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Abstract

In many plant species that remain leafless part of the year, CO, fixation occurring in green stems represents an important
carbon gain. Traditionally, a distinction has been made between stem photosynthesis and corticular photosynthesis. All
stem photosynthesis is, sensu stricto, cortical, since it is carried out largely by the stem cortex. We proposed the
following nomenclature: stem net photosynthesis (SNP), which includes net CO, fixation by stems with stomata in the
epidermis and net corticular CO, fixation in suberized stems, and stem recycling photosynthesis (SRP), which defines
CO; recycling in suberized stems. The proposed terms should reflect differences in anatomical and physiological traits.
SNP takes place in the chlorenchyma below the epidermis with stomata, where the net CO, uptake occurs, and it
resembles leaf photosynthesis in many characteristics. SRP is found in species where the chlorenchyma is beneath a
well-developed stomata-free periderm and where reassimilation of internally respired CO, occurs. SNP is common in
plants from desert ecosystems, rates reaching up to 60% of the leaf photosynthetic rate. SRP has been demonstrated in
trees from temperate forests and it offsets partially a carbon loss by respiration of stem nonphotosynthetic tissues.
Reassimilation can vary between 7 and 123% of respired CO,, the latter figure implying net CO, uptake from the
atmosphere. Both types of stem photosynthesis contribute positively to the carbon economy of the species, in which they
occur; they are advantageous to the plant because they allow the maintenance of physiological activity during stress, an
increase of integrated water use efficiency, and they provide the carbon source used in the production of new organs.

Additional key words: carbon balance; COz reassimilation; green stem; stem net photosynthesis; stem photosynthesis; stem recycling
photosynthesis.

Introduction

Leaves are dominant photosynthetic organs in most C3
and C, plants; however, in some species from arid and
semiarid ecosystems, which remain leafless most of the
year, a green stem (considered photosynthetic) contri-
butes significantly to the maintenance of plant physio-
logical activities (Nilsen 1995). Clearly, the green stems
of herbaceous and crassulacean acid metabolism (CAM)
plants are photosynthetic; nevertheless, the significance
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of the chloroplast presence in woody stems has only
recently become clearer.

In desert and Mediterranean climate ecosystems, it is
common to find a wide range of plant species with
photosynthetic stems (Nilsen and Sharifi 1997). Internal
CO; reassimilation in stem tissues is considered the
important strategy in the whole-plant carbon economy
(Aschan and Pfanz 2003, Aschan et al. 2005). A specific

Abbreviations: CAM — crassulacean acid metabolism; CE — carboxylation efficiency; Chl — chlorophyll, Ci — intercellular CO2
concentration; Fv/Fm — maximum quantum yield of PSII; gs — stomatal conductance; Pn — photosynthetic rate; Pn-eaf — leaf net Px;
Pn-recyeling — stem recycling Pn; Pnstem — stem net Pn; PEP — phosphoenolpyruvate; PEPCK — phosphoenolpyruvate carboxykinase;
PPFD — photosynthetic photon flux density; Rp — dark-respiration rate; RL — light-respiration rate; Rubisco — ribulose-1,5-
carboxylase/oxygenase; T — temperature; SNP — stem net photosynthesis; SRP — stem recycling photosynthesis; VPD — vapor pressure
deficit; WUE — water-use efficiency; §'>C — isotopic carbon composition; ®psit — effective quantum yield of PSII.
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question is what a contribution do they have in the entire-
plant carbon balance, specifically, what is the cost-benefit
ratio in keeping these green organs under extreme
environmental conditions, such as prolonged periods of
drought, high temperature (T), and high photosynthetic

photon flux density (PPFD). Optimizing carbon gain
through the activity of photosynthetic stems is a major
adaptation of xerophytic species to long periods of
drought (Adams ef al. 1967, Aschan and Pfanz 2003).

Types of CO; assimilation in the stem: a question of nomenclature

Nilsen (1995) and Aschan and Pfanz (2003) distinguished
between two types of CO, assimilation performed by
green stems: stem photosynthesis (SP) and corticular
photosynthesis. In this review, we did not discuss CAM
photosynthesis in stem-suculent plants. Chlorophyll (Chl)
in stems is mainly located in the cortex, hence, the term
of corticular photosynthesis was used. Moreover, since
Chl is also present in the ray cells of wood and even in
the pith, Saveyn et al. (2010) used the more general term
of woody tissue photosynthesis, which better conveys the
concept of CO; assimilation by the entire stem.

All stem photosynthesis is, semsu stricto, cortical
(improperly termed corticular), since it is carried out
largely by the stem cortex. Nevertheless, it has become
customary to distinguish between stem photosynthesis
and cortical photosynthesis on the basis of whether the
epidermis with stomata is present or not, respectively.
During stem photosynthesis, a net uptake of atmospheric
CO; is realized due to stomata present in the epidermis
(Comstock and Ehleringer 1990, Nilsen et al. 1993,
Nilsen 1995). Cortical photosynthesis is characteristic for
stems with a low stomata density or with periderm;
generally, but not always, no net CO, assimilation occurs
there, while internal reassimilation of CO; released by
respiration of nonphotosynthetic tissues exists (Nilsen
and Sharifi 1994, Nilsen 1995, Aschan and Pfanz 2003).
In stem photosynthesis, CO, reassimilation should be

SNP: structural and functional characteristics

One of the first measurements of stem net Pn (Pn-stem)
was made by '“CO, fixation in Cercidium floridum
(Fabaceae) (Adams ef al. 1967). In this species, contrary
to what was found later in other species, Pn.sem Was
similar to leaf Px (Pnuea): 1.96 and 2.55 MBq m™2 s,
respectively (Adams et al. 1967). A comparison between
Pniear and Pngiem In several desert species is shown in
Table 1.

The SNP exhibits properties similar to leaf photo-
synthesis, such as Cs; metabolism, numerous stomata in
the epidermis, and similar response curves of Py to
environmental variables, such as PPFD, intercellular CO,
concentration (Cj), temperature, and leaf-air vapor
pressure deficit (VPD) (Osmond et al. 1987, Nilsen et al.
1989, Nilsen and Sharifi 1994, Aschan and Pfanz 2003).
However, in cells surrounding the vascular bundles of
stems and petioles of tobacco, high activity was found for
C4 metabolism enzymes, such as NAD- and NADP-malic
enzyme, and phosphoenolpyruvate (PEP) carboxykinase
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also expected to take place.

In view of various definitions of photosynthesis
carried out by stems in nonsucculent plants, and of
reported data, we proposed that the use of the following
nomenclature should be considered: (/) the stem net
photosynthesis (SNP), which would include the net CO»
fixation by stems with stomata in the epidermis (what has
been called stem photosynthesis so far) and the net CO,
fixation in suberized stems; (2) the stem recycling photo-
synthesis (SRP), which would define CO, recycling in
suberized stems and include all what has been called
corticular photosynthesis so far. The proposed terms
would reflect differences in anatomical as well as
physiological traits.

Many extensive and up-to-date reviews on the subject
of stem photosynthesis have been published (e.g., Nilsen
1995, Pfanz, et al. 2002, Aschan and Pfanz 2003). In the
present one, we aimed to unify some concepts and to
compare SNP and SRP from the structural, functional,
and ecological viewpoints with highlighting the adaptive
advantages of these forms of photosynthesis and drawing
attention to gaps in our knowledge of these processes. We
did a thorough revision of published results that should
allow to evaluate the net photosynthetic rate (Pw),
percentage of reassimilation, and other photosynthetic
characteristics.

(PEPCK), that allow decarboxylation of four-carbon
compounds present in the xylem and phloem and the
resulting reassimilation of the released CO; by the stem
chlorenchyma (Hibberd and Quick 2002). In stems of
nine tree species in a temperate forest, the high PEPCK
activity suggests a potential reassimilation of respired
CO: (Berveiller and Damesin 2008).

Generally, the species with SNP correspond to early
successional legumes (Allen and Allen 1981). This
functional group, within pioneer species, have several
physiological advantages compared to late successional
species, including greater shoot nitrogen content, high
activity of nitrate reductase, high maximum Pn.icar, and
high relative growth rate (Aidar et al. 2003). The
occurrence of SNP in these species suggests that its main
role is to contribute to the input of additional carbon
needed for the nodulation process and subsequent
maintenance of nodules, which is considered an advan-
tage in habitats with stressful climatic conditions
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Table 1. Maximum photosynthetic rate (Pn) and chlorophyll (Chl) content of leaves and stems of different species with stem net
photosynthesis. Maximum P~ was estimated at saturating photosynthetic photon flux density and ambient CO2 concentration. Values
are mean + SE when SE was available. *Cut stem: flat section of one-side stem. SD — Sonoran Desert; MD — Mohave Desert;

A — Arizona; C — California.

Species Family Location Maximum Pn Chl content [mg m 2] Reference
[umol(CO2) m2 s7!]
stem leaf stem leaf
Bebbia juncea Asteraceae SD 10.7 20.7 Ehleringer et al. (1987)
Chrysothamnus paniculatus ~ Asteraceae SD 15.2 23.6
Dyssodia porophylloides Asteraceae SD 5.4 6.5
Gutierrezia microcephala  Asteraceae SD 17.9 21.1
G. sarothrae Asteraceae SD 44 16.7
Hymenoclea salsola Asteraceae SD 16.6 24.8
Lepidium fremontii Brassicaceae SD 8.8 12.6
Porophyllum gracile Asteraceae SD 23.9 37.7
Psilostrophe cooperi Asteraceae SD 12.9 12.8
Salazaria mexicana Lammiaceae SD 16.7 15.1
Senecio douglasii Asteraceae SD 1.5 26.0
Sphaeralcea parviflora Malvaceae SD 13.7 22.3
Stephanomeria paucifolia ~ Asteraceae SD 233 223
Thamnosma montana Rutaceae SD 10.5 21.7
Eriogonum inflatum Polygonaceac MD 10 20 330 540 Osmond et al. (1987)
Hymenoclea salsola Asteraceae A 18 30 Comstock and Ehleringer
(1988)
Psorothamnus spinosus Fabaceae SD 7.8£05 - - Nilsen et al. (1989)
Spartium junceum Fabaceae C 6.5 17 200 450 Nilsen and Bao (1990)
Cytisus scoparius Fabaceae C 1.7-11.6 1,300 + 20 Bossard and Rejmanek
(1992)
Caesalpinia virgata Fabaceae SD 7.8 Nilsen and Sharifi (1994)
Senna armata Fabaceae MD 5.8
Justicia californica Acantaceae  SD 209+2.8 162+1.2 230 280 Tinoco—Ojanguren
(2008)
Median 10.7 20.49 280 450

(Bossard and Rejmanek 1992, Nilsen 1992).

In contrast to leaves, stems are not obviously
specialized for photosynthesis. Their surface to volume
ratio is low alike light transmittance through the bark
layer (Pfanz et al. 2002). Although seemingly unfavo-
rable to photosynthesis, these conditions do not prevent
Chl synthesis and carbon assimilation in stems
(Berveiller et al. 2007). Px-iar 18 positively correlated to
leaf nitrogen content because proteins of the Calvin-
Benson cycle and of thylakoids represent the major part
of leaf nitrogen (Evans 1989). This relationship has also
been observed for Pn_stem (Nilsen 1992).

Maximum Pn.seem lies between 1.7 and 20.9 umol(CO5)
m2 s7! (Table 1). In general, Pn.sem is lower than Py.ieaf,
representing between 16 and 60% of the latter, although
both rates were similar in some species (Ehleringer et al.
1987). Lower maximum Px.siem than maximum P.icat Was
associated with low mesophyll conductance in Spartium
Jjunceum, probably due to the low nitrogen content in the
stem chlorenchyma (Nilsen 1992). Pn.sem rarely exceeds
Pniear, an exception are plants of Justicia californica,
where Pn.sem Was 1.3 times greater than P.icar, probably
due to better light-use efficiency by stems and similar Chl

content in both organs (Tinoco-Ojanguren 2008).

Chl content is generally lower in stems and ranges
between 30 and 70% of that in adjacent leaves, making
this trait a limitation of SNP. In contrast, Chl content per
unit area was higher in stems than in leaves (410 vs.
340 mg m?) in C. floridum in spite of similar Pn.sem and
Priiear (Adams et al. 1967). This indicates that the content
of Chl might not be the only factor governing the stem
photosynthetic capacity. The quality of light that gets
through the outer cortex of the stems, as well as the
amount and/or activity of ribulose-1,5-carboxylase/
oxygenase (Rubisco) could be important factors in deter-
mining stem photosynthetic capacity. The lower Pn-sem
could also be related to the lower nitrogen content in
stems compared to leaves (Nilsen 1992); nevertheless, in
J. californica, where both organs have the same Chl
content and very similar values of N, Pn.sem Was higher
than Pn.iear (Tinoco-Ojanguren 2008). This result supports
the hypothesis of higher light-use efficiency in the stems
of this species.

Species with SNP showed a high stomata density and
stomatal conductance (gs) in the stem epidermis. In
S. junceum, the stem stomata density was similar to that
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of leaves (both types of epidermis), although the daytime
stem g was always lower than that of leaf g; (Nilsen and
Bao 1990). Similarly, stem g5 was lower than that of leaf
gs under a wide range of environmental conditions in
Eriogonum inflatum (Smith and Osmond 1987). More-
over, although stem gs of Glycine max (Fabaceae) was
higher than that of S. junceum, the stem of the former
showed no net assimilation or respiration rate (Nilsen and
Bao 1990).

Most photosynthetic stems possess sunken stomata,
which may be interpreted as an adaptation to protect
guard cells from direct exposure to dry air and the
consequent stomata closure; rather, the sunken stomata
could be an adaptation to increase stem CO; uptake due
to a lower VPD above the stomatal pore that would
prevent stomata closure (Gibson 1998).

Stems with high Pn.sem and gs should have lower
instantaneous water use efficiency (WUE) than leaves.
However, in E. inflatum, WUE was slightly higher in the
stem than that in the leaf in a wide range of VPD,
although stem g5 was more sensitive to temperature and
to very high VPD (Osmond et al. 1987). SP increases
long-term plant integrated WUE, as estimated from
isotopic carbon composition (3'*C) data (Nilsen and
Sharifi 1997). Integrated WUE was found to be higher in
stems than in leaves in a number of green-stemmed,
desert species (Ehleringer et al. 1987). The higher WUE
found in stems compared to leaves of E. inflatum was
attributed to a better water use pattern and the vertical
orientation of the stem, allowing the stems to remain

Factors affecting SNP

Besides determining the magnitude of the stem contri-
bution to the whole-plant carbon balance, it is important
to acquire knowledge on the seasonal acclimation and the
influence of water deficit on SNP. For example, the water
deficit affected less Pn-seem than Pjear in S. junceum and
J. californica (Nilsen and Bao 1990, Tinoco-Ojanguren
2008), contrary to E. inflatum, where Px_stem appears to be
more sensitive to drought at very low values of water
potential (Osmond et al. 1987). In other species, such as
Caesalpinia virgata and Senna armata, changes in Px_stem
between the spring and the summer were not related to
changes in either water potential or nitrogen content,
contrary to what is generally found in leaves of different
species (Nilsen and Sharifi 1994).

Table 2 summarizes some parameters of the response
curves of Pniearand Pn_seem to PPFD, C;, and T of the stem
and leaves of several species. Responses of Pn.sem tO
environmental variables were similar to those typically
found in leaves. Leaves had higher Ci-saturated Pnx and
carboxylation efficiency than stems, indicating that the
photosynthetic capacity in the stems is limited by the
amount and activity of Rubisco, which is consistent with
lower nitrogen content and lower Chl content than that in
leaves (Osmond et al. 1987). PPFD-saturated Pn was
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photosynthetically active during drought (Smith and
Osmond 1987).

In several Cs plant species, heterotrophic tissues tend
to be enriched in '*C compared with leaves (Cernusak et
al. 2009); the higher §'*C found in stems should not only
indicate a higher WUE but also possibly a differential use
of day vs. night sucrose between leaves and sink tissues
(Cernusak et al. 2009). Besides, it must be taken into
account whether the stems are photosynthetic; if they are,
the carbon of stem structural carbohydrates was probably
assimilated by the stem chlorenchyma, while if they are
not, the stem is a sink and the leaves supply them with
assimilates.

SNP represents a contribution to the whole-plant
carbon gain that may change among seasons, depending
on environmental conditions. In S. junceum, the stem
carbon gain represented 38% of the total gain under
optimal water conditions and it increased to 47% under
conditions of water deficit (Nilsen and Bao 1990).
Similar contributions have been found in other species:
40% in C. floridum (Adams and Strain 1968) and 50% in
E. inflatum (Smith and Osmond 1987). In contrast, the
stem contribution did not exceed 23% in J. californica
(Tinoco-Ojanguren 2008). However, in the latter species,
the stem is the only photosynthetic organ present for at
least seven months (Tinoco-Ojanguren 2008); it shows
the importance of SNP during the leafless period. In
Psorothamnus spinosus, a leafless species, the whole-
plant carbon balance is necessarily dependent exclusively
on SNP (Nilsen et al. 1989).

lower in stems than in leaves and no difference was found
in the apparent quantum efficiency between organs
(Osmond et al. 1987). Pn.ieaf Was more sensitive to T than
Pniseem because leaf g, strongly decreased with increasing
T and VPD (Osmond et al. 1987).

In C. virgata and S. armata, T and VPD were the
main environmental factors, which regulated Px.icar and
Pxstem, and seasonal acclimation to T (an increase of the
compensation point) but not to VPD took place (Nilsen
and Sharifi 1994). Under conditions of limited resources,
as in the case of nitrogen, Px.sem Of S. junceum was less
reduced than Pn.icas, resulting in the increase of the stem
contribution to the daily carbon gain compared to a
decline in leaves (Nilsen 1992). In this case, the impor-
tance of Pn.sem increased in the carbon balance of the
plant, even though Pn.gem Was lower than Pn.jear.

The stem age is an important factor determining the
contribution of stems to the whole-plant carbon balance,
because both, Pn.icar and Pn.stem, Vary with the age of the
tissue. In P. spinosus, young branches (less than
6-months-old) showed Pn.sem values 30 to 40% higher
together with higher values of g5 compared with mature
branches (Nilsen et al. 1989). The difference between
Pnsem In the young and mature branches was caused
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mainly by the loss of the epidermis with stomata as a
result of a periderm formation, which also limited the
passage of light and thus photosynthesis. In some species,
a delay occurs in the formation of the periderm (Gibson
1983) and this provides a longer period when Pn.seem can
be maintained high. There are few plants, where the
epidermis is able to adapt to secondary growth by
tangential expansion of cells. In such cases, the epidermis
persists for a long time or even the lifetime of the plant
and the stem remains green (Lindorf e al. 2006).

In deciduous plants, SNP plays an important role in
the maintenance of the physiological activities and is the

The adaptive advantages of SNP

The wide distribution of species with the photosynthetic
stem in habitats with stressful climatic conditions shows
the importance of this organ for plants (Nilsen and Sharifi
1997). In these species, various benefits of SNP have
been proposed: (/) the carbon gain during drought in Cs
species, which remain part of the year leafless or without
functional leaves and the stem is the only organ
responsible for CO, assimilation (Osmond et al. 1987,

SRP: structural and functional characteristics

Stem recycling Pn (PN-recycling), also called internal reassi-
milation rate, is calculated as the difference between the
stem light-respiration rate (Ry) and the stem dark-
respiration rate (Rp) and may be expressed as a percen-
tage of the Rp [(PN-recycling/Rp) % 100 = % reassimilation]
(Cernusak and Marshall 2000, Aschan et al. 2001, Da-
mesin 2003). Pn-recycling generally reaches values lower than
Pxstem, varying between 0.5 and 3.7 umol(CO,) m2 s,

Calculations of the percentage of reassimilation are
needed to compare the quantity of reassimilated carbon
among species with different Pn.recycling. The reassimi-
lation in young branches of different species can offset
between 7 and 90% of the respiratory carbon loss. It can
even exceed 100% when there is the net CO; assimilation
and in this case SRP contributes to the whole-plant
carbon gain. Values of the reassimilation higher than
100% have been associated with the presence of lenticels
in the stem periderm that facilitate CO, diffusion from the
atmosphere to the chlorenchyma (Berveiller ez al. 2007).

SNP is present in desert species, while in others, such
as those from temperate forests, SRP is common
(Table 3). Both types of ecosystems are subjected to
periods of water or low temperature stress. These stresses
limit photosynthesis, therefore the plant growth (Chaves
and Pereira 1992) and a survival, mainly in terrestrial
ecosystems (Schulze et al. 1987). Hence, the stem
contribution to the whole-plant carbon balance is
important for desert species, either through a net gain or a
decrease in the carbon loss.

It is widely accepted that the respiration of stem inner

sole carbon source available for the production of new
foliage (Mooney and Strain 1964). This may have an
important effect on the reproduction of J. californica, as
flowers and fruits develop during the dry season, when
the stem is the only photosynthetic organ present
(Tinoco-Ojanguren 2008). In addition, a vertical orien-
tation of the stem might diminish the photoinhibitory
damage, since all day lower PPFD reaches this organ,
which makes it less vulnerable to photoinhibition during
drought (Ehleringer and Cooper 1992). Based on these
results, it seems that deciduous species can survive in arid
environments at least partly due to the presence of SNP.

Nilsen et al. 1989, Nilsen and Bao 1990); (2) the increase
of the whole-plant WUE, since stems have a higher WUE
than leaves and they are the sole green organs present for
at least one season of the year (Nilsen and Sharifi 1997);
(3) the sole source of carbon used in the production of
leaves, flowers, and fruits in deciduous species during
and after drought (Tinoco-Ojanguren 2008).

tissues is the CO; source for SRP; however, labeled
carbon transported upward by a xylem sap from roots to
leaves is fixed in photosynthetic cells of petioles and
stems of tobacco and celery (Hibberd and Quick 2002)
and in branches of Platanus occidentalis (McGuire et al.
2009). In detached branches of Populus deltoides fed
with 13C, wood tissue labeling depended on the transpi-
ration rate and CO, concentration in the xylem sap
(Bloemen et al. 2013). This suggests strongly that CO,
recycled by SNP or SRP may come also from the roots.

Both R; and Rp have been estimated from measure-
ments of stem CO; efflux. CO, dissolved in the xylem sap
can move upward in the transpirational stream and can be
up to three orders of magnitude higher than the atmo-
spheric concentration (Teskey and McGuire 2002). Since
the respired CO; can be released into the cortex at any
other location of the tree, the stem respiration can be
overestimated in some tissues and underestimated in
others (Teskey and McGuire 2002). McGuire and Teskey
(2004) have suggested a mass balance approach to
estimate the stem respiration; they took into account not
only the CO, efflux but also the CO, transport in the
xylem and its possible accumulation over time. This
approach has been used since then to estimate the stem
respiration in several tree species (McGuire et al. 2007,
Teskey and McGuire 2007, Saveyn et al. 2008).

In most plants with SRP, the chlorenchyma is a part
of the stem outer cortex (Francino e al. 2006, Yiotis et
al. 2006). In other species, however, chloroplasts can be
found in the secondary xylem of the stem (specifically
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Table 3. Light-respiration rate (RL), dark-respiration rate (Rp), stem recycling photosynthetic rate (PN-recycling), and reassimilation
percentage of different species. Values are mean = SE when SE was available. *First value, measurements made in the summer;

second value, measurements made in the winter.

R Rp Pnrecycling  Reassimilation
Species Family [umol(CO2) m2s7! ] [%] Reference
Populus tremuloides Salicaceae 3.8 33 87 Foote and Scheadle (1976)
Pinus monticola Pinaceae 0-3.5 0-1.5 76 Cernusak and Marshall (2000)
Populus tremula Salicaceae 1-2 2-11 1-9 50-80 Aschan et al. (2001)
Fagus sylvatica Fagaceae 0.2-1.2 1.9-2.1 0.7-1.9 40-90 Wittmann et al. (2001)
Fagus sylvatica Fagaceae 1-5 50-110 Damesin (2003)
Alnus glutinosa Betulaceae 0.89+0.05 4.62+026 3.73 81 Berveiller et al. (2007)"
-0.35+£0.11 1.57+044 1.92 122
Betula pendula Betulaceae 0.69+0.11 3.04+£0.53 235 77
—0.47+0.03 2.06+£0.15 2.53 123
Fraxinus excelsior ~ Fagaceae 038+0.13 1.44+034 1.06 74
-0.22+0.01 0.86+0.24 1.08 126
Ginkgo biloba Ginkgoacea 0.54+0.10 1.65+0.16 0.53 32
0.53+043 1.24+040 0.71 57
Picea abies Pinaceae 1.12+0.10 3.44+0.34 232 67
1.09£0.55 2.18+0.46 1.09 50
Pinus sylvestris Pinaceae 1.16+0.12 4.04+£0.53 2.88 71
1.91+0.33 422+0.15 231 55
Quercus robur Fagaceae 1.18+0.37 3.75+£0.64 257 69
0.81+0.33 2.87+034 2.06 72
Tilia cordata Malvaceae 0.68+0.10 2.10+0.19 142 68
0.51+0.05 2.06+0.20 1.55 75
Fagus sylvatica Fagaceae 1-4 0.5-3.5 50-88 Berveiller and Damesin (2008)
Eucalyptus globulus Myrtaceae 0.54.7 7 Cerasoli et al. (2009)
Median 0.81 2.14 1.9 72

in the xylem rays and the interfascicular parenchyma) and
even in the pith of the stems (Dima ef al. 2006, Berveiller
et al. 2007, Rentzou and Psaras 2008). The stem chloren-
chyma of the SRP species lies always below one or more
layers of the periderm, a tissue with a high resistance to
gas diffusion, thus, CO, produced by the internal stem
tissue respiration accumulates inside the stem and reaches
concentrations between 0.1 and 25.2% (Teskey et al. 2008),
well above the atmospheric CO; concentration (0.04%).

The positive correlation between Pnrecycling and Rp has
been reported (Foote and Schaedle 1976, Cernusak and
Marshall 2000, Aschan et al. 2001, Berveiller et al. 2010,
Berveiller ef al. 2007, Wittmann and Pfanz 2008). This
occurs because factors affecting Rp, such as T or stem
ontogeny, directly affect the amount of CO, available for
SRP (Foote and Schaedle 1976). Based on this, it has
been suggested that, at least in young branches, Rp may
be an indicator of potential photosynthesis (Berveiller et
al. 2007) and such a correlation can be used to estimate
Px-corticutar from values of Rp.

SRP is related, as in leaf photosynthesis, to different

Factors affecting SRP

Besides being highly resistant to the diffusion of gases,
the periderm is a barrier for light. In young branches of

structural and functional traits, such as Chl content,
nitrogen content, and the area/mass ratio of the stem
cortex (Cernusak and Marshall 2000, Berveiller et al.
2007); based on this, it has been suggested that the
selection of the photosynthetic features in both organs
occurred under similar evolutionary forces (Berveiller
et al. 2007).

Chl content in leaves and stems of different SRP
species is shown in Table 4. Chl concentration in the stem
(72-480 mg m2) is lower than that in leaves (383-996
mg m2); it should be reflected in the lower photo-
chemical activity of the stem.

Cernusak ef al. (2001) developed and tested a model
describing carbon isotope discrimination during photo-
synthetic refixation in the bark of two woody trees. They
found that SRP discriminates against '*C and creates the
photosynthate pool isotopically lighter than that of the
dark respiratory pool. SRP was proved experimentally to
contribute during four years to 11% of wood construction
in the smooth-barked branches of E. miniata trees
growing in the field (Cernusak and Hutley 2011).

Populus tremula, PPFD absorbed by the same branch
decreased from 17% in the youngest internode up to 8%
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Table 4. Total chlorophyll content (Chl a+b) of leaves and stem barks of species with stem recycling photosynthesis. Values are

mean + SE.
Chl a+b
Species Organ [mg g '(DM)] [mgm2]  Reference
Populus tremula leaf 460+ 60  Aschan et al. (2001)
stem 120+ 50
Populus tremula leaf 620+ 60  Wittmann et al. (2001)
stem 230+ 40
Fagus sylvatica leaf 360+ 10
stem 130+ 10
Prunus persica stem 330+ 10  Alessio et al. (2005)
Helleborus viridis ~ leaf 383+ 60  Aschan et al. (2005)
stem 72 +20
Alnus glutinosa stem - summer  0.96 £ 0.03 Berveiller et al. (2007)
stem - winter 0.60 £ 0.00
Betula pendula stem - summer  0.66 + 0.07
stem - winter 0.44 +0.31
Fraxinus excelsior  stem - summer  0.46 + 0.02
stem - winter 0.29+0.01
Ginkgo biloba stem - summer  0.64 = 0.05
stem - winter 0.22 +£0.02
Picea abies stem - summer  0.43 +0.04
stem - winter 0.34+0.03
Pinus sylvestris stem - summer  0.53 +0.07
stem - winter 0.56 + 0.02
Quercus robur stem - summer  0.66 £ 0.03
stem - winter 0.43 £0.06
Tilia cordata stem - summer  0.59 + 0.09
stem - winter 0.34+£0.24
Fagus sylvatica leaf 5.38+0.98 Berveiller and Damesin (2008)
stem 0.42 £0.02

Calicotome villosa  leaf

stem 480 + 40

996 + 150  Yiotis et al. (2008)

in the oldest one; this was associated with the develop-
ment of the periderm, thereby causing a reduction in
Pr-recycling from 8.9 to 1.6 umol(COz) m?2 s7! (Aschan et
al. 2001). Furthermore, absorbed PPFD and Pn-recycling
decreased with the branch age in Fagus sylvatica
(Wittmann et al. 2001), suggesting that Px-recycling cOntri-
butes differently to the whole-plant carbon balance and
the degree of CO, reassimilation is dependent on the
branch age.

The attenuation of light by the periderm is not equal
for all wavelengths. This selective absorption has been
associated with the coloration of the outer bark and with
different patterns of light penetration according to the
wavelength (Pfanz et al. 2002). Generally, the periderm is
capable of absorbing light of the short wavelengths (blue)
and transmitting light of the long wavelengths (red)
(Kauppi 1991, Manetas 2004), thus the magnitude of
PPFD reaching the chlorenchyma is enriched in red and
far red radiation.
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The observation that a small percentage of the
incident PPFD on the stem reaches the photosynthetic
tissue could explain some adaptations to shade found in
several species with photosynthetic stems. The low
Chl a/b ratio in branches compared to leaves belongs to
such adaptations (Cernusak and Marshall 2000, Aschan et
al. 2001, Wittmann et al. 2001, Damesin 2003, Yiotis et
al. 2008). The shade might not be the only factor that
influences pigment contents and their ratios in stems. It
has been suggested that other micro-environmental
conditions (hypoxia, increased red to blue photon ratios,
and extremely high CO, concentrations) within twigs
determine the carotenoid (Car) composition of the stems
(Levizou et al. 2004). In species of trees from temperate
forests, the Car/Chl ratio was higher in stems than in
leaves, indicating a response to low PPFD at blue wave-
lengths, or an adaptation to increase photoprotection,
given the extremely high concentration of CO, within the
stems (Levizou and Manetas 2007). When CO;



concentration around twigs was changed experimentally,
nonphotochemical quenching was higher at high CO,
than at low CO; (Manetas 2004) and this was associated
with the higher Car/Chl ratio in twigs relative to leaves
(Levizou and Manetas 2007).

It was thought that light can penetrate lenticels and
reach the chlorenchyma below the periderm or rhyti-
domal layers (Langenfeld-Heyser 1989, Pfanz et al.
2002). However, transmittance of the isolated periderms
from ten tree species was higher in the regions without
lenticels than that of the regions with lenticels (Manetas
and Pfanz 2005). Besides, a patchy acclimation of SRP
was found. The chlorenchymatous regions below lenticels
were found to show the shade acclimation, characterized
by a lower effective quantum yield of photosystem (PS) 11
(Dpsi), lower nonphotochemical quenching, and possibly
a higher risk of photoinhibition (Manetas and Pfanz
2005).

SRP has been evaluated indirectly by studying in vivo
Chl fluorescence in young branches, which allows
estimating the photochemical activity by determining the
quantum yield of PSII. Values of the maximum quantum
yield of PSII (F./Fn) and @psyi of leaves and stems of
several species in different seasons are shown in Table 5.

In F. sylvatica, stems and leaves have similar seasonal
patterns of F,/F,, when leaves are present, with slightly

The adaptive advantages of SRP

The first advantage, which comes to mind when dealing
with SRP, is the respiratory cost balance. When branches
are leafless, SRP can compensate the high percentage of
carbon lost by the respiration that may even increase
during unfavorable periods (Smith and Nobel 1986, Pfanz
et al. 2002).

The high CO, concentration in the stems may be
advantageous for the plant, mainly for two reasons: (/)
atmospheric CO, for photosynthesis is not required and
thus water loss is diminished, and (2) the photorespiration
is lower due to the higher CO,/O, ratio. In spite of this,
the extremely high CO; concentration in Prunus cerasus
combined with high PPFD (~500 umol m=2 s! for this
species) had a negative effect on the electron transport
rate due to the acidification of the stroma, thus the
electron transport rate decreased and the risk of the
photoinhibition increased due to the lower efficiency of
excess energy dissipation (Manetas 2004).

Even though the majority of plants have high CO,
concentrations in the stems, O, concentration can vary
widely, but it is usually lower than the atmospheric
concentration (Pfanz et al. 2002). Since O, is consumed
during the mitochondrial respiration, the concentration of
this gas can greatly decrease within the stem, with a
possible occurrence of hypoxia or even anoxia in extreme
cases (Pfanz et al. 2002). When this takes place, SRP
plays an important role in the production of O, and the
prevention of hypoxia within the stems.

STEM CO: FIXATION

lower values in stems than in leaves (Damesin 2003).
Stems of several species show the F,/Fy, ratios from 0.71
to 0.81, close to the maximum value (0.83) of healthy
leaves under optimal conditions (Bjérkman and Demmig
1987). In most species, the stem F./Fy, ratio decreased to
values lower than 0.5 during the winter, suggesting the
PSII photoinhibition at low temperatures (Damesin 2003,
Berveiller et al. 2007, Levizou and Manetas 2008).

Fire diminished CO, stem efflux in four species from
a north Australian tropical savanna; this was thought to
be the result of reduced availability of carbon substrates
for the respiration (due to the reduced canopy photo-
synthesis) and the allocation of fixed carbon to
reconstruct the new canopy (Cernusak et al. 2006).
Refixation by the photosynthetic bark of Eucalyptus
miniata reduces the respiratory carbon cost of sapwood
construction and maintenance, hence, the cost of
delivering water to leaves. At the ecosystem level, the
estimated reduction of the aboveground carbon loss was
7.4% (Cernusak et al. 2006).

More research should be done on environmental
variables affecting SRP. The portion of the net contri-
bution of CO, fixed through SRP to total biomass must be
also assessed accurately in the individual plant by
measurements of gas exchange, fluorescence, and carbon
isotope discrimination.

A recent finding of a novel tube system within the
photosynthetic cortex of Olea europaeca stems, with a
secondary growth but no rhytidoma, indicates a possible
way of a diffusion and gas exchange (CO, and H,O)
between the cortex and the atmosphere through the
lenticels (Kyriakis and Fasseas 2010).

SRP, although generally not large enough to
completely compensate and overcome the respiratory
carbon loss from internal tissues of the stem, has an
important advantage compared to SNP, since it occurs
with lower or no water loss. Therefore, one would expect
that stem WUE (calculated as Phrecycling/transpiration
rate) in SRP species should be higher than that corres-
ponding to SNP and even higher than in leaves. Stem
WUE of Pinus monticula was 50 times higher than leaf
WUE (Cernusak and Marshall 2000).

Possible advantages of SRP are highlighted in several
studies. In Populus tremuloides, SRP compensated sub-
stantially the respiratory carbon loss, with the reuptake of
29% of CO, respired annually (Foote and Schaedle
1976). Woody photosynthesis contributed to the stem and
the bud biomass in defoliated plants, as evidenced by the
organ growth and '3C enrichment of new tissues (Saveyn
et al. 2010). In Myrica cerifera, together with symbiotic
nitrogen fixation and evergreen leaves, an improvement
in the carbon use efficiency and WUE due to SRP
explains the rapid expansion of this shrub into grassy
swales of coastal environments (Vick and Young 2009).
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Table 5. Maximum quantum yield of PSII photochemistry (Fv/Fm), relative quantum yield of PSII photochemistry (®psu) at the
photosynthetic photon flux density (PPFD) of species with stem recycling photosynthesis. Values are mean £ SE when SE was

available.
PPFD
Species Organ Fv/Fm Dpsiy [pmol(photon) m2s™']  Reference
Fagus sylvatica leaf 0.81 Damesin (2003)
stem - spring 0.78
stem - winter 0.25
Prunus cerasus leaf 0.833£0.004 0.3 1,500 Manetas (2004)
stem 0.546 +£0.042  0.15 1,500
Arbutus unedo leaf 0.788 = 0.009 0.15 1,500
stem 0.615+£0.021 0.1 1,500
Pistacia lentiscus leaf 0.809 +0.013 0.2 1,500
stem 0.709 £0.024 0.1 1,500
Populus deltoides leaf 0.856 £0.002  0.35 1,500
stem 0.662+0.023 0.1 1,500
Quercus coccifera leaf 0.811+£0.003 0.3 1,500
stem 0.654+0.028 0.1 1,500
Prunus persica stem 0.77 £0.02 0.42 £ 0.07 330 Alessio et al. (2005)
Helleborus viridis leaf 0.77 £ 0.04 0.34 +0.04 850 Aschan et al. (2005)
stem 0.75 +0.03 0.21 £0.03 850
Alnus glutinosa stem - summer 0.82 Berveiller et al. (2007)
stem - winter 0.57
Betula pendula stem - summer 0.75
stem - winter 0.53
Fraxinus excelsior stem - summer 0.82
stem - winter 0.57
Ginkgo biloba stem - summer 0.75
stem - winter 0.31
Picea abies stem - summer 0.75
stem - winter 0.75
Pinus sylvestris stem - summer 0.82
stem - winter 0.80
Quercus robur stem - summer 0.80
stem - winter 0.55
Tilia cordata stem - summer 0.80
stem - winter 0.31
Olea europaea leaf 0.847 0.105+0.004 1,500 Filippou et al. (2007)
young stem 0.687 0.097 £0.004 1,150
mature stem 0.809 0.075+0.008 1,150
Calicotome villosa  leaf 0.79 0.35 Yiotis et al. (2008)
stem - spring 0.79 0.3
stem - summer 0.73 0.15
Median leaf 0.81 0.30
stem 0.69 0.10
stem - spring 0.78
stem - summer 0.80
stem - winter 0.55

A critique of methods used to determine SNP and SRP

Various methods used cause many difficulties when
assessing and comparing values of Pn.siem and Pnrecycling.
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One of these methods, *C-labeling, yields information on
the short-term gross rather than the net CO, fixation. The



use of strips from the stem outer layers may affect results
in an uncontrolled manner, given the change in a tissue
water status and gas diffusion as compared with those of
the intact stem. Measurements of O, evolution using O»
electrodes involve submerging bark strips in a solution,
which eliminates the natural diffusive barriers and
presumably also internal air spaces, no matter how small.

Conclusions and future perspectives

It becomes apparent from the above that SNP as well as
SRP has many roles in the physiology and ecophysiology
of a whole plant. These roles include: (/) maintaining
physiological activity under a water deficit, when most
species are leafless and the stem is the only organ
responsible for CO, assimilation; (2) being the sole
source of carbon used in the production of leaves,
flowers, and fruits in deciduous species during drought;
(3) reducing the amount of carbon released by nonphoto-
synthetic tissues due to internal CO, reassimilation,
which may even increase during unfavorable periods; and
(4) improving plant long-term integrated WUE because
of the lesser effect of the water deficit on the stem than
that in leaves. In summary, the presence of SNP and SRP
allows plants to respond better to different environmental
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