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ABSTRACT 

Dryland ecosystems largely control the inter-annual variability of the global carbon cycle. 

Unfortunately, there is a paucity of data on key biochemical parameters, such as maximum 

carboxylation velocity (Vcmax25) and electron transport rate (Jmax25), from species in these 

ecosystems which limits our capacity to model photosynthesis across ecological scales. We studied 

six dominant C3 shrub and tree species from the Sonoran Desert with different leaf traits and 

phenological strategies. We characterized Vcmax25 and Jmax25 for each species and assessed which 

traits or trait combinations were the best predictors of these parameters for biochemical models of 

photosynthesis. All species had high values of Vcmax25 and Jmax25, mostly explained by high leaf 

nitrogen content (Narea) and high nitrogen allocation to photosynthetic enzymes comparable to those 

reported for herbs and crop species but higher than those of shrubs and other functional types in 

world databases. We found that the high values of Vcmax25 and Jmax25, by increasing rates of 

photosynthetic reactions, enhance photosynthetic water and nitrogen-use efficiencies and may favor 

carbon gain under typical conditions in drylands. Our findings provide novel implications to 

common findings of high Narea in dryland species and can help to improve the parameterization of 

photosynthesis models for drylands. 

 

Keywords: Vcmax; Jmax; Photosynthesis biochemical models; Leaf nitrogen content; Dryland species; 

Leaf traits; N2-fixers.   



 

 

1. INTRODUCTION 

Photosynthesis is a fundamental biological process that influences the global carbon cycle, because 

it is the main flux responsible for the inter-annual variability of the global terrestrial CO2 sink 

(Ahlstrom et al., 2015). Photosynthesis rates are widely described mechanistically (or semi-

mechanistically), from sub-cellular to global scales (Farquhar et al., 2001), using principles of the 

biochemical model originally developed by Farquhar et al. (1980). This model integrates knowledge 

about photosynthesis biochemistry, stoichiometry, and the kinetic properties of key enzymes and 

processes. While most parameters of the model are fairly constant among C3 species, day 

respiration (Rd), the carboxylation capacity (Vcmax), electron transport capacity (Jmax), and rate of 

triose phosphate utilization (TPU) can vary substantially among species (von Caemmerer, 2000). Of 

these parameters, Rd tends to be correlated with Vcmax, and TPU is usually not limiting under natural 

conditions; therefore, Vcmax and Jmax can be considered the key parameters of the model (von 

Caemmerer, 2000). It is known that Vcmax and Jmax can vary up to two orders of magnitude among 

species (Kattge et al., 2009; Wullschleger, 1993), making large-scale estimates of photosynthesis 

highly sensitive to these parameters (Bonan et al., 2011). Thus, large scale modeling of 

photosynthesis requires accurate characterization of Vcmax and Jmax across a wide range of species 

and functional types and vegetation types. 

 Current Earth System Models use various approaches to parameterize the variation in Vcmax 

and Jmax across the biosphere. The most common is the plant functional type approach, where 

functional types are broad categories of plants, vegetation types, or biomes, which are considered to 

have similar physiology and therefore similar values of Vcmax and Jmax (Rogers, 2014). In this way, 

the variation across plant diversity in these parameters can be simplified to a single value for each 

functional type. The limitation on how well each parameter represents this variation depends on the 

number of different functional types that are considered, as well as the extent to which these 

parameters represent the average or most probable local-to-global value (depending on the scale of 

the study). Other approaches include covariation of Vcmax and Jmax with different leaf traits, or by 



 

 

integrating biogeochemical cycles and leaf traits (Rogers, 2014). Measurement of Vcmax and Jmax is 

laborious and time-consuming, leaving a paucity of data when compared to other plant traits such as 

specific leaf area or leaf nitrogen content (Kattge et al., 2009; Kattge et al., 2011; Walker et al., 

2014). Consequently, limited information on Vcmax and Jmax challenge our capacity to represent the 

“real” variation of these parameters within models and lead to biases in regional and global 

estimates of carbon fluxes and net ecosystem productivity (Kattge et al., 2009). 

 Historically, dryland ecosystems have been underrepresented over the wealth of information 

available for tropical and temperate ecosystems. Consequently, Vcmax and Jmax parameters for plant 

functional types from temperate and tropical forest ecosystems overwhelmingly dominate the Earth 

System Models (Rogers, 2014). Recent evidence has shown that dryland ecosystems have a 

dominant contribution to the positive trend (51-57% contribution) and inter-annual variation (39-

47% contribution) in the land CO2 sink (Ahlstrom et al., 2015; Biederman et al., in press; Fu et al., 

2017; Poulter et al., 2014). However, data are scarce or null for typical functional types inhabiting 

dryland ecosystems such as sclerophyll and deciduous trees and shrubs, stem-succulent deciduous 

trees and shrubs, non-succulent trees, herbs, and winter and summer active annuals among others 

(Shreve 1942). Only a handful of published data can be attributed to dryland species and functional 

types in extant syntheses of Vcmax and Jmax parameters. For example, Wullschleger (1993) report 

data for three species of desert annuals and perennials (2.8 % of total species), Kattge et al. (2009) 

included four desert evergreens and deciduous shrubs and annuals (unknown proportion), and 

Walker et al. (2014) reported six sclerophyll and deciduous tree species from open savannas (1.6 % 

of total); altogether ranging 64-127 μmol m-2 s-1 for Vcmax and 58-276 μmol m-2 s-1 for Jmax.  More 

data is needed to reflect actual variation in these parameters across species and functional types in 

the globally important biomes of drylands. This is a crucial step to improve our understanding, and 

accuracy of models of the photosynthetic processes occurring on them. 

 Even though there are few data for Vcmax and Jmax in dryland species and functional types, 

other leaf traits (that are linked to Vcmax and Jmax) have been sampled more extensively and could 



 

 

provide valuable information. For example, leaf traits such as specific leaf area (SLA), area-based 

nitrogen (Narea), and phosphorus (Parea) content, are known to be well correlated with Vcmax and Jmax 

(Domingues et al., 2010; Kattge et al., 2009; Walker et al., 2014). Global syntheses indicate that 

increasing aridity tends to increase Narea, Parea, and light-saturated net photosynthesis rates (Aarea), 

but increasing aridity decrease SLA and nitrogen content on a mass basis (Nmass) (Bagouse-Pinguet 

et al., 2016; Maire et al., 2015; Wright et al., 2005). In general, these observations could imply that 

conserving strategies such as low gas exchange rates and resource use predominate in drylands, or 

that dryland species have consistently high values of Vcmax and Jmax. 

 Our overarching goal is to provide baseline information for key parameters relevant for 

modeling photosynthesis in dryland species and provide a discussion of its physiological 

implications. In this study, we characterized Vcmax and Jmax from photosynthetic response curves, 

photosynthetic rates, SLA, and nitrogen content, for six dominant species from the Sonoran Desert. 

Although six species is a small number, this set comprises a wide array of functional types and leaf 

phenologies, spanning across the known range of values of these traits and parameters, thus 

allowing to get broad picture on these parameters, traits, and processes, for dryland species. We 

asked the following questions: what magnitudes and ranges of Vcmax and Jmax does dominant species 

of the Sonoran Desert have? Which traits or trait combinations are the best predictors of Vcmax and 

Jmax? What are the implications of the magnitudes and ranges of Vcmax and Jmax for photosynthesis in 

drylands? 

 

2. MATERIALS AND METHODS 

2.1. Study site and species sampled 

All gas exchange measurements and leaf material were obtained from plants growing under natural 

conditions at La Colorada, Sonora, Mexico. Field campaigns were conducted at locations associated 

with two sites participating with the Mexican eddy covariance network: Mexflux (Vargas et al., 

2013, Hinojo-Hinojo et al., 2016), which are representative of the Southeastern part of the Sonoran 



 

 

Desert. Predominant vegetation is a Sonoran Desert scrub characteristic of the Plains of Sonora 

composed by deciduous shrubs and low stature deciduous and evergreen trees (Shreve & Wiggins, 

1964; Brown et al., 1994). Long term annual rainfall is 345 mm, 70 % of which occurs during the 

summer monsoon, while mean annual temperature is 20.7 ºC with a mean temperature of 13.2 ºC 

during January, the coldest month, and 28.1 ºC during July, the warmest month (station 26046 La 

Colorada, Servicio Meteorológico Nacional). Soils are calcic regosol and haplic phaeozem with 

loamy sand texture, 0.6-2.6 % organic matter content, 0.18-0.38 % nitrogen, and 0.05-0.1 % 

phosphorus content (Celaya et al., 2015). 

 We sampled the more abundant C3 perennial species of the sites which comprised a diverse 

set of growth forms and leaf phenologies: Olneya tesota and Prosopis velutina (leguminous 

evergreen trees); Mimosa laxiflora (drought deciduous leguminous shrub); Encelia farinosa 

(drought deciduous shrub). We included other stem-succulent deciduous species with leaf 

phenology restricted to the summer: Ipomoea arborescens (a tree); and Jatropha cardiophylla (a 

shrub). Altogether, these species comprised about 80-90 % of perennial cover in the sites. In 

addition, the species have a wide distribution and are abundant throughout the Sonoran Desert and 

across other North American dryland regions. 

 

2.2. Measurement of gas exchange and related leaf traits 

We conducted gas exchange measurements at the study sites during multiple field campaigns for 

five consecutive years. All measurements were performed during the summer rainy seasons, from 

July to early October, in sun-exposed mature leaves. The following gas exchange measurements 

were performed in all studied species: a) response curves of leaf net photosynthesis to intercellular 

CO2 concentrations (A-Ci curves); b) measurements of light-saturated net photosynthesis rates; c) 

measurements at various light levels through the use of neutral filters; and d) diurnal courses of gas 

exchange. Air flow in the chamber was set at 300-500 μmol s-1 in all measurements. No attempt 

was made to control conditions in the chambers, besides light in b) and c), or leaf temperature and 



 

 

CO2 concentration in A-Ci curves. Light saturated net photosynthesis (Amax) measurements and 

measurements at different light levels were performed with a LCi system (ADC Bioscientific Ltd., 

Herts, England), and A-Ci curves and Amax measurements with a Li-6400XT (LICOR Scientific, 

Lincoln, Nebraska, USA). Both systems gave comparable data across species. With this 

measurements, we aimed to derive Vcmax and Jmax parameters for the biochemical model of 

photosynthesis (from A-Ci curves), and to have measurements of photosynthetic rates under a wide 

range of natural environmental conditions (from b-d measurements) to validate photosynthesis 

models.  

 A-Ci curves were measured in six to eleven individuals of each species with a Li-6400XT 

(LI-COR, Lincoln, NE, USA) following Long & Bernacchi (2001). Measurements were performed 

first time in the morning under saturating direct sunlight (PAR, photosynthetically active radiation 

flux density >1500 μmol m-2 s-1) during clear, cloudless days. Leaf temperature was maintained 

close to the initial value as much as possible, although this value may had differ in different 

measurements. A-Ci curves were fitted using the “bilinear” method (see Duursma, 2015) with R 

software package “plantecophys” to obtain biochemical parameters (Vcmax, Jmax, Rd and TPU) for 

the photosynthesis model. Temperature response functions and values for other parameters in the 

model followed Medlyn et al. (2002). Rd and TPU were used to fit Vcmax and Jmax accurately. Only 

photosynthesis curves from unstressed leaves (with stomatal conductance above 0.05 mol m-2 s-1, 

see Flexas et al., 2006) were considered in our analyses and modeling as quality control. 

 Vcmax and Jmax values were scaled to its values at 25 ºC (Vcmax25 and Jmax25) using 

temperature response functions from Medlyn et al. (2002) with two widely-used sets of parameter 

values: those from Bernacchi et al. (2001, 2003) and those from Kattge & Knorr (2007). There is 

one essential difference between both sets of parameter values. When those from Bernacchi are 

used (called BRc hereafter), the value of Vcmax and Jmax keep increasing exponentially with 

temperature. When those from Kattge & Knorr (called KKr hereafter) are used, the value of Vcmax 

and Jmax initially increases exponentially until a peak is reached (temperature optimum) where the 



 

 

value decrease afterwards. The temperature at which this peak value occurs depends on the growth 

temperature (mean air temperature of the previous month). 

 To perform leaf area corrections of gas exchange data, all leaf samples were collected after 

measurements, sealed in bags with moist paper and stored in dark and cold conditions. In the lab, 

leaves were scanned and area measured using ImageJ software (version 1.50i, Wayne Rasband, 

National Institutes of Health, USA). Leaves were oven dried at 60-70 ºC for two days and weighted. 

Specific leaf area (SLA) was estimated as the fresh area to dry weight ratio in each leaf. Total 

nitrogen content per mass was measured either by the phenate method for Kjeldahl nitrogen with a 

rapid flow analyzer (RFA300, ALPKEM Corporation, Clackamas, Oregon, USA) or with an 

elemental analyzer (2400, PerkinElmer Inc., Waltham, MA, USA). Nitrogen content per mass 

(Nmass) was expressed as nitrogen per area (Narea) using the SLA of the same leaf. The proportion of 

leaf nitrogen allocated to Rubisco enzyme and to bioenergetics was estimated following equations 

from Niinemets & Tenhunen (1997). These equations estimate the amount of nitrogen within 

enzymes according to measured Vcmax25 (for Rubisco) and Jmax25 (for bioenergetics), and compare it 

against total leaf nitrogen content. 

 

2.3.Data analysis and photosynthesis modeling 

Species mean Vcmax25 and Jmax25 was compared using analysis of variance and Tukey HSD post-hoc 

test. Additionally, we assessed which single leaf trait or trait combinations were the best predictors 

for Vcmax25 and Jmax25. For this, simple linear regressions was performed for each single leaf trait 

(SLA or Narea) against either Vcmax25 or Jmax25. For assessing leaf trait combinations as predictors of 

Vcmax25 and Jmax25, we identified the best statistical model using backward and forward stepwise 

regression according to the minimal Akaike information criterion index, as follows: for Vcmax25 we 

included SLA, Narea, and SLAxNarea interaction effects (Vcmax25=β1SLA+β2Narea+β3SLA∙Narea), and 

for Jmax25 we included SLA, Narea, Vcmax25, and all interaction terms 



 

 

(Jcmax25=β1SLA+β2Narea+β3Vcmax25+β4SLA∙Narea+β5SLA∙Vcmax25+β6Narea∙Vcmax25+β7SLA∙Narea∙Vcmax

25). These statistical analyses were performed on JMP software (version 9.0.1, SAS Institute, 2010). 

 The net photosynthetic rate was modeled with the biochemical model of photosynthesis 

(Farquhar et al., 1980) using the "plantecophys" package (Duursma, 2015). The following 

approaches were used to parametrize Vcmax25 and Jmax25 for the model: average values obtained from 

A-Ci curves for each species (species mean), average values obtained using the best models and all 

available trait values per species (trait mean), and calculating a Vcmax25 and Jmax25 for each leaf using 

the best models and the trait values for each leaf (trait based). The first two approaches were to 

assess how well photosynthesis can be modeled by using a fixed value for Vcmax and Jmax, and the 

third approach to assess whether allowing those parameters to vary with leaf traits enhances the 

accuracy of the model. Leaf temperature, photosynthetic photon flux density, and intercellular CO2 

concentration of each gas exchange measurement were entered into the model. The performance of 

each approach was evaluated using the mean absolute deviation of modeled versus measured data. 

 Light response curves of net photosynthesis rate for leaves under typical field conditions 

were simulated to determine the performance of leaves with the obtained values of Vcmax25, Jmax25 

and leaf traits. This simulations were then compared to curves simulated using parameters for 

shrubs from Kattge and Knorr (2009) whose derivation included a poor representation of data for 

dryland species. For this, simulations were made for hypothetical leaves with contrasting trait 

values (high and low Narea) which would give a broad picture of the implications of having such 

parameter values for any generic leaf.  Additionally, simulations were made for J. cardiophylla 

leaves. This species was the most extensively sampled and abundant in our study sites, and thus 

provides an opportunity to show the implications of the parameter values on the performance of a 

particular species. 

 

3. RESULTS 

3.1. Vcmax, Jmax and leaf traits 



 

 

After quality control, we obtained data for Vcmax and Jmax from two to five curves for each species 

(Table 1). These curves yielded Vcmax25 values between 86 and 212 μmol m-2 s-1 with BRc 

temperature parameters and 93-248 μmol m-2 s-1 with KKr temperature parameters. For Jmax25, we 

found values of 83-312 μmol m-2 s-1 and 105-350 μmol m-2 s-1, with BRc and KKr parameters 

respectively. Vcmax25 and Jmax25 were on average 1.2 times higher with KKr than with BRc 

temperature parameters. The Jmax25:Vcmax25 ratio in the species had a range of 0.9-2.1 with an 

average of 1.4. Prosopis velutina was the species with the highest mean Vcmax25 and Jmax25, while 

other species had lower values, although there was a wide variation between individual values 

within each species (Table 1).  

 Single leaf traits were significantly correlated with Vcmax25 and Jmax25 (Table 2). Narea 

was correlated with both Vcmax25 and Jmax25 and explained 35-56% of the variance, and SLA was 

inversely related to Jmax25 and accounted for 18-21% of the variance. The Narea to Vcmax25 

relationship had a higher intercept compared to studies published in a recent global synthesis 

(Figure 1). The value of Vcmax25 and Jmax25 for a given Narea in the studied species corresponds to a 

36-46% nitrogen allocated to Rubisco enzyme and 4.9-5.8% to enzymes in bioenergetics in the 

studied species. 

Combinations of traits in statistical models increased the explained variance of Vcmax25 

obtained with BRc parameters (Table 3). Only in this case, the stepwise regression showed that 

including the effects of SLA and Narea produced the best model and explained 10 % more variance 

than Narea alone. Narea explained similar amounts of variation for other parameters (Jmax25 with BRc 

parameters, and Vcmax and Jmax with KKr parameters) than the best models (Table 2 and 3). By 

using the best models with all available data for SLA and Narea gathered over the years (leaves from 

A-Ci curves and leaves from all the other gas exchange measurements), we obtained a species 

average Vcmax25 and Jmax25 (Table 4)  which could be considered a more representative species 

average because of its larger sample number. It should be noted that these estimates carry the 



 

 

uncertainties associated with our best models. These species averages were used in the “trait mean” 

approach in the following section.  

 

3.2. Photosynthesis modeling 

The comparison between the species mean, trait mean, and trait-based approaches for modeling 

photosynthesis on each species is shown in Table 5. The error obtained in M. laxiflora and P. 

velutina species was substantially lowered with the trait-based approach, although the three 

approaches had similar errors (< 1 μmol m-2 s-1 of difference on its mean absolute deviation) in the 

remaining species (Table 5). Additionally, we found that models using Vcmax25 and Jmax25 obtained 

with BRc temperature parameters had a better fit and lower error across all species (Table 5).  

Modeled data tracked closely most of our gas exchange measurements (Figure 2). In four of 

the six species, error diminished when observations with leaf temperatures above 40 ºC were 

discarded (Figure 2, Table 5). Nonetheless, data modeled with BRc gave lower mean absolute 

deviation than data modeled with KKr when all data was considered, but had similar mean absolute 

deviation when data with leaf temperatures above 40 ºC were discarded (Table 5).  

 To assess the implications of the values of Vcmax25, Jmax25, and Vcmax25 per Narea generated in 

this study for the photosynthetic performance of leaves, we simulated net photosynthetic rates under 

typical conditions that leaves experience in the field (Figure 3). Using our parameters, net 

photosynthesis rates were about 7-10 μmol m-2 s-1 higher than those obtained with parameters from 

a global database (Kattge et al., 2009) for hypothetical leaves at full sunlight, high leaf temperatures 

and high, mid or low stomatal conductances (see Figure 3). For J. cardiophylla leaves, our 

parametrization gave similar photosynthesis rates to our actual measurements, and had rates 7-13 

μmol m-2 s-1 above those obtained with parametrizations from the global data base (Figure 3). 

Additionally, photosynthetic rates with the parameters obtained in this study saturated at higher 

irradiances (Figure 3). 

 



 

 

4. DISCUSSION 

Global databases and large-scale flux modeling schemes still have poor representation of key 

biochemical (Vcmax and Jmax) parameters of photosynthesis for dryland plant species and functional 

types (Kattge et al., 2009; Rogers, 2014; Wullschleger, 1993; Walker et al., 2014). In this study, we 

characterized Vcmax25 and Jmax25 parameters for six dominant and widely distributed species in the 

Sonoran Desert, representing a wide range of functional types, leaf phenological strategies, and leaf 

trait values. By generating this set of biochemical parameters for dominant plant species and 

determining the relationship between these parameters and leaf traits, we aimed to contribute to 

have more accurate parameterizations for modeling carbon fluxes in Sonoran Desert ecosystems . 

The high values reported here for Vcmax25 and Jmax25 in the studied species and the relationship 

between these biochemical parameters and leaf traits may have important implications for carbon 

flux models and the photosynthetic performance of plant species in dryland environments. 

 

4.1. High Vcmax and Jmax for dryland species 

Global databases report a measured range of Vcmax25 of 10-200 μmol m-2 s-1 (Kattge et al., 2009; 

Walker et al., 2014), but the bulk of data values are in the range of 35-63 μmol m-2 s-1 (interquartile 

range from Walker et al., 2014). Vcmax25 for the species in our study (86-212 μmol m-2 s-1 with BRc 

dataset and 93-248 μmol m-2 s-1 with KKr dataset) fall above this global range of bulk data, and are 

higher than mean values for the most closely related functional types from global databases and 

modeling schemes (see Kattge et al., 2009; Rogers, 2014). For example, the global database of 

Kattge et al. (2009), which had a poor coverage of dryland species, reported a mean Vcmax25 of 54-

62 μmol m-2 s-1 for shrubs (mostly from temperate ecosystems)  and 30-40 μmol m-2 s-1 for tropical 

trees. However, herbs and crops had a comparable range to our data (80-100 μmol m-2 s-1), and high 

Vcmax25 values (100-150 μmol m-2 s-1) have also been found on few temperate broadleaved trees, 

coniferous trees, shrubs, herbs and crops species  (Kattge et al., 2009).  In agreement with our 

findings, the few measurements which have been reported for other dryland species from Australia, 



 

 

western Africa and North America also showed high Vcmax25 values, ranging 60-130 μmol m-2 s-1 

(Cernusak et al., 2011; Domingues et al., 2010; Ellsworth et al., 2004; Hamerlynk et al., 2002, 

Wullschleger, 1993). In addition, we found that most of our Jmax25 data were above the global 

median (89 μmol m-2 s-1, Walker et al., 2014) and can also be considered somewhat high. The data 

summarized here indicates that dominant C3 species from the Sonoran Desert (this study) and other 

dryland species which have been studied have consistently high Vcmax25 and Jmax25 values. More 

importantly, this indicates that current global databases and modeling schemes (Kattge et al., 2009; 

Rogers, 2014; Walker et al., 2014) may be underestimating the Vcmax25 and Jmax25 of species and 

functional types for the Sonoran Desert and probably in other dryland regions. 

 High Vcmax25 and Jmax25 values may result from high Narea values. In our analysis Narea 

explained 35-56 % of the variation these parameters, thus help explaining differences across species 

and individual leaves (Table 2 and 3). In addition, we found values of Narea above the global median 

of 1.6 g N m-2 (from 12860 samples in Kattge et al., 2011) in all six species studied, with some 

above the global 97.5% quantile of 3.6 g N m-2 (Kattge et al., 2011). From global data bases of leaf 

trait measurements, studies have found that that Narea tends to increase with aridity (Bagouse-

Pinguet et al., 2016; Maire et al., 2015; Wright et al., 2005), suggesting that high Narea values are 

common among dryland species. Our study shows a direct link between high Narea and high values 

of Vcmax25 and Jmax25 for a dryland region, which has not been previously reported. 

 High values of Narea in dryland species have several possible causes. Species from these 

biomes tend to have similar (Killingbeck & Withford, 1996) or higher (Skujins 1981; West 1981; 

West & Skujins, 1978) nitrogen content on a mass basis (Nmass) than species from other biomes 

such that higher Narea values should arise from combinations of Nmass and SLA values 

(Narea=Nmass/SLA). For example, O. tesota had a mean Nmass of 2-3 %. In this case, high Narea 

occurred due to relatively low SLA (10-15 m2 kg-1). Species with high Nmass (3-5 %) and low SLA 

(5-15 m2 kg-1) such as P. velutina and E. farinosa had the highest Narea; and species with high SLA 

(15-30 m2 kg-1) need very high Nmass (3-6 %) to achieve high Narea, as observed for I. arborescens, 



 

 

J. cardiophylla, and M. laxiflora. Other mechanisms that may enable species to have high Narea are: 

1) high efficiency of nutrient resorption (Killingbeck, 1993); 2) association with nitrogen-fixing 

symbionts, as in the three leguminous species M. laxiflora, O. tesota, and P. velutina, which may 

increase nitrogen availability during the growing season, unless water or phosphorus became 

limiting in the soil; 3) a relationship between non-nitrogen-fixing and nitrogen-fixing plant species 

in fertility islands (Garcia-Moya, 1974; Pugnaire et al., 1996), and that 4) nitrogen is not necessarily 

limiting in dryland ecosystems (0.18-0.38 % Nmass in the soil o our sites, Celaya et al., 2015; 

LeBauer & Treseder, 2008). 

We found a higher Vcmax25 per amount of Narea, and thus a high allocation of nitrogen to 

photosynthetic enzymes, in our study species than typical values for shrubs and other functional 

types from a global database with a poor representation of dryland species, but comparable to those 

reported for herbaceous and crop species (Figure 1, Kattge et al., 2009).  (Kattge et al., 2009).  Our 

estimates show that Sonoran Desert species invest on average 36-46 % of nitrogen in Rubisco 

which is higher than the typical 10-30 % reported for C3 plants (Evans, 1989; Evans & Seeman, 

1989; Ghimire et al., in press). Nitrogen allocated to bioenergetics was 4.9-5.8 %, which is in the 

range that has been reported for shrubs and deciduous trees (Ghimire et al., in press). Together, our 

observations indicate that high Vcmax25 and Jmax25 in Sonoran Desert species is mainly explained by 

high Narea and a high allocation of nitrogen to photosynthetic enzymes. 

 

4.2. Implications for photosynthesis and productivity 

Previous studies have found that high Narea in species from low-rainfall sites results in an important 

strategy for water conservation, allowing an increase in net photosynthesis for any given Ci and 

stomatal conductance compared to species from high-rainfall sites (Field et al., 1983, Wright et al., 

2001). In agreement with this, here we showed than the a Narea, but also a high allocation of 

nitrogen to photosynthetic enzymes in dryland species, allow higher photosynthetic rates for a given 

Ci as compared to non-dryland species (Figure 3). In addition, our simulations and data 



 

 

comparisons provide novel biochemical and physiological evidence on how high values of Narea, 

nitrogen allocation to photosynthetic ezymes, and Vcmax25, and Jmax25, can enhance the 

photosynthetic performance of species under typical abiotic conditions in drylands: 1) allowing very 

high photosynthetic rates during periods of high resource availability (soil water, light, air humidity, 

air CO2 concentration) (see Figure 3 at Ci of 290 μmol mol-1; Castellanos et al., 2010; Ehleringer & 

Cook, 1984; Mooney et al., 1976; Werk et al., 1983); 2) enhancing the carbon gain during periods 

of moderate stress conditions, e.g during the short periods between rainfall pulses or at the end of 

the rainy season, when high leaf temperatures and vapor pressure deficits limit stomatal 

conductance (see Figure 3 at Ci of 180 μmol mol-1; Flexas et al., 2006 and references therein); and 

3) rising the light saturation level of photosynthesis, which serves as a photoprotective mechanism, 

decreasing photosynthesis limitations under high light conditions (Mooney et al., 1974). 

Vcmax and Jmax derived here for dryland species may have important consequences for 

estimates of ecosystem production. Studies report that 70-90 % of annual net ecosystem 

productivity (NEP) in dryland ecosystems occur during relatively short periods when most of the 

annual rainfall is registered (Hinojo-Hinojo et al., 2016, Biederman et al. in press). Our Vcmax25 and 

Jmax25 data were obtained during these periods. Dominant species have strategies to maximize the 

time when non-limiting conditions and the highest photosynthetic rates occur, by having deep roots 

(O. tesota and P. velutina) and performing hydraulic redistribution (i.e. water movement across soil 

layers via plant roots), nitrogen-fixing (leguminous species), positive plant-plant interactions (O. 

tesota and P. velutina), storing water and nutrients in succulent stems or tuberous roots (I. 

arborescens and J. cardiophylla), and deciduous phenology (I. arborescens, J. cardiophylla, M. 

laxiflora and E. farinosa). Failing to incorporate high values of Vcmax and Jmax for species with these 

strategies will lead to important underestimation of carbon fluxes in large-scale Earth System 

Models in the Sonoran Desert and probably in other dryland regions. 

 

4.3. Estimation of Vcmax and Jmax and limitations for modeling photosynthesis 



 

 

In this study, we assessed whether using leaf-specific Vcmax25 and Jmax25 values (trait-based 

approach) instead of a fixed species-specific value (species mean and trait mean approaches) 

improved the accuracy of photosynthesis models.  However, actual Vcmax25 and Jmax25 values were 

highly variable among leaves, and thus using the trait-based approach resulted in comparable errors 

than using a single average value. The statistical models developed in this study (Table 3) should 

allow the estimation of Vcmax25 and Jmax25 from Narea and SLA data for a wider range of species in 

warm dryland communities, given the ample range of biochemical and leaf Narea and SLA traits 

values, and the variety of functional types of the species included in this study. 

 We found that one of the factors affecting the accuracy of the model were leaf temperatures 

above 40 ºC in most species. However, the model using BRc parameters performed better than 

those using KKr when data with leaf temperatures above 40ºC were included (Table 5). Given that 

BRc parameters do not have a peak activity, this suggest that actual peak activity of Vcmax and Jmax 

occurred at higher temperatures than those assumed by functions for the acclimation to growth 

temperature in KKr parametrization. It is important to note that temperature response parameters 

(such as BRc and KKr) for crops and temperate species have been derived from measurements 

spanning 5 to 40 ºC leaf temperatures, as most photosynthesis rates are assumed to occur within this 

range (Bernnacchi et al., 2001 and 2003; Kattge & Knorr, 2007; Medlyn et al., 2002; Wohlfahrt et 

al., 1999). Given that leaf temperatures higher than 40 ºC may be common in dryland species as 

were in our data, development of approaches that extend temperature response functions to higher 

temperatures should improve the performance of photosynthesis models in drylands (Table 5).   

 Our approach may have had additional limitations. Mesophyll conductance and TPU can 

limit photosynthesis rates under drought conditions (Díaz-Espejo et al., 2006; Flexas et al., 2006). 

We did not include mesophyll conductance nor TPU limitation in our models due to the lack of 

widely tested parameters and functions on its response to environmental conditions, especially 

temperature. Also, increased availability of leaf phosphorus content data should help to further 

constrain estimates of Vcmax25 and Jmax25 with leaf traits (Domingues et al., 2010; Walker et al., 



 

 

2014). Lastly, simulating photosynthesis rates above 40 μmol m-2 s-1 was difficult (see 

underestimated data for Encelia in Figure 2), even using very high values of Vcmax25 and Jmax25, but 

photosynthesis rates that high have been reported for desert annuals and shrubs species (Ehleringer 

& Cook, 1984; Mooney et al., 1976; Werk et al., 1983). More data of Vcmax25 and Jmax25, and 

information of mesophyll conductance, TPU and phosphorus content for species and functional 

types from dryland ecosystems will increase their representation in global databases and improve 

modeling schemes for photosynthesis to better assess the role of drylands in the global carbon and 

water cycles. 
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FIGURES: 

 

Figure 1: Relationship between Vcmax25 and Narea found in this study using Bernacchi’s (BRc) 

temperature response parameters (thick continuous lines) and those of Kattge and Knorr (KKr) 

(thick dashed line) using linear regressions. Grey areas represent 95% confidence intervals for both 

linear regressions, and a darker gray color indicates the area where 95 % confidence intervals 

overlap. For comparison, thin lines show Narea and Vcmax25 relationship for shrub and crop functional 

types from Kattge et al. (2009), which were derived from a global database with poor representation 

of dryland species. 

  



 

 

Figure 2: Modeled versus measured net photosynthesis rate for all available data and excluding data 

with leaf temperature > 40 ºC. Solid line corresponds to the 1:1 line. Photosynthesis rates were 

modeled using Vcmax25 and Jmax25 for each leaf derived from our best models and trait values for 

each leaf (trait-based approach). 

 

 

  



 

 

Figure 3: Comparison of simulated light response curves of net photosynthesis obtained using the 
parameterizations derived in this study for Sonoran Desert species (solid lines) and parametrizations 
for the shrub functional type from Kattge et al. (2009) (dashed lines). Simulations were performed 
for hypothetical leaves with high Narea (4.5 g N m-2, thick lines) and low Narea (1 g N m-2, thin lines) 
and for J. cardiophylla leaves, under high leaf temperatures (37 ºC) and acclimated to typical July 
temperatures of our study locations. We used three levels of intercellular CO2 concentration (Ci) 
corresponding to typical values found at low and high stomatal conductance: 180 μmol mol-1 for 
stomatal conductances of 0.1-0.2 mol m-2 s-1, and 290 μmol mol-1 for stomatal conductances of 0.6-
1 mol m-2 s-1, respectively). Also included was a typical intercellular CO2 concentration for C3 
species (250 μmol mol-1) which is about the mean value of our data (Lambers et al. 2008). Data 
measured under similar conditions (dots) were included for J. cardiophylla leaves. 

  



 

 

 TABLES: 

 

Table 1: Vcmax25 and Jmax25 derived from response curves of net photosynthesis to intercellular CO2 

concentration. Values obtained with Bernacchi (BRc) and Kattge & Knorr (KKr) parameterizations 

are presented. n refers to the number of curves from which Vcmax25 and Jmax25 were derived. 

  

 

 

 

 

Table 2: Results of linear regression analysis between parameters Vcmax25 and Jmax25 and the leaf 

traits SLA and Narea, obtained with the two sets of temperature response parameters used (Bernacchi 

and Kattge & Knorr). 

 

  



 

 

Table 3: Best models for describing the parameters Vcmax25 and Jmax25 using combinations of leaf 
traits and two sets of temperature response parameters (Bernacchi and Kattge & Knorr). SE is the 
standard error. Some terms included in the original statistical model were excluded in the best 
models by the step-wise regression procedure according to Akaike information criterion 

 

 

 

Table 4: Species average Vcmax25 and Jmax25 derived from using the best models and all available leaf 

trait values and two sets of temperature response parameters (Bernacchi and Kattge & Knorr). SD is 

the standard deviation.

 

 

  



 

 

Table 5: Mean absolute deviation of modeled versus measured net photosynthesis rates using three 
approaches for obtaining Vcmax25 and Jmax25 and two temperature response parameters datasets (BRc 
and KKr). Mean absolute deviation is reported in the same units as net photosynthesis rates (μmol 
m-2 s-1). 
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