



Coordination of stomatal traits, potential conductance index, and wood anatomical characteristics in Citrus reticulata and Citrus sinensis under semi-arid conditions of Mubi, Nigeria

Abstract
Stomatal characteristics and xylem anatomy play a central role in regulating plant water relations and gas exchange, particularly under water-limited environments. The present study examined interspecific variation and coordination between leaf stomatal traits, Potential Conductance Index (PCI), and wood anatomical characteristics in Citrus reticulata and Citrus sinensis grown under the semi-arid conditions of Mubi, Adamawa State, Nigeria. Stomatal size, stomatal density, epidermal cell density, stomatal index, and PCI were quantified from leaf epidermal impressions, while vessel and fibre dimensions were measured from stem wood samples. Data were analysed using independent sample t-tests. Significant interspecific differences were observed in most stomatal parameters. C. reticulata exhibited significantly higher stomatal length, width, density, and PCI, indicating a greater anatomical potential for gas exchange. In contrast, C. sinensis showed a significantly higher stomatal index but lower PCI. Wood anatomical analysis revealed that vessel length and vessel width were significantly greater in C. sinensis, whereas fibre length did not differ significantly between the two species. Several traits, including stomatal pore dimensions, also showed no significant interspecific variation. The contrasting patterns of higher PCI in C. reticulata and larger vessel dimensions in C. sinensis suggest species-specific coordination between leaf-level gas exchange potential and stem hydraulic architecture under semi-arid conditions. These findings highlight differing adaptive strategies in Citrus species and underscore the importance of integrating stomatal and xylem traits to better understand plant responses to water-limited environments.
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Introduction 

Plant productivity and survival in water-limited environments depend strongly on the coordination between leaf-level gas exchange and stem hydraulic architecture. In semi-arid ecosystems, where high evaporative demand and irregular rainfall prevail, anatomical traits governing stomatal regulation and xylem water transport play a decisive role in shaping species-specific adaptive strategies and drought vulnerability (Tyree & Zimmermann, 2002; Brodribb et al., 2020). Understanding how these traits interact is therefore central to plant ecophysiology and dryland horticulture.
Stomata regulate carbon dioxide uptake for photosynthesis while simultaneously controlling transpirational water loss. Both stomatal size and stomatal density influence maximum potential stomatal conductance, thereby affecting photosynthetic capacity and water-use efficiency, while stomatal responsiveness further constrains realized gas exchange under fluctuating environmental conditions (Franks & Beerling, 2009; Lawson & Vialet-Chabrand, 2019). Anatomical indices such as the Potential Conductance Index (PCI) integrate these structural traits and provide an estimate of the theoretical capacity for gas exchange independent of instantaneous physiological conditions. PCI has been widely used to compare species and environmental responses because it reflects long-term anatomical adjustment rather than short-term stomatal behaviour (Holland & Richardson, 2009; Haworth et al., 2023). Numerous studies have demonstrated that stomatal traits are highly responsive to environmental constraints, particularly water availability. Under arid and semi-arid conditions, plants often exhibit reduced stomatal size, altered density, or modified stomatal index as adaptive mechanisms to limit water loss while maintaining carbon assimilation (Franks & Beerling, 2009). Such anatomical adjustments are increasingly recognized as key components of drought tolerance strategies, complementing physiological control of stomatal aperture and reflecting functional trade-offs between stomatal size, density, and responsiveness under water-limited environments (Haworth et al., 2023; Woning et al., 2026).  
While stomatal traits regulate water loss at the leaf surface, xylem anatomical characteristics determine the efficiency and safety of water transport from roots to leaves. Vessel length and width strongly influence hydraulic conductivity, with wider and longer vessels enabling more efficient water transport but increasing vulnerability to drought-induced cavitation, whereas narrower vessels confer greater hydraulic safety under water stress (Tyree & Zimmermann, 2002). Consequently, xylem structure represents a critical trade-off between hydraulic efficiency and resistance to embolism, especially in environments experiencing periodic drought.

Recent research emphasizes that leaf stomatal traits and stem xylem anatomy are functionally coordinated, forming integrated hydraulic strategies along environmental gradients. Studies across diverse taxa have shown that species with higher potential stomatal conductance often possess xylem architectures capable of supporting increased transpirational demand, whereas more conservative stomatal traits tend to be associated with hydraulically safer xylem structures (Chen et al., 2022). This coordination framework provides a powerful lens for interpreting plant adaptation to water-limited environments , as coordinated adjustments in stomatal anatomy and hydraulic traits constrain both maximum conductance and dynamic stomatal behaviour (Chen et al., 2022; Haworth et al., 2023).
Citrus species represent economically important perennial fruit trees cultivated across a wide range of climatic zones, including semi-arid regions of tropical Africa. However, despite their agricultural relevance, comparatively little attention has been given to the integration of stomatal anatomical traits and wood anatomical characteristics in Citrus under natural semi-arid conditions. Differences between species such as Citrus reticulata and Citrus sinensis may reflect contrasting water-use strategies that influence growth performance, drought tolerance, and suitability for cultivation in dry environments.

Mubi, located in Adamawa State, Nigeria, falls within the Sudan–Sahelian transitional zone, characterized by seasonal rainfall, high temperatures, and frequent water limitation. This environment provides a suitable natural setting to examine anatomical adaptations related to water use in perennial fruit trees. Evaluating stomatal traits alongside xylem anatomical features under such conditions can improve understanding of species-specific hydraulic strategies and inform selection of Citrus species for semi-arid cultivation.

The present study therefore aimed to:

1. Quantify variation in stomatal size, stomatal density, stomatal index, and Potential Conductance Index (PCI).

2. Examine differences in vessel and fibre dimensions of the wood.

3. Assess the coordination between leaf-level gas exchange potential and stem hydraulic architecture in Citrus reticulata and Citrus sinensis grown under semi-arid conditions of Mubi, Adamawa State, Nigeria.

Materials and Methods 
Study Site and Plant Material
The study was conducted in Mubi, Adamawa State, Nigeria (approximately 10°15′ N, 13°15′ E), which lies within the semi-arid Sudan–Sahelian transitional zone, characterized by seasonal rainfall and high temperatures (Weather Atlas, 2023). Two economically important Citrus species, Citrus reticulata (mandarin orange) and Citrus sinensis (sweet orange), approximately 10 years old, were selected for the study. Mature, fully expanded leaves were randomly collected from the mid-canopy of five healthy trees per species between 11:30 a.m. and 12:30 p.m. to minimize diurnal variation in stomatal behaviour.

Leaf Stomatal Traits and Potential Conductance Index (PCI)
Leaf epidermal impressions were obtained using clear nail polish following standard protocols. Impressions were taken from the abaxial surface of fully expanded leaves and mounted on microscope slides for observation. Stomatal traits, including stomatal length, stomatal width, guard cell length and width, stomatal pore length and width, stomatal density, epidermal cell density, and stomatal index, were measured using a light microscope equipped with a calibrated eyepiece micrometer.

The Potential Conductance Index (PCI), which integrates stomatal size and density as an anatomical estimate of maximum potential stomatal conductance, was calculated following Holland and Richardson (2009) using the formula:

"potential conductance index" [= (guard cell length)2 × stomatal density × 10⁻⁴]

Stomatal parameters were recorded from 50 observations per species using leaf epidermal impressions and examined under a light microscope at 100× magnification.

Wood Anatomical Traits

 For the analysis of vessel and fibre dimensions, stem samples were collected from each tree. Wood maceration was carried out following the method described by Mahesh et al. (2015). Briefly, small stem segments were treated with a macerating solution to separate individual vessels and fibres. The macerated material was mounted on microscope slides and examined under a light microscope at 100× magnification. Measurements of vessel length and width, as well as fibre length and width, were recorded from 50 observations per species.

Data Analysis
Data are presented as mean ± SD. Interspecific differences between C. reticulata and C. sinensis for all stomatal and wood anatomical traits were evaluated using independent sample t-tests at a significance level of p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001. Percent variation for each trait was calculated relative to C. reticulata using the formula. All statistical analyses were performed using SPSS version 26.0.

Results 
Variation in stomatal traits and Potential Conductance Index (PCI)
Significant interspecific variation was observed in most stomatal traits between Citrus reticulata and Citrus sinensis grown under the semi-arid conditions of Mubi (Table 1). Stomatal length, stomatal width, guard cell length, and stomatal density were significantly higher in C. reticulata compared with C. sinensis (p ≤ 0.001). Epidermal cell density also showed a highly significant reduction (38%) in C. sinensis relative to C. reticulata (p ≤ 0.001).

Guard cell width was slightly but significantly higher in C. sinensis (p ≤ 0.05), whereas stomatal pore length and stomatal pore width did not differ significantly between the two species (p > 0.05). Stomatal index was significantly higher in C. sinensis (15.2% increase; p ≤ 0.01).

The Potential Conductance Index (PCI) differed markedly between the species, with C. reticulata exhibiting a significantly higher PCI (92.4 ± 18.0) than C. sinensis (63.8 ± 12.0), representing a 31% reduction in C. sinensis (p ≤ 0.05).

Variation in tracheary elements
Highly significant differences were recorded in vessel characteristics between the two Citrus species (Table 2). Vessel length and vessel width were substantially greater in C. sinensis than in C. reticulata, showing increases of 74.8% and 97.9%, respectively (p ≤ 0.001).

In contrast, fibre length did not differ significantly between the species (p > 0.05). Fibre width, however, was significantly higher in C. sinensis (31.9% increase; p ≤ 0.001).

Overall, C. reticulata was characterized by significantly higher stomatal dimensions, stomatal density, and PCI, whereas C. sinensis exhibited significantly larger vessel dimensions. Several traits, including stomatal pore dimensions and fibre length, showed no significant interspecific variation.

Discussion 
The present study revealed significant interspecific differences in both leaf and stem anatomical traits between Citrus reticulata and Citrus sinensis under the semi-arid conditions of Mubi, Nigeria. These differences are consistent with known patterns of structural adaptation to water limitation, in which leaf stomatal traits and xylem vessel anatomy contribute to species-specific water-use strategies.

Stomatal traits and water-use potential

Stomatal size and density jointly determine the anatomical potential for gas exchange. High stomatal density often correlates with elevated maximum stomatal conductance, facilitating greater CO₂ uptake when water is available, whereas smaller stomatal size and modified stomatal kinetics permit finer control of transpiration under water-deficit conditions (Bertolino et al., 2019; Haworth et al., 2023; Lawson & Vialet-Chabrand, 2019; Woning et al., 2026).
In the present study, C. reticulata exhibited significantly higher stomatal length, width, and density, leading to a greater Potential Conductance Index (PCI) compared with C. sinensis (Table 1). A higher PCI implies a greater inherent capacity for gas exchange, which may support higher photosynthetic rates during periods of favourable moisture availability.

Stomatal anatomical traits, particularly stomatal density and size, exhibit phenotypic plasticity and respond sensitively to plant water status. Under moderate water deficit, stomatal density may increase while stomatal size decreases, allowing plants to balance carbon assimilation with reduced water loss while maintaining rapid stomatal responsiveness (Xu & Zhou, 2008; Haworth et al., 2023; Woning et al., 2026). Although the studied species were not subjected to experimental water stress, the semi-arid environment of Mubi provides a naturally water- limited context that may influence the observed distribution of these traits.

Xylem structure and hydraulic function
Xylem vessel dimensions determine the efficiency and safety of water transport. Larger vessels generally enable higher hydraulic conductivity but at the cost of increased vulnerability to drought-induced cavitation, a trade-off that has been linked to widespread forest mortality under severe drought conditions (Brodribb et al., 2020), whereas narrower vessels enhance hydraulic safety under water stress (Martin-Benito et al., 2017). In the present study, C. sinensis exhibited significantly longer and wider vessels than C. reticulata (Table 2). This suggests that C. sinensis may prioritize efficient water transport, potentially supporting higher growth rates under favourable moisture conditions, but could be more susceptible to hydraulic failure during prolonged dry periods. 
The absence of significant interspecific differences in fibre length, despite significant differences in fibre width, further suggests that conductive traits respond more strongly to environmental selection than supportive traits in semi-arid environments.

Coordination of leaf and stem traits under semi-arid conditions
The anatomical divergence observed between the two Citrus species reflects coordinated relationships between leaf-level gas exchange potential and stem hydraulic architecture. Recent studies emphasize that stomatal regulation, stomatal kinetics, and xylem embolism resistance jointly define species’ drought strategies, integrating anatomical constraints on maximum conductance with dynamic control of gas exchange under fluctuating water availability (Chen et al., 2022; Haworth et al., 2023; Woning et al., 2026).
It is important to note that the observed patterns reflect anatomical coordination rather than direct physiological coupling, as the present study focused on structural traits of stomata and xylem rather than on instantaneous measurements of gas exchange.
The data from the present study indicate that C. reticulata, with higher PCI and relatively narrower vessels, adopts a more conservative and hydraulically safer strategy under semi-arid conditions. In contrast, C. sinensis, characterized by larger vessel dimensions but lower PCI, appears to favour hydraulic efficiency at the expense of reduced stomatal conductance potential, which may limit carbon assimilation during prolonged drought.

This pattern aligns with coordinated trait frameworks reported in other plant taxa, where anatomical traits influencing transpiration and hydraulic conductivity are integrated into broader ecological strategies across moisture gradients (Ferdous et al., 2023)

Stomatal plasticity in Citrus species

Stomatal anatomical traits, particularly stomatal density and size, exhibit phenotypic plasticity and respond sensitively to plant water status, influencing water-use efficiency and drought adaptation (Bertolino et al., 2019; Scoffoni et al., 2019).Such plasticity enables plants to optimize water use and gas exchange under varying water availability, light intensity, and atmospheric CO₂ concentrations.

In semi-arid environments such as Mubi, greater plasticity in stomatal traits allows species to maintain photosynthetic efficiency while minimizing water loss. Species exhibiting higher stomatal plasticity may reduce stomatal density or pore size during drought and increase them under favourable conditions to maximize carbon assimilation (Bertolino et al., 2019). In Citrus species, this plasticity directly influences PCI and overall water-use strategy, providing a mechanistic link between leaf anatomy and physiological adaptation to semi-arid conditions.

Conclusion
The present study demonstrates clear interspecific differences in stomatal and wood anatomical traits between Citrus reticulata and Citrus sinensis grown under the semi-arid conditions of Mubi, Adamawa State, Nigeria. C. reticulata exhibited significantly higher stomatal dimensions, stomatal density, and Potential Conductance Index (PCI), indicating a greater anatomical potential for gas exchange. In contrast, C. sinensis was characterized by significantly larger vessel length and vessel width, reflecting enhanced hydraulic transport capacity.

The absence of significant differences in stomatal pore dimensions and fibre length suggests that not all anatomical traits respond uniformly to semi-arid conditions, highlighting selective structural adjustments rather than generalized anatomical change. The contrasting combination of higher PCI with relatively narrower vessels in C. reticulata, and lower PCI with wider vessels in C. sinensis, points to species-specific coordination between leaf-level gas exchange potential and stem hydraulic architecture.

Overall, the findings indicate that C. reticulata adopts a comparatively more conservative and potentially hydraulically safer strategy under semi-arid conditions, whereas C. sinensis favours hydraulic efficiency, which may be advantageous under favourable moisture availability but could increase vulnerability during prolonged drought. Integrating stomatal traits with wood anatomical characteristics therefore provides a robust framework for understanding adaptive strategies of Citrus species in water-limited environments. These insights are relevant for species selection, orchard management, and breeding programmes aimed at improving Citrus performance under semi-arid and drought-prone conditions.

Table 1. Variation in stomatal traits and Potential Conductance Index (PCI) of Citrus reticulata and Citrus sinensis grown under semi-arid conditions of Mubi, Adamawa State, Nigeria

	Parameters
	Citrus reticulata (Mean ± SD)
	Citrus sinensis (Mean ± SD)
	Percent variation (%)

	Length of stomata (µm)
	93.6 ± 13.3
	76.3 ± 15.4
	−18.5***

	Width of stomata (µm)
	95.4 ± 9.1
	61.5 ± 14.6
	−35.5***

	Length of guard cells (µm)
	81.0 ± 13.8
	64.6 ± 15.3
	−20.2***

	Width of guard cells (µm)
	23.8 ± 6.2
	26.4 ± 6.3
	+10.9*

	Length of stomatal pore (µm)
	51.8 ± 9.4
	50.6 ± 7.7
	−2.3 ns

	Width of stomatal pore (µm)
	21.5 ± 6.8
	23.6 ± 6.3
	+9.8 ns

	Stomatal density (mm⁻²)
	344.5 ± 56.6
	249.0 ± 63.9
	−27.7***

	Epidermal cell density (mm⁻²)
	4003 ± 482.1
	2482 ± 423.1
	−38.0***

	Stomatal index (%)
	7.9 ± 1.4
	9.1 ± 1.8
	+15.2**

	Potential Conductance Index (PCI)
	92.4 ± 18.0
	63.8 ± 12.0
	−31.0*




Values are Mean ± SD (N = 50). Percent variation calculated relative to Citrus reticulata. Mean differences between species were tested using independent sample t-test. *, ** and *** indicate significance at p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001, respectively; ns = not significant.

Table 2. Variation in tracheary elements of Citrus reticulata and Citrus sinensis grown under semi-arid conditions of Mubi, Adamawa State, Nigeria

	Parameters (µm)
	Citrus reticulata (Mean ± SD)
	Citrus sinensis (Mean ± SD)
	Percent variation (%)

	Length of vessels
	122.8 ± 50.1
	214.6 ± 60.9
	+74.8***

	Width of vessels
	57.8 ± 27.3
	114.4 ± 45.3
	+97.9***

	Length of fibres
	671.6 ± 44.3
	641.6 ± 136.3
	−4.5 ns

	Width of fibres
	11.6 ± 3.9
	15.3 ± 5.2
	+31.9***




Values are Mean ± SD (N = 50). Percent variation calculated relative to Citrus reticulata. Mean differences between species were tested using independent sample t-test. *, ** and *** indicate significance at p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001, respectively; ns = not significant.
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