... 14 .64 20 .52 — — 19 3.0 — —
Sagavanirktok River, Alaska. 12 .58 19 60 9 .66 21 1.2 10 2.6
Pt. Barrow, Alaska......... 27 46 — — | 9 .63 19 1.1 2 1.5
Thule, Greeland............ — — — — i 5 .64 — — — —
FIELD CHAMBERS FIELD CHAMBERS
Location Number of plants with Number of plants with |IN umber of plants { Number of plants
stamen number of: stamen number of : with  without| with  without
2 variable 6 2 variable rhizomes: rhizomes:
Elephant’s Back, Calif....... — — -— 0 3 16 — — 0 19
Loveland Pass, Colo......... 12 1 0 14 0 0 0 7 0 20
Niwot Ridge, Colo.......... 10 1 2 — — — 0 8 — —
Medicine Bow Mts., Wyo.... 0 0 3 2 0 18 0 5 0 20
Beartooth Mts., Wyo........ 1 6 0 — —_ — 0 20 — —
Logan Pass, Mont.......... — - | = 0 1 13 — — 0 20
Highwood Pass, Alta........ 0 0 14 0 0 4 2? 4 0 10
Angel Glacier, Alta.......... — — — — —_ — — — — —
Summit Lake, B. C......... 0 0 6 — — — 1? 1 — —
Donjek Mts., Yukon........ 0 0 1 0 0 6 9 2 1 9
Eagle Summit, Alaska. .. ... 0 0 23 0 0 7 7 4 6 4
Pitmegea River, Alaska. .... 0 0 12 — — — 18 0 2 8
Sagavanirktok River, Alaska . 0 0 16 0 0 11 17 1 7 3
Pt. Barrow, Alaska......... 0 0 17 0 0 2 14 0 4 0
Thule, Greenland. .......... — — — — — — — — — —

thinly vegetated. Unstable fine-grained substrates
such as eroding silt bluffs and solifluction lobes as-
sume importance as Oxyria sites in Alaska and the
Yukon. Vegetational cover in such sites is relatively
high. Oxyria is not found in such habitats in the
southern part of its range.

In general, the vegetational coverage of Oxyria
microsites increases from south to north. The typieal
Oxyria habitat in the central Rocky Mountains or
Sierra Nevada 1s a barren rocky talus, cliff, or
bouldery morainal material. These “rock piles” have
very little vegetation other than scattered Oxyria
plants. For this reason, no quantitative vegetational
sampling of Oxyria habitats was done south of Iligh-
wood Pass. The associates of Oxyria vary through-
out its range in North America. At lower latitudes,
southern alpine endemies are of importance. Toward
the north, circumpolar species increase in frequency.

Trisetum spicatum, an arctic-alpine species of wide
distribution, is often associated with Oxyria in both
southern and northern habitats.

ANALYSIS OF MORPHOLOGICAL VARI-
ABILITY BETWEEN POPULATIONS

The mass field collections® and the plants grown
from seed in the greenhouse and in the growth cham-
bers were analyzed to determine whether or not any
patterns of morphological variability were associated
with the geographic locations of the various popula-
tions. The following characteristics were measured:
(1) maximum leaf width and length (top of petiole
to apex of blade) of the largest leaf of a specimen;
(2) number of primary branches of the largest in-
florescence; (3) stamen number; (4) presence or

1 All herbarium material, including mass collections, is de-
posited in the Duke University Herbarium.
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Fi¢. 3. Oxyria flower types. Flower on left has normal stamen development and is from a Sagavanirktok

River, Alaska, plant.

Center flower with aborted stamens is from a Logan Pass, Montana, plant.

Two-

stamen flower on right is from a Medicine Bow Mts.,, Wyoming, plant.

absence of rhizomes (Table 3). Also noted, was the
number of flowers with stamens completely aborted
in an inflorescence.

The average ratios of leaf length to leaf width ap-
pear to indicate the existence of two population
groups: a northern one, made up of all the popula-
tions from Thule, Greenland, to Angel Glacier, Al-
berta, and a southern one, from Highwood Pass, Al-
berta, southward. Although the absolute magnitudes
of the ratios are slightly altered by environmental
conditions, the two groups are apparent under all
treatments.

The average inflorescence branch number decreases
from south to north. Plants of the far southern al-
pine populations are strikingly more branched than
the northern forms, again suggesting two population
groups rather than a cline.

Among Oxyria plants, certain individuals have un-
usual flowers which have only two stamens instead of
the normal six. The inflorescences of these plants can
be distinguished by their gross appearance. Other
plants have inflorescences which have flowers with
variable stamen numbers up to the full complement
of six. Also, there are inflorescences containing from
a few to all of the flowers with stamens completely
aborted. The abortion of stamens does not appear to
be directly related to the character of variable stamen
number since the total complement of six undeveloped
stamens can always be distinguished in such flowers.
The principal flower types are illustrated in Figure
3.

Table 3, shows that the two-stamen character is
limited to the far southern populations. The pres-
ence of two-stamen or variable-stamen forms also
appears to separate the populations into southern
and northern groups. In this instance, the separation
occurs between Logan Pass, Montana, and Highwood
Pass, Alberta.

Presence of rhizomes is another distinctive char-
acter of certain populations, which is not always
easily noticed in the field, but is readily apparent in

cultivated Oxyria plants. Some populations have
plants which produce rhizomes, while other popula-
tions lack this character entirely. In Table 3, it may
be seen that at the extremes of the range investigated,
rhizomes are either completely present or completely
absent. The presence of rhizomes is frequent in
plants of the northern populations, while plants of
the south lack rhizomes. The relatively low percent-
ages of rhizomatous forms in some northern popu-
lations grown in the environmental chambers may be a
funetion of their lack of age when scored for this
character. Young cultivated plants, when excavated,

N6

Fie.
seed in the greenhouse.
Mts.,, Wyoming.

4. XNoun-rhizomatous Oxyria plant grown from
Seed collected from Beartooth
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Fie. 5. Rhizomatous Oxyria plant grown from seed
in the greenhouse. Seed collected from Sagavanirktok
River, Alaska.

were often found to have rhizomes which were not yet
apparent above the ground surface.

Figure 4 shows a pot-grown greenhouse-cultivated
Oxyria from the Beartooth Mts., Wyoming, popula-
tion. - This nonrhizomatous form may be compared
with a plant from the Sagavanirktok River, Alaska,
population grown under the same conditions which is
illustrated in Figure 5. The rhizomes originate at
the base of the stem.

CHROMOSOME NUMBER

Published chromosome counts to date indicate that
Oxyria digyna has 2n equaling 14 throughout its
range. In Europe, counts have been made on ma-
terial from Norway (XKnaben 1950), France and
Switzerland (Larsen 1954), as well as from the Kola
Peninsula (Bocher & Larsen 1950). Counts have
also been made on plants from Spitzbergen (Flovik
1940) and Iceland (Léve & Love 1956). In North
America, 2n equaling 14 has been found in Greenland
and Canadian plants by Bocher & Larsen (1950).
Other Greenland counts have been made by Holmen
(1952) and Jgdrgensen, Sgrensen & Westergaard
(1958).

In the present work, flower buds were taken from
plants grown under greenhouse and chamber condi-
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tions and meiotic figures counted on the following
populations: Elephant’s Back, Medicine Bow Mts.,
Logan Pass, and Sagavanirktok River. All of these
counts showed n equaling 7. This provides further
evidence that Oxyria probably has the same chromo-
some number throughout its total range.

GERMINATION

A series of experiments was done to determine if
there were any differences in the characteristics of
seed germination among the various populations of
Oxyria. All germination studies were made in dupli-
cate on moist filter paper in petri dishes. Seeds were
exposed to light during the course of all experiments
unless otherwise noted. Results are expressed as the
averages of the duplicate tests. Since no differences
were found in the percentage of germination between
achenes when either contained in, or removed from,
the fruit, the single-seeded fruit was used as the test
unit.

ArTER-RIPENING

To find out if Oxyria seed has an after-ripening re-
quirement, fresh fruits were collected from inflores-
cences in several populations of cultivated plants and
immediately placed in petri dishes, watered, and kept
at 20° C. Additional seeds of some of the popula-
tions were stratified on moist filter paper for one
week at 3° C before being placed at the 20° C tem-
perature.

There was rather high viability (40 to 80%) in
most of the populations even though the seeds were
not allowed to dry and after-ripen. Although the
seeds of these same populations when dried and stored
in a freezer at —10° C for periods up to 2 yrs have
slightly higher germination percentages than the
fresh seed, there does not seem to be any appreciable
after-ripening requirement. Cold-stratification of the
freshly harvested seed results in only slightly higher
germination percentages.

Licar aNp DARK EFrECTS

To determine if Oxyria seeds have a light require-
ment for germination, replicate sets of field-collected
seeds were placed in each of the following conditions:
light at 20° C and dark at 20° C. The average per-
centage germination after 8 days is given in Table 4.

TABLE 4. Percentage germination in light and dark

Population Light Dark
Elephant’s Back.................. 82.5 2.5
Medicine Bow Mts.. 356.0 2.5
Beartooth Mts................... 52.5 15.0
Logan Pags...................... 92.5 50.0
Highwood Pass................... 80.0 50.0
Donjek Mts..............coovt. 85.0 356.0
Eagle Summit.................... 70.0 25.0
Pitmegea River. ................. 100.0 72.5
Sagavanirktok River.............. 90.0 32.5
Pt.Barrow........c.coooiiiianan. 67.5 35.0
Thule, Greenland................. 37.5 30.0
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In all instances, there was higher percentage ger-
mination in the light than in the dark. The percentage
increase of light germination over dark was variable
for the different populations with little apparent
pattern. However, the divergence between light and
dark percentages was greatest for the far southern
alpine populations.

ErrEcT or CONSTANT TEMPERATURE ON (AERMINATION

Equal numbers of field-collected seeds of represent-
ative populations were placed in a graded series of
constant temperatures, 3° C, 10° C, 15° C, 20° C,
25° C, and 30° C. After a two week period, no
germination had occurred at 3° C and these seeds were
moved to 20° C. The average relative germination
(where the highest number germinating for a given
population at any treatment equals 100%) at 14 days
is given for all temperatures and populations in
Table 5. Also shown is the germination of the 3°
stratified seeds after one week at 20° C as a percent-
age of the maximum unstratified germination.

TABLE 5. DPercentage germination of maximum at
graded temperatures

Population 3°C | 10°C | 15°C | 20°C | 25°C | 30°C | 20°C

stratified
Elephant’s Back....... 0.0 {17.1 | 80.0 | 100.0 | 62.9 | 28.6 94.3
Medicine Bow Mts.....| 0.0 | 45.5 | 72.7 | 100.0 | 45.5 | 36.4 | 154.5
Beartooth Mts......... 0.0 | 3.8 53.81100.0|46.2 | 19.2 103.8
Logan Pass........... 0.0 32.4 | 100.0 97.3 | 67.6 | 48.6 102.8
Highwood Pass........ 0.0 ] 62.1 69.0 | 100.0 | 93.1 | 72.4 69,0
Donjek Mts........... 0.034.5| 89.7 [ 100.0|72.565.5| 113.8
Eagle Summit. . ....... 0.0 |28.0{ 76.0 | 100.0 | 72.0 | 64.0 | 132.0
Pitmegea River........ 0.0 | 29.4 | 100.0 | 100.0 | 67.6 | 55.9 | 117.6
Sagavanirktok River...| 0.0 | 11.1 | 74.1 | 100.0 | 77.8 | 55.6 | 129.6
Pt. Barrow............ 0.0 7.7 | 80.8|100.0{73.1|50.0} 107.7
Thule, Greenland......} 0.0 { 7.7 | 69.2 { 100.0 | 46.2 | 53.8 76.9

Several generalizations may be made from this
table. In all but the Logan Pass population, the max-
imum germination occurs at 20° C. Germination is
less at 10° C than at 30° C in all but the Medicine
Bow Mts. population. Lastly, in most populations,
the germination of stratified seeds was higher than
the maximum germination percentage of unstratified
seeds after 2 weeks at 20° C.

ErFEcT OF ALTERNATING TEMPERATURES
oN GERMINATION

A more natural situation was provided for germi-
nation by placing equal numbers of seeds of two al-
pine populations and two arctic populations in the
alpine and in the arctic growth chambers where they
were subject to the influence of alternating tempera-
tures. The average percentage germination at 3
weeks for these populations in the 2 chambers is
shown in Table 6. In all instances, germination was
lower in the arctic chamber than in the alpine. How-
ever, it may be significant that the germination of the
arctic populations was less reduced than those of
alpine populations in thé arctic chamber, with its
colder day and night temperatures.

Ecological Monographs
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TaBLE 6. Percentage germination in ‘‘arctic’’ and
‘‘alpine’’ diurnal temperature eycles

Arctic as

Population “Arctic” | “Alpine” | pereent of
alpine
Elephant’s Back........ 12.5 42.5 31.0
Logan Pass............. 32.5 87.5 37.2
Pitmegea River......... 65.0 80.0 81.4
Sagavanirktok River....| 40.0 70.0 57.0

GROWTH AND DEVELOPMENT

ErrEcT 0F CONTROLLED ENVIRONMENTS ON GROWTH

Laboratory measurements of rates of petiole elon-
gation, leaf expansion, and leaf production were made
on 5 Oxyria populations: Loveland Pass, Highwood
Pass, Donjek Mts., Eagle Summit, and Pitmegea
River. These rates were measured on‘10 individuals
of each population in each of the two growth cham-
bers, arctic and alpine. All of the plants were grown
from seed and were 2 months old at the time of first
measurement. The initial and final measurements for
a 10-week period are given in Table 7.

TABLE 7. Growth measurements of Oxyria plants
under controlled regimes*

Mgean MEAN MEeaN
. Perrore Lenerr] LeaF WiotH | LEaF NUMBER
Population and regime
Initial | Final | Initial | Final | Initial | Final
Loveland Pass
27.1

Alpine chamber. ........ 1.7 9.9 0.9 | 4.0 4.2
Arctic chamber 1.6 | 7.2*** 1.0 |3.5 4.0 |23.2
Highwood Pass

Alpine chamber. ........ 1.6 {5.2 1.0 | 2.9 6.0 | 45.8

Arctic chamber.......... 1.8 | 7.2 1.1 3.0 6.6 |45.9
Donjek Mts.

Alpine chamber. .. ...... 1.9 | 3.7 1.3 | 2.2 4.8 | 17.0

Arctic chamber.......... 1.8 | 7.2%** 1.2 | 3.3*** 4.7 | 27.1**
Eagle Summit

Alpine chamber. ........| 1.6 | 3.0 1.1 (2.0 4.5 |12.9

Arctic chamber.......... 1.4 | 5.8%** 1.0 | 2.4 4.5 |13.6
Pitmegea River

Alpine chamber..... ... 1.7 | 2.3 1.0 | 1.5 3.8 | 11.4

Arctic chamber.......... 1.9 | 4.8**% 1.0 | 2.0** 4.9 | 14.6

U e L I awvel),
P - (19 level).

The average initial petiole length in all popula-
tions was essentially the same. The final petiole
length on plants in the alpine chamber decreased
progressively from the southern to the northern popu-
lations. On the other hand, the terminal measure-
ments on populations in the arctic chamber fell into
two groups. Plants from the 3 southernmost popula-
tions had identical averages, 7.2 em, while the 2
northernmost populations averaged 5.3 and 4.8 cm.
The Loveland Pass population, of far southern alpine
origin, was the only one to have longer petioles in the
alpine chamber than in the aretic; this difference was
significant at the 1% level.
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Initial measurements on leaf width were similar
for all of the populations, although Eagle Summit
plants had slightly wider leaves. The final measure-
ments on leaf width showed the same trends as those
shown by petiole length. In the alpine chamber, the
widths decreased from south to north. In the aretic
chamber, there were two groups: the 3 southernmost
populations had average measurements in the 3 em
region, whereas the 2 northern populations had aver-
ages in the 2 em region. Again, Loveland Pass was
the only population with larger measurements in the
alpine chamber.

Later, evidence will be presented which indicates
that the comparison of the populations in the alpine
chamber is actually an expression of a clinal growth
response to photoperiod. On the other hand, in the
arctic chamber where all of the populations had an
ample photoperiod for growth and flowering, the
differences between populations are an expression of
genetically based morphological differences.

A comparison between treatments of the averages
of leaf width and petiole length shows that, in the
southernmost alpine population, the maximum devel-
opment in these characters was in the alpine chamber.
For the other populations, the opposite was true,
with greater development in the arctic chamber. The
Loveland Pass population was the only one in this ex-
periment which came from an environment with a
maximum photoperiod of less than 15 hrs, the photo-
period regime of the alpine growth chamber. This
may explain the growth trend reversal for this popu-
lation in eomparison with the others.

The data on leaf number are similar in all respects
to those of leaf expansion and petiole elongation with
one major exception. The Highwood Pass population
had a very high number of leaves in both treatments,
almost twice that of any other population in either
treatment. This aelinal variant somewhat obscures,
but does not negate, the trends already discussed.

In Figure 6, representatives of the populations are
arranged with the southernmost on the left extending
latitudinally to the northernmost on the right. These
plants had all been in the arctic or alpine chambers
for three months at the time of the photographs, not
long enough for most populations to flower. The
clinal growth rate from south to north is well-illus-
trated.

ErrFect OF CONTROLLED ENVIRONMENTS ON
PHENOLOGICAL DEVELOPMENT

A second group of populations was grown in the
controlled chambers and the plants were scored at
weekly intervals for phenological development.

In this group of populations were Elephant’s
Back, Medicine Bow Mts., Logan Pass, and Sagava-
nirktok River. Ten members of each population were
placed in each of the arctie, alpine, and constant
growth chambers. These chambers had the follow-
ing temperature and light regimes: alpine chamber,
15-hr photoperiod, 12-hr day temperature of 65° T
and a 12-hr 40° F night temperature; arctic chamber,
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1G. 6. Aspects of plants from a latitudinal collection
of populations grown under uniform econditions. Origin
from left to right: Loveland Pass, Highwood Pass,
Donjek Mts.,, Eagle Summit, Pitmegea River. Photo-
graph A is from the alpine chamber; photograph B from
the aretic chamber. Plants had been under controlled
conditions for only 3 months, not long enough for most
populations to produce flowering plants.

RN
GRE

24-hr photoperiod, 12-hr temperature period of 55° F
and a 12-hr temperature of 35° F; constant temnpera-
ture chamber, 12-hr photoperiod and a 24-hr thermo-
period of 50° F,

At the beginning of the experiment, all plants were
4 month old pre-floral seedlings. The first plants
started coming into flower after being in the chamber
for 2 months. In Table 8 are given the weekly flower-
ing or fruiting percentages of each population in
each of the 3 chambers.

Both the Elephant’s Back and Medicine Bow Mts.
populations oceur in environments which have a maxi-
mum photoperiod of 15 hrs or less. logan Pass has
a natural maximum photoperiod of approximately
16 hrs, and Sagavanirktok River has over 2 months
of continuous light in midsunimer.

In the constant temperature growth chamber, while
it was set on a 12-hr photo-period, no plants of any
population flowered.

In the alpine chamber (both Elephant’s Back and
Medicine Bow Mts. populations quickly attained a
1009, flowering condition. Most of the Logan Pass



14 H. A. MooNnEY aAND W. D. BiLLiNGs
TaBLE 8. Percentages of plants in four populations
flowering or fruiting at end of weekly intervals
Time | ELEPHAaNT'S Back MepiciNE Bow Mrs.
in
weeks | Alpine Arctic | Constant| Alpine Arctic
1 0 0 0 0 0
2 0 0 0 10 0
3 30 10 0 30 0
4 60 20 0 30 30
5 80 60 0 30 30
6 90 60 0 80 70
7 90 80 0 80 80
8 100 80 0 80 100
9 100 80 0 90 100
10 100 80 0 90 100
11 100 80 0 100 100
12 100 100 0 100 100
13 100 100 0 100 100
14 100 100 0 100 100
15 100 100 0 100 100
16 100 100 0 100 100
17 100 100 0 100 100
18 100 100 0 100 100
Table 8 (continued)
Time Loogan Pass SAGAVANIRKTOK RIVER
in
weeks | Constant| Alpine [Arctic| Constant| Alpine |Arctic
1 0 0 0 0 0 0
2 0 0 0 0 0 0
3 0 0 0 0 0 20
4 0 0 10 0 0 30
5 0 10 10 0 0 40
6 0 10 30 0 0 70
7 0 20 60 0 0 80
8 0 20 90 0 0 100
9 0 20 90 0 0 100
10 0 20 90 0 0 100
11 0 30 90 0 0 100
12 0 30 90 0 0 100
13 0 40 90 0 0 100
14 0 50 90 0 0 100
15 0 50 100 0 0 100
16 0 50 100 0 0 100
17 0 50 100 0 0 100
18 0 50 100 0 0 100

plants were considerably retarded. Only 50% of the
individuals had reached a flowering condition 4
months after the first plants of any populations had
flowered. The Sagavanirktok River population failed
to flower or fruit at all in the alpine chamber.

Thus, in the alpine chamber there appeared to be
a latitudinal ecotypic response to a 15-hr photoperiod.
Those populations which have a natural photoperiodie
maximum of 15 hrs or less, produced flowers and
fruits normally. The Logan Pass population, orig-
inating from an area which has a natural maximum
photoperiod of 16 hrs, has some members which do
flower and others which do not flower and fruit
normally at the 15-hr photoperiod. Finally, the Sag-
avanirktok River population, whose natural environ-
ment has a maximum photoperiod considerably in
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excess of 15-hrs, completely fails to flower or fruit
under so short a photoperiod.
In the arectic chamber, which had a continuous

Fia. 7. Plan-t,s from Elephant’s Back, California,
population grown under controlled alpine (A) and arctie
conditions (B).

Fie. 8. Plants from the Medicine Bow Mts.,, Wy-
oming, population grown under controlled alpine (A)
and aretic conditions (B).




January, 1961

i sy & o o ’uév |
Fi1c. 9. Plants from the Logan Pass, Montana, popu-
lation grown under controlled alpine (A) and aretic
conditions (B).

F1¢. 10. Plants from the Sagavanirktok River, Alaska,
population grown under controlled alpine (A) and arctie
conditions (B).

photoperiod, all populations came into flower rela-
tively quickly.

The general aspeet of the plants grown during this
experiment in the arctic and alpine chambers is shown
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in Figures 7, 8, 9, and 10. These photographs were
all taken on the same day, immediately prior to the
first date of inflorescence harvest.

Although there is evidence that temperature may
limit photoperiodic induction in some plants (Thomas
1956), there was probably no significant difference in
such induction between Oxyria plants in the arctie
and alpine growth chambers due to temperature alone.
There was only a 5° F difference in the minimum
daily temperatures of the two chambers and 10° in
the maximum. There is no way of evaluating the
temperature effect on photoinduction from the present
data. However, the fact that flowering in most popu-
lations did not oceur in the higher mean temperature
(52.5° F) of the alpine chamber but did oeccur in
the lower mean temperature (45° F) of the arctice
chamber, does appear to indicate that low tempera-
ture was not limiting.

At the conclusion of the first experiment, the photo-
period of the constant growth chamber was shifted
from 12 to 17 hrs, but the temperature was main-
tained at 50° F. While the plants were on the 12-
hr photoperiod, they all formed perennating buds at
the soil surface but maintained functional leaves; in
effect, they rosetted. Near the conclusion of the
12-hr photoperiod experiment, the temperature of the
constant chamber accidentally dropped to 15° F for a
12-hr period. This low temperature damaged the
funetional leaves but not the perennating buds. When
this ehamber was switched to a 17-hr photoperiod,
the plants very rapidly broke bud dormancy and be-
came vegetative. In 3 weeks time, the first plants
had come into flower.

The populations represented in the constant cham-
ber included the Medicine Bow Mts.,, Logan Pass,
Eagle Summit, and Sagavanirktok River. Thus, the
group differed from the one present in the aretic
and alpine chambers by lacking Elephant’s Back and
having the additional Eagle Summit population. The
flowering percentages of each population during the
17-hr photoperiod experiment in the constant cham-
ber are given in Table 9. Only the 2 southern popu-
lations displayed flowering activity. The 17-hr photo-
period of the constant growth chamber was nearest
to the natural 16-hr photoperiod of the Logan Pass

TAaBLE 9. Percentage of plants in flower at weekly
intervals in the comstant chamber under 17 hour photo-
period

Time in | Medicine | Logan Eagle | Sagavanirktok
weeks | Bow Mts. Pass Summit River
1 0 0 0 0
2 0 20 0 0
3 0 60 0 0
4 0 80 0 ]
5 0 80 0 0
6 0 80 0 0
7 20 100 0 0
8 60 100 0 0
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population. The faect that this population flowered
first in this chamber indicates how closely adjusted
these populations are to the natural summer day-
length at their respective latitudes. The Medieine
Bow Mts. population, with a natural maximum photo-
period of 15-hrs, although flowering, was significantly
delayed in comparison to the Logan Pass plants.

INFLORESCENCE PRODUCTION

The total inflorescence production of the popula-
tions in the first group was tabulated for a 5-month
period (Table 10). The data are expressed as the
average number of inflorescences harvested per plant
during the total time period and do not represent
the number present on a plant at any given time.
The production was tabulated only for plants in the
arctic chamber where all populations had an ample
photoperiod for flowering. The 5-month period com-
menced with the time of appearance of the first in-
florescence in the whole group of populations.

TaBrLE 10, Inflorescence production of selected popu-
lations in the arctic chamber over a five-month period

Average number of inflores-

Population cences produced per plant
Elephant’s Back............. 24.9
Medicine Bow Mts........... 21.2
Logan Pass................. 10.3
Sagavanirktok River......... 7.7

There is a distinet decrease in inflorescence produe-
tion from southern to northern populations. This
trend in inflorescence production would be consid-
erably magnified if the data were converted to rel-
ative seed produection. This is because of the south
to north decrease in inflorescence branching which
was discussed carlier in the analysis of morphological
variability.

In the field, there appears to be a decrease in the
importance of seed production in the north. At the
far northern end of its range, in Peary Land, Green-
land, Oxyria was not observed to set fruit (Holmen,
1957). The trend of increased rhizome production
in the north has already been shown and likely ‘com-
pensates to some extent for reduced seed production.

It should be pointed out that the 5-month span of
observation would constitute at least two growing
seasons in the field. Thus, the production during such
a prolonged growing period is not an index to actual
field production, but shows at least a probable ge-
netie difference between populations.

The fact that plants were kept in a continuously
flowering condition for periods of up to a year in the
growth chamber indicates that there is no inherent
seasonal periodicity in the reproductive process.

DorMANCY

Under a 12-hr photoperiod, in the growth cham-
bers, perennating buds were formed. Functional
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leaves, however, were retained until the advent of
subfreezing temperatures.

A similar situation prevailed in greenhouse-grown
plants. In the fall, Oxyria plants produced peren-
nating buds and maintained this eondition throughout
the winter in spite of warm greenhouse temperatures,
Several or no functional leaves were retained on these
plants. Oxyria could be brought out of this dormant
state by extending the photoperiod to 24 hrs with-
out altering the temperature regime. During the
winter, in the greenhouse, the temperature never fell
below 38° F. However, plants kept outside under
a 24-hr photoperiod and subjected to night tempera-
tures as low as 24° F did not break dormancy until
warmer temperatures prevailed.

A short photoperiod, then, will induce perennating
bud formation even under the influence of relatively
high temperatures. Long photoperiods will bring the
plants out of this dormant state unless they are sub-
jected to unfavorably low temperatures.

PHOTOSYNTHESIS AND RESPIRATION

Fiero RATES

The rate of apparent photosynthesis of intaet
Oxyria plants was measured twice in the field. Both
test periods were made at mid-day during July, 1958,
in the Medicine Bow Mts. at an elevation of 10,800
ft.

There was a rather wide fluctuation in the photo-
synthetic rate and also in temperature and solar
radiation which were measured simultaneously. Such
variation is rather typieal for such regions where
variable afternoon cloudiness during the summer is a
regular occurrence. The maximum ohserved photo-
synthetic and respiration values for both test periods
are given in Table 11, expressed on fresh weight,
square decimeter, and milligram of total chlorophyll
hases.

TaBLe 11. Maximum observed field rates of photosyn-
thesis and respiration

Chamber
Per gm Per Per mg temperature | Light
fw/hr dm2/hr* | chlorophyll/hr °C) {f. c.)
Photosynthesis
July 9.. 3.65 5.79 9.73 31 8,700
July 22 3.74 7.39 7.52 25 9,000
Respiration
July 9.. 0.85 1.35 2.27 21 0
July 22, 0.18 0.35 0.35 14 1]

* Leaf areas throughout this study were calculated as the sum of both upper
and lower surfaces.

To find out if it was possible to distinguish roughly
between light and temperature effects on photosyn-
thetic rate, all of the 5-minute interval rates from
both the July 9 and July 22 test periods were pooled
and plotted against the chamber temperature and are
presented in Figure 11. With the exception of sev-
eral apparently aberrant values, a rough temperature-



January, 1961

dependent photosynthetic curve is formed. The
aberrant values all represent photosynthetie rates oe-
curring at light intensities of 1,800 fe or less, and
may, therefore, represent light-dependent values, at
least for the temperature range examined. Since
2,000 fe values fall into the temperature-dependent
curve, photosynthetic light saturation in the field ap-
parently occurs at approximately 1,900 to 2,000 fe.
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Fic. 11. Relationship between field photosynthetic

rate and chamber temperature. Open circles are photo-
synthetic values occurring at 1,800 fc or less.

Wager (1941) reports a maximum observed photo-
synthetic rate for this species in East Greenland as
9.0 mg/dm? (leaf surface)/hr which is a little above
the 7.4 mg/dm?/hr peak observed in the Medicine
Bow Mts. The estimated average light saturation
value from Wager’s light curves is approximately
1,800 fe, which is comparable to the estimmated value
from the Medicine Bow Mts. Wager also gives res-
piration values for Oxyria on a gram fresh weight
basis for 0° C, 10° C, and 20° C, which are respec-
tively 0.10, 0.31, and 0.52 mg/gfw. The two respira-
tion values given in Table 11 for the Medicine Bow
Mts. fall above and below the expected magnitude by
interpolation into Wager’s curve.

FieLp CHOROPHYLL MEASUREMENTS

The averaged chlorophyll values on a fresh weight
and.a leaf area basis are given in Table 12 for popu-
lations from the Medicine Bow Mts., Wyoming, and
Kagle Summit, Alaska. The Medicine Bow values
represent an average of 5 determinations. There were
only 2 determinations from Eagle Summit, since some
samples were lost in transit. From these limited
data, it appears that plauts from the low elevation,
more northerly, Eagle Summit population have a
higher total chlorophyll content on both a fresh
weight and leaf area basis than plants from the high
clevation populations of the Medicine Bow Mts. far
to the south.

LaBORATORY RATES
A primary objective in the laboratory gas exchange
measurements was to determine if differenees in photo-
synthesis and respiration rate potentials exist among
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TaBrE 12. Chlorophyll contents of field-collected
leaves
Medicine Bow Mts. | Eagle Summit
mg. C/gm. fw....... 387 .636
mg. C/dm?. ... .. .. 674 867

Oxyria populations. A secondary concern was the
evaluation of the effects of the controlled alpine and
aretie environments on these particular processes.

All photosynthetic values presented here are of
apparent or net photosynthesis which is equal to
gross photosynthesis minus the “light” respiration
value.

Two types of compensation points are considered.
One, the light compensation point, is that light value,
at a given temperature, where the net photosynthetie
rate is equal to zero, i.e., the gas exchange is balanced.
The other, the temperature eompensation point, is
used here in the sense of Transcau, Sampson & Tif-
fany (1940), as that temperature, at a given light
intensity, where the apparent photosynthesis rate
intersects or equals the dark respiration rate. Aec-
tually, on any given temperature-dependent photo-
synthetie curve, there would be two such compensa-
tion points, the upper and the lower. No lower tem-
perature compensation points were determined in
this study. The upper temperature compensation
point, as used here, is not actually a true eompensa-
tion point since the gas exchange is not balanced in
the photosynthetic organ; gross photosynthesis is
progressing at twice the respiration rate. The upper
temperature at which gross photosynthesis and res-
piration are equal (the true temperature compensa-
tion point) would presumably be near the lethal tem-
perature limit for the plant and would be difficult to
determine.

EFFECT OF CONTROLLED ENVIRONMENTS ON
PHOTOSYNTHESIS AND RESPIRATION

A series of determinations of photosynthesis at
20° C and dark respiration at 15° C were made on
cven-aged plants from both the alpine and arctie
growtl chambers representing four populations: Ele-
phant’s Back, Medicine Bow Mts., Logan Pass, and
Sagavanirktok River. All the plants in this series
from the arctic chamber had flowered, as had those
from the alpine chamber with the exception of the
Alaskan population, which was held in a non-flower-
ing eondition by the 15-hr photoperiod.

The 20° C determinations are expressed on a leaf
arvea basis and are presented in Figure 12 as aver-
ages of three or four determinations, each from a
different plant. In all instances, the photosynthetio
rate of plants in the arctie treatment was less than
that of similar plants in the alpine treatment. This
difference is, in all probability, a response to the high
leaf carbohydrate status of the plants grown in the
arctic chamber.
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Fie. 12. Average laboratory-determined photosynthetic

rates at 20°C on a leaf area basis. Unshaded bars for
plants grown in the alpine chamber; shaded bars, plants
grown in the arctic chamber. Numbers refer to the
following populations: 1. Elephant’s Back, California, 2.
Medicine Bow Mts., Wyoming, 3. Logan Pass, Montana,
4. Sagavanirktok River, Alaska.

The average photosynthetic rates at 20° C of plants
from all populations in the arctie chamber were sur-
prisingly constant, varying between approximately
3 to 3.5 mg CO,/dm>/hr. There was, however, con-
siderable variation in the values from the plants in
the alpine chamber. Although these plants were
even-aged, they were not equally developed since the
Logan Pass plants were considerably retarded in
flowering and those from Sagavan.rktok River were
not fruiting at all because of the relatively short
photoperiod. It may be that the difference observed
in the average photosynthetic rates of plants from
the alpine chamber were responses to their unequal
developmental stage which in turn was an ecotypic
response to short (15 hrs) photoperiod.

These same results, when expressed on a milligram
of ehlorophyll basis, show a striking reduction in the
average Assimilation Number (photosynthetic rate
on a unit chlorophyll basis) of the Sagavanirktok
River population, irrespective of treatment, as illus-
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Fiec. 13. Average laboratory-determined photosyn-
thetic rates at 20°C on a chlorophyll basis. Unshaded
bars refer to average population rates of plants grown
in the alpine chamber. Shaded bars refer to average
rates of plants grown in the arctic chamber. Numbers
refer to the following populations: 1. Elephant’s Back,
California, 2. Medicine Bow Mts., Wyoming, 3. Logan
Pass, Montana, 4. Sagavanirktok River, Alaska.
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trated in Figure 13. This will be discussed at greater
length when the results of the leaf chlorophyll con
tents of the various populations are presented.

The determinations of the dark respiration rates
at 15° C represent averages of 5 replications on each
population from each treatment, and also include an
additional Alaskan Population, Eagle Summit. The
results are shown in Figure 14, where the averages
are expressed on a mg CO4/gfw/hr basis.
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Fi6. 14. Average laboratory-determined respiration

rates at 15°C on a fresh weight basis. Unshaded bars
refer to average population rates of plants grown in
the alpine chamber. Shaded bars refer to average rates
of plants grown in the arctic echamber. Numbers refer
to the following populations: 1. Elephant’s Back, Cali-
fornia, 2. Medicine Bow Mts., Wyoming, 3. Logan Pass,
Montana, 4. Eagle Summit, Alaska, 5. Sagavanirktok
River, Alaska.

The results of the respiration measurements are
somewhat diffieult to interpret. Alpine chamber
plants from the two Alaskan populations showed
markedly higher respiration rates than southern
plants from the same chamber. In the alpine cham-
ber, respiration rate increased latitudinally from
sonthern plants to northern plants. The real diffi-
culty lies in explaining the effect of either treatment
in respect to the other. The results may be viewed,
perhaps, as a respirational imbalance produced by
environmental displacement. The 3 southern alpine
populations had a slightly increased respiration rate
when grown in the arctic chamber. The two north-
ern or Alaskan populations had an increased respira-
tion rate when grown in the alpine chamber. Ap-
parently, the greater the geographical displacement,
the greater the imbalance. A complicating factor
may have been the differential development of the
plants, since the two northern populations in the
alpine chamber remained in a vegetative condition.

EFFECT OF CONTROLLED ENVIRONMENT ON
CHLOROPHYLL CONTENT

After being used in the gas exchange determina-
tions, the leaves of plants from the arctiec and alpine
chambers were analyzed for total chlorophyll. The
averaged values in milligrams of chlorophyll are
given both on a per gram fresh weight and a leaf
area basis in Table 13. The trend among popula-
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TaBLE 13. Leaf chlorophyll content of Oxyria plants

grown under controlled conditions

ARrcTic CHAMBER | ALPINE CHAMBER

Population

mg/gm | mg/dm?| mg/gm | mg/dm?
Elephant’s Back...... .32 .50 .33 .62
Loveland Pass....... .30 .67 — —
Medicine Bow Mts....| .32 .53 .45 .65
Logan Pass.......... .30 .56 .64 1.10
Donjek Mts.......... .34 .74 — —
Eagle Summit........ - - 1.38 1.90
Sagavanirktok River..| .52 .97 1.27 1.89
Pt. Barrow.......... .50 .85 — —
tions appears comparable using either basic unit. The

results, therefore, will be discussed in general terms.

In comparing chlorophyll contents under the two
treatments, the difference between chambers was
greater in the northern populations which had higher
values in the alpine chamber. This effect is prob-
ably related to the non-flowering condition of the
arctic populations in the alpine chamber. Among the
populations that flowered in both chambers, there
was little difference in chlorophyll content.

A comparison among populations within either
chamber showed higher average chlorophyll content
in the northern plants. In spite of the higher con-
centration of chlorophyll in the northern populations,
there was little difference in the photosynthetic rate
at 20° C on a leaf area basis. This results in an ap-
parent decrease in assimilation number, or decrease
in photosynthetic efficiency per unit of chlorophyll,
in these populations.

COMPARISON OF FIELD AND LABORATORY RESULTS

Extrapolation of laboratory results to field situa-
tions should be made with great care. A minimum
requirement for such extrapolation should be an an-
alysis of the relative effect of the laboratory environ-
ment on the basic physiological responses of the
organism as compared to the effect of the natural en-
vironment. An attempt has been made to assemble
data of this sort in the present study.

PHOTOSYNTHESIS AND RESPIRATION

Table 14 shows the maximum rates of photosyn-
thesis and dark respiration observed in the field and
in the laboratory for plants of the Medicine Bow
Mts. population. The laboratory rates are from 20°
C determinations, which approximates the tempera-
ture of the field determinations. The photosynthetic
rates agree very closely on both a gram fresh weight
and milligram of echlorophyll basis. The laboratory
rate on the basis of a square decimeter of leaf area
is less than that from the field. There is very close
agreement between the respiration rates from the
field and the laboratory.

Although caution must be exercised in the use of
such single values by themselves, they do indicate
that the laboratory photosynthesis and respiration
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TaBLE 14, Maximum observed rates of photdésynthe-
sis and respiration in field and laboratory in Oxyria
plants from the Medicine Bow Mountains

mg COz/mg
mg CO2/gfw/hr | mg CO2/dm2/hr thomphyll/hr

Photosynthesis

Field................ 3.74 7.39 9.73

Laboratory.... ..... 3.98 5.60 10.29
Respiration

Field................ 0.83 1.13 -

Laboratory.......... 0.85 1.35 -

rates of Oxyria plants grown in simulated environ-
ments are of the same order of magnitude as those
of Oxyria plants in their native habitat.

Both Russell (1940b) and Warren Wilson (1959,
1960) have published net assimilation rates for Oxyria
from Jan Mayen Island based on carbohydrate in-
crease in detached leaves. Russell gives a figure of
0.30 g/dm?*/wk. Warren Wilson using leaves from
a single source reports 0.34 g/dm?/wk for leaves
exposed on a windswept summit and 0.46 g/dm?/wk
for those in a sheltered hollow. His other measure-
ments, using Oxyria from various habitat types,
range from 0.54 g/dm*/wk to 0.66 g/dm?*/wk. Most
measurements on Jan Mayen were made in late
August on plants which probably were in fruiting or
post-fruiting condition.

These Jan Mayen net assimiliation results were com-
pared with an approximated value calculated from
photosynthesis and respiration rates of plants of the
Eagle Summit and Sagavanirktok River populations
grown in the arctic chamber. A photoperiod of 17.5
hrs was selected ‘for the calculations. This photo-
period approximates that at latitude 71°N on the
21st of August. Average net photosynthesis at 10°C
was used to approximate day-time gain. To calculate
night time loss, 5°C dark respiration values were used.
Warren Wilson (1960) reports mean maximum and
mean minimum August temperatures from Jan Mayen
as 8.8°C and 4.9°C, respectively. Warren Wilson
(1957) also gives temperatures for a similar period
in August for Resolute, Cornwallis Island, 4° in
latitude north of Jan Mayen Island. Air tempera-
tures 1 em above the ground for a diurnal period at
Resolute had an approximate maximum of 6°C and
a minimum near 2°C. Bliss (1956) gives mean 4 a.m.
air temperatures of 2°C for late August and noon
values at 8°C for 5 ¢m above the ground in an arctic
habitat (Umiat, Alaska) 3° in latitude south of Jan
Mayen. If anything, then, the temperature values
selected for calculation are a bit high. Seventy per
cent was used as the conversion factor for converting
CO, fixed to carbohydrate produced.

The net assimilation rate of our laboratory grown
plants was caleulated to be 0.53 g/dm?/wk. This is
very close to the quoted field rates. Single-surface
leaf area was used as the basis in this instance so as
to conform with the techniques used on Jan Mayen.

Both Russell and Warren Wilson emphasize the
approximate nature of their field-determined net
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assimilation rates. Russell says that these values
should be considered as a minimum of the actual
potential. Yet, the agreement hetween the calculated
and field rates is quite good.

CHLOROPHYLL CONTENT

The average field values for leaf chlorophyll in
plants of the Medicine Bow Mts. population were 0.39
and 0.67 mg on a gram fresh weight and a square
decimeter of leaf area basis, respectively. The
average chlorophyll values from cultivated plants of
this population from the alpine chamber were 0.45
and 0.65, respectively. The close agreement between
the field and laboratory chlorophyll values is ob-
vious.

The Eagle Sunmmit chlorophyll contents from field-
grown plants, 0.52 mg C/gfw and 0.97 mg C/dm?,
can he compared with the values of 0.67 and 0.87
from Sagavanirktok River plants grown in the arctic
chamber. There are no available aretie chamber
chlorophyll values for Eagle Summit. Again, the
agreement is fairly eclose but not so close as in the
Medicine Bow Mts. chlorophyll contents.

POPULATION DIFFERENCES IN PHOTOSYNTHESLIS AND

RESPIRATION RATES IN RESPONSE TO TEMPERATURE

A somewhat more detailed study of the apparent
differences between the rates of photosynthesis and
respiration of the populations was made by construct-
ing temperature curves for these processes. To in-
sure equally developed plants, even-aged fruiting
specimens from the arctic chamber were utilized.
Determinations were made at temperatures ranging
from 0° C to over 40° C. Unfortunately, at the
2,100 fe light intensity utilized for these determina-
tions, 10° C was the lowest temperature that could be
maintained for photosynthetic measurements. This
was due to the inadequacy of the chamber cooling
systen.

The general shapes of the photosynthesis-tempera-
ture curves were similar for the three southern alpine
populations, with maximum rates occurring at the
same temperatures. The photosynthesis curves for
the two northern populations had peaks at lower
temperatures than those of the alpine plants. The
actual average photosynthesis rates of the different
populations were sonrewhat variable at any given
temperature. In order to present more representative
average rates without affecting the characteristics of
the curve, the results from the 3 southern alpine popu-
lations were pooled and those from the two Alaskan
populations were also pooled. Determinations within
5° C intervals were considered as a class. The values
derived, representing in some instanees as many as 9
separate determinations, are presented in Figure 15.

A number of important differences are apparent in
a comparison of the curves for the southern and
northern  populations.  First, the photosynthetic
peak in the northern populations is at a lower tem-
perature, although the maximum photosynthetic rate
is essentially the same in beth groups. Second, the
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F1e. 15. Average photosynthetic and respiration rates
of a southern alpine population group (Elephant’s Back,
Mecdicine Bow Mts., and Logan Pass), and of a north-
crn population group (Eagle Summit and Sagavanirk-
tok River), at different temperatures. Solid circles refer
to average photosynthetic rates of the northern group;
open cireles, average photosynthetic rates of the southern
group; circled X'’s, average respiration rates of the
northern group; X'’s, average respiration rates of south-
en group.

respiration rate in the northern population is con-
siderably higher, particularly at the higher tempera-
tures.

The separated photosynthetic peaks and the dif-
ferent respiration rates result in a difference in the
upper temperature compensation points. This may
be seen by extrapolation of the curves. Actual deter-
minations of the upper temperature compensation
point yielded an average of 35° C (4 determinations)
for the southern alpine group and 27° C for the
northern populations (2 determinations). These
actnal determinations thus confirm that the compensa-
tion points are quite different.

To investigate further the apparent dissimilarity
between northern and southern groups, two addi-
tional populations were tested. Temperature curves

e co,/om?/un

] 10 ) 20 8 30 38 40
TEMPERATURE °C
F1e. 16. Average photosynthetic and respiration rates
of a southern alpine population, Loveland Pass, Colorado,
and a northern population, Donjek Mts.,, Yukon Terri-
tory, at various temperatures. Average photosynthetic
rates: wolid cireles, plants from the Donjeck Mts.; open
cireles, plants from Loveland Pass. Average respiration
rates: ecircled X'’s, plants from the Donjek Mts.; X's,
plants from TLoveland Pass.
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were plotted from gas exchange measurements on
even-aged pre-floral plants grown in the aretic cham-
ber from Loveland Pass, Colorado, and the Donjek
Mts., Yukon Territory. The average results of trip-
licate analyses for each series are given in Figure 16
on a mg COy/dm?/hr basis.

Although the plants were of the same age, they
had exhibited a marked inequality in growth rate,
which was probably a reflection of the differences of
the photosynthetic rates. Aside from this, the es-
sentials of the curves for the two population types
are the same as presented earlier, that is, different
temperatures for maximum photosynthetic rate, and
a large difference in respiration rate. As a result,
the upper temperature compensation points are de-
cidedly different; the northern race reached compen-
sation at about 22° and the southern race at 35° C.

POPULATION DIFFERENCES IN PHOTOSYNTHETIC
RESPONSE TO LIGHT

Duplicate determinations of photosynthetic rate
were made for an arctic and an alpine population at
light intensities ranging from 55 to 5,200 fe. The
determinations were made at 20° C on plants from
Loveland Pass and the Donjek Mts. The resultant
photosynthesis-light curves are presented in Figure
17.
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Tic. 17. Photosynthetic light eurves at 20°C for a

southern alpine population, Loveland Pass, Colorado, and
a mnorthern population, Donjek Mts.,, Yukon Territory.
Open circles refer to average photosynthetic rates of
plants from Loveland Pass. X’s refer to average photo-
synthetic rates of plants from the Donjek Mts. Note
change in light intensity scale between 2,000 and 3,000
fe.

There was little difference in the light compensa-
tion points for the two populations. Both were lo-
cated hetween intensities of 250 to 350 fe. However,
there was a marked difference in the light-saturation
figures. The high altitude Loveland Pass population
did not become completely light-saturated even at
5,200 fe. On the other hand, the Donjek population
attained apparent saturation at approximately 2,000
fe.

CoMPARATIVE PHYSIOLOGICAL EcoLogy 21

Free AMINO AciDs, SUGARS, AND
PuaotosyNTHETIC PRODUCTS

Leaves from plants of 4 populations were analyzed
for free amino acids, sugars, and photosynthetic prod-
uets. The leaf material was taken from greenhouse-
grown pre-flowering plants in May.

A detached leaf was placed in a photosynthetic
chamber with its petiole in a vial of water. The
chamber was then sealed and 20% lactic acid was in-
jected into a sidearm of the chamber which contained
50 micro-curies of NaHC!%0;. After a 5-minute
period, during which the leaf was illuminated at the
2,000 fe level, the leaf was extracted in aleohol for
several minutes, the aleohol decanted, and an ex-
traction made in boiling water. The supernatants
were combined and brought to volume. Aliquots of
the extract were chromatographed two-dimensionally
with phenol and butanol-proprionic acid as solvents.
Three chromatograms were made of each sample.
One was developed for amino acids with ninhydrin,
the second for sugars with anisidine, and the third was
used to make a radio-autograph. Activity of the
photosynthetic products, as shown by the radio-auto-
graph, was measured and expressed as a percentage
of the total activity.

The above procedure was followed for leaves from
2 plants from each of the following populations:
Thule, Greenland; Eagle Summit, Alaska; High-
wood Pass, Alberta; and Medicine Bow Mts,, Wy-
oming. Table 15 lists the presence of free amino
acids and sugars in the leaf samples of the 4 popu-
lations.

TaBLE 15. Presence of free amino acids and sugars
in Oxyria leaves
EagLe | Hice- | MEbpI-
THULE | SUMMIT | WOOD CINE
‘| Pass Bow
a|b|a|b|la | b|al|b
Cysteic acid. . . .. .. + 1+l + 1+ +1+]+|+
Asparticacid. .. ...+ i+ |+ [+ {+ |+ |+ |+
crine. . ........ .. B T e I S e e I i
Glutamic acid. ... .. + |+ |+ |+ |+ +]|+ ]+
Threonine. . ....... B T S I e B I S S T A
Glutamine......... + 1+ 1+ 1+ |+ |+ +]|+
Alanine. . ......... +l+ |+ + 1+ ]+ I+ ]+
Y-aminobutyricacid.| — | — { + | — | + | + | + | +
Leucines. . ........ — =+ =+ =+ -
Proline............ N e e
Tryptophane ?..... - =+ + I+ + |+ +
Sucrose........... + 4+l 4+ 1+ 1+ +] 4+
Fructose. .. ....... - -1+ =]+ |+ +|+

No pattern was evidenced that distinguished or
separated these populations with the possible ex-
ception of the relative lack of y-aminobutyric acid in
the arctic populations.

The analysis of the photosynthetic products pre-
sent in the varlous populations yielded similar in-
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formation. Table 16 lists the produects and their
percentage activity.

CARBOHYDRATE AND NITROGEN CONTENTS

F1ELD CARBOHYDRATE MEASUREMENTS

The results of the field carbohydrate analyses of
Oxyria plants in the Medicine Bow Mts. made dur-
ing the 1958 growing season are plotted in Figure
18. Those given by Russell (1940b) for Oxyria on
Jan Mayen Island in the Arctic are also plotted.
Although his sampling times are not completely com-
parable to ours, Russell’s values are shown in ap-
proximate phenological relationship to those from
the Medicine Bow alpine area.

Both sets of data are comparable in general as-
pects; that is, surplus carbohydrate levels were main-
tained throughout. There was a depletion of earbo-
hydrate reserves during rapid vegetative growth,
followed by an increase of stored products. The
gradual inerease in root starch reserves continued
throughout the season.

The primary differences shown by the Jan Mayen
series are: (1) depletion of total carbohydrate re-
serves in the root extended until fruiting, (2) higher
carbohydrate levels were attained in the leaves, and
(3) of most significance, the amplitude of the root
carbohydrate cycle was not nearly as great as that in
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TaBLE 16. Photosynthetic products—percent activity

EacLe Higawoop MEDICINE
TRULE SummirT Pass Bow
a b a b a b a b
36.7 | 34.6 | 33.2 | 37.6 | 30.2 | 34.9 | 25.1
T .3 2 T 1.1 1.5 .3
11.7 8.9 | 17.2 1 18.1 | 10.6 | 12.1 | 11.4
9 .7 .9 — .5 8 .6
Glucose
Glycine
Serine
Asparticacid....... 35.4139.2|41.5|25.5(22.9|42.3|29.8]29.1
Alanine............ 6.8 4.7 7. 7.6 {14.4| 8.2 | 9.9|13.3
Glutamine., ........ T T — B L7y — 6 .3
Citricacid. . ....... .8 .5 7| 1.0} 1.5 9| 1.0 1.9
Malic acid
Glycericacid.......| 5.4 5.6 | 6.0)|10.2 | 3.8] 6.0 7. 16.1
Cysteicacid. ....... 3 .3 4 3] — .3 .3 .6
Glutamic acid. . .. .. — — — 3| — — — 1.3
Glycolic acid. . . . ... — — — 3! — — 4 =
Tyrosine. .......... — — — — — — .2 —
Leucine............ — — — — — T =
Sedo-heptulose. ... .. — — — 1.2 | — — — -
Lacticacid ?....... — — — — — — T -
Unknown.......... - 4 — — — — - —

the Medicine Bow series. The trend in the latter series
is more like the cycles for several other alpine species
in the Medicine Bow area (Mooney & Billings 1960).
In Oxyria and other alpine species in that mountain
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F1a. 18. Seasonal carbohydrate trend in Oxyria.
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range, the depletion of root reserves extended only
to the pre-flowering stage. The apparent discrep-
ancy between the root carbohydrate levels at fall
dormancy and at early vegetative growth is attributed
to respirational loss under the snow. In this instance,
the difference may have been partially due to losses
during early developmental activities after release
from snow but before the first samples were taken.
Samples taken in August, 1958, at Eagle Summit,
Alaska, of Oxyria in late fruit, yielded mean root
carbohydrate values of 28.969, starch, 24.879, total
sugar, and 53.509, total carbohydrate, which indi-
cates a carbohydrate cycle of apparently greater
amplitude than that of the Jan Mayen arctic series.

F1ELp NITROGEN MEASUREMENTS

Mean nitrogen contents of the field samples are
given in Table 17 with the phenological stage at the
time of collection. In the leaves, and to a lesser ex-
tent in the roots, of plants in the Medicine Bow se-
ries, there was a definite decrease in total nitrogen
in the course of the growing season. The Kagle
Summit values were slightly lower than those from the
Medicine Bow at a comparable phenological stage.
Warren Wilson (unpublished data) found maximum
leaf nitrogen values of 4.1% in Oxyria plants at
mid-season on Jan Mayen Island. There is an indi-
cation, then, of possible lower nitrogen content in
arctic Oxyria plants as compared to alpine forms.

TABLE 17. Seasonal total nitrogen content in Oxyria

plants*

Leaves Roots

Medicine Bow Mts.,, Wyoming
Early vegetative. . ............ .. .. 6.76 ' 3.20
Inflorescence elongating. .. ..... .. .. 6.37 2.31
Flowering. . .............. ... ... 5.61 1.95
Fruiting............ ... .. ... .. ... 5.27 2.30
Fall dormant. ....... .. .. ... ...... 4.55 2.01
Eagle Summit, Alaska

Fruiting................... ... . . .. ! 1.60

4.87 .

* All values as a percentage of alcohol-insoluble residue.

Errects or CONTROLLED EXNVIRONMENTS ON
CARBOHYDRATE AND NITROGEN CONTENTS

Analyses were made of the carbohydrate and nitro-
gen contents of roots and leaves of plants grown in
the aretic and alpine chambers. Composite samples
were taken of two plants from each population in
each treatment and duplicate determinations were
made. Leaf samples were taken from the Elephant’s
Back, Medicine Bow Mts., Logan Pass, and Sag-
avanirktok River populations. For root analyses,
the northern population, Eagle Summit, was also in-
cluded. All plants utilized were cven-aged fruiting
specimens with the exception of those from the two
northern populations grown in the alpine chamber.

CoMPARATIVE PrysioLogicaL Ecorocy 23

TABLE 18. Carbohydrate and nitrogen contents of Ox-
yria plants grown in controlled environments*

Total
Population and Total | Starch | Carbohy- | Nitrogen
treatment sugar drate
Leaves
Elephant's Back
Alpine Chamber.| 4.52 | 3.09 7.61 6.01
Arctic Chamber.| 7.28 | 16.95 24.23 5.33
Medicine Bow Mts.
Alpine Chamber.| 3.96 | 2.03 5.98 7.79
Arctic Chamber.| 7.69 | 5.81 13.50 5.50
Logan Pass
Alpine Chamber.| 5.88 1.07 6.95 7.49
Arctic Chamber.| 15.84 | 14.69 30.53 5.06
Sagavanirktok River
Alpine Chamber.| 2.65 1.56 4.21 6.70
Arctic Chamber.| 5.31 3.85 9.16 7.43
Roots
Elephant’s Back
Alpine Chamber.| 21.92 | 30.08 51.89 1.75
Arctic Chamber.| 17.49 | 41.19 58.68 1.49
Medicine Bow Mts.
Alpine Chamber.| 24.43 | 36.60 61.01 1.93
Arctic Cuamber.| 25.04 | 42.14 67.17 1.12
Logan Pass
Alpine Chamber.| 21.45 | 17.25 38.70 3.01
Arctic Chamber.| 23.74 | 36.58 60.32 1.33
Eagle Summit
Alpine Chamber.| 8.41 | 10.01 18.42 4.16
Arctic Chamber.| 10.55 | 45.07 55.62 1.42
Sagavanirktok River
Alpine Chamber.| 5.39 | 10.29 15.68 3.93
Arctic Chamber.| 7.97 | 34.98 42 .95 1.70

* All values as a percentage of alcohol-insoluble residue.

As explained earlier, these did not flower in the alpine
treatment because of short photoperiod. The aver-
aged results of these analyses are shown in Table 18.

Iu the leaves, the percentage of total carbohydrates
was two to four times higher in plants from the arctie
chamber than in those from the alpine chamber.
Compared to the levels in the alpine chamber, there
was a much greater inerease in total leaf carbohydrate
in the alpine populations than in the aretic population
when both types were grown in the arctic chamber.

In the roots, the general carbohydrate and nitrogen
trend was the same as in the leaves, but there were
usually higher values for all ecarbohydrate fractions.
Also, there appears to be a definite geographic trend
in the total carbohydrate values. The two southern-
most alpine populations had the least spread im
values between the two treatments. There was a
greater difference in the two values for the delayed-
fruiting Logan Pass population, and a still greater
divergence in the two Alaskan populations. This
divergence was a result of the differences in starch
values rather than of sugar contents. The root nitro-
gen values were inversely proportional to the total
carbohydrate trend. That is, high carbohydrate cor-
responded with low nitrogen, and vice-versa. Low
C/N ratios were characteristic of the delayed or non-
fruiting samples.

Analyses of soils taken from the pots of plants
grown in the arctic and alpine chambers showed little,
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if any, variation in nitrogen content. The values
were, respectively, 0.16 and 0.15% of dry weight.
Henee, the different nitrogen contents of the plants
from these chambers must have been a result of cli-
matie differences between their environments, rather
than the result of soil differences.

CARBOHYDRATE AND NITROGEN CONTENTS OF
GREENHOUSE-GROWN PLANTS

Carbohydrate and nitrogen analyses were made on
plants transplanted fromn the field to the greenhouse.
These plants were brought into flower by using a
24-hr photoperiod. Samples were taken at the end
of March when all were in fruiting condition ex-
cept the Kagle Summit, Alaska, speciinens which had
aborted inflorescences. In addition to the Alaskan
population, samples were taken from 4 southern al-
pine populations: Elephant’s Back, Loveland Pass,
Niwot Ridge, and Beartooth Mts. The results of
these analyses are given in Table 19.

TaBLe 19. Carbohydrate and unitrogen contents of
greenhouse-grown plants*
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Mts. were compared with results of similar analyses of
fruiting plants of the sanie population grown in the
alpine chamber. An analogous comparison was
made between fruiting plants of the Kagle Summit
population from the field and from the arctic cham-
ber. The results of these comparisons are listed
in Table 20.

TaBLE 20. Comparison of field and laboratory carbohy-
drate and nitrogen contents*

Total
Total | Starch | Carbohy- | Nitrogen
sugar drate
Medicine Bow Mts.
Leaves
Field..... ... 7.35 5.90 13.25 5.27
Laboratory..| 3.96 | 2.03 5.08 7.79
1,008
Field...... . .| 35.38 5.66 41.04 2.30
Laboratory . .| 24.43 | 36.60 61.01 1.93
Eagle Summit
Roots
Field........ 24 .87 | 28.96 53.50 1.60
Laboratory..| 10.55 | 45.07 55.62 1.42

Total
Total | Starch | Carbohy- | Nitrogen
sugar drate
Leaves
Elephant’s Back....| 1.71 0.90 2.61 7.38
Loveland Pass. . ...| 5.64 | 3.87 9.51 7.98
Niwot Ridge....... 6.71 1.99 8.70 8.30
Beartooth Mts.. .. .| 4.36 | 1.92 6.28 7.13
Eagle Summit. . ... . 1.56 | 1.82 3.37 7.57
Roots
Elephant’s Back....; 6.98 | 21.51 28.48 2.97
Loveland Pass.....| 24.97 | 6.42 31.39 2.13
Niwot Ridge....... 9.04 | 3.12 12.12 2.67
Beartooth Mts.. .. .| 16.20 | 3.42 19.63 2.78
Eagle Summit......| 1.98 | 20.29 25.27 3.92

* All values as a percentage of alcohol-insoluble residue.

There was considerable variation in values in hoth
the leaves and the roots. This variation may be indic-
ative of a nutritional inbalanee which did not heecome
fully apparent until two months after the sampling
date when large numbers of Oxyria plants hegan to
die, apparently due to high summer temperatures.

If only fruiting plants are considered, the four
alpine populations of the greenhouse series may bhe
compared only with the arctic chamber series or with
the Elephant’s Back or Medicine Bow populations in
the alpine chamber. In making this comparison, the
most striking difference is in the low level of root
carbohydrate reserves in the greenhouse-grown plants.
This suggests either a large depletion of such reserves
or that high rescrve levels were never attained under
the relatively high temperatures of the greenhouse.

Coxparisox oF Fikrp axp LaBOorATORY REesULTS

Carbohydrate and nitrogen econtents of mountain-
grown fruiting Oxyria plants from the Medicine Bow

* All values as a percentage of alcohol-insoluble residue.

The total carbohydrate content in the roots of the
cultivated plants was either similar to or in excess
of that in field-grown plants. This is evidenee that
the cultivated plants were not operating at a earbo-
hydrate defieit. Furthermore, the conditions of the
laboratory enabled the plants to maintain the high
carbohydrate reserve which is characteristic of many
arctic and alpine species in the field (Russell 1940b,
Mooney & Billings 1960).

The root nitrogen content of plants grown in the
field was slightly higher than the root nitrogen of
those plants grown in the laboratory. The reverse
was true of leaf nitrogen contents. Environment ap-
parently has a strong influenee on the nitrogen bal-
anee of Oxyria, as has been shown carlier in the com-
parison of analyses of plants grown in the arctic and
alpine chambers,

HIGH TEMPERATURE TOLERANCE

During the warmest part of the summer of 1959
in Durham, North Carolina (latitude 36° N), several
hundred greenhouse-grown Oxyria plants died. It is
significant that the high death rate in Oxyria oceurred
during a period when populations of other arctie-
alpine species (Poa alpina, Silene acaulis, and Trise-
tum spicatum), growing under the same conditions,
though affected, were not killed in large numbers.
From June through August, the weckly maxima in
the greenhouse ranged from 35° C to 43° C. During
July and August, the greenhouse temperature never
fell below 21° C,

The percentage of total population dead at given
time intervals during the summer is plotted in Figure
19 for two northern and two southern populations of
Oxyria. These results appear to indieate a difference
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Fig. 19. Summer death rate of plants of two northern
and two southern Oxyria populations under greenhouse
conditions in Durham, North Carolina. Don-
jek Mts., Yukon Teritory, — .- .— Pitmegea River,
Alagka, Medicine Bow Mts.,, Wyoming,
..... Logan Pass, Montana.

in tolerance to high temperatures between northern
and southern populations. An experiment was de-
signed to evaluate these apparent differences.
Seedlings of a southern population, Logan Pass,
Montana, and a northern population, Donjek Mits.,
Yukon, were germinated in sand and grown at a con-
stant 20° C under 24-hr light. After 2 weeks, the
seedlings were individually washed free of sand and
transferred to green vials containing cowplete Hoag-
land’s solution. Each plant was held in place by a
paraffined split cork and eotton. For 10 days the
young plants were kept at a constant 20° C to be-
come established. Then they were placed for 12 hrs
alternately in a dark ineubator at 40° C and in a
lighted constant temperature room at 20° €. Daily
observations were made on 10 plants from each popu-
lation, These were seored for percentage of plants
with all leaves wilted, and percentage of plants with
all leaves dried. The results of this experiment are

100
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F1g. 20. Experimental heat tolerance. A, Logan Pass
population, B, Donjek Mts. population. Shaded areas,
plants with all leaves dried; unshaded areas, plants with
all leaves wilted.
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presented in Figure 20. These data indicate that
plants from the southern population had a decidedly
greater tolerance of high temperature in the dark
than did those from the northern source.

DISCUSSION

The primary objective of this research was to de-
termine how Ouzyrie digyna is able to grow sue-
cessfully in such a wide array of severe habitats,
ranging from the northern arctic tundra to southern
alpine locations. We now have some information
which may help to explain this wide distribution.
For example, when different geographie populations
of Oxyria are grown together under uniform econdi-
tions, morphological and physiological differences be-
tween the populations become readily apparent.
Many of these differential characteristies appear to
be of direct adaptive significance in either arctic or
alpine environments and thus can be considered as
ecotypic modifications. The question now becomes,
“How are these ecotypes related to their respective
environments?’ The following discussion will at-
tempt to answer this question, at least partially, by
examining each of the prineipal kinds of modifica-
tions.

RuIZOME FoRMATION

The presence of vegetative reproduction in arectic
Oxyria plants has been reported for Alaska (Wig-
gins 1951), the Canadian East Aretic (Gelting 1934,
Holm 1922, Savile 1959), and Greenland (Sgrensen
1941). Our results indicate that rhizome formation
is genetically controlled. Only plants of the northern
populations produce rhizomes.

Two possible explanations may be offered as to why
rhizome production is important in northern habitats
but not in southern alpine locations. First, rhizome
production may have survival value in the unstable
substrates of the northern habitats where vegetative
reproduction could be of competitive advantage. Dis-
turbed habitats resulting from soil movement may be
revegetated more rapidly by rhizomes or rhizome
fragments than by plants from seed. This possibility
has been discussed by Wiggins (1951). Secondly, it
has been shown here that seed production is reduced
in the northern Oxyria populations. Vegetative re-
production may compensate for this reduction and
insure survival of the species even though there may
be unfavorable periods for flowering and seedling
development.

ApapraTioNs To LigHT

The light eclimates of arctic and alpine habitats
differ considerably from each other. They vary not
only in duration but also in intensity and equality of
light. It appears that any given Oxyria population
is well-adjusted to the specific light climate of its
habitat through adaptations in growth and flowering
response, perennating bud formation, leaf chloro-
phyll content, and photosynthetiec light saturation.
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Definite growth responses to different photoperiods
have been shown for Oxyria populations in the pres-
ent study. Under a 15-hr photoperiod, maximum
growth was observed in populations originating from
a region where the maximum natural day-length is
15 hrs. The further north the geographic origin of
the population, the smaller was the amount of vege-
tative growth made under short photoperiod.

Related to the clinal growth response of Oxyria
populations is a similar cline of flowering response.
The latitudinal populations have variable photope-
riodic requirements for flowering which agree closely
to the maximum photoperiod of their natural habitat.
However, a given geographic¢ population appears to
have some members whose physiological responses are
like those of adjacent geographic populations, thus
giving ecological amplitude to the population. These
shightly different biotypes could allow limited north-
south migrations with changing climates. It would
appear easier, because of minimun photoperiodie re-
quirements, for migration to take place from south to
north, rather than the reverse.

Population differences in photoperiodic require-
ment for flowering are of considerable ecologieal sig-
nificance. The maximum photoperiod in any arctic
or alpine habitat coineides with the onset of favor-
able temperatures for growth. Late snowbed plants
even though released at a period later than June 21
receive their maximum photoperiod at the beginning
of their growth period.

Photoperiod is also important in the stimulation of
the formation of perennating buds in Oxyria. A
photoperiod below that necessary for flowering re-
sults in the formation of a perennating bud. Although
the populations were not scored for critical thresholds,
it was established that a 12-hr photoperiod ecauses
all of our populations to form perennating buds even
at relatively high temperatures. It would appear
then, that toward the termination of the growing
season, perennating buds would be formed under the
stimulation of the decreasing photoperiod in the nat-
ural habitat. It would not be surprising if the dif-
ferences in photoperiodie requirement for perennat-
g bud formation were more nearly the same for the
various latitudinal populations than are the photope-
riodie requirements for growth and flowering. The
difference in length of photoperiod between a south-
ern alpine habitat and an arctic one is greatest at
the beginning of the growing season and becomes
much less toward the end and, of course, the dif-
ference becomes zero for a short period in Septem-
ber.

Quantitative differences in the photoperiodic re-
quirement for breaking dormancy were not deter-
mined. It was established, though, that under the in-
fluence of a 24-hr photoperiod, dormancy was broken
in all populations unless subfreezing temperatures
prevailed.

It appears, then, that in Oxyria, the whole series
of events from the breaking of dormancy, through
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flowering, and to the formation of perennating buds
is strongly under the influence of photoperiod, sub-
jeet to wmodification by temperature. Quantitative
differences, between the populations, in photoperiodic
requirement for growth and flowering have been
demonstrated ; they probably exist also for perennat-
ing bud formation.

Differential phenological response of a series of
latitudinal races to photoperiod has been shown
for several kinds of plants (Olmsted 1944,
Larsen 1947, MecMillan 1959, Vaartaja 1954, 1959)
and is probably a common, but not universal, phe-
nonienon in widely distributed species.

There is also some evidence that there is ccotypic
variation in Oxyria in respouse to the light intensity
of the environment. The photosynthetie light curves
which were plotted at a constant temperature for a
northern population and a southern population of
Oxyria show that the latter or high altitude popula-
tion approaches photosynthetie light saturation at a
muech higher light intensity than does the northern or
low altitude population.

The latitudinal cline in chlorophyll content may
he related to these differences in photosynthetic light
saturation. Low latitude, high elevation populations
have a lower chlorophyll eontent than the high lati-
tude, low elevation populations. A similar latitudinal
cline in chlorophyll content is known for races of
Pinus sylvestris ((Gerhold 1959).

There is, perhaps, additional adaptive significance
to the differences in chlorophyll contents of the var-
ious populations. Reduced chlorophyll econtent in
leaves of alpine populations would result in less visible
light absorption and perhaps a more favorable energy
balance. Billings & Morris (1951), for example,
found that in plants from high light intensity en-
vironments there was greater reflectance from the
leaves than oecurred from leaves of plants growing
in shaded habitats.

ADAPTATION TO TEMPERATURE

Northern Oxyria populations show charaeteristics
which indicate that they are adapted to lower tem-
peratures during the growing season than southern
populations. They appear to carry on photosynthesis
at a higher rate at lower temperatures and, further-
more, attain their maximum rate at a lower tempera-
ture. Also, in contrast to the situation in southern
Oxyria populations, the respiration rate increase
with temperature in northern populations is more
rapid and the rate is higher at all temperatures.

Beljakoff (1930) found similar photosynthetic dif-
ferences in two morphologically distinet races of bar-
lev. A northern race, “Vegakorn,” cultivated in
Sweden from 62° to 66° N latitude, was found to
have a temperature optimum for photosynthesis of
20° C. A second race, “Gullkorn,” is grown from
62° XN southward. The latter race was found to have
a temperature optimum for photosynthesis 10° C
higher than that of “Vegakorn.”
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The higher respiration rate may enable plants of a
northern Oxyria population to develop as rapidly in
the colder aretic environment as do plants of a south-
ern population at higher temperatures. Such a re-
spiratory temperature compensation has been in-
vestigated by Scholander & XKanwisher (1959) in
northern and southern populations of nine sub-arctic
plant species. They found significantly higher res-
piration rates in northern populations of two of the
species, Lycopodium annotinum and Equisteum
sylvaticum.

Pisek & Winkler (1958) indieate that there may be
an altitudinal cline in the respiration rate of Picea
excelse similar to the latitudinal cline in Oxyria.
Thev found considerably higher respiration rates in
spruce during the summer at timberline at 1,840 m
than in trees of the same species in a botanic garden
at 600 m or in lowland spruce forests at 580 .

Our evidence indicates that the southern Oxyria
populations are more tolerant of high temperatures
than are the northern Oxyria populations. They were
more resistant to abnormally high summer tempera-
tures and to experimentally eontrolled high tempera-
tures. This higher temperature tolerance may be re-
lated to the higher temperature compensation points
of plants of the southern populations. Such charae-
teristics in southern populations would tend to eon-
serve high carbohydrate reserves which are of con-
siderable importance to the survival and rapid growth
of arctic-alpine plants.

In general, the characters measured on the mass
collections and on the chamber- and greenhouse-grown
plants indicate a northern and a southern morpholog-
ical population group. The Highwood Pass popula-
tion form Alberta is aligned in some characteristics
with the southern group and in other characteristics
with the northern group. In other eharacteristies, it
is intermediate. There are also physiological dif-
ferences associated with these two population groups.

The approximate boundary between the northern
and southern population groups eoincides geograph-
lcally with the extent of maximum Pleistocene glacia-
tion. At present, most areas which were covered
by continental glaciation are oceupied by populations
with apparent northern affinities. The morphological
and physiological differentiation between the northern
and southern population groups may have been ac-
centuated by separation of the two groups by con-
tinental ice during the Pleistocene. It would appear
that recolonization of the econtinentally-glaciated
northern Cordilleran region was almost entirely by
photoperiod-tolerant biotypes from arctiec populations.
On the other hand, the alpine populations of the
central and southern Rocky Mountains and the Sierra
Nevada seem not to have migrated very far north into
Canada. These populations may have been confined
to these southerly mountain ranges by post-Wisconsin
aridity barriers.

Although Oxyria apparently is composed of eco-
logical races which react differently to environmental
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influences, the overall responses of plants from sev-
eral populations make possible some inferences con-
cerning the tolerances of an aretic-alpine species.
The primary restrictive factor limiting the distribu-
tion of Oxyria appears to be relatively high sum-
mer temperature. The low photosynthetic economy
of plants of this species at high temperatures causes
a depletion of carbohydrate reserves. This depletion,
perhaps coupled with malfunction of ccrtain enzyme-
substrate systems, results in consequent death. The
results of Miiller (1928) on aretie plants and Dahl
(1951) on alpine plants support this hypothesis that
high summer temperature deternines to a large degree
the southern or lower altitudinal limits of a tundra
species.
SUMMARY

1. A comparative study was made of the morpho-
logical and physiological variation hetween geograph-
ically-separated populations of Owyria digyna, a
widely distributed aretic-alpine species. A latitud-
inal series of North Ameriean populations was stud-
ted ranging in origin from Colorado and California
to Thule, Greenland, and Pt. Barrow, Alaska. The
habitat and assoclates of each population are de-
scribed.

2. Analysis of mass eollections and plants grown
under controlled conditions indicate two primary
morphological groups within the range studied. One
morphological group encompasses all the populations
from southern Alberta southward in an area largely
to the south of maximum Pleistocene continental
glaciation. The other group includes all of the
northern populations. The major morphological dif-
ferences between these groups are in stamen number,
inflorescence branch number, and presence or absence
of rhizomes.

3. Measurements of field photosynthesis and the
seasonal carbohydrate cycle of a Wyoming alpine
population were compared with published results of
these processes in arctic populations. Comparable
photosynthetic rates were found, although the ampli-
tude of the alpine carbohydrate cycle was greater than
in the arctie plants.

4. A series of arctic and alpine populations was
grown in controlled environment ehambers which
stimulated either alpine growing conditions at 41° N
latitude or arctic growing conditions at 71° N. The
growth and development, photosynthesis and respira-
tion rates, leaf chlorophyll eontents, and leaf and
root carbohydrate and nitrogen contents were meas-
ured on plants of these populations.

5. In these “arctic” and “alpine” conditions, it was
found that photosynthetic rate, and chlorophyll and
nitrogen contents were depressed while carbohydrate
content was generally increased in plants of most
populations under arctie treatment. In the aretic
chamber, all plants flowered. In the alpine chamber,
there was a cline in growth rate from a maximum
rate in the southern populations to a minimum in the
far northern populations. Flowering of all plants
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in a population occurred in only those populations
which received a photoperiod corresponding to the
maxnmum photoperiod of their natural habitats.

6. A comparison of the physiological responses be-
tween populations when grown under suitable condi-
tions for flowering showed the following:

a. There is a north to south eline of inereased
flower production. From south to north, there is
increased rhizome production.

h. Leaf chlorophyll content incereases with latitude.

c. Plants of northern populations have a higher
photosynthetic rate at lower temperatures and at-
tain the maximum rate at lower temperatures than do
plants of the southern alpine populations.

d. Plants of northern populations have higher res-
piration rates at all temperatures than do plants of
southern alpine populations.

c. High elevation, low latitude plants attain photo-
synthetic light saturation at a higher light intensity
than do low elevation, high latitude plants.

7. The response of the various populations to
photoperiod is reflected in their latitudinal origin.
There was a clinal increase in photoperiodic require-
ment for flowering from the southern to northern
populations. Formation of perennating buds was
also found to be under photoperiodic control.

8. Although all populations were found to be in-
tolerant of abnormally high summer night tempera-
tures, the southern alpine populations displayed a
somewhat greater tolerance than did the northern
ones.

9. From these results, it is concluded that the eon-
tinued existence of Ozyria digyna throughout a wide
range of arctic and alpine conditions is due in large
part to differences in metabolie potential among its
component populations.
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