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Agroforestry systems contribute to climate adaptation and mitigation by enhancing coûee
farm resilience, storing carbon, and diversifying farmers' income. This study explores how
native tree species and coûee varieties in shaded environments reduce exposure to
environmental stress, enhance carbon capture, and strengthen agroforestry resilience
against climate change. Previously, seven native tree species were identiûed as optimal
shade providers in coûee agroforestry systems in Veracruz, Mexico, based on ecosystemic,
cultural, and economic criteria. This study analysed above-ground biomass, carbon stocks,
chlorophyll ûuorescence, leaf gas exchange, and leaf water-use eûciency in these trees
and ûve Arabica coûee varieties. Persea schiedeana and Inga punctata exhibited
contrasting carbon capture values (275.38 and 5.40 kg tree{¹, respectively), yet all tree
species displayed high resilience to irradiation stress (0.7330.80 Fv/Fm). Regarding
photosynthesis and gas exchange, Erythrina americana had the highest photosynthetic
rates, while Inga inicuil had the lowest. Transpiration varied signiûcantly, with Psidium
guajava showing the highest and Persea schiedeana the lowest rates. A similar pattern
was observed in stomatal conductance. Inga vera had the highest intercellular CO¢
concentration, whereas Erythrina americana had the lowest. Leaf water-use eûciency was
highest in Erythrina americana and Inga punctata. Understory photosynthetically active
radiation levels varied widely, with unshaded conditions reaching up to 169 times higher
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than shaded environments. The results suggest that Persea schiedeana and Erythrina
americana provide signiûcant climate resilience due to their physiological traits and carbon
storage potential. Although Inga vera, Inga punctata, Heliocarpus appendiculatus, and
Psidium guajava showed lower individual carbon capture, their high tree density and
economic beneûts make them valuable components of agroforestry systems. Regarding
coûee varieties, Oro Azteca exhibited signiûcant diûerences in CO¢ ûxation under
unshaded and shaded conditions. However, its Fv/Fm values remained stable, indicating
resilience of PSII under high photosynthetically active radiation conditions. Transpiration,
stomatal conductance, and intercellular CO¢ concentrations were generally higher in
shaded coûee varieties under Inga spp. canopies than in unshaded conditions.
Additionally, shaded varieties demonstrated increased CO¢ ûxation under elevated
photosynthetically active radiation. Shaded Arabica varieties had higher leaf water-use
eûciency compared to unshaded counterparts, emphasizing the role of shade in
optimising water use. These varieties also exhibited greater moisture and nitrogen
content, improving productivity and photoprotection. This study highlights the diverse
ecophysiological adaptations within coûee agroecosystems and the physiological
advantages conferred by shade cover.
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1 Abstract

2 Agroforestry systems contribute to climate adaptation and mitigation by enhancing coffee farm 
3 resilience, storing carbon, and diversifying farmers' income. This study explores how native tree 
4 species and coffee varieties in shaded environments reduce exposure to environmental stress, 
5 enhance carbon capture, and strengthen agroforestry resilience against climate change. 
6 Previously, seven native tree species were identified as optimal shade providers in coffee 
7 agroforestry systems in Veracruz, Mexico, based on ecosystemic, cultural, and economic criteria. 
8 This study analysed above-ground biomass, carbon stocks, chlorophyll fluorescence, leaf gas 
9 exchange, and leaf water-use efficiency in these trees and five Arabica coffee varieties. Persea 

10 schiedeana and Inga punctata exhibited contrasting carbon capture values (275.38 and 5.40 kg 
11 tree{¹, respectively), yet all tree species displayed high resilience to irradiation stress (0.73�0.80 
12 Fv/Fm). Regarding photosynthesis and gas exchange, Erythrina americana had the highest 
13 photosynthetic rates, while Inga inicuil had the lowest. Transpiration varied significantly, with 
14 Psidium guajava showing the highest and Persea schiedeana the lowest rates. A similar pattern 
15 was observed in stomatal conductance. Inga vera had the highest intercellular CO¢ 
16 concentration, whereas Erythrina americana had the lowest. Leaf water-use efficiency was 
17 highest in Erythrina americana and Inga punctata.
18 Understory photosynthetically active radiation levels varied widely, with unshaded conditions 
19 reaching up to 169 times higher than shaded environments. The results suggest that Persea 
20 schiedeana and Erythrina americana provide significant climate resilience due to their 
21 physiological traits and carbon storage potential. Although Inga vera, Inga punctata, 
22 Heliocarpus appendiculatus, and Psidium guajava showed lower individual carbon capture, their 
23 high tree density and economic benefits make them valuable components of agroforestry 
24 systems.
25 Regarding coffee varieties, Oro Azteca exhibited significant differences in CO¢ fixation under 
26 unshaded and shaded conditions. However, its Fv/Fm values remained stable, indicating 
27 resilience of PSII under high photosynthetically active radiation conditions. Transpiration, 
28 stomatal conductance, and intercellular CO¢ concentrations were generally higher in shaded 
29 coffee varieties under Inga spp. canopies than in unshaded conditions. Additionally, shaded 
30 varieties demonstrated increased CO¢ fixation under elevated photosynthetically active radiation. 
31 Shaded Arabica varieties had higher leaf water-use efficiency compared to unshaded 
32 counterparts, emphasizing the role of shade in optimising water use. These varieties also 
33 exhibited greater moisture and nitrogen content, improving productivity and photoprotection. 
34 This study highlights the diverse ecophysiological adaptations within coffee agroecosystems and 
35 the physiological advantages conferred by shade cover.
36 Subjects: Biodiversity, Conservation Biology, Natural Resource Management, Climate Change 
37 Biology; Environmental Impacts, .
38 Keywords: Agroforestry systems; Carbon capture; Leaf gas exchange; Photosynthesis, Water-
39 use efficiency; Smallholder coffee farmers; Chlorophyll fluorescence; Climate resilience, Shade 
40 Coffee; Coffea arabica varieties.
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41

42 Introduction 

43 Coffee is one of the most widely traded and consumed agricultural commodities worldwide 
44 (FAO, 2022) with 70% produced in Latin America (Baffes et al., 2005), only petroleum and its 
45 derivatives are more significant legal export commodities than coffee (Toledo and Moguel, 
46 2012). Coffee production during 2023 was estimated at 10.1 million tonnes, with an expected 
47 growth rate of 5.8% by 2024 (FAO, 2022; ICO, 2023). The 70% of global coffee production was 
48 exported in 2017 with a value of USD $19 billion and provided employment for 125 million 
49 people worldwide (Fairtrade Foundation, 2022; Panhuysen and Pierrot, 2020). Although the 
50 coffee industry was valued at US$132.13 billion in 2024, the majority of the profits made 
51 throughout the value chain are concentrated in the post-production phase of the value chain, 
52 benefiting retailers, processors, and exporters, not small producers (Mordor Intelligence, 2024). 
53 These producers also suffer from limited access to market facilities, less exposure to market 
54 information, infrastructure issues, insufficient support services, and transportation issues 
55 (Bizualem, 2015).
56 Currently, there are 12.5 million coffee farms worldwide, and the majority which are located in 
57 regions identified as important biodiversity zones (Donald, 2004) and owned by smallholders 
58 with less than 5 hectares (Fairtrade Foundation 2022; Panhuysen and Pierrot 2020). In Mexico, 
59 coffee is produced on approximately 580,000 ha by 481,000 farmers and well over a million 
60 people depend on coffee for their livelihoods (Ellis et al., 2010; Harvey et al., 2021; USDA FAS, 
61 2023). Approximately 86% of the coffee produced in Mexico is Coffea arabica, and 90% of 
62 farms are smaller than 1.5 ha. Most of these farms are shade polycultures with mixes of native 
63 and introduced tree species and vegetation structures that create habitat for biodiversity and 
64 provide important ecosystem services (Beer et al.,1998; Moguel and Toledo 1999; Dávalos-
65 Sotelo et al., 2008; Toledo and Moguel 2012; Jha et al., 2011).
66 While coffee production in Mexico has traditionally resisted intensification (Rice, 1999), current 
67 crises in production due to climate change have pushed growers in this direction or even the 
68 complete conversion of coffee farms to other land uses (Harvey et al., 2021). Alternative land 
69 uses such as agriculture and other industries, constituted over 23% for North America and 11% 
70 for Latin America and Caribbean of the net anthropogenic greenhouse gas (GHG) emissions 
71 during the period from 1850�2019 (IPCC, 2022), directly influencing climatic conditions. Coffee 
72 production is affected by changes in temperature, humidity, and rainfall that trigger phenological 
73 changes during growth, making it one of the crops most sensitive to climate change (Pham et al., 
74 2019; Bilen et al., 2023), with a reduction in the growing area under most climate change 
75 scenarios (Bunn et al., 2015). Furthermore, these types of transitions have negative impacts on 
76 biodiversity (Toledo and Moguel, 2012), and a number of important ecosystem services (Beer et 
77 al., 1998; Davidson, 2004; García-López, 2009; Adugna and Struik, 2011; Hausermann, 2014; 
78 Harvey et al., 2021).
79 A growing number of studies explore how to utilise the synergies between adaptation and 
80 mitigation in agroforestry systems like shade coffee to help growers meet the challenges of 
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81 climate change through atmospheric GHG reduction (up to ) and associated 
82 carbon credits, soil and biodiversity conservation, or diversification of production (Verchot et al., 
83 2007; Rahn et al., 2014; Jawo et al., 2022; Terasaki Hart et al., 2023). One possible sustainable 
84 strategy for increasing carbon (C) capture based on standing plant biomass is the use of native, 
85 perennial tree species (Noponen et al., 2013) with multiple uses for farmers (Jha
86  et al., 2011). These systems can also produce fruit, medicines, or lumber for additional income. 
87 Additionally, agroforestry systems can buffer temperatures of the air and soil, as well as increase 
88 humidity and the availability of water and nutrients in the soil (Segura et al., 2006; Lin, 2007; 
89 2010; Siles et al., 2012; Notaro et al., 2014; Ehrenbergerová et al., 2018). Thus, adaptation 
90 efforts involving an increase of shade cover to reduce the effects of climate change on coffee 
91 production may simultaneously increase biomass and C capture and thus mitigate GHG 
92 emissions while conserving endangered native tree species (Acevedo et al., 1992; Jose, 2009; 
93 Häger, 2012; Noponen et al., 2013; Gross et al., 2022).
94 Adaptation and mitigation efforts should consider the conservation of biodiversity and ecosystem 
95 services an the socioeconomic well-being of farmers, social justice, and economic equity 
96 (Guzman-Luna et al., 2022). Aspects to be considered in selecting tree species for shade tree 
97 diversification in coffee farms include improving soil fertility, optimising productivity, and 
98 generating alternative sources of income (Gliessman, 2015); prioritising those species that help 
99 coffee bushes retain moisture in the soil, control pests and diseases, and avoid the introduction of 

100 exotic species that could trigger various types of physicochemical and biotic stresses, decreasing 
101 vegetation diversity and understorey flora (Reigosa et al., 2000; Gill and Prasad 2000).
102 Due to the transition between the Nearctic and Neotropical regions (Rzedowski, 1978), the 
103 Mexican state of Veracruz has a wide range of environmental variations and a high biological 
104 diversity, making it one of the most biologically diverse states in the country (Estrada-Contreras 
105 et al., 2015) and according with Tellez et al. (2020), the state is one of the two tree biodiversity 
106 hotspots in Mexico. As such, it is a relevant case study to understand the function, effects, and 
107 synergies of agroforestry systems in developing countries facing climate change and mitigation 
108 from a multidisciplinary point of view. Since Veracruz coffee-producing communities rank first 
109 in the country, accounting for 23% of the national total yield (Nestel, 1995), as well as the 
110 importance of the Veracruz agroforestry systems as carbon sinks, a variety of approaches have 
111 been used  to estimate their C capture potential. For instance, the carbon-storing capability of 
112 coffee agroecosystems in the municipality of Xalapa, Veracruz, was quantified, finding that the 
113 combination of coffee bushes and trees taller than 15 m had a higher C storage capability (73.27 
114 Mg C ha-1) compared with agroforestry systems comprising coffee and the Fabaceae Acacia 
115 pennatula Schltdl. & Cham. (38.47 Mg C ha ) (Ortiz-Ceballos et al., 2020). The highest ratio of 
116 total C storage (91.2%) was measured in coffee combined with trees >15 m in height, and coffee 
117 bushes combined with Inga sp (Ortiz-Ceballos et al., 2020). Additionally, research on the 
118 relationship between C and biodiversity throughout a gradient of intensified land usage was 
119 conducted in the municipality of Xalapa, finding that biodiversity and C storage are positively 
120 correlated, with C being highest in forests; however, secondary forests and conventional shade 
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121 coffee plantations shared similar characteristics (Dávalos-Sotelo et al., 2008; Vizcaíno-Bravo et 
122 al., 2020).
123 Plant-based CO2 mitigation, such as carbon assimilation by photosynthesis and its final storage 
124 into trees biomass, is expected to play a key role in mitigating the atmospheric release of CO2 
125 and other GHG by industrialization and urbanisation (Fini et al., 2023; Jin et al., 2023). 
126 Estimates of carbon sequestration include measures of above-ground biomass (AGB) through 
127 allometric equations. This calculation provides a realistic estimate of the amount of C assimilated 
128 into forest biomass and, consequently, of the function of carbon cycles in ecosystems (Liang and 
129 Wang 2020; Araza et al., 2022). Furthermore, plant photosynthetic activity is crucial during the 
130 early stages of removing carbon from the atmosphere (IPCC, 2021). Consequently, evaluations 
131 of the physiological responses of trees and shrubs to environmental factors that impact C capture 
132 potential and the available substrates for photosynthesis through leaf gas exchange analyses are 
133 important because they are associated with both climatic change and the functioning 
134 characteristics of ecosystems (Sakshaug et al., 1998;  2002). Furthermore, 
135 measurements of chlorophyll fluorescence are among the most widely used methods in plant 
136 physiology due to the ease with which one can obtain comprehensive data regarding the 
137 functionality and efficiency of photosystem II (PS II). This parameter provides important 
138 insights into the basic processes of photosynthesis, genetic variation, ecological diversity, and 
139 plant responses to environmental change (Genty et al., 1989; Strasser, 2004, Baker and 
140 Rosenqvist 2004; Baker, 2008).
141 Another major concern of climate change is water availability and how agricultural and natural 
142 ecosystems cope with limited water resources. Water-use efficiency (WUE) links plant 
143 productivity and water use, offering a valuable parameter to assess species' ability to manage 
144 water resources and the impact of climate change on plant growth and water use (Bhattacharya 
145 2019; Hatfield and Dold, 2019). During gas exchange, plants fix atmospheric CO2 into biomass 
146 while losing water vapour through evapotranspiration. Thus, WUE is defined as the amount of 
147 water a plant consumes or loses to incorporate a given amount of CO2, expressed as the ratio of 
148 CO2/H2O (Kirkham, 2005). WUE is influenced by species and environmental conditions (Chaves 
149 et al., 2004), with variations due to factors such as leaf phenology, shade tolerance, successional 
150 status, and rooting patterns (McCarthy et al., 2011). Modern portable gas analysers now allow 
151 leaf-level WUE measurements based on photosynthesis and transpiration rates, offering an 
152 effective approach to evaluating species' water management abilities (Kirkham, 2005).
153 Therefore, the present work was aimed to better understand the physiology of shade trees and 
154 how their shade affects coffee varieties, we conduct an in-situ measurement of the dendrometric, 
155 photosynthetic, and gas exchange parameters and leaf WUE calculation of seven previously 
156 selected native tree species (Flores-Ortiz et al. accepted for publication) and five Arabica coffee 
157 varieties that maximise conservation, carbon sequestration in central Veracruz state, Mexico. We 
158 hypothesised that native tree species and coffee varieties growing in shaded environments, are 
159 less exposed to stressful environmental conditions, and more capable of capturing carbon and 
160 improving coffee agroforestry system� resilience to withstand climate change and coffee 
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161 maintain production over the long term. We expect that this information will help decision-
162 making during the selection and management of suitable shade trees based on their physiological 
163 characteristics and C capture potential in shade coffee agroforestry systems.
164

165 Materials & Methods

166 Selection of shade tree species in coffee agroforestry systems

167 This research focussed on the top seven species from an initial list of 50 native tree species 
168 prioritised based on the level of conservation concern, their growth rate, and functionality for 
169 coffee growers (Flores-Ortiz et al. accepted for publication). Species used as firewood or fuel 
170 were excluded, as well as Persea americana Mill. (Hass Avocado) due to its intensive 
171 domestication (Table 1). 
172

173 Study area

174 Field measurements were made in central Veracruz on a shaded and unshaded coffee farm 
175 located in the municipalities of Teocelo (19° 23' 36'' N, 96° 59' 9.4'' W, at an elevation of 1117 m 
176 a. s. l., average air temperature of 23.43 ± 0.37 °C and 70.4 ± 5.95% of relative humidity or RH) 
177 and Xico (19° 25' 23.5'' N, 96° 55' 42.6'' W, at an elevation of 1053 m a. s. l., average air 
178 temperature of 27.53 ± 0.86 °C and 60.23 ± 4.16% of RH for shaded and unshaded conditions, 
179 respectively (Fig. 1). Field measurements were taken during three consecutive days monthly 
180 (October-November 2022), during which temperature and RH were recorded by probes coupled 
181 to the Infrared Gas Analyser (IRGA) Model LI-6400 (LI-COR, Inc.). Average annual 
182 precipitation for these farms is 1.7 mm with minimal variation in climate due to their proximity. 
183 Measurements in both farms were conducted during October and November 2022.
184

185 Dendrometric parameters of shade trees and carbon stocks determination

186 Measurements were made of the total height and the diameter at breast height (DBH, at 1.30 m) 
187 of nine mature and reproductive individuals randomly selected of the seven species under shade. 
188 Using these morphometric parameters, available allometric equations were used to calculate each 
189 tree's AGB (Table 2). The allometric equations used to calculate the AGBs for Heliocarpus 
190 appendiculatus (Ha) and Psidium guajava (Pg) were at species-level, at genus-level for Inga 
191 spp. (Inga inicuil Ii, Inga vera Iv and Inga punctata Ip) and for Erythrina sp. (Erythrina 
192 Americana Ea), and at tropical forest-level for Persea schiedeana (Ps) (Rojas-García et al., 
193 2015; Ortiz-Ceballos et al., 2020) (Table 2). AGB was converted into biomass carbon stock (CS) 
194 by multiplying AGB by 0.47, which represents the carbon fraction linked to the computed 
195 biomass (IPCC, 2006). CS is associated with the tree's ability to grow new cells and carbon 
196 storage potential (IPCC, 2021). Due to variation in tree age, 10-year normalised CS were 
197 obtained by simple proportionality rule for each tree species included in this study.
198

199 Photosynthetic and gas exchange properties of shade trees and coffee plants
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200 At midday, gas exchange analyses were conducted using the IRGA coupled with a fluorometric 
201 cell for photosynthetic analysis. Tree and coffee bush photosynthesis was evaluated using leaf 
202 chlorophyll fluorescence and gas exchange parameters under unshaded and shaded conditions 
203 (Sakshaug et al., 1998;  2002). Three stomatal and three photosynthetic parameters 
204 were measured on fully developed shade tree leaves that were located on initial plagiotropic 
205 branches of three individuals� tree and coffee bushes per species or coffee variety. On each 
206 individual, three fully developed mature leaves were selected for chlorophyll fluorescence and 
207 gas exchange measurements. Collected data from each individual were averaged per shade tree, 
208 and per tree species or coffee variety. Parameters measured included Fv/Fm, also referred to as 
209 Genty's parameter (ratio of variable to maximal fluorescence), CO2 fixation rate, stomatal 
210 conductance, transpiration, intercellular CO2 (Ci), and photosynthetically active radiation (PAR) 
211 used to estimate incident solar radiation in the understory layer. The Fv/Fm ratio, a chlorophyll 
212 fluorescence parameter applied to dark-adapted samples, is used to calculate PSII maximum 
213 efficiency with all its reaction centres open. This efficiency estimates stress and plant 
214 photosynthetic performance (Lepedu� et al., 2005; 2012), via inhibition or damage to the electron 
215 transfer process in PSII (Niinemets and Kull 2001; Zavafer and Mancilla, 2021). After 30 
216 minutes of dark adaptation by foil wrapping of the leaf, a pulse of saturating red light was 
217 applied to induce the chlorophyll fluorescence transient (peak at 650 nm, 1000 µmol m�2 s�1); F0 
218 and Fm were recorded and subsequently, Fv (difference between Fm and F0) and Fv/Fm were 
219 calculated.
220 Due to the heterogeneity of Coffea arabica varieties found in the coffee farms in the region, the 
221 measurements of the different parameters tested were restricted to Oro Azteca (Oa), Garnica (G), 
222 Costa Rica 95 (Cr), Tipica (T), and Catuai amarillo (Ca). For comparative purposes, 
223 measurements of the different response parameters were also performed in bushes of Oa in 
224 unshaded conditions.
225  To ensure homogeneity in environmental conditions, the measurements were made over a period 
226 of two consecutive cool-season months (October and November 2022). The climate data for 
227 these months aligns with typical conditions observed between 2016�2022, showing precipitation, 
228 temperature, and cloudiness within expected ranges (Weather Spark, 2024). This period marks 
229 the cool season, with average maximum temperatures of 24°C in Teocelo and 26°C in Xico. 
230 Precipitation for both municipalities was at least 1 mm/h and cloud cover averaged 80% 
231 (Weather Spark, 2024). Historical records from the National Meteorological Service indicate 
232 maximum and minimum temperatures in Teocelo of 35°C and 21°C (1945�2020), while Xico 
233 experienced a range of 21�22°C maximum and 9�12°C minimum temperatures (1966�2023) 
234 (Servicio Meteorológico Nacional, www.smn.conagua.gob.mx). PAR measurements under shade 
235 conditions were similar, thus ensuring the same shade conditions during data collection, as well 
236 as a clear contrast with the condition to which the coffee trees were exposed in unshaded 
237 conditions.
238

239 Instantaneous leaf water-use efficiency (ILWUE)

PeerJ reviewing PDF | (2025:02:114940:0:1:NEW 7 Mar 2025)

Manuscript to be reviewed

http://www.smn.conagua.gob.mx/
Usuário
Realce
WHY DID YOU MEASURE AT MIDDAY WHEN PHOTOSYNTHESIS IS THE LOWEST?

Usuário
Realce
HOW?

All species have plagiotropic branches?

Usuário
Sublinhado
Dirty text, not clean at all

Methodology is wrong. Who is measuring at midday? And why???? Only to understand the diminution at midday, compared to morning hours...

Usuário
Realce
This must be previous to the leaf gas excganges...

Usuário
Realce
condensate!!!!!!!!!

Usuário
Sublinhado

Usuário
Realce
abbreviation is simply WUE, you can find in varius papers about ecophysiology of coffee



240 Instantaneous leaf WUE or transpiration efficiency was assessed through gas exchange 
241 measurements conducted through IRGA on the seven tree species and five Arabica varieties. 
242 Water-use efficiency on a leaf basis can be expressed as follows (Hatfield and Dold, 2019):ýÿÿýý = ýý (1)

243 Where ILWUE is the Instantaneous Leaf Water-Use Efficiency expressed as µmol CO2/mmol 
244 H2O, A is CO2 Fixation Rate expressed as µmol CO2 m2/s, and E is Transpiration Rate expressed 
245 as mmol H2O m2/s.
246

247 Gravimetric and analytical chemical analysis: moisture and nitrogen content of coffee 

248 leaves samples

249 Leaves collected for chemical analysis were quickly stored after photosynthesis and gas 
250 exchange analysis. Following in-situ sampling and drying, a 0.5 g of sample leaves from both 
251 unshaded and shaded coffee bushes were used to measure the moisture and nitrogen contents 
252 over the next two days. Gravimetric methods comparing weight before and after drying 
253 determined moisture content based on the following equation:ÿ (%) = ýÿ 2 ÿÿýÿ × 100 (2)

254 where H (%) is the moisture content expressed as a percentage, FW is the fresh weight and DW is 
255 the dry weight.
256 The semimicro-Kjeldahl method (Nelson and Sommers, 1980; DOF, Mexican norm NMX-Y-
257 359-SCFI-2019), digested 50 mg of dried leaf material using a digestion/distillation apparatus 
258 (Labconco®) to quantify organic nitrogen content.
259

260 Statistical analysis

261 All analyses were performed in triplicate on mature trees and coffee bushes, and on fully 
262 developed leaves. Statistical analyses were conducted on averaged data. No comparisons were 
263 performed for the dendrometric parameters of the seven native tree species due to inherent 
264 genotypic and phenotypic variations among species. Shade trees and coffee bushes stomatal,  
265 photosynthetic and ILWUE data met assumptions of normality so no transformations were 
266 needed. One-way ANOVA and the post-hoc Tukey test were used to identify significant 

267 differences, (p ü 0.033). Multiple comparisons were conducted between the parameter values of 
268 native shade tree species. Evaluations of environmental stress levels between unshaded and 
269 shaded coffee bushes were evaluated using comparisons between Oa in both conditions. 
270 Statistical analyses of Oa moisture and nitrogen content under unshaded and shaded were 
271 performed using a two-tailed unpaired t-test (t (7.6) = 4 and p = 0.002). GraphPad Prism® 
272 version 9.5.1 for macOS (GraphPad Software, San Diego, CA, USA; www.graphpad.com) was 
273 used for all statistical analysis (accessed in January 2023).
274
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275 Results

276 Dendrometric parameters of shade trees and carbon stocks determination

277 Genotypic and phenotypic variations among the seven shade tree species significantly influence 
278 their growth patterns and biomass allocation, making interspecific AGB and CS data 
279 comparisons unrecommended (Poorter et al., 2008; Chave et al., 2014). The trees with the 
280 highest average AGB and CS values were Ea and Ps; Ha and Ii displayed moderate levels of 
281 AGB and CS, while Iv, Pg, and Ip had the lowest. CS 10-year normalised was quite similar for 
282 the seven species, showing that Ps and Ea stood out for their highest carbon storage capacities, 
283 followed by lower values for the remaining species (Table 2).
284 Annual CS per hectare was highest for Ii, followed by Ea, Ps, and Ha, which also showed 
285 relatively high values. In contrast, Iv, Ip, and Pg had the lowest CS values (Table 3). Carbon 
286 capture for Ea, Ps, and Ha represents 31.91%, 17.72%, and 10.03% of the total carbon 
287 assimilation, respectively, while Iv, Ip, and Pg together represent 6.53%. It is important to note 
288 that 40 trees of Ea, Ps, and Ha represent 94.48%, 52.47%, and 29.71%, respectively, of the 
289 carbon assimilated by 200 individuals by Ii, the species with the highest carbon capture and one 
290 of those with the highest reported population.
291

292 Photosynthetic and gas exchange properties of shade trees and coffee plants

293 The Fv/Fm values of shade tree species (range 0.74�0.81) and coffee bushes (0.73�0.80) showed 
294 consistent trends, with no significant differences observed (Fig. 2a, Table S1). Similarly, no 
295 significant differences were found between shaded and unshaded Oa or among other coffee 
296 varieties under shaded conditions (Fig. 3a and 4a, Table S2.
297 CO2 fixation rate revealed clear groups among the species with the highest rates observed in Ea, 
298 Pg, and Ha, followed by Ip, and then Ps, Iv, and Ii, with significant differences between these 
299 clusters (F (6, 56) = 118.3, p = 0.001; p < 0.033) (Fig. 2b, Table S1). The top-performing group 
300 showed CO2 fixation rates substantially higher than the intermediate and lowest clusters (1.7-fold 
301 and 4.18-fold higher, respectively). Concerning Oa variety, CO2 fixation rate in unshaded coffee 
302 bushes differed significantly versus shaded conditions (F (3, 32) = 54.42, p = 0.001; p < 0.033), 
303 further highlighting the variability in CO2 fixation performance under both conditions. Shaded 
304 coffee varieties also formed distinct clusters, with Ip-Oa and Ha-Oa exhibiting the highest CO2 
305 fixation rates, while other combinations showed lower values (F (6, 56) = 16.82, p = 0.001; p < 
306 0.033) (Fig. 3b and 4b, Table S2).
307 Transpiration rates also varied significantly among tree species and coffee varieties. The highest 
308 rates were observed in Pg and Ha, while intermediate rates were seen in Ii and Iv, and the lowest 
309 in Ip, Ea, and Ps (F (6, 56) = 65.43, p = 0.001; p < 0.033) (Fig. 2c, Table S1). Among coffee Oa, 
310 unshaded and shaded Ip-Oa combinations showed the highest transpiration, while Ha-Oa and Ps-
311 Oa had the lowest (F (2, 32) = 6.488, p = 0.001; p < 0.033) (Fig. 3c, Table S2). Shade-grown coffee 
312 varieties also formed distinct clusters, with Ii-G showing the highest rates and other associations 
313 like Ea-T, Ha-Oa, and Ps-Oa exhibiting the lowest (F (6, 56) = 17.98, p = 0.001; p < 0.033). These 
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314 differences highlight clear groupings in transpiration performance under different conditions 
315 (Fig. 4c, Table S2).
316 Stomatal conductance closely mirrored transpiration trends, showing a strong relationship 
317 between the two parameters. The highest values were recorded in Pg, Iv, and Ha, with 
318 intermediate rates in Ea, Ii, and Ip, and the lowest in Ps. Significant differences were observed (F 

319 (6, 56) = 19.33, p = 0.001; p < 0.033), particularly between the highest and lowest performers 
320 (Figure 2d, Table S1). In Oa cv, stomatal conductance varied significantly under unshaded 
321 conditions and shaded Ha-Oa and Ps-Oa associations (F (3, 32) = 8.697, p = 0.001; p < 0.033) (Fig. 
322 3d, Table S2). Shaded coffee varieties formed two distinct clusters, with Iv-Cr and Ii-G showing 
323 the highest conductance, while other combinations, including Pg-Ca, Ip-Oa, and Ha-Oa, 
324 exhibiting significantly lower values (F (6, 56) = 24.02, p = 0.001; p < 0.033) (Fig. 4d, Table S2).
325 Ci values among shade trees showed variation, reflecting differences in carbon assimilation rates. 
326 The highest values were observed in Iv, Ha, and Ii, intermediate values in Ps and Ip, and lower 
327 values in Pg and Ea, with significant differences between clusters (F (6, 56) = 48.22, p = 0.001; p < 
328 0.033) (Fig. 2e, Table S1). For Oa, shaded and unshaded conditions influenced Ci values, with 
329 Ip-Oa showing the highest and Ps-Oa the lowest values (F (6, 56) = 48.22, p = 0.001; p < 0.033) 
330 (Fig. 3e, Table S2). Among shaded varieties, one cluster, including Ip-Oa, Iv-Cr, and Ii-G, 
331 exhibited the highest Ci values, while another, consisting of Ea-T, Pg-Ca, Ha-Oa, and Ps-Oa, 
332 had lower values, with significant differences between the groups (F (6, 56) = 11.89, p = 0.001; p < 
333 0.033) (Fig. 4e, Table S2).
334 PAR values varied significantly among tree species. Ea showed the highest values, followed by 
335 an intermediate group including Pg, Iv, Ha, and Ii, while Ip and Ps had the lowest values. 
336 Significant differences were observed (F (6, 56) = 64.15, p = 0.001; p < 0.033), particularly between 
337 Ii and some other species within the intermediate cluster (Fig. 2f, Table S1). For coffee plants, 
338 unshaded Oa had a significantly higher PAR compared to shaded conditions, with differences of 
339 169-fold, 96.6-fold, and 53.7-fold compared with Ps-Oa, Ha-Oa, and Ip-Oa, respectively (F (3, 32) 

340 = 1159, p = 0.001; p < 0.033) (Fig. 3f, Table S2). Among the shaded Arabica cvs, Iv-Cr and Pg-
341 Ca had the highest PAR values. Iv-Cr PAR values were significantly higher than other 
342 associations, including Pg-Ca (F (6, 56) = 47.68, p = 0.001; p < 0.033) (Fig. 4f, Table S2).
343

344 Instantaneous leaf water-use efficiency (ILWUE)

345 ILWUE values for the seven tree species varied from 0.83 ± 0.15 to 16.92 ± 11.05 µmol 
346 CO2/mmol H2O, values that correspond to Ii and Ea, respectively. Significant differences were 
347 observed between shade tree species (F (6, 56) = 5.810; p < 0.001; p < 0.033), where the highest 
348 ILWUE were observed for Ea and Ip. In second place, a cluster formed by Pg, Ha, and Ps was 
349 observed with intermediate values. Also, a third cluster was observed, integrated by Ii and Iv, 
350 with the lowest ILWUE values observed (Fig. 5a, Table S1).
351 Concerning Oa cv, values varied from 4.61 ± 10.06 to 21.62 ± 11.27 µmol CO2/mmol H2O, 
352 values calculated for unshaded Oa and for the Ha-Oa shaded association. Unshaded bushes had 
353 lower ILWUE values compared with bushes under shaded conditions; this difference was 
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354 statistically significant (F (3, 32) = 8.538; p < 0.001; p < 0.033), and at least 2-fold lower regarding 
355 shaded associations (Fig. 5b, Table S2). Finally, for shaded Arabica cvs, values varied from 7.12 
356 ± 3.78 to 21.62 ± 11.27 µmol CO2/mmol H2O, calculated values for Iv-Cr for and Ha-Oa shaded 
357 associations, respectively. Significant differences were observed (F (6, 56) = 4.315; p < 0.001; p < 
358 0.033) only for Ha-Oa, the association with the highest ILWUE values, regarding Ii-G and Iv-Cr, 
359 associations with the lowest values observed (Fig. 5c, Table S2).
360

361 Gravimetric and analytical chemical analysis: moisture and nitrogen content of coffee leaf 

362 samples

363 The shaded Oa samples showed a slightly higher moisture content (55.56%) compared to the 
364 unshaded samples (53.97%). Also, shaded Oa samples also exhibited a significantly (p = 0.002) 
365 higher nitrogen content (2.83 ± 0.06%) compared to unshaded samples (2.54 ± 0.02%).
366

367 Discussion

368 Our findings highlight the potential role of seven native tree species in carbon capture, 
369 photosynthetic efficiency, water-use efficiency, and resilience within coffee agroforestry systems 
370 for smallholders in Veracruz, Mexico. Our results demonstrate that the studied tree species 
371 contribute differently to the agroforestry system C capture. This, combined with non-stressful 
372 radiation levels, improved water-use efficiency in both the tree species and coffee varieties, as 
373 well as higher nitrogen and moisture content in shaded coffee plants compared to unshaded ones, 
374 supports our hypothesis. In addition, the findings highlight the diverse nature of agroforestry 
375 systems and the improved microclimatic conditions created by tree shade. 
376

377 Dendrometric parameters of shade trees and carbon stock determination

378 Comparisons of our results with other studies can provide insights but are difficult due to 
379 variation in key variables. Tree density in coffee agroforestry systems is managed by producers 
380 who propagate preferred species in greenhouses or use seedlings from reforestation programs 
381 with native flora. In this sense, research on optimal tree densities is essential to minimise 
382 competition while enhancing coffee productivity. Beyond microclimatic differences across 
383 coffee-growing regions, factors like altitude, slope, and shade management significantly 
384 influence phenotypic traits, population densities, and ecosystem service synergies (Cerda et al., 
385 2017; Asanok et al., 2024). For instance, higher altitudes reduce ambient temperatures, altering 
386 temperature-dependent phenological processes (Bewley and Black, 1994). Additionally, 
387 environmental factors beyond producer intervention also impact tree population densities.
388 According to the available literature, the contribution to C capture of I. inicuil, a member of the 
389 Fabaceae family, contributed 33.77% of carbon uptake in a hectare containing 660 trees. This 
390 density is in the range reported in other studies, where all the individuals of three species of the 
391 Inga genus together with other economically important species can range from 100 to 800 trees 
392 ha-1, with an average density of 250�350 trees ha-1 (Barradas and Fanjul, 1986; Soto-Pinto et al., 
393 2001). Carbon storage in I. inicuil represents 28.3% and 47.17% of the total CS incorporated as 
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394 P. schiedeana and E. americana biomass, respectively, over the first ten years of growth, the 
395 highest levels in C capture observed in our study. The incorporation of I. inicuil into agroforestry 
396 systems can lead to 198 Mg C ha-1 of carbon sequestration, which is higher than coffee 
397 agroforestry systems with other Inga, Erythrina, and other Musaceae species (91.64�115.5 Mg C 
398 ha-1; Haber, 2001), increasing the agroforestry systems' effectiveness by incorporating I. inicuil.
399 After 10 years of growth, I. inicuil exhibited a CS of 20.9 Mg C ha{¹ for 200 trees ha-1, 
400 exceeding values reported for Inga densiflora Benth. (24.3 Mg C ha{¹ for 400 trees ha{¹ over 20 
401 years) with similar age and size parameters (Salazar, 1985; Kursten and Burschel, 1993). 
402 However, our values were three times lower than those reported for I. inicuil trees aged 10�30 
403 years (64.3 Mg C ha{¹) with 164 trees ha{¹ in Oaxaca, where regional factors influence tree 
404 density and size (Hernández-Vásquez et al., 2012; Alessandrini et al., 2011; Téllez et al., 2020). 
405 Although I. punctata had lower AGB and CS, its high density (20�40% of total trees) 
406 significantly contributed to carbon capture in the agroforestry system (Soto-Pinto et al., 2001). 
407 Including I. punctata and I. vera could achieve 91.64 Mg C ha{¹ in forested regions with Inga 
408 spp. (Haber, 2001). Despite their role in carbon capture and promotion by government programs, 
409 Inga spp. do not appear to influence soil or crop nutrition (Romero-Alvarado et al., 2002).
410 E. americana and P. schiedeana, with approximately 40 trees per hectare, showed AGB and CS 
411 per tree due to their larger trunk diameters and heights. The lower density of E. americana is 
412 attributed to grower preferences and ecophysiological requirements, such as seed dormancy that 
413 requires scarification for germination (Bewley and Black, 1994; Bonfil-Sanders et al., 2008). P. 
414 schiedeana, despite its high CS and large crown, has low density due to agroforestry 
415 configurations ensuring homogeneous shade in coffee plantations, as it can grow over 20 m tall 
416 (Niembro, 1992; Vázquez-Torres et al., 2017). Habitat loss also impacts P. schiedeana 
417 population densities (Cruz-Castillo et al., 2001; López et al., 1999).
418 For H. appendiculatus, previously reported densities range from 16�20% of tree strata in 
419 Chiapas coffee farms (Soto-Pinto et al., 2001; Castillo-Capitan et al., 2014). In our study, H. 
420 appendiculatus comprised 6% of 660 trees per hectare but could reach 11% at 350 trees per 
421 hectare, in line with densities reported by Soto-Pinto et al. (2001). Despite low density, H. 
422 appendiculatus significantly contributes to CS after 10 years. Its germination is inhibited by leaf 
423 litter due to an unknown dormancy mechanism, which could involve photoblastic germination or 
424 seed polymorphism (Vázquez-Yanes and Orozco-Segovia, 1992; Figueroa and Vázquez-Yanes, 
425 2002). Producers might utilise this mechanism to enhance germination for reforestation and 
426 shade management.
427 As an exotic species, P. guajava represents 4�5% of tree density in coffee plantations (Soto-
428 Pinto et al., 2001). Although our determined AGB and CS at 10 years are consistent with 
429 previous findings (Nava et al., 2009), the calculated biomass has among the lowest values of CS 
430 that we registered, linked to its average height of 3�8 meters (Hauzé et al., 2017). These 
431 characteristics could be used to add more trees of this species without affecting coffee 
432 production. Also, P. schiedeana can be incorporated into agroforestry systems to enhance carbon 
433 storage, particularly in leaves and roots, with a whole calculated CS ranging between 0.27 to 
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434 4.19 Mg ha�1 in 2 to 10-year-old orchards (Naik et al., 2021). Additionally, it provides valuable 
435 firewood and fruits for human and animal use (Somarriba, 1988; Pascarella et al., 2000; Miceli-
436 Méndez et al., 2008).
437 The density per hectare reported in earlier studies involving the same species served as the basis 
438 for the classifications we employed in our investigation. In this context, tree density variations 
439 within coffee agroforestry systems influence resource availability, competition, and biomass 
440 production, which are critical for assessing their role in climate change mitigation and ecosystem 
441 services. Therefore, understanding these population densities across regions is essential to 
442 evaluate their functional traits and carbon sequestration potential accurately.
443 Agroforestry C capture supports smallholder conservation efforts while reducing the carbon 
444 footprint of industries and transport (Magnago et al., 2015; Lal et al., 2015; Zomer et al., 2017). 
445 These efforts could be translated into carbon offset markets, financial instruments designed to 
446 incentivise carbon emissions reduction, which could increase incomes for smallholders in 
447 retribution of their conservative efforts. Carbon offsets can benefit smallholders, including those 
448 managing less than two hectares, who often face barriers such as limited knowledge, lack of 
449 information, and high adoption costs (Feliciano et al., 2014; Buck and Palumbo-Compton, 2022). 
450 Addressing these challenges requires programs and policies that connect producers with 
451 compensation credit opportunities.
452

453 Photosynthetic and gas exchange properties of shade trees and coffee plants

454 The Fv/Fm values of six shade trees studied exceeded the 0.75 threshold (Fig. 2, Table S1), 
455 which is a boundary value for fully functional PSII (Lepedu� et al., 2005) and ranged from 0.76 
456 to 0.81, while values for E. americana were below this threshold. Photosynthetic rates are 
457 influenced by light conditions, and higher rates suggest a greater physiological and biochemical 
458 capacity for carbon fixation (Gulmon and Chu 1981). Based on the evidence that atmospheric 
459 CO2 concentrations can alter the quantum yield of non-cyclic electron transport, with both 
460 parameters showing a linear relationship (Genty et al., 1989), the lower Fv/Fm values observed 
461 in E. americana could be related to the lower intercellular CO2 concentration observed.
462 Few studies have evaluated leaf gas exchange in the tree species analysed. For the Persea genus, 
463 including avocado species like P. americana Mill., CO2 assimilation rates vary among cultivars, 
464 ranging from 8 to 12  CO2 m²/s (Yin et al., 2023). In another study, maximum assimilation 
465 reached 18.3  CO2 m²/s in April (spring) and dropped to 10.2  CO2 m²/s in October 
466 (autumn) (Whiley, 1994). For P. americana variety Colin V-33, recent values averaged 1.16 
467  CO2 m²/s, 0.79 mmol H2O m²/s, 29.55 mmol m²/s, and 238.87 ppm for CO2 assimilation, 
468 transpiration, stomatal conductance, and internal CO2 concentration, respectively (Useche-
469 Carrilo et al., 2022). While our measurements were lower overall, similar trends were observed, 
470 except for internal CO2 concentration, which was 1.7 times lower. Variations in stomatal 
471 frequency among species, influenced by a variety of factors (Fricker and Willmer 2012), directly 
472 affects gas exchange profiles (Barrientos-Priego and Sánchez-Colín, 1987; Barrientos-Priego et 
473 al., 2003). In avocados, the system is also influenced by the leaf's location inside the canopy. 
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474 This is because light influences the stomata's rate of opening, where stomata formed in shade 
475 opening more slowly (Heath and Arpaia, 2004). Limited data on other Persea species highlights 
476 the need for research on native species, such as P. schiedeana, which offer benefits for coffee 
477 farms.
478 Concerning the Inga genus, in Inga marginata and Inga subnuda, maximum gross 
479 photosynthetic rates of 10.60 ± 1.42 and 11.65 ± 0.97  CO2 m²/s were recorded at light 
480 saturation points of approximately 365�379  photons m²/s, chamber temperature of 27 °C, 
481 and CO2 concentration of 394.92 ± 2.69  mol  (dos Santos Pereira et al., 2019). In contrast, 
482 our study observed lower values of 1.67 ± 0.38, 2.21 ± 1.19, and 5.02 ± 1.34  CO2 m²/s for 
483 I. inicuil, I. vera, and I. punctata, respectively, under different conditions: 1000  photons 
484 m²/s, 23.43 ± 0.37 °C, and fully developed leaves from 10�14-year-old trees near the understory, 
485 unlike the younger leaves of trees under controlled conditions analysed by dos Santos Pereira et 
486 al. (2019). These discrepancies may be attributed to factors such as leaf and plant age, light 
487 intensity, CO2 concentration, and temperature (Bielczynski et al., 2017; Wohlfahrt, 2015). 
488 Additionally, diurnal patterns of photosynthesis and transpiration in coffee shade agroforestry 
489 systems revealed higher rates in sunlit leaves compared to those in shaded understory conditions 
490 with 40% irradiance (Siles et al., 2012).
491 For the Erythrina genus, variations in photorespiration and CO2 absorption were observed. For 
492 Erythrina poeppigiana (Walp.) O. F. Cook, values ranged from 16.9 to 19.9  CO2 m²/s at 
493 2000  photon m²/s, 350  CO2 concentration, and 28 °C, while 2-fold higher values 
494 occurred at 1000  CO2/mol (Nygren, 1995). Similarly, a CO2 absorption rate of 15.49  
495 CO2 m²/s was recorded for Erythrina crista-galli L. (Davis and Hidayati, 2019). The lower 
496 values that we observed are linked to factors like light intensity (Taiz et al., 2014), nitrogen 
497 availability for Rubisco regeneration (von Caemmerer and Farquhar, 1981; Cromer et al., 1993), 
498 stomatal conductance influenced by relative humidity (Taiz et al., 2014), the maximum amount 
499 of carbohydrates generated for each unit of transpired water (Cowan, 1977), ambient-to-
500 intercellular CO2 concentration ratios (Long, 1985), and mesophyll capacity for carbon fixation 
501 (Wong et al., 1979). This evidence highlights the role of stomatal conductance and chlorophyll 
502 content in CO2 absorption, though further data is needed to discern species-specific patterns.
503 For H. appendiculatus, CO2 assimilation rates of 3.7, 4.9, and 11.6  CO2 m2/s were recorded 
504 for low and high red/ far red-light ratios and high irradiance, mimicking a condition with no 
505 filtered light irradiance by the tree canopy (Tinoco-Ojanguren and Pearcy, 1995); our measured 
506 values are consistent with this evidence, indicating a non-stressing radiation condition. 
507 Additionally, H. appendiculatus has been described as a primary succession pioneer species with 
508 a preference for gaps where light is readily available, enabling it to assimilate this high radiation 
509 into higher carbon gain (Stegemann et al., 1996). These studies show that the quality of light 
510 filtering down to the shrub layer induces changes in H. appendiculatus CO2 assimilation 
511 behaviour, adapting their photosynthesis to the light conditions of defined niches.
512 In P. guajava, maximum CO2 assimilation rates of 16�18  CO2 m²/s were measured 
513 between 11:00�14:00 h, dropping to near zero by 19:30 h (Nava et al., 2009). On the other hand, 
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514 shaded and unshaded conditions yielded rates of 15.47 and 11.96  CO2 m²/s, respectively 
515 (Idris et al., 2019), highlighting reduced stomatal and gas exchange activity under lower light. 
516 Altitude and light intensity influence stomatal density, with density increasing under higher light 
517 (Shirke and Pathre, 2003; Casson and Gray, 2008). Our, observed rates of 9.18  CO2 m²/s 
518 align with these findings.
519 So far, some general assumptions can be made considering the species belonging to different 
520 families and analysed separately into three sections: a) Carbon capture, b) Adaptation to climate 
521 change, and c) Productive diversification as a strategy to face climate change in coffee 
522 plantations.
523 a) Carbon capture:
524 Species of the Inga genus (Fabaceae) exhibited a reduced net photosynthetic rate, smaller 
525 stomatal opening, and lower transpiration under an average temperature of 23.43 °C and 70.4% 
526 RH. Under lower temperatures and higher RH, increased CO¢ production from photorespiration 
527 and/or mitochondrial respiration reduces stomatal opening, which limits transpiration more 
528 significantly than photosynthesis (Shimshi and Ephrat, 1975). This physiological response gives 
529 CO¢ available to incorporate into biomass.
530 E. americana (Fabaceae) exhibited higher CO¢ fixation rates despite reduced stomatal opening 
531 and transpiration, accompanied by increased intercellular CO¢. This response, observed under 
532 higher RH and lower temperatures, enhances leaf water potential and CO¢ assimilation due to 
533 increased stomatal aperture at low VPD (Running, 1976; Dai, 2013; Grossiord et al., 2020). In 
534 contrast, Inga species showed slower stomatal closure at elevated temperatures, allowing 
535 transpiration to persist under similar conditions (Engineer et al., 2016; Xu et al., 2016). Species-
536 specific variations in the relationship between stomatal conductance and CO¢ assimilation (Gil et 
537 al., 2009) reveal distinct capacities for carbon storage under environmental stress.
538 H. appendiculatus (Malvaceae) shows increased stomatal conductance and CO¢ fixation, 
539 resulting in higher intercellular CO¢. The stomatal conductance, which determines the rate of 
540 supply of CO2 to the leaf interior, directly affects the value of Ci; therefore, higher conductance 
541 implies more readily available CO2 in the leaf�s intercellular spaces (Farquhar and Sharkey, 
542 1982; Taiz et al., 2014). Also, its adaptations, such as increased leaf area and stomatal density 
543 under dim light, enhance CO¢ assimilation in fluctuating light conditions (Fetcher et al., 1983; 
544 Tinoco-Ojanguren and Pearcy, 1995; Friend, 1984); while, under high radiation environments, 
545 such as gaps, this specie tends to have higher carbon gain (Stegemann et al., 1996). On the other 
546 hand, P. guajava (Myrtaceae) shows a diurnal pattern where CO¢ assimilation increases early in 
547 the day but decreases later, with stomatal conductance nearing zero by evening (Nava et al., 
548 2009). This pattern demonstrates efficient use of CO¢ during peak photosynthesis hours as have 
549 been seen in other species (Schussler and Westgate, 1988; Lima and Pinheiro, 2004; Romero et 
550 al., 2004).
551 No information is currently available regarding P. schiedeana (Lauraceae); however, insights 
552 can be drawn from studies on other taxa of the same genus. In P. schiedeana, low stomatal 
553 conductance and CO¢ fixation rates were observed, leading to decreased transpiration under high 
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554 RH (70.4%) and moderate temperatures (23.43°C). These patterns align with findings in P. 
555 americana Colin V-33 variety, where limited CO¢ assimilation correlated with high intercellular 
556 CO¢ (Ci) (Useche-Carrillo et al., 2022) due to metabolic saturation (Azcón-Bieto et al., 2008). 
557 Saturation occurs when the plant's metabolic machinery is saturated, leading to stomata closure 
558 (Sánchez-Díaz and Aguirreolea 2008; Pritchard and Amthor 2005; Fricker and Willmer 2012; 
559 Useche-Carrillo et al., 2022), halting photosynthesis, and blocking the processing of additional 
560 molecules, therefore causing an increase in CO2 concentration until it reaches the saturation 
561 level, following typical saturation kinetics regarding its photosynthetic mechanism (C3 or C4) 
562 (Azcón-Bieto et al., 2008).
563 Arabica coffee plants displayed low CO¢ fixation rates in unshaded conditions due to stress from 
564 high photosynthetically active radiation and increased temperature (27.53°C versus 23.43°C in 
565 shaded areas). These differences suggest that unshaded coffee plants experience reduced carbon 
566 storage efficiency, as high temperatures hinder photosynthetic electron transport and increase 
567 photorespiration, since coffee plants are sensitive to temperature increases above 25 °C 
568 (Farquhar and Sharkey, 1982). This physiological response is mainly associated with the type of 
569 coffee photosynthesis (C3 photosynthetic metabolism) (Mosquera-Sanchez et al., 1999). 
570 Variability in CO¢ fixation rates between varieties also indicates differing sugar and starch 
571 accumulation during photosynthesis (Riaño et al., 1993; Mosquera-Sanchez et al., 1999).
572 b) Adaptation to climate change:
573 Under high VPD, the Inga species studied experience reduced transpiration rates and 
574 photosynthetic activity as stomata close to minimise water loss. This pattern aligns with findings 
575 that high vapor pressure deficit (VPD) reduces transpiration in many species by triggering to 
576 guard cells lose turgor under high evaporation conditions, as the low water input is insufficient to 
577 satisfy the high transpiration rate (Gholipoor et al., 2010; Zaman-Allah, et al., 2011; Schoppach 
578 and Sadok, 2012; Jiao et al., 2019). As a result, the rate of photosynthetic activity declines when 
579 stomata close at a high VPD (Sinclair, 2017). Such responses are particularly relevant for species 
580 in arid climates or areas with fluctuating humidity levels, highlighting stomatal regulation as a 
581 critical adaptation mechanism.
582 E. americana, a pioneer species adapted to optimal temperatures near 28 °C (García-Mateos et 
583 al., 2001; Palma-Garcia and Gonzales-Rebeles Islas, 2018), reduces transpiration and increases 
584 stomatal aperture to regulate leaf water potential (Running, 1976; Dai, 2013; Grossiord et al., 
585 2020) in order to maintain efficient water-use under stressful conditions, enhancing its capacity 
586 to withstand climate extremes. This result is in line with our ILWUE analysis, which shows that 
587 E. americana and I. punctata tend to decrease their transpiration rate in order to make efficient 
588 use of their water resources. This trait enhances the potential of the agroforestry system to 
589 withstand the effects of climate change.
590 H. appendiculatus, adapted to high-radiation environments, maintains robust photosynthetic 
591 performance in both intense and dim light by adjusting leaf traits such as thickness and stomatal 
592 density (Fetcher et al., 1983; Friend, 1984; Stegemann et al., 1996; Fahl et al., 1994), making this 
593 species more resilient to fluctuating light conditions, since light quality seems does not affect 
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594 photosynthesis modulation in this species (Tinoco-Ojanguren and Pearcy, 1995), and enhancing 
595 its potential to efficiently assimilate the available CO2. In contrast, P. guajava reduced CO¢ 
596 absorption under stress may relate to slower growth and vulnerability to drought (Maxwell and 
597 Johnson, 2000; Simonin et al., 2012; North et al., 2013).
598 Reduced CO¢ assimilation in P. schiedeana could also be linked to increased VPD, as elevated 
599 VPD reduces stomatal conductance, limiting CO¢ uptake (Schultze, 1986). This inverse 
600 relationship between stomatal conductance and VPD was similarly observed in P. americana 
601 under comparable conditions (Bower et al., 1978), indicating a shared adaptive mechanism to 
602 minimise water loss while coping with environmental stress. However, the accompanying 
603 reduction in photosynthetic activity limits its adaptation potential to extreme conditions, making 
604 it more vulnerable to fluctuating VPD levels.
605 Since coffee plants are undergrowth plants, a high PAR indicates that bushes in full sun are 
606 under stress; therefore, producers have to apply much more fertiliser, in addition to the fact that 
607 coffee plants under these conditions are more vulnerable to climate change variations. Arabica 
608 coffee plants displayed normal photosynthetic performance at the PSII level (Fv/Fm) under both 
609 shaded and unshaded conditions, despite significant variations in radiation (30�169 times higher 
610 in unshaded areas) and different management between agroforestry systems. However, in line 
611 with our observations, the detrimental effect of temperatures above 25 °C on stomatal and CO¢ 
612 assimilation conductance are more pronounced in unshaded plants, which are exposed to higher 
613 radiation and VPD, causing guard cell turgor loss and stomatal resistance (Makino et al., 1994; 
614 Nutman et al., 1937; Riaño 1993; Larcher, 1994;  2002). Despite these challenges, 
615 shaded plants exhibit more stable CO¢ fixation rates due to moderated environmental conditions.
616 c) Productive diversification as a strategy to face climate change in coffee plantations:
617 By understanding the physiological responses of Inga genus and similar genera, strategies like 
618 intercropping or shading in coffee plantations can be optimised. Maintaining favourable 
619 microclimatic conditions to optimise plant physiological responses to extreme conditions may 
620 simultaneously enhance carbon storage and productivity, contributing to sustainable 
621 diversification under climate change scenarios.
622 The contrasting responses of H. appendiculatus and P. guajava highlight strategies to optimize 
623 CO¢ assimilation. While H. appendiculatus thrives in shade and fluctuating light, P. guajava�s 
624 efficient midday photosynthesis makes it suitable for agroforestry systems with controlled light 
625 conditions. These physiological traits can support productive diversification in coffee 
626 plantations, enhancing resilience to climate variability.
627 The physiological traits of P. schiedeana, such as low CO¢ assimilation and limited stomatal 
628 conductance, make it less competitive under high VPD conditions. However, its ability to 
629 function efficiently in moderate environments with high RH could support productive 
630 diversification when integrated into agroforestry systems. Proper management of microclimates 
631 may optimise its photosynthetic potential and enhance its role in sustainable coffee plantation 
632 systems.
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633 The stress tolerance observed in shaded coffee plants underscores the value of agroforestry 
634 systems in mitigating the effects of climate change. Shade-grown conditions reduce dependency 
635 on fertilizers and enhance photosynthetic efficiency, making them a viable strategy for 
636 sustainable coffee production. The physiological resilience of certain coffee varieties under 
637 shaded conditions suggests that integrating agroforestry into plantation management can help 
638 maintain productivity while protecting plants from the adverse effects of extreme environmental 
639 conditions.
640

641 Instantaneous leaf water-use efficiency (ILWUE)

642 According with our results, I. punctata and E. americana exhibited the highest ILWUE values, 
643 indicating their potential to thrive under water-scarce conditions or other environmental stresses 
644 like drought, salinity, or extreme temperatures (Beer et al., 1997; Chaves et al., 2004; Sinclair, 
645 2017). The ILWUE of the other five species showed no significant differences. Although prior 
646 ILWUE data for the studied tree species, their genera, or other montane cloud forest species were 
647 unavailable to compare our calculated values, these were generally higher or comparable to those 
648 of eight non-native tree species from urban ecosystems in Los Angeles, USA (McCarthy et al., 
649 2011), except for I. inicuil and I. vera, which displayed the lowest ILWUE. Among the species 
650 studied by McCarthy et al. (2011) Brachychiton discolour F.Muell., Brachychiton populneus 
651 (Schott & Endl.) R.Br., and Eucalyptus grandis W.Hill ex Maiden, achieved the highest ILWUE 
652 and tree-level seasonal WUE (ratio between stem basal-area increment (BAI)/total transpiration 
653 Although a lower water use was not directly related to a low BAI, the species that used the least 
654 amount of water were those that are evergreen or come from areas with high VPD.
655 In a subtropical evergreen forest in Wuyi Mountain, China, stable carbon isotopic labeling 
656 revealed ILWUE values (11�40 µmol CO2/mmol H2O) for five tree species (Castanopsis eyrie 
657 Champ. ex Benth.) Hutch., Symplocos laurina (Retz.) Noot., Machilus grijsii Hance, 
658 Ternstroemia gymnanthera (Wight & Arn.) Sprague, and Rhododendron ovatum (Lindl.) Planch. 
659 ex Maxim.) (Huang et al., 2023), with the highest value surpassing those calculated in our study 
660 for E. americana. Remarkably, they observed that ILWUE increased with altitude due to greater 
661 light exposure and water deficit, underscoring the role of habitat features like soil moisture, light 
662 intensity, and nutrient availability in influencing WUE. Their findings highlighted how changes 
663 in habitat features, particularly soil water availability, and light intensity, have a significantly 
664 influence on water use and nutrient status.
665 Concerning coffee bushes, ILWUE was assessed in 14 C. arabica cultivars during drought-
666 tolerance selection. Eleven cultivars showed increased ILWUE during an 18-day drought, with 
667 values ranging from 5�7 µmol CO2/mmol H2O at 14 days to 4�12.5 µmol CO2/mmol H2O at 18 
668 days (Reis et al., 2022). In contrast, ILWUE for five C. arabica cultivars in our study ranged 
669 from 4.6 to 21.62 µmol CO2/mmol H2O, with the shaded H. appendiculatus-Oro Azteca variety 
670 showing a two-fold higher ILWUE compared to drought-tolerant genotypes. Traits such as 
671 thicker cuticles, fewer xylem vessels, thicker phloem, higher stomatal density, and longer roots 
672 significantly enhanced water use efficiency (Baliza et al., 2012; Wolfe et al., 2016).
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673 Also, seasonal gas exchange in 21 C. arabica genotypes revealed ILWUE values between 1.5�
674 3.3 µmol CO2/mmol H2O in the rainy season and 1.2�3.4 µmol CO2/mmol H2O in the dry season 
675 (Tereza et al., 2022). These values were generally lower than those we calculated for the studied 
676 cultivars, except for the Oro Azteca cultivar in unshaded conditions. While photosynthetic rate 
677 and stomatal conductance declined in the dry season, ILWUE remained stable due to coordinated 
678 physiological adjustments. The observed changes can be explained through the genetic 
679 variability of the C. arabica genotypes; while the changes observed with respect to the change of 
680 season suggest a differential response of each genotype to drought.
681 Evidence from sorghum under water-limited conditions (Warrington and Kanemasu, 1983) and 
682 maize in agroforestry systems with Grevillea robusta A. Cunn. (Lott, 1998) shows that above the 
683 light saturation point, increasing radiation reduces instantaneous water use efficiency. A similar 
684 pattern may apply to C. arabica varieties, as the shaded Oro Azteca variety showed higher WUE 
685 compared to unshaded conditions (higher PAR conditions), combined with increased 
686 transpiration and a reduced water efficiency. Despite its resilience to unshaded conditions, Oro 
687 Azteca variety exhibited reduced photosynthetic rates and increased water loss under these 
688 conditions. Variations among shaded cultivars could be attributed to genotypic, phenotypic, and 
689 environmental factors (Medrano et al., 2007). According to this, ILWUE is influenced by 
690 different factors, which are related to the inherent characteristics of the plant species and variety, 
691 particularly their ability to optimise resource use for growth and survival (Kirkham, 2005).
692 ILWUE reflects plant resource optimization for growth and survival, focusing on the interactions 
693 between CO¢, water availability, and temperature (Hatfield and Dold, 2019). However, 
694 ILWUE�s limitation lies in its short-term measurement, complicating its extrapolation to whole-
695 plant water efficiency (Medrano et al., 2007). Understanding WUE in native species is critical 
696 for reforestation and conservation in water-scarce regions.
697 Understanding the water-use efficiency of native species is vital for reforestation and 
698 conservation in water-scarce regions. Native species, adapted to local conditions, maximize 
699 biomass growth and carbon sequestration while minimising water use (Hatfield and Dold, 2019). 
700 Similarly, incorporating high-WUE native trees in coffee agroforestry systems can enhance 
701 sustainability, productivity, and resilience against climatic variability, aligning ecological and 
702 agricultural goals.
703

704 Gravimetric and analytical chemical analysis: moisture and nitrogen content of coffee leaf 

705 samples

706 The lower air temperature and light intensity in shaded areas contribute to higher moisture 
707 content in coffee leaves by increasing relative humidity, which lowers the VPD (Schwerbrock 
708 and Leuschner, 2017). In contrast, coffee bushes in unshaded conditions are subjected to 
709 environmental variables more likely to trigger plant stress responses compared to shaded plants 
710 and previous evidence on the nitrogen content of leaves has demonstrated that, in stressful 
711 situations, increased leaf nitrogen availability promotes the activation and maintenance of 
712 photoprotective systems to avert photooxidation (Fahl et al., 1994; Ramalho et al., 2000), which 
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713 allows shaded leaves to adapt more efficiently to different irradiation conditions than fully sun-
714 exposed leaves (Araujo et al., 2008).
715 Finally, some considerations need to be made regarding our study, such limitations include the 
716 number of farms, measured leaves, and environmental conditions. Addressing these requires 
717 longitudinal studies across seasons, the performing of curves to different light intensities, 
718 temperatures, and environmental CO2 concentrations during different seasons of the year under 
719 unshaded and shaded conditions. Likewise, the inclusion and development of permanent sample 
720 plots should be considered, as well as the implementation of a robust experimental design that 
721 helps to rule out the different biases during the measurement of the selected individuals.
722

723 Conclusions

724 This work counts to increase knowledge about the native species that compose coffee 
725 agroforestry systems, being a support for their selection through their carbon capture 
726 contribution and physiological characteristics. Species such as I. inicuil, P. schiedeana, and E. 
727 americana were identified as particularly valuable. I. inicuil contributes the most to carbon 
728 sequestration due to its high density; while E. americana and P. schiedeana contributed 
729 significantly to carbon capture due to their large sizes and high growth rates.  E. americana 
730 offers additional benefits such as, nitrogen fixation, high-nutritional leaf litter for small 
731 ruminants, and valuable wood for handicrafts, while increasing the population density of Ps 
732 could further enhance its shade benefits and the economic potential of its fruit. Additionally, our 
733 results revealed that E. americana and I. punctata achieving the highest WUE, emphasising the 
734 potential of high-WUE species to enhance agroforestry systems' sustainability, especially in 
735 regions with limited water resources. We suggest that these tree species have the physiological 
736 behaviour most suitable for the type of agroforestry system under investigation, contributing 
737 differentially to climatic resilience due to their inherent genotypic and physiological 
738 characteristics. Also, species such as P. guajava and H. appendiculatus adapt well to coffee 
739 plantations due to their high photosynthetic efficiency and effective CO2 usage, making more 
740 efficient use of the available resources. These findings highlight the differential physiological 
741 behaviours of species and their roles in enhancing agroforestry sustainability and climatic 
742 resilience. It is important to note that selection must include the rest of the species that make up 
743 the coffee farms in order to not promote monospecific shade in the crops; therefore, further 
744 studies are needed on the carbon capture capacity, physiological status, and climatic resilience of 
745 the species.
746 Due to the enhanced microclimatic conditions provided by shade trees, coffee plants and all tree 
747 species evaluated here experienced stress-free conditions at the photosynthetic level, while leaf 
748 gas exchange and stomatal function are significantly influenced by RH, specifically the VPD. 
749 Shaded coffee cultivars, particularly Ha-Oa, exhibited superior ILWUE compared to unshaded 
750 ones, highlighting the benefits of shading for water use optimisation. Shade not only reduced 
751 photosynthetic stress but also increased nitrogen and moisture content in coffee plants, 
752 enhancing carbon sequestration and photoprotective capacity; while the observed variations in 
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753 CO2 fixation and sugar concentrations between individuals and varieties further underscored 
754 heterogeneity between individuals and varieties.
755 The full potential of tropical forests and agroforestry systems, including their capacity to store 
756 carbon, requires applied research on tree species selection, propagation techniques, appropriate 
757 population densities, and planting configurations. By reducing environmental toxicity and 
758 diversifying unstable monoculture economies, these efforts will improve the protection of 
759 watersheds, biodiversity, and the environment. Thus, it is essential to establish clear guidelines 
760 for the ad hoc selection and management of appropriate shade tree species for the various 
761 agroforestry systems to maximise the benefits of tree-crop relationships while avoiding the 
762 drawbacks.
763 This work aims to demonstrate that the tree species selection criteria for agroforestry systems 
764 based on the different crop types must integrate the available data on the C capture potential and 
765 the physiological behaviour of the species to improve an accurate selection process. The 
766 evidence provided also increases the knowledge on the capacity of agroforestry systems to 
767 reduce stress and create optimal conditions for growth, as well as a better capacity to adapt to 
768 climate change through the provision of shade and its related benefits. As a prospective of this 
769 work, more fieldwork is required to determine the constraints, the belowground dynamics and 
770 interactions that take place in the functionality of agroecosystems at the level of populations of 
771 soil microflora and microfauna and plant communities.
772
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Table 1(on next page)

List of the seven coûee-related shade tree species selected for in-situ analyses.

Source: CONABIO (https://enciclovida.mx, accessed on 10/January/2023).
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1

2

Species
Acronym

Selection Process/Status

Inga inicuil Schltdl. & Cham. Ex G. Don Ii Wild/Cultivated

Inga vera Willd. Iv Wild/Cultivated

Inga punctata Willd. Ip Wild/Cultivated

Erythrina americana Mill. Ea Wild/Cultivated

Psidium guajava L. Pg Wild/Cultivated

Persea schiedeana Turcz. Ps Wild

Heliocarpus appendiculatus Nees Ha Wild
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Table 2(on next page)

Dendrometric parameters of shade trees. According with their carbon stock in biomass
at 10 years, species are arranged descending.

The average of three replicates is presented.
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1 1 Diameter at breast height (1.30 m).
2 2 Above-ground biomass.
3 3 The carbon stock was determined by multiplying the calculate AGBs by the default carbon fraction of 0.47 set by the IPCC (2006).

4

Tree specie
DBH1 (m) Height (m)

Age 

(years)

Allometric equation AGB2 (kg tree-1) Carbon stock3 (kg 

tree-1)

10-years carbon 

stock (kg tree-1)

Persea schiedeana (Ps) 0.35 ± 0.05 14.33 ± 2.08 10.00 ± 4.58 Exp((23.1141)+((0.9719)*(Ln(DBH^2*H)) 585.93 ± 124.85 275.38 ± 58.68 275.38 ± 58.68

Erythrina Americana (Ea) 0.58 ± 0.05 11.67 ± 2.02 30.00 ± 0.00 [0.3700]*[DBH^1.9600] 1054.91 ± 175.26 495.81 ± 82.37 165.27 ± 27.46

Inga inicuil (Ii) 0.24 ± 0.00 12.00 ± 3.46 10.00 ± 0.00 [Exp[21.76]*[DBH^2.26]] 223.29 ± 3.46 104.95 ± 1.63 104.95 ± 1.63

Heliocarpus appendiculatus (Ha) 0.37 ± 0.02 15.67 ± 0.58 20.00 ± 0.00 [[Exp[4.9375]]*[[DBH^2]^1.0583]]*[1.14]/1000 331.76 ± 30.59 155.92 ± 14.38 77.96 ± 7.19

Psidium guajava (Pg) 0.08 ± 0.01 5.00 ± 0.00 6.00 ± 1.73 [0.246689]*[DBH^2.24992] 28.25 ± 6.71 13.28 ± 3.15 22.13 ± 5.25

Inga vera (Iv) 0.10 ± 0.02 5.00 ± 1.00 11.67 ± 2.89 [Exp[21.76]*[DBH^2.26]] 30.00 ± 13.21 14.10 ± 6.21 12.09 ± 5.32

Inga punctate (Ip) 0.07 ± 0.00 4.00 ± 0.00 13.33 ± 5.77 [Exp[21.76]*[DBH^2.26]] 15.33 ± 0.78 7.20 ± 0.37 5.40 ± 0.27
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Table 3(on next page)

Estimated carbon stock per hectare using reported densities of the target shade trees
species.

PeerJ reviewing PDF | (2025:02:114940:0:1:NEW 7 Mar 2025)

Manuscript to be reviewed



1

Tree specie jTrees ha-1 Carbon stock per hectare (kg C ha-1) Reference (Trees ha-1)

Persea schiedeana (Ps) 40 11015.2 Soto-Pinto et al. 2001

Erythrina Americana (Ea) 40 19832.4 Soto-Pinto et al. 2001; Garza-Lau et al. 2020

Inga inicuil (Ii) 200 20990 Barradas and Fanjul, 1986

Heliocarpus appendiculatus (Ha) 40 6236.8 Soto-Pinto et al. 2001; Romero-Alvarado et al. 2002

Psidium guajava (Pg) 40 531.2 Somarriba, 1988; Akter et al. 2022

Inga vera (Iv) 200 2820 Garza-Lau et al. 2020

Inga punctate (Ip) 100 720 Valencia et al. 2014; Soto-Pinto et al. 2001

Total 660 62145.6
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Figure 1
The study area location in (a) Mexico; (b) the state of Veracruz; and (c) the
municipalities with the coûee farms where the in-situ tests were conducted.
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Figure 2
Photosynthetic and stomatal parameters of shade trees.

Mean ± SD (n=9). One-way ANOVA and a post-hoc Tukey's test were used to identify
signiûcant diûerences. Only comparisons with a P values f 0.001 (***) are depicted.
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Figure 3
Photosynthetic and stomatal parameters of unshaded and shaded coûee plants of the
Oro Azteca variety.

Shade tree species-coûee associations are indicated in each case. Mean ± SD (n=9). One-
way ANOVA and a post-hoc Tukey's test were used to identify signiûcant diûerences. Only
comparisons with a P value f 0.001 (** , ***) are depicted.

PeerJ reviewing PDF | (2025:02:114940:0:1:NEW 7 Mar 2025)

Manuscript to be reviewed



Figure 4
Photosynthetic and stomatal parameters of the diûerent Coûea arabica varieties in
shaded condition.

Shade tree species-coûee variety associations are indicated in each case. Mean ± SD (n=9).
One-way ANOVA and a post-hoc Tukey's test were used to identify signiûcant diûerences.
Only comparisons with a P value f 0.001 (***) are depicted.
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Figure 5
Instantaneous leaf water-use eûciency (ILWUE) of shade trees and coûee varieties in
unshaded and shaded conditions.

Mean ± SD (n=9). One-way ANOVA and a post-hoc Tukey's test were used to identify
signiûcant diûerences. Only comparisons with a P value f 0.001 (***) are depicted.
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