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Abstract We tested the existence of general patterns in
the photosynthetic metabolism of oxygen-evolving or-
ganisms, based on a compilation of data for 315 species
ranging from cyanobacteria to tree leaves. We used
thickness and chlorophyll a concentration of the photo-
synthetic structure (cell, thallus, leaf) to scale differences
in photosynthetic metabolism among plants, because of
the demonstrated importance of these plant traits in regu-
lating light absorption properties and photosynthetic
rates of particular plant groups. We examined only the
properties of the photosynthetic structure because this is
the plant unit responsible for the photosynthetic process
and thus is closely related to plant productivity, whereas
there is a lack of general quantitative descriptors of the
whole organism useful for such broad-scale compari-
sons, and few studies report net photosynthetic rates of
whole organisms, including respiration rates of all non-
photosynthetic structures. The results demonstrated that
descriptors of plant metabolism such as maximum net
photosynthesis, initial slope of the photosynthesis-irradi-
ance (PI) curve and dark respiration display strong posi-
tive interrelationships. The metabolic rates declined with
increasing thickness of the photosynthetic structures and
more steeply for photosynthesis than respiration. Photo-
synthetic rates also changed with increment of volume of
the photosynthetic structure resembling patterns that
have been previously described for animal metabolism
related to body weight. The strong relationship of meta-
bolic rate and chlorophyll a concentration to the thick-
ness of photosynthetic tissue reflects broad-scale pat-
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terns and not the adaptive response of individual or
closely-related species of similar tissue thickness to
varying environmental conditions. Thickness of the pho-
tosynthetic structures, therefore, plays an important role
in the environmental control of plant performance and,
consequently, it might have been an important driver of
plant evolution, setting thresholds to the metabolism and
productivity of phototrophic organisms.
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Introduction

Photosynthetic production provides the energy and or-
ganic matter for virtually all natural food webs. Informa-
tion on the variability and regulation of photosynthetic
production, therefore has been and still is one of the
main objectives in ecology. This regulation has been ex-
amined at different scales, ranging from the molecular
level to intact organisms and ecosystems. Knowledge of
the biophysical and biochemical properties of the photo-
synthetic pathways has grown exponentially during the
last 30 years. Extrapolation of knowledge on photosyn-
thetic regulation to higher levels has been based on
mathematical models (e.g. Farquhar and Caemmerer
1982; Terashima and Saeki 1985; Farquhar 1989) or
comparative field or laboratory work (e.g. Taguchi 1976;
Littler and Littler 1980; Richardson et al. 1983; LUning
and Dring 1985; Field and Mooney 1986; Geider et al.
1986; Nielsen and Sand-Jensen 1989; Poorter 1989;
Lambers et al. 1989; Oren et al. 1986; Reich et al. 1991;
Lambers and Poorter 1992; Reich et al. 1992; Frost-
Christensen and Sand-Jensen 1992; Markager 1992).
Many of these studies have, however, been restricted to
certain groups of organisms (e.g. phytoplankton, aquatic
macrophytes, grasses, shrubs, and trees) and do not offer
general conclusions for most types of phototrophic or-
ganisms, though the conclusions reached by independent
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phanerogam species. OUf restricted goal is, however, to
test how much of the variability in photosynthetic metab-
olism can be accounted for by simple allometric models
and to test the validity of a few structural traits to de-
scribe the functional variability.

Methods

We searched the literature for published descriptions of photosyn-
thetic characteristics (Pmax• a, and R), and basic traits (thickness
and chlorophyll a concentration) of phototrophic organisms. The
data-set compiled comprises the photosynthetic features of 315
species, ranging from microalgac to leaves of trees and shrubs (Ta-
ble I). The data-sel included field and laboratory studies under a
variety of nutrients, light and temperature conditions. Photosyn-
thetic metabolism and dark respiration were recorded in carbon
units (i.e. mgc gc-I h-l), irradiance in µmol m-2 5-1 (400-700 om),
thickness of the photosynthetic structure in mm, and chlorophyll a
(Chi a) concentration in mg ChI a gc -I. The thickness of unicellu-
lar organisms was described by their equivalent spherical cell di-
ameter (Reynolds 1984). Irradiance reportcd in W rn-2 was con-
verted to µmol m-2 S-I by assuming I W m-2 to equal 4.15 µmol
m-2 S-1 (Kirk 1983). We calculated thickness from specific leaf ar-
ea values (SLA) when only thaI descriptor was available, by
means of the following equation based on compilation of a large
unpublished data-set:
Thickness (em) = 7.48 ± 0.6 x SLA (cm2 gdw-I)

(r = 0.92, P < 0.0001, II = 340)

Fig. J Box plot describing the variation of maximum photosyn-
thesis (Pmax)' initial slope (n), dark respiration (R), chlorophyll a
content and thickness of the photosynthetic structure, among dif-
ferent plant groups. Boxes encompass the 25 and 75% quartiles,
central line represents the median, bars extend to the 95% confi-
dence limits, and asterisks represent observations extending be-
yond the 95% confidence limits
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The relationships between metabolic rates (Y) and plant traits (X)
were described using least-squares (LS) regression analysis of log-
transformed data applying the equation log Y = a + b log X (i.e.
Y = a Xb). We also calculated the scaling exponent (b') by model II
regression analysis (reduced major axis, RMA; Niklas 1994) con-
sidering that it is sensitive to the method of calculations, when
correlation coefficients are not close to 1.0, and that our aim was
not to predict Y for a specific X value. RMA analysis will yield
more reliable scaling estimates when all plant functional des-
criptors are subject to experimental error (LaBarbera 1989; Niklas
1994). We also used multiple linear regressions to account for the
inl"luence of several independent variables on the dependent vari-
able, but only in those instances where they improved consider-
ably Ihe simple relationships.

Results

Photosynthetic metabolism (Pm"x and a) and dark respi-
ration (R) normalized to carbon content varied by 5-7 or-
ders of magnitude in the data set, despite the common
mechanistic foundations of oxygen-evolving photo-
trophs. Maximum photosynthesis ditIered greatly among
plant groups with phytoplankton showing the highest
(4.08 mgc gc-1h-1) and shrub leaves the lowest
(0.079 mgc gc-1h-1) rates (Fig. I). Thickness of cells or
tissues and chlorophyll a content differed greatly among
plant groups reflecting a tendency for "thin plant struc-
tures", with high chlorophyll a concentrations, to support
the highest photosynthetic rates (Fig. I).

The descriptors of metabolism were significantly in-
tercorrelated (Fig. 2), with a strong, positive relationship
between the maximum photosynthesis (Pmax) and the ini-
tial slope (a) of the photosynthesis-irradiance (PI) curve
among this broad range of organisms (Table 2). This
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Fig.2 Relationships between maximum photosynthesis (Pmn),

initial slope (ex), and dark respiration (R) (0 aquatic plants, • ter-
restrial plants)

0.1

0.01 I I
0.001 0.010 0.1

a
(mgc gc-1 h,l f µmol nr2s-1)

0.10 10 100

Dark respiration
(mgc gc-1 h-1)

100

10

0.1

0.01

0.001 I I
0.01 0.10 10

Dark respiration
(mgc gc·1 b-1)

'"t;i -ue ~... u~
.§.

1000 I I

10

100

"N
Ii
'0
E
"-

tl
~
u~
u~

.§.

100

1000

0.1

0.01 I I

0.001 0.01 0.1 10 100

1000

Thickness
(mm)

100

10

0.1

0.01

0.001
OollOI 0.1 10 1000.01

Thickness
(mm)

1000

100

10

0.1

0.01
0.001 0.1 10 1000.01

Thickness
(mm)

Fig. 3 Relationships between the physiological descriptors (P max'
ex,and R) and thickness of the photosynthetic structure (0 aquatic
plants, • terrestrial plants)

Table 2 Equations describing
the relationships shown in fig-
ures 2 and 3

EQUATIONS

log Pmax(mgc gc-1 h-I):::: 1.90 (± 0.08) + 0.69 (± 0.06) log a (mgc g c-I h-I I µmol m-2 S-I)

R' = 0.50; SE = 0.42; N = 148; F = 146.1; P < 0.0001
log Pmax(mgc gc-I h-I):::: 0.85 (± 0.02) + 0.76 (± 0.05) 10gRespiration (mgc gc-I h-I)
R' = 0.41; SE = 0.40; N = 344; F = 239.9; P < 0.0001
log a (mgc g c-I h-11 µmol m-2 S-I) = - 1.3 (± 0.06) + 0.62 (± 0.11) log Respiration (mgc gc-I h-I)
R' = 0.25; SE = 0.58; N = 99; F ~ 33.3; p < 0.0001
log Prn,,,(mgc gc-l h-I) = 0.77 (± 0.03) - 0.49 (± 0.03) log Ihickness (mm)
R' = 0.39; SE = 0.41; N = 470; F ~ 299; p < 0.0001
log a (mgc g c-I h-1 I µmol nr2 S-l):::: -1.67 (± 0.04) - 0.63 (± 0.04) log thickness (mm)
R' ~ 0.59; SE = 0.38; N = 145; F = 204.1; P < 0.0001
log Respiration (mgc gc-I h-I) ~ - 0.09 (± 0.04) - 0.33 (± 0.035) log thickness (mm)
R2 = 0.25; SE ~ 0.38; N = 255; F = 86.9; P < 0.0001
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finding agrees with the observed covariation between
Pm" and a among phytoplankton species (Harding et al.
1987), and marine macrophytes (Enriquez et al. 1995).
Increasing Pmax and ex. were also associated with greater
dark respiration rates (Fig. 2, Table 2), as observed in the
past for phytoplankton (e.g. Falkowski and Owens 1980;
Richardson et al. 1983; Geider et al. 1986), but not found
in a comparison among field specimens of Mediterra-
nean marine macrophytes (Enriquez et al. 1995). Ac-
cordingly, organisms able to achieve rapid increase of
photosynthesis at subsaturating light tend to support high
maximum photosynthetic rates and have high respiratory
demands. These relationships are not linear (Ho:
slope = I, P < 0.00 I; Table 2) in LS regression analysis.
Recalculating the relationships using RMA analysis
yielded an almost linear scaling between the photosyn-
thetic rates (Pm" ~ aO.98), but non linear scaling (b > I)
between photosynthetic features and respiration
(Pm" ~ R1I9, and a ~ RI24). Organisms with low meta-
bolic rates have lower Pmax I R ratios than organisms
with high metabolic rates. We found significantly in-
creasing ratios of Pmax to R with increasing Pmax of the
photosynthetic tissue (P < 0.0001) Also within all the
different plant groups (P < 0.0001), except of phyto-
plankton, Pmax increased faster than R with increasing
metabolic rates (Pm" ~ R>I). Unicellular phytoplankton
had the highest Pm" values and also showed the highest
ratios of Pm,,, to R, though this was the only plant group
where Pm" / R ratios declined significantly (P < 0.0001)
as photosynthetic rates increased.

Differences in photosynthetic metabolism among
plants were closely relaled to differences in basic struc-
tural traits. There was, in particular, a strong tendency
for the metabolic rate of photosynthetic organisms to de-
cline with increasing thickness of the photosynthetic tis-
sues (Fig. 3, Table 2). This decline was steepest for the
initial slope of photosynthesis with irradiance (a), and
slowest for the dark respiration rate (Table 2). Maximum
photosynthetic rate (Pm,,) and the initial slope (a), but
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not the respiration rate, were significantly correlated
with the chlorophyll a concentration of the tissues. This
relationship was somewhat stronger for Pmax (r = 0.60,
P < 0.001, Fig. 4) than for a (I' = 0.49, P < 0.001). We
found no significant correlation between thickness of the
photosynthetic tissue and the light compensation point
(1, = R a-I).

Simultaneous consideration of differences in thick-
ness and internal chlorophyll a concentration in the pho-
tosynthetic structure accounted for a substantial (51%)
proportion of the differences in the maximum photosyn-
thetic rate of phototrophs. This relationship was de-
scribed by the regression equation:
log Pm" (mgcge-I h-I) =

0.30 (± 0.06) - 0.36 (± 0.03) log thickness (mm)
+ 0.46 (± 0.06) log Chi a (mg ChI age-I)
R2 = 0.54; N = 277; F = 162.9; P < 0.0001
The relationship indicates that maximum photosynthetic
rates decline as the 1/3 power of the thickness and in-
crease as the square root of the chlorophyll a concentra-
tion. Including chlorophyll a concentration as an addi-
tional descriptor did not improve the relationship be-
tween a and tissue thickness (F-test, p > 0.05).

To examine in more detail the non-linear relationship
between photosynthetic and respiratory rates, we plotted
the P mox / R ratio against thickness of the photosynthetic
tissue. The graph (Fig. 5) showed a profound scatter
which is, in part, related to the notorious difficulty of ac-
curate and comparable respiratory measurements. Never-
theless, photosynthetic tissue thicker than 0.1 mm
showed decreasing Pmax / R ratios with increasing thick-
ness.

Consideration of other basic plant traits, such as plant
nutrient concentrations, believed to be important for dif-
ferences in photosynthetic rates, improved the relation-
ships obtained only marginally. We found, however, a
significant, albeit weak, tendency for Pm" to increase
with increasing tissue nitrogen concentration (I' = 0.46,
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Fig. 5 Relationships between
PrHax I R ratio and thickness of
the photosynthetic structure
(0 aquatic plants, • terrestrial
plants)

P < 0.00 I), and for respiration rates to increase with
higher nitrogen and, particularly, phosphorus concentra-
tions (rN = 0.47, rp = 0.62, P < 0.001). A weakness in
constructing these relationships derives from the fact that
they represent a subsample of the overall data set, and in-
clude, therefore, much fewer observations. The reason
for that is the difficulty to transform nutrient contents in-
to comparable units among differents plant groups (cell
and tissues), and the limited number of reports which
provide all the required descriptors for the analysis. The
broad-scale relationships of photosynthetic metabolism
to both thickness and nutrient content of the photosyn-
thetic structures, therefore, await further work.

Discussion

Our results demonstrate the existence of robust, consis-
tent patterns in the photosynthetic metabolism of photo-
trophic organisms. These results support our hypothesis
that the large (about 6 orders of magnitude) variation in
photosynthetic rates among organisms can be related to
basic plant traits and, in particular, to the thickness and
pigment concentration of the photosynthetic surfaces.
Photosynthetic metabolism also showed significant rela-
tionships to nutrient content, but whether consideration
of nutrients will improve the precision of broad-scale re-
lationships can not be concluded from our analysis.

Photosynthesis and respiration rates declined with in-
creasing thickness of the photosynthetic tissue, and were
positively scaled to chlorophyll a and nutrient concentra-
tions. Maximum photosynthesis and the initial slope of
the PI curve, however, declined faster with increasing tis-
sue thickness than respiration did. Calculations of the av-
erage scaling exponent (± SE) in RMA regression be-
tween weight-specific metabolic rates and Ihickness
yielded values of -0.78 (± 0.03) for P"""" -0.82 (± 0.04)
for ex, and -0.65 (± 0.03) for R. The classical descrip-
tions for animal metabolism (e.g. Kleiber 1961;
Schmidt-Nielsen 1984; Peters 1983) give a value close to
-0.25 for the allometric exponent (M = W-O.25, where M
is the weight-specitic metabolic rate, and W is body
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weight). Assuming that animal bodies have approximate-
ly the same form as they change in size (i.e. are isomel-
ric with V = L3, where V is volume and L is thickness),
and, moreover, maintain the same mass per unit volume
(V = WI), the allometric scaling of specific metabolism
to the linear dimension of the animal will approximate a
negative exponent of -0.75. According to this. our re-
sults indicate that plant photosynthesis and respiration
change with size of the photosynthetic structure follow-
ing the same overalJ patterns as the classical description
of animal metabolism.

However, these latter asumptions are probably not re-
alistic, and anisometry (V = L<3) and non-linear scaling
between size and density (W = V<I) are to be expected.
Thus, the allometric exponent (b) of specific animal me-
tabolism will yield a less negative value than -0.75 (i.e.
-0.25 x « 3) x «I) = b > -0.75). Therefore. we can
conclude that photosynthetic metabolism has stronger
size constraints than respiratory rates in plants and ani-
mals, which may reflect strong effects of light anenua-
tion by self-shading and "pigment package" in photosyn-
thetic tissue (e.g. Kirk 1983; Terashima and Inoue 1985;
Terashima and Saeki 1985; Vogelmann 1989). These
stronger size constraints might explain the non-linear re-
lationship found between photosynthesis and respiration.

The strong scaling of photosynthesis 10 thickness and
pigmentation of the photosynthetic structure is consistent
with predictions derived from their imponam role in reg-
ulating light capture. Optical theory (Morel and Bricaud
1981) and empirical comparisons of light absorption
among phototrophs (Agusti et al. 1994; Enriquez et al.
1994) predict that light absorption properties of plant
structures depend both on their thickness and internal
chlorophyll a concentration. We found. indeed. tbat the
thickness and internal chlorophyll a concentration of
phototrophs together could account for a substantial
(54%) proportion of the differences in their maximum
photosynthetic rate. The prediction, derived from the de-
cline of light absorption per unit plant weight in thick
plants (Agustf et al. 1994), that the initial PI slope should
drop with increasing thickness was also supported by our
results. Moreover, because the initial slope declines fast-



er with increasing thickness than dark respiration rate
does, plants with thick photosynthetic tissues should also
have higher light requirements to balance respiratory ex-
penditures. The data available did not, however, show
any correlation between the light compensation point
and tissue thickness.

Increasing chlorophyll a concentration was found to
be closer associated with increasing maximum photosyn-
thetic rates than increasing initial PI slopes in our data-
set. A specific relationship between chlorophyll a con-
centration and the initial slope is expected on theoretical
grounds particularly for thin organisms (cf. Geider et al.
1986), but chlorophyll a concentration does not appear
as a major factor to account for differences in a across
the broad range of phototrophs examined here. The ini-
tial slope displays lower variability than maximum pho-
tosynthetic rates. The initial slope is a function of light
absorption per unit of projected area (A) and maximum
quantum yield (<1»; a = A x <I> (Geider and Osborne
1992), such that thick or densely pigmented plants with
absorptances close to the upper limit of I can not experi-
ence any increment of the initial slope at maximum
quantum yield. In contrast, photosynthetic rates at satu-
rating light availability are more dependent on electron
flow capacity and enzymatic processes. Moreover, as tis-
sue volume increases other properties such as light atten-
uation within the photosynthetic tissue, and gas and sol-
ute exchange, will have increasing influence on photo-
synthesis relative to photochemical and enzymatic pro-
cesses. Thick tissues may achieve higher maximum rates
of photosynthesis at higher irradiances (average of sever-
al photosynthetic layers), because increasing proportions
of tissue are illuminated. Therefore, for thick tissues, in-
creasing pigment concentration (per unit weight or vol-
ume) may have no influence on photosynthesis at low
light, but may significantly enhance the photosynthetic
rate at high light, even though part of the tissue remains
under subsaturating light conditions.

The positive coupling between maximum photosyn-
thetic rate and the initial PI slope across the broad com-
parison of species, does not lend support to a general di-
vision of organisms between shade-adapted forms char-
acterized by high performance rates at subsaturating
light as opposed to particular sun-adapted forms charac-
terized by high performance rates only at saturating
light. The positive relationship between the photosyn-
thetic rates has also been observed in the past for phyto-
plankton species (Harding et al. 1987), and has been ex-
plained in terms of changes in the number of active pho-
tosynthetic units, PSUs, when all others factors remain
unchanged (Geider and Osborne 1992). The coupling be-
tween functional capacity at low and high irradiance
among species can even extend to comparisons within
species when the stoichiometry between light harvesting
(a-directed) and carbon assimilating (P mox-directed) ca-
pabilities are kept within limited ranges (Richardson et
al. 1983; Sand-Jensen 1988). In comparisons within
plant groups of uniform thickness, however, a and Pmox
can be decoupled among plant species from sun or shade
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habitats. Pmax again tends to vary more than a, which is
kept within narrower limits for thick plant structures of
high leaf absorptance. Conversely, a can vary as much as
P,mx in thin plants (e.g. phytoplankton, Taguchi 1976),
where absorptance can increase almost in proportion to
increases of chlorophyll a density (Agustf et al. 1994).
The slope obtained by RMA analysis showed, however,
linear scaling between Pmax and a (P max = aO.98 (±O.06»),

which may reflect a spurious correlation between the two
weight-normalized parameters. Thus, both Pmax and ex
will decline in thicker tissue as the proportion of struc-
tural tissue increases relative to the proportion of pig-
ments and photosynthetic enzymes. In addition, a signifi-
cant correlation (r = 0.42, P < 0.001) between the residu-
als of both photosynthetic rates obtained from the regres-
sion of each variable against thickness (Smith et al.
1986), suggests a direct association between Pmox and a,
despite their covariation with thickness.

Besides light attenuation effects, increasing tissue
thickness may also constrain carbon supply in the photo-
synthetic process. Among aquatic phototrophs inorganic
carbon in Ihe form of CO2 or HC03·can enter through
the entire submerged photosynthetic surface, and the flux
is attenuated with increasing tissue depth due to the slow
rate of liquid diffusion (Madsen and Sand-Jensen 1991).
This effect is presumably most apparent in thick organ-
isms where internal transport resistance exceeds bound-
ary layer resistance, which is a significant component in
aquatic plants. Among terrestrial leaves CO2 enters
through the stomata (typically IOQ-250 µm apart), often
more abundant on the lower epidermis and resulting in
possible constraints on the diffusive CO2 flux through
the mesophyll air spaces as leaf thickness and distance
from the focal point of CO2 entry increase (Parkhurst
1986, 1994).

A main difference between aquatic and terrestrial
plants, or between higher plants and algae or bryophytes,
is the relative importance of their photosynthetic struc-
ture in gas and solute uptake. With the development of
roots and specialized vascular systems responsible for
the uptake and distribution of solutes and nutrients with-
in the entire organism, photosynthetic structures may be
less constrained by size limitations. Non-vascular plants
and aquatic plants in general may experience stronger
size constraints than vascular rooted terrestrial plants,
because their leaves or thalli would also playa primary
role in solute uptake.

The results presented demonstrate that a large propor-
tion of the variability in metabolic rates among photo-
synthetic organisms do not retlect qualitative differences
in the regulation of their photosynthetic metabolism, but
can be described as a continuum dependent on basic
plant traits such as thickness and chlorophyll a concen-
tration of the photosynthetic tissues. These basic plant
traits, which are also closely associated to other impor-
tant functional properties of plants such as light capture
(Agusti et al. 1994), nutrient acquisition (in aquatic
plants, Hein et al. 1995), maximum stomatal conduc-
tance and maximum canopy surface conductance
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(Schulze et al. 1994), annual carbon gain (Oren et al.
1986), and leaf life span (Reich et al. (992), integrate the
response of plauts to their environment, and set impor-
tant constraints to their performance. The patterns de-
scribed here reflect, therefore, the consequences of the
changes of thallus thickness and pigmentation, which
may have acted as some of the strongest forces in the
evolution of phototrophs (Raven 1986). These results
demonstrate the importance of the trade-offs (Agustf et
al. 1994) between having, on one hand, thick surfaces
with low pigment concentration, low photosynthesis and
low growth rate and extended life span resulting in better
survival capacity at low resource availability, or having,
on the other hand, thin surfaces with high pigment con-
centration, high photosynthesis, fast growth, and short
life span which require high resource availability for sur-
vival. Thin fast-growing plants will be superior to thick
slow-growing plants in terms of nutrient acquisition and
time adjustments of their life cycle to erratic distur-
bances. Faster growth of small plants may also confer an
advantage because they can complete their reproductive
cycles during brief episodes of favorable growth condi-
tions (Niklas 1994).

Thickness of the photosynthetic structure is not, how-
ever, the only basic plant trait that may influence the in-
herent variability of photosynthetic metabolism among
phototrophs. Our examination was able to explain a con-
siderable fraction of the total variability of maximum
photosynthesis, the initial slope of the PI curve and dark
respiration in the data-set. The importance of other des-
criptors such as nutrient content, in addition to thickness,
requires further broad-scale examinations. The tissue
content of Nand P, perhaps together with pigment and
protein content, may provide an estimate of the metabol-
ic status of the photosynthetic structure, and, thus, con-
tribute to more accurate descriptions of the variability of
plant metabolism among phototrophs. Therefore, some
exceptions to the association between thick plant tissues,
low metabolism, and slow growing strategy in contrast to
thin tissue of high metabolism and fast growth, that
could be used as examples to refuse the importance of
tissue thickness for plant performance and growth, may
be explained by the additional contribution of those other
basic plant descriptors. For instance, crust algae (includ-
ing red, brown, and green macroalgae) in the sea, and li-
chens on land, constitute groups of very persistent organ-
isms characterized by having thin surfaces and slow-
growing strategy. These organisms tend to predominate
in areas of high disturbance or low resources availability
(Dethier 1994). The low income of resources for crust
plants in one of the environments they inhabit (e.g. low
light availability at great depth) and the physical distur-
bance in another environment (e.g. wave swept shores
and wind exposed rock surfaces) may explain the thin
surfaces they develop. Their inherent slow-growing strat-
egy and low metabolic activity can be regarded as an ad-
aptation to low resource availability and long-term sur-
vival. We did not include in our examination these
groups of plants because of their poor representation in

the literature, and, thus, few descriptions available. How-
ever, we stress the importance of considering crust plants
to describe general patterns in phototrophic metabolism,
and to define the contribution of other plant traits (e.g.
nutrients, pigments, proteins, or secondary metabolites)
besides thickness, to explain the broad variability of
plant life strategies.
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