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Plants have developed specific mechanisms to tackle environmental challenges. During one annual period, a dioecious yerba mate with rhythmic growth can present two growth units (GU1 and GU2) intercalated with two rest periods (R1 and R2). We hypothesized that photosynthetic performance will be much higher under monoculture (MO, high light) than under an agroforestry system (AFS, low light) over annual growth and that secondary sexual dimorphism (SSD) will be more expressed during rest than during growth periods. We evaluated the maximum net photosynthesis (Amax), apparent quantum efficiency of CO2 assimilation (Ф), respiration rate in the dark (Rd) and in the light (RL), RL/Rd ratio, maximum apparent rate of electron transport (Jmax), maximum apparent RuBisCO carboxylation rate (Vcmax), Jmax/Vcmax ratio, and chlorophyll indexes in four (two male and two female) clones. Light was reduced by 92%–95% in AFS compared to MO. Photosynthetic traits generally varied over the annual rhythmic growth and revealed higher photosynthetic performance under MO than AFS. Lower Amax and Rd in all clones under AFS than MO occurred together with higher inhibition of respiration by light (low RL/Rd) under AFS than MO. Despite the strong effect of cultivation systems and growth rhythmicity on photosynthetic traits, our data did not suggest that the frequency of SSD in photosynthetic performance (with the exception of the Jmax/Vcmax ratio) was related to the cultivation system or period of rhythmic growth. The SSD was expressed in a higher Chl b index and lower Chl a/b ratio in female than male plants during R2 and GU2, indicating lower sensitivity of females to extreme light conditions of two cultivation systems than males. Higher Amax and similar respiration rates (Rd and RL) in females compared to in males in early vegetative phases after pruning (herein R1 and GU1) could be considered as a fitness strategy of female plants in their additional effort to produce fruits and seeds in latter phases. Our results additionally revealed the importance of the evaluation period when assessing photosynthesis in plant species with rhythmic growth.
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1 INTRODUCTION
Ilex paraguariensis A.St.-Hil. (yerba mate) is a dioecious, evergreen, forest tree species that grows up to 15 m tall in its native environment (Carvalho, 2003). It is native to mixed ombrophilous forest formations, as are forests with Araucaria angustifolia occurring in subtropical regions of Paraguay, Argentina, Bolivia, and Brazil (Croge et al., 2021). In the Brazilian economy, yerba mate represents a leading non-wood extractive product from forests in terms of production quantity (Marques et al., 2019).
Yerba mate production of leaves and fine branches used for South American tea preparations is higher in a monoculture (MO) than in an agroforestry system (AFS) (Matsunaga et al., 2014), due to the very low light intensity in the AFS understory (Rakocevic et al., 2008; Rakocevic et al., 2009). In exploration, yerba mate is pruned, maintaining plants as shrubs approximately 2–2.5 m in height, in different geometric forms depending on cultivation system or sex (Rakocevic et al., 2011). To permit yerba mate production, even under an AFS, forests are cleared of various tree and understory species (Petersen et al., 2000), and sometimes, forests are completely cleared to cultivate other crops or to cultivate yerba mate in monoculture (Marques et al., 2019) or in consortium with an annual crop species (de David et al., 2024).
Yerba mate has been intensively studied in the last 3 decades, with a focus on its chemical and phytopharmaceutical properties (Bastos et al., 2007; Rakocevic et al., 2007; Valduga et al., 2016; Gawron-Gzella et al., 2021; Rakocevic et al., 2023a; Aguiar et al., 2024; Marcheafave et al., 2025), on technological and industrial applications (Buffo, 2017), and on management and breeding for improving yield (Mazuchowski et al., 2007; Sturion et al., 2017; Tomasi et al., 2024). In fact, research on yerba mate is rarely oriented to plant physiology (Rakocevic et al., 2009; Rakocevic et al., 2011; Rakocevic et al., 2024) or biology of growth under field conditions (Rakocevic et al., 2012; Matsunaga et al., 2014). As a consequence, such aspects were not mentioned in one recent review of research on this species by Gonçalves and Valduga (2023).
More than 70% of tree species have rhythmic growth (Hallé et al., 1978), meaning that the organogenesis and elongation are characterized by periods of visible aerial plant growth and rests (Hallé and Martin, 1968). The portions of shoots developed during an uninterrupted period of extension are named growth units (GUs). During one annual period, yerba mate can present two GUs (spring and fall) and two rest periods (summer and winter) (Rakocevic et al., 2012; Matsunaga et al., 2014). This pattern differs among the most vigorous individuals, which do not stop growing during the first summer rest in MO, likely due to the high-light environment (Guédon et al., 2018). The phenology of dioecious yerba mate is associated with growth rhythmicity, where the end of spring flush (GU) corresponds to flowering (in both male and female plants, as this species has a dioecious nature), while the summer growth rest corresponds to fruit ripening in female plants (Rakocevic et al., 2009; Rakocevic et al., 2012).
Another important characteristic of yerba mate is the secondary sexual dimorphism (SSD), that is, differences between males and females in characteristics not directly related to gamete production—which is related to phenology and environmental pressures (Rakocevic et al., 2009; Rakocevic et al., 2011; Rakocevic et al., 2012; Rakocevic et al., 2023b; Rakocevic et al., 2024; Matsunaga et al., 2014). SSD in yerba mate is expressed through many ecophysiological traits, including leaf mass, plant architecture, leaf and entire plant gas exchange (Rakocevic et al., 2011; Rakocevic et al., 2012; Rakocevic et al., 2024), or even biomass production (Rakocevic et al., 2023b). Those differential responses can be considered a fitness strategy by the female plants in their effort to reproduce and are expressed in terms of leaf and plant photosynthetic rates in some phenophases (Rakocevic et al., 2009; Rakocevic et al., 2011). One adult female tree produces 0.5–14 kg of fruits, depending on genotype and region (Rakocevic et al., 2012). A higher reproductive investment of yerba mate females to produce fruits might be compensated by greater leaf photosynthesis than males in stages preceding flowering and fruit ripening (Rakocevic et al., 2009) and also at the beginning of fruit ripening (Rakocevic et al., 2024).
The plasticity of plants has revealed morphological and allocation responses to environmental stimuli along with their phenology and ontogeny. As they are simultaneously exposed to diverse abiotic stresses (drought, salinity, low/high light, and mineral deficiency), plants have developed specific mechanisms to tackle abiotic stresses (Melnikova et al., 2017). In various dioecious species, female plants reproduce successfully under limiting environments by exploiting the resources more efficiently than male plants, as in Amaranthus palmeri (Korres et al., 2023). Female Populus tremuloides trees can produce higher biomass than male trees grown in low-nitrogen soil and at ambient CO2, but this pattern is inverted under elevated CO2 (Wang and Curtis, 2001). Similarly, various SSD responses in yerba mate are strongly dependent on the environment, especially light conditions, with different effects observed in female and male plants over phenology under monoculture (high light) and forest understory (low light) (Rakocevic et al., 2009; Rakocevic et al., 2011; Rakocevic et al., 2024). For example, the photosynthesis of young-fully expanded leaves of yerba mate plants grown in anthropized forests (low light) is higher in females than in males but only during the winter growth pause (Rakocevic et al., 2009). Until now, the SSD in photosynthetic performance has only been investigated at the end of spring flush/beginning of fruit ripening in clonal yerba mate (Rakocevic et al., 2024). In this stage, the apparent quantum efficiency (Ф), respiration in the light (RL), RL/Rd ratio (Rd is respiration in the dark), maximum apparent rate of electron transport (Jmax), and maximum apparent carboxylation rate (Vcmax) are higher in females than in males under low light conditions of AFS, but such differentiation is not observed under MO. Simulations of environmental pressures, such as low temperature, water stress, and pruning, promote drastic changes in photosynthetic photon flux density (PPFD) and in the red-to-far-red ratio (R:FR) and result in higher sensitivity of females than male individuals in terms of biomass production (Matsunaga et al., 2014).
The variations in SSD in yerba mate photosynthetic characteristics, or in any tree species, had not been associated with its rhythmic growth. Here, we hypothesized that photosynthesis in yerba mate will be much higher under high light (MO) than under low light (AFS) over the four periods of rhythmic annual growth and that SSD will be more expressed during the rest periods than during the periods of GU formation. To test those hypotheses, four clones (two male and two female) of yerba mate cultivated under MO and AFS were followed during two rest and two GU formation periods.
2 MATERIALS AND METHODS
2.1 Cultivation system and dynamics of measurements during one annual yerba mate rhythmic growth cycle
The experiment was established in the experimental field area of the Federal University of Santa Catarina (UFSC), near Curitibanos county (27°19′09″S, 50°42′39″W, 836 m a.s.l.), Southern Brazil, where two cultivation systems of yerba mate were set in neighboring plots, with 150 m distance between plots (75 m × 20 m). One system was the anthropized rainforest in recovery enriched with yerba mate in its understory (agroforestry system, AFS), and the second one was the full-sun cultivation (monoculture, MO). The rainforest was composed of native and non-native tree species (A. angustifolia, Ocotea spp., Peltophorum dubium, Luehea divaricata, Cordia ecalyculata, Cordia trichotoma, Eugenia involucrata, Syagrus romanzoffiana, Podocarpus spp., Pinus elliottii, Eucalyptus spp. etc.) and understory vegetation.
The climate is defined as subtropical humid (Cfa) according to the Köppen–Geiger classification, with regularly distributed rains (approximately 1,480 mm annually) and an average air temperature of 20.8°C ± 0.3°C in the warmest month (Alvares et al., 2014). The soil is Dystric Cambisol, and its physico-chemical composition was based on samples collected from 0 to 20 cm depth before the planting of yerba mate in 2018. Soil pH in H2O and CaCl2 was 4.8 or 4.15, respectively, sum of bases = 2.02 cmolc dm−3, base saturation = 13.8%, cation exchange capacity at pH 7 = 14.62 cmolc dm−3, effective cation exchange capacity = 4.37 cmolc dm−3, Ca = 1.86 cmolc dm−3, Mg = 0.54 cmolc dm−3, K = 0.16 cmolc dm−3, Al = 2.35 cmolc dm−3, H + Al = 12.78 cmolc dm−3, C = 22.69 g dm−3, OM = 39.03 g dm−3, Fe = 48.35 mg dm−3, Mn = 13.6 mg dm−3, Cu = 11.85 mg dm−3, Zn = 0.86 mg dm−3, and P = 2.52 mg dm−3. Fertilization was done in accordance with soil analyses and recommendations for yerba mate planting and post planting (Penteado Junior and Goulart, 2019). In the MO area, 11 g of N and 16 g of P were used per planting hole, respectively. After that, an annual topdressing fertilization with 30 g of P per plant and two annual fertilizations with 20 g of N and 10 g of K per plant were made. In the AFS area, 11 g of N and 22 g of P were used per planting hole. After that, an annual topdressing fertilization with 40 g of P per plant and two annual fertilizations with 20 g of N and 15 g of K per plant were made. Mechanical weed control was done, and there was no pest/disease management.
Young yerba mate clonal plants from the genetic improvement program of Embrapa (Sturion et al., 2017) were planted in June 2018, with 3 m between the rows and 1.5 m between plants in the row. Among 20 clonal and progeny plants, two male (♂) and two female (♀) clones were chosen for evaluation when the plants were 3 years old. Male clones were labeled “1” and “82,” and female clones were labeled “12” and “84.” Three plants of each clone were followed in each cultivation system (MO and AFS). Each of the three replicate plants per clone was arranged in separate rows, respecting randomized experimental design. The selection was based on the presence of 5–6 visible growth units (GU), using the chronological age as a reference. In December 2021 (beginning of the summer rest period), formation pruning was performed at 40 cm of stem height, leaving approximately 10%–20% of photosynthesizing leaf area for plant recovery.
The measurements of light intensity and photosynthetic parameters (light curve parameters and chlorophyll a and b indexes) were performed in four seasons (summer, fall, winter, and spring). Those periods of measurements corresponded to plant growth rhythmicity after the pruning in December 2021: (i) in February 2022 (summer), end of the growth rest 1 (R1) period, (ii) in May 2022 (fall), end of the growth unit 1 formation (GU1), (iii) August 2022 (winter), end of the growth rest 2 (R2) period, and (iv) November 2022 (spring), end of the growth unit 2 (GU2) formation.
2.2 Light and temperature measurements
Photosynthetic photon flux density (PPFD, µmol photons m−2 s−1) was measured using silicon pyranometer smart sensors (S-LIx-M003, HOBO, Bourne MA, United States), which capture the sun radiation between 400 nm and 700 nm. The PPFD values were recorded with a data logger (H21-USB Data Logger USB, HOBO, Bourne MA, United States) every 10 s, and the mean values were calculated every 10 min and are here explored as hourly mean values. The silicon sensor was maintained from the summer to the spring season in 2022, at 2 m from the soil. Simultaneously to the measurements of PPFD, the air temperature daily course data were registered in both systems during the four seasons. For that, the U23-003 HOBO 2x external temperature data logger with an incorporated sensor (HOBO, Bourne, MA, United States) was used. The one available data logger was moved from one to the other cultivation system every 2–3 weeks during the experimental period. The hourly mean values and standard errors (SE) of diurnal PPFD and daily temperature course in each of the four seasons (summer, fall, winter, and spring) and in each cultivation system (n = 18–72) were calculated.
2.3 Measurements of relative leaf chlorophyll indexes
Relative chlorophyll (Chl) a and b indexes were measured on recently expanded mature leaves, considering each plant of each clone and gender grown under each cultivation system and during each of the four seasons. A portable chlorophyll meter model CFL 2060 (Falker, Porto Alegre RS, Brazil) was used, showing the relative Chl a and b values (indexes) that are highly correlated to concentrations of pigments (Schlichting et al., 2015). Measurements were taken during the morning hours (9:00 to 11:00 a.m.). The ratio Chl a and b was also calculated.
2.4 Measuring and modeling light response curves
The responses of CO2 assimilation to light (Anet/PPFD curves) in yerba mate were measured on the recently expanded mature leaf of each observed plant of each clone and gender, grown under each cultivation system, during each of the four seasons (rhythmic growth periods). The Anet (μmol CO2 m−2 s−1) responses were registered considering 23 light intensities (PPFD) reported in µmol photons m−2 s−1: 1,500, 1,200, 800, 500, 200, 100, 90, 80, 70, 65, 60, 55, 50, 45, 40, 35, 30, 25, 20, 15, 10, 5, and 0 (Supplementary Figure S1A). The 6 cm2 cuvette was fitted with a red-blue light source (6400-02B, LI-COR, Lincoln NE, United States), and [CO2] was set to 420 μL L−1. For the curve, the Anet value at PPFD = 0 μmol m−2 s−1 was assumed as the dark respiration (Rd, μmol m−2 s−1, Rakocevic et al., 2024). The rate of respiration in the light (RL, μmol m−2 s−1) was calculated based on Kok’s method (Kok, 1948) as the y-axis intercept of a first-order linear regression fitted to plots of Anet/PPFD to measurements made over the range of PPFD from 25 μmol m−2 s−1 to 65 μmol m−2 s−1. Gas exchange data were corrected for the increase in intercellular CO2 concentrations (Ci) with decreasing PPFD, which can result in reduced rates of oxygenation and increased rates of carboxylation for RuBisCO. The correction was applied by adjusting RL through iteration to minimize the intercept of photosynthetic electron transport (J, μmol m−2 s−1) as a function of PPFD (Kirschbaum and Farquhar, 1987). J was calculated using the CO2 compensation point in the absence of RL (Γ*, μmol m−2 s−1, von Caemmerer and Farquhar, 1981), as shown in Equation 1:
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The effects of atmospheric [O2] or [CO2] on oxygenation (Vo) and carboxylation (Vc) of RuBisCO at saturating light and also RuBisCO kinetic constants (Kc = 272.38 and Ko = 165.82 μM at 25°C) previously determined by Bernacchi et al. (2002) were used to calculate the maximum rate of carboxylation of RuBisCO (Vcmax, μmol m−2 s−1), as in Equation 2:
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Γ* from Equations 1, 2 is dependent on the RuBisCO specificity factor Ko for O2 partial pressure (von Caemmerer and Farquhar, 1981) and was calculated as in Equation 3:
[image: image]
The Vo and Vc also used to compute Γ* at PPFD of 500 μmol m−2 s−1 [considered as the light saturation point for yerba mate (Rakocevic et al., 2012)], were estimated as shown in Equations 4, 5:
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[image: image]
The maximum net photosynthesis (Amax, μmol m−2 s−1)—a proxy of photosynthetic capacity—was calculated from the modeled A’net/PPFD curves (Supplementary Figure S1B), as well as the degree of light inhibition of respiration, determined by the RL/Rd ratio (da Silva et al., 2017; da Silva et al., 2018) and the apparent quantum efficiency of CO2 assimilation (Ф, μmol CO2 μmol photons−1). Ф was calculated from the initial linear slope of the modeled light response curves (PPFD <30 μmol m−2 s−1), while the maximum apparent rate of electron transport (Jmax, μmol m−2 s−1) was considered as the computed value for PPFD at 1,500 μmol m−2 s−1. Additionally, the ratio between the maximum apparent rate of electron transport and the maximum apparent RuBisCO carboxylation rate (Jmax/Vcmax) was calculated.
2.5 Experimental design and statistical analyses
A complete randomized design with four clones (two females and two males) grown in agroforestry and monoculture situations over four seasons with three replications (plants) was used. Two-way ANOVA was applied to analyze the effects of clones or genders (four clones or two genders) and two cultivation systems (separately for each season) on Chl indexes and photosynthetic traits derived from light response curves. Two families of comparisons/mean contrasts were done: 1) clones and cultivation system effects and 2) genders and cultivation system effects, both calculated separately for each season/growth period. ANOVAs considered mixed linear models (using the lme function from the nlme package) and maximum likelihood to test the significance of studied variables. The Bartlett homogeneity test and the Shapiro normality test were performed for each variable in each season in a model construction. Clones (or genders) and cultivation systems were considered fixed factor effects, while plant number (repetitions) was a random effect observed separately for each season/growth period. If the interaction was not significant, the model reduction was applied (and fitted again). For comparison of variables among the four seasons, one-way ANOVA was performed where season was considered a fixed factor effect, while total plant number was considered as a random effect. All ANOVAs were performed at 95% confidence, followed by a Tukey Honestly Significant Difference test, where p < 0.1 for mean comparisons was considered significant. p-values, estimated means, and standard errors (SE) are shown in the figures. When interaction among factors was significant, only the p-value of interaction was shown, as interactions represent dependence between factors. A second family of comparisons is shown above the figures that compare clone and cultivation system effects during each season/growth period, considering gender and cultivation system effects during each season/growth period. The dynamics of responses over the seasons (one-way ANOVA) are shown as red uppercase letters near season indications. Fisher’s exact test was used to analyze the significance of counting occurrences of SSD over the rhythmic growth (“Yes” for SSD expressed over the rest and growth unit formations and “No” for not expressed). All statistical analyses were performed using R. 4.2.1 software (R Core Team, 2022), using the nlme, emmeans, multcomp, ggplot2, and reshape2 packages.
3 RESULTS
3.1 Light and temperature dynamics in monoculture and agroforestry systems over seasons
The mean midday PPFD values at the top of the yerba mate canopy in MO were 1,120 μmol m−2 s−1, 850 μmol m−2 s−1, 790 μmol m−2 s−1, and 950 μmol m−2 s−1 during the summer, fall, winter, and spring, respectively (Figure 1A). The maximum midday PPFDs registered in MO were 1,760 μmol m−2 s−1, 1,525 μmol m−2 s−1, 1,510 μmol m−2 s−1, and 2,000 μmol m−2 s−1 registered on open-sky days during the summer, fall, winter, and spring, respectively. The incoming light was drastically reduced in AFS, where midday PPFD values were ∼46 μmol m−2 s−1, 39 μmol m−2 s−1, 53 μmol m−2 s−1, and 75 μmol m−2 s−1 during the summer, fall, winter, and spring, respectively (Figure 1B). Light availability in the AFS strongly depended on the upper leaf layer distribution in the forest canopy and could show asymmetric diurnal distribution, as in the summer. The incoming midday PPFD in the AFS was only 4%, 5%, 7%, or 8% of the midday PPFD measured in the MO. The mean daily temperatures were 18.9°C in MO and 17.3°C in AFS during the summer, 13.2°C in MO and 11.0°C in AFS during the fall, 13.6°C in MO and 12.4°C in AFS during the winter, and 18.3°C in MO and 15.5°C in AFS during the spring (Figures 1C, D).
[image: Figure 1]FIGURE 1 | Microclimate in two yerba mate cultivation systems: (A) light intensity in monoculture, (B) light intensity in agroforestry, (C) air temperature in monoculture, and (D) air temperature in agroforestry. Means ± SE (n = 18–72) of measured photosynthetic photon flux density (PPFD) over the diurnal cycle and air temperature over daily hours during four seasons are shown.
3.2 Chlorophyll indexes as affected by clones, genders, cultivation systems, and seasons
The effects of clone, gender, and cultivation systems on the Chl a index were strongly dependent on season (Figure 2A; Supplementary Table 1). The Chl a index was the lowest during the summer rest (R1) and the highest during the spring growth unit (GU2), whereas it was changed by cultivation systems during the summer and fall (R1 and GU1, Supplementary Table 2). During the summer rest (R1), the Chl a index was higher in the AFS than in the MO in the female (♀) clone 84, while the opposite response was observed in ♀ clone 12. The Chl a indexes of male (♂) clones did not vary due to the cultivation system in the summer, but ♂ clone 1 and ♀ clone 84 showed the lowest values under MO. Higher Chl a index values were registered in MO than in AFS during the intensive regrowth period (GU1). During the winter rest (R2), the ♂ clone 1 had a lower Chl a index than the fall other clones. Gender did not show any effect on Chl a index, regardless of the season or cultivation system (Supplementary Table 3).
[image: Figure 2]FIGURE 2 | Yerba mate chlorophyll (Chl) indexes: (A) Chl a, (B) Chl b, and (C) ratio between the Chl a and b estimated in two cultivation systems, monoculture (MO) and agroforestry system (AFS), and four clones [1 (♂), 12 (♀), 82 (♂), and 84 (♀)] in four seasons [summer rest 1 (R1), fall growth unit 1 (GU1), winter rest 2 (R2), and spring growth unit 2 (GU2)]. Estimated mean ± SE and p-values with a significance level of <0.1 (bold when significant) are shown. The second family of comparisons is shown above each graph, comparing two genders (female ♀ and male ♂) in each cultivation system and season. For both families of comparisons, lowercase letters compare clone or gender responses under each cultivation system, while uppercase black letters compare cultivation systems for each clone (n = 3) or gender (n = 6) in each season. The uppercase red letters near each season’s indications compare seasonal responses (p < 0.0001 for all three indexes).
The highest values of the Chl b index were noticed during the winter rest (R2), decreasing during the fall and spring (GU1 and GU2), and the lowest values were recorded during the summer rest R1 (Figure 2B; Supplementary Table 1). The Chl b index varied due to the cultivation system only during the winter rest (R2), when it was higher under MO than under AFS in ♀ clone 12. During R2, ♀ clone 12 showed a higher Chl b index than the other three clones under MO (Supplementary Table 2). The leaves of ♀ plants had a higher Chl b index than ♂ ones during the R2 and GU2 periods, regardless of the cultivation system (Supplementary Table 3).
The Chl a/b ratio was the highest in the summer rest (R1) and the lowest in the winter rest period (R2) (Figure 2C). This ratio did not differ between the growth unit periods (GU1 and GU2), and it did not vary due to the cultivation system (Supplementary Table 2). However, ♂ clone 1 had higher Chl a/b values than ♀ clone 12 during R2, regardless of the cultivation system. The leaves of ♀ plants had a lower Chl a/b ratio than the leaves of ♂ plants during the R2 and GU2 periods in both cultivation systems (Supplementary Table 3).
3.3 Photosynthetic traits as affected by clones, genders, cultivation systems, and seasons
The highest maximum net photosynthesis (Amax) values were registered during winter rest (R2) and fall growth unit (GU2) periods, attaining 15.8 μmol m−2 s−1, and the lowest values were registered during spring growth unit (GU2) and summer rest (R1) periods (Figure 3A; Supplementary Table 1). When considering Amax, there was no interaction between clone and cultivation system or between gender and cultivation system (Supplementary Tables 2, 3). The leaves of yerba mate plants cultivated under MO presented higher Amax values than those under AFS during all four seasons, decreasing by 21%–45% in AFS compared to MO. Clone and gender affected Amax only during the summer rest (R1) and the fall growth unit formation (GU1) periods. During those two periods, the leaves of female plants had higher Amax values than males, with the highest values registered in ♀ clone 84 during the summer, while the lowest ones were registered in ♂ clone 1 during the fall.
[image: Figure 3]FIGURE 3 | Parameters of photosynthesis derived from yerba mate light curves: (A) maximum net photosynthesis (Amax, μmol m−2 s−1) and (B) apparent quantum efficiency of CO2 assimilation (Ф, μmol CO2 μmol photons−1) estimated in two cultivation systems, monoculture (MO) and agroforestry system (AFS), and four clones [1 (♂), 12 (♀), 82 (♂), and 84 (♀)] in four seasons [summer rest 1 (R1), fall growth unit 1 (GU1), winter rest 2 (R2), and spring growth unit 2 (GU2)]. Estimated mean ± SE and p-values with a significance level of <0.1 (bold when significant) are shown. The second family of comparisons is shown above each graph, comparing two genders (female ♀ and male ♂) in each cultivation system and season. For both families of comparisons, lowercase letters compare clone or gender responses under each cultivation system, while uppercase black letters compare cultivation systems for each clone (n = 3) or gender (n = 6) in each season. The uppercase red letters near each season’s indications compare seasonal responses (p < 0.0001 for both Amax and Ф).
The apparent quantum efficiency of CO2 assimilation (Ф) was higher during the R1 and GU1 than during the R2 and GU2 periods (Figure 3B; Supplementary Table 1). The cultivation systems changed Ф from fall to spring when Ф had been higher in AFS (attaining a mean value of 0.092 μmol CO2 μmol photons−1) than in MO in all clones (Supplementary Table 2). During the fall growth unit period (GU1), the lowest Ф values were observed in the ♂ clone 1 compared to the three other clones, but no significant gender segregation was noticed. During the winter rest period (R2), the lowest Ф value was estimated in ♀ clone 84 (0.019 μmol CO2 μmol photons−1) and the highest in ♂ clone 82 (0.057 μmol CO2 μmol photons−1) under AFS. Under MO and during the winter R2 period, the highest Ф value was estimated in ♂ clone 1, whereas the lowest mean value was found in ♀ clone 12, resulting in lower Ф values in female than male leaves in both light environments (Supplementary Table 3).
The highest values of dark respiration (Rd) were registered during spring under MO (approximately 5.4 μmol m−2 s−1), whereas the mean values during the other seasons varied between 2 μmol m−2 s−1 and 3 μmol m−2 s−1 under MO (Figure 4A). Yerba mate leaves under AFS presented lower Rd values than under MO during all seasons. Clone differentiation in Rd was noticed only during the summer rest period 1 (R1) and spring growth unit 2 (GU2) periods (Supplementary Table 2). The Rd values of ♂ clone 82 and ♀ clone 12 were higher than those of ♂ clone 1 and ♀ clone 84 under both cultivation systems during the summer R1 period. On the other hand, the mean Rd value of ♀ clone 84 was higher than those of ♂ clone 82 and ♀ clone 12 under MO during the spring GU2 period. Such variation in clonal Rd responses indicates that no secondary sexual dimorphism was observed in Rd during the annual experimental period (Supplementary Table 3).
[image: Figure 4]FIGURE 4 | Respiration rates derived from yerba mate light curves: (A) dark respiration (Rd, μmol m−2 s−1) and (B) light respiration (RL, μmol m−2 s−1) estimated in two cultivation systems, monoculture (MO) and agroforestry system (AFS), and four clones [1 (♂), 12 (♀), 82 (♂), and 84 (♀)] in four seasons [summer rest 1 (R1), fall growth unit 1 (GU1), winter rest 2 (R2), and spring growth unit 2 (GU2)]. Estimated mean ± SE and p-values with a significance level of <0.1 (bold when significant) are shown. The second family of comparisons is shown above each graph, comparing two genders (female ♀ and male ♂) in each cultivation system and season. For both families of estimations, lowercase letters compare clone or gender responses under each cultivation system, while uppercase black letters compare cultivation systems for each clone (n = 3) or gender (n = 6) in each season. The uppercase red letters near each season’s indications compare seasonal responses (p < 0.0001 for both Rd and RL).
Light respiration (RL) was lower than Rd but had a similar trend through the seasons (Figure 4; Supplementary Table 1). The only difference between the Rd and RL trends was observed during the summer rest (R1) period when RL did not differ among clones (Figure 4B), as happened for Rd (Figure 4A). Yerba mate leaves under AFS presented lower RL values than under MO during all seasons (Figure 4B). A significant clone effect was registered only during the spring GU2 period when ♀ clone 84 showed the highest RL under MO conditions. No SSD was observed in RL during any season (Supplementary Table 3).
The highest values of maximum RuBisCO carboxylation rate (Vcmax) and maximum electron transport rate (Jmax) were registered during the fall GU1 period, and the lowest ones during the spring GU2 period (Figure 5; Supplementary Table 1). Yerba mate leaves under AFS presented lower Vcmax than under MO from fall GU1 to spring GU2 period (Figure 5A; Supplementary Table 2). A similar trend was observed for Jmax but with differences among clones (Figure 5B; Supplementary Table 2). Clones 1 (♂) and 84 (♀) during the fall and clone 84 (♀) during the spring GU2 had similar Jmax values in both cultivation systems, whereas the other two clones showed higher Jmax values in MO than in AFS. As found for RL, no SSD was observed in Vcmax (Figure 5A) or Jmax (Figure 5B) during any season (Supplementary Table 3).
[image: Figure 5]FIGURE 5 | Biochemical parameters derived from yerba mate light curves: (A) maximum apparent RuBisCO carboxylation rate (Vcmax, μmol m−2 s−1) and (B) maximum apparent rate of electron transport (Jmax, μmol m−2 s−1) estimated in two cultivation systems, monoculture (MO) and agroforestry system (AFS), and four clones [1 (♂), 12 (♀), 82 (♂), and 84 (♀)] in four seasons [summer rest 1 (R1), fall growth unit 1 (GU1), winter rest 2 (R2), and spring growth unit 2 (GU2)]. Estimated mean ± SE and p-values with a significance level of <0.1 (bold when significant) are shown. The second family of comparisons is shown above each graph, comparing two genders (female ♀ and male ♂) in each cultivation system and season. For both families of comparisons, lowercase letters compare clone or gender responses under each cultivation system, while uppercase black letters compare cultivation systems for each clone (n = 3) or gender (n = 6) in each season. The uppercase red letters near each season’s indications compare seasonal responses (p < 0.0001 for both Vcmax and Jmax).
The general effect of seasons on RL/Rd or Jmax/Vcmax ratios was not significant during the annual yerba mate growth (Figure 6; Supplementary Table 1), but both ratios were changed by cultivation systems in all growth periods, with the exception of the fall GU1 period (Supplementary Table 2). Considering the cultivation system effect over the seasons, the RL/Rd was higher in MO than in AFS during the summer and winter rest pauses in all clones (Figure 6A). Clones 1 (♂) and 84 (♀) showed higher RL/Rd under MO than AFS only during the spring GU2 period. The ♀ clone 12 showed similar RL/Rd in both cultivation systems, while the ♂ clone 82 showed higher RL/Rd under AFS than in MO. Such clonal variation suggested that SSD in RL/Rd was not expressed during the spring GU2. On the other hand, SSD was expressed in RL/Rd during the winter R2 (Supplementary Table 3), with higher values in males than in females in both cultivation systems, indicating lower inhibition of light respiration in females than in males.
[image: Figure 6]FIGURE 6 | Ratios (A) between the light and dark respirations RL/Rd and (B) between the maximum apparent rate of electron transport and maximum apparent RuBisCO carboxylation rate (Jmax/Vcmax), estimated in two cultivation systems, monoculture (MO) and agroforestry system, (AFS), and four clones [1 (♂), 12 (♀), 82 (♂), and 84 (♀)] in four seasons [summer rest 1 (R1), fall growth unit 1 (GU1), winter rest 2 (R2), and spring growth unit 2 (GU2)]. Estimated mean ± SE and p-values with a significance level of <0.1 (bold when significant) are shown. The second family of comparisons is shown above each graph, comparing two genders (female ♀ and male ♂) in each cultivation system and season. For both families of comparisons, lowercase letters compare clone or gender responses under each cultivation system, while uppercase black letters compare cultivation systems for each clone (n = 3) or gender (n = 6) in each season. The uppercase red letters near the season’s indications compare seasonal responses (not significant for both RL/Rd and Jmax/Vcmax).
In the summer R1, the Jmax/Vcmax ratio was higher in MO than AFS only in ♀ clone 84, while the opposite was found in ♂ clone 82 (Figure 6B; Supplementary Table 2). During the winter R2, Jmax/Vcmax was higher in MO than AFS only in ♂ clone 1, with ♀ clone 12 showing an inverse pattern (AFS > MO). During the summer R1, the males expressed a higher Jmax/Vcmax ratio than females under AFS but not under MO (Supplementary Table 3).
The expression of SSD in photosynthetic performance was observed in six of eleven observed traits, mostly during rest periods (6/24 for traits with SSD expression) than during growth unit formations (3/24). The SSD expression over annual rhythmic growth was not significantly different between the periods of rest and GU formation (Supplementary Table 4).
4 DISCUSSION
This is the first study linking secondary sexual dimorphism, photosynthetic performance, and the annual rhythmic growth of yerba mate under field conditions. In general, yerba mate photosynthetic capacity was modified by the cultivation system and varied over the annual rhythmic growth. In this case study, despite the strong differences in photosynthetic performance induced by the cultivation systems, MO and AFS did not modify the SSD expression, meaning that SSD was expressed parallelly in MO and AFS. In fact, only one exception was observed—males showed higher Jmax/Vcmax than females in AFS but not in MO during the summer rest period (R1). The gender segregation occurred in Chl b (R2 and GU2), Chl a/b, (R2 and GU2), Amax (R1 and GU1), Ф (R2), RL/Rd (R2), and Jmax/Vcmax (R1), but SSD expression frequency was not significantly associated with rest or GU formation periods. In addition, Chl a, Rd, RL, Jmax, and Vcmax did not show any gender segregation over the annual rhythmic growth.
The leaves of higher plant species contain more Chl a than Chl b, and the total Chl is positively correlated with leaf N concentration (Li et al., 2018). Lower total Chl content per unit leaf area and lower Chl a/b ratios are more common in shade species than sun ones (Boardman, 1977) or in shaded compared to sun-exposed leaves of the same species (Lichtenthaler et al., 2007; Zhang et al., 2015). The studied yerba mate clones had lower Chl a under AFS than under MO during the fall growth unit (GU1) period (Figure 2A). Such an environmental effect on Chl a was expressed only in the ♀ clone 12 during the summer rest (R1) and was lost during the winter rest (R2) and spring growth unit (GU2) periods with increasing self-shading of growing plants in MO. Considering the Chl b index, only ♀ clone 12 expressed the difference due to the cultivation system during the winter R2 period. Gender differentiation was expressed for the Chl b index during the winter rest (R2) and spring growth unit (GU2) periods, with females showing higher Chl b index values than males (Figure 2B). SSD in Chl a and b was reported in A. palmeri (Korres et al., 2023), with females exhibiting higher values than males. Under abiotic stress, both Chl a and Chl b decrease, but the Chl a/b ratio tends to increase (Maina and Wang, 2015) due to a greater reduction in Chl b than in Chl a (Ashraf and Harris, 2013). During such chlorophyll degradation, Chl b may also be converted into Chl a (Eckardt, 2009). The higher Chl b index in yerba mate females than males during the R2 and GU2 would suggest that females were less sensitive than males to environmental pressures during the second cycle of plant regrowth after pruning. The Chl a/b ratio declines as irradiance decreases and is higher in trees than in herbs. It is consistent with their adaptation to contrasting irradiance, that is, to the high light of upper forest tree layers vs. the low light of the forest understory (Li et al., 2018). No variation in the Chl a/b ratio was observed in our study due to low or high light conditions promoted by cultivation systems (Figure 2C), but it was higher in males than in females during the winter rest (R2) and spring growth unit (GU2) periods. This was caused by a lower Chl b index in males under both light conditions, indicating that male plants were more stressed than females during R2 and GU2.
The growth of adult yerba mate trees strongly responds to the high-light conditions of MO, showing intensive flushing (Matsunaga et al., 2014; Guédon et al., 2018) and biomass production (Rakocevic et al., 2012; Matsunaga et al., 2014). Adult yerba mate plants cultivated in forest understory differ from those in MO in leaf-area density by up to six times (Rakocevic et al., 2011) and biomass approximately ten times (Rakocevic et al., 2012). In forest understory, the individual leaves are bigger and wider than in MO (Rakocevic et al., 2011). This kind of reaction is typical of forest species classified as “less shade tolerant,” which clearly respond to decreased light intensity (Petriţan et al., 2009). This group of species is characterized by stomata occurrence only on the leaf abaxial epidermis (hypostomatic), as in yerba mate (Rakocevic et al., 2012). The PPFD that attained yerba mate leaf level in the forest understory of AFS was reduced roughly by 92%–95% (depending on daytime) compared to incoming light intensity in MO (Figures 1A, B). Leaf angles over the canopy would improve light use efficiency in AFS while protecting photosynthetic apparatus from high light in MO (Rakocevic et al., 2011; Rakocevic et al., 2024). Even with such structural adjustments, the reduction of Amax in AFS is small compared to the sharp reduction in PPFD. When compared to MO, Amax was reduced between 21% and 45% in fall and winter in AFS, regardless of clones and periods (Figure 3A). This suggests that leaves of yerba mate under AFS could use the sunflecks efficiently as acclimation processes to low light with higher light use efficiency than under MO (Almeida et al., 2022), as found in Fagus sylvatica (Durand et al., 2022). This was supported by lower Rd (Figure 4A) associated with a higher degree of light inhibition of respiration (lower RL/Rd) under AFS than under MO (Figure 6A).
SSD in Amax was expressed during the summer rest (R1) and fall growth unit (GU1) periods (Figure 3A), in different periods than the Chl b and Chl a/b ratio (R2 and GU2, Figures 2B, C). Amax was higher in females than in males (Figure 3A) and occurred in early vegetative stages, as previously observed (Rakocevic et al., 2009; 2011). The gender differentiation was not found in Rd of dioecious P. tremuloides trees (Wang and Curtis, 2001), similarly as happened herein (Figure 5). In yerba mate, Rd and RL were much higher under MO than under AFS during all periods of rhythmic growth (Figure 4). During the growth unit formation (GU2) period, ♀ clone 84 showed a higher respiration rate than other clones in MO but not in AFS. Strong linear correlations have been established among Chl content, Rd, and Ф in various species (Barro et al., 1996). As found for yerba mate, high irradiance increased Rd and Amax in shade-tolerant Glechoma longituba (Zhang et al., 2015). The higher apparent quantum efficiency of CO2 assimilation (Ф) under AFS than under MO (Figure 3B) is one possible cause of no sharp decline in Amax (Figure 3A) or even similar Amax in both cultivation systems (Rakocevic et al., 2024). Regarding the inhibition of respiration by light (a low RL/Rd ratio means a high degree of inhibition), it was generally more pronounced under low light (AFS) than under high light (MO) conditions, except for clone 82 during the spring GU2 (Figure 6A). The RL/Rd ratio also varied between genders during the winter rest (R2) period, showing higher values in males than in females. In the third year of plant life without pruning, during the sixth growth unit formation (GU6), females show higher RL/Rd ratios than males (Rakocevic et al., 2024), indicating that the SSD expressions in the same physiological trait vary with ontogenic age and rhythmic growth. The inhibition of respiration by light varies over the active vegetation period in Quercus rubra, with higher inhibition occurring in the middle of the growing season (high temperatures) and lower inhibition in the early and late season (mild temperatures) (Heskel and Tang, 2018). In our experiment, the general values of RL/Rd did not vary over the seasons, probably because of yerba mate’s origin and cultivation in a subtropical climate, where temperature variations among the seasons were not as large (Figures 1C, D) as they are in temperate climates (Heskel and Tang, 2018). Additionally, given the relatively small sample size, large errors associated with certain parameters (as RL and Rd, Figure 4), and the high p-value <0.1 used to determine significance, a larger scale study is needed to more conclusively observe SSD within yerba mate.
Higher Vcmax and Jmax values are found in upper sunlit canopy layers than in the lower shaded layers (Bachofen et al., 2022). N allocation to RuBisCO and then high Vcmax represents a physiological acclimation to high-light availability (Grassi and Bagnaresi, 2001). Considerable variations in the Vcmax and Jmax of sunlit leaves throughout growing seasons are found in deciduous forests at various altitudes, where Vcmax increases in summer and declines along with leaf senescence during the fall season (Song et al., 2021). Herein, both Vcmax and Jmax were always higher in yerba mate under MO than under AFS (with the exception of the summer rest (R1) period), decreasing over time after pruning from R1 to GU2 (Figure 5). We found SSD expression when considering Jmax/Vcmax, with higher ratios in males than in females in the summer rest (R1) period. The Jmax/Vcmax represents the coordination of resource investment in electron transport for RuBP regeneration and in RuBisCO activity in the Calvin–Benson cycle (Walker et al., 2014). The Jmax/Vcmax ratio was generally higher under AFS than MO, but some clones were not sensitive or even had inverse responses to a light environment, as ♀ clone 84 during the summer rest (R1) or ♂ clone 1 during the winter rest (R2) period (Figure 6B). The Jmax/Vcmax ratio was the only parameter among those studied herein that was modified by SSD under two extreme light conditions (cultivation systems), indicating higher investment in electron transport for RuBP regeneration in males than females only under AFS during the summer rest R1.
In general, the more the clonal difference was expressed, the more probable the SSD expression was observed in physiological features, as viewed in Chl b, Chl a/b, Amax, ϕ, and Jmax/Vcmax. However, no association was established between rhythmic growth and SSD occurrence. No stable expression of higher values of physiological traits relative to one gender over time and seasons is observed in various dioecious trees (Correia and Barradas, 2000; Dawson et al., 2004; Han et al., 2013; Robakowski et al., 2018; Wu et al., 2021). The responses for one annual growth period are not necessarily the general rule for SSD expression, which can vary with ontogenic age and growing conditions. In addition, SDD did not affect the responses of yerba mate to cultivation systems, which is likely because dioecious species show a division of labor for resource acquisition (Galfrascoli and Calviño, 2020; Rakocevic et al., 2023b), indicating similar responses of two genders to two different cultivation systems. The gender segregation observed herein can be considered as a fitness strategy by the female plants in their effort to reproduce and maintain plant structure and functioning, suggested by higher Amax values and similar respiration rates (Rd and RL) as males in the early phases after pruning (herein the summer rest R1 and fall growth GU1 periods).
5 CONCLUSION
We hypothesized that photosynthetic performance would be much higher under monoculture (MO, high light) than under an agroforestry system (AFS, low light) over annual growth and that secondary sexual dimorphism (SSD) would be more expressed during rest than during growth periods. In fact, photosynthetic traits derived from light response curves generally revealed higher photosynthetic performance under the high-light (MO) than low-light conditions (AFS), which varied over the rhythmic growth in yerba mate. Lower Amax and Rd in all clones under AFS as compared to MO occurred together with higher inhibition of respiration by light (low RL/Rd) under AFS than under MO. Despite its strong effect on photosynthetic traits, cultivation systems did not affect the SSD expression frequency in photosynthetic performance, with the exception of the Jmax/Vcmax ratio expressed only under AFS. The SSD was expressed in a higher Chl b index and lower Chl a/b ratio in females than males, which indicates lower sensitivity of females to extreme light conditions of two cultivation systems than males during the winter rest (R2) and the spring growth unit (GU2) formation periods. Higher Amax and similar respiration rates (Rd and RL) in early vegetative phases after pruning (herein R1 and GU1) in females than in males could be considered a fitness strategy of female plants in their additional reproduction efforts, investing more carbon in flower, fruit, and seed production in the following phenophases. Our case study additionally underlines the importance of the period in which species with rhythmic growth are evaluated.
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