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Summary

This review provides an overview of chemical, anatomical and morphological changes in
bryophytes in response to changes in light availability and assesses the role of these changes
in altering bryophyte canopy performance. As a key chemical change, the concentration of
chlorophyll increases in response to reduced light availability. Apart from light, within-canopy
patterns in chlorophyll are importantly driven by the age of foliage that increases with
decreasing light availability, resulting in reduced foliage chlorophyll contents in lower light.
In addition, foliage is less strongly aggregated and the density of plants decreases in lower
light resulting in greater efficiency of light interception per unit leaf area formed. There is
large species variability in canopy architecture, accompanied by species differences in light
gradients. Species also differ in structural acclimation to within-canopy light gradients.
The species forming new leaves and branches from lateral buds and extending existing
lateral branches, in particular, pleurocarpous mosses, can structurally adapt to reductions
in light during moss growth, while non-branching, in particular, acrocarpous mosses,
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are inherently less plastic in their acclimation to light. The degree of aggregation also
depends importantly on moss water content with greater degree of aggregation under low
water availability, suggesting that changes in aggregation play a dual role in enhancing light
interception under wet conditions and decreasing light harvesting under dry conditions.

I. Introduction

Light strongly varies within and along plant
communities, and foliage photosynthetic
function acclimates to prevailing light condi-
tions resulting in enhanced whole canopy
light interception and photosynthetic pro-
duction (Hirose and Werger 1987; Gutschick
and Wiegel 1988; Sands 1995; Niinemets
and Anten 2009). So far, studies on plant
canopies have focused mainly on distribution
of light and resources, and photosynthetic
acclimation in vascular plants, but the varia-
tion in light availability can be particularly
large in bryophytes, many species of which
colonize the most deeply shaded understory
habitats, and are often particularly densely
aggregated.

Dense aggregation of mosses can be
explained by their inability for active control of
water loss by stomata. Individual bryophyte
shoots are especially vulnerable to water loss
(Dilks and Proctor 1979; Proctor 1984; Green
and Lange 1994; Chap. 4). Aggregation of
moss foliage elements and shoots to form

Abbreviations: A, — average leaf area; 4y — moss
leaf area per shoot section mass; As — leaf area on the
shoot; [, —average number of leaves on the stem;
h — depth in the canopy; k(€) — canopy extinction
coefficient (Eq. 9.1); kyepm — apparent light extinction
coefficient characterizing reduction in Rq with canopy
depth (4); L — canopy leaf area index; L. — cumulative
leaf area index from the canopy top to given location
in the canopy; Ns — number of shoots per area (shoot
density); O — photosynthetic quantum flux density at
given location in the canopy; Q, — Q at canopy top;
R —relative quantum flux density (transmittance of light
from canopy top to given position in the canopy, 0/Q,);
S — shoot area index; S, — cumulative shoot area index;
Q — clumping index (Eq. 9.2); { — leaf absorptance;
0 — solar zenith angle; y, — chlorophyll content per leaf
area; yy — chlorophyll content per leaf dry mass

dense moss cushions significantly increases
the moss boundary layer resistance, and
reduces the evaporation rate and improved
hydration status of entire moss clumps
(Proctor 1984; Rice et al. 2001; Rice and
Schneider 2004; Chap. 4). Higher degree of
moss shoot packing also increases moss
water storage capacity and enhances water
transport by generating capillary spaces
among stems, modifications that altogether
significantly extend the period of photosynthetic
activity (Proctor 1990; Pedersen et al. 2001).
The trade-off of formation of a “canopy”
is a strong reduction of light availability
within the moss cushions (Skré et al. 1983;
van der Hoeven et al. 1993; Zotz and Kahler
2007; Tobias and Niinemets 2010). In fact,
extremely high stem densities and leaf area
indices have been reported for mosses in
general (Simon 1987; van der Hoeven et al.
1993; Waite and Sack 2010). On the other
hand, there is large interspecific variability in
moss architecture, leaf area supported and
pigment content (Simon 1987; van der
Hoeven et al. 1993; Waite and Sack 2010),
and the question is how such variation is
reflected in within-canopy light gradients.
In fact, studies do demonstrate interspecific
variation in light gradients among moss
species (Skré et al. 1983; van der Hoeven
et al. 1993), but the underlying functional
traits have not been routinely explored.
Given the extensive light gradients and
capacity of many moss species to colonize a
range of understory light environments, it is
also pertinent to ask to what extent moss
foliage and canopy architecture are able to
acclimate to such huge variations in light.
A number of recent studies demonstrate
important variations in moss structural,
chemical and photosynthetic characteristics
within the moss canopy (Tobias and
Niinemets 2005, 2010; Zotz and Kahler 2007;
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Rice et al. 2011). Although light gradients in
moss canopies strongly interact with gradients
in leaf senescence, limiting acclimation of
foliage to low light and thereby partly deviating
from patterns in vascular plants, leaves in
the lower canopy still possess a certain pho-
tosynthetic activity (Zotz and Kahler 2007
Tobias and Niinemets 2010). This photosyn-
thetic activity likely moderately contributes to
carbon gain of the entire canopy when upper
canopy leaves are fully active and lower canopy
receives extremely low light, but it can be
fully employed during dry periods when upper
canopy photosynthetic activity is reduced, and
leaves become rolled around stem, resulting
in enhanced penetration of light deeper into
the moister canopy interior (Davey and
Ellis-Evans 1996). Such variations in moss
water status can occur during the day
(Hamerlynck et al. 2000), among the days
and during the season (Vitt 1990; Harris 2008)
Thus, understanding of within-canopy varia-
tions in moss functional traits and dynamics
in canopy architecture can play a major role
in estimating moss carbon gain over days
to seasons.

In this review, we first analyze basic
functional attributes determining moss light
interception, then summarize the variation
patterns in moss canopy traits, study within-
canopy variation in light, and how these patterns
are related to plant architectural traits and
pigment contents, and finally analyze within
canopy variation in pigments and photosyn-
thetic activity. Overall, this review demonstrates
large variation in moss functional traits,
emphasizes the richness of within-canopy
variation patterns and suggests that consider-
ation of basic modes of acclimation in different
functional traits is needed to scale from moss
leaves to canopies.

Il. Light Interception in Mosses

A. Basics of Light Interception

Quantum flux density within plant community
(Q) decreases from canopy top to bottom

with increasing cumulative leaf area index (Lc).
Traditionally, the Lambert-Beer law has been
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applied to simulate reduction of light intensity
within vegetation (Monsi and Saeki 1953).
For direct beam solar radiation,

—k(0) e

Q = QO e cos6

9.1)

where Q, is the quantum flux density incident
to the vegetation, O is the solar zenith angle
and k(0) is the canopy extinction coefficient
that depends on leaf inclination angle distri-
bution (Ross 1981). As Q, varies during and
between days, it may be often more conve-
nient to analyze variation in relative incident
light intensity (transmittance to given posi-
tion in the canopy), Ro=0/Q,, especially
when studying implications of differences in
canopy structure on light harvesting.

There are two important assumptions in
Eq. 9.1: (1), foliage is randomly dispersed,
and (2), leaves are optically black. As regards
to the assumption of random dispersion of
foliage elements, foliage in real canopies tends
to be often aggregated (clumped). Foliage
aggregation can occur at shoot, branch and
canopy scales, and reduces light interception
at given Lc. Markov models or negative bino-
mial models have been employed to simulate
light interception by aggregated foliage
elements (Nilson 1971; Baldocchi and
Bowling 2003; Cescatti and Niinemets
2004; Niinemets and Anten 2009). In simple
Markov approximation, the transmittance of
light is given as:

—k(6)L- Q2
cos@

R,=e 9.2)

where Q is the clumping index, and for
aggregated canopies 1>Q>0. Thus, aggre-
gated canopies with given foliage inclination
angle distribution and L. transmit more light
than random canopies (Fig. 9.1). In fact, in
canopies with large leaf area indices, random
dispersion would result in too strong light
interception and very dark lower canopies.
From Eq. 9.1 it follows that a canopy with
random dispersion of foliage and uniform
leaf inclination angle distribution (no prefer-
ential foliage orientation in space, £=0.5) is
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Fig. 9.1. Theoretical dependencies of relative incident quantum flux density at different canopy layers (canopy
transmittance) in dependence on cumulative leaf area index (L¢) from canopy top to bottom for (a) hypothetical
canopies with clumped, random and regular dispersion, and (b) for clumped canopies with varying leaf absorp-
tance ({). The simulations were conducted for diffuse light conditions using uniformly overcast sky model. Leaf
inclination angle distribution was considered spherical (no preferential orientation in space). For clumped canopy
in (a) and in (b), the clumping index, 2 (Egs. 9.2 and 9.3), was taken as 0.5, while £2=1.5 was used for regular
dispersion. Leaf absorptance was taken as 0.3 in the main panel of (a) assumed to correspond to typical values in
mosses (see section “Moss pigment content and light harvesting”). In the inset of (a) {=0.85, corresponding to
typical values in vascular plants (Vogelmann et al. 1996b). For further details in simulating canopy light profiles
see Cescatti and Niinemets (2004). The insets in (a) demonstrate shoot silhouettes for moss Rhodobryum roseum
that has clumped foliage, and in liverwort Plagiochila deflexa that has regularly dispersed foliage. The insets in

(b) show Rhodobryum roseum shoots of varying ¢ (greenness).

absorbing 95 % of light for a L. of ca.
6 m?> m2. Natural plant stands, including
moss canopies (Table 9.1), often support
much higher leaf area indices (Niinemets
2010; Waite and Sack 2010), further under-
scoring that spatial aggregation is common
in nature (Asner and Wessman 1997; Cescatti
and Niinemets 2004; Duursma et al. 2012).
On the other hand, foliage can also be
regularly dispersed, especially in understory
where foliage of low-light acclimated plants
is filling up the gaps among neighboring
foliage elements, resulting in planar canopies
with very high efficiency of light interception
(Niinemets 2010 for a review). Regular dis-
persions can be fitted by a positive binomial
model or with the Markov model (Nilson 1971;
Cescatti and Niinemets 2004). In the case of
the Markov model for regular canopies, 2 in
Eq. 9.2 is >1, implying that canopies with
regular dispersion of foliage transmit less
light relative to canopies with randomly
dispersed leaves (Fig. 9.1). Overall, we con-
clude that random dispersion of foliage

elements (Eq. 9.1) is frequently not the case
in natural canopies, signifying that it is highly
relevant to consider foliage aggregation in
modeling canopy light climate.

The assumption of optically black leaves
that is applied by default in vegetation mod-
els (Eq. 9.1) rests on the assumption that leaf
absorptance () for Q is generally so large
that transmitted and reflected radiation fluxes
(scattering) are relatively small. Precise
consideration of scattered radiation fluxes
requires complex models (Brakke 1994;
Nilson and Ross 1997; Cescatti and
Niinemets 2004), but a simplified way of
consideration of scattering effects has been
suggested by Goudriaan (1977). According to
Goudriaan (1977), the effect of scattering
scales with \/E , and thus, Eq. 9.2 becomes

—k(0)LoQ Na

cos@

R 93)

Q=¢

This form of canopy transmittance is
currently widely used in modeling light
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Table 9.1. Estimates of moss leaf area index (L) and shoot area index (S)

Species® Life form® L (m?>m™) S(@m?’m2)  Reference

Acroporium fuscoflavum Large cushion 11.2 Waite and Sack (2010)

Calliergonella cuspidata Tall turf/weft 11.9-23.6  van der Hoeven et al. (1993)

Campylopus hawaiicus Large cushion 14.4 Waite and Sack (2010)

Ceratodon purpureus Short turf 129 Simon (1987)

Ctenidium molluscum Weft 11.8-12.0  van der Hoeven et al. (1993)

Distichophyllum freycinetii Rough mat 8.4 Waite and Sack (2010)

Drummondia prorepens Rough mat 19.6 (15.0)° Vitt (1990)

Fissidens pacificus Short turf 4.1 Waite and Sack (2010)

Holomitrium seticalycinum Short turf 6.1 Waite and Sack (2010)

Hookeria acutifolia Rough mat 6.5 Waite and Sack (2010)

Hypnum cupressiforme Smooth mat 103 Simon (1987)

Leucobryum seemannii Large cushion 11.8 Waite and Sack (2010)

Macromitrium microstomum Short turf 9.6 Waite and Sack (2010)

Macromitrium piliferum Short turf 9.6 Waite and Sack (2010)

Mnium hornum Tall turf 18.0 Proctor (1979)

Pleurozium schreberi Weft 13.0 Tobias and Niinemets (2005),
Tobias and Niinemets,
unpublished

Pleurozium schreberi Weft 1-5 Rice et al. (2011)

Pyrrhobryum pungens Tall turf 4.7 Waite and Sack (2010)

Rhytidiadelphus squarrosus Tall turf/weft 8.8-20.6 van der Hoeven et al. (1993)

Scleropodium purum Weft 22.5 Proctor (1979)

Tortula ruralis Small cushion 6.0 Proctor (1979)

Tortula ruralis Small cushion 44 Simon (1987)

#The species taxonomy follows Integrated Taxonomic Information System (ITIS, http://www.itis.gov) and checklist of

Hawaiian mosses (Staples et al. 2004)
"Life forms according to (Bates 1998; Hill et al. 2007)

“The number in parentheses refers to green foliage without hyaline parts

transmission of natural stands as a simple
approximation including both variation in
foliage aggregation and light scattering
(Anten and Hirose 1999, 2003; Aan et al.
2006). Typically, leaves of vascular plants
have leaf absorptances () between 0.8 and
0.9, and thus, the scattering correction, \/Z ,
is relatively small. However, for thin moss
leaves, often consisting of only single-layered
cells, the scattering effect can be substantial
(Fig. 9.1), and need to be included in simu-
lating light climate in moss canopies.

B. Moss Leaf Area Index
A key player in radiative transfer models is

the leaf area index (L, Egs. 9.1, 9.2, and 9.3),
but moss leaf area indices are not routinely

determined. The situation with L is simple in
thalloid liverworts such as e.g., Marchantia
polymorpha, Conocephalum conicum or
Monoclea forsteri, where L is close to
1 m> m? or somewhat higher (Green and
Lange 1994). However, due to small size of
foliage elements, determination of L in
non-thalloid mosses and liverworts with
more complex canopies is not a trivial task,
requiring microscopy techniques (Fig. 9.2,
Simon 1987).

Inmosses, leafarea index can be expressed
as the product of leaf area on the shoot (4s)
and the number of shoots per sampled area
(shoot density, Ns):

L 9.4)

AN
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Fig. 9.2. Tllustration of estimation of leaf area index (L) in the moss Pleurozium schreberi. Leaf area index is
estimated from the measurements of branch (4, z) and stem (4, s) leaf area, number, branch length and stem
density as shown in the figure (Adapted from Tobias and Niinemets 2005).

In the case of non-branched mosses, the
shoot leaf area is given as the product of
average leafarea, 4, and the average number
of leaves on the stem F:

A=A F,. 9.5)

The situation is more complex for
branched mosses, where both stems and
branches support the leaves, especially given
that stem and branch leaves can differ in size
(Fig. 9.2). Thus, for branched mosses, 4 is
the sum of the leaves carried by stems and
branches (Fig. 9.2 for calculation of L in
branched moss Pleurozium schreberi).

In practice, for studying light vs. L. rela-
tionships, L has to be determined separately
for leaf layers of 0.2—1 cm depth, depending
on the size of the moss canopy, thereby
significantly increasing the effort needed to
characterize moss canopy architecture.

To our knowledge, L for non-thalloid
mosses has been so far determined only for
17 species (Table 9.1). Overall, compared
with vascular plants (Niinemets 2010; Waite
and Sack 2010), L is large in mosses, with
most published values between 10 and
20 m?> m~2 (Table 9.1). However, the published
values of L differ largely from values as high
as 129 m?> m?2 in Ceratodon purpureus

(Simon 1987) to as low as 4.1 m?> m2 in
Fissidens pacificus (Waite and Sack 2010).
The question is whether this large range of
variation among published values of L
corresponds to true variation in L or reflects
some artifacts in measurement protocols.
In particular, the extreme values in the study
of Simon (1987) have not been confirmed
by other studies. Although these values are
widely used to emphasize the high L values
in mosses (Waite and Sack 2010), they reflect
extreme density of the moss cushions studied
by the author (Simon 1987). For example, in
Ceratodon purpureus, the average number of
stems per 1 cm? was 118, and corresponding
value was 44 for Tortula ruralis (Simon 1987).
To our knowledge this represents the upper
end of moss stem densities ever reported.
However, only 1 cm? patches of moss canopies
were studied, but there is always some micro-
heterogeneity in moss stem density in moss
cover. Thus, more representative estimates
might be obtained by using larger areas for
estimating moss density.

A complication with some moss species
can be the presence of unique morphological
non-chlorophyll containing features including
hyaline (“hairy”) leaf tips of the awns, alar
cells at the leaf base and costa, hyalocysts
at the leaf base etc. (Crandall-Stotler and
Bartholomew-Began 2007; Glime 2007).
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Rhytidiadelphus Rhytidiadelphus
triquetrus squarrosus

Fig. 9.3. Representative images of stems of mosses
Rhytidiadelphus triquetrus and R. squarrosus exhibit-
ing characteristic gradients in growth and senescence.
The border between “green” and “non-green” parts of
the mosses is not clear-cut.

To our knowledge, the contribution of these
almost transparent leaf parts to total L has
been assessed only in the study of Vitt
(1990). In Drummondia prorepens, it was
estimated that non-green parts of foliage
contribute to ca. 25 % of L (Vitt 1990),
indicating that the presence of these struc-
tures can importantly affect L estimates. We
suggest that in future studies, the contribu-
tions of hyaline and green leaf parts should
be estimated for species possessing such
unique foliar features.

Another potential caveat in estimating L
in mosses is the distinction between dead and
live biomass. From physiological perspective,
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only live, photosynthetically active tissue is
relevant, and thus, L should only include live
plant biomass. This is commonly achieved
by separating green and non-green parts of
the moss cushions, but the distinction on the
basis of tissue greenness is not always clear-
cut (Fig. 9.3), and there is a certain physio-
logical activity deep in the canopy until
almost all chlorophyll is depleted (section
“Gradients of “leaf™ traits in moss canopies:
acclimation or senescence?”). Furthermore,
greenness vs. “deadness” can vary among
species (Davey et al. 2009), complicating
separation between active and non-active
moss parts. Such difficulties in separating
between physiologically active and dead bio-
mass can also partly contribute to the large
range of L estimates across the studies
(Table 9.1).

C. Moss Shoot Area Index

Shoot area index (9), i.e., the area of stem
and attached branches has been determined
in several studies (Table 9.1) (van der Hoeven
et al. 1993; Bond-Lamberty and Gower
2007; Rice et al. 2011). Sometimes, S has
been misleadingly called “leaf area index”
(Bond-Lamberty and Gower 2007), but it is
important to recognize that L is the product
of S and shoot leaf area to shoot area ratio.
Determination of shoot area index is less
time-consuming, and can be achieved either
by photo-electric planimeters (van der
Hoeven et al. 1993; Rice et al. 2011) or by
microscopy techniques (Bond-Lamberty and
Gower 2007). In the case of planimetric
methods, S has been always defined on the
basis of projected area, while in the case of
microscopy techniques, S for species with
cylindrical shoots has been defined on the
basis of half-of the total area by multiplying
the shoot silhouette area by =/2 (Bond-
Lamberty and Gower 2007).

Although determination of § is much
faster, and it can be argued that moss branches
and stems represent the fundamental units of
light interception (Rice et al. 2011), there
can be potential acclimation modifications
in moss branch and stem architecture in
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response to environment (see section
“Acclimation of moss light harvesting across
understory light environments”), altering
light harvesting efficiency of shoots. Little
research on such acclimation changes has
been carried out in mosses, but in many
vascular plants, in particular in conifers,
shoot architecture — distribution of foliage
inclination angles, spatial aggregation and
leaf area density — strongly acclimate to
local light environment within the canopy
(Niinemets et al. 2006, Niinemets 2007).
Also, shoot leaf area to shoot area ratio is
expected to vary, for instance due to changes
in moss water content (section “Controls of
light interception in mosses by structure”).
L will not be affected by changes in water
content (although its efficiency for light
interception changes, see section “Controls
of light interception in mosses by structure”),
but S will inevitably track such changes.

As with L, significant variation exists in
the estimates of S among mosses (Table 9.1).
Estimates of 1-5 m? m™2 were reported for
Pleurozium schreberi (Rice et al. 2011),
while values as high as 8.8-23.6 m> m2 were
observed in three moss species studied by
van der Hoeven et al. (1993). Given that leaf
area to shoot silhouette area ratio is ca.
3—5 m?> m? for typical feather mosses (Tobias
and Niinemets, unpublished data), S values
for Pleurozium schreberiin Rice et al. (2011)
are broadly comparable with L estimates for
this species, and on average in mosses
(Table 9.1). However, the values in van der
Hoeven et al. (1993), if converted to L,
represent the higher end of L estimates in
mosses (Table 9.1).

Typically, L and S are defined for moss
patches with full moss cover, and moreover,
for areas with the cover of the same moss
species. In practice, moss species may often
grow in intermixed stands (Skré et al. 1983),
and in vegetation there are patches with
mosses and free of mosses. Thus, in Bond-
Lamberty and Gower (2007), S values were
scaled to whole stands including areas with
and without mosses, overall resulting in low
values of S. Such estimates certainly provide
useful information for understanding the

U. Niinemets and M. Tobias

moss role in vegetation stands in general, for
example in overall stand carbon balance.
However, these estimates are not comparable
with other studies on moss S. Another reason
for low S values in Bond-Lamberty and
Gower (2007) may also be the arbitrary
distinction between dead and live biomass
based on fixed depths of moss cushions.
For example, in Aulacomnium palustre,
Tomentypnum nitens, Pleurozium schreberi,
Ptilium crista-castrensis only the upper
1.5 cm part, and in Sphagnum fuscum only
the upper 0.5 cm part were considered alive
(Bond-Lamberty and Gower 2007). These
values are smaller than have been estimated
for some of these species in previous studies
(Tobias and Niinemets 2005, 2010; Rice
etal. 2011), and again underscore the impor-
tance for accurate separation between dead
and alive tissue in mosses.

D. Controls of Light Interception
in Mosses by Structure

The large variability in L and S values among
moss species has major implications for
light harvesting. Apart from the large
variability, the take home message from
sections “Gradients in photosynthetic
activity” and “Moss shoot area index” is
that mosses in general tend to support very
high leaf area indices. As discussed in section
“Basics of light interception”, such high L
values would result in extreme reduction
in light within the moss canopies unless
foliage is clumped (Eq. 9.2, Fig. 9.1). In fact,
canopies of many moss species tend to be
clumped, and canopies of acrocarpous
non-branching mosses tend to be especially
strongly clumped (Fig. 9.4a—c). Nevertheless,
even in branching mosses such as
Rhytidiadelphus or Calliergonella, the apical
extended parts of the moss shoots are
strongly aggregated, whereas the foliage
dispersion in deeper more strongly branched
canopy becomes increasingly random
(Fig. 9.4d, e). Finally, foliage dispersion in
strongly branched canopies such as in
typical feather mosses is essentially random
(Fig. 9.41), and in thalloid or planar mosses
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Fig. 9.4. Representative photographs of moss canopies demonstrating various degrees of aggregation of foliage
on stems and branches: (a) — Rhodobryum roseum; (b) — Plagiomnium undulatum; (¢) — Tortula ruralis; (d), (e)
— Rhytidiadelphus triquetrus side view (d) and top view (e); (f) — Brachythecium rutabulum. (a)—(c) represent
strongly aggregated canopies formed of rosette-like moss stems. (d) and (e) demonstrate aggregation in upper
canopy and increased randomness in lower canopy, and (f) represents a characteristic canopy with random
dispersion of foliage elements.

and liverworts foliage dispersion becomes
increasingly regular.

Comparisons of light gradients in moss
species with varying structure are scarce
(Fig. 9.5). In van der Hoeven et al. (1993),
light gradient was steeper in the canopy of
Ctenidiummolluscumthanin Rhytidiadelphus
squarrosus and Calliergonella cuspidata
(Fig. 9.5). In fact, the apparent extinction
coefficient derived by fitting the simple
Lambert-Beer relationship (Eq. 9.1) to R,
vs. cumulative shoot area index (S;) relation-
ships was also larger in C. molluscum than in
the other two species (van der Hoeven et al.
1993). Given that C. molluscum grows more
strongly appressed to substrate and has more
randomly dispersed foliage than either R.
squarrosus and C. cuspidata, in which
foliage is more strongly aggregated, this
difference is in line with theoretical predic-
tions (Eq. 9.2).

The importance of foliage aggregation is
further emphasized by dynamic changes
in moss light interception efficiency in
response to alterations in the degree of moss
hydration (Fig. 9.6). In many moss species,
foliage becomes more strongly adhered to
stems with decreasing moss water content
(Bayfield 1973; Smith 1982; Seel et al. 1992;
Barker et al. 2005). From the radiative
transfer point of view, this implies stronger
clumping, resulting in enhanced light trans-
mission (Fig. 9.6, Davey and Ellis-Evans
1996; Zotz and Kahler 2007). Analogously,
numerous studies demonstrate that reflectance
of moss canopies in photosynthetically active
spectral region increases with decreasing
moss water status (Vogelmann and Moss
1993; Bryant and Baird 2003; Van Gaalen
et al. 2007), compatible with enhanced
clumping and reduced exposure of chlorophyll
packed in appressed leaves. The capacity for
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leaf rolling and unrolling around the stem
in response to changes in water availability
appears to be larger in more xerophytic

species (in particular in acrocarpous xerophytic
species) than in less xerophytic species
(Glime 2007). In fact, leaf rolling not only
reduces light interception and probability
for photoinhibition, but also reduces water
evaporation, being thus, an important
adaptive feature in mosses regularly under-
going cycles of desiccation and rehydration
(Bayfield 1973; Glime 2007).

Changes in light gradients within moss
canopies have been also observed during the
season (Fig. 9.5). These changes were asso-
ciated with changes in moss S¢ values, and
may also ultimately reflect changes in the
degree of foliage aggregation, i.e., increased
Sc being compatible with reduced degree of
foliage aggregation (leaves less strongly
appressed to stem resulting in greater stem
surface area) (van der Hoeven et al. 1993).
This suggestion is supported by reduced
shoot area per shoot mass in this study in
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September relative to December (van der
Hoeven et al. 1993). We suggest that such
seasonal changes in shoot area may be
ultimately associated with seasonal changes
in moss water content.

In light of the evidence of the importance
of canopy architecture in determining light
harvesting of mosses, clearly more quantita-
tive information on moss canopy architecture
is needed. New methods based on laser
scanning (Rice et al. 2005) or stereo photo-
grammetry (Krumnikl et al. 2008) may
provide a vehicle for rapid screening of
moss canopies for relevant architectural traits
such as the degree of foliage aggregation.

E. Moss Pigment Content
and Light Harvesting

In addition to architecture, moss light inter-
ception characteristics are importantly
driven by moss foliage optical properties.
Unfortunately, data on moss leaf optics are
scarce, and studies mainly report informa-
tion on surface reflectance of moss cushions
(Vogelmann and Moss 1993; Bubier et al.
1997; Hamerlynck et al. 2000; Lovelock and
Robinson 2002; Arkimaa et al. 2009; Hallik
et al. 2009b). However, surface reflectance is
driven both by pigment contents and canopy
structure and thus does not provide informa-
tion on optical properties of single moss
shoots or leaves. The problem with direct
assessment of reflectance, transmittance and
absorptance of moss foliage elements is their
miniature size such that moss foliage ele-
ments, either single leaves, entire shoots or
even stems, do not generally fill up the ports
of integrated spheres routinely used in
assessing vegetation optical characteristics.
For small-sized objects such as conifer
needles, methods have been developed to
determine the optical properties considering
the gap fraction of needles in the sample
(e.g., Mesarch et al. 1999). However, certain
non-uniformity of light field and difficulties in
precisely estimating the gap fraction can
introduce large errors in derivation of leaf
optical characteristics by this method. Attempts
have been made to study optical properties
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of single moss leaves by reducing the field of
view with custom-made port covers, but these
attempts were not successful due to low
sensitivity of available instrumentation
(a LI-1800 integrated sphere from Li-Cor,
Inc., Lincoln, NE, USA with a Field Spec Pro
Spectroradiometer from Analytical Spectral
Devices, Inc. Boulder CO, USA; A. Cescatti
and U. Niinemets, unpublished data 2004).

Given that leaf absorptance is primarily
the function of leaf chlorophyll content
(Evans 1993b; Vogelmann 1993; Carter and
Knapp 2001), leaf absorptance in relation to
leaf chlorophyll content per leaf area (jya,
pmol m2) has been described by an empirical
equation (Evans 1993b):

C_ ZA

= . 9.6
XAt 76 ©-6)

This equation has been shown to provide
excellent estimates of { for a wide range of
species, except for hairy or waxy leaves
(Evans 1993b; Evans and Poorter 2001).

The use of this equation requires infor-
mation on chlorophyll content per area, but
in mosses, chlorophyll content per dry ()um)
or fresh mass is commonly estimated.
Furthermore, the estimates generally consti-
tute a weighted sample of moss parts with
leaves that contain more chlorophyll and
stems that contain less chlorophyll. Using
the estimates of moss leaf area per shoot
section mass (A4y) and chlorophyll content
per shoot section mass (yw/Anm) (Tobias and
Niinemets 2005, 2010), a range of moss
leaf chlorophyll contents of 16-39 pmol m™
is obtained for single-cell-layered leaves
of feather moss Pleurozium schreberi.
Calculating leaf chlorophyll content as
v/ Ay does not consider presence of chloro-
phyll in stem, and thus, ), may be somewhat
overestimated. Nevertheless, we suggest
that these estimates can still serve as a first
approximation of area-based pigment content.
From equation (6), the range in chlorophyll
contents obtained corresponds to a { range
of 0.18-0.34. For comparison, typical values
of leaf chlorophyll content for vascular
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plants are 400-800 pmol m2, corresponding
to leaf absorptance of 0.84—0.88 (Gabrielsen
1948; Masoni et al. 1994; Baldini et al. 1997,
Carter and Knapp 2001). Thus, these esti-
mates of leaf chlorophyll content and { are
much lower than characteristic values in
vascular plants, indicating that the impact of
light scattering (Eq. 9.3) on light profiles
within the canopy is of paramount signifi-
cance in mosses (Fig. 9.1). Furthermore,
chloroplast movements that have been shown
to be especially significant in shade plants
with thinner leaves (Williams et al. 2003)
play an important role in mosses as well
(Chap. 8 for a review). In particular, chloro-
plast movement is expected to reduce  at
given foliage chlorophyll content at the top
of the moss canopies, thereby reducing
excess light interception (Chap. 8).

Not all mosses have single-cell-layered
cells, and may have thickened central leaf
parts (costa) as for example in species of
Campylopus, Dicranum, Holomitrium, Timmia,
Weissia etc., thickened multi-layered leaves
such as in Grimmia, plications as in
Brachythecium and Drepanocladus, or leaf
lamellae as in Polytrichaceae spp. (Crandall-
Stotler and Bartholomew-Began 2007;
Glime 2007; Waite and Sack 2010). For
Polytrichum commune, an average value of
leaf area to shoot dry mass of 456 cm? g’
was derived for the top 6 cm of the canopy
(Tobias and Niinemets 2005 and Tobias and
Niinemets unpublished). Given the average
chlorophyll content of 6.4 pmol g™' in this
species (Martin and Churchill 1982;
Masarovicova and Eliash§ 1987), chloro-
phyll content per area is 140 ummol m™2,
corresponding to a { of 0.65. Compared
with vascular plants, these values are still
low and are compatible with estimates for
young greening leaves, senescing leaves or
for chlorotic leaves of chlorophyll-deficient
mutants (Gabrielsen 1948; Adams et al.
1990; Masoni et al. 1994; Niinemets et al.
2004). Accordingly, even in relatively
thick-leaved moss species, foliage pigment
contents importantly alter the light gradients
at given L¢ and degree of foliage aggregation
(Fig. 9.1b).

U. Niinemets and M. Tobias

Leaves of many moss species have
unique leaf characteristics such as papillae
or mamillae on leaf surfaces, and concave
or curled leaves (Crandall-Stotler and
Bartholomew-Began 2007; Glime 2007).
Calculation of leaf absorptance on the basis
of leaf chlorophyll content does not consider
effects of such anatomical characteristics.
In vascular plants, it is known that epidermal
thickenings may function as lenses improving
light penetration into the leaf (Martin et al.
1991; Myers et al. 1994; Vogelmann et al.
1996a), and it is likely that epidermal
modifications in bryophytes also improve
light penetration into the chloroplasts.

On the other hand, presence of hyaline
hairy leaf tips with high reflectance can
dramatically reduce moss light interception,
especially in a dry state when leaves are
strongly adhered to the stem. Although being
non-photosynthetic, hyaline leaf tips can be an
important adaptive feature reducing radiation
interception during dry periods in xerophytic
mosses. Clearly more experimental work is
needed to gain quantitative insight into
optical characteristics of mosses and to under-
stand how the leaf structural adaptations
alter moss light harvesting efficiency.

F. Acclimation of Moss Light Harvesting
Across Understory Light Environments

Despite that mosses are commonly consid-
ered shade plants, individuals of given moss
species can colonize a range of light environ-
ments (Frego and Carleton 1995; Thomas
et al. 2001; Tobias and Niinemets 2010). The
key question is how moss light harvesting
characteristics change upon acclimation to
different understory light environments.
Studies have demonstrated that in higher
light, pleurocarpous mosses tend to branch
more frequently and achieve higher canopy
densities (Rincon and Grime 1989; Rincén
1993; Bergamini and Peintinger 2002).
On the other hand, moss foliage chlorophyll
contents tend to be larger in lower light
(Rincon 1993; Tobias and Niinemets 2010).
Thus, the question is how two contrasting
trends, increasing foliage density and
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decreasing chlorophyll content with increasing
light, sum up in affecting within-canopy
light gradients. In Pleurozium schreberi,
within-canopy gradient in light became
steeper with increasing understory light
availability (Fig. 9.7), suggesting that the
variation in light gradients across the habi-
tats was dominated by increases in foliage
density. Clearly, further case studies are
needed to gain more general insight into
the potential variations in the moss light har-
vesting efficiency. Such studies are also per-
tinent given the huge range of variation in
moss L¢ values (section “Gradients in photo-
synthetic activity”) that may not entirely be
due to interspecific differences, but also
reflect differences in light availability in
sampled moss growth habitats, as for
instance, has been observed in the study of
Waite and Sack (2010).
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Ill. Gradients of “Leaf” Traits in Moss
Canopies: Acclimation or
Senescence?

A. Gradients in Pigments

In simulations in Fig. 9.1, a constant leaf
absorptance was assumed for all leaves in
the canopy, but light gradients within the
canopy are also importantly driven by varia-
tion in foliage pigment contents. In vascular
plants, contrasting variation patterns in
foliage pigment contents across the canopy
have been reported (Niinemets 2007; Hallik
et al. 2009a). In species that form all foliage
throughout the canopy almost simultane-
ously such as temperate deciduous trees in
spring, foliage chlorophyll content per dry
mass increases with decreasing light avail-
ability from the top to the bottom of the can-
opy, and this is suggested to be an adaptive
feature improving light absorptance per leaf
dry mass (for reviews see Niinemets 2007;
Niinemets and Anten 2009). However, in
herbaceous species and in woody species
with rapid growth, lower leaves formed first
are continuously overtopped by foliage
developing later and thus, light gradients are
accompanied by gradients in leaf age and
senescence. In herbaceous species, the
increase of chlorophyll content per mass
with decreased light is either less than in
woody species (Evans 1993a, b; Aan et al.
2006; Hallik et al. 2009a, 2012), or chloro-
phyll content is not related to light at all
(Aan et al. 2006; Hallik et al. 2009a) or
chlorophyll content decreases with decreas-
ing light availability (Boonman et al. 2007,
2009). This evidence collectively underscores
the importance of interacting light and
senescence gradients in affecting chlorophyll
profiles within the canopy in herbaceous
species with rapidly developing canopies.
The situation is similar with mosses where
new leaves develop at the top and decompose
at the bottom (Fig. 9.3). This pattern of foli-
age development is reflected in monotonous
decreases of chlorophyll content from can-
opy top to bottom in acrocarpous moss
Tortula ruralis, (Zotz and Kahler 2007).
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However, in pleurocarpous moss Pleurozium
schreberi, there is a curvilinear relationship
of leaf chlorophyll content with canopy
depth and light availability within the can-
opy, with uppermost foliage having moder-
ately high chlorophyll contents, followed by
a maximum and then by monotonous reduc-
tion of chlorophyll with further increases in
canopy depth (Fig. 9.8a, b, Tobias and
Niinemets 2010). This curvilinearity has
been attributed to actively growing lateral

branches (Fig. 9.8a, b, Tobias and Niinemets
2010), but lower chlorophyll contents at the
top of the canopy can also constitute an
high light avoidance response (Tobias and
Niinemets 2010; Chap. 7).

After the maximum is reached, the reduc-
tion in chlorophyll contents with further
increases of canopy depth can be suggested
to demonstrate age-dependent modifications
only. However, chlorophyll a/b ratio mono-
tonically decreases with decreasing light
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availability in the canopy (Fig. 9.8c¢, d, Tobias
and Niinemets 2010). This reflects increases
in light-harvesting pigment-binding complexes,
LHC 11, relative to the photosystems I and 11
(Bassi and Caffarri 2000). Such a modification
in the stoichiometry of photosynthetic
apparatus is a common shade-adaptation
response in plants (Anderson et al. 2001;
Niinemets 2007), indicating that the foliage
in this species has a certain capacity to accli-
mate to low light. However, differently from
Pleurozium schreberi, no changes in chloro-
phyll a/b ratio were observed in Tortula
ruralis, suggesting that the within-canopy
change in the stoichiometry of foliage
photosynthetic apparatus is not a universal
phenomenon in mosses.

The within-canopy variation in carotenoid
content is analogous to chlorophyll (Fig. 9.8a,
b, Tobias and Niinemets 2010). However,
chlorophyll to carotenoid ratio at higher light
was smaller than under intermediate light
(Tobias and Niinemets 2010), likely indicat-
ing enhanced requirement for photoprotec-
tive carotenoids in the upper canopy. On the
other hand, deeper in the canopy, chlorophyll
to carotenoid ratio decreased again, and this
may indicate accumulation of carotenoids in
plastoglobuli of senescing leaves (Niinemets
et al. 2012). Altogether, these data indicate
that within-canopy variations in foliage pig-
ment content reflect both overall reduction
of pigment content due to senescence, and
modifications in pigment stoichiometry
being compatible with adaptation to variations
in light availability.

B. Gradients in Photosynthetic Activity

Foliage photosynthesis is another important
indicator of within-canopy variation in
foliage physiological activity, and it is perti-
nent to ask whether gradients in photosyn-
thesis accompany light gradients. In vascular
plants, foliage photosynthetic capacity
strongly increases with increasing light in
the canopy, primarily due to enhanced invest-
ment of foliage nitrogen in Rubisco and
rate-limiting components of photosynthetic
electron transport (for reviews see Osmond
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et al. 1999; Pons and Anten 2004; Niinemets
2007; Niinemets and Anten 2009). As with
other important functional traits, studies on
moss within-canopy variation in photosyn-
thesis are challenging due to miniature size
of mosses, making the use of standard
gas-exchange measurement practices difficult
(Zotz and Kahler 2007). Nevertheless, gas-
exchange measurements have demonstrated
that photosynthetic capacity of current-year
segments of Hylocomium splendens is much
higher than in the canopy segments formed
in the previous year (Sonesson et al. 1992).
Analogously, subsequently removing 3 mm
layers of Tortula ruralis canopy by razor
blade, gas-exchange measurements combined
with mathematical simulations were used to
demonstrate that 7. ruralis photosynthesis is
strongly reduced from uppermost (layer 1) to
lowest (layer 4) studied positions in the
canopy (Zotz and Kahler 2007).

Higher spatial resolution data on moss
photosynthesis can be obtained by labeling
primary photosynthesis products by !C.
According to this method, whole cryptogam
cushions are exposed to “CO,, and after the
exposure, the canopy is dissected into layers,
and the amount of *CO, fixed by each layer
is determined. This method was used to gain
insight into within-canopy variation of
photosynthesis in Sphagnum (Johansson
and Linder 1980), in the aquatic moss
Drepanocladus exannulatus (Schwartz and
Markager 1999) and in the lichen Cladina
stellaris (Lechowicz 1983). As with standard
gas-exchange measurements, “C studies
have demonstrated large reduction of photo-
synthetic production with increasing canopy
depth (Johansson and Linder 1980;
Lechowicz 1983; Schwartz and Markager
1999). However, the disadvantage of the 'C
method with entire moss cushions is that
there are inherent within-canopy light gradi-
ents during the exposure, such that plant
parts at different depths in the canopy are
exposed to different quantum flux densities.
As the result, photosynthetic capacity in
canopy interior may be underestimated.

The second key tool for gaining information
on small-scale heterogeneity of photosynthetic
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activity is chlorophyll fluorescence. Portable
fluorescence instruments allow measurement
of within-canopy photosynthetic profiles with
high resolution and as actinic illumination is
provided by the fluorescence instrument,
light-saturated rates can be estimated at any
position in the canopy (Tobias and Niinemets
2010). Chlorophyll fluorescence measure-
ments demonstrate strong depth and light
availability dependent variation within the
canopy (Fig. 9.8e, f). In fact, significant
photosynthetic activity is even observed in
leaves with almost complete depletion of
chlorophyll (Fig. 9.8). Due to low light,
photosynthetic activity of leaves in the
canopy interior may be below the observed
photosynthetic capacity most of the time.

U. Niinemets and M. Tobias

However, during water stress when upper
canopy leaves curl and become strongly
appressed to the stem, leaves in more humid
lower canopy can reach rates close to the
theoretical maxima, partly compensating for
the reduced activity of the upper canopy lay-
ers (Davey and Ellis-Evans 1996). This sug-
gests that in determining moss canopy leaf
area index, it is important to consider all
foliage that is still physiologically active.
Rather than using arbitrary methods, chloro-
phyll fluorescence may serve as an important
tool for rapid and objective separation
between alive and “dead” plant parts.

In addition to standard chlorophyll fluores-
cence techniques that require use of a sample
holder (leaf clip), and multiple measurements

Fluorescence yield (F,")

Fig. 9.9. Chlorophyll fluorescence images (light adapted maximum fluorescence yield, F,,’) in six Hawaiian
moss and liverwort species with plagiotropic growth form not forming a dense canopy: (a) — Bazzania sp.,
(b) — Baldwiniella kealeensis and (¢) — Plagiochila deflexa; and with orthotropic growth form forming a canopy
(d) — Thuidium cymbifolium (e) — Fissidens pacificus, and (f) — Leucobryum seemannii. The plant material was
collected from the leeward side of Koolau mountains in Oahu (Tantalus trail, 21° 20’ N, 157° 48’ W, elevation
ca. 400 m, (Pefiuelas et al. 2010 for site description)). After sampling, the plants were kept in moist plastic bags,
transported to the laboratory and chlorophyll fluorescence was measured with a Walz Imaging-PAM Mini
fluorimeter (H. Walz, GmbH, Effeltrich, Germany). Moderately high actinic illumination of 400 ymol m2 s
for 5 min. was used for light-adaptation of the samples. The taxonomy of mosses and liverworts follows
(Staples et al. 2004; Staples and Imada 2006). Unpublished data of Ulo Niinemets and Mashuri Waite (2006).
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to cover the whole within-canopy gradient, a
new promising method for rapid assessment
of spatial patterns in moss photosynthetic
activity is imaging fluorescence (Siebke and
Weis 1995; Baker et al. 2001; Chaerle et al.
2007). With imaging fluorescence, a whole moss
stem can be sampled rapidly, and spatial
variations in photosynthetic activity are
immediately visualized. Pilot measurements
demonstrate that foliage photosynthetic
activity is essentially invariable within the
shoots of plagiotropic mosses that do not
form a canopy (Fig. 9.9a—c), but significant
gradients from the top to bottom of the moss
stem occur for mosses with orthotropic
growth form that create a dense canopy
(Fig. 9.9d—f). Overall, the photosynthetic
data collectively demonstrate major variations
in foliage photosynthetic characteristics
from canopy top to bottom, but also that
photosynthetic activity is preserved until
almost entire depletion of chlorophyll.

IV. Conclusions

The available evidence demonstrates that
most mosses do support high leaf area indi-
ces, on average much higher than leaf area
indices supported by vascular plants. Such
high leaf areas are accompanied by high
degree of foliage aggregation reducing the
light gradients within the moss stands. In
addition, due to thin foliage elements, leaf
chlorophyll contents are very low compared
with vascular plants, expected to result in
low leaf absorptances and much stronger
impact of light scattering than in vascular
plants. Within-canopy gradients in light are
accompanied by gradients in foliage pigment
contents and photosynthetic capacity that
reflect both senescence in the bottom of the
canopy as well as modifications in the stoi-
chiometry of photosynthetic apparatus.
Apart from the general patterns, there is high
variability in light gradients across moss
species driven by differences in the degree of
foliage aggregation, canopy density and pig-
ment content per area, but only limited
number of species has been studied so far.
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We suggest that more case studies are needed
to gain insight into the determinants of
within-canopy light gradients. In particular,
further studies are needed on moss leaf
area indices and optical characteristics as
well as on gradients in moss physiological
characteristics.
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