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ABSTRACT OF THE DISSERTATION 

 
 

Do Plants With Photosynthetic Stems Respond Differently to Drought? An 

Ecophysiological Evaluation of Desert Communities 

 

by 
 

 

Eleinis Alexandra Avila Lovera 

 

Doctor of Philosophy, Graduate Program in Evolution, Ecology and Organismal Biology 

University of California, Riverside, June 2018 

Dr. Louis Santiago, Chairperson 

 

 

In many plants from arid and semi-arid ecosystems in both temperate and tropical 

regions, green photosynthetic stems appear to have evolved as a response to water 

shortage at least during one period of the year. My work addresses the question of 

whether plants with photosynthetic stems respond differently to drought. In my first 

chapter I studied the coordination between photosynthesis and hydraulics in plants with 

photosynthetic stems in southern California. This topic is critical because photosynthetic 

stems have been proposed to be more tolerant to drought than leaves, and given the 

predictions of global climate change, plants in arid ecosystems may face die-back and 

eventual local extinction if they cannot cope with the detrimental effects of drought. 

Using drought survival traits, I can predict what species are more likely to survive 

extreme droughts. My second chapter addresses the question of how carbon and water 

dynamics differ in green versus non-green-stemmed plants. It is obvious that having 

photosynthetic stems increases the carbon gain of the whole plant, but what are the costs 

associated with it? They might have higher water costs than plants without green stems, 

raising the question of the existence of trade-offs in carbon and water resources in plants 
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with photosynthetic stems. I found that plants with green stems have the same carbon 

gain as plants without green stems, and both had the same water-use efficiency. However, 

cuticular conductance was higher in green stems than leaves and brown stems of non-

green-stemmed species, raising questions about the possible costs of having green stems 

in terms of water balance. In my third chapter I studied photosynthetic and hydraulic 

traits of plants with photosynthetic stems in a subtropical arid ecosystem in Mexico. I 

found that green stems had higher photosynthetic capacity than fleshy ones, but that 

fleshy stems had higher hydraulic capacity and water storage capacity. The results show 

that different photosynthetic stem syndromes can have different physiological outputs. 

Overall, green stem physiology resembles leaf physiology and the advantages of extra 

carbon gain are offset by water costs. 
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Introduction 

Leaves are the main photosynthetic organs in C3, C4 and some plants using crassulacean 

acid metabolism (CAM). Much is known about their physiological responses to changes 

in environmental variables (Cowan and Farquhar 1977; Pearcy and Ehleringer 1984), and 

how their carbon and water dynamics influence whole plant carbon balance and water 

relations (Cowan 1982; Lambers et al. 2008). However, in many deciduous plant species 

that remain leafless for part or most of the year in seasonally dry ecosystems, CO2 

fixation occurring in photosynthetic stems represents an important source for the carbon 

gain of the plants (Nilsen 1995). 

Plant species with photosynthetic stems can be classified as having either stem net 

photosynthesis (SNP) or stem recycling photosynthesis (SRP) (Ávila et al. 2014a, b). 

Stem net photosynthesis is similar to leaf photosynthesis in which atmospheric CO2 is 

assimilated after it has diffused through stomata on the epidermis. On the other hand, 

SRP serves as a re-assimilatory process where chlorenchyma under a suberized periderm 

assimilates CO2 that comes from the respiration of root and stem tissues. Mature woody 

plants with chlorenchyma and a stomata-bearing epidermis in the stem have green 

looking stems, and they increase their carbon gain through SNP. Trees with 

chlorenchyma and periderm reduce their carbon loss through SRP. Both types of 

photosynthesis have significant positive effects in the carbon economy of plants (Nilsen 

1995; Pfanz et al. 2002; Aschan and Pfanz 2003). 

Woody plants with green stems (and with SNP) are very common in desert and 

Mediterranean climate ecosystems (Gibson 1983; Nilsen and Sharifi 1994), where water 
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is typically the environmental factor limiting photosynthesis and growth (Schulze et al. 

1987; Chaves and Pereira 1992; Chaves et al. 2002; McDowell et al. 2008). This suggests 

that water is the main factor regulating the distribution of these plants, and that their 

green stems give them some advantages over non-green-stemmed plants in these arid and 

semi-arid ecosystems. However, this idea is based solely on generally greater 

photosynthetic water-use efficiency (WUE), the ratio of carbon gain to water loss when 

stomata are open, in green stems compared to leaves (Ehleringer et al. 1987; Smith and 

Osmond 1987; Nilsen and Sharifi 1997), and this hypothesis still requires testing based 

on plant water relations or behavior during drought. 

Having green stems (and SNP) can be advantageous in arid ecosystems because it 

provides extra carbon income to the plant, an extra income that other non-green-stemmed 

deciduous plants do not have.  During favorable periods of the year, both types of plants 

have their leaf stomata open for photosynthetic uptake of CO2, but open stomata also 

allow evaporative loss of water, producing a necessary trade-off between carbon gain and 

water loss (Cowan 1982). In stems of green-stemmed plants, the story is not different. 

Carbon uptake is followed by water loss, but little is known about the water costs of 

green-stemmed plants when comparing to non-green-stemmed plants during drought 

when stomata are closed. Even more important, is whether we can predict what will 

happen with these plants when facing more frequent, severe and longer droughts, then so-

called global-change-type droughts (Breshears et al. 2005), if we do not know about their 

physiology and how they respond to seasonal drought. 
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Little is known about the differences between syndromes of photosynthetic stems 

and how physiology can explain their distribution. Retamoid plants have green woody 

stems capable of performing stem net photosynthesis because of stomata on the stem 

epidermis that allows for atmospheric CO2 assimilation (Ávila et al. 2014b; Ávila-Lovera 

and Ezcurra 2016). Sarcocaulescent plants, or pachycauls, have enlarged fleshy stems 

with low density wood that serves as water storage, usually exfoliating bark, and green 

parenchyma (chlorenchyma) capable of doing stem recycling photosynthesis and in some 

occasions stem net photosynthesis (Ávila et al. 2014b; Ávila-Lovera and Ezcurra 2016). 

Because of their different morphology it is expected that they will be functionally 

different, and be able to respond to drought differently. 

The main question I investigated is “do plants with photosynthetic stems respond 

differently to drought?” To address this question, I set three specific questions, which 

comprise the three chapters of my dissertation: 

1. Do green stems behave like leaves in terms of coordinating photosynthesis and 

hydraulics? 

2. How do the carbon and water dynamics of green-stemmed plants compare to non-

green-stemmed plants? 

3. What are the photosynthetic and hydraulic capacities of green and fleshy stems?  
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Chapter one: Stem photosynthesis and hydraulics are coordinated in desert plant 

species 

 

Abstract 

Coordination between stem photosynthesis and hydraulics in green-stemmed desert 

plants is important for understanding the physiology of stem photosynthesis and possible 

drought responses. Plants with photosynthetic stems have extra carbon gain that can help 

cope with the detrimental effects of drought. I studied photosynthetic, hydraulic and 

functional traits of 11 plant species with photosynthetic stems from three California 

desert locations. I compared relationships among traits between wet and dry seasons to 

test the effect of seasonality on these relationships. Finally, I compared stem trait 

relationships with analogous relationships in the leaf economics spectrum. I found that 

photosynthetic and hydraulic traits are coordinated in photosynthetic stems. The slope or 

intercept of all trait relationships were mediated by seasonality. The relationship between 

mass-based stem photosynthetic CO2 assimilation rate (Amass) and specific stem area 

(SSA, stem surface area to dry mass ratio) was statistically indistinguishable from the leaf 

economics spectrum. These results indicate that photosynthetic stems behave like leaves 

in the coordination of multiple traits related to carbon gain, water movement and water 

loss. Because of the similarity of the stem Amass – SSA relationship to the leaf Amass – 

specific leaf area relationship, I suggest the existence of a photosynthetic stem economic 

spectrum. 
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1.1 Introduction 

The efficiency of the stem xylem to transport water to photosynthesizing tissue is of 

paramount importance in the life of plants. We know that water is the resource that most 

limits terrestrial productivity (Schulze et al. 1987; Chaves and Pereira 1992), and plants 

living where water is scarce need a suite of traits that allows them to persist in such harsh 

environments. Leaf photosynthetic traits for example are tightly related to the ability of 

stems to transport water (Brodribb and Feild 2000; Brodribb et al. 2002; Santiago et al. 

2004). This coordination implies that investment in stem hydraulic capacity is correlated 

with investment in leaf carbon gain potential in plants where leaves are the main 

photosynthetic organs. Having high stem hydraulic conductivity is only useful if leaves 

can capitalize on high water transport capacity in gaining carbon through a high stomatal 

conductance (gs). In some foliated plants, photosynthetic green stems are the organs 

responsible for most of the annual carbon assimilation (Ávila et al. 2014b). However, we 

do not know whether hydraulic capacity and carbon gain are related in the stems of these 

plants. In this regard, the main goal of this chapter was to evaluate the relationships 

between photosynthetic and hydraulic traits in green-stemmed plants from southern 

California desert ecosystems. 

Traits of leaf photosynthetic capacity, such as relative quantum yield of 

photosystem II (ΦPSII) (Brodribb and Feild 2000), electron transport rate (ETR) (Brodribb 

et al. 2002), and maximum leaf photosynthetic rate (Amax) (Santiago et al. 2004) have 

been found to be positively related to leaf-specific stem hydraulic conductivity (KL) in 

both tropical rainforests and dry forests. Also, soil to leaf hydraulic conductance (Kplant) is 
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positively correlated with leaf Amax and gs in ponderosa pine (Hubbard et al. 2001). All of 

these studies found positive correlations between leaf photosynthetic rate and stem 

hydraulic efficiency, and the mechanism coupling these traits appears to be leaf stomatal 

responses to changes in water potential (Ψ) brought about by changes in stem hydraulic 

conductance (Sperry 2000; Hubbard et al. 2001). High rates of stem water transport can 

maintain high leaf Ψ and gs, which in turn allow more diffusion of CO2 to the sites of 

carboxylation. This physiological coordination may be expected to occur in 

photosynthetic stems as well. Yet, the functional relationship between stem 

photosynthesis and hydraulic conductance has not been assessed. 

Woody plants with photosynthetic stems are common in dry and hot ecosystems 

worldwide (Gibson 1983, 1998; Nilsen 1995; Ávila et al. 2014b) and, as leaf area 

declines along aridity gradients, many plants increasingly rely on stem photosynthetic 

activity (Comstock et al. 1988; Smith et al. 2004). Plants with photosynthetic stems are 

represented in at least 35 dicotyledonous families and the gymnosperm family 

Ephedraceae (Gibson 1996), suggesting that the syndrome could have evolved more than 

once as an adaptation to life in arid environments (Ávila-Lovera and Ezcurra 2016). The 

presence of many species with photosynthetic stems in arid ecosystems suggests that 

photosynthetic stems confer some physiological advantages to plants bearing them, 

including: 1) extra carbon gain during periods of water deficit when many plants are 

leafless, thus extending the period for carbon gain (Osmond et al. 1987; Nilsen et al. 

1989; Nilsen and Bao 1990; Nilsen and Sharifi 1997); 2) balance of respiratory costs due 

to re-assimilation of CO2 (Pfanz et al. 2002; Aschan and Pfanz 2003), and 3) improved 
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water use efficiency because stem photosynthesis often occurs at higher water-use 

efficiency (WUE) than leaf photosynthesis (Ehleringer et al. 1987; Osmond et al. 1987; 

Nilsen and Sharifi 1997). This higher WUE can be critical for plant survival during 

periods of water stress, which can last several months in most North American warm 

deserts. 

Photosynthetic stems have positive effects on the carbon economy of plants 

through two main mechanisms. Photosynthetic stems can either assimilate atmospheric 

CO2 and contribute to the net carbon gain of the plant through the process of stem net 

photosynthesis, or decrease respiratory losses by recycling CO2 previously respired by 

roots and stems through the process of stem recycling photosynthesis (Ávila et al. 

2014b). In this chapter, I focused on foliated plants that have stem net photosynthesis, 

plants that have green and photosynthetic stems year round and have positive net CO2 

assimilation rates (Astem). There is no doubt that stem photosynthesis contributes to the 

carbon economy of plants, but little is known about the water use by these organs, and 

how hydraulic traits scale with stem photosynthesis. 

The main questions that I address in this chapter are: 1) Are photosynthetic and 

hydraulic traits coordinated in photosynthetic stems? 2) Are relationships between stem 

photosynthetic and hydraulic traits mediated by seasonality? 3) How do stem trait 

relationships compare with analogous relationships in the leaf economics spectrum? I 

hypothesized that there is a positive relationship between stem hydraulic capacity and 

stem photosynthesis mediated by gs and seasonality. In the dry season, when plants are 

leafless I expect a tighter relationship between stem hydraulics and photosynthesis. I also 
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expect that photosynthetic stems are similar to leaves in their relationships between 

carbon acquisition and functional traits. 

 

1.2 Materials and methods 

Study sites 

This study was conducted in three southern California locations: 1) a Sonoran Desert 

scrub in Boyd Deep Canyon Desert Research Center (DC), 2) a Mojave Desert-chaparral 

transitional ecosystem in Morongo Valley (MV), and 3) the University of California, 

Riverside (UCR) Botanic Gardens Desert Collection (BG), both in wet (winter) and dry 

(summer) seasons during 2014 – 2016. Boyd Deep Canyon is located at 299 m a.s.l. 

(33°41’5” N, 116°22’8” W) and has an annual average temperature of 23.7°C (average 

minimum of 17.8°C and average maximum of 29.5°C) and an annual precipitation of 

135.1 mm for the 1961-2015 period (http://www.wrcc.dri.edu/weather/ucde.html). 

Morongo Valley is located at 1000 m a.s.l. (34°2’12” N, 116°37’24” W) and has an 

annual average temperature of 17.6°C (average minimum of 9.3°C and average 

maximum of 25.1°C) and an annual precipitation of 184 mm for the 1991-2016 

(information for Yucca Valley, http://www.raws.dri.edu/wraws/scaF.html). The UCR 

Botanic Gardens is located at 440 m a.s.l. (33°58’14” N, 117°19’20” W) and has an 

annual average temperature of 18.1°C (average minimum of 10.2°C, and average 

maximum 26.1°C) and annual precipitation of 257 mm for the 1948-2005 period 

(http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?carvrc). Wet season measurements were 

taken between December and February, whereas dry season measurements were taken 
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between May and July in DC, and July and September for the other two sites. Soils are 

classified as an eutric fluvisol with loam texture at DC, a luvic yermosol with sandy loam 

texture at MV, and a chromic luvisol with sandy clay loam texture at BG based on 

(Batjes 2012). 

Plant species 

The 11 plant species selected are known to have green photosynthetic stems year round 

and are frequent in the warm deserts of North America (Table 1.1). All species are 

drought-deciduous shrubs or small trees, except for the three species of Ephedra, which 

have scales instead of leaves. The shrubby species are usually rounded bushes of less 

than 3 m height with many thin green twigs. The thin twigs (0.2 – 0.5 cm thickness) are 

the ones used for all the measurements. All species are native to California except 

Euphorbia xanti, which is native to central and southern Baja California, Mexico (Table 

1.1). 
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Table 1.1. List of species studied per location, family, symbol used in graphs, 

origin/growth form, and average height from The Jepson Desert Manual (Wetherwax 

2002), except for Euphorbia xanti, which was taken from Baja California Plant Field 

Guide (Rebman and Roberts 2012). 

 

 

Species Family Symbol Origin/growth 

 form 

Average  

height (m) 

Boyd Deep Canyon     

Ambrosia salsola Asteraceae  Native shrub < 2 

Bebbia juncea Asteraceae  Native shrub ≤ 3 

Ephedra aspera Ephedraceae ♂ Native shrub < 1.5 

Hoffmannseggia 

microphylla 

Fabaceae  Native shrub 0.5 – 2 

Justicia californica Acanthaceae ▲ Native shrub < 2 

Parkinsonia florida Fabaceae ▼ Native tree < 8 

Morongo Valley     

Ambrosia salsola Asteraceae  Native shrub < 2 

Ephedra californica Ephedraceae ★ Native shrub < 1.5 

Scutellaria mexicana Lamiaceae  Native shrub 0.5 – 1 

Thamnosma montana Rutaceae ♀ Native shrub 0.3 – 0.6 

UCR Botanic 

Gardens 

    

Ephedra nevadensis Ephedraceae  Native shrub < 1.3 

Euphorbia xanti Euphorbiaceae  Mexican shrub 3 

Justicia californica Acanthaceae  Native shrub < 2 

Parkinsonia florida Fabaceae  Native tree < 8 

 

 

Stem hydraulic conductance using the evaporative flux method 

Stem hydraulic conductance (Kstem) was measured in wet and dry seasons on twigs of 

four to six individuals of each species, using the evaporative flux method, which is 

commonly used to estimate leaf hydraulic conductance (Sack et al. 2002; Sack and 

Scoffoni 2012). Terminal sections of current-year photosynthetic twigs were collected 

from adult plants, the cut end wrapped in parafilm, and sealed in dark plastic bags inside 

an ice chest to be transported to the laboratory. In the laboratory, the twigs were cut under 
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20 mM KCl partially degassed solution. The cut end was submerged in this solution and 

allowed to fully rehydrate over night for c. 12 h. For wet season measurements, leaves 

were removed from the twig and the cuts covered with melted wax in order to avoid 

water loss through the wounds. During the dry season, twigs had no leaves. 

Once rehydrated, the twigs were recut under solution to a length of 10-12 cm, and 

connected to tubing filled with partially degassed 20 mM KCl solution. One end of the 

tubing was connected to the base of the twig section, and the other was placed in a 

reservoir containing the solution on a balance (±0.1 mg; Denver Instrument P-214; 

Sartorius, Bohemia, NY, USA). It is important to note that these were terminal twigs with 

only one cut end, the end connected to the tubing. The twig was positioned on top of a 

fan and under a light source (> 1200 μmol m-2 s-1 photosynthetic photon flux density; 

PPFD), that stimulated stomatal opening. The amount of water evaporated from the 

surface of the twig was recorded every 60 s on a computer synchronized with the balance. 

After reaching a maximum steady-state transpiration rate (Emax), usually after 30 min in 

the system, the twig continued transpiring 10 min before recording the last Emax 

measurements. The twig was then removed from the system and sealed in a hermetic 

plastic bag and placed in the dark for at least 20 min, to allow any Ψ gradients within the 

twig to equilibrate. After reaching equilibration, Ψ was rapidly measured using a pressure 

chamber (Model 1000; PMS Instrument Company, Alabny, OR, USA). Finally, stem 

projected area was measured with an area meter (Li-3100; Li-Cor Biosciences, Lincoln, 

NE, USA). The twig hydraulic conductance on a projected area basis (Kstem-area, mmol 

H2O m-2 s-1 MPa-1) was calculated as: 
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𝐾𝑠𝑡𝑒𝑚 =  
𝐸𝑚𝑎𝑥

−𝛥𝛹𝑠𝑡𝑒𝑚
        Eqn 1.1 

where Emax is the steady-state transpiration rate per unit of stem projected area (mmol 

H2O m-2 s-1) and -ΔΨstem (MPa) is the water potential driving flow (where ΔΨstem = Ψfinal - 

0 MPa according to (Sack and Scoffoni 2012)). The dry mass of the sample was also 

measured, so that Kstem could be expressed on a mass basis (Kstem-mass; mmol H2O g-1 s-1 

MPa-1). 

 These measures of hydraulic conductance differ from hydraulic conductivity (KH) 

measurements, in which only axial flow through a stem segment is measured (Sperry et 

al. 1988; Kolb et al. 1996), but is more appropriate for evaluating water supply capacity 

to support stem photosynthesis. Since Kstem was estimated through the determination of 

Emax, Kstem refers to a total stem hydraulic conductance, which includes xylem 

conductance (in the axial direction) that moves water vertically, and extra-xylary 

conductance (in the radial direction) that moves water horizontally from the xylem to the 

sites of evaporation. This is important for interpreting results of Kstem. 

From these measurements, it is also possible to estimate maximum gs (gs-max), gs 

associated to maximum Kstem, by determining the mole fraction stem-to-air vapor 

pressure difference (VPDstem). I measured air temperature and air relative humidity near 

the sample using a traceable digital hygrometer/thermometer (11-661-9, Fisher 

Scientific), and the stem temperature using a laser infrared temperature gun (Minitemp 

MT6, Raytek). With these parameters, VPDstem was determined using the equation in 

(Pearcy et al. 2000), and this value was used in the calculation of gs-max (mmol H2O m-2 s-

1) as follows: 
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𝑔𝑠−𝑚𝑎𝑥 =
𝐸𝑚𝑎𝑥

𝑉𝑃𝐷𝑠𝑡𝑒𝑚
         Eqn 1.2 

Stem cuticular conductance 

Cuticular conductance, also known as minimum epidermal conductance (gmin, sensu 

(Kerstiens 1996) was determined on twigs of six individuals per species during the late 

wet season and late dry season following the methods of (Sack and Scoffoni 2011) on 

PrometheusWiki. One 20 cm long twig section was chosen from each individual sampled 

and taken to the lab. Twig samples were cut to a length of 10 cm with a fresh razor blade, 

and cut ends were sealed with melted candlewax. The samples were taped to a shelf 

above a bench and placed near a fan, such that they swayed in the breeze for at least 1 h 

at PPFD of <10 μmol m-2 s-1 to induce stomatal closure. A traceable digital 

hygrometer/thermometer (11-661-9, Fisher Scientific) was placed next to the samples 

within the breeze, and air temperature and relative humidity were recorded at the 

beginning of each weighing cycle to determine the mole fraction air vapor pressure 

deficit (VPDmf). Samples were weighed for at least eight intervals of 20 min. A graph of 

sample mass versus time was obtained for each sample. These curves were linear most of 

the time. When they were not linear, they were concave down and the water lost per unit 

of time during the late linear portion, when all stomata have closed, was used to calculate 

gmin and taken to represent water loss after full stomatal closure. Values of gmin were 

calculated as transpiration rate (mmol H2O m-2 s-1) divided by VPDmf using the 

spreadsheet provided with the PrometheusWiki protocol, which was modified to estimate 

the total surface area of stems (Sack and Scoffoni 2011). 

Stem photosynthetic rate 
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Stem photosynthetic CO2 assimilation rate (Astem) was measured in the field in wet and 

dry seasons on intact twigs of six individuals per species using an open system infrared 

gas analyzer (Li-6400; Li-Cor Biosciences, Lincoln, NE, USA) between 0900 and 1200 

h. For each individual, Astem was measured in one intact twig of <0.5 cm of diameter 

using the 2×3 cm leaf chamber and clay-modeled gaskets that allowed hermetic seal. No 

leaks were found in the system using this protocol and the measurements were taken to 

be accurate. Measurements were performed at ambient temperature, which varied from 

16.28 – 35.65 °C in the wet season and from 22.86 – 44.09 °C in the dry season, 400 

μmol mol-1 of CO2 and 1500 μmol m-2 s-1 of PPFD provided by a red blue light source 

(6400-02B #SI-710, Li-Cor Biosciences) (Evans and Santiago 2014). After gas exchange 

measurements were taken, the stems were sectioned and transported to the lab, where 

projected area was measured using an area meter (Li-3100; Li-Cor Biosciences, Lincoln, 

NE, USA). Total stem surface area was determined by multiplying the projected area by 

π (3.14). Samples were then dried in an oven at 65°C for at least 48 h to obtain dry mass. 

Photosynthetic rate was expressed on a total surface area basis (Aarea) as well as a dry 

mass basis (Amass). 

Stem chlorophyll a fluorescence 

Fluorescence of chlorophyll a in stems was measured in wet and dry seasons on twigs of 

six individuals per species using a portable chlorophyll fluorometer (mini-PAM, Waltz, 

Germany) between 0900 and 1200 h. Minimum (F’0), stable (F) and maximum (F’m) 

fluorescence of light-adapted twigs were measured at the PPFD that induced the 

maximum electron transport rate (PPFDmax), which varied between 600 and 1200 μmol 
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m-2 s-1, depending on the species. Relative quantum yield of photosystem II (ΦPSII) and 

electron transport rate (ETR) were calculated using fluorescence data as follows: 

𝛷𝑃𝑆𝐼𝐼 =
(𝐹′𝑚−𝐹)

𝐹′𝑚
         Eqn 1.3 

𝐸𝑇𝑅 = 𝛷𝑃𝑆𝐼𝐼 × 𝑃𝑃𝐹𝐷 × 𝑎 × 0.5  (Krall and Edwards 1992)   Eqn 1.4 

where a is the fraction of light absorbed by the stem, which was considered to be 0.8, a 

value typical found in many non-succulent leaves (Demmig and Björkman 1987). 

Functional traits: specific stem area, specific bark area, wood density, stem surface area 

to xylem area ratio 

I define specific stem area (SSA) as a new term to represent the ratio between stem 

photosynthetic surface area and whole-stem dry mass. SSA was measured for each 

sample stem after each gas exchange measurement. Stems were sectioned and projected 

area was measured using an area meter (Li-3100; Li-Cor Biosciences, Lincoln, NE, 

USA). Stem surface area was determined by multiplying the projected area by π (3.14). 

Samples were then dried in an oven at 65°C for at least 48 h to obtain whole-stem dry 

mass. Specific stem area (cm2 g-1; SSA) was calculated as: 

𝑆𝑆𝐴 =
𝑆𝑡𝑒𝑚 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

𝑊ℎ𝑜𝑙𝑒−𝑠𝑡𝑒𝑚 𝑑𝑟𝑦 𝑚𝑎𝑠𝑠
       Eqn 1.5 

I define specific bark area (SBA) as a new term to represent the ratio between 

stem photosynthetic surface area and bark dry mass. One 4-cm long twig was selected 

from six individuals from each species and transported to the lab. Stem surface area was 

estimated as in SSA. The photosynthetic bark was removed from the twig and dried 
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separately from the wood and pith tissue in an oven at 65°C for at least 48 h to obtain dry 

mass. Specific bark area (cm2 g-1; SBA) was calculated as: 

𝑆𝐵𝐴 =
𝑆𝑡𝑒𝑚 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

𝐵𝑎𝑟𝑘 𝑑𝑟𝑦 𝑚𝑎𝑠𝑠
        Eqn 1.6 

Samples of branches longer than 25 cm were collected at the end of the dry 

season to estimate wood density (WD), stem surface area to xylem area ratio, and to 

establish functional relationships with hydraulic and photosynthetic traits. For WD, a 1 

cm-long stem segment was sectioned 25 cm from the tip of the branch, and the bark and 

pith (if present) were removed. Since the wood segments had a regular cylinder-shape, 

fresh volume was determined by measuring the diameter of the wood segments using a 

vernier caliper. The fresh volume was calculated as the volume of a cylinder (πr2L, where 

r is diameter/2, and L is 1 cm) and subtracting the volume of the pith if present. Dry mass 

was obtained after drying the wood segments in an oven at 100°C for at least 48 h. Wood 

density was calculated as dry mass divided by fresh volume. 

For stem surface area to xylem area ratio measurements, the same 25 cm-long 

branches were used. Xylem area was estimated by measuring the diameter of the xylem 

at 25 cm from the tip, and calculating the area of a circle (πr2, where r is diameter/2). If 

pith was present, its area was subtracted from the total xylem area. 

Statistical analyses 

Cross-species bivariate relationships among the photosynthetic, hydraulic and functional 

traits were assessed using Pearson’s correlation coefficients and a significance level of p 

≤ 0.05. These analyses were done using the “Hmisc” library and the “rcorr” function in R 

3.2.3. The correlation analyses were performed to assess the correlated structure of the 
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data and to choose correlated traits for further analyses. Since the data have errors in both 

the predictor and response variables, I used standard major axis (SMA) regressions in 

significant bivariate relationships to test whether wet and dry season slopes were 

significantly different, and, in the case of statistically indistinguishable wet and dry 

season slopes, to test for shifts in elevation (changes in y-intercept) or shifts along the 

common slope (changes in x-range and y-range) using SMATR software (Warton et al. 

2006). To evaluate the stem Amass – SSA relationship against the analogous relationship in 

the leaf economic spectrum, the SMA slope and intercept of the leaf Amass – SLA 

relationship was determined using the leaf “globamax” dataset (Maire et al. 2015), and 

compared for homogeneity against the SMA regression of stem Amass – SSA. 

STATISTICA 10 (StatSoft Inc.) was used to perform ANOVAs to test the effects of 

season, species and season×species interactions within sites for chlorophyll fluorescence 

traits. All plots were made using SigmaPlot 11 (Systat Software). 

 

1.3 Results 

I found substantial evidence for coordination between stem photosynthesis and stem 

hydraulic conductance. There was a positive relationship between Kstem and Astem when 

the traits were expressed on a dry mass basis (Kstem-mass and Amass; Fig. 1.1a). This 

relationship was found in both wet (r2 = 0.420, p = 0.017) and dry seasons (r2 = 0.542, p 

= 0.006), with no difference between slopes but with significant shift in the y-intercept 

(Table 1.2). Values of ΦPSII were also positively related with Kstem-mass, but only during 

the wet season (r2 = 0.439, p = 0.010). On the other hand, ETR was positively related 
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with Kstem, but only when this was expressed on an area basis and again only during the 

wet season (r2 = 0.339, p = 0.029). Also, there was a positive relationship between Kstem-

area and gs-max in wet (r2 = 0.581, p = 0.002) and dry seasons (r2 = 0.763, p < 0.0001) (Fig. 

1.1b, Table 1.2), and between Amass and gs-max in both wet (r2 = 0.296, p = 0.055) and dry 

seasons (r2 = 0.438, p = 0.019) (Fig. 1.2, Table 1.2). The coordination between Kstem-area 

and gs-max is expected and supports the idea that stomatal opening, and therefore 

photosynthesis, is constrained by hydraulic conductance in these photosynthetic stems. 
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Figure 1.1. Relationship between (a) mass-based stem hydraulic conductance (Kstem-mass) 

and mass-based photosynthetic rate (Amass), and between (b) area-based stem hydraulic 

conductance (Kstem-area) and maximum stomatal conductance (gs-max) of green-stemmed 

species from Boyd Deep Canyon, Morongo Valley and the UCR Botanic Gardens during 

wet (closed symbols) and dry (open symbols) seasons. Symbols represent species means, 

and error bars represent standard error in both x and y variables for each season. The 

SMA regression lines are also shown: solid for wet season, and dotted for dry season. 

Results of SMA regression analyses are presented in table 1.2. 
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Table 1.2. Tests for common slope, shifts in intercept, and shifts along a standardized major axis with a common slope for 

main relationships among stem traits in wet and dry seasons. Traits are: maximum stomatal conductance (gs-max; mmol m-2 s-1), 

photosynthetic photon flux density inducing maximum electron transport rate (PPFDmax; µmol m-2 s-1), stem photosynthetic 

rate in area basis (Aarea; µmol m-2 s-1), stem photosynthetic rate in mass basis (Amass; nmol g-1 s-1), stem hydraulic conductance 

in mass basis (Kstem_mass; mmol g-1 s-1 MPa-1), stem hydraulic conductance in area basis (Kstem_area; mmol m-2 s-1 MPa-1), specific 

stem area (SSA; cm2 g-1), specific bark area (SBA; cm2 g-1), dry season cuticular conductance in area basis (gmin; mmol m-2 s-

1). Values in bold indicate a statistically significant test. 

 

y x Slope   Intercept    

  Wet Dry Heterogeneity 

of slope 

Wet Dry Shift in  

intercept 

Shift along  

common slope 

Amass Kstem-mass 936.2 1082.6 p = 0.654 -29.26 8.97 p = 0.0001 p = 0.259 

gs-max Kstem-area 15.845 4.472 p = 0.001 -148.30 59.56   

Amass gs-max 0.264 0.802 p = 0.005 -47.36 -55.46   

Kstem-mass SSA 9.59x10-4 2.50x10-3 p = 0.011 9.50x10-5 -0.07   

Amass SSA 0.898 2.702 p = 0.003 -29.17 -61.95   

Kstem-mass BSA 8.48x10-4  9.54x10-4 p < 0.001 -0.02 -0.03   

Amass BSA 0.794 1.029 p < 0.001 -49.54 -12.78   

gs-max PPFDmax 0.579 0.302 p = 0.034 -108.93 -50.82   

Aarea PPFDmax 0.015 0.063 p = 0.003 -6.01 -26.75   

Aarea Dry season gmin 0.488 1.216 p = 0.006 -0.65 1.24   

Amass  Dry season gmin 4.914 6.659 p < 0.001 -23.10 -5.10   
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Figure 1.2. Relationship between maximum stomatal conductance (gs-max) and mass-

based photosynthetic rate (Amass), of green-stemmed species from Boyd Deep Canyon, 

Morongo Valley and the UCR Botanic Gardens during wet (closed symbols) and dry 

(open symbols) seasons. Symbols represent species means, and error bars represent 

standard error in both x and y variables for each season. The SMA regression lines are 

also shown: solid for wet season, and dotted for dry season. Results of SMA regression 

analyses are presented in table 1.2. 

 

 Values of Kstem-mass and Amass were positively related with both SSA (Fig. 1.3a-b) 

and SBA, with plant species with long and thin twigs (high SSA) having higher values of 

Kstem-mass (Fig. 1.3a) and Amass (Fig. 1.3b). Responses of Kstem-mass and Amass to SBA were 

similar in their significance, slopes and intercepts, to responses of Kstem-mass and Amass to 

SSA (Table 1.2). These relationships were found in both wet and dry seasons with 

significantly steeper slopes in both cases during the dry season (Table 1.2). 
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Figure 1.3. Relationship between (a) stem specific area (SSA) and mass-based stem 

hydraulic conductance (Kstem-mass), and between (b) SSA and mass- based photosynthetic 

rate (Amass) of green-stemmed species from Boyd Deep Canyon, Morongo Valley and the 

UCR Botanic Gardens during wet (closed symbols) and dry (open symbols) seasons. 

Symbols represent species means, and error bars represent standard error in both x and y 

variables for each season. The SMA regression lines are also shown: solid for wet season, 

and dotted for dry season. Results of SMA regression analyses are presented in table 1.2. 
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Maximum stomatal conductance, measured with the evaporative flux method, and 

Aarea were positively correlated with the PPFD inducing maximum ETR (Fig. 1.4a-b). 

The relationship between gs-max and PPFDmax was found in both wet (r2 = 0.557, p = 

0.002) and dry seasons (r2 = 0.389, p = 0.017) (Fig. 1.4a), with the slope of the 

relationship being significantly greater during the wet season (Table 2). The relationship 

between Aarea and PPFDmax was significant only during the dry season (r2 = 0.333, p = 

0.049) (Fig. 1.4b). 

Traits of chlorophyll fluorescence were not compared across sites because of 

differences in climate and soil characteristics but also because of different species 

composition. Within sites, there was no effect of season, species or season×species 

interaction in ΦPSII or ETR in DC and MV, while there was a significant effect of season 

on both traits in BG (for ΦPSII: F1, 39 = 45.04, p < 0.0001; for ETR: F1, 39 = 47.96, p < 

0.0001), with higher values in the dry season than in the wet season (Table 1.3). 
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Figure 1.4. Relationship between (a) photosynthetic photon flux density inducing 

maximum electron transport rate (PPFDmax) and maximum stomatal conductance (gs-max), 

and between (b) PPFDmax and area-based photosynthetic rate (Aarea) of green-stemmed 

species from Boyd Deep Canyon, Morongo Valley and the UCR Botanic Gardens during 

wet (closed symbols) and dry (open symbols) seasons. Symbols represent species means, 

and error bars represent standard error in both x and y variables for each season. The 

SMA regression lines are also shown: solid for wet season, and dotted for dry season. 

Results of SMA regression analyses are presented in table 1.2. 
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Values of gmin ranged from 1.11 mmol m-2 s-1 in Ephedra nevadensis in BG in the 

wet season to 20.49 mmol m-2 s-1 in Ambrosia salsola in MV in the dry season. Mean wet 

season gmin was significantly lower than dry season gmin for all species (4.37 vs. 9.02 

mmol m-2 s-1; t13 = -4.33, p = 0.0008). Wet season gmin was found to be correlated to dry 

season gmin (r = 0.84, p < 0.001), so only dry season gmin data is shown. Dry season gmin 

was found to be related with stem Aarea in both wet (r2 = 0.566, p = 0.003) and dry (r2 = 

0.339, p = 0.047) seasons (Fig. 1.5a). Dry season gmin was also related to Amass in both 

wet (r2 = 0.373, p = 0.027) and dry (r2 = 0.409, p = 0.025) seasons (Fig. 1.5b), indicating 

that the cost of water loss through the permeable cuticle increases with the benefit of high 

rates of stem photosynthetic CO2 assimilation. 

The SMA slope of the dry season relationship between stem Amass and SSA 

(2.102) was significantly greater than the SMA slope of the relationship between leaf 

Amass and SLA of 1.299 derived from the “globamax” dataset (F = 7.786, p = 0.019). 

However, the SMA slope of the wet season Amass – SSA relationship (0.898) was not 

significantly different from the Amass – SLA SMA “globamax” slope of 1.299 (F = 4.294, 

p = 0.063), indicating that during the wet season, an increase in one cm2 per g of stem dry 

mass increases photosynthetic rate to a similar degree as one cm2 per g of dry leaf mass. 

Wood density was only correlated with stem cross sectional area (r = -0.60, p = 

0.023) and stem diameter in the dry season (r = -0.72, p = 0.009), with plants having 

thick stems also having low density wood.
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Table 1.3. Relative quantum yield of PSII (ΦPSII), electron transport rate (ETR), and photosynthetic photon flux density 

inducing maximum ETR (PPFDmax) for the species studied in both wet and dry seasons. Values are mean of six replicates ± 

standard error. For Ephedra aspera, only one individual was found and it was not included in the one-way ANOVA. Same 

letters within rows indicate no statistical difference in values between seasons. 

 

 

Species ΦPSII ETR  

(µmol m-2 s-1) 

PPFDmax  

(µmol m-2 s-1) 

 Wet Dry Wet Dry Wet Dry 

Boyd Deep Canyon       

Ambrosia salsola 0.180 ± 0.026a 0.181 ± 0.020a 45.38 ± 4.25a 46.62 ± 5.05a 657.7 ± 100.1a 616.0 ± 0a 

Bebbia juncea 0.176 ± 0.015a 0.150 ± 0.013a 43.25 ± 0a 38.62 ± 3.43a 616.2 ± 111.5a 616.0 ± 0a 

Ephedra aspera 0.125 0.187 58.40 87.50 1115.0 1115.0 

Hoffmannseggia 

microphylla 

0.115 ± 0.008a 0.131 ± 0.014a 40.43 ± 4.42a 33.77 ± 3.59a 865.5 ± 111.6a 616.0 ± 0a 

Justicia californica 0.117 ± 0.015a 0.159 ± 0.039a 33.35 ± 4.33a 35.10 ± 4.30a 740.8 ± 124.7a 616.2 ± 111.5a 

Parkinsonia florida 0.142 ± 0.011a 0.142 ± 0.020a 49.12 ± 3.71a 32.80 ± 3.17a 865.5 ± 111.6a 616.2 ± 111.5a 

Mean ± SE 0.145 ± 0.008a 0.152 ± 0.010a 48.83 ± 2.15a 38.66 ± 2.44a 760.9 ± 50.1a 632.2 ± 32.6a 

Morongo Valley       
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Ambrosia salsola 0.106 ± 0.013a 0.114 ± 0.017a 25.15 ± 3.51a 32.90 ± 5.98a 574.5 ± 41.5a 668.7 ± 156.1a 

Ephedra californica 0.102 ± 0.015a 0.141 ± 0.020a 26.40 ± 3.86a 34.13 ± 5.91a 616.0 ± 0a 782.3 ± 105.2a 

Scutellaria mexicana 0.121 ± 0.028a 0.107 ± 0.028a 31.27 ± 7.17a 31.27 ± 6.88a 616.0 ± 0a 806.5 ± 147.7a 

Thamnosma montana 0.125 ± 0.016a 0.115 ± 0.020a 32.23 ± 4.05a 34.20 ± 3.47a 616.0 ± 0a 723.3 ± 135.9a 

Mean ± SE 0.114 ± 0.009 0.119 ± 0.010 28.76 ± 2.36 30.94 ± 2.67 605.6 ± 10.4 745.2 ± 65.1 

UCR Botanic Gardens       

Ephedra nevadensis 0.097 ± 0.009a 0.248 ± 0.034a 24.92 ± 2.44a 60.37 ± 10.44a 616.0 ± 0a 616.2 ± 111.5a 

Euphorbia xanti 0.088 ± 0.011a 0.261 ± 0.065a 13.27 ± 1.81a 45.28 ± 7.95a 373.5 ± 52.9a 474.0 ± 65.4a 

Justicia californica 0.051 ± 0.009b 0.262 ± 0.061a 7.62 ± 1.63b 73.23 ± 18.27a 397.5 ± 71.1a 723.3 ± 135.9a 

Parkinsonia florida 0.050 ± 0.010b 0.391 ± 0.081a 10.46 ± 1.63b 54.20 ± 10.12a 545.2 ± 70.8a 402.5 ± 97.2a 

Mean ± SE 0.072 ± 0.006 0.290 ± 0.032 14.22 ± 1.65 58.27 ± 6.13 480.4 ± 33.8 554.0 ± 55.7 
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Figure 1.5. Relationship between (a) dry season stem cuticular conductance (gmin) and 

area-based photosynthetic rate (Aarea), and between (b) gmin and mass-based 

photosynthetic rate (Amass) of green-stemmed species from Boyd Deep Canyon, Morongo 

Valley and the UCR Botanic Gardens during wet (closed symbols) and dry (open 

symbols) seasons. Symbols represent species means, and error bars represent standard 

error in both x and y variables for each season. The SMA regression lines are also shown: 

solid for wet season, and dotted for dry season. Results of SMA regression analyses are 

presented in table 1.2. 
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1.4 Discussion  

These results indicate substantial coordination between photosynthetic capacity and 

hydraulic efficiency. The positive relationships found between Amass and Kstem-mass and 

between gs-max and PPFDmax, demonstrating how photosynthetic and hydraulic traits are 

coordinated in the photosynthetic stems of desert plant species from southern California. 

I also found that the relationship between Amass and SSA is similar to the leaf economic 

spectrum (Wright et al. 2004). The photosynthetic-hydraulic coordination in stems is as 

important as in leaves because most of these plants rely on their stems for assimilating 

carbon year, likely affecting whole plant carbon balance and performance. When leaves 

were absent during the dry season stems continued to assimilate CO2 at even higher rates 

than during the wet season, probably because of seasonal acclimation to higher light 

availability and warmer temperatures (Kitajima et al. 1997).  One of the first works on 

stem photosynthetic responses to temperature on Parkinsonia florida showed that stems 

maintained their Aarea near its maximum value over a broad range of temperatures (20-

40°C) (Adams and Strain 1968). This characteristic is significant in the maintenance of 

metabolism during the leafless period, which is also the period of high temperature, and 

the decrease in shading after leaf loss increased the light interception by the stems 

promoting continued CO2 assimilation. Therefore, these results offer strong support that 

the principles of investment in photosynthetic capacity and structure in leaves apply to 

photosynthetic stems as well. 

 The coordination found between Amass and Kstem-mass and gs and Kstem-area is in 

agreement with previous findings relating stem or whole-plant hydraulic conductance 
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with leaf photosynthesis and gs in plants from different ecosystems (Meinzer et al. 1995; 

Brodribb and Feild 2000; Sperry 2000; Hubbard et al. 2001; Brodribb et al. 2002; 

Santiago et al. 2004), suggesting that stem photosynthesis is also constrained by stem 

water transport capacity. The coupling between stem Amass and Kstem-mass is expected to be 

stronger, with different slopes and intercepts during the dry season compared to the wet 

season, because when leaves are present stems are transporting water for both 

downstream leaf processes and for local stem photosynthesis. The coefficient of 

determination (r2) and the y-intercept of the Amass – Kstem-mass relationship is higher during 

the dry season, supporting the idea that relationships among stem photosynthesis and 

hydraulic function are mediated by seasonality and that stronger coordination exists 

between stem photosynthetic and hydraulic traits in the dry season than during the wet 

season, consistent with the need to transport water for both leaf and stem photosynthesis 

during the wet season, while during the dry season the water moved by the stem is only 

used in stem photosynthesis. This has implications for plants facing future climate 

change, because losses of hydraulic conductivity could limit carbon gain through the 

stem and possibly remove the advantage of having this extra photosynthetic organ. In this 

situation, higher maintenance costs of photosynthetic pigments and enzymes should be 

expected in plants with photosynthetic stems than in plants without photosynthetic stems. 

More work on the costs and benefits of having photosynthetic stems in terms of carbon 

gain and water loss is needed to better understand their physiology and their possible 

responses to future or present climate change. 
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 A huge body of research suggest that having photosynthetic stems is 

advantageous for plants living in hot and dry ecosystems (see recent reviews Ávila et al. 

2014; Vandegehuchte et al. 2015; Cernusak and Cheesman 2015). The stem 

photosynthetic contribution to whole plant carbon gain is usually high and this 

contribution has been measured before in some of the species studied here (Comstock et 

al. 1988). Two of these species did not rely highly on stem photosynthesis during most of 

the year; these were A. salsola in which the contribution of the stem was 0% in late 

August and reached a maximum of 44% in late May, and Bebbia juncea, which had a 

minimum of 2% during June-October and a maximum of 56 % in late March (Comstock 

et al. 1988). In other species, namely Scutellaria mexicana and Thamnosma montana, the 

contribution of the stem was larger and the contribution of leaves was significantly lower 

than in the other species studied; in S. mexicana and T. montana the stem contribution 

ranged from 17% in late August to a maximum of 67% in late May (Comstock et al. 

1988). The stem contribution to whole-plant carbon gain in multiple species have been 

estimated to range from 23 to 100% (Ávila et al. 2014b). 

In general, stems are thought to have higher WUE than leaves, but this 

relationship has only been evaluated on a limited amount of available data (Santiago et al. 

2016). I did not measure leaves in this study, but an extensive literature review including 

my stem data suggests that stem intrinsic WUE is higher in stems than in leaves (Ávila-

Lovera E, unpublished data). Also, carbon isotopic composition tends to be higher in 

stems than in leaves, suggesting that stems may have a higher long-term integrated WUE 

(Ehleringer et al. 1987; Osmond et al. 1987; Smith and Osmond 1987; Nilsen and Sharifi 
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1997), although some of this effect is likely due to within-plant carbon isotopic 

fractionation (Cernusak et al. 2009). Desert plants with green stems may have access to 

water year round considering their presence in desert washes (Adams and Strain 1968; 

Gibson 1996). Furthermore, if they access groundwater in spring and fall seasons (Allen 

ME et al., unpublished data), and the stem contribution to whole plant carbon gain is 

relatively high, there may be a greater selection on these stems to maximize carbon gain 

than to minimize water loss (Gibson 1998). Values of gs and E are usually lower in stems 

than in leaves of the same species (Osmond et al. 1987; Smith and Osmond 1987; 

Comstock and Ehleringer 1988; Nilsen and Bao 1990; Franco-Vizcaíno et al. 1990; 

Tinoco-Ojanguren 2008), but the stems may lose more water through the cuticle. From an 

extensive literature survey (201 species, (Kerstiens 1996), mean leaf gmin is 5.40 mmol m-

2 s-1, which is lower than the dry season stem gmin of 9.02 mmol m-2 s-1 found in this 

study, but higher than the wet season stem gmin of 4.37 mmol m-2 s-1. The overall mean 

stem gmin for both seasons of 6.69 mmol m-2 s-1 in this study was also higher than the 

periderm permeability found in different tree and crop species (mean of 2.42 mmol m-2 s-

1;  (Schönherr and Ziegler 1980; Vogt et al. 1983; Garrec and Barrois 1992; Lulai and Orr 

1994; Lulai et al. 1996; Groh et al. 2002; Schreiber et al. 2005; Kocurek et al. 2015). This 

suggests that during periods of low water availability where stomata are partially or fully 

closed, water loss through the stem cuticle can be significant. Although gmin measured 

here is cuticular conductance to water, CO2 could possibly move through the cuticle if 

there is a concentration gradient between the atmosphere and the stem cortex intercellular 

air spaces. The positive relationships between Aarea and Amass with dry season gmin 
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partially support this idea (Table 1.2). Stomatal conductance measured in the field 

showed small values, usually in the order of magnitude of gmin. With such small values of 

gs, gmin might significantly contribute to the movement of CO2 from the atmosphere to the 

intercellular air spaces, significantly increasing the rate of photosynthesis. 

 Most of the relationships between hydraulic and photosynthetic traits with 

functional traits were significant only when using mass-based values. This has also been 

found in nine temperate tree species exhibiting stem recycling photosynthesis (Berveiller 

et al. 2007). Massive and thick stems with low SSA and SBA have a higher proportion of 

wood and pith tissue than bark, which can explain their lower photosynthetic capacity. 

Thick stems also have relatively low Kstem, which may be partly due to their higher WD 

(although the negative relationship between Kstem and WD was not statistically significant 

in this study), and to the low conductance of extra-xylary tissue. The trait Kstem as 

measured here combines conductance of two types of tissue: 1) xylem and 2) 

cambium/phloem/parenchyma tissues, the latter not being specialized for conducting 

water. Bark thickness was estimated from measurements of twig and xylem diameter and 

it was found to be negatively related with Emax, gs-max and Kstem-area, and recent work has 

shown the role of other anatomical and functional traits of leaf parenchyma on leaf 

hydraulic conductance (Aasamaa et al. 2005; Sack et al. 2015). 

Specific stem area (SSA) and SBA are terms that I am introducing to refer to the 

ratio of stem photosynthetic surface area to whole-stem dry mass and to bark dry mass, 

respectively. As with SLA, SSA and SBA reflect investment of mass in capturing light 

and are expected to be associated with photosynthetic capacity and life span (Reich et al. 
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1997; Wright et al. 2004). I found a positive relationship between Amass and SSA and 

SBA, similar to the worldwide leaf economic spectrum, which runs from a fast (high SSA 

and SBA) to a slow (low SSA and SBA) return on investment of dry mass, and directly 

influences photosynthetic capacity. Furthermore, the slope of the Amass – SSA relationship 

during the wet season was similar to the global leaf Amass – SLA relationship, indicating 

that stems are similar to leaves in terms of investment in structure and function. This is 

true not only for species with stem net photosynthesis (this study), but also for species 

with stem recycling photosynthesis (Berveiller et al. 2007). Assuming that life span 

depends on how the organs are built, it is expected that SSA and SBA could be related 

with stem life span, nitrogen and phosphorus concentration, and dark respiration 

(Berveiller et al. 2007). 

Wood density has been found to be negatively correlated with KL and Kplant in 

some plants (Santiago et al. 2004; Anderegg and Meinzer 2015) but not in others 

(Mitchell et al. 2008; Pivovaroff et al. 2014; De Guzman et al. 2017). In this study, WD 

was not correlated with either Kstem-area or Kstem-mass. Wood density determines stem 

mechanical strength (Zanne et al. 2010), and has been found to be negatively related with 

Ψ at which 50% of sapwood-specific hydraulic conductivity (KS) is lost (P50) (Jacobsen 

et al. 2007), with species having high WD also having low P50. I did not measure P50 

but based on the global relationship between WD and P50 (Gleason et al. 2016), it is 

possible that stems with high WD, those with small stem diameters, are also more 

resistant to xylem cavitation and are able to continue transporting water at low Ψ. 
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These results indicate that photosynthetic stems behave like leaves in the 

coordination of multiple traits related to carbon gain and water movement and loss. Such 

similarity is potentially advantageous because we may be able to extend our knowledge 

of leaf physiology and the leaf economic spectrum to better understand photosynthetic 

stem physiology. Furthermore, understanding seasonal changes in photosynthetic 

capacity and hydraulics can help in predicting green-stemmed plant responses to global-

change-type droughts. Whereas numerous models are now being parameterized for 

predicting drought-induced mortality of woody plants (Joetzjer et al. 2014; Christoffersen 

et al. 2016), most of these do not incorporate the contribution of stems and may benefit 

from including stem-derived carbon balances for plants during drought. 
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Chapter two: Costs and benefits of green photosynthetic stems in desert species 

from southern California 

 

Abstract 

Plants with woody green stems are common in dry woodlands with the possible 

advantages of extra carbon gain, re-assimilation of CO2, and high water-use efficiency. 

However, their green stem tissue may also incur greater costs of water loss when stomata 

are closed. My study focused on evaluating the costs and benefits of having green stems 

in desert plants, addressing the water-use efficiency hypothesis. I measured water status, 

carbon and water exchange, and carbon, nitrogen and oxygen isotopic composition in 15 

species, in a desert wash scrub in Joshua Tree National Park, California, USA. I found 

that all woody species with green stems had small leaves in February-April 2016 and did 

not have any leaves April 2016-January 2017, indicating that these plants relied on their 

green stems as the sole organ for carbon assimilation for most of the study period. Green 

stems had higher photosynthetic rate (A), stomatal conductance (gs) and cuticular 

conductance (gmin) than leaves of non-green-stemmed plants. This yielded similar values 

of intrinsic water-use efficiency (WUEi) in green stems and leaves of non-green-stemmed 

species. I also found that green stems appear to lose more water through their cuticle than 

leaves or non-green stems. My results raise questions about the possible trade-off 

between carbon gain and water loss through the cuticle in green stems and how this may 

affect plant responses to current and future droughts. 
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2.1 Introduction 

Plants with woody green stems are found in hot, dry habitats with high irradiance 

(Gibson 1983), which includes Mediterranean ecosystems, subtropical warm deserts and 

tropical arid lands worldwide. There is some evidence that green stems confer advantages 

to plants bearing them, including extra photosynthetic carbon gain, re-assimilation of 

respired CO2, and high water-use efficiency compared to leaves. There is enough support 

for the first and second advantages (Mooney and Strain 1964; Adams et al. 1967; 

Ehleringer et al. 1987; Nilsen et al. 1989; Nilsen and Bao 1990; Pfanz et al. 2002; Aschan 

and Pfanz 2003; Tinoco-Ojanguren 2008), but in terms of water-use efficiency the data is 

more limited (Ehleringer et al. 1987; Osmond et al. 1987; Nilsen and Bao 1990; 

Comstock and Ehleringer 1992; Nilsen and Sharifi 1997; Santiago et al. 2016). Water-use 

efficiency is an important trait that expresses carbon gain per unit of water lost, and is a 

critical economic trait for plants living in arid ecosystems. However, not all arid-land 

plant species have green stems, suggesting there could be costs associated with having 

green stems. My study focused on evaluating the carbon gain and water loss costs and 

benefits of having green photosynthetic stems in plants from a desert ecosystem in 

southern California. 

 There are data supporting the idea that green stems are more water-use efficient 

than leaves, and this has been shown with both gas exchange (Osmond et al. 1987; 

Comstock and Ehleringer 1988) and carbon isotope composition (δ13C) of photosynthetic 

tissues (Ehleringer et al. 1987, 1992; Comstock and Ehleringer 1992; Nilsen and Sharifi 

1997). However, green stems have moderate transpiration rates and stomatal 
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conductance, similar to leaves on the same plant (Comstock and Ehleringer 1988). 

Because of the large surface area of green stems, their water requirement is high, which 

explains why the majority of the species inhabit desert washes and water drainage 

channels, or have very deep roots (e.g. phreatophytes such as Olneya tesota) (Gibson 

1998). Furthermore, plants can also lose water through their cuticles, although not as fast 

as through their open stomata (Kerstiens 1996). Like leaves, green stems are covered by 

an epidermis (Cannon 1908; Gibson 1983), and may lose more water through the cuticle 

than non-green stems, which instead are covered by a suberized periderm. Previous work 

has shown that green stem cuticular conductance can have values in the same range as 

field measures of stomatal conductance (Ávila-Lovera et al. 2017a), and this influences 

whole-plant water loss rates. Water loss becomes even more important in periods of 

water deficit, when low soil water availability limits photosynthesis and stomatal 

conductance, and cuticular conductance can vary throughout the year (Ávila-Lovera et al. 

2017a). 

 It is intuitive to think that plant species with both leaves and green stems may 

have greater annual carbon income than plants with only leaves. However, all plants 

known to have green stems inhabiting desert ecosystems are drought-deciduous, so that 

they only have leaves and stems photosynthesizing together during a short period of time 

at the beginning of the growing season, corresponding to March-May in the Northern 

Hemisphere. During this time, leaf and stem areas and maximum photosynthetic rates are 

similar for both organs (Adams et al. 1967; Adams and Strain 1968; Smith and Nobel 

1986). However, further work has shown that stem photosynthetic rates can be on 
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average 60% of leaf photosynthetic rate (Ávila et al. 2014b), and these rates are 

maintained throughout the dry season (Ávila-Lovera et al. 2017a). This may give an 

advantage to green-stemmed plants over other drought-deciduous species that do not 

have this extra carbon gain during the dry season. This extra carbon gain has been shown 

to be used for plant bud development, flowering, and recovery after herbivory (Bossard 

and Rejmanek 1992; Tinoco-Ojanguren 2008; Saveyn et al. 2010). More recently, it has 

been suggested that stem photosynthesis (woody tissue photosynthesis, (Saveyn et al. 

2010)) contributes to maintenance of hydraulic function (Schmitz et al. 2012; Bloemen et 

al. 2016) through sugar-mediated synthesis of surfactants and proteins (De Baerdemaeker 

et al. 2017). Furthermore, within the same species, populations from habitats with higher 

leaf-to-air water vapor gradient rather than lower annual precipitation produce 

proportionally more twigs than leaves, indicating that arid habitat populations rely on 

stem photosynthesis at expense of leaf photosynthesis (Comstock and Ehleringer 1992). 

These green stems have lower discrimination against 13C (Δ) than leaves, suggesting a 

tighter stomatal control (Comstock and Ehleringer 1992). These results indicate that stem 

photosynthesis performs better than leaf photosynthesis in very dry habitats, but this 

“water-saving” strategy may not be an advantage in wetter habitats. 

 The use of carbon (δ13C) and oxygen (δ18O) stable isotope composition in organic 

matter of photosynthetic tissues has proven to be effective to distinguish the effects of 

photosynthesis (A) and stomatal (gs) on leaf δ13C (Scheidegger et al. 2000). During 

photosynthesis, CO2 diffuses into the leaf (or stem) through open stomata, and there is 

discrimination against 13C during diffusion and fixation by Rubisco. When stomata close, 
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leaf internal CO2 cannot be replenished by atmospheric CO2 and discrimination against 

13C decreases, leading to enriched values of δ13C. This low ratio of intercellular CO2 

concentration (or partial pressure) (Ci) relative to atmospheric CO2 concentration ratio 

(Ca), Ci/Ca, is related to high values of intrinsic water-use efficiency (A/gs; WUEi) and 

δ13C, hence δ13C is a measure of integrated, long-term WUE (Farquhar et al. 1982, 1989; 

Farquhar and Richards 1984). Values of δ13C in photosynthetic tissue can help determine 

possible differences in long-term WUE between leaves and green stems. Several studies 

have found lower Ci values in green stems than leaves (Osmond et al. 1987; Comstock 

and Ehleringer 1988), leading to differences in discrimination and consequently higher 

δ13C values in green stems (Ehleringer et al. 1987; Smith and Osmond 1987; Farquhar et 

al. 1989; Nilsen and Sharifi 1997). On the other hand, organic matter δ18O depends on 

source water δ18O, evaporative enrichment and biochemical fractionation during 

incorporation (Scheidegger et al. 2000). Assuming plants use the same soil water source 

and there are no differences in biochemical fractionation among species, differences in 

δ18O are mainly due to differences in evaporative enrichment (Scheidegger et al. 2000), 

which depends on leaf-to-air water vapor pressure difference so that dry air has a positive 

effect on leaf water δ18O, and on stomatal control so that tighter control has a negative 

effect on leaf water δ18O (Scheidegger et al. 2000; Cernusak et al. 2008; Santiago et al. 

2017) and, after assimilation, on organic matter δ18O. Using δ18O values as proxies for 

changes in relative humidity, we can tease apart the effects of gs and A on δ13C values and 

determine if changes in Ci, and therefore WUE, are due to stronger stomatal or metabolic 
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limitations on photosynthesis. This has been successfully done in leaves using a 

conceptual model (Scheidegger et al. 2000) and I tested this model in green stems. 

 My main goal was to understand the costs and benefits of having green 

photosynthetic stems. I set out to answer three different questions: (1) does water status 

differ between green-stemmed and non-green-stemmed species? (2) do species with 

green stems have higher carbon balance than plants without green stems? (3) what are the 

water costs of stem photosynthesis? I expected that plants with green stems would have 

higher annual carbon balance than plants without green stems, but that this will be 

associated with higher water costs. 

 

2.2 Materials and methods 

Study site and species 

This study was conducted in a desert wash scrub in Mojave Desert at Joshua Tree 

National Park (34° 03' 50.5" N, 116° 03' 16.3" W) during 2016–2017. Joshua Tree has a 

mean annual air temperature of 18.6°C and annual precipitation of 119.1 mm for the 

period 1959-2012 (station 044405, Joshua Tree, Western Regional Climate Center). 

During 2016, mean annual air temperature was 19.4°C and precipitation was 82.3 mm 

(station # 233, Joshua Tree, California Irrigation Management Information System) (Fig. 

2.1). The site is dominated by creosote-bush scrub (Larrea tridentata, Zygophyllaceae). 

Fifteen species were studied and they were categorized in one of two stem-type groups: 

(1) species with green photosynthetic stems (nine species) and (2) species without evident 

green stems (six species; Table 2.1). Most of the species studied are woody shrubs, 
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except for two perennial herbs: Stillingia linearifolia (Euphorbiaceae) and Eriogonum 

inflatum (Polygonaceae). Sampling was done in a total of nine campaigns approximately 

every 6 weeks from February 2016 to March 2017. Three randomly selected individuals 

per species were sampled each time. 
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Figure 2.1. Total monthly precipitation, maximum air temperature, mean air temperature, 

and minimum air temperature during the study period February 2016 - March 2017. 

Weather data is from station # 233, Joshua Tree, California Irrigation Management 

Information System (CIMIS). 
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Table 2.1. List of fifteen plant species studied in a desert wash at Joshua Tree National 

Park, CA, USA. Family, growth form, leaf phenology and stem type is indicated. 

 

 

Species Family Growth forma Stem type 

Ambrosia dumosa Asteraceae Shrub Non-green 

Ambrosia salsola Asteraceae Shrub Green 

Bebbia juncea Asteraceae Shrub Green 

Stillingia linearifolia Euphorbiaceae Perennial herb Green 

Psorothamnus arborescens Fabaceae Shrub Non-green 

Senna armata Fabaceae Shrub Green 

Senegalia greggi Fabaceae Shrub Non-green 

Krameria bicolor Krameriaceae Shrub Green 

Condea emoryi Lamiaceae Shrub Non-green 

Scutellaria mexicana Lamiaceae Shrub Green 

Menodora spinescens Oleaceae Shrub Green 

Eriogonum inflatum Polygonaceae Perennial herb Green 

Thamnosma montana Rutaceae Shrub Green 

Simmondsia chinensis Simmondsiaceae Shrub Non-green 

Larrea tridentata Zygophyllaceae Shrub Non-green 
a Growth form information was taken from CalFlora.org. 

 

Water potential 

Morning water potential (Ψ) was measured using a pressure chamber (Model 1000; PMS 

Instrument Company, Albany, OR, USA) between 0800 and 1200 h, during the time of 

gas exchange measurements, because I was interested in the water status of plants when 

photosynthetic rate was at its maximum. Since both green- and non-green-stemmed 

species were randomly sampled every time, the possible effect of the variable “time of 

the day” is randomized among all species. Current-year terminal leafy twigs were 

collected from the plants, sealed in double plastic bags (Whirlpak 0.057 mm thick; 

Nasco, Fort Atkinson, WI, USA) and transported to the lab for measurement of Ψ. 

Gas exchange measurements 



 

 52 

 

Photosynthetic gas exchange of CO2 and water vapor in stems and leaves (when present) 

were measured between 0800 and 1200 h using an infrared gas analyzer (Li-6400; Li-Cor 

Biosciences, Lincoln, NE, USA). The traits measured for leaves and green stems were 

photosynthetic rate (A), conductance to water vapor (gs), transpiration rate (E) and 

internal CO2 concentration (Ci). For non-green stems, the traits measured were respiration 

rate in light (Rd), non-stomatal (periderm) conductance (gw), non-stomatal (periderm) 

transpiration rate (Ens), and Ci. For each individual, gas exchange was measured in one 

intact twig segment of < 5 mm of diameter using the 2×3 cm Li-6400 leaf chamber and 

clay-modeled gaskets that allowed a tight seal. No leaks were found in the system using 

this protocol and the measurements were taken to be accurate. Leaves were measured 

using the standard gaskets that allowed tight seal without extra accommodation. 

Measurements were performed at ambient temperature, which varied with season from 

12.9°C in January 2017 to 41.0 °C in June 2016, 400 μmol mol-1 of CO2 and 1500 μmol 

m-2 s-1 of photosynthetic photon flux density (PPFD) provided by a red blue light source 

(6400-02B #SI-710, Li-Cor Biosciences) (Evans and Santiago 2014). Leaves and 

especially stems did not cover the 6 cm2 area of the chamber so after gas exchange 

measurements were taken, leaves and stems were sectioned and transported to the lab, 

where projected area was measured using an area meter (Li-3100; Li-Cor Biosciences, 

Lincoln, NE, USA). Gas exchange traits were then re-calculated using the projected area 

and all traits for both leaves and stems are expressed on a projected area basis. I used 

stem projected area instead of stem total area to be able to relate the gas exchange traits 

to expected light interception (Comstock and Ehleringer 1988) and to allow for 



 

 53 

 

comparisons between my work and previously published work. However, diameters of 

the stems used for gas exchange measurements are available (Table S1). 

Intrinsic water-use efficiency (WUEi) was calculated only for green stems and 

leaves of non-green-stemmed species as A/gs. Originally, I wanted to compare leaves and 

green stems of the same species to test if they were different in their photosynthetic 

capacity and rates of water loss. Leaves in green-stemmed species were small in February 

2016 and absent for the rest of the year, hence I do not have data on leaf photosynthetic 

performance for 2016. I have, however, data in March 2017, so I compared leaf and 

green stem performance only during this sampling. 

Cuticular conductance and periderm permeance 

Cuticular conductance (i.e. minimum epidermal conductance, gmin sensu (Kerstiens 

1996)) was determined in leaves and green stems and periderm permeance (Pp) was 

determined in non-green stems of three individuals per species following the methods of 

(Sack and Scoffoni 2011). One 20 cm long terminal leafy twig was chosen from each 

individual sampled in the field and taken to the lab. Stem samples were cut to a length of 

10 cm with a fresh razor blade, and cut ends were sealed with melted candlewax. Leaves 

were removed from the stems and the cuts were also covered with candlewax. Fully 

mature leaves were used to estimate leaf gmin. Current-year green and non-green stems 

were used to estimate stem gmin and Pp, respectively. The samples were placed near a fan, 

such that they swayed in the breeze, and were allowed to dry for at least 1 h at PPFD of < 

10 μmol m-2 s-1 to induce stomatal closure. A temperature and humidity sensor was 

placed next to the samples within the breeze and measurements were recorded at the 
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beginning of each weighing cycle to determine the mole fraction vapor pressure deficit 

(VPDmf). Samples were weighed for at least six intervals of 20 min during a 2 h period. A 

graph of water loss versus time was obtained for each sample and water loss per unit of 

time during the linear portion was used to calculate gmin or Pp and therefore taken to 

represent transpiration after stomata had fully closed. Values of gmin or Pp were calculated 

as the transpiration rate divided by the VPDmf using the spreadsheet provided with the 

protocol, which was modified to estimate the total surface area of stems (Sack and 

Scoffoni 2011). 

Stable isotopic composition 

Carbon (δ13C) and nitrogen (δ15N) isotopic ratio, as well as C and N concentration (%), 

were measured in dry leaf and stem bark samples in three individuals per species at the 

end of the wet season (late spring, April 2016) and at the end of the dry season (early fall, 

October 2016). Stable isotopes were measured using a Delta-V Advantage isotope ratio 

mass spectrometer operating in continuous-flow mode and attached to either an elemental 

analyzer for C and N (Model 4010, Costech Inc, Valencia, California) or a thermal 

conversion elemental analyzer (Model TC/EA, Thermo-Fisher, Bremen, Germany) for O 

at the Facility for Isotope Ratio Mass Spectrometry (FIRMS) of the University of 

California, Riverside (UCR). Only the stem photosynthetic tissue was used because the 

wood of green stems is usually enriched in 13C compared to bark (Nilsen and Sharifi 

1997), and I was interested in possible differences between leaf and stem photosynthetic 

tissues and implications for WUEi. The δ13C values were expressed relative to the V-PDB 

standard. Oxygen isotopic composition (δ18O) was measured in the stem bark of a subset 
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of six green-stemmed species at the end of both wet and dry seasons. These species were 

selected because of their gs values being representatives of low, intermediate and high 

stomatal aperture in the wet season. The δ18O values were expressed relative to the V-

SMOW standard. 

 With values of A, gs, δ
13C and δ18O I used an isotope model (Scheidegger et al. 

2000) to tease apart the effects of A and gs on δ13C changes from April 2016 to October 

2016 for a subset of six green-stemmed species. 

Statistical analyses 

For the time series analyses I was interested in finding a time index that could be used as 

an independent variable in linear models. In order to do this, I calculated a seasonal time 

series predictor using the day of year (DOY) and following a sinusoidal function: 

Time series predictor =  sin((𝐷𝑂𝑌 + 𝑐) × 2𝜋 365.2422⁄ )   Eqn. 1 

The parameter c is the time series-shift from the origin, defined as the day of the 

year in which the sine function changes from negative to positive. In order to 

parsimoniously estimate the mean value of the shift for all species, I first did a principal 

component analysis on the water potential of all species pooled together, and performed a 

Fourier regression on the first axis. The shift value (c) was approximately 30 days, 

indicating that physiological conditions change around December 1st and was summed to 

the DOY value for each species. 

This time series predictor ranges between -1 and 1. Values higher than zero reflect 

the winter-spring signal (December to May), while values lower than zero reflect the 

summer-fall signal (June to November). This predictor, converting the circular variable 
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DOY into a linear independent variable, was used as a co-variate in analyses of 

covariance (ANCOVA), where the stem-type groups of species with and without green 

stems was used as a factor. The significance was tested at p ≤ 0.05. 

For the stable isotope data, paired t-tests were performed to test for differences 

between leaf and green stem bark 13C during the wet season when leaves were present. 

Three-way analyses of variance (ANOVA) were performed to test the effect of season 

(wet and dry), stem-type group (with and without green stems), organ (leaf and stem 

bark) and their interactive effects on 13C and 15N, as well as C and N concentration. 

Relationships among isotope compositions and elemental concentrations were assessed 

using linear regression. The significance was tested at p ≤ 0.05. 

All statistical analyses were done using R v.3.4.0 (R Core Team 2017). All plots 

were made using SigmaPlot 11 (Systat Software, San Jose, CA, USA). 

 

2.3 Results 

Leaves of green-stemmed species were small and were present only in early spring 2016 

(February), falling at the beginning of the dry season (June), and were absent for most of 

the study period. The high precipitation of the 2017 wet season (Fig. 2.1) promoted the 

growth of large leaf canopies in most of the green-stemmed species, and I was able to 

measure these leaves for gas exchange traits only in 2017. 

For both green-stemmed and non-green-stemmed plants shoot Ψ was highly 

seasonal (p < 2x10-6), being higher (less negative) in the wet season, and lower in the dry 

season (Fig. 2.2). However, there was a secondary peak in shoot Ψ in October 2016, 
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given the substantial rain that fell in September 2016 (Fig. 2.1). The ANCOVA showed 

that shoot Ψ across the study period was higher in green-stemmed species than in non-

green-stemmed species (p = 0.052, Fig. 2.2). 
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Figure 2.2. Shoot water potential for green and non-green-stemmed plant species during 

the nine sampling campaigns from February 2016 to March 2017. Values shown are 

means of species within each stem-type group  standard error. 

 

Green stems had higher A (p = 0.005, Fig. 2.3A) and gs (p = 0.043, Fig. 2.3B) 

than leaves of non-green-stemmed species. Since both A and gs were higher in green 

stems than in leaves, this led to similar values of WUEi in both organs (p = 0.420, Fig. 

2.3C). Comparing leaves and stems of green-stemmed species they showed the same A, 

gs and WUEi (Table 2.2). 
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Figure 2.3. Gas exchange data for leaves (when present) and stems of green-stemmed 

species, and leaves and stems of non-green-stemmed species. A) CO2 exchange rate, 

where positive values indicate net photosynthetic rate and negative values indicate 

respiration rate. B) Stomatal and non-stomatal conductance to water vapor. C) Intrinsic 

water-use efficiency for leaves and non-green stems. Values shown are means of species 

within each stem-type group  standard error. 
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Table 2.2. Photosynthetic rate (A), stomatal conductance (gs), and intrinsic water-use 

efficiency (WUEi) of leaves and green stems of seven woody species with green stems 

studied in a desert wash at Joshua Tree National Park, CA, USA. These values 

correspond to the wet season of 2017 when leaves were present in most species. Values 

shown are mean ± SE. p-values are shown for the comparison between organs using 

paired Student’s t-test. 

 

 

Species Organ A 

(µmol m-2 s-1) 

gs  

(mmol m-2 s-1) 

WUEi 

(mmol mol-1) 

A. salsola leaf 11.50 ± 1.72 189.43 ± 36.61 0.07 ± 0.02 

 stem 10.73 ± 5.99 174.64 ± 94.17 0.45 ± 0.39 

B. juncea leaf NA NA NA 

 stem 43.89 ± 6.94 472.64 ± 121.06 0.10 ± 0.01 

K. bicolor leaf NA NA NA 

 stem 5.67 ± 1.97 55.63 ± 26.63 0.12 ± 0.01 

M. spinences leaf NA NA NA 

 stem 15.51 ± 2.47 159.37 ± 26.58 0.10 ± 0.00 

S. mexicana leaf 18.20 ± 9.68 341.38 ± 165.77 0.05 ± 0.01 

 stem 0.99 ± 4.57 372.68 ± 76.32 0.02 ± 0.01 

S. armata leaf 15.82 ± 9.13 69.93 ± 40.37 0.29 ± 0.17 

 stem 10.81 ± 6.24 71.77 ± 41.44 0.36 ± 0.21 

T. montana leaf 20.58 ± 4.93 122.26 ± 44.00 0.19 ± 0.03 

 stem 13.73 ± 3.94 93.24 ± 41.49 0.33 ± 0.20 

Mean ± SE leaf 16.67 ± 1.51 218.27 ± 46.05 0.14 ± 0.04 

 stem 13.63 ± 4.13 75.02 ± 46.56 0.18 ± 0.05 

p-value  0.122 0.850 0.207 

 

Cuticular conductance was highly seasonal (p = 2.42×10-7), being higher in the 

wet season and lower in the dry season (Fig. 2.4). Also, leaves of green-stemmed species 

(present only in February 2016 and March 2017) and green stems had higher gmin values 

than leaves and stems (Pp) of non-green-stemmed species (p = 3.04×10-10). 



 

 61 

 

Month of the year

Febru
ary

April
Ju

ne
Ju

ly

August

Octo
ber

Nove
m

ber

Ja
nuary

Marc
h

C
u

ti
c
u

la
r 

c
o

n
d

u
c
ta

n
c
e

 o
r 

p
e

ri
d

e
rm

 

p
e

rm
e

a
n

c
e

 (
m

m
o

l 
m

-2
 s

-1
)

0

5

10

15

20

Leaves of green-stemmed plants

Green stems

Leaves of non-green-stemmed plants

Non-green stems

2016 2017

 

Figure 2.4. Cuticular conductance of leaves and green stems and periderm permeance of 

non-green stems. Values shown are means of species within each stem-type group  

standard error. 

 

There were no seasonal changes in δ13C and N concentration across species, stem-

type groups or organs. Values of δ13C in leaves and stems of green-stemmed species were 

higher than those in leaves and stems of non-green-stemmed species (p = 0.002). 

Comparing the photosynthetic organ of each stem-type group, green stems vs. leaves of 

non-green-stemmed species, I found that green stem bark had higher δ13C values than 

leaves (p = 0.013). Green stem bark δ13C, however, was statistically higher than same 

species leaf δ13C in only one out of eight green-stemmed species that had both leaves and 

green stems during the wet season (Table 2.3). N concentration in leaves and stems of 
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green-stemmed species was also higher than in leaves and stems of non-green-stemmed 

species (p = 0.003), which may explain the higher photosynthetic performance in green 

stems than leaves of non-green-stemmed species.  

Values of δ13C and δ18O in green stem bark were negatively related (Fig. 2.5A), 

but on the margin of significance (p = 0.09), providing little evidence that stems with 

higher long-term WUE, as indicated by high δ13C, have lower δ18O values. On the other 

hand, δ13C values were positively related with N concentration in both leaves and stems 

of green-stemmed species (Fig. 2.5B), indicating that species with high N concentration 

in their photosynthetic tissues are more water-use efficient. 
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Figure 2.5. A) Carbon isotope composition as a function of oxygen isotope composition 

in bark of green-stemmed species. B) Carbon isotope composition as a function of 

nitrogen content of both leaves and stems of green-stemmed species. Values correspond 

to species means. Symbols are as follows: leaves (triangles), stems (circles), wet season 

(closed symbols), dry season (open symbols). 
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Table 2.3. Carbon (δ13C), nitrogen (δ15N) and oxygen (δ18O) isotopic composition, as well as carbon (C) and nitrogen (N) 

concentration, of leaves and stem bark of 15 species with and without green stems studied in a desert wash at Joshua Tree 

National Park, CA, USA. These values correspond to both wet and dry season. Values shown are mean ± SE. 

 

 

6
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Season Species Organ 

δ13C 

(‰) 

C 

(%) 

δ15N 

(‰) 

N 

(‰) 

δ18O 

(‰) 

Wet Green-stemmed 

      

 

Ambrosia salsola leaf -25.6 ± 0.8 44.1 ± 0.5 3.6 ± 0.8 3.4 ± 0.4 32.1 ± 1.1 

  

bark -24.2 ± 0.7 45.6 ± 0.6 2.6 ± 0.8 2.8 ± 0.2 23.5 ± 0.6 

 

Bebbia juncea leaf -27.7 ± 0.3 37.0 ± 1.3 4.3 ± 0.4 1.4 ± 0.3 38.9 ± 0.2 

  

bark -25.4 ± 0.2 40.5 ± 0.3 2.6 ± 0.4 1.3 ± 0.4 33.9 ± 2.9 

 

Eriogonum inflatum leaf - - - - - 

  

bark -25.4 ± 0.5 42.2 ± 3.5 4.5 ± 0.5 3.3 ± 0.9 37.2 ± 1.1 

 

Krameria bicolor leaf -23.7 ± 1.0 45.2 ± 0.3 7.0 ± 1.2 1.8 ± 0.4 46.1 ± 2.7 

  

bark -24.4 ± 0.3 46.4 ± 1.4 3.7 ± 0.2 0.8 ± 0.0 27.3 ± 1.8 

 

Menodora spinescens leaf -25.2 ± 1.0 44.1 ± 0.5 2.7 ± 0.2 2.1 ± 0.1 39.4 ± 0.9 

  

bark -24.9 ± 0.1 46.4 ± 0.2 1.2 ± 0.3 1.5 ± 0.5 26.6 ± 0.8 

 

Scutellaria mexicana leaf -24.3 ± 0.0 42.7 ± 0.1 3.7 ± 0.7 1.1 ± 0.1 44.0 ± 1.1 

  

bark -25.6 ± 0.6 50.6 ± 1.1 2.0 ± 0.7 0.8 ± 0.2 26.7 ± 2.5 

 

Senna armata leaf -25.4 ± 0.4 42.8 ± 0.4 3.1 ± 0.3 1.6 ± 0.2 50.4 ± 1.4 

  

bark -26.5 ± 0.7 48.3 ± 1.4 2.1 ± 0.5 1.5 ± 0.4 33.5 ± 1.6 

 

Stillingia linearifolia leaf -24.5 ± 0.7 41.9 ± 0.6 1.9 ± 0.7 4.7 ± 0.4 43.0 ± 3.3 

  

bark -23.5 ± 0.3 42.7 ± 0.9 0.5 ± 0.8 1.9 ± 0.2 28.8 ± 0.5 

 

Thamnosma montana leaf -23.9 ± 0.0 44.2 ± 0.8 2.2 ± 0.1 2.1 ± 0.3 50.4 ± 6.2 

  

bark -24.2 ± 0.9 47.5 ± 0.3 0.8 ± 0.5 2.4 ± 0.6 28.5 ± 2.3 

 

Non-green-stemmed 

      

 

Ambrosia dumosa leaf -25.2 ± 0.6 39.3 ± 0.9 4.4 ± 0.6 2.6 ± 0.0 33.7 ± 1.0 

  

bark -25.5 ± 0.4 43.5 ± 0.4 4.3 ± 0.6 1.0 ± 0.1 25.8 ± 0.6 

 

 



 

 64 

 

 

Condea emoryi leaf -28.5 ± 1.1 48.7 ± 0.8 4.1 ± 0.8 2.2 ± 0.4 30.7 ± 0.7 

  

bark -27.1 ± 0.9 44.2 ± 1.0 1.3 ± 0.5 0.3 ± 0.2 29.0 ± 2.3 

 

Larrea tridendata leaf -24.9 ± 0.6 47.5 ± 0.4 5.2 ± 0.2 1.5 ± 0.3 31.0 ± 0.7 

  

bark -24.0 ± 0.4 41.6 ± 5.4 1.6 ± 0.4 0.2 ± 0.1 21.7 ± 0.5 

 

Psorothamnus 

arborescens leaf -23.4 ± 0.3 42.7 ± 0.5 2.1 ± 0.5 2.0 ± 0.1 35.2 ± 1.4 

  

bark -24.4 ± 0.1 43.7 ± 0.7 1.1 ± 0.8 1.6 ± 0.2 18.2 ± 0.6 

 

Senegalia greggii leaf -29.2 ± 0.8 45.0 ± 1.9 5.1 ± 1.6 3.1 ± 1.8 50.4 ± 1.4 

  

bark -27.4 ± 0.8 46.5 ± 0.6 4.3 ± 1.6 2.2 ± 0.6 22.3 ± 0.6 

 

Simmondsia chinensis leaf -26.2 ± 0.6 44.7 ± 0.4 5.2 ± 0.3 0.8 ± 0.3 37.4 ± 2.0 

    bark -25.2 ± 0.3 47.1 ± 0.3 2.4 ± 0.4 1.1 ± 0.1 24.8 ± 0.3 

Dry Green-stemmed 

      

 

Ambrosia salsola leaf - - - - - 

  

bark -25.4 ± 0.5 46.1 ± 0.2 3.3 ± 0.4 1.3 ± 0.3 25.2 ± 1.4 

 

Bebbia juncea leaf - - - - - 

  

bark -26.9 ± 0.5 42.2 ± 1.2 0.6 ± 0.8 1.5 ± 0.1 28.7 ± 0.8 

 

Eriogonum inflatum leaf - - - - - 

  

bark -25.2 40.4 0.9 1.3 25.2 ± 1.0 

 

Krameria bicolor leaf - - - - - 

  

bark -24.3 ± 0.2 47.7 ± 1.2 2.9 ± 0.4 1.7 ± 0.1 23.5 ± 0.9 

 

Menodora spinescens leaf - - - - - 

  

bark -25.1 ± 0.4 47.5 ± 0.3 1.1 ± 0.1 2.3 ± 0.2 24.7 ± 0.5 

 

Scutellaria mexicana leaf - - - - - 

  

bark -25.0 ± 0.3 50.4 ± 0.2 2.7 ± 0.2 1.6 ± 0.2 26.8 ± 0.8 

 

Senna armata leaf - - - - - 

  

bark -25.4 ± 0.2 50.5 ± 0.2 1.2 ± 0.1 2.0 ± 0.2 29.1 ± 0.6 

 

Stillingia linearifolia leaf - - - - - 

  

bark -23.4 ± 0.1 45.8 ± 0.4 -0.8 ± 0.6 2.3 ± 0.3 26.2 ± 1.8 

6
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Thamnosma montana leaf - - - - - 

  

bark -24.5 ± 0.2 51.7 ± 4.2 0.5 ± 0.2 2.9 ± 0.4 30.8 ± 1.7 

 

Non-green-stemmed 

      

 

Ambrosia dumosa leaf - - - - - 

  

bark -25.5 ± 0.5 46.1 ± 0.2 3.3 ± 0.4 1.3 ± 0.3 25.4 ± 0.2 

 

Condea emoryi leaf -27.7 ± 1.0 48.6 ± 0.8 4.7 ± 0.2 1.7 ± 0.1 31.9 ± 1.0 

  

bark -26.6 ± 0.6 44.4 ± 0.4 1.4 ± 0.3 1.2 ± 0.1 23.6 ± 0.6 

 

Larrea tridendata leaf -22.7 ± 0.3 51.9 ± 0.8 5.7 ± 0.7 1.5 ± 0.1 29.0 ± 0.8 

  

bark -24.0 ± 0.4 50.7 ± 1.1 0.9 ± 0.7 1.6 ± 0.1 19.6 ± 1.0 

 

Psorothamnus 

arborescens leaf - - - - - 

  

bark -25.3 ± 0.3 46.3 ± 0.2 0.4 ± 0.4 1.6 ± 0.3 17.2 ± 0.3 

 

Senegalia greggii leaf -26.3 ± 0.5 46.4 ± 0.3 4.4 ± 0.5 2.2 ± 0.2 33.4 ± 0.7 

 Simmondsia chinensis leaf -25.5 ± 1.0 46.6 ± 1.0 5.2 ± 0.2 1.6 ± 0.1 37.2 ± 1.0 

   bark -24.4 ± 0.5 47.6 ± 0.3 0.3 ± 0.5 1.7 ± 0.1 24.7 ± 0.4 

6
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2.4 Discussion 

The main goal of my work was to understand the costs and benefits of having green 

photosynthetic stems, in terms of carbon gain and water loss, in desert species from 

southern California. I found that green-stemmed species maintained higher Ψ than 

species with non-green stems. Both green stems and leaves of non-green-stemmed 

species had the same cumulative carbon gain per unit of area by the end of the study 

period. However, A and gs were higher in green stems than leaves of non-green-stemmed 

species, leading to similar WUEi in both organs. Furthermore, green stems had higher 

gmin values than non-green stems Pp, suggesting a higher water cost associated with the 

presence of green stems when stomata are closed. These results suggest that leaves and 

green stems have a similar ratio of carbon gain to water loss during photosynthesis, 

leading to similar WUEi, but that stems may be losing a greater absolute amount of water 

than non-green stems through their cuticles. However, since green-stemmed species can 

maintain higher shoot Ψ values than non-green-stemmed species, this higher water loss 

through the cuticle may not be as important for whole-plant performance during the dry 

season, when plants continue assimilating CO2. 

The higher shoot Ψ found in green-stemmed species than in species with non-

green stems suggests that green-stemmed plants may have access to deeper water sources 

in the soil (Gibson 1998), that they have better stem stomatal control than leaves of non-

green-stemmed plants, or simply that their vertical orientation plays a role in reducing 

radiation loads and minimizing the water loss needed to cool high temperature tissues 

during the day when vapor pressure deficit is high. This higher shoot Ψ is important for 
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green stems in maintaining their physiological activity during the hot dry season, because 

they can maintain stomata open, when other drought-deciduous plants without green 

stems would be inactive, consistent with the extended growth season hypothesis 

previously described for green-stemmed species ((Nilsen and Sharifi 1997). Furthermore, 

it seems that green stems may be more responsive to short-term increases in water 

availability than leaves, as shown by a sudden increased in A in October 2016 (Fig. 3A) 

after it rained in September 2016 (Fig. 1). Photosynthetic rate of green stems has also 

been found to be less sensitive to water deficit than leaves of the same species (Nilsen 

and Bao 1990; Tinoco-Ojanguren 2008), giving green stems a performance advantage 

over leaves during the dry season, when soil and air water deficit are high. Furthermore, 

keeping leaves during the dry season would mean higher carbon losses through 

maintenance respiration, as well as water losses through the cuticle even when stomata 

are closed. 

It has been noted before that as aridity increases, leaf area declines and plants rely 

increasingly on photosynthesis occurring in green stems (Comstock and Ehleringer 

1992). My results show that stems can have photosynthetic rates as high as leaves, and 

that they are not structurally constrained by their shapes despite of the fact that they play 

additional roles, such as vascular transport and structural support, as has been previously 

highlighted (Comstock and Ehleringer 1988). The similar photosynthetic rates between 

green and non-green-stemmed species suggests that plants can cope with the same 

environmental stresses through different strategies (Pivovaroff et al. 2016), such as using 
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leaves vs. stems for assimilating CO2, and that this could be a mechanism leading to 

coexistence of the two stem-type groups at this site. 

 The existence of trade-offs between the benefits of having photosynthetic stems 

and possible constraints to plant structure and function was first proposed by Erik T. 

Nilsen (Nilsen 1995). At that time, these constraints were related to the cost of having a 

thin bark (i.e. cortex + epidermis) to stem herbivore defense and the presence of surface 

stomata that could be entry points for pathogens; constraints that are structural or 

mechanical in nature. This thin bark can also lose water more rapidly than a bark covered 

by a suberized periderm, leading to a functional constraint. Across species, green stem 

gmin values ranged from 1.42 to 33.74 mmol m-2 s-1, and they overlap with the range of 

1.11 – 20.49 mmol m-2 s-1 found for 11 green-stemmed species studied in desert sites in 

southern California (Ávila-Lovera et al. 2017a). These values are significantly higher 

than the ones found for non-green stems in this study, which ranged from 1.05 to 19.03 

mmol m-2 s-1, and were also higher than mean periderm permeability of 2.42 mmol m-2 s-1 

found in different tree and crop species (Schönherr and Ziegler 1980; Vogt et al. 1983; 

Garrec and Barrois 1992; Lulai and Orr 1994; Lulai et al. 1996; Groh et al. 2002; 

Schreiber et al. 2005; Kocurek et al. 2015). My results support the idea that green stems 

lose more water through their cuticle than non-green stem do through their periderm, this 

is may be a cost that partially offsets the benefits of having green stems. 

When I compared the photosynthetic organ of each stem-type group, green stems 

vs. leaves of non-green-stemmed species, we see that green stems have higher N 

concentration and δ13C values than leaves. This high N concentration partially explains 
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the high photosynthetic capacity of green stems compared to leaves. In leaves, the 

proteins of the Calvin cycle and thylakoids represent the majority of leaf nitrogen (Evans 

1989). Although measures of protein concentration in stems are limited (Ávila et al. 

2014a), the positive relationship between CO2 assimilation and N concentration has been 

found in stems that perform photosynthesis (Nilsen 1992; Berveiller et al. 2007). In some 

cases seasonal changes in stem photosynthetic rate are not related to seasonal changes in 

N concentration (Nilsen and Sharifi 1994), I can say that both stomatal behavior and 

metabolic factors coordinate the photosynthesis occurring in stems. 

The positive relationship between δ13C and N concentration in photosynthetic 

tissues of green-stemmed species indicates that as N concentration increases, there is a 

higher CO2 drawdown for a given stomatal conductance, leading to increased WUEi and 

δ13C values. These would provide a benefit for the species in the high δ13C - high N end 

because the high N concentration allows for a higher assimilation capacity with a 

relatively lower stomatal aperture. 

I used the conceptual isotope model proposed by Scheidegger et al. (2000) and 

applied it to green stems to understand the cause of changes in δ13C from April 2016 to 

October 2016. Across species, δ13C and δ18O values did not change much in this period, 

giving limited resolution for the model. Therefore, I found no match between model 

expectations and actual gas exchange data collected on or the month before the months of 

sample collection for isotope analyses. The model was originally used to evaluate isotope 

data from species in plots that differed in land-use intensity (Scheidegger et al. 2000). 

Changes in land-use are expected to have greater impact on carbon and water relations 
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than seasonal variation in precipitation, as in my case. Furthermore, if green-stemmed 

species really do have access to deeper water sources in the soil (Gibson 1998; M.E. 

Allen et al. unpublished data), seasonal variation in precipitation may not result in 

seasonal soil water deficit, and hence, large changes in gas exchange behavior. 

In summary, my results showed that plants with green stems relied on their stem 

as the sole organ for carbon assimilation for most of the study period. These green stems 

can continue assimilating CO2 throughout the dry season. I found partial support for the 

high water-use efficiency hypothesis, and that green stems might be losing more water 

through their cuticle than non-green stems. This raises questions of possible trade-offs 

between carbon gain and water loss through the cuticle in woody green stems and how 

this may affect plant responses to current and future droughts. 
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Chapter three: Photosynthetic and hydraulic traits of green vs. fleshy 

photosynthetic stems in species from the southern Baja California peninsula 

 

Abstract 

Photosynthetic stems represent a source extra carbon in species from dry and hot 

vegetation types, including subtropical deserts and tropical woodlands, but little is known 

about the relationships between stem photosynthetic and hydraulic traits compared to the 

well-known relationships found in leaves. I studied physiological and functional traits in 

plants with two photosynthetic stem syndromes: 1) retamoid, having green 

photosynthetic stems, and 2) sarcocaulescent, having fleshy photosynthetic stems, in 

southern Baja California Sur, Mexico in both wet and dry seasons. My goals were to 

determine if they behave differently in terms of photosynthetic and hydraulic traits, if 

there are different drought responses in these traits, and if stem photosynthetic and 

hydraulic traits are coordinated. I measured soil water status, stem water transport 

efficiency, leaf-to-sapwood area ratio, leaf and stem chlorophyll a fluorescence, leaf and 

stem bark carbon and nitrogen isotopic composition, as well as wood density, specific 

leaf area, specific stem area, and specific bark area. I found that species with fleshy stems 

had higher hydraulic conductivity, lower wood density, and lower stem photosynthetic 

capacity than species with green stems. Plants with high stem hydraulic conductivity also 

had high specific leaf area and enriched leaf carbon isotopic composition in the dry 

season, suggesting greater long-term integrated water-use efficiency. There was no 

relationship between stem photosynthesis and hydraulics in either season. Overall, both 
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stem types use resources differently, but both are still able to respond positively to water 

shortage and survive the nine-month long dry season in this subtropical arid ecosystem. 

 

3.1 Introduction 

Photosynthetic stems are common in dry lands worldwide, including subtropical deserts 

and tropical woodlands. Species with photosynthetic stems belong to at least 26 plant 

families (Gibson 1996), indicating that the syndrome originated multiple times in un-

related families during evolution of plant lineages. The ecophysiology of plants with 

photosynthetic stems from subtropical deserts has been widely studied (Nilsen 1995; 

Nilsen and Sharifi 1997; Ávila et al. 2014b), however, little is known about the 

ecophysiology of these plants in more tropical areas (Tinoco-Ojanguren 2008; Ávila et al. 

2014a). The main goal was to study two syndromes of photosynthetic stems in a 

sarcocaulescent desert scrub in subtropical Baja California and compare the syndromes in 

terms of their photosynthetic and hydraulic traits to identify those traits that relate to their 

different morphologies. 

 Plant physiological responses to environmental conditions depends on 1) the 

availability of resources such as carbon, water and nutrients, and 2) the allocation 

patterns of the plant when using those resources (Parolari et al. 2014). From the 

differences in form between green and fleshy stems, I expect differences in their 

hydraulic capacity (Zimmermann 1983). Furthermore, stem photosynthetic capacity 

could be constrained by hydraulic capacity, similar to mechanisms recently shown in 

desert species with photosynthetic stems (Ávila-Lovera et al. 2017b). The link between 
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hydraulics and photosynthesis has been found not only in photosynthetic stems, but also 

in leaves, where parameters of leaf photosynthesis have been found to be positively 

related to leaf-specific stem hydraulic conductivity, including relative quantum yield of 

PSII (ΦPSII) and electron transport rate (ETR) (Brodribb and Feild 2000; Brodribb et al. 

2002), and maximum leaf photosynthetic rate (Amax) (Santiago et al. 2004; Choat et al. 

2011). This is expected because leaf gas exchange is constrained by its water supply from 

the stem (Sperry 2000), and leaf stomatal conductance and photosynthesis have been 

found to vary linearly with whole-plant hydraulic conductance (Hubbard et al. 2001). In 

addition, it is known that water stress affects molecular processes in leaves, such as 

negatively affecting photosynthesis by decreasing ATP-synthase and production of ATP 

(Tezara et al. 1999). 

The sarcocaulescent desert scrub of southern Baja California Peninsula lies 

between arid Sonoran Desert scrub to the north and tropical dry forests of the Cape 

Region to the south, and shares some floristic attributes of both of these floristic regions 

(León de la Luz et al. 1996). The sarcocaulescent scrub is home to plant species with 

three syndromes of photosynthetic stems: retamoid, sarcocaulescent, and cactoid. 

Retamoid plants have green woody stems capable of performing stem net photosynthesis 

because of stomata on the stem epidermis that allows for atmospheric CO2 assimilation 

(Ávila et al. 2014b; Ávila-Lovera and Ezcurra 2016). Sarcocaulescent plants, or 

pachycauls, have enlarged fleshy stems with low density wood that serves as water 

storage, usually exfoliating bark, and green parenchyma (chlorenchyma) capable of doing 

stem recycling photosynthesis and in some occasions stem net photosynthesis (Ávila et 



 

 79 

 

al. 2014b; Ávila-Lovera and Ezcurra 2016). Cactoid plants refer to species with green 

succulent stems that perform Crassulacean Acid Metabolism or C4 photosynthesis, and 

are found in the New World Cactaceae and Old World Euphorbiaceae. In this chapter, I 

focused on retamoid and sarcocaulescent photosynthetic stem syndromes, hereafter green 

and fleshy stems, respectively. 

 Functional traits have been used as another approach to study plant physiological 

responses to environmental conditions. Functional traits are easy-to-measure plant traits 

that give proxy information on the physiology of the organ or individual and its 

performance, which in turn determine the ecological role of a species in the community 

(Westoby et al. 2002; McGill et al. 2006; Violle et al. 2007). Wood density is one of the 

most common functional traits and is related to the mechanical strength of the wood 

(Zanne et al. 2010). Wood density is also related to hydraulic safety and trades off with 

hydraulic efficiency in some species (Chave et al. 2009), and we expect hydraulic safety 

or efficiency to be maximized if species are to persist in their corresponding habitats 

(Gleason et al. 2016). Specific leaf area is one of the traits of the leaf economics 

spectrum, and it is positively related to Amax (Reich et al. 1997; Wright et al. 2004). 

Specific stem area is a relatively new term that is analogous to specific leaf area and 

refers to the ratio between photosynthetic surface area and dry mass in photosynthetic 

stems (Ávila-Lovera et al. 2017b). As with leaves, specific stem area is positively related 

with stem Amax, in desert species (Ávila-Lovera et al. 2017b), where species with high 

specific stem area have more area per unit of mass that can capture light and perform 

photosynthesis at higher rates. The similar relationship found in leaves and stems indicate 
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that both photosynthetic organs are constrained by the same evolutionary and biophysical 

forces (Berveiller et al. 2007). 

Given the importance of photosynthetic stem physiology for species in arid 

environments that heavily rely on their stems for carbon assimilation, I evaluated the 

following questions: 1) how do green and fleshy stems differ in their photosynthetic and 

hydraulic traits in a tropical arid ecosystem? 2) Does seasonality drive distinct trait 

responses between green and fleshy-stemmed species? 3) Do green and fleshy stems 

coordinate photosynthesis and hydraulic strategies similar to leaves?  I hypothesized that 

green and fleshy stems would differ in photosynthetic and hydraulic capacity given their 

different morphologies that are expected to influence their physiology. I expected green 

stem species to have high photosynthetic capacity, and fleshy stems to have high 

hydraulic efficiency. I also expected that plants from these two photosynthetic stem 

syndromes would present seasonal differences in photosynthetic and hydraulic traits 

given that water deficit in the dry season can decrease hydraulic efficiency and in turn 

photosynthesis. Finally, I hypothesized that plants with photosynthetic stems would 

coordinate photosynthetic and hydraulic traits in such a way that water and carbon 

resources are optimized, especially during seasonal drought. This last hypothesis has 

been supported in green-stemmed species from desert ecosystems (Ávila-Lovera et al. 

2017b) and I sought to test whether this is also true in tropical ecosystems. 



 

 81 

 

3.2 Materials and methods 

Study site and plant species 

This study was conducted in a sarcocaulescent desert scrub in Doctor Laura Arriaga 

Cabrera Biological Station (24°05´ N; 110°21´ W), managed by Centro de 

Investigaciones Biológicas del Noroeste (CIBNOR) in El Comitán, Baja California Sur, 

Mexico. The site is characterized by temperature that ranges from 18°C in January to 

30°C in August, and a mean annual precipitation of 180 mm (20-460 mm) (León de la 

Luz et al. 1996). Precipitation falls during September-November with the advent of 

tropical hurricanes. I studied 12 plant species, six with green stems and six with fleshy 

stems. Study species were a mix of drought-deciduous and evergreen species (Table 3.1). 

 

Table 3.1. List of species studied in a sarcocaulescent scrub in Doctor Laura Arriaga 

Cabrera Biological Station (CIBNOR) in El Comitán, Baja California Sur, Mexico. 

 

 

Species Acronym Family Stem type 

Bursera epinnata BUEP Burseraceae fleshy 

Bursera microphylla BUMI Burseraceae fleshy 

Castela peninsularis CAPE Simaroubaceae green 

Cyrtocarpa edulis CYED Anacardiaceae fleshy 

Euphorbia lomelii EULO Euphorbiaceae green/fleshy* 

Fouquieria diguetii FODI Fouquieriaceae fleshy 

Jatropha cinerea JACI Euphorbiaceae fleshy 

Jatropha cuneata JACU Euphorbiaceae fleshy 

Krameria paucifolia KRPA Krameriaceae green 

Olneya tesota OLTE Fabaceae green 

Parkinsonia praecox PAPR Fabaceae green 

Prosopis articulata PRAR Fabaceae green 

*Euphorbia lomelii stem was considered as green for the statistical analyses but it is 

important to note that it is slightly fleshy. 
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 Sampling was performed during the dry season (March-May) and wet season of 

2016 (November). Since soil water availability was extremely low during the 2016 wet 

season, an extra sampling campaign was performed in the wet season of 2017 

(September) (Fig. 3.1). Data shown for the wet season is pooled data from the two wet 

season campaigns. 

Soil water availability 

Topsoil (5-10 cm) water potential was measured in the morning 0800 – 1000 h near three 

individuals per species in both wet and dry seasons. The soil samples were collected in 

plastic containers with lid and wrapped in parafilm to be transported to the lab. In the lab, 

soil matric potential was measured using a water potential meter in normal mode (WP4C, 

Decagon Devices, Inc., Pullman, WA, USA). 
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Figure 3.1. Topsoil water potential in fleshy- and green-stemmed species in wet (black) 

and dry (white) seasons. Data are means ± SE. 
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Chlorophyll a fluorescence traits 

Photosynthetic capacity was estimated by measuring chlorophyll a fluorescence in light-

adapted samples. I used a chlorophyll fluorometer (OS30p+, Opti-sciences, Hudson, NH, 

USA) to measure effective quantum yield of PSII (ΦPSII) of leaves and stems of six 

individuals per species in the morning between 0800 - 1100 h. Leaves and stems were 

light-adapted to the prevailing photosynthetic photon flux density (PPFD). Intercepted 

PPFD was measured using a digital light meter (Model 401025, Extech Instruments, 

Nashua, NH, USA). Using ΦPSII and intercepted PPFD, I calculated electron transport rate 

(ETR) using the following equation (Krall and Edwards 1992) 

ETR = ΦPSII x PPFD x 0.5 x a       Eqn. 3.1 

where a is the fraction of incident light estimated to be absorbed by the sample, which 

was assumed to be similar to the one for leaves of 0.84. 

Native stem hydraulic conductivity 

Branch samples longer than 1 m were collected from six individuals per species in the 

field. The cut ends were covered with parafilm and placed inside double-dark plastic bags 

and transported to the lab. In the lab, samples were recut under 20 mM KCl partially 

degassed solution to a length of 14 cm. Stem hydraulic conductivity was measured with 

the pipette method (Santiago 2010). Stems were connected to tubing filled with 20 mM 

KCl solution, where solution flowed from an elevated source through the stem and into a 

1 mL glass pipette. Stem hydraulic conductivity (Kh, kg m s-1 MPa-1) was then calculated 

as  

𝐾ℎ = 𝐹 (∆𝑃 𝐿⁄ )⁄         Eqn. 3.2 
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where F is the flow rate (kg s-1) measured as solution volume moved through the stem per 

unit of time, ΔP is the driving force (MPa), and L is the length of the stem (m). 

 Stem hydraulic conductivity was normalized by sapwood area (SA) to estimate 

sapwood-specific hydraulic conductivity (KS, kg m-1 s-1 MPa-1) as follows 

𝐾𝑆 = 𝐾ℎ 𝑆𝐴⁄           Eqn. 3.3 

Stem hydraulic conductivity was also normalized by distal leaf area (LA) to 

estimate leaf-specific hydraulic conductivity (KL, kg m-1 s-1 MPa-1) as follows 

𝐾𝐿 = 𝐾ℎ 𝐿𝐴⁄           Eqn. 3.4 

 Hydraulic architecture was estimated by calculating the LA distal to the stem 

section used for Kh measurement and its SA, and calculating the LA to SA ratio, which is 

a measure of the balance between transpiration (LA) and stem water supply to those 

leaves (SA) (Martínez-Vilalta 2011). 

Functional traits: wood density, specific leaf area and specific stem area 

Wood density was measured at the end of the dry season by removing the bark and pith 

from 1 cm long stem subsamples. Since wood segments had a regular cylinder shape, 

fresh volume was determined by measuring the diameter of the wood segments using a 

vernier caliper. Fresh volume was then calculated as the volume of a cylinder (πr2L, 

where r is diameter/2, and L is 1 cm), and the wood segment was dried for 48 h at 100°C 

to obtain dry mass. Woody density (g cm-3) was calculated as the ratio of wood dry mass 

(g) to fresh volume (cm3). 

 Specific leaf area (SLA, cm2 g-1) was measured in a subsample of leaves from the 

LA determination above, by measuring leaf area using an area meter (Li-3100, Li-Cor 
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Biosciences, Lincoln, NE, USA) and drying leaves in an oven for 48 h at 65°C to obtain 

dry mass. SLA was measured as the ratio of leaf area (cm2) to leaf dry mass (g). 

 Specific stem area (SSA, cm2 g-1) was measured following the protocol in Ávila-

Lovera et al. (2017). Stems were sectioned and projected area was measured using an 

area meter (Li-3100C, Li-Cor Biosciences). Stem surface area was determined by 

multiplying the projected area by π. Samples were then dried in an oven for 48 h at 65°C 

to obtain whole-stem dry mass. SSA was measured as the ratio of stem surface area (cm2) 

to whole-stem dry mass (g). 

 Specific bark area (SBA, cm2 g-1) was measured following the protocol in (Ávila-

Lovera et al. 2017b). Stems were sectioned and projected area was measured using an 

area meter (Li-3100 C, Li-Cor Biosciences). Stem surface area was determined by 

multiplying the projected area by π. Photosynthetic bark was removed from these stem 

sections and weighed separately from wood. Bark samples were then dried in an oven for 

48 h at 65°C to obtain bark dry mass. SBA was measured as the ratio of stem surface area 

(cm2) to bark dry mass (g). 

Carbon and nitrogen stable isotopes 

Carbon (δ13C) and nitrogen (δ15N) isotopic composition, as well as C and N concentration 

(%), were measured in dry leaf and stem bark samples in three to four individuals per 

species in both wet and dry seasons. Stable isotopes were measured using a Delta-V 

Advantage isotope ratio mass spectrometer operating in continuous-flow mode and 

attached to a Costech elemental analyzer at the Facility for Isotope Ratio Mass 

Spectrometry (FIRMS) of the University of California, Riverside (UCR). Only the stem 
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photosynthetic tissue was used because the wood of green stems is usually enriched in 

13C compared to the bark (Nilsen and Sharifi 1997). The δ13C values were expressed 

relative to the Vienna-Pee Dee Belemnite standard, while δ15N values are expressed 

relative to atmospheric N2. 

Statistical analyses 

Two- and three-ways analyses of variance (ANOVA) were used to evaluate the effect of 

stem syndrome, season and organ on physiological and functional traits. Pair-wise 

Pearson correlation analyses were also performed to test for coordination among 

physiological and functional traits using all of the data, as well as subsets for each season. 

The statistical analyses were performed using R v. 3.4.0 (R Core Team 2018). 

 

3.3 Results 

How do green and fleshy stems differ in their photosynthetic and hydraulic traits? 

There was no difference in topsoil water potential adjacent to green or fleshy-stemmed 

species (F1,106 = 0.07; p = 0.79; Fig. 3.1). Green-stemmed species had higher values of 

ΦPSII than fleshy-stemmed species across seasons (F1,353 = 7.9; p = 5.1 × 10-3) (Fig. 3.2b). 

Similarly, ETR was higher in green-stemmed species than in fleshy-stemmed ones (F1,353 

= 36.3; p = 4.3 × 10-9) (Fig. 3.2c). 
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Figure 3.2. A) Intercepted photosynthetic photon flux density (PPFD), B) effective 

quantum yield of PSII, and C) electron transport rate in fleshy- and green-stemmed 

species in wet (grey) and dry (white) seasons.  
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Stem water transport efficiency traits, namely Kh (F1,130 = 12.0; p = 7.1 × 10-4), KS 

(F1,130 = 4.7; p = 0.03) and KL (F1,92 = 4.0; p = 0.05), were higher in fleshy stems than in 

green stems (Fig. 3.3a-c). However, LA to SA ratio was higher in green stems than in 

fleshy ones (F1,92 = 7.0; p = 9.6 × 10-3) (Fig. 3.3d), indicating that green stems can 

support higher leaf area per unit of sapwood area. 

 

 

Figure 3.3. A) Stem hydraulic conductivity, B) Sapwood-specific hydraulic conductivity, 

C) leaf-specific hydraulic conductivity, and D) leaf area to sapwood area ratio in fleshy- 

and green-stemmed species in wet (grey) and dry (white) seasons.  

 

Fleshy-stemmed species had the highest values of SLA (Fig. 3.4a) and the lowest 

values of wood density (Fig. 3.4c). Despite obvious differences in the morphology of 
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green and fleshy stems, there was no difference in SSA between the two stem syndromes 

(F1,100 = 0.3; p = 0.56) (Fig. 3.4b). 

N concentration was higher in both leaves and stem bark of green-stemmed 

species than in fleshy-stemmed species (F1,125 = 34.2; p = 4.2 × 10-8), and N 

concentration was higher in leaves than in stem bark overall (F1,125 = 18.8; p = 3.0 × 10-

5). Fleshy-stemmed species had higher leaf and stem bark δ15N values than green-

stemmed species (F1,125 = 12.4; p = 5.9 × 10-4), and δ15N was higher in leaves than in 

stem bark (F1,125 = 9.7; p = 2.3 × 10-3). C concentration was higher in both leaves and 

stem bark of green-stemmed species than in fleshy-stemmed species (F1,125 = 5.0; p = 

0.027), and it was higher in leaves than in stem bark (F1,125 = 4.6; p = 0.034). Values of 

stem bark δ13C were higher in green-stemmed species than in fleshy-stemmed species (p 

= 0.02). 

Does seasonality drive distinct trait responses between green- and fleshy-stemmed 

species? 

Topsoil water potential was significantly lower in the dry than in the wet season (F1,106 = 

317.6; p = 2.2 × 10-6) demonstrating the strong seasonality of the study site (Fig. 3.1). 

Intercepted PPFD by leaves and stems in both stem syndrome groups was higher in the 

dry season than in the wet season (F1,353 = 27.4; p = 2.8 × 10-7) (Fig. 3.2a), due to the 

presence of clouds during the wet season.  

Effective quantum yield of PSII was higher in the wet season than in the dry 

season (F1,353 = 41.4; p = 4.0 × 10-10). Values of ETR did not differ between seasons 

(F1,353 = 0.15; p = 0.70) (Fig. 3.2c). Values of Kh and KS did not differ between seasons, 
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but KL increased during the dry season (F1,92 = 7.5; p = 7.4 × 10-3). Values of LA to SA 

ratio were overall higher in the wet season than in the dry season (F1,92 = 18.1; p = 5.1 × 

10-5). Values of SLA did not change with season, but SSA values were higher in the dry 

season than in the wet season (F1,100 = 78.6; p = 3.3 × 10-14) (Fig. 3.4a-b). 

 

 

Figure 3.4. A) Specific leaf area and B) specific stem area in fleshy- and green-stemmed 

species in wet (grey) and dry (white) seasons; and C) wood density, in fleshy- (grey) and 

green-stemmed species (white) in the dry season. 
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Do green and fleshy stems coordinate photosynthesis and hydraulic strategies in the 

same way it occurs in leaves? 

There was no relationship between fluorescence and hydraulic traits in either season (Fig. 

3.5a). Sapwood-specific hydraulic conductivity was positively related to leaf δ13C (r = 

0.64; p = 5.2 × 10-3); species with high KS also have high leaf δ13C (Fig. 3.5b). There was 

coordination between leaf and stem ETR in the wet season (r = 0.73; p = 0.02); species 

with high leaf ETR also had high stem ETR (Fig. 3.6). 
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Figure 3.5. A) Stem electron transport rate and B) leaf carbon isotopic composition 

versus sapwood-specific hydraulic conductivity in fleshy- (circle) and green-stemmed 

species (triangle) in wet (black) and dry (white) seasons. 
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Figure 3.6. Leaf versus stem electron transport rate in fleshy- (circle) and green-stemmed 

species (triangle) in wet (black) and dry (white) seasons. 
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Figure 3.7. Stem bark carbon isotopic composition versus topsoil water potential in 

fleshy- (circle) and green-stemmed species (triangle) in wet (black) and dry (white) 

seasons. 
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3.4 Discussion 

I studied physiological and functional traits in green and fleshy stems from a 

tropical arid ecosystem. The results show how the two groups of species with different 

photosynthetic stem syndromes use resources differently, with green-stemmed species 

having high leaf and stem photosynthetic capacity, whereas fleshy stems have higher 

hydraulic efficiency and low wood density associated with water storage. The lack of 

difference in topsoil water potential adjacent to green- or fleshy-stemmed species 

indicates that both groups of plants can occupy similar soils and that their different 

responses to water deficit are due to their physiological strategies rather than the soil 

water availability that they experience during the dry season (Parolari et al. 2014). There 

was a strong response to seasonality in photosynthetic traits but a weak response in 

hydraulic traits. There was no coordination between photosynthetic and hydraulic traits in 

the stems of the study species, but there was coordination between other leaf and stem 

traits that give information on the efficiency of resource use by the two groups of species. 

Topsoil water potential was negatively correlated with stem bark δ13C only in the 

dry season (r = -0.59; p = 0.04), indicating that those species experiencing the strongest 

soil water deficit were photosynthesizing at higher long-term integrated water-use 

efficiency (Fig. 3.7). 

Green-stemmed species had higher values of ΦPSII and ETR compared to fleshy-

stemmed species. It has been shown recently that stem Amax values can be up to 60% 

those found in leaves (Ávila et al. 2014b). This is mainly due to lower values in N and 

chlorophyll concentration in stems than leaves (Osmond et al. 1987; Nilsen and Bao 
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1990; Tinoco-Ojanguren 2008; Ávila et al. 2014a). Most species in the green-stemmed 

group are evergreen, so both leaves and green stems contribute to the total annual carbon 

balance. Fleshy-stemmed species had higher values of Kh, KS and KL, indicating that they 

have larger diameter xylem vessels than green-stemmed species (Tyree and Ewers 1991). 

Also, green stems had high values of wood density, which implies a high cell wall to cell 

volume ratio (Carlquist 1977), which has a negative effect on hydraulic efficiency 

because of low lumen volume through which water can potentially flow. 

On one hand, the low wood density of fleshy stems suggests high water storage 

capacity, which is typical in species with this syndrome (Borchert 1994; Borchert and 

Pockman 2005). On the other hand, low wood density could suggest high risk of 

cavitation (Li et al. 2018), especially during the dry season. However, the maintenance of 

high hydraulic conductivity in fleshy stems during the dry season indicates either low 

cavitation risk, or cavitation-refilling cycles. High hydraulic efficiency in fleshy stems is 

potentially beneficial for mobilizing stored water (Santiago et al. 2018), and stored water 

in the xylem may have been used to maintain xylem water potentials from reaching 

cavitation thresholds (Meinzer et al. 2008). Wood density has been found to be 

negatively related to capacitance across evergreen and deciduous species from tropical 

forests (Meinzer et al. 2003; Scholz et al. 2007), evergreen species from chaparral 

shrublands (Pratt and Jacobsen 2017), Amazonian canopy tree species (Santiago et al. 

2018) and species with different climate-of-origin (Li et al. 2018). Furthermore, stem-

succulent plants from desert ecosystems are known to use their stem stored water to 

buffer diurnal fluctuations in leaf turgor (Nilsen et al. 1990). Fleshy-stemmed species are 
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usually pioneers in regenerating tropical secondary forests (Worbes et al. 2013), which 

implies that their efficient use of water is a key factor determining their successful 

establishment and survival in environments where conditions can be unfavorable. 

 There was downregulation in ΦPSII during the dry season with no differences in 

ETR because intercepted PPFD increased during the dry season. Stem hydraulic 

efficiency traits such as Kh and KS did not change between seasons, but KL increased for 

some species because of reduction in dry season leaf area, allowing for more water to 

reach remaining leaves. This was also translated into decreases of LA to SA ratio in the 

dry season, when xylem water supply was shared among fewer leaves than in the wet 

season. 

The absence of coordination between photosynthetic and hydraulic traits in this 

study shows that the relationships found in other ecosystems are not general (Baraloto et 

al. 2010; Ávila-Lovera et al. 2017b). The site is particularly interesting because it has 

elements of the arid Sonoran Desert scrub from the north and tropical dry forests from the 

south, which could partially explain the different behavior of plants from these two 

floristic regions compared to those that are strictly found in desert ecosystems. 

Something else to consider is that I did not measure gas exchange; I measured 

chlorophyll a fluorescence traits as proxies for photosynthetic capacity. In leaves, 

parameters of photochemical activity are related to CO2 assimilation (von Caemmerer 

2000), but do not characterize stomatal activity and water loss. Further study is needed to 

determine relationships between photochemistry activity, carbon assimilation and 

transpiration in photosynthetic stems. 
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However, there was coordination among some leaf and stem traits: leaf ETR - 

stem ETR, and leaf δ13C - stem KS. The positive relationship between leaf and stem ETR, 

at least during the wet season when most drought-deciduous species have leaves, 

indicates that nutrient and water resources are allocated between leaves and stems 

roughly equally. During the wet season when resources are more available, the best way 

to optimize the use of these resources is by allocating them to all possible photosynthetic 

tissues (Yan et al. 2016). This way, more area is equipped to assimilate or re-assimilate 

CO2. The positive relationship between KS and leaf δ13C across species and seasons 

indicates that the ability of the stem to supply water to leaves is related to the ability of 

leaf stomata to regulate water loss, given that differences in δ13C across species are 

driven mainly by stomatal control during photosynthesis rather than differences in source 

δ13C. Usually, stems that have high hydraulic efficiency are more vulnerable to 

cavitation. In this sense, these species should close stomata sooner in the dry season to 

avoid cavitation, leading to enriched leaf δ13C. 

The results indicate that there is functional diversity within the photosynthetic 

stem syndrome with green-stemmed species having high values in traits related to 

photosynthesis and low hydraulic capacity, whereas fleshy-stemmed species have high 

hydraulic capacity and low values in traits related to photosynthesis. This finding has 

important implications for plants with photosynthetic stems because it suggests that 

contrasting photosynthetic stem syndromes do not necessarily behave similarly, 

indicating that they may need to be considered as different functional groups. I expect 

that during extreme drought, fleshy stems would be subjected to higher cavitation risk 
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and would experience the highest decrease in ΦPSII. The high wood density found in 

green stems will likely confer higher xylem mechanical and hydraulic safety, with lower 

expected decrease in ΦPSII. 
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Concluding remarks 

My work shows important aspects of photosynthetic stems: 1) Photosynthetic stems 

behave like leaves in the coordination of multiple traits related to carbon gain and water 

movement and loss; 2) plants with green stems rely on their stem as the sole organ for 

carbon assimilation for most of the study period; 3) there is functional diversity within 

the photosynthetic stem syndrome with green-stemmed species having high values in 

traits related to photosynthesis and low hydraulic capacity, while fleshy-stemmed species 

have high hydraulic capacity and low values in traits related to photosynthesis. 

Such similarity between photosynthetic stems are leaves is potentially 

advantageous because we may be able to extend our knowledge of leaf physiology and 

the leaf economic spectrum to better understand photosynthetic stem physiology. 

Furthermore, understanding seasonal changes in photosynthetic capacity and hydraulics 

can help in predicting green-stemmed plant responses to global-change-type droughts. I 

found partial support for the high water-use efficiency hypothesis, and that green stems 

might be losing more water through their cuticle than non-green stems. This raises 

questions of possible trade-offs between carbon gain and water loss through the cuticle in 

woody green stems and how this may affect plant responses to current and future 

droughts. However, most plants bearing green photosynthetic stems inhabit desert 

washes, and may have continuous access to water sources. 




