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e Background and Aims Data are presented from 39 species of mosses and 16 liverworts for ratios of chlorophylls
and total carotenoids, and light saturation of photosynthetic electron flow or photosynthetic CO, uptake, in relation
to the postulate that bryophyte cells in general show shade-plant characteristics.

e Methods Pigment concentrations were measured by spectrophotometer in 80 % acetone extracts. Light-saturation
curves were constructed by (modulated) chlorophyll florescence and for some species by infra-red gas analysis.
e Key Results The pigment measurements were widely variable but broadly in line with the findings of previous
authors. Median values (mosses/liverworts) were: total chlorophyll, 1-64/3-76 mg g_l; chlorophyll a : b, 2-29/1-99;
chlorophylls : carotenoids, 4-74/6-75). The PPFD values at 95 % saturation (estimated from fitted curves) also ranged
widely, but were almost all <1000 umol m~2s~'; the median for mosses was 583 and for liverworts 214 pmol m s '
The two highest PPFDysq, values were from Polytrichum species with lamella systems forming a ventilated
photosynthetic tissue. Total chlorophyll, chlorophyll @ : b and chlorophylls : carotenoids all correlated sig-
nificantly with PPFDgsg,.

e Conclusions Bryophytes include but are not inherently shade plants. Light-saturation levels for species of open
sun-exposed habitats are lower than for vascular sun plants and are probably limited by CO, diffusion into
unistratose leaves; this limit can only be exceeded by bryophytes with ventilated photosynthetic tissues which
provide increased area for CO, uptake. © 2004 Annals of Botany Company

Key words: Bryophytes, chlorophyll @ : b ratio, chlorophyll : carotenoid ratio, chlorophyll fluorescence, liverworts, light
responses, light saturation, mosses, NPQ, photoprotection, PPFD responses.

INTRODUCTION

Bryophytes, even those of open, exposed habitats, have
been seen as showing features that would generally be
regarded as characteristic of shade plants (Valanne, 1984).
They typically have low chlorophyll a : b ratios, reported
values mostly lying within the range from 1.5 to 3.0
(Rastorfer, 1972; Rao et al., 1979; Martin, 1980; Aro,
1982; Martin and Churchill, 1982; Kershaw and Webber,
1986). This implies that the light-harvesting chlorophyll a : b
protein complex makes up a large proportion of the total
chlorophyll present. Light-response curves for bryophytes
commonly show saturation of photosynthesis at rather low
irradiances. Saturation levels around 20 % of full sunlight
have been found by a number of investigators for a wide
range of bryophytes, including species of open, brightly
lit habitats such as Bryum argenteum (Rastorfer, 1970),
Racomitrium lanuginosum (Kallio and Heinonen, 1975),
Grimmia pulvinata and Tortula ruralis (Alpert and
Oechel, 1987). In mosses from oak-hickory forest and
exposed sandstone outcrops in Kansas, Martin and
Churchill (1982) found generally higher chlorophyll a : b
ratios on the exposed outcrops than in the forest. The forest
mosses showed a striking increase in total chlorophyll con-
centration, and a (weaker) tendency for chlorophyll a : b
ratios to increase, following canopy closure in spring.
Kershaw and Webber (1986) demonstrated strong seasonal
changes in the chlorophyll content and light-responses of
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Brachythecium rutabulum in an abandoned apple orchard in
Ontario, but little change in the chlorophyll a : b ratio.

It is intuitively reasonable that poikilohydric photosyn-
thetic organisms should be adapted to function at relatively
low light levels. During periods of bright, dry sunny weather
bryophytes will generally be dry and metabolically inactive.
Most of their photosynthesis takes place in rainy or cloudy
weather, when irradiance may often be <20 % of that in full
sun. For bryophytes of dry habitats, the major physiological
need during transient exposures to bright sunshine as the
plant dries out is likely to be for photoprotection rather than
energy capture. The bryophytes that, prima facie, might be
expected to be best adapted to photosynthesize under high
light conditions are the species of mires, springs and other
wet habitats, which remain constantly moist in full sun.

In the present study we set out to explore further how the
ratios of chlorophyll a to chlorophyll b, and of total chloro-
phylls to total carotenoids, are related to habitat and to the
light-response of photosynthesis in bryophytes. Chlorophyll
fluorescence provided a ready means of estimating photo-
synthetic electron flow (Schreiber et al., 1995; Maxwell and
Johnson, 2000), making the screening of the light responses
of a wide range of species relatively quick and easy. Fluor-
escence measurements, of course, include photorespiratory
as well as photosynthetic electron flow, but this does not
invalidate comparisons within or between-species; it simply
puts them on a different basis. There are various other
problems that may arise and precautions that need to be
taken in the use of fluorescence measurements, which are
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discussed below. On the positive side, chlorophyll fluores-
cence provides its own additional insights into the responses
of the photosynthetic system to increasing irradiance. In
particular, the photochemical quenching parameter gp
gives a measure of the oxidation state of the primary elec-
tron acceptor (Q,), and non-photochemical quenching
(NPQ) reflects the non-radiative dissipation of excitation
energy (Bjorkman and Demmig-Adams, 1995; Gilmore,
1997). For comparison with the chlorophyll-fluorescence
data, response curves of net photosynthesis and dark
respiration were constructed for a few species by infra-
red gas analysis.

The material studied, mostly collected in south-west
England, covers a taxonomically wide range including
examples of most of the major groups of bryophytes.

MATERIALS AND METHODS

Sources of material

All of the material was collected during 1999, most of it in
Devon, south-west England (approx. 50°30'N, approx.
3°40'W); localities are given in Tables 1 and 2. A few
gatherings came from the New Forest, Hants (50°50'N,
1°30'W), South Wales (51°50'N, 3°05’'W), the Derbyshire
Dales (53°15'N, 1°50'W) and the Yorkshire Pennines
(54°05'N, 2°10W) in the UK, and FelsStarkdny near
Eger in northern Hungary (approx. 47°57'N, 20°27'E).
Material was returned to the laboratory, re-moistened if
necessary by spraying with distilled water, and placed in
clear polyethylene bags on a north-facing window sill. Meas-
urements for the light-response curves were made as soon as
possible (generally within, at most, 2-3 d) to minimize the
degree of acclimation that can take place over longer per-
iods, and a sub-sample of shoots for pigment analysis was
separated and allowed to dry naturally in subdued light,
packeted and (apart from the few days in transit between
the UK and Hungary) kept dry in a refrigerator until extrac-
tion for pigment analysis.

Pigment analyses

Pigment analyses followed Lichtenthaler and Wellburn
(1983). The dry bryophyte samples were extracted in 80 %
ammoniacal acetone and absorbance at 470, 646 and 663 nm
read on a spectrophotometer (Varian Cary 3E).

Chlorophyll-fluorescence measurements

Chlorophyll fluorescence measurements were made using
a modulated chlorophyll fluorometer (FMS1; Hansatech
Ltd, King’s Lynn, UK). The bryophyte material was placed
in standard Hansatech leaf clips. Photosynthetic photon flux
density (PPFD) response curves were constructed using the
scripting facility of the fluorometer to expose a sample of
material to successively higher actinic light levels, with
6 min equilibration at each level before measurement.
The leaf clip and fibre-optic head of the fluorometer were
loosely wrapped in moist tissue and cling film during the
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measurements to minimize drying of the bryophyte material.
Photon flux density values (400—700 nm) at the leaf clip for
each actinic light setting were measured using the 3 mm
diameter sensor provided with the Hansatech PAR (photo-
synthetically active radiation)/temperature leaf clip assembly.

In general, bryophytes from shady habitats (and some
species in all situations) gave typical ‘saturation’ curves
when the relative electron transfer rate (RETR) was plotted
against PPFD (Fig. 1A-D). These were closely fitted by
exponential curves of the form y = A(l - e X, where
y = RETR, x = PPFD, A is the asymptote of RETR, and
k a rate constant such that Ak is the initial slope. However, a
number of species, especially from exposed habitats, gave a
good fit to a curve of this kind up to approx. 400 pmolm s "
PPFD, but failed to saturate at higher irradiances
(Fig. 1E and F; species marked with asterisks in Table
1). Various lines of evidence have suggested that this
non-saturating electron flow might be to O,, but accounted
for neither by photorespiration nor the Mehler reaction
(Marschall et al., 2000). However, the evidence is incon-
clusive, and the problem remains unresolved. Nevertheless,
the parameters of the curves fitted at low to moderate irra-
diances are generally consistent with expectation from light
conditions in the habitats of the plants, and must bear some
functional relationship to their photosynthetic adaptation.
Pragmatically, we therefore accepted the lower part of
the response curve [giving a good fit to the exponential
curve, with an initial slope (Ak) close to the dark-adapted
value of F,/F,, (generally approx. 0-75-0-85)] as a semi-
empirical measure of the PPFD response of the photosyn-
thetic system. The notional ‘95 % saturation’ irradiance
figure calculated from this curve for all of the species should
be seen as a convenient parameter which is intuitively easy
to relate to, rather than as a rigorous measure of photosyn-
thetic performance.

Gas-exchange measurements

Gas exchange measurements were made with a portable
infra-red gas analyser (Type LCA-2: ADC, Hoddesdon,
Herts, UK), in differential mode, using a small leaf-disc
chamber in Eger or a Parkinson leaf chamber (ADC;
broad-leaf type) in Exeter, with quartz-halogen fibre-
optic light sources (Schott KL 1500). Photon flux was mea-
sured with a LI-170 quantum meter (Lambda Instrument
Co., Lincoln, NB, USA).

RESULTS

The major results are presented in Tables 1 —3; the measure-
ments and the more immediate correlations between them
are discussed briefly below. Wider and more general rela-
tionships and implications are considered in the Discussion.

Chlorophyll concentration and chlorophyll a : b ratio

Chlorophyll concentration is very variable, with an over-
all median value of 1-64 mg g~ ' d. wt. The figures are low
by vascular-plant standards (by a factor of approx. 3),
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TABLE 2. Liverworts: collecting sites, ‘95 % saturation’ PPFD (calculated from fitted RETR curves), and pigment parameters

NPQ at 1-qgp at

Locality and date Chlorophyll PPFD at 95 % 400 pmol 400 pmol

Species of collection (mgg ") Chla:b Chl : Car. sat. pmol m 2 s~ mZs! mZs!

Conocephalum University glasshouses, 531 =025 157 =005 1106 = 0-25 205 £ 122 2:56 = 049 074 = 0-04

conicum Exeter

Frullania dilatata Black Head, Torquay, 2.00 £ 023 247 =016 5-88 = 1.97 223 £ 45 376 £ 1.01 0-63 = 0-04
11 Aug. (SX942643)

Frullania tamarisci Near Bench Tor, Holne, 375 £ 0-12 204 = 0-05 6-18 = 0-21 679 + 102" 5-64 = 1.55 040 = 0-08
Sept. (SX696714)

Jubula hutchinsiae Fingle Bridge, 15 Aug. 5-82 £ 009 140 =001 12:06 = 0-19 79 = 31 1-10 £ 0-37 0-89 = 0-05
(SX745897)

Lunularia cruciata Chudleigh, 3.03 = 034 220 £ 018 7-38 £ 0.97 472 + 4 1-85 += 0-03 —
Jan. (SX865787)

Marchantia University glasshouses, 397 = 1.02 2-13 £ 056 823 = 1.02 327 £ 36 2-11 £ 0-10 0-57 = 0-03

polymorpha Exeter (ex Malham Tarn)

Marchesinia mackaii ~ Anstey’s Cove, Torquay, 3-62 = 020 1.54 £ 002 10-52 £ 0-28 193 + 27 246 = 0-35  0-69 = 0-06
11 Aug. (SX936644)

Metzgeria furcata Chudleigh, 3 419 = 020 194 = 0-07 6-30 = 0-26 180 = 3 - -
Jan. (SX865787)

Metzgeria furcata Black Head, Torquay, 412 = 1.53 194 = 0:38 6:59 * 2.77 300 £ 18 599 =086 0-53 = 0-05

(lighter) 11 Aug. (SX942643)

Metzgeria furcata Black Head, Torquay, 417 = 0-11 198 = 0-05 575 £ 0-16 222 * 29 421 =119 063 = 0-06

(shadier) 11 Aug. (SX942643)

Pellia epiphylla Stoke Woods, Exeter, 4.10 £ 046 1-88 £ 0-17 811 = 0-86 199 = 3 1-80 = 0-01 -
Jan. (SX920959)

Plagiochila Stoke Woods, Exeter, 377 £ 0-17 200 = 0-08 7-64 = 0-61 127 =0 4.53 = 0-03 -

asplenioides Jan. (SX920959)

Porella arboris-vitae ~ Black Head, Torquay, 273 £0-19 221 = 0-10 5.77 £ 0-25 159 = 6 3-18 £ 070 0-74 = 0-01
11 Aug. (SX942643)

Porella platyphylla Felstarkany, Hungary, 333 £0-09 214 =002  3-82 = 003 442 + 68 6-03 = 2-87 0-50 = 0-04
27 Oct.

Saccogyna viticulosa ~ Charles Wood, 362 012 188 £ 004 690 = 0-18 151 =25 249 £ 032 076 = 0-05
Fingle Bridge,
Aug. (SX745894) )

Scapania compacta Near Bench Tor, Holne, 1-58 = 0-09 2:28 £ 0-15 551 £ 042 455 + 118" 411 £ 072 048 = 0-09
Sept. (SX696714)

Targionia hypophylla ~ Kennford, 143 = 007 237 = 015 502 = 034 597 £ 187 1.70 = 0-75  0-43 = 0-08
Aug. (SX916864)

Trichocolea Charles Wood, 530 £ 008 1-57 = 0-01 9.84 = 0-01 90 = 6 1-54 = 023 0-83 = 0-01

tomentella Fingle Bridge,
Aug. (SX745894)

Species names follow Blockeel and Long (1998).
Conventions as in Table 1.
largely because bryophytes, with their generally The chlorophyll a : b quotients are also broadly in the

unistratose leaves, have a much higher proportion of
cell wall to cell contents than most vascular plants
(Green and Lange, 1995; Martin and Adamson, 2001).
The average chlorophyll content is higher in liverworts
than in mosses. Mosses of shady habitats mostly fall
into the upper half of the data. Chlorophyll content is
notably low in Sphagnum, and is low too in Racomitrium
and in many species of mires, grasslands and other brightly
illuminated habitats. However, there are some conspicuous
exceptions to these generalizations. The Polytrichaceae,
with their mesophyll-like ventilated photosynthetic tissues,
embrace a wide range of shade adaptation but all have a
relatively high chlorophyll content, as do several
small-cushion desiccation-tolerant mosses of exposed
habitats such as Orthotrichum anomalum and Syntrichia
intermedia. Over all, the present results are broadly in the
same range as those of Martin and Churchill (1982) and
Martin and Adamson (2001).

same range as others have found for bryophytes, with
median figures of 2-29 for mosses and 1-99 for liverworts
(Table 3). Amongst the mosses, a few conspicuously low
values are associated with species growing in shady habitats
(e.g. Eurhynchium crassinervium, Plagiomnium undulatum,
Plagiothecium undulatum) but there is much apparently
random variation. Much the same is true of the liverworts.
In both groups there is some tendency for species with
complex ventilated photosynthetic tissues (Polytrichaceae,
Marchantiales) to have rather high chlorophyll a : b ratios.

Chlorophyll : carotenoid ratio

The ratio of total chlorophylls to total carotenoids also
varies widely, but there is a very clear relationship with
habitat. The highest values are strikingly associated with
species growing in more or less deep shade (e.g. the moss
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F1G.1. PPFD response curves of relative electron flow (RETR), NPQ and 1 — gp, from chlorophyll-fluorescence measurements for six representative species.
Note the different x-axis scales of the first two sets of curves, and the varying y-axis scales of the RETR graphs. The y-axis scales for NPQ and 1 — gp are the
same throughout. The RETR curves for Eurhynchium crassinervium, Pogonatum urnigerum and Polytrichum juniperinum are fitted to all the data points, that
for Trichocolea tomentella s fitted to the first eight data points, and the curves for Tortula ruralis and Racomitrium aquaticum to the first five (giving an initial

slope Ak ~ 0-75; including further data points for these species gave progressively poorer fits to the initial slope).
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TABLE 3. Summary statistics of data in Tables 1 and 2

Chlorophyll PPFD at 95 %
(mg g’ Chlorophyll ~ Chlorophyll: saturation
Statistic d. wt) a:b carotenoids  (umol m2s7h
Mosses
Mean 2:08 239 515 621
s.d. 1-54 0-51 1-82 413
Minimum 0-27 1-04 2:32 110
1st quartile 0-97 2:10 405 305
Median 1-64 229 474 583
3rd quartile 2:51 2-80 574 754
Maximum 7-90 345 12-49 2549
Liverworts
Mean 3.66 1-98 736 283
s.d. 1-20 0-30 2:24 175
Minimum 1-43 1-40 3.82 79
1st quartile 311 1-88 5-80 164
Median 3.76 1-99 675 214
3rd quartile 4-16 2-18 820 413
Maximum 5-82 247 12-06 679

Plagiothecium undulatum and the liverworts Jubula hutch-
insiae and Marchesinia mackaii), and the lowest values with
species of brightly lit situations (e.g. the mosses Andreaea
rothii, Aulacomnium palustre, Orthotrichum anomalum,
Philonotis  fontana, Racomitrium spp., Scorpidium
scorpioides and Syntrichia ruralis). Polytrichum piliferum
and P. juniperinum, species of open moorland but with
chlorophyll : carotenoid ratios above the median for mosses,
stand the most noticeably outside the general trend.

Light responses of RETR and photosynthetic C fixation

As a glance at Fig. 1 and Tables 4 and 5 shows, bryo-
phytes range very widely in their photosynthetic light
responses. The highest 95 % saturation values, approximat-
ing to full sunlight, were from Polytrichum species of
exposed moorland habitats. However, most of the species
give very much lower values than this, and as Fig. 2 shows
all but three lie below 1000 pmol m~2 s~'. There is some
indication of bimodality in the data for the mosses, with a
strong peak below 300, and another above 500 pmolm ™ *s ™.
All the species making up the lower peak were from
shady woodland and, for most, that is their normal habitat.
Those making up the higher peak included a few which are
common in woodland (Anomodon viticulosus, Polytrichum
Sformosum) but extend into less shady places; most are spe-
cies of more open, brightly illuminated situations. However,
almost all of these showed 95 % saturation at less than half
the irradiance levels common in sunny summer weather
with white clouds. The only questions relate to the species
marked with asterisks in Tables 1 and 2, where the light-
response curve was fitted to the lower data points, and
RETR did not saturate at high irradiance. Figure 3 shows
response curves of CO, exchange for three of these species,
measured by infra-red gas analysis. All of these showed
saturation at PPFD levels near or below those listed
in Table 1. The species with 95 % saturation values
above 1000 pmol m~2 s~ ! will be discussed further below.

Marschall and Proctor — Pigment Ratios and Light Responses of Bryophytes

TABLE 4. Species with mean NPQ >8-0 at 1010 pmol m s

PPFD

NPQ at 1010
Species pmol m 2 s~
Andreaea rothii (Crockern Tor) 1577 = 6-02
Aulacomnium palustre (Haytor) 10-95 £ 0-52
Ctenidium molluscum (Miller’s Dale) 11-08 = 1-99
Encalypta streptocarpa (Chee Dale) 837 = 1.87
Fissidens dubius (Chee Dale) 825 = 1.93
Grimmia pulvinata (Clyst St Mary, Nov.) 855 = 0-57
Philonotis calcarea (Craig-y-Cilau) 874 = 0-54
Racomitrium aquaticum (Haytor) 14.37 = 1.77
R. lanuginosum (O Brook, Feb.) 17-41 = 3-09
R. lanuginosum (O Brook, Aug.) 12:38 = 1-12
Schistidium apocarpum (Exeter) 12-85 £ 207
Scorpidium scorpioides (Stony Moors) 10-86 = 3-19
Sphagnum cuspidatum (Bicton Common) 1498 = 1-23
S. rubellum (Haytor) 10-53 = 098
Syntrichia intermedia (Chudleigh, Nov.) 10:77 = 1-01
S. ruralis (Felstarkany) 936 = 2.42
Tortella tortuosa (Craig-y-Cilau) 13-68 = 1-89
T. tortuosa (Malham Tarn) 1391 = 215

Localities and dates as in Table 1.
A few further species in Table 1 would probably give similar figures, but
were not measured at as high a PPFD as this.

TABLE 5. Some species with high PPFDgsq, for which high-
irradiance measurements are available, but which have lower

NPQ levels
Campylium stellatum (Stony Moors) 7-06 = 0-41
Philonotis fontana (Abergavenny) 6-52 = 0-50
Pleurochaete squarrosa (Chudleigh) 595 £ 135
Pogonatum urnigerum (Holne) 405 = 0-74
Polytrichum formosum (Exeter) 317 = 041
P. juniperinum (Haytor) 4-49 = 0-59
P. piliferum (Haytor) 396 = 1-15

Other chlorophyll-fluorescence parameters

Non-photochemical quenching, NPQ, is primarily a mea-
sure of non-radiative dissipation of excitation energy, and
may be seen as essentially photo-protective (Demmig-
Adams, 1998). Many mosses and liverworts gave values
of approx. 3—4 at 400 pmol m > s™', in the more
shade-adapted species increasing little further at higher
irradiances. Lower values were seen in some species of
deep shade (e.g. Hookeria lucens, Jubula hutchinsiae,
Trichocolea tomentella) and in Polytrichaceae amongst
the mosses and Marchantiales (Conocephalum, Lunularia,
Marchantia, Targionia) among the liverworts, both groups
with ventilated photosynthetic tissues analogous to a meso-
phyll. However, many species of sun-exposed habitats gave
NPQ values of 10 or more at high irradiance (Fig. 1 and
Tables 4 and 5). The high NPQ values relax to low levels
within a few minutes in darkness (M. C. F. Proctor, unpubl.
res., on Schistidium apocarpum and Tortula [Syntrichia]
ruralis], suggesting a high level of photoprotection in these
species.
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F16.2. Frequency distribution of 95 % saturation values for photosynthetic
electron transport (PPFDgs¢,) in (A) mosses and (B) liverworts.

The parameter 1 — gp is a measure of the reduction state of
the first electron acceptor of PSII. High values may be
seen as a symptom of light stress and, at moderate irra-
diances, are characteristic of species of deep shade (e.g.
Plagiothecium undulatum, Jubula hutchinsiae, Trichocolea
tomentella). Low values are seen in species of open sunny
habitats (e.g. Aulacomnium palustre, Grimmia pulvinata,
Schistidium apocarpum, Scorpidium scorpioides, Syntrichia
spp.) and in the Polytrichaceae.

Correlations between pigment and light-response
measurements

The quantities measured and calculated all span a wide
range of values, with strongly skewed frequency distribu-
tions, and linear scatter diagrams of pairs of variables are
quite uninformative. However, good correlations emerge
when the data are log transformed (Fig. 4). The relationship
of chlorophyll content to PPFDgsq, is highly significant,
although diffuse and with some wide outliers. The overall
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correlation of the chlorophyll a : b ratio to PPFDys¢, is again
clear and highly significant, but the relationship is weak
among the mosses taken alone, though stronger in the liver-
worts; the regression slopes for the mosses and liverworts
are statistically different but only at the 5 % level and it
would probably be unwise to read too much into this dif-
ference. The relationship of the chlorophyll : carotenoid
ratio to PPFDysq, is very clear; all the regression lines
are highly significant, and very similar. An almost equally
strong relationship emerges between the chlorophyll : carot-
enoid ratio and chlorophyll a : b. Here again the slopes for
mosses and liverworts differ at P < 0-05, but inspection of
the diagram suggests that this difference may not be sig-
nificant biologically.

DISCUSSION

How far do the results bear out the proposition that bryo-
phytes are shade plants? The pigment data are widely vari-
able, but generally in line with previous findings for
bryophytes where comparable data are available. Mean
chlorophyll a : b ratios for mosses in our data (2-39,
s.d. = 0-51) are close to those of a sample of 31 species
from Kansas (2-51, s.d. = 0-22) (Martin and Churchill,
1982). Eleven species from North Carolina ranged from
1-4 to 2-1 (Martin 1980), all within the range of our data.
In a seasonal study of 15 aquatic bryophytes from Spain,
Martinez-Abaigar et al. (1994) found an overall range of
chlorophyll a : b ratios from 1-94 to 3-33. These figures for
bryophytes are generally low by vascular-plant standards,
but there is a large overlap between the two groups. In eight
Malayan ferns, Nasrulhag-Boyce and Haji Mohamed (1987)
found chlorophyll a : b ratios from 2-1 to 2-9, with a slightly
higher mean in sun (2-70) than in shade (2-33) species.
Extreme-shade ferns can have chlorophyll a : b ratios
well down in the bryophyte range; Nasrulhaq and Duckett
(1991) found a ratio of 1-8 in the Malayan rainforest fern
Teratophyllum (and 2-2 in the lycopod Selaginella
willdenowii), and Johnson et al. (2000) found ratios of
1-58 and 2-00 in gametophytes and sporophytes, respectively,
of Trichomanes speciosum. In a survey of 20 vascular-plant
species (all angiosperms) from the Sheffield area, Johnson
et al. (1993a) found chlorophyll a : b ratios ranging from
2-12 to 3-29 (mean 2-74, s.d. = 0-36); in light-acclimation
experiments on six species from the same area, Murchie and
Horton (1997) found average chlorophyll a : b ratios of 3-61
in moderate and 3-23 in low-light treatments. Johnson et al.
(1993a) and Murchie and Horton (1997) found only a weak
association between the chlorophyll a : b ratio and shade
tolerance; the correlation between the chlorophyll a : b ratio
and PPFDgsq, was similarly weak among the mosses in our
data, but was stronger in the liverworts and in the data as a
whole.

Johnson et al. (1993a) found a very close correlation
between total chlorophylls and total carotenoids in their
sample of vascular plants, hence rather little variation in
the chlorophyll : carotenoid ratio (mean 4-00, s.d. = 0-77).
This contrasts with the higher mean and very much greater
variability in the present bryophyte data. Johnson et al.
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(D) Marchantia polymorpha PPFDysq, 228 pumol m s

(1993a) found highly significant correlations of the propor-
tions of lutein (positive) and the xanthophyll-cycle pigments
(negative) with shade tolerance, but Rosevear et al. (2001)
concluded from growth experiments that environment is
more important than genetic predisposition in determining
leaf pigment content. Environmental influences undoubtedly
play a part in bryophytes, but are very unlikely to be the sole
(or even the main) cause of the variation seen here. Either
way, it is reasonable to surmise (which invites testing) that
at least a part of the very wide range in the chlorophyll :
carotenoid ratio seen in bryophytes is due to large amounts
of xanthophyll-cycle pigments in the species of sunny sites,
particularly in view of the extreme NPQ levels shown by
many of these plants at high irradiance (Demmig-Adams,
1998). The highest (saturation) values of NPQ found by
Johnson et al. (1993b) in their sample of 20 vascular plants
was approx. 4-5. At high irradiance, values of 10—15 or more
are commonplace in bryophytes of sunny sites, implying
very high levels of photoprotection.

It is clear from Fig. 2 that (with a few exceptions) even
bryophytes from the most sun-exposed sites are not true
‘sun plants’. In bryophytes PPFDgsq rarely exceeds
1000 pmol m~ s~ ', whereas vascular sun plants commonly
reach saturation only at irradiances approaching full sun-
light. Measurements using the same methods as for the
bryophytes gave PPFDgse, values of 1355 pmol m 2 s~

1.
5

for Fraxinus excelsior, 2125 pmol m~2 s~! for Malus
domestica ‘Discovery’ and 1349 pmol m™ > s ' for
Typha angustifolia (M. C. F. Proctor, unpubl. res.). How-
ever, it is also clear that there is a very wide range in the
light responses of bryophytes, related to habitat — and that
species with PPFDgsq, in the range 600—1000 pmol m s~ "
hardly qualify as ‘shade plants’. Wide variation in the num-
ber of chloroplasts per cell between sun and shade mosses
has been reported by Duckett and Renzaglia (1988) and
Robertson and Duckett (in Nasrulhag-Boyce and Duckett,
1991). On the evidence of our sample, liverworts are gen-
erally more shade-adapted than mosses, but with a large
overlap between the two groups. There is no clear evidence
of any significant general differences between mosses and
liverworts in the interrelationships of total chlorophyll
(mg g "), the chlorophyll a : b ratio, and the ratio of
total chlorophylls to total carotenoids.

For fundamental physical reasons, small ectohydric
plants with unistratose leaves, in which external capillary
water plays a physiologically essential role, are inherently
best adapted to function at rather low radiation incomes
(Proctor and Tuba, 2002). On the one hand, high net
radiation (W m ) leads to high evaporation. On the
other, high rates of photosynthetic CO, uptake at high
PPED (umol m s~ ') are readily met by the deep ventilated
mesophyll of a vascular sun plant, but may not be met by the
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unistratose (but relatively thick walled) leaves of a bryo-
phyte (Nobel, 1977). This is likely to be true even taking
into account a ‘leaf-area index’ of 5 or more for the bryo-
phyte—analogous to the mesophyll : leaf area ratio for a leaf
(Proctor, 2000; Nobel, 1974). It is probably the fundamental
limitation of bryophytes growing in permanently wet situa-
tions in which water is not a problem. It may not be a
significant ecological constraint in the field because bryo-
phytes of wet places are largely confined to nutrient-poor
habitats, since they are unable to compete with the tall dense
growth of vascular plants in fertile sites.

The desiccation-tolerant species of dry sunny places face
the additional constraint that they quickly dry out in sun-
shine and, for most of the time the sun is shining, they will
be dry and metabolically inactive. Natural selection might
therefore be expected to have optimized the photosynthetic
system for rainy and overcast conditions leading to lower
saturation levels for photosynthesis than in species of per-
manently wet places. The present data do not support this
idea, although the mosses of sunny desiccation-prone sites
tend to be those in which there is greatest uncertainty in their
light responses (double asterisks in Table 1). The gas-
exchange measurements (Fig. 3) confirm at least that the

saturation levels in Table 1 cannot be too low, and are
probably not greatly at variance with actual rates of photo-
synthesis. The high values of NPQ typically seen in these
plants can be seen as reflecting the need for protection
against the combined stress of bright light and repeated
cycles of drying and re-wetting, but the high chlorophyll
contents found in several of the species are surprising. Their
physiology needs further critical study.

The Polytrichaceae, with a ventilated photosynthetic tis-
sue formed by lamellae on the upper leaf surface, in effect
provide a test of the hypothesis that the rate of photosyn-
thesis of bryophytes with unistratose leaves is limited by CO,
diffusion. With relatively high chlorophyll content, PPFDgs¢,
extending far beyond the range normal for other mosses,
and low NPQ and 1 — gp, they more nearly approach the
photosynthetic adaptation of vascular plants than any other
bryophytes. The lamella systems of Polytrichaceae evid-
ently correspond with a major shift in photosynthetic physi-
ology relative to other mosses. But Polytrichaceae are
typically also desiccation tolerant; the shoots dry out
quickly and there is no indication that the lamellae signific-
antly retard water loss. Thus the lamellae should be seen
primarily as an adaptation enhancing CO, uptake at high
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irradiance for a given water loss, rather than as an adaptation
to control water loss as such. The present data have little to
say about the other group of bryophytes with ventilated
photosynthetic tissues, the Marchantiales. World-wide,
these liverworts are primarily plants of permanently or sea-
sonally moist open habitats, from the lowland tropics to
temperate and alpine regions. They are prominent, for
instance, in the winter flora of the Mediterranean, but
they extend into permanently moist woodland habitats,
where Conocephalum is common on stream banks. On
our limited sample, the Marchantiales do not stand out
from the other liverworts as do the Polytrichales from
other mosses. However, they vary widely in the develop-
ment of ventilated photosynthetic tissue in the thallus —
lacking in the deep shade-adapted Dumortiera hirsuta,
well developed in, for example, Lunularia cruciata,
Targionia hypophylla and species of Riccia — and they
would repay further exploration (Green and Lange,
1995). Notably, the Polytrichales and the Marchantiales
both include gregarious, fast-growing invasive species of
open habitats. Polytrichum species often cover large tracts
of ground after forest or moorland fire (Maltby et al., 1990),
and Marchantia, Lunularia and Conocephalum can be
troublesome weeds of flower pots and nursery gardens.

Sphagnum is a special case. The species have relatively
low PPFDgsq, but high NPQ indicating a high level of
photoprotection consistent with their unshaded habitat.
The low saturation values for photosynthesis probably
reflect high diffusion resistance to CO, uptake—but this
may be only a secondary limitation because low availability
of N and P impose their own constraints on possible rates of
production in most bog habitats. For all bryophytes, the
photosynthetic parameters must be, to some extent, inter-
linked by the combination of natural selection and physio-
logical control processes. This is underlined by the narrow
range of discrimination against the heavy isotope '*C over a
broad range of bryophytes and C5 flowering plants, in spite
of wide variation in chlorophyll content, in morphology,
and in the adaptations of different taxonomic groups and
species to the availability of light and water (Rundel et al.,
1979; Farquhar et al., 1989; Proctor et al., 1992; Price et al.,
1997).
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