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SUMMARY

Leaf anatomy, rates of photosynthesis, leaf N , chlorophyll, RuBP carboxylase and nitrate
reductase were studied on the indigenous Agrostis magellanica Lam. and the invasive alien
Agrostis stolonifera L. on Marion Island (46° 54' S, 37° 45' E). Leaves of A. magellanica were
more deeply ridged, thicker and more sclerophyllus than those of ^ . stolonifera. Mesophyll cells
of A. magellanica were larger hut the numher of cells per unit leaf area and the total area of
chloroplast per unit leaf area were the same for the two species. Maximum COj assimilation
rates for the two species did not differ (mean maxima of 9 5 and 9 /^mol COg m ' ^ s'^ for A.
magellanica and A. stolonifera respectively). At low photon flux densities, A. stolonifera showed
a greater response of CO2 assimilation to photon flux density. A. magellanica exhibited
temperature-dependent photoinhihition. Leaf N, chlorophyll and RuBP carhoxylase on a fresh
or dry weight hasis were higher in A. stolonifera hut on a leaf area basis there was little difference
between the species. The competitive ability of A. stolonifera on Marion Island may be related
to its response to low photon fiux densities or to its carbon allocation patterns (less sclerophyllous
tissue means that a greater leaf area may be produced per unit carbon fixed). The lack of support
tissue may limit it to sites partly sheltered from frequent gale force winds.
Key words: Agrostis stolonifera, Agrostis magellanica, photosynthesis, sub-Antarctic, leaf
anatomy.
INTRODUCTION

Marion Island (46° 54' S, 37° 45' E) is a small (290 km^) island in the southern
ocean. It experiences a typical sub-Antarctic oceanic climate (Schulze, 1971) with
high precipitation (about 2500 mm per annum), high relative humidities ( > 80 %),
low solar irradiance (mean 1 28 kJ cm-^ d'^), strong winds and low temperatures
(mean air temperatures of the coldest and warmest month are 3 2 and 7 3 C,
respectively). However, in contrast to the sub-Arctic region, bitterly cold weather
is not experienced and the lowest air temperature measured at the island is - 6-8 °C.
For most of the year sub-zero temperatures do not occur during the daytime.
Two species of Agrostis (Poaceae) occur on the island. The indigenous A.
magellanica Lam. forms the major vascular component of the mire vegetation of
the coastal plains. It forms small plants up to 25 cm high with 5 to 15 tillers per
plant. Each tiller has very short internodes, up to seven green leaves and several
* Present address: Department of Botany, University of Natal, Pietermaritzburg, South Africa, 3200.
0028-646X/86/010143-H8 $03.00/00
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dead leaves. A. stolonifera L. is an alien of northern hemisphere origin which has
been introduced to a number of southern hemisphere oceanic islands e.g. Tristan
da Cunha, Gough, Kerguelen and the Crozet and Falkland Islands and was first
recorded at Marion Island in 1965 (Gremmen & Smith, 1981). It has since spread
rapidly and is now locally abundant on the northern and eastern coastal plains,
dominating the vegetation in wet, protected areas e.g. stream banks, drainage lines
and, at some sites, along the edges of ponds and in water tracks through mires
(Gremmen, 1981). It occurs as a tangled mat of long stolons, each possessing up
to eight green leaves and several dead leaves. Internodes are much longer than in
A. magellanica.
This paper compares the photosynthetic characteristics and related anatomical
features of the two grasses.
M A T E R I A L S AND M E T H O D S

During autumn (March/April), when this study was conducted, there are three
to four green leaves per A. magellanica stem and four to five per A. stolonifera stem.
The youngest, unfurled leaf was designated leaf 1 and successively older leaves
leaf 2 onwards. Material was collected from stands of the two species near the
laboratory immediately prior to use.
Leaf anatomical studies
Lengths of leaf blade were taken from the base (5 to 10 mm from the ligule),
the mid region and 5 mm from the tip of leaves 1 to 4. Approximately 0-1 mm^
pieces of leaf were used for the leaf section studies. The material was fixed in 3 %
glutaraldehyde buffered with 005 M sodium cacodylate, postfixed with 2%
osmium tetroxide in 0 05 M sodium cacodylate, dehydrated through a graded
ethanol-epoxy propane series and embedded in a low viscosity resin (Spurr, 1969).
Cross sections and paradermal sections (2 /im) were stained with toluidene blue,
viewed and photographed.
Leaf thickness and the cross sectional areas of leaves, tissues and mesophyll cells
were measured from the cross section photographs using a digitizer linked to a
computer. Volumes of epidermal, vascular and sclerenchyma tissue were calculated
from the plan areas. The volume of mesophyll tissue (including air space) was
calculated as the difference between the leaf segment volume and those of all the
other tissues. Mesophyll cell dimensions were also measured from photographs
of paradermal sections, and mean cell volume estimated from cell dimensions
measured in cross and paradermal sections. The proportion of mesophyll tissue
volume actually occupied by cells was obtained as the product of the mean cell
volume and the mean number of mesophyll cells. Air space volume was taken as
the difference between mesophyll tissue volume and mesophyll cell volume.
Mesophyll cell surface areas were calculated from cell perimeters in cross section
and cell length in paradermal section. Mesophyll cell surface area to leaf surface
area ratio (A"^^7A) was calculated from mesophyll surface area and numbers of
mesophyll cells per unit leaf area.
Mesophyll cell size was also determined on cell separates. Leaf tissue was fixed
in 3-5% glutaraldehyde in 0-1 M phosphate buffer for 2 h and then incubated in
0-1 M EDTA (pH 9) for 2 h at 60 °C to separate the cells (Jellings, Usher & Leech,
1983a). This technique was also used to determine chloroplast number and size!
Cell suspensions were placed on a microscope slide, viewed with bright field optics
and photographed. Cell and chloroplast plan areas were measured from the
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photographs using the digitizer. Five leaves of each age class were used. The areas
of six chloroplasts from the mid-zone of each leaf were measured. For cell areas,
six cells each from the leaf base and mid-zone were measured. For chloroplast
counts, the coverslip was pressed down sufficiently firmly to rupture some cells and
release the chloroplasts. The chloroplasts in 15 cells were counted for each of six
leaves. For the estimation of mesophyll cell numbers, 5 mm lengths of leaf blade
from the base, mid-region and tip were incubated in 5 % chromium trioxide at
4 °C for 7 d (Jellings & Leech, 1982). Cells were dispersed by fiushing through
a Pasteur pipette and mesophyll cells counted on a 0-1 mm haemocytometer. Two
loadings were made per sample and 20 squares on each side of the haemocytometer
were counted.
Gas exchange measurements
Except for the study of CO2 exchange by leaves of different ages, these
measurements were made on leaf 2.
Blocks of peat containing whole A. magellanica plants or rooted stems of A.
stolonifera were placed in a bowl of water. The whole plant sample was covered
with a plastic bag which was sealed around the lip of the bowl. The bag was kept
infiated with a stream of humidified air. For the gas exchange determinations a
single, attached leaf was exserted through a small slit in the bag and inserted
horizontally into the leaf chamber, which was either a modified Liebig condenser
(Bate & Smith, 1983) or a rectangular (8x10x200 mm) Perspex chamber.
Temperature in both cuvettes was controlled by passing water or ethylene
glycol/water mixture through jackets surrounding the cuvettes and incoming air
streams. Leaf and air temperatures were measured with fine wire thermocouples.
The cuvettes were illuminated from above by either a 250 or a 400 W SON high
pressure sodium vapour discharge lamp [S.A. Philips (Pty) Limited, Newville,
South Africa]. Photosynthetic photon fiux density (PPFD) was measured with a
LI 190S quantum sensor (Li-Cor Inc., Lincoln, Nebr.) and could be varied by
changing the vertical position of the lamp or by placing layers of grey shade-netting
between it and the cuvette.
CO2 exchange rates were determined using an open-circuit gas system. CO2
concentration was measured with an ADC infra red gas analyser (Analytical
Development Company Limited, UK) in the differential mode. Air was pumped
in excess from outside the laboratory into a 25 1 mixing volume. A smaller stream
was drawn from this and humidified to a vapour pressure deficit of less than 0-5 kPa
by bubbling through water at the appropriate temperature.
Carbon dioxide compensation concentrations were measured on a leak-free,
closed-circuit gas system with the COj IRGA in absolute mode.
Transpiration
Individual tillers (eight replicates per species) were detached under water and
the stems sealed in test tubes containing water. These were placed outside the
laboratory but protected from rain. Transpiration was measured as weight-loss
over the period 1030 to 1700h local time, during which air temperature and
relative humidity were measured. Two trials were performed on cut tillers. In a
further trial, rooted tillers were excised from the main plant, placed in test-tubes
containing dilute nutrient solution and left in the field for one week to allow root
regrowth before conducting transpiration measurements by the weight-loss
method.
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Leaf nitrogen and chlorophyll concentrations
Leaf N was determined on oven-dried material by a semi-micro Kjeldahl
procedure and chlorophyll concentrations on 80% acetone extracts of freshly
collected leaves (Arnon, 1949).
Nitrate reductase activity (NRA)
NRA was determined by the in vivo incubation assay of Hageman & Reed
(1980). Plant material was collected between 1130 and 1330 h local time and
processed immediately for the assay. Leaves were rinsed briefly in distilled water
and cut into 5 mm segments. Roots were washed free of peat, swirled in 100 mg T^
streptomycin sulphate solution, rinsed with distilled water and cut into approx.
10mm pieces. The potassium phosphate buffer medium (pH 75) contained
50 mmol KNO3 dm"=^ and 1 % (v/v) 1-propanol. After vacuum infiltration (at a
pressure of 1 kPa for 1 min), the incubation was carried out under pure N^ in the
dark at 20 °C. The reaction was stopped by immersing the incubation tubes in
boiling water for 60 s, after which vacuum was again applied to maximize the
release of NO2" into the medium. Concentrations of NOf were determined
colorimetrically after addition of acidic sulphanilamide and N-(l-naphthyl)ethylenediamine dihydrochloride. The rate of NO2" production was linear for up
to 300 min. NRA was taken to he the difference between the amount of NO2"
produced between 20 and 260 min. In order to assess the influence of NOg" and
NH4+ on NRA, tillers of both species, with their roots, were excised from tussocks
and placed in test-tubes containing either NO3" or NH4+ solutions
(0-5 mmol N dm'^*), or both (0 25 mmol dm^^ each of NO3- and N H / ) . Four
replicates of each treatment were established. All solutions contained 5 mmol
KH2PO4 dm"^' and a set of replicates containing KH2PO4 but no inorganic N was
also established. The tubes were sealed around the tiller base or stem and placed
in a canopy of ^ . stolonifera in the field for 7 d, following which NRA of the leaves
and roots were determined.
Ribulose-1,5-bisphosphate (RuBP) carboxylase activity
RuBP carboxylase was determined on crude extracts of freshly-collected
leaves by a method based on those of Goldthwaite & Bogorad (1975) and Kung,
Chollet & Marsho (1980). Leaves were ground at 0 to 4 °C in a medium containing
(in mmol dm'^):Tris-HCI(pH75) 150,EDTA 10,MgCl21,KCl 10,dithiothreitol
10. The extract was centrifuged and 50/*1 of supernatant added to an incubation
buffer medium containing H^^COg". The incubation was carried out at 20 °C in a
liquid scintillation vial, the reaction being started by addition of D-ribulose1,5-bisphosphoric acid, tetrasodium salt (Sigma Chemical Co., Louis, USA, Prod.
No R-8250) and terminated 4 min later by adding 500 /*1 3 M acetic acid. The total
volume of the reaction mixture was 450 fi\, containing 30 /*mol Tris buffer (pH 8),
3/tmol MgCl2, 01/^mol EDTA, 3/^mol dithiothreitol, 0 25/tmol ribulose
bisphosphate and 20/*mol HCO3~ (5 //Ci). After addition of the acetic acid, the vials
were placed on a hot-plate at 30 to 40 °C under a stream of air for 18 h. The residue
was dissolved in 1 cm^ water, followed by the addition of 10 ml liquid scintillator
(Ready-Solve HP/b, Beckman-RHC, Fife, Scotland). i^C activity (dpm) in the
vials was determined using an LS 9800 liquid scintillation counter (Beckman
Instruments International, Geneva). RuBP carboxylase activities determined on
replicated aliquots of the same leaf extract showed a coeflicient of variation of
/ •
/o
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RESULTS

Anatomy and morphology
Leaves of A. magellanica reach full expansion by position 2 or 3 and are up
to 180 mm long and 950 mm^ in area. Fully expanded leaves of A. stolonifera are
up to 90 mm in length and 320 mm^ in area but reach this stage only at position
4 or 5, i.e. just prior to senescence.
Figure 1 shows cross sections from the midzone of leaf 2 of both species. Stomata
occur only on the sides of troughs on the adaxial leaf surface in A. magellanica,
whereas A. stolonifera is amphistomatous. A. magellanica leaves are thicker but
more deeply ridged than those of ^ . stolonifera. There is more sclerenchyma tissue
in A. magellanica leaves and the amount of sclerenchyma increases with leaf age.
This species also has larger mesophyll cells and more extensive air spaces. The
relative contributions of cell types, based on both tissue volumes and cell numbers,
to mid-leaf cross sections of the two species are given in Table 1. There are
approximately equal numbers of the four cell types in A. magellanica leaves.
A. stolonifera possesses .relatively fewer sclerenchyma cells and more vascular
and mesophyll cells. On a volume basis, the relative contributions of epidermal and
vascular tissue are similar for the two species, whereas there is considerably more
sclerenchyma in A. magellanica. There is relatively less mesophyll tissue in
A. magellanica and a higher proportion of this is air space.
Leaf fresh: dry weight ratios and specific leaf weights for the two species are
presented in Table 2. In A. magellanica, there was a decrease in the fresh:dry
weight ratio and an increase in the specific leaf weight with leaf number. This resulted from the increase in sclerenchymatous tissue with leafage. For A. stolonifera
there was no significant difference between leaf position in the fresh:dry weight
ratio but there was a small decrease in specific leaf weight with age. For older
leaves the fresh:dry weight ratio, and for all the leaves the specific leaf weight,
differed between the two species. This is consistent with the lower amounts of
sclerenchyma in A. stolonifera. Mesophyll cell and chloroplast size measurements
are summarized in Table 3. The leaves of both species were thinner near the tips
than at the base or mid region and cells near the tips were smaller and more
numerous per unit area. There was no difference in mean cell size between the
base and mid-region of the leaf or between the first four leaves.
Although leaves of A. magellanica were nearly twice as thick as those of A.
stolonifera, the number of mesophyll cells per unit leaf area was similar in the two
species. Mesophyll cell areas determined on separated cells were greater than those
derived from leaf cross-sections, possibly owing to non-median sectioning of some
of the cells in the cross-section technique. Digestion and separation of the cells
on the microscope slide might also have caused their fiattening, with a consequent
increase in cross-sectional area. However, both techniques showed that the
mesophyll cells were larger in A. magellanica than in A. stolonifera. There were
also more chloroplasts per cell in A. magellanica but they were slightly smaller than
in A. stolonifera. The chloroplast to cell area index (ratio of the product of
chloroplast number and chloroplast size to the cell area) depends on the mesophyll
cell area value adopted in the computation and both alternatives are presented in
Table 3. The index was considerably higher for A. stolonifera, indicating that
chloroplasts occupy a greater proportion of the mesophyll cell volume in this
species than in A. magellanica.
The total plan area of chloroplasts per unit leaf area was very similar in the two
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(a)

100 pm

Fig. 1 (a) Cross section of mid region, leaf 2, of Agrostis magellanica. Mesophyll tissue is
characterized by the presence of large airspaces, Stomata are found only in the grooves of the adaxial
surface, Sclerenchyma occurs underlying the abaxial epidermis and that adaxial epidermis which
does not form part of the grooves. In some instances there is a dorsi-ventral rib of sclerenchyma
continuous with a vascular bundle sheath, (b) Cross section of mid region, leaf 2, of Agrostis
stolonifera. Mesophyll cells are tightly packed and airspace is reduced, Stomata are found along
both the adaxial and abaxial leaf surfaces. A few sclerenchyma cells occur underlying the epidermis
at the adaxial tip of each ridge, abaxially at the ridge base and abaxially between ridges, Mesophyll
(M); airspace (A); stomata (S); sclerenchyma (Sc); vascular bundle (VB),
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Table 1. Proportions of cell types in the mid zone of leaf 1 of two species of

Agrostis

Volume
Cell number

A.
A.
A.
A.

magellanica
stolonifera
magellanica
stolonifera

Epidermis

Vascular

Sclerenchyma

Mesophyll

19-5
23-6
23 + 4
24 + 2

3-3
2-7
27 + 4
33 + 3
*

15-5
1-8
26 + 6
7+2
***

61 7
719
24 + 7
36 + 3
***

NS

Air space as %
of mesophyll
52-4
31-8
—
—

Percentage of volume occupied by the different cell types and percentage of cell numbers in cross section.
Means+ SD (n = 5). The significance of the difference between the species in cell number is indicated as:
NS, not significant; * P < 0-05; ** P < 0-01; *** P < 0001. This notation is used in all subsequent Tables.

Table 2. Fresh:dry

weight ratios and specific leaf weights of leaves at different
positions on tillers of two species of Agrostis
Specific leaf weight (g m

Fresh:dry weight
Leaf
number
1

2
3
4

A. magellanica

A. stolonifera

3-8+ 0-2
3-3+ 0-2
2-8+ 0-2
2-2+ 0-3
**

3-8+ 0-3
3-5+ 0-3
3-6+ 0-4
3-8+ 0-5

A. magellanica

A. stolonifera

53-8+ 4-6
65-5 + 4-1
74-7+ 4-1
75-3+ 4-1
#**

33-4 + 2-1
33-6+ 4-8

NS
NS
**
##

NS

30-5 ±5-6
27-4+ 4-4

#*
#*#
***
«#*

Means+ SD. The difference between species was tested by the t-test and variations amongst leaves by the
F-test. A. magellaniea, n = 6; A. stolonifefaTn = 7.

Table 3. Summary of anatomical data of leaves of two species of Agrostis

Leaf thickness (/im) (n = 9)
Number of mesophyll cells per unit leaf area
(mm-2) („ = 40)
Mesophyll cell plan area (/im^)
From cell separates (n = 240)
From cross section (n = 30)
Number of chloroplasts per cell (n = 90)
Chloroplast plan area (/im^) (n = 120)
Chloroplast to cell area index
Cell area from cell separates
Cell area from cross section
Chloroplast plan area per unit leaf area
Mesophyll cell surface to leaf surface area ratio

Means+ SD.

A. magellanica

A. stolonifera

327±45
2566±185

172+11
2574±334

***

854+116
452+188
43 + 10
18-6+ 5-3

566±32
251+89

#**

0-9
18

21
11

38±9
21-6±4-7
1-5
3-3
21
9

NS

##*
###
***
—
—
—

I5O

N. W. PAMMENTER et al.

species because the lower number of chloroplasts in A. stolonifera was compensated
for by their larger size and the number of mesophyll cells per leaf area was the
same in the two species. Mesophyll cell surface to leaf surface area ratios in the
two species were similar.
Net CO2 assimilation
For A. stolonifera, net CO2 assimilation rate (NAR) was highest in the
youngest leaf and decreased with leaf age (Fig. 2). In A. magellanica, maximum
NAR occurred only once the leaves reached full expansion, i.e. leaf 2 or 3.
Both species showed broad photosynthetic temperature optima (Fig. 3) which
varied between leaves from different plants but were generally between 12 and
22 °C. Net assimilation was positive down to the lowest leaf temperature attainable
in the cuvette ( - 2 3 °C). Saturating PPFD's occurred at 400 to 600 /imol m'^ s'^
for A. magellanica and 300 to 400/tmol m-^ g-i for A. stolonifera (Fig. 4).
A. magellanica appeared to be photoinhibited at PPFD values above about
750/*mol m"2 g-i. Compensating PPFD's were low ( < 15 /*mol m~^ s'^).
15

(a)

Tiller I

10

o
o

Tiller 2

(b)

"0

i

Tiller I

Tiller 2

Tiller 3

CC

10

1 2

3

4

1 2

3

4

2

3

4

Leaf number

Eig. 2. Net CO2 assimilation rates (NAR) of difTerent leaves of Agrostis magellanica (a) and Agrostis
stolonifera (b). For Agrostis magellanica PPED 500/^mol m^^ g-i and leaf temperature 14 °C; for
Agrostis stolonifera PPED 300 /imol m^^ g-i and leaf temperature 13 °C.

In further trials, the response of NAR to PPFD was examined at leaf temperatures between 0 and 30 °C. From the data, computer-generated COg - exchange
response surfaces to temperature and PPFD were constructed (Fig. 5). The
A. magellanica response surface is characterized by a low, central plateau bounded
by approximately 12 to 21 °C and 600 to 900 fimol m'^ s'^ PPFD [Fig. 5(a), (b)].
Photoinhibition became marked with increasing temperature, e.g. at 25 °C
NAR became negative at 1300/^mol m^^ g-i but at 30 °C this occurred at
850 /imol m~2 g-i. The response surface for A. stolonifera shows a central spur between 15 and 19 °C and photoinhibition did not occur, even at high temperatures
(Fig. 5c, d).
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Fig 3 The influence of leaf temperature on net CO^ assimilation rates (NAR) of Agrostis
magellanica (a) and Agrostis stolonifera (b). The different lines represent difTerent plants. The
PPED for each trial is indicated.

0

250

500

750

1000

1250

1500

1750

2000

PPFD (^mol m"^ s"')

Eig 4 Net CO, assimilation rate (NAR) as a function of PPED for Agrostis magellanica (a)
and Agrostis stolonifera (b). The difTerent lines represent difTerent plants. Leaf temperature tor
each trial is indicated.
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Figure 5. The response surface of net COj assimilation to PPFD and leaf temperature of a
single leaf of Agrostis magellanica (a and b) and Agrostis stolonifera (c and d).

I

Compensat ing PPFD (,M.mol

~E

70
60

/

50

40
30
20
10
0

-•
5

10
15
20
25
Leaf temperature (°C)

30

Fig. 6. The effect of leaf temperature on compensating PPFD values of Agrostis magellanica
(
) and Agrostis stolonifera (
). Compensating PPFD values determined by linear
regression of net CO2 assimilation on PPFD at PPFD < 130/^mol m"'^ s"'.

Close examination of Figure 5 (a) and (c) suggests that the influence of PPFD,
at low levels, on NAR was greater for A. stolonifera than for A. magellanica,
particularly at low temperatures, and that there were differences in the effect of
temperature on compensating PPFDs. The relationship of NAR rates to PPFD
values below 130//mol m"^ s~^ was examined by linear regression ofthe empirical
data. Compensating PPFD's estimated from the regressions were low and in-
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o
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0-05 •

CL

a
0-025 •
o
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o
Q.
<1>

CC

0

iO

15

Leaf temperoture

20

25

C)

Fig. 7. The response of net CO^ assimilation to PPFD as related to leaf temperature for
Agrostis magellanica (
) and Agrostis stolonifera (
). This response is the slope of the
linear regression of net COg assimilation rates on PPFD. Vertical bars represent 95%
confidence limits.

creased with temperature for both species (Fig. 6). Above 20 °C, this increase was
more marked for A. stolonifera. For A. magellanica, 92% {P = 001) and, for A.
stolonifera, 71 % (P = 0-05) of the variation in compensating PPFD values was
explained by exponential relationships with temperature and the slopes of the two
curves were different at the 99-9 % level. For A. magellanica there was an increasing
NAR response to PPFD with temperature up to 22 °C, above which there was a
decline (Fig. 7). The response of NAR to PPFD in A. stolonifera was greater than
in A. magellanica and appeared to be unaffected by temperature. Duplicate values
of CO2 compensation concentrations were 115 and 125 JLLI dm~=* for A. magellanica
and 108 and 116 /^l dm"^ for A. stolonifera.
Transpiration
Transpiration rates in A. stolonifera were consistently greater than in A.
magellanica, for both rooted and cut tillers (Table 4). Rooted tillers (trial 3)
transpired faster than non-rooted tillers (trials 1 and 2) but this may have been
caused by higher evaporative demands during trial 3. Within trials, the evaporative
demand was the same for the two species and the tillers were shaded so that
differences in leaf temperature were unlikely. Differences in transpiration rate thus
reflected differences in leaf conductance to water vapour. Leaf conductances of A.
Table 4. Transpiration rates for two species 0/Agrostis
Transpiration (mmol HjO m-2 s-')
Trial

Vapour pressure
deficit range (kPa)

A. magellanica

A. stolonifera

1
2
3

0-30-0-49
0-24-0-44
0-22-0-59

0-19 + 0-05
0-22 ±0-08
0-51 ±0-11

0-27 ±0-07
0-40 ±0-06
0-68 ±0-19

*
•*
*

Means ±SD(n = 8). Transpiration was measured over the period 1030 to 1700 h under natural conditions.
Trials 1 and 2, excised tillers; Trial 3, rooted tillers.
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stolonifera were about 1-5 times those of A. magellanica, in accordance with the
amphistomatous nature of A. stolonifera leaves.
Leaf biochemical parameters
On a dry weight basis, N concentrations in A. magellanica were similar for
leaves 1 and 2 and thereafter declined with leaf age (Table 5). In ^ . stolonifera,
there were no significant differences in N concentration between leaves 1, 2 and 3
and the decrease in concentration with leaf age was only apparent by leaf 4. Within
leaf number, N concentration in A. stolonifera was significantly higher than
in A. magellanica. However, on a leaf area basis, the content was higher in
A. magellanica.
Table 5. Nitrogen and chlorophyll (a + b) concentrations in leaves at different
positions on tillers of two species of Agrostis
Leaf
number

A. magellanica

A. stolonifera

A. magellanica

A. stolonifera

N Concentration (n = 4)
1
2
3
4

1
2
3
4

mmol g;"' d. wt
mmol m ^
' leaf area
l-59±O-O5
2-11+0-33
*
85-6
70-4
1-52 + 0-04
***
2-26 + 0-28
99-7
75-9
***
1-29 + 0-10
2-00 + 0-20
96-1
611
##«
0-70 ±0-06
l-65±0-18
52-9
45-3
Chlorophyll (a + b) concentration
^gg- ' f. wt
939 ±398(2)
1334±265(5)
1380± 147(7)
2391 ±428(10)
1092 ±106(6)
1975±457(8)
453±212(5)
1644 ±680(8)
**

mg m~^ leaf area
NS
***
***
#*

189
297
231
74

170
276
210
166

Means ± one standard deviation. Differences between species were tested by the f-test and between leaves
by the F-test. For chlorophyll, n is given in parentheses after value. Values per unit leaf area were calculated
using the mean fresh:dry weight ratios and specific leaf weights in Table 2.

Maximum chlorophyll {a + b) concentrations, on both a fresh weight and leaf area
basis, occurred in leaf 2 for both species (Table 5). Chlorophyll concentrations per
fresh weight were higher in A. stolonifera than in A. magellanica but there was little
difference between the two species in concentrations per leaf area. Chlorophyll a: b
ratios did not differ significantly amongst leaves and the means for all leaves were
similar in the two species {A. magellanica 2 4 + 0-4, n = 20; A. stolonifera 2-2±0-4,
n = 29).
For both species, maximum RuBP carboxylase activities, on a fresh weight basis,
occurred in leaf 2 and, within leaf number, activities were higher in A. stolonifera
than in A. magellanica (Table 6). On a leaf area basis, activities were also highest
in leaf 2 but, within leaf number, they were similar in the two species.
Nitrate reductase was detected in the roots and leaves of both species
(Table 7) but activity in roots was much lower than in leaves, especially for
A. magellanica. Within species, leaf NRA varied markedly between plants from
different sites, between plants within a site and between leaves on a single tiller.
Because of this variability, the differences between the two species in NRA on a
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Table 6. RuBP carboxylase activities of leaves at different positions on tillers of two
species of Agrostis
RuBP carboxylase activity
(mmol CO2 m ^ leaf area h ')

CO2 g-> f. wt
Leaf
number

A. magellanica

A. stolonifera

47
162
141
70

135
309
250
90

185
272
165
97

270
519
326
187

A. magellanica

A. stolonifera

9-5

17 2
364
27-3
9-3

Trial 1
1
2
3
4

34-9
29-9
11-5

Trial 2
1
2
3
4

37-2
58-5
34-9
15-8

34-4

599
347
18-9

Trial 1 values are for a single assay from an homogenate of leaves from 12 to 20 tillers. Trial 2 values
are the mean of four replicate assays from a similar homogenate. Variation between replicates was within
7 % of the means. In both trials, part of each leaf batch was used to determine the fresh:dry weight ratio.
The activity per unit area was calculated from this and specific leaf weights in Table 2.

Table 7. Ranges of in vivo nitrate reductase activities in leaves and roots of two
Agrostis species
Nitrate reductase activity
NOj" produced g ' f. wt h
A. stolonifera
A. magellanica
Leaf 1
Leaf 2
Leaf 3
Leaf 4
Root

{fimo\ NO2" produced m ^ leaf area h
A. magellanica
A. stolonifera

0-05-0-22
0-12-0-26
0-19-0-41
0-16-0-47
0-08-0-14

0-01-0-31
0-03-0-43
0-02-0-35
0-04-0-28
0-01-0-02

2-23-62-95
5-73-97-27
4-38-71-02
6-52-52-39

5-94-27-31
14-44-32-01
19-66-49-36
15-51-52-76

For leaves, n = 8; for roots, n = 4.

Table 8. Nitrate reductase activity {/imol NO f produced g ^ fresh weight h ^ in
leaf 3 and in roots of tillers of two Agrostis species exposed to solutions containing
/ or both
Form of inorganic N added
None
A.
A.
A.
A.

magellanica leaf
magellanica root
stolonifera leaf
stolonifera root

0-46 ±0-19
0-01 ±0-01
0-28 ±0-09
0-16

NH4+ plus NO3

NO,
l-05±0-19
0-12 ±0-06
1-16 ±0-44
1-29

Means±SD (n = 4 except for A. stolonifera root where n — \).

0-33 ±0-09
0-07 ±0-01
O-37±O-13
0-15

0-78±0-16
0-21 ±0-10
0-87 ±0-30
1-29
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fresh weight basis were not significant. However, because of its higher specific
leaf weight, A. magellanica generally exhibited higher maximum NRA's on a
leaf area basis than did A. stolonifera.
For both species, leaf 3 and the roots of tillers placed for 7 d in solutions
containing either NOg^, or NOg^ plus NH^^, exhibited significant increases in
NRA (Table 8). The stimulation of NRA in A. stolonifera roots was especially
marked.
DISCUSSION

The low mesophyll cell surface to leaf surface area ratios (9 and 11) in the two
Agrostis species are characteristic of mesophytes and shade plants and imply low
rates of photosynthesis and water use efficiency (Nobel, 1980).
Mean chloroplast numbers per mesophyll cell (38 and 43) in the two species are
higher than mean values (32 to 35) found for Poa flabellata (Lam.) Hook f. at
sub-Antarctic South Georgia Island (Jellings et al, 1983a) but are within the range
(33 to 46) reported for Deschampsia antarctica Desv. from a variety of sub-Antarctic
and maritime Antarctic sites (Jellings et al., 1983b). Mean chloroplast plan areas
(18-6 and 21-6/tm^) in the Agrostis species are in the ranges exhibited by
P. flabellata (15 to 29/^m^) and D. antarctica (8-3 to 21-5 /^m^) but the Agrostis
mesophyll cell plan areas are mostly lower than in those two species. The
chloroplast area to cell area indices, suggested by Jellings et al. (1983b) to indicate
the capacity for light interception at the cellular level, are much higher for the
Agrostis species than for P.fiabellata and, in most instances, also for D. antarctica.
In terms of light interception by the leaf, the chloroplast plan area to leaf surface
area ratio is possibly more pertinent, and its value (21) in the two Agrostis species
is less than half that in P. flabellata (4-7 to 5-5).
On a leaf area basis there was little difference between the two Agrostis species
in parameters which may be considered as indicators of the 'biochemical capacity'
for photosynthesis, e.g. leaf N content, chlorophyll concentration and RuBP
carboxylase activities (Tables 5 and 6). Mean maximum NAR in A. magellanica
{95 ±\-6 iimol COgm-^s^i, n= 13) was not significantly different (P ^ 0-05)
from that in A. stolonifera (9+2-1 /tmol COg m~^ s~^, w = 13) despite the implication from the difference in transpiration rates (Table 4) that A. stolonifera has a
higher leaf conductance to water vapour (and hence to COg). This suggests that
a component of the mesophyll resistance is more important than the stomatal
resistance in regulating photosynthetic rate. Under the sub-Antarctic conditions
of low light and low temperature, differences in stomatal conductance are probably
unimportant since photosynthesis is unlikely to be limited by COg diffusion.
Tieszen (1978) suggested that a similar situation exists for Arctic tundra grasses
at Barrow (Alaska).
The absolute maximum NAR found for ^.5?o/owz/era was 13-3 fimol COg m~^ s"^
in leaf 1 (13-2 //mol CO, m~^ s~^ in leaf 2) and for A. magellanica it was 124 /tmol
CO2 m~^ s~^ in leaf 2. These maxima are similar to those (12-7 to
15-3 fimol CO2 m""^ s~^) found for Poa cookii Hook f. at Marion Island (Bate &
Smith, 1983). They are also similar to maximum values reported for graminoids
at northern hemisphere subpolar regions, e.g. 12-6 fimol CO^ m"^ s"^ for Luzula
cow/wsa Lindeb. in the High Arctic (Addison& Bliss, 1984), 13-2//mol COg m"^ g-i
for Carex stans Drej. at Devon Island, Canadian N.W.T. (Mayo et al., 1977) and
11-5 to 13-7 /tmol CO2 m"^ s~^ for a range of graminoid species at Barrow (Tieszen,
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1973). Lower maximum rates were found in Deschampsia antarctica from Antarctic
Signy Island (5 //mol CO2 m'^ s'l; Edwards, 1974) and Poa foliosa Hook f. from
sub-Antarctic Macquarie Island (2-5 //mol m'^ s^i; Jenkin, 1972). However, these
were determined on whole plants, including leaf sheath material and old leaves.
In both cases, the CO2-exchange measurements were made on plants which had
been grown in environmental cabinets, rather than on material taken straight from
the field.
Broad photosynthetic temperature optima were found for the Agrostis species
(Fig. 3). NAR was relatively insensitive to reductions in temperature below the
optimum and at 0 °C rates were 25 to 35% of the maximum. This is a similar
response to that exhibited by P. cookii at Marion Island (Bate & Smith, 1983) and
is the usual pattern for Arctic and sub-Arctic plants (Chapin, 1983). In common
with northern hemisphere subpolar species, temperature optima for the three
Marion Island grasses (approx. 10 to 20 °C) are lower than for most temperate
plants but are somewhat higher than temperatures commonly experienced in the
field.
The response of NAR to increasing, low PPFD levels was greater in A.
stolonifera but increased with leaf temperature in A. magellanica (Fig. 7). Direct
estimates of quantum efficiency were not possible because incident rather than
absorbed radiation was measured. However, if the absorbance of photosynthetically
active radiation by leaves is temperature independent, the change in response of
NAR to increasing low PPFD levels with temperature implies that the quantum
efficiency of CO2 fixation in A. magellanica increases with temperature, at least up
to 22 °C.
Light saturation in both species occurred between 300 and 600 //mol m ^ s
PPFD and, at temperatures above 12 °C, A. magellanica was photoinhibited at
higher PPFD levels (Fig. 4). Investigations at other subpolar sites have frequently
employed different radiation measurements and units, making comparisons with
the light responses found for the two Agrostis species difficult. However, approximate conversions of the various units have been made according to the recommendations of McCree (1981). Saturating PPFD for P. cookii was found to be
high( > 2000 //mol m-^ s^^^; Bate & Smith, 1983). Barrow graminoids also saturate
at high levels about 1300//mol m'^ s'^ PPFD; Tieszen, \913). P. foliosa from
Macquarie Island (Jenkin, 1972) saturated at about 900//mol m ^ s ^ PPFD and
D. antarctica from Signy Island at 150//mol m^^ s'^ (Edwards, 1974). For the
last two species, saturating light levels were determined for whole plants and it
is unlikely that the light levels at surfaces of the leaves were the same as those
measured, normal to the incident radiation, at the top of the plant. The low
compensating PPFD's (mostly < 15//mol m'^ s'O for the two Agrostis spe^cies
accord with observations from other subpolar areas, e.g. about 30//mol m ^ s ^
PPFD for Arctic tundra graminoids (Tieszen, 1973), about 20 to 50 //mol m ^ s ^
PPFD for P. foliosa (Jenkin, 1972), 10 //mol m-^ g-^ for D. antarctica (Edwards,
1974) and 5 to 11 //mol m-^ s'^ for P. cookii (Bate & Smith, 1983). Net photosynthesis in all these species increased markedly with increasing low light levels. For
the two Agrostis species, half of the maximum NAR was attained at 100 to
130/tmolm-2s-i, indicating a marked response of net photosynthesis to light.
Taken into consideration with the small response to suboptimal temperatures, this
indicates that photosynthesis is light-, rather than temperature-, limited under field
conditions at Marion Island. It has been suggested that the capability of Arctic
plants to photosynthesize at appreciable rates at low temperatures is achieved
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primarily through high concentrations of the photosynthetic enzyme RuBP
carboxylase, rather than any unique temperature-dependence of this enzyme in
these plants (Chapin, 1983). On a fresh weight basis, RuBP carboxylase activities
in the two Agrostis species are similar to those in Arctic grasses (Tieszen &
Sigurdson, 1973) and are intermediate between those of sun and those of shade
species of temperate latitudes (Bjorkman, 1968).
Chlorophyll concentrations in A. magellanica and A. stolonifera are intermediate
between values for sun and shade species (Boardman, 1977) and, on a leaf area basis,
are in the lower part of the range of values exhibited by Arctic grasses (Tieszen,
1973). On a leaf dry weight basis, chlorophyll concentrations in A. magellanica (10
to 4-6 mg g-i) are similar to those 2-7 to 4-2 mg g-i) in Festuca contracta T. Kirk
at South Georgia (Tallowin, 1977). Concentrations in A. stolonifera are higher (5-1
to 8-4 m g g 1). Chlorophyll a:b ratios in both Agrostis species (2-2 and 2-4) are
similar to those of extreme shade plants (Anderson, Goodchild & Boardman, 1973).
In the Arctic tundra graminoids at Barrow, this ratio is mostly below two (Tieszen,
1973) but in P.fiabellata and F. contracta at South Georgia is generally between
three and four (Lewis Smith, 1984).
Maximum nitrate reductase activities found for A. magellanica
(0-43 //mol g-i h-i) are low compared with those (1 to 3 //mol g-i h~i) reported by
Osborne & Whittington (1981) for unfertilized Agrostis species or by Dusky &
Galitz (1977) for other grasses. This is consistent with the observation (Smith &
Steyn, 1982) that NH4+ predominates in the acid, waterlogged peats of Marion
Island and that levels of NO3- are especially low. However, the marked induction
of NRA in leaves and roots of tillers exposed to NO3- shows that both species have
a considerable potential to utilize NOg".
NRA and productivity have been shown to be related (e.g. Lee & Stewart, 1978).
However, Osborne & Whittington (1981) found no conclusive evidence that NRA
was correlated with production (as measured by dry weight increase) in several
Agrostis species, including A. stolonifera. Harris & Whittington (1983) showed that
neither NRA nor productivity in A. stolonifera was constant with time and, more
importantly, that peaks of activity for the two processes did not coincide. They
concluded that while productivity and NRA may appear to be unrelated, higher
NRA values are likely to be a prerequisite for higher productivity at some time
in development. For A. stolonifera at Marion Island, a preliminary study suggested
that addition of NO3- to isolated tillers decreased the amount of chlorophyll and
depressed net assimilation rate. This effect was apparently not shown by A.
magellanica. However, conclusive evidence for an infiuence of NO3- on NRA and
net photosynthesis for both species awaits results of investigations on tillers grown
from seed under identical conditions and with adequate replication.
Results indicate that, on a leaf area basis, A. stolonifera at Marion Island does
not have a greater photosynthetic capacity than A. magellanica. Differences
between the species are at the anatomical rather than the physiological level. A.
magellanica has a considerable amount of sclerenchyma, giving low fresh:dry
weight ratios and high specific leaf weights. On a dry weight basis, photosynthetic
rates of ^ . stolonifera are nearly double those of ^ . magellanica. Thus, although the
two species may fix similar amounts of CO2 per unit leaf area, a greater proportion
of the fixed C is invested in photosynthetic tissue in A. stolonifera, whereas in A.
magellanica much of the C is allocated to non-photosynthetic support tissue. This
IS consistent with field observations of leaf longevity. The number of green leaves
per shoot le approximately the same for the two species being if anything greater
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in A. stolonifera. However, A. magellanica leaves remain green longer, indicating
a lower rate of leaf turnover in this species. Detailed studies of growth rates
and phenology are required to clarify this point. The fact that maximum net
photosynthesis rates were reached only in leaf 2 or 3 in ^ . magellanica may also
be related to the need to lay down support tissue in the expanding leaves, with
consequent increases in respiration. In Poa cookii, also a species with considerable
sclerenchyma (Berjak, 1979), net COg exchange in the youngest leaf was always
negative, i.e. net respiration (Bate & Smith, 1983).
Some of the anatomical and physiological characteristics of the two Agrostis
species are those of typical shade plants and, in many respects, of plants from mesic
habitats. This is consistent with the almost incessant cloud cover at the island,
which results in low radiation and high moisture levels. Strong wind is almost a
daily occurrence in the sub-Antarctic and may be the reason for the considerable
amount of sclerophyllous supporting tissue in many vascular species of this region
(Schenck, 1905; Werth, 1911), including A. magellanica at Marion Island. The
comparative lack of support tissue in A. stolonifera may be a disadvantage at the
exposed mire areas and may explain why this species is largely confined to
relatively sheltered sites. The potential to transpire at relatively high rates might
also be a disadvantage in exposed areas where evaporative demand may be higher.
However, the sheltered habitats occupied by A. stolonifera have an even lower light
regime than usual for the island. The leaves are also shaded by the dense mat of
plants in which they occur, in contrast to A. magellanica leaves which are extended
into the aerial environment on upright shoots. The greater response of net
photosynthesis in A. stolonifera to low PPFD's may have a competitive advantage
for this species in these low light environments.
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