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Plant functional traits are vital indicators of their adaptation to environmental conditions and may 

predict the plants’ responses to future environmental change (Chapin et al., 1996; Perez-

Harguindeguy et al., 2013; Soudzilovskaia et al., 2013). Leaves are the main organs of assimilation in 

most higher plants and they are thought to be more plastic to climatic variability than other organs 

(Guan et al., 2011; Guerin et al., 2012; Hoffmann et al., 2009; Kuster et al., 2016; Zhong et al., 2014). 

Variation in leaf anatomical traits, with respect to leaf physiological function, metabolism and plant 

growth, is indicative of natural selection favoring certain adaptations and phenotypic responses to 

different environmental conditions (Castro-Díez et al., 2000; Vendramini et al., 2002). Similar 

adaptation and regulation should be followed by the functions of stems and roots and evolutionary or 

plastic modifications of their anatomical structure (Castro-Díez et al., 1998; Fisher et al., 2007; Savage 

et al., 2010; West et al., 1999a; West et al., 1999b). However, how these different sources of variation 

lead to both intraspecific and interspecific variation in anatomical traits, and how anatomy-related 

attributes covary with one another among organs within and across species, are still poorly 

understood. In this PhD study I will therefore investigate how variation in leaf and stem (and partly in 

root) anatomical traits that we measure on different plants is driven by (a combination of) allometric 

constraints, environmental drivers acting on individual plants or populations on short to medium time 

scales and evolutionary adaptation among plant taxa over long time scales (Fig. 1.1). 

 

 

 

Fig. 1.1. Framework of this thesis 
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Variation of leaf anatomy along environmental gradients 

 
A short altitudinal gradient could still provide substantial environmental gradients (Frei et al., 2014; 

Körner, 2003). Leaf anatomy variation has been linked to environmental variation along altitudinal 

gradients (Fisher et al., 2007; Gratani et al., 2014; Kuster et al., 2016). However, there has been little 

consistent evidence for predicting altitudinal variation in leaf anatomical traits, which may be caused 

by a limited overlap among studies in the species, growth forms or differences in the altitudinal 

gradients chosen in terms of geographic position, geology, topography, climate or absolute elevation 

interval studied. For example, vessel diameter was significantly smaller at lower elevation (1100 m) 

than that at a higher elevation (1895 m) in the leaves of Sesleria nitida (Gratani et al., 2014), while 

vessel diameter decreased with altitude (from 750 m to 1100 m) in Fagus orientalis leaves (Oladi et 

al., 2014). 

 
For the inconsistent leaf anatomical responses to altitudinal gradients, climatic and atmospheric 

factors other than temperature, such as precipitation and illumination, including both PAR and UV-

irradiance, and [CO2], may play important roles (Frei et al., 2014). Various soil-related environmental 

drivers, as related to local topography and soil texture and age (e.g. soil moisture, soil pH and nutrient 

availability), may vary along the gradient too. Their relative contributions may be stronger as the 

altitudinal (and temperature) range of the gradient studied is reduced. I address the possible 

importance of these different drivers for intraspecific variation in leaf anatomical traits in Chapter 2. 

 

Covariation of leaf xylem and leaf size within and across species 

  
Xylem anatomical properties of vascular plants vary among individuals in terms of species, size, 

climatic conditions or ecological strategies and growth forms, but a similar regulation rule can be 

outlined (Enquist, 2002; Gleason et al., 2018; Petit et al., 2014; West et al., 1999b). Plants tend to 

maximize both metabolic capacity and internal resource use efficiency by increasing surface areas 

where resources are exchanged with the environment and decreasing the distances over which 

materials are transported (Sterck & Schieving, 2007; West et al., 1999a). This universal principle has 

shaped the xylem system in a specific branching, space-filling and fractal-like way, with a “tip-to-base” 

widening design , through which the energy cost of long-distance water transport is minimized 

(Enquist, 2002; Gleason et al., 2018; Savage et al., 2010; West et al., 1999b). The distance to the tip is 

thought to be by far the main predictor of xylem conduit diameter, over climatic conditions or 

ecological strategies and growth forms (Olson et al., 2014; Olson & Rosell, 2013; Rosell et al., 2017). 

Therefore, this vascular allometrical scaling rule should apply across plants both within species among 
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different environments and between species with different evolutionary histories even when growing 

in the same environment. 

 
However, the empirical data supporting this allometric scaling rule is heavily biased towards stems. 

Little information exists on xylem vessel widening within leaves, except for adult woody plants 

(Coomes et al., 2008; Gleason et al., 2018). Very little is known on xylem vessel widening in relation 

to leaf size in woody seedlings, which are different from adults of the same species both in their plant 

and leaf size and in their ontogenetic phase (Cornelissen, 1999) (Chapter 4). Furthermore, the 

literature is strongly biased towards dicot plants, with their branched larger vein systems. An 

important research gap is the question whether allometric scaling of leaf xylem and size in monocots 

(including grass and sedges), with their parallel larger vein systems, will deviate from that in dicots; 

and how robust such scaling is to environmental variation in space and time, both within and across 

species (Chapter 3).  

 

Covariation of xylem anatomical traits among organs within and across species 

 
A healthy individual has been developed as an optimized system after long-term constraints of natural 

selection. For a plant to perform, anatomical traits of different organs need to be tuned to each other 

for optimal functioning, this allometric relation will be addressed in terms of intraspecific variation in 

Chapter 2 and of interspecific variation in Chapter 4. 

 
Xylem vessels widen from leaves to stems to roots in a way that maintains similar conductance per 

unit leaf area with an increase in water pathway (Anfodillo et al., 2013; Sterck & Zweifel, 2016), with 

a relatively faster widening rate close to the tip or leaves and slower further down (Anfodillo et al., 

2006). Likewise, these vessels widen from inner older rings towards the younger outermost rings 

(Olson et al., 2014), because each new growth ring is associated with a taller plant and a longer 

distance to the corresponding apex and leaves (Rosell et al., 2017; Sterck, 2005). Vascular plants thus 

overcome the hydraulic resistance while growing taller with this hierarchical and basipetally widening 

xylem architecture (Olson et al., 2014; Rosell et al., 2017). 

 
However, little information exists on the allometric relation of xylem vessels between organs (Fig. 1.1), 

and along the entire pathway from leaves, stem and roots, and even fewer studies on such scaling 

involve seedlings. This knowledge gap is crucial, as woody seedlings represent the regeneration phase; 

an efficient hydraulic architecture of seedlings during the regeneration phase must be a prerequisite 

for survival and growth into adulthood, without the appropriate xylem hydraulic architecture they 
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would never turn into mature trees. Demonstrating to what extent those allometric rules apply to 

plant and organ xylem dimensions in terms of woody seedlings as they do to adults helps to 

understand woody plant water management throughout the life-history. Moreover, grass and sedge 

species and woody seedlings allow for quantifying widening of conduits from leaves and apex via stem 

to main roots among a range of species, which is hardly possible for woody adults. This research gap 

is addressed in Chapter 2 and Chapter 4. 

 

Allometric covariation of leaf stomata with xylem across species 

 
Water ascends from the soil, progressively through stem and leaf xylem vessels, all the way up to the 

terminal stomata (Fig. 1.1) , under the tensile strength of pulling water to the transpiring leaves 

accumulated by stomatal transpiration (Brodribb et al., 2017). Covariation of stomatal and xylem traits 

in leaves is required to maintain a balance in water exchange between the liquid (water delivery) and 

the vapor (water loss) phase (Brodribb et al., 2017; Carins Murphy et al., 2014; Zhang et al., 2018). 

Leaf stomatal density has been demonstrated to covary with leaf vein density, and this pattern is 

applicable to diverse plants within and across species (Brodribb et al., 2017; Carins Murphy et al., 

2016; Fiorin et al., 2016).  

 
However, the functional underpinning of this relationship, and to what extent it could implicate the 

whole-plant water transport, is still unresolved. Veins consist of more than xylem (e.g. they also host 

phloem), while leaf vein traits have been proposed to be proxies for leaf xylem properties and few 

study linked stomatal traits to xylem traits per se within and across species (Blonder et al., 2011; Sack 

et al., 2012). Moreover, stomatal and vein densities express leaf water relations in terms of a leaf 

plane, while the constraints on water flow are dictated by the cross-sectional areas of the xylem 

conduits within a three-dimensional system (Enquist, 2002; West et al., 1999b). Thirdly, these vein-

stomatal density studies use the water balance of single leaves to implicate the whole-plant water 

balance, which might be an oversimplification for understanding the entire relation between the liquid 

phase and the vapour phase. I address these three major aspects of this overall knowledge gap about 

coordination of xylem and stomatal traits both at leaf and whole-plant level across species in Chapter 

5.  
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Outline of this thesis to address the knowledge gaps identified 

 

Chapter 2: Contrasting altitudinal trends in leaf anatomy between three dominant species in an 

alpine meadow  

 
I hypothesized that responses of leaf anatomical traits to a short altitudinal gradient could vary 

between different monocot species. I also hypothesized that, for a species in which vegetative growth 

and reproduction are separated in time, its anatomical responses to altitude may differ and trade-offs 

between leaf and flowering stem anatomy may occur.  

 
To test these hypotheses, I examined leaf anatomy of three dominant and widely distributed monocot 

(grass and sedge) species from seven elevations in an alpine meadow on the Qinghai-Tibetan Plateau. 

Moreover, leaf and flowering stem anatomy of a specific species was examined across a relatively 

short altitudinal gradient (four elevations) to determine the coordination versus trade-offs between 

leaves and flowering stems. 

 
I extend our knowledge on plant anatomy from one organ (leaf) to coordination and trade-offs 

between organs; from a short altitudinal gradient to a relatively large gradient; from a single monocot 

species to three species. The attempt makes us better understand the inconsistent anatomical 

responses of plant to altitudinal gradients. 

 

Chapter 3: Leaf length and midvein xylem widening are coordinated within and across six grasses 

and sedges in alpine graslands across scales of space and time 

 
Coordination of xylem vessel size and lamina size was supposed to be an evolutionary constraint 

favoured by natural selection in leaves of woody plants. Little is known about how far grasses and 

sedges converge to this pattern. I hypothesized that, monocot species xylem vessel cross-sectional 

areas should scale linearly with leaf size, with diverse climates leading to a large range of vessel areas 

for their leaf sizes. 

 
To test these hypotheses, I examine how xylem vessel areas scaled to leaf size in six dominant monocot 

species from alpine meadows of different environmental conditions (i.e. different gradients, latitudes 

and experimentally imposed climate change) on the Qinghai-Tibetan Plateau. 

 
I emphasize the tip-to-base xylem widening on leaves of grass and sedge (i.e. monocot) species under 

different environmental conditions, which has important implications for integrating xylem 
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architecture of species with parallel veins and for our understanding of the establishment of hydraulic 

architecture (West et al., 1999b). 

 

Chapter 4: Convergent xylem widening among organs across diverse woody seedlings  

 
I addressed the hypothesis that xylem conduit diameter (Dmax) of any organ should scale isometrically 

with plant size across diverse woody seedlings irrespective of variation in growth-form and ecological 

strategies. The scaling relationships should couple with consistent conduit widening from leaf via stem 

to main root together with size covariation of leaf and xylem. 

 
To test these hypotheses, I examined how xylem vessel diameter and xylem area (reflecting the 

conductive size) scaled with plant (stem) height and leaf area (indicating the length of the conductive 

path) in laboratory-grown seedlings of standardized ontogenetic phase among 55 diverse woody 

species from cool-temperate and Mediterranean Europe. 

 
I extend the widely accepted scaling of stem xylem conduit Dmax and plant size in big trees both 

ontogenetically and to whole-plant scale: I demonstrate similar patterns of xylem conduit widening 

across the entire pathway from leaf to stem to root, for seedlings across morphologically and 

ecologically wide-ranging species. 

 

Chapter 5: Allometric covariation of xylem and stomata across diverse woody seedlings 

 
I addressed the hypothesis that the balance of water exchange between the liquid- and vapour- phase 

should depend on the convergent scaling between the summed stomatal areas and summed xylem 

cross-sectional areas, both at the whole-plant and single-leaf level, across diverse woody seedlings of 

different ecological groups. I believe that this is not only a new hypothesis, but also an important one, 

as the water management of woody seedlings has important consequences for their survival and 

growth into adulthood. Moreover, I think that the theory and findings from this study on woody 

seedlings will also advance our understanding of the water management of adult trees and shrubs. 

 
To test this hypothesis, seedlings of 53 diverse woody species from cool-temperate and 

Mediterranean Europe were grown in a standard growing environment. I examined relations between 

xylem dimensions and stomatal dimensions of these seedlings both at whole-plant level and at leaf 

level. Specifically, this study presents, for the first time, the allometric scaling relationships at two 

scales: (i) between stem xylem cross-sectional area and total stomatal area at the whole-plant level, 

and (ii) between leaf midvein xylem area and leaf total stomatal area at single leaf level. 
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In particular, this approach is likely to extend our knowledge on plant water balance referring to 

xylem-stomata covariation from single-leaf to the whole-plant level and from a planar to a 3-

dimensional perspective. The attempt could have broad implications for integrating xylem 

architecture and stomatal distribution and for our understanding of whole-plant water management, 

and in relation to the West-Brown-Enquist (WBE) model (West et al., 1999b) and the pipe model of 

vascular hydraulic architecture (Shinozaki et al., 1964). 

 

In the closing Chapter 6 of this thesis, I synthesize the most important results of previous chapters in 

answer to the specific anatomical related research questions introduced above. 

 



 

 
 

CHAPTER 2 

Contrasting altitudinal trends in leaf anatomy between three 

dominant species in an alpine meadow 

 

Mengying Zhong, Xinqing Shao, Ruixin Wu, Xiaoting Wei, Richard S. P. van  

Logtestijn, Johannes H. C. Cornelissen 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is an edited version of the publication: 

Australian Journal of Botany (2018) 66 (5), 448-458. 

doi: 10.1071/BT17247 
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Abstract 

 
Variation in leaf anatomical traits underpins the adaptations and phenotypic responses of 

plant species to their different natural environments. Temperature is a primary driver of plant 

trait variation along altitudinal gradients. However, other environmental drivers may also play 

important roles, and the interactions between drivers may have different effects on leaf 

anatomy for different species of the same larger clade. Such interactions might be especially 

important along shorter altitudinal (i.e. temperature) gradients.  

 
We predicted, therefore, that different monocot species could show idiosyncratic responses 

of leaf anatomical traits (i.e. referring to the cross sections) to a short altitudinal gradient. 

Moreover, for a species in which vegetative growth and reproduction are separated in time, 

its anatomical responses to altitude may differ and trade-offs between leaf and flowering stem 

anatomy may occur.  

 
To test these hypotheses, we examined leaf anatomy and δ13C signature (a possible indicator 

of anatomy-related water use efficiency or indicator of response to a decrease in CO2 

concentration with altitude) of three dominant and widely distributed monocot species 

(Scirpus distigmaticus (Kük.) Tang & F. T. Wang., Elymus nutans Griseb., Carex moorcroftii 

Boott.) from seven elevations in an alpine meadow on the Qinghai-Tibetan Plateau. In 

addition, we examined the flowering stem anatomy of S. distigmaticus, across a short 

altitudinal gradient (four elevations) in the same region.   

 
Leaf anatomical traits (e.g. epidermal cell area, epidermal cell thickness, cuticular layer 

thickness, xylem transect area, phloem transect area) varied with altitude, but the patterns 

varied substantially among species and among anatomical traits within species. Additionally, 

for S. distigmaticus, (allometric) coordination between leaves and flowering stems was 

apparent for xylem transect area and phloem transect area. Trade-offs between leaf and 

flowering stem traits were also found for epidermal cell area, epidermal cell thickness and 

mesophyll cell area. Leaves were more responsive to altitude in their anatomical traits than 

flowering stems in S. distigmaticus, perhaps reflecting their relatively short period of stem 

development during a climatically relatively favourable season compared to that for leaves, 

which already start growing earlier in the year. Further research is needed on the interactive 

effects of environmental variables, as well as vegetative versus reproductive phenology both 

across and within suites of species to better understand and upscale plant anatomical 

responses to climate warming in alpine environments. 
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Introduction 

 
Numerous studies have debated the impacts of global warming on the adaptation and phenotypic 

plasticity of plant functional traits in recent decades (Duncan, 2013; Frei et al., 2014; Guerin et al., 

2012; Luo et al., 2015; Matesanz et al., 2010; Niinemets, 2001). Mountain ecosystems, characterized 

by high elevation and upper distribution limits for plant species and other organisms, are among the 

most fragile environments in the world (Díaz et al., 2003; Nogués-Bravo et al., 2007; Thompson, 2000); 

a slight altitudinal gradient can already provide substantial environmental gradients, such as in 

temperature, precipitation, CO2 and illumination (Frei et al., 2014; Körner, 2003). Ecosystems on the 

Qinghai-Tibetan Plateau in Central-East Asia may be particularly sensitive to global warming compared 

to other mountain areas (IPCC, 2013; Luo et al., 2015; Wu et al., 2014), because of the lower latitude, 

higher altitude, thinner air, lower atmospheric water vapor and lower cloud cover. Even though the 

precise dynamics of these variables among seasons and days along an elevation gradient are not clear, 

the overall climatic regime across altitudinal gradients can to a large degree reflect environmental 

changes associated with global climate change. The plant composition of alpine meadows, very 

important systems on the Qinghai-Tibetan Plateau, is particularly interesting because of the high 

degree of endemism and the responses of the plant traits to climatic factors. Plants’ altitudinal 

responses can reflect climate change realistically over longer time scales, avoiding the sharp, constant 

and short-term differences in temperature, precipitation, CO2 or illumination in experiments 

simulating climate change (Frei et al., 2014; Hovenden et al., 2014; Li et al., 2014). Therefore, the 

alpine meadows along an altitudinal gradient on the Qinghai-Tibetan Plateau provide a promising 

proxy for studying leaf anatomical variation as impacted by climatic change.  

 
Plant functional traits are vital indicators of their adaptation to environmental conditions and may 

predict the plants’ responses to future environmental change (Chapin et al., 1996; Perez-

Harguindeguy et al., 2013; Soudzilovskaia et al., 2013; Violle et al., 2012; Violle et al., 2009). Leaves 

are the main organs of assimilation in most higher plants and they are thought to be more plastic to 

climatic change than other organs (Gratani et al., 2014; Guan et al., 2011; Guerin et al., 2012; 

Hoffmann et al., 2009; Kuster et al., 2016; Shope, 1927; Zhong et al., 2014). Leaf anatomy includes 

several key plant functional traits (e.g. mesophyll cell area, xylem transect area and phloem transect 

area) with respect to leaf physiological function, metabolism and plant growth, indicative of natural 

selection favoring certain adaptations and phenotypic responses to different environmental 

conditions (Castro-Díez et al., 2000; Vendramini et al., 2002). Leaf trait variation has been related to 

climatic variation along altitudinal gradients (Guerin et al., 2012; Hoffmann et al., 2009; Hovenden & 

Vander Schoor, 2006), including leaf anatomical traits (Fisher et al., 2007; Gratani et al., 2014; Kuster 



CHAPTER 2 

12 

et al., 2016) and leaf stable carbon isotopes (δ13C). The δ13C signature is a possible indicator of 

anatomy-related water use efficiency (Hultine & Marshall, 2000; Körner et al., 1991; Marshall & Zhang, 

1994; Van de Water et al., 2002) or an indicator of response to a decrease in CO2 concentration with 

altitude (Hultine & Marshall, 2000; Marshall & Zhang, 1994; Van de Water et al., 2002). Overall there 

has been little evidence for predicting altitudinal variation in leaf traits, which may be caused by a 

limited overlap among studies in the plant organs considered, idiosyncrasies of the species, growth 

forms or differences in the altitudinal gradients chosen in terms of geographic position, geology, 

topography or climate. The sampling period could be another factor. An additional explanation for 

inconsistent anatomical responses to altitudinal gradients could be that environmental drivers other 

than temperature play important roles. Except for temperature, other climatic and atmospheric 

factors may change with altitude too, such as precipitation and illumination, including both PAR and 

UV-irradiance (Frei et al., 2014), and [CO2]. Various soil-related environmental drivers, as related to 

local topography and soil texture (e.g. soil moisture, soil pH and nutrient availability), may vary along 

the gradient too. Their relative contributions may be stronger as the altitudinal (and temperature) 

gradient studied is reduced.  

 
We predicted, therefore, that different species could show consistent responses in leaf anatomical 

traits to a small range in altitude. Moreover, for some species vegetative growth and reproduction 

may be separated in time and thereby in environmental conditions; therefore the anatomical 

responses of leaves and flowering stems to altitude may differ. Furthermore, trade-offs between leaf 

and stem anatomical traits may occur because of resource allocation supporting vegetative growth 

versus reproductive output. Variation of δ13C in plant leaves indicates the shifts between supply and 

demand for carbon dioxide in leaves as well as factors which could reduce leaf conductance or 

photosynthesis tend to increase δ13C (Farquhar et al., 1982; Farquhar et al., 1989; Vitousek et al., 

1990). Even though altitudinal gradients provide substantial shifts in environmental factors (e.g. in 

temperature, light, illumination and CO2), these factors could not explain the altitudinal tendency in 

δ13C in previous studies (Vitousek et al., 1990). 

 
In order to better our understanding of how leaf anatomy changes with altitude, we report trends in 

leaf anatomy and δ13C (a possible indicator of anatomy-related water use efficiency) in three perennial 

monocot species Elymus nutans (a grass), Scirpus distigmaticus and Carex moorcroftii (two sedges) 

across an altitudinal gradient (seven elevations) in an alpine meadow on the Qinghai-Tibetan Plateau. 

Additionally, leaf and flowering stem anatomy of S. distigmaticus was examined across a relatively 

short altitudinal gradient (four elevations) to determine the coordination versus trade-offs between 

leaves and flowering stems. These three species were chosen because of their dominant roles in alpine 
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meadows as well as their common and abundant distribution along a substantial altitudinal distance, 

and because they were all monocots, making it easier to find potential common patterns for this 

taxonomic group. We hypothesized that: (1) the patterns of leaf anatomy variation with altitude would 

coincide among species: proportions of protective tissue (epidermal cell area, epidermal cell thickness, 

cuticular layer thickness) would increase with altitude; proportions of transporting (xylem transect 

area, phloem transect area) and photosynthetic tissues (mesophyll cell area) would decrease with 

altitude; (2) a relatively short altitudinal gradient would feature less consistent responses in leaf 

anatomy among species, due to the influence of other environmental drivers (e.g. local topography, 

soil properties) than temperature; (3) intraspecific patterns of leaf versus flowering stem anatomy 

with altitude in S. distigmaticus wouldnot be coordinated because of their different developmental 

period and thus different environmental influences during the growing season.  

 

Materials and methods 

 
Study site and plant material 

 
The study was conducted at seven elevations (3064 m, 3180 m, 3280, 3371 m, 3489 m, 3600 m and 

3700 m) along a continuous mountain slope in a natural alpine meadow at the northeastern edge of 

the Qinghai-Tibetan Plateau (Table 2.1). The gradient is located in Xiahe County, Gansu Province (see 

Table 2.1 for latitudes and longitudes, soil and climate properties of the sites during the sampling 

period). It has a continental plateau climate, with an average annual temperature of 2.6 °C and an 

average precipitation of approximately 500 mm. It generally has warm and moist summers, and dry 

and cold winters. The intra-annual variation of precipitation is large and unbalanced, most (approx. 

70%) of the precipitation tends to occur in July, August and September. Each elevation considered had 

broadly similar weather during the sampling period because of the small range of the geographic area. 

Three dominant monocot species (a grass, Elymus nutans; two sedges, Scirpus distigmaticus and Carex 

moorcroftii) were collected from each elevation. The distribution ranges of the studied species were 

the same as those used by Zhong et al. (2014), while the species Kobresia capillifolia in that study was 

renamed as Scirpus distigmaticus.  

 
At each elevation three independent patches at a minimum distance of 10 m for each species were 

selected at the beginning of June 2012, and within each patch, six random individual plants (ramets) 

were collected. In order to ensure the randomness of sampling, we only used this distance to decide 

where to sample without having distinguished vegetation composition beforehand. We considered 10 

meters to be enough to make sure that the ramets in the patches sampled would not be connected 

app:ds:meadow
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via rhizomes below ground. Only the lamina was considered without the leaf sheath. From each plant, 

the first fully expanded, healthy, fresh leaf was cut off from the top. Altogether, 7 (altitudes) × 3 

(patches) × 6 (replicates) = 252 leaves were collected in 2012 for anatomical analyses as well as 

another 252 leaves for the analysis of the stable carbon isotope (δ13C) signature. 

  

Table 2.1. Environmental information (average values) for the sampling plots at seven elevations across an 

altitudinal gradient in an alpine meadow at the northeastern edge of the Qinghai-Tibetan Plateau in 2012. 

SWC: Soil water content (%); STN: Soil total N (g kg-1); STC: Soil total C (g kg-1); AT: Air temperature (°C); AH: Air 

humidity (%); PAR: Photosynthetically active radiation (μmol m-2s-1); LI: Light intensity (klux). More details about 

soil properties see (Zhong et al., 2014) 

 

Altitude 

(m) 

Longitude 

(°E) 

Latitude 

(°N) 

SWC 

(%) 
pH 

STN 

(g kg-1) 

STC 

(g kg-1) 

AT 

(℃) 

AH 

(%) 

PAR 

(μmol m-2s-1) 

LI 

(klux) 

3064 102°24’44.2” 35°06’52.6” 19.87 7.18 4.08 36.31 18.0 60.7 1,290 103 

3180 102°22’03.1” 35°02’28.1” 27.19 6.59 3.50 33.41 19.0 61.2 1,774 127 

3280 102°19’44.9” 34°58’48.7” 30.03 6.44 3.52 38.15 17.5 61.4 1,866 140 

3371 102°15’09.5” 34°58’25.8” 28.64 6.43 5.20 51.13 16.0 62.8 1,933 148 

3489 102°11’33.9” 34°56’34.3” 37.77 6.17 4.54 80.86 14.5 64.8 2,553 158 

3600 102°10’53.8” 34°55’40.5” 33.82 6.21 8.27 158.09 14.0 68.0 2,618 161 

3700 102°10’43.4” 34°55’06.1” 47.37 6.34 7.75 156.80 13.5 60.9 2,608 165 

 

In addition, both leaves and flowering stems of S. distigmaticus were collected at four elevations along 

the same altitudinal gradient (3371, 3489, 3600 and 3700 m) at the end of August 2013 (because this 

species had already withered at the other three elevations). The flowering stems were clipped to the 

ground. Therefore, 4 (altitudes) × 3 (patches) × 6 (replicates) = 72 leaves, with 72 flowering stems were 

selected for anatomical analyses. In order to clarify the relation between leaf and stem more 

comprehensively, the same number of samples were selected for leaf length and stem length 

measurement; these were sandwiched between two pieces of wet filter paper and preserved just 

below 4 °C in a cool box, and then taken back to the laboratory for analysis. 

 

Anatomical study 

 
Anatomical analyses were done on permanent slides. The middle parts of leaves and flowering stems 

(approx. 0.5 to 1 cm sections for all materials) were taken and fixed in FAA (formalin/glacial acetic 

acid/70 % ethanol, 5:5:90 by volume) for at least 24 h. Then they were dehydrated by passing through 

a series of ethanol solutions (70, 85 and 95 %; 2h per solution) and embedded with warm (52 - 54 °C) 
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paraffin for sectioning. The cross-sections of leaves and flowering stems, made by a rotary microtome 

(Leica RM2235, Leica Inc., Germany), were permanently mounted onto glass slides. Observations of 

the cross-sections were carried out with a light microscope (Olympus CX21, Olympus Inc., Japan), and 

photographed with a digital camera (SPOT Insight, Diagnostic Instruments Inc., USA). Cuticle thickness 

and cell or tissue dimensions of the epidermis, mesophyll, xylem and phloem of each transverse 

section were measured with the imaging software Image-Pro Plus6.0 (Media Cybernetics Inc., USA). 

The focal anatomical traits were Epidermal cell area (ECA, in μm2); Epidermal cell thickness (ECT, in 

μm); Cuticular layer thickness (CLT, in μm); Mesophyll cell area (MCA, in μm2); Xylem transect (cross-

sectional) area (XTA, in μm2); and Phloem transect area (PTA, in μm2). For E. nutans, ECA and ECT were 

the average values from both leaf sides, and CLT was only observed in the lower cuticular layer, while 

for C. moorcroftii, ECA, ECT and CLT were all the average values from the lower and upper sides (see 

also Table S2.1 for the traits of the lower and upper leaf side separately). For each part of the cross-

section (e.g. cell or tissue), equal numbers of measurements were conducted. 

 

Soil properties, climatic features and stable carbon isotope composition 

 
Soil samples from 0 to 10 cm depth were collected with a soil auger when leaf materials were taken 

(three replications per spot and three spots per elevation) on a sunny day in June 2012. Soil water 

content (SWC), pH, soil nitrogen content (STN) and soil organic carbon content (STC) were also 

determined then. Accordingly, air temperature (AT), air humidity (AH), photosynthetically active 

radiation (PAR) and light intensity (LI) were measured (six replications per spot and three spots per 

elevation) with a hand-held weather instrument (TNHY-5, Zhejiang Tuopu Instrument Inc., China). For 

details of the geographic position, soil properties and climatic features in the sampled plots see Table 

2.1. 

 
For stable carbon isotope measurement, leaves were oven-dried for 48h at 70 °C and ground in a ball 

mill (Retsch MM200, Haan, Germany). The stable carbon isotopes were measured using an elemental 

analyser (NC2500; ThermoQuest Italia, Rodana, Italy) coupled with an isotope ratio mass 

spectrometer (Delta Plus; Thermo-Quest Finnigan, Bremen, Germany) at Vrije Universiteit 

Amsterdam. For calibration, USGS 40 and USGS 41 were used. The reproducibility of the δ13C analysis 

determined by repeated analysis of an internal standard (Birch leaf) was within 0.15 ‰ (n = 3).  

 
Stable isotope abundance was expressed using the δ notation:  

δ13C (‰) = (Rsample - Rstandard) / Rstandard × 1000, where Rsample and Rstandard denote the 13C/12C ratios 

of the sample and the standard Vienna PeeDee Belemnite (VPDB). 
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Data analysis 

 
All statistical analyses were done using SPSS17.0 (SPSS Inc., Chicago, USA), and figures were created 

with SigmaPlot 10.0 (Systat Software Inc., USA). A one-way ANOVA was conducted to compare the 

mean values of the three patches (mean value per patch of each species was defined respectively as 

the average of 6 leaves (or stems) from the 6 ramets selected) for anatomical traits among altitudes. 

Linear and quadratic regression analyses were used for quantifying the variation of anatomical traits 

and δ13C across altitudes, and the R2 of the regressions directly indicate which is the best fitting 

relationship. Relationships between leaf and stem anatomical traits were analyzed by linear 

regression. All regression coefficients were considered significant if P < 0.05. Principal components 

analysis (PCA) was used to summarize the variation in multidimensional traits and in environmental 

factors. The statistical assumptions were checked before fitting these models. 

 

Results 

 
Leaf anatomy related to altitude 

 
Leaf anatomy varied substantially with altitude, but the patterns varied among species and the specific 

altitudinal gradient (Fig. 2.1). For June 2012, a decrease in epidermal cell area (ECA) and epidermal 

cell thickness (ECT) with altitude was clear in C. moorcroftii, but ECA and ECT seemed independent of 

altitude in E. nutans and S. distigmaticus. Similarly, xylem transect area (XTA) and phloem transect 

area (PTA) were strongly related with altitude in E. nutans, following a humpback curve, but not in C. 

moorcroftii and S. distigmaticus. In addition, cuticular layer thickness (CLT) apparently increased with 

increasing altitude in E. nutans and C. moorcroftii, but not in C. moorcroftii and S. distigmaticus (Fig. 

2.1; see also Table S2.1 for the traits of lower and upper leaf side separately). 

 
However, S. distigmaticus showed significant altitudinal trends among all the parameters along a 

relatively narrow altitudinal gradient in August 2013, positive for ECA, ECT, CLT and mesophyll cell 

area, and negative for XTA and PTA, even though these traits did not show any clear trend in this 

species along the broader gradient in June 2012 (Fig. 2.1). 

 
Across all three species epidermal cell area (ECA) was correlated with epidermal cell thickness (ECT), 

phloem transect area was correlated with xylem transect area (XTA) but the other parameters varied 

among species (P < 0.05, Fig. S2.1). Both ECA and ECT showed positive relationships with XTA and 

mesophyll cell area (MCA) in E. nutans, and cuticular layer thickness was correlated with ECA, ECT and 

MCA in C. moorcroftii. 
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Fig. 2.1. Effects of altitude on leaf anatomy in three species (Scirpus distigmaticus, Elymus nutans, Carex 

moorcroftii) in 2012 (seven elevations) and S. distigmaticus in 2013 (four elevations). ECA: Epidermal cell area 

(in μm2); ECT: Epidermal cell thickness (in μm); CLT: Cuticular layer thickness (in μm); MCA: Mesophyll cell area 

(in μm2); XTA: Xylem transect area (in μm2); PTA: Phloem transect area (in μm2). Significant relationships at a P 

< 0.05 level are indicated by lines. 
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Leaf anatomy and climatic factors 

 
Principal component analysis (PCA) was used to reduce multivariate variation in anatomical traits and 

environmental factors (merely soil factors were considered) down to two orthogonal axes, PC1 (30.23 

% of variance explained) and PC2 (18.47 %) (Fig. 2.2). Altitude, along PC1, was positively correlated 

with SWC, STC and STN and negatively correlated with pH. The distribution of variation among all the 

anatomical traits across all three species was effectively captured by PCA, with the first two axes 

together accounting for 48.70 % of the total variation. The PCA ordination characterized and separated 

the three species into three groups, with C. moorcroftii varying most strongly along PC1, S. 

distigmaticus more along PC2 and E. nutans along both axes. 

 

 
 
Fig. 2.2. Principal Component Analysis (PCA) of 6 leaf anatomical traits of three species combined with 

environmental factors in 2012. ECA: Epidermal cell area (in μm2); ECT: Epidermal cell thickness (in μm); CLT: 

Cuticular layer thickness (in μm); MCA: Mesophyll cell area (in μm2); XTA: Xylem transect area (in μm2); PTA: 

Phloem transect area (in μm2); SWC: Soil water content (%); STN: Soil total N (g kg-1); STC: Soil total C (g kg-1). 

 

Multiple linear regression analysis, conducted to determine whether and how the main factors 

affected leaf anatomical characteristics (Table S2.2), showed that the responses of leaf anatomical 

traits varied among species and among parameters within species. For example, the xylem and 

phloem tissue area of E. nutans was sensitive to soil total carbon and soil total nitrogen content, 
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respectively; the cuticular layer thickness was responsive to soil total nitrogen in S. distigmaticus 

whereas it was responsive to air temperature in E. nutans and C. moorcroftii. 

 

Trade-offs and coordination between leaf and flowering stem 

 
Leaves of S. distigmaticus are shorter than flowering stems (Fig. S2.2), which is the main morphological 

feature distinguishing this species from others in the same genus. There was an important difference 

between the leaves and reproductive stems in anatomical structure (Fig. S2.3). Unlike in the leaves, 

the center of the flowering stems was hollow. The types of cells in these two parts were similar, except 

for the mesophyll cells, which were differentiated into palisade parenchyma and spongy parenchyma 

in the stems, but were not differentiated obviously in the leaves (Fig. S2.4). 

 
One-way ANOVA showed a significant effect (P < 0.05) of altitude on leaf anatomy in S. distigmaticus, 

but variation in flowering stems was relatively moderate (Table 2.2). The epidermal cell area (ECA), 

epidermal cell thickness (ECT), cuticular layer thickness (CLT) and mesophyll cell area (MCA) of the 

leaves increased significantly (P < 0.05) with altitude, while those traits in the flowering stems showed 

a less clear and sometimes (ECA, ECT) an opposite tendency (Fig. 2.3). The leaf xylem transect area 

(XTA), phloem transect area (PTA), cross-sectional area (CSA) and leaf length decreased with altitude, 

and a decline was also found in XTA of stems (P < 0.05; Fig. 2.3; Fig. S2.5).  

 
Linear regression analysis revealed trade-offs between the leaves and flowering stems for ECA, ECT (P 

< 0.01) and MCA (P < 0.05). In contrast, for XTA and PTA a coordination between the leaves and stems 

was shown (P < 0.05) (Fig. 2.4; Fig. S2.6). 

      

Table 2.2. One way ANOVA for leaf and flowering stem anatomical traits in S. distigmaticus at different 

altitudes (3371 m, 3489 m, 3600 m and 3700 m) in 2013. Significant relationships at a P < 0.05 level are indicated 

in bold; df: degrees of freedom. 

 

Traits 
Leaf Flowering Stem 

df F Value P df F Value P 

Length (mm) 3 62.221 <0.001 3 10.175 0.004 

Cross sectional area (in μm2) 3 76.786 <0.001 3 0.042 0.987 

Epidermal cell area (in μm2) 3 55.216 <0.001 3 8.409 0.007 

Epidermal cell thickness (in μm) 3 28.056 <0.001 3 5.000 0.031 

Cuticular layer thickness (in μm) 3 11.975 0.003 3 1.999 0.193 

Mesophyll cell area (in μm2) 3 41.422 <0.001 3 4.482 0.040 

Xylem transect area (in μm2) 3 10.375 0.004 3 8.264 0.008 

Phloem transect area (inμm2) 3 34.510 <0.001 3 2.039 0.187 
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Fig.2.3. Response of leaf and flowering stem anatomy in S. distigmaticus to altitude in 2013. ECA: Epidermal 

cell area (in μm2); ECT: Epidermal cell thickness (in μm); CLT: Cuticular layer thickness (in μm); MCA: Mesophyll 

cell area (in μm2); XTA: Xylem transect area (in μm2); PTA: Phloem transect area (in μm2). Different letters above 

bars for each component indicate statistically different mean values (P < 0.05), determined by LSD multiple 

comparison tests. Leaf and stem were compared separately. 
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Fig.2.4. Linear regressions of anatomy between leaf and stem in S. distigmaticus in 2013. Significant 

relationships at a P < 0.05 level are indicated by continuous lines. Each point represents the average value of six 

individuals. ECA: Epidermal cell area (in μm2); ECT: Epidermal cell thickness (in μm); CLT: Cuticular layer thickness 

(in μm); MCA: Mesophyll cell area (in μm2); XTA: Xylem transect area (in μm2); PTA: Phloem transect area (in 

μm2). 

 

Altitudinal trends in leaf stable carbon isotope composition 

 
Carbon isotope ratios (δ13C) showed an overall upward trend corresponding with altitude in all the 

species (Fig. 2.5), and we found significant upward curvilinear relations for two species, with values 

ranging from -29.75 % to -25.92 % for S. distigmaticus and from -29.40 % to -26.12 % for C. moorcroftii, 

respectively (details not shown). 
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Fig.2.5. Quadratic regression of stable carbon isotope ratios (δ13C) of leaves of three species (Scirpus 

distigmaticus, Elymus nutans, Carex moorcroftii) changed along altitude in an alpine meadow in 2012. 

Significant relationships at a P < 0.05 level are indicated in lines. 

 

Discussion 

 

Leaf anatomical response of different species to altitudinal gradient 

 
Our first hypothesis of commonalities in leaf anatomy variation along an altitudinal gradient among 

species of the same higher taxon, i.e. monocots, was not supported by these results. Straightforward 

general correspondence of leaf anatomical traits with altitude in alpine meadows were not found. 

Leaf anatomical variation along the same altitudinal gradient varied among species. Even though shifts 

in leaf anatomy at the intraspecific level have repeatedly been found over altitudinal gradients (Fisher 

et al., 2007; Gratani et al., 2014; Hengxiao et al., 1999), there has been little evidence for the 

predictability of altitudinal responses of leaf anatomical traits across a wide range of species. The 

reason could be that the combined effect of several soil and climatic factors along the altitudinal 

gradient makes the characterization of the growing environment of plants more complex. With the 

increase in altitude, each environmental variable may change (Frei et al., 2014; Gratani et al., 2014; 
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Zhong et al., 2014), but not necessarily in a consistent or linear pattern. The idiosyncratic effect of 

each variable along the altitudinal gradient contributes to the complicated integrated effects of the 

environment, resulting in complex and species-specific responses of leaf anatomical traits. Moreover, 

these responses of leaf anatomical traits varied not only among species but also between variables 

within the species. 

 
This interpretation also probably explains why we found inconsistent patterns in leaf anatomical traits 

between different ranges of the altitudinal gradient sampled as well as with the sampling year and 

season for S. distigmaticus, which together supports our second hypothesis. Even though we could 

not find any straightforward evidence to conclude that the different anatomy patterns between the 

two years were caused by the extent of the altitudinal gradient (or sampling year, or sampling season), 

these differences do highlight that each aspect should be considered when predicting an anatomical 

pattern corresponding to altitude. Likewise, for E. nutans in 2012, the xylem transect area and phloem 

transect area showed a humpback-curve relationship with altitude and reached the peak at the third 

elevation (3280 m), which means the pattern would change if merely the five higher elevations were 

considered.   

 
In addition, the carbon isotope ratios (δ13C) composition increased overall along the range of altitudes 

in all species in this study, but the degree varied among species, as was shown in previous studies 

(Hultine & Marshall, 2000; Körner et al., 1988; Körner et al., 1991; Marshall & Zhang, 1994; Vitousek 

et al., 1990). As plant leaves contain less 13C than ambient air, variation of δ13C indicates the shifts 

between supply and demand for carbon dioxide in leaves, and whichever factor can reduce leaf 

conductance or photosynthesis tends to increase δ13C (Farquhar et al., 1982; Farquhar et al., 1989; 

Vitousek et al., 1990). In this research, we could not find a general pattern of δ13C with the anatomical 

traits (results not shown), while Zhong et al. (2014) showed that the leaf thickness of our focal species 

(Scirpus distigmaticus) increased with an increasing altitude, as the tree Nothofagus cunninghammia 

did in Australia  (Hovenden and Vander Schoor (2006), providing us with a potential way to explain the 

higher δ13C at higher altitudes. That is, the internal resistance seems to be the key to understanding 

inter- and intra- specific isotopic variation along altitudinal gradients (Hultine & Marshall, 2000; 

Vitousek et al., 1990). A longer CO2 diffusion path as would be found in thicker leaves should increase 

the resistance and reduce CO2 concentrations for carboxylation, and furthermore, decrease the 

internal partial pressure (Vitousek et al., 1990). Such a decline of internal partial pressure would tend 

to increase δ13C across altitudinal gradients (Vitousek et al., 1990). Undoubtedly, more studies are 

needed to better understand the impact of leaf morphology and anotomy on δ13C along altitudinal 

gradients. 
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Trade-offs and coordination between leaf and flowering stem 

 
We found support for our third hypothesis on the lack of correlation between leaf and flowering stem 

anatomical traits of a given species along an altitudinal gradient, because of the different 

environmental conditions leaves and stems are exposed to through time during the growing season. 

In our study, leaf length and its cross-sectional area declined with increasing altitude in Scirpus 

distigmaticus, while this was not the case in flowering stems (Fig. S2.4). Leaves tend to be smaller at 

higher altitudes (Hoffmann et al., 2009; Hölscher et al., 2002; Hovenden & Vander Schoor, 2006) 

where it is colder, windier and often wetter (Li et al., 2008), but this trend was not found in flowering 

stems, possibly due to the stabilizing selection caused by pollinator related pressures (Cresswell, 1998; 

Hoffmann et al., 2009). 

 
We could also find opposite altitudinal patterns in leaves versus flowering stems, possibly indicating 

trade-offs for Epidermal cell area (ECA), Epidermal cell thickness (ECT) and (although only a trend) for 

Mesophyll cell area (MCA), whereas coordination was found for Xylem transect area (XTA) and Phloem 

transect area (PTA) between leaves and flowering stems. While photosynthesis is undoubtedly the 

main function of leaves (Castro-Díez et al., 2000; Guan et al., 2011), the primary task of a flowering 

stem is to make sure that every opportunity for reproduction is exploited. Mesophyll cell size in leaves 

increased, while those in flowering stems decreased with the increasing altitude. The explanation 

could be that low temperatures limit carbon acquisition at higher altitudes (Körner, 2003). Under 

these circumstances photosynthetic rates in leaves need to be maximized during favorable periods by 

the stomata opening more, or more often, and by more CO2 being drawn into larger photosynthetic 

cells. This could ensure a high utilization efficiency of CO2 at lower atmospheric [CO2] at higher 

altitudes. In contrast, ensuring reproduction is more important for flowering stems than vegetative 

growth at higher altitudes, which requires a stronger supporting structure. 

 
Trade-offs for protective tissue (ECA and ECT) and coordination for vascular tissue (XTA and PTA) 

between leaves and flowering stems, in Scirpus distigmaticus, revealed the different mechanisms 

(Hoffmann et al., 2009; Nogués-Bravo et al., 2007) driving the relationships between these different 

organs. For leaves, smaller XTA and PTA were probably allometrically coordinated with the smaller 

size at higher altitudes, with small leaves being better protected against the colder, windier high-

altitude environment (Körner, 1989); smaller vessels in xylem and phloem may be allometrically linked 

to small leaves, because small leaves only have a short distance for the vessels to taper from the midrib 

to the stomata. According to Corner’s Rule of allometry (White, 1983a; White, 1983b), these size-

related traits of S. distigmaticus should be physically coordinated between the connected organs, 
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explaining the coordination of XTA and PTA between leaves and flowering stems, even in graminoid 

species.  

 

Conclusion 

 
The patterns of plant anatomy variation along the altitudinal gradient on the Qinghai-Tibetan Plateau 

diverged among the three species we studied, and between plant organs and maybe between 

sampling periods and the extent of the altitudinal gradient sampled. The apparent trade-off between 

leaf and flowering stem anatomical traits of Scirpus distigmaticus suggests that leaves are more 

sensitive to the changing altitude than flowering stems. For its stems, ensuring or even enhancing 

their reproductive capacity seemed to dominate over investment to protect themselves.  

 
In general, our findings indicate that a limited study, with a relatively short altitudinal gradient, and/or 

limitations of species numbers, plant organs sampled, sampling periods or altitudinal gradients 

chosen, is not enough to reveal general relationships across species and traits. This is partly because 

other, especially soil-related factors may interfere with climatic drivers of plant anatomy. Further 

studies, including more extensive altitudinal gradients, larger species numbers, different organs and 

different sampling periods, are needed to further clarify the response of anatomical traits to 

environmental variation across altitudinal gradients.  
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Supplementary material 

 

Table S2.1. Effects of altitude on leaf anatomy in Elymus nutans and Carex moorcroftii in 2012, for which the traits of lower and upper leaf side are shown separately. 

UECA: Upper epidermal cell area (in μm2); UECT: Upper epidermal cell thickness (in μm); LECA: Lower epidermal cell area (in μm2); LECT: Lower epidermal cell thickness (in 

μm); UCLT: Upper cuticular layer thickness (in μm); LCLT: Lower cuticular layer thickness (in μm). Different letters for each component indicate statistically different mean 

values within species (P < 0.05), determined by LSD multiple comparison tests. Each anatomical trait was compared separately. 

 

Altitude (m) 
Elymus. nutans Carex. moorcroftii 

UECA UECT LECA LECT UECA UECT UCLT LECA LECT LCLT 

3064 252±8AB 16.66±0.56BC 216±14C 15.12±0.48C 1137±111A 33.54±1.19A 3.10±0.24C 334±14A 17.78±0.21A 2.79±0.11B 

3180 199±32B 14.00±1.45C 200±20C 14.52±0.89C 851±99B 27.32±1.73B 3.00±0.32C 250±37B 15.41±1.15B 2.67±0.07B 

3280 310±36A 18.56±0.96AB 304±37AB 17.83±1.20B 403±56C 20.74±1.20C 3.27±0.20AB 124±21C 9.78±0.49C 2.85±0.19B 

3371 317±23A 19.64±0.86A 351±23A 20.53±0.90A 752±57B 25.04±0.69B 4.15±0.25A 171±14C 13.25±0.58C 2.75±0.13B 

3489 272±13AB 17.30±0.29AB 231±16C 15.78±0.66BC 503±47C 21.08±0.94C 4.10±0.40A 153±20C 12.25±0.90CD 3.45±0.11A 

3600 232±12B 16.08±0.69BC 247±16BC 16.13±0.43BC 508±51C 21.60±1.02C 3.68±0.12AB 113±5C 10.71±0.28DE 3.33±0.10A 

3700 253±14AB 17.39±0.79AB 242±10BC 16.15±0.36BC 323±32C 18.17±0.75C 3.70±0.23AB 107±5C 10.56±0.32DE 3.30±0.02A 
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Table S2.2. Stepwise multiple regression of leaf anatomy against ecological factors of three species (Scirpus 

distigmaticus, Elymus nutans, Carex moorcroftii). Epidermal cell area (in μm2); Epidermal cell thickness (in μm); 

Cuticular layer thickness (in μm); Mesophyll cell area (in μm2); Xylem transect area (in μm2); Phloem transect 

area (in μm2); STN: Soil total N (g kg-1); STC: Soil total C (g kg-1); AT: Air temperature (°C); AH: Air humidity (%); 

LI: Light intensity (klux). Significant relationships at a P < 0.05 level are indicated in bold. N = 7. 

 

Species  Leaf traits 
Regression 

factors 

Regression 

coefficient 
R2 P 

Scirpus 

distigmaticus 

ECT AH 0.123 0.191 0.048 

CLT STN -0.216 0.197 0.044 

XTA LI -1.527 0.295 0.011 

Elymus nutans 

CLT AT -0.114 0.252 0.020 

XTA STC -5.311 0.287 0.012 

PTA STN -101.265 0.358 0.004 

Carex 

moorcroftii 

ECA pH 450.708 0.694 <0.001 

ECT pH 9.944 0.736 <0.001 

CLT AT -0.147 0.629 <0.001 

MCA AH 2.425 0.204 0.040 

 

 

 

 
Fig. S2.1. Pearson correlation between leaf traits of three species (S. distigmaticus, E. nutans,C. moorcroftii) in 

2012. Significant relationships at a P < 0.05 level are shown with the regression line. ECA: Epidermal cell area (in 

μm2); ECT: Epidermal cell thickness (in μm); CLT: Cuticular layer thickness (in μm); MCA: Mesophyll cell area (in 

μm2); XTA: Xylem transect area (in μm2); PTA: Phloem transect area (in μm2). 
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Fig. S2.2. Leaves (a) and reproductive stems (b) of Scirpus distigmaticus. Every little degree represents 1 mm. 

 

 

 

 

 
Fig. S2.3. Anatomy of leaves (a) and reproductive stems (b) taken from Scirpus distigmaticus (×100). 
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Fig. S2.4. Structure of leaves (a) and reproductive stems (b) taken from Scirpus distigmaticus (×400). 1. 

Cuticular layer. 2. Epidermal cell. 3. Xylem transect. 4. Phloem transect. 5. Mesophyll cell. 6. Hollow centre. 

 

 

 

 

 
Fig. S2.5. Response of length and cross-sectional area in leaf and flowering stem of S. distigmaticus to altitude. 

CSA: Cross-sectional area (in μm2). Different letters above bars for each component indicate statistically different 

mean values (P < 0.05), determined by LSD multiple comparison tests. Leaf or stem was compared separately.  
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Fig. S2.6. Regressions of length (mm) and cross sectional area (CSA in μm2) between leaf and stem in S. 

distigmaticus in 2013. Significant relationships at a P < 0.05 level are indicated by continuous lines. 
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Abstract 

 

Woody plants’ leaves feature a tip-to-base xylem vessel widening structure to buffer hydraulic 

resistance increasing as they become larger. How far grasses and sedges converge to this pattern has 

largely been neglected. I here tested the prediction that leaf size (water path length) should determine 

vessel area, with diverse climates having resulting in a large range of vessel areas associated with their 

leaf sizes. 

 
Leaves of six dominant grass and sedge species were collected from alpine meadows, with diverse 

climates or experimental global change treatments, the scaling relation between maximum xylem 

vessel area in leaf midvein (Amax) and leaf length were detected within and across species. 

 
Amax covaried markedly with leaf length, for a given species, for a specific sampling subset, and across 

the entire dataset, whereas the scaling slopes diverged substantially. 

 
Our findings suggest that the tip-to-base xylem vessel widening in leaves applies to not only woody 

species, but also grass and sedge species. More work is needed to test how this pattern converges or 

diverges among different level of leaf veins, different species, and different climatic individual groups. 
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Introduction 

 
Optimising xylem architecture is a challenge to all plants in order to enable sufficient water transport 

and transpiration capacity to support photosynthetic production while investing enough 

photosynthate in physical strength, stress resistance and defence chemistry. According to the West-

Brown-Enquist (WBE) model West et al. (1999b), vascular plants generally feature a tip-to-base 

widening of xylem vessels to overcome the path length dependence of hydraulic resistance (Enquist, 

2002; Savage et al., 2010). Xylem vessels widen basipetally from the tip to the base, from leaves, via 

stems, to roots, and this widening ratio is relatively greater close to the tips or leaves and smaller 

further down, as has been demonstrated in numerous studies  (Anfodillo et al., 2006; Coomes et al., 

2008; Zhong et al., 2019). One key feature of this pattern is that xylem vessel size (i.e. water hydraulic 

capacity) scales with plant or leaf size (i.e. water path length) linearly, within and across diverse woody 

species, irrespective of other morphological or ecological variation (e.g. different organs, different 

growth types or different environmental factors) (Coomes et al., 2008; Olson et al., 2014; Olson & 

Rosell, 2013; West et al., 1999b; Zhong et al., 2019).  

 
In contrast to the large body of knowledge for woody conifers and dicots, to our knowledge, little 

information exists on the scaling of xylem vessel size with plant or leaf size in herbaceous plants 

including monocots such as grasses and sedges (Petit et al., 2014). Even fewer if any studies have been 

published on such scaling referring to the similarities and differences in scaling within and across 

species, and to their leaves. We provide here the first exploratory study attempting to reveal scaling 

patterns of vessel size and leaf size in grass and sedge species, and examine to what extent the pattern 

varies or converges within and across species at different scales of space and time. The phenotypes of 

both leaf size and xylem anatomy of herbaceous monocots may be affected by a combination of 

edaphic and climatic variation across environmental gradients (Taneda et al., 2016; Zhong et al., 2018) 

or, at given sites, over time through seasons (and associated leaf ontogeny) and years (Zhong et al., 

2018), with a possible role for current climate change (Frei et al., 2014; Seddon et al., 2016). At the 

same time, today’s phenotypes must have been shaped by long-term evolutionary adaptation of both 

leaf size and leaf vessel architecture to different environments among and within species (Sack et al., 

2012). If leaf size and xylem diameter are consistently coordinated across and within species under 

the influence of all these different drivers of trait variation, it would be evidence that the coordination 

is crucial to plant functioning. 

 
Leaves of six dominant grass and sedge species were collected from alpine meadows, from different 

locations and experimental climate change treatments, across a large geographical and environmental 



CHAPTER 3 

34 

gradient on the Qinghai-Tibetan Plateau of China (Table 3.1; Fig. 3.1), the scaling relationships 

between maximum xylem vessel cross-sectional area in the leaf midvein (Amax) and leaf length were 

quantified within and across species.  

 

 

 
Fig.3.1. Locations of the sampling sites in alpine meadow on the Qinghai-Tibetan Plateau of China. Three 

sampling aspects were included. Blue triangles indicate the seven sampling elevations along an altitudinal 

gradient on the eastern side of the study area; black circles indicate thee five sampling points along a large scale 

((longitudinal/altitudinal) transect; the red star shows the experimental site with climate manipulation 

treatments (control (CK), warming (W), increased precipitation (P) and warming plus increased precipitation 

(WP)). 

 

Here, we hypothesized that:  

 
1) in line with woody species, the tip-to-base xylem vessel widening, as evidenced by  the associated 

scaling pattern of leaf midvein xylem cross-sectional vessel area and leaf length, should be found 

across grass and sedge species, and should be maintained among different populations and sampling 

groups across environmental gradients, across different seasons and years and under climate 

warming;  
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2) the overall scaling relationship across species could be achieved by one of the following  three 

patterns within species: (i) similar pattern with the same scaling slope (Fig. 3.2a), (ii) similar pattern 

with different scaling slopes (Fig. 3.2b) or (iii) no pattern (Fig. 3.2c). 

 

 
 

Fig.3.2. Three possible vessel area vs. leaf length scaling relations within and across species. Black lines show 

the overall (across) species patterns. Lines of different colours show individual intra-specific patterns. (a) The 

scaling relations within individual species are in line with the cross species pattern; (b) Similar scaling relations 

exist within and across species however with potentially different regression slopes; (c) No significant pattern 

appears within species. 

 

Materials and methods 

 
Study sites and plant material 

 
This study was conducted in alpine meadows on the Qinghai-Tibetan Plateau with clay soils and 

continental plateau climate, characterized by warm and moist summers, and dry and cold winters. 

The intra-annual variation of precipitation is large and unbalanced, most (approx. 70 %) of the 

precipitation tends to occur in July, August and September. The sampling consisted of three aspects 

(Fig. 3.1; Table 3.1): 

 
1)  Along the altitudinal gradient (with seven elevations ranging from 3064 - 3700 m; see Fig. 3.1) 

sampling was carried out in June, 2012 and August, 2013 in a natural alpine meadow in Xiahe County, 

Qinghai province. The gradient was located at the north-eastern edge of the Qinghai-Tibetan Plateau, 

with an average annual temperature of 2.6 °C and an average precipitation of approximately 500 mm 

(Zhong et al., 2018). Three independent plots at minimum distances of 10 m for each species were 

selected from each elevation, and two dominant monocot species (a grass, Elymus nutans Griseb.; a 

sedge, Carex moorcroftii Boott.) were sampled. 
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2) The large scale transect sampling was carried out in August, 2012 in natural alpine meadows along 

a longitudinal (accompanied by slight latitudinal and altitudinal (3847 - 4584 m)) gradient. Five 

sampling sites (Yushu, Zhiduo, Duocai, Longbao and Tuotuohe) in Qinghai province were selected, 

which broadly had an average annual temperature of 2.9 °C, a mean annual precipitation ranging from 

246 to 659 mm and annual evaporation ranging from 1698 to 1155 mm (details see Wu et al. (2015)). 

Three dominant monocot species (a grass, Elymus nutans Griseb.; two sedges, Carex moorcroftii Boott. 

and Kobresia humilis (C.A.Mey. ex Trautv.) Serg.) were collected from each site from each sampling 

site. 

 
3) the experimental global change experiment was carried out in an alpine meadow (alt. 3029 m) in 

Hanyan County, Qinghai province, where average annual temperature is around 2.2 °C, average 

annual precipitation ranges from 360 to 480 mm and average annual evaporation is around 1400 mm 

(Li et al., 2019). From June 2014, a two-way factorial experiment was set up with warming and/or 

increased rainfall using a 4*4 Latin square design. There were 16 plots in total with four replicates for 

each treatment (control (CK), warming (W), increased precipitation (P; + 20 - 30 % relative to local 

precipitation) and the combination of the same warming and increased precipitation levels as above 

(WP)).  

 

Eight open top chambers (OTCs) were established at those plots with warming (4 for W and 4 for WP) 

in early June 2014; they remained on the plots year-round. The OTCs, which broadly followed the 

design of the International Tundra Experiment (ITEX, Henry and Molau (1997)), consisted of transparent 

polycarbonate panels in hexagonal shape, 2.2 m in diameter at the bottom, 1.5 m in diameter at the 

top and 0.7 m in height. All other plots (4 for ambient environment, CK and 4 for P) were of the same 

size. There were 3 m between each plot. An automatic cooling system was installed with three exhaust 

fans to insure the increased temperature by no more than than 2 °C. Whenever the air temperature 

difference between inside and outside the OTC attained 2 °C, the fans started automatically to keep 

the temperature from increasing further. The OTCs elevated the average air temperature of the 

growing season by 0.6 - 2.0 °C (a temperature probe was installed in each OTC, and air temperature 

was measured per 15 min). For the increased precipitation (P), artificial precipitation enhancement 

was used. On the second morning after one-day rainfall, 20 - 30 % of the amount of rainwater 

(gathered by water-tanks that had been placed near the study site) was added with a sprinkler tip. 

Four dominant monocot species (two grasses, Poa crymophila Keng. and Stipa krylovii Roshev.; two 

sedges, Kobresia humilis (C.A.Mey. ex Trautv.) Serg. and Carex vulpina L.) were sampled  from each 

plot.  
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Table 3.1. Geographical and climatic information of the sampling sites Note. CK: control (ambient condition); W: warming; P: increased precipitation; WP: warming plus 

increased precipitation. Each site was named by the sampling altitude and/or its experiment climate change treatment. STN: Soil total N; STC: Soil total C (soil samples were 

collected at the time of sampling, from 0 to 10 cm depth, and soil properties were measured (details see Zhong et al. (2014)). 

 

 
 

Groups 

(Sampling 

year) 

Sampling species Treatment Location 
Altitude 

(m) 
Longitude (°E) Latitude (°N) pH STN (g/kg) 

STC 

(g/kg) 
Site name 

Altitudinal 

gradient  

(2012, 2013)  

 

Elymus nutans; 

Carex moorcroftii 

 

Ambient 

 
Gannan, Gansu province 

3064 102°24’44” 35°06’52” 7.18 4.08 36.31 3064 

3180 102°22’03” 35°02’28” 6.59 3.50 33.41 3180 

3280 102°19’44” 34°58’48” 6.44 3.52 38.15 3280 

3371 102°15’09” 34°58’25” 6.43 5.20 51.13 3371 

3489 102°11’33” 34°56’34” 6.17 4.54 80.86 3489 

3600 102°10’53” 34°55’40” 6.21 8.27 158.09 3600 

3700 102°10’43” 34°55’06” 6.34 7.75 156.80 3700 

Large scale 

transect  

(2012) 

 

Elymus nutans; 

Carex moorcroftii; 

Kobresia humilis 

 

Ambient  

 

Yushu,Qinghai province 3847 97°04'41'' 32°51'15'' 6.31 2.43 81.28 3847 

Zhiduo, Qinghai province 4231 95°58'14'' 33°37'07'' 6.90 6.37 143.89 4416 

Duocai, Qinghai province 4317 95°27'10'' 33°48'42'' 6.43 3.58 92.83 4317 

Longbao, Qinghai province 4416 96°17'58'' 33°18'32'' 6.73 2.03 51.72 4231 

Tuotuohe, Qinghai province 4584 92°40'46'' 34°27'57'' 6.73 0.65 9.36 4584 

Experimental 

treatments 

(2015, 2016) 

 

Poa crymophila; 

Stipa kryloviia;  

Carex vulpine;  

Kobresia humilis  

CK 

Haibei, Qinghai province 3029 100°57' 36°55' 

7.74 2.52 27.23 3029CK 

W (+2°C ) 7.64 2.60 26.59 3029W 

P (+20%) 7.85 2.45 25.68 3029P 

W*P 7.66 2.60 25.37 3029WP 
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For each species in each sampling plot per sampling time, at least 4 random individuals (ramets) were 

selected. For each individual, the first fully expanded, healthy, fresh leaf was cut off from the top. 

Altogether, at least 1004 leaves from independent individuals were collected for xylem anatomical 

analyses as well as another 1004 leaves for the analysis of leaf length. The average trait value of each 

species from each site or treatment per sampling was derived and used for scaling relationship analysis 

(dataset see Table S3.1).  

 

Maximum xylem conduit area (Amax) in leaf midvein 

 
The maximum xylem vessel area (Amax) was measured at the midpoint of the leaf midvein from cross-

sections. The cross-sections were cut by a rotary microtome (Leica RM2235, Leica Inc., Germany)  and 

stained with paraffin (details see Zhong et al. (2018)), then mounted onto glass slides for imaging and 

measurement using a light microscope (Olympus CX21, Olympus Inc., Japan) with a digital camera 

(SPOT Insight, Diagnostic Instruments Inc., USA).  

 
The Amax of each leaf was defined as the average area of the two largest xylem vessels in the midvein 

in each leaf cross-section, which was measured with the imaging software Image-Pro Plus 6.0 (Media 

Cybernetics Inc., USA).  

 

Leaf length  

 
The sampled fresh leaves were sandwiched between two pieces of wet filter paper immediately after 

cutting off in the field and preserved just below 4 °C in a cool box, then taken back to the laboratory 

for leaf length analysis with a ruler. 

 

Statistics 

 
Bivariate line-fitting of leaf xylem vessel area (Amax)  with leaf length within and across species collected 

from different climatic or experimental conditions was conducted with the standardized major axis 

(SMA) model using the ‘smatr’ package in R (R Development Core Team, 2014). Parameters were ln-

transformed before line fitting as they ranged broadly by 10 order of magnitude. Homogeneity among 

slopes and Y elevations of fitted lines was determined referring to different groups. Elevation 

homogeneity was analysed only when a slope was not heterogeneous.  
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Results 

 
The maximum xylem vessel area (Amax) in leaf midveins covaried markedly and log-linearly with leaf 

length (r2 = 0.59, P < 0.001) across the entire dataset of these six grass and sedge species (Fig. 3.3a; 

Table 3.2). Moreover, when considering different sampling subsets, these scaling relationships were 

maintained. However, their regression slopes diverged among different species, different treatment 

groups and different sampling years (Fig. 3.3b; Table 3.2).  

 

 
 

Fig.3.3. Covariation of the maximum xylem vessel area in leaf midvein (Amax) and leaf length, across the six 

sampled grass and sedge species (a), and for different sampling subsets (b). Black lines represent the regression 

lines of the overall scaling relations. Regression lines for different subsets are shown: red lines for different 

species, green lines for different sampling groups and purple lines for different sampling years; solid lines indicate 

significant relations (P < 0.05) and dotted lines for trends (P < 0.1).  
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Table 3.2. Allometric relationships between maximum xylem vessel area (Amax) in leaf midvein and leaf length. Note. CI confidence intervals; ***, P < 0.001; **, P < 0.05; 

*, P < 0.1; ns, not significant. 

 

Amax ~ leaf length Intercept (95% CI) Slope (95% CI) r2 (P) 

Y ~ X + species Y ~ X + year Y ~ X + groups 

Slope 

homogeneity 

Intercept 

homogeneity 

Slope 

homogeneity 

Intercept 

homogeneity 

Slope 

homogeneity 

Intercept 

homogeneity 

Entire dataset 1.52 (1.04, 2.01) 0.77 (0.66, 0.89) 0.59*** ** -- *** -- *** -- 

Species 

Poa crymophila 3.12 (2.60, 3.65) 0.24 (0.12, 0.50) 0.41* -- -- -- -- -- -- 

Carex vulpina 2.52 (1.37, 3.68) 0.52 (0.32, 0.83) 0.76*** -- -- -- -- -- -- 

Stipa kryloviia 2.92 (1.81, 4.04) 0.40 (0.23, 0.70) 0.66** -- -- -- -- -- -- 

Kobresia humilis 2.36 (1.31, 3.41) 0.53 (0.34, 0.83) 0.57*** -- -- -- -- ns ns 

Elymus nutans 2.11 (0.85, 3.37) 0.71 (0.47, 1.05) 0.37** -- -- -- -- ns * 

Carex moorcroftii 0.21 (-1.67, 2.08) 1.07 (0.71, 1.63) 0.31** -- -- -- -- ns ns 

Year 

2015 2.42 (2.20, 2.64) 0.53 (0.48, 0.59) 0.97*** ns *** -- -- -- -- 

2016 2.08 (1.77, 2.39) 0.59 (0.52, 0.67) 0.96*** ns ** -- -- -- -- 

2013 -1.06 (-3.11, 0.99) 1.44 (1.02, 2.04) 0.22** ns *** -- -- -- -- 

2012 1.20 (-0.65, 3.04) 0.86 (0.55, 1.35) 0.45** ns ns -- -- ns * 

Groups 

Experiment 

treatments 
2.29 (2.10, 2.48) 0.55 (0.51, 0.60) 0.95*** ns *** ns ** -- -- 

Large scale transect 0.34 (-2.12, 2.80) 1.06 (0.61, 1.82) 0.18 ns -- -- -- -- -- -- 

Altitudinal gradient 0.47 (-0.88, 1.82) 1.05 (0.78, 1.42) 0.44*** ** -- ** -- -- -- 

Natural gradients 0.31 (-0.81, 1.44) 1.08 (0.85, 1.38) 0.41*** ns ** * -- ns * 
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For the leaves sampled from the experimental treatments, Amax scaled with leaf length strongly overall 

(r2 = 0.95, P < 0.001) (Fig. 3.4a; Table 3.2). Their log-linear regression slopes were similar between the 

two sampling years but their intercepts changed. Different treatments (control (CK), warming (W), 

increased precipitation (P) and warming plus increased precipitation (WP)) had no impact on the 

scaling relation. A discrepancy was found among these four species referring to this Amax versus leaf 

length covariation, with Poa crymophila generally having low values for both traits irrespective of 

global change treatment. 

 
For leaves growing under ambient conditionsalong the altitudinal gradient and along the large scale 

transect, Amax also had a strong log-linear scaling with leaf length (r2 = 0.41, P < 0.001), and the scaling 

relation was maintained in the altitudinal gradient subset while not in the large scale transect subset 

(Fig. 3.4b; Table 3.2). 

 

 

 

Fig.3.4. Covariation of the maximum xylem vessel area in leaf midvein (Amax) and leaf length across species 

sampled from the site with experimental global change treatments (a) and from the natural gradients (the 

altitudinal gradient and large scale transect) (b). ***, P < 0.001; **, P < 0.05; *, P < 0.1; ns, not significant. 
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Additionally, when only considering different species regardless of other variables, Amax showed 

significant log-linear covariation with leaf length for each given species, but their regression slopes 

varied among different species and departed from the general scaling relation of the entire dataset, 

being smaller than the overall slope in five out of six species (Fig. 3.5; Table 3.2). 

 

 

 
Fig.3.5. Similar scaling of the maximum xylem vessel area in leaf midvein (Amax) relative to leaf length in each 

of all the six sampled grass and sedge species. Sampling altitudes and/or treatment are shown to indicate points 

for easy access. Different panels illustrated different species. Different shapes and colours indicate different 

sampling years and sample groups, respectively. ***, P < 0.001; **, P < 0.05; *, P < 0.1. 

 

Discussion 

 
In this study, we hypothesized that the tip-to-base xylem vessel widening should be fundamental to 

all vascular plants and that, as a consequence, there should be consistent covariation between the 

maximum xylem vessel area (Amax) in the leaf midvein and leaf length, both across and within species 

and both across scales of apace and time. For the first time, we could support this hypothesis for a set 

of herbaceous monocots.  
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The six grass and sedge species in this study were collected from a wide diversity of climatic and 

experimental conditions. Leaves of these different species varied widely in their mean values of xylem 

vessel Amax and leaf length (Table S3.1). These wide ranges have provided us with a good perspective 

to investigate the applicability of scaling relationship between leaf Amax and leaf length and its 

consistency in the face of multiple sources of potential variation in these traits; these sources include 

local to large-scale climatic and edaphic variation, evolutionary constraints on these traits at the 

interspecific and intraspecific level and temporal variation over seasons and years whether or not 

induced by climate change. 

 

Tip-to-base xylem widening in leaf midvein of grasses and sedges 

 
We demonstrated that, in line with much previous evidence for woody species, leaves of grasses and 

sedges also feature a tip-to-base xylem vessel widening architecture (Fig. 3.3a) (Coomes et al., 2008; 

Lechthaler et al., 2019; Petit et al., 2014; Zhong et al., 2019). These findings for herbaceous monocots 

have provided us with new evidence that larger xylem vessels are required when leaves grow larger 

with increasing distance from the midvein to the tip as the hydraulic path length becomes longer. 

Thus, the tip-to-base vessel widening principle must always give rise to the leaf Amax versus leaf length 

scaling relation, even though leaf size of grass and sedge species should be strongly related to spatial 

and temporal variation in climatic conditions, for instance via their effect on epidermal cell stretching 

(Guerin et al., 2012; Hoffmann et al., 2009; Hovenden & Vander Schoor, 2006; Zhong et al., 2018). 

These findings add further support for the view that this allometric relationship is a universal principle 

of plant form and function (Coomes et al., 2008; Shinozaki et al., 1964). 

 
However, within the general scaling of xylem vessels with leaf size, differences were found in the 

scaling slopes among different subsets of the entire dataset, which means that, when considering a 

specific sampling subset, the degree of xylem widening per unit pathway length would change (Fig. 

3.3b). This result was different from those in previous studies on woody species, in which the degree 

of widening varied very little (Gleason et al., 2018). One possible reason for this difference may be 

that, compared to woody species whose maximum leaf Amax appears in the midvein (Sack et al., 2012), 

the maximum leaf Amax of grasses and sedges occurs in other veins that run parallel with the midvein 

due to their parallel major vein system (Evans & Ortega, 2019). More work is needed to develop the 

tip-to-base xylem vessel widening theory for leaves across vascular plant clades and growth forms, 

based on not only woody species but also herbaceous plants including monocots. 
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Variance and convergence of allometric scaling within and across species 

  
While these results of the general scaling relations between leaf Amax and leaf length were consistent 

with previous studies focusing on given woody species (Coomes et al., 2008; Gleason et al., 2018; 

Lechthaler et al., 2019). However,  for each given species, the scaling degree (i.e. regression slope) of 

leaf Amax versus leaf length diverged from the general pattern found across different sampling subsets 

and species, which is in line with the second predicted pattern in our second hypothesis (Fig. 3.2b).  

 
The scaling slopes were mostly lower within than across species. We speculate that this is because 

variation in both leaf Amax and leaf length across species must be large and to a large extent fixed in 

the genes, so that the allometry of these two traits together could reflect the outcome of thousands 

to millions of years of evolution. This may be different for the patterns within species, where variation 

in these traits is smaller so that the phenotypic response of especially leaf size to current year’s 

environmental variation (under ambient conditions or experimental climate change treatments) could 

be relatively large (see above about cell-stretching).  Indeed the mostly smaller scaling slopes of leaf 

length over leaf Amax within species indicated that leaf length varied relatively much more than leaf 

Amax. Further studies should be developed to better our understanding of the interplay of evolutionary 

and environmental factors, at different scales of space and time; that could affect the tip-to-base 

xylem widening, for specific species and across species, especially for the less studied herbaceous 

plants. 

 

Conclusions 

 
This study has plugged an important knowledge gap in the variance and convergence of leaf xylem 

vessel widening between woody species and herbaceous plants including monocots, and between 

intra- and inter- specific patterns within herbaceous monocots. We have demonstrated that, despite 

differences in the morphological and anatomical architecture of the leaf vein (xylem) network, 

temperate woody gymnosperm and dicot species and herbaceous monocots follow a similar tip-to-

base xylem vessel widening principle in the leaf midvein for water transporting optimization, resulting 

in consistent scaling of leaf maximum midvein xylem vessel cross-sectional area and leaf size.  
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Supplementary material 

 

Table S3.1 Sampling and treatment information, leaf maximum xylem conduit area (Amax) and leaf length 

values of six grassland species. 

 

sampling 

year 
site groups treatment species 

Amax 

(μm2) 

Leaf length 

(mm) 

2016 3029CK Experiment treatments  CK Poa crymophila 42.75 16.10 

2016 3029P Experiment treatments  P Poa crymophila 47.65 17.54 

2016 3029WP Experiment treatments  WP Poa crymophila 47.32 23.65 

2016 3029W Experiment treatments  W Poa crymophila 44.78 20.54 

2016 3029CK Experiment treatments  CK Carex vulpina 128.14 96.40 

2016 3029P Experiment treatments  P Carex vulpina 130.02 111.16 

2016 3029WP Experiment treatments  WP Carex vulpina 150.74 111.03 

2016 3029W Experiment treatments  W Carex vulpina 152.54 121.10 

2016 3029CK Experiment treatments  CK Kobresia humilis 133.59 91.70 

2016 3029P Experiment treatments  P Kobresia humilis 105.74 90.44 

2016 3029WP Experiment treatments  WP Kobresia humilis 117.32 104.11 

2016 3029W Experiment treatments  W Kobresia humilis 117.06 94.67 

2016 3029CK Experiment treatments  CK Stipa kryloviia 135.80 149.08 

2016 3029P Experiment treatments  P Stipa kryloviia 123.87 147.70 

2016 3029WP Experiment treatments  WP Stipa kryloviia 152.14 151.61 

2016 3029W Experiment treatments  W Stipa kryloviia 136.32 134.53 

2015 3029CK Experiment treatments  CK Poa crymophila 48.44 14.61 

2015 3029P Experiment treatments  P Poa crymophila 43.74 14.81 

2015 3029WP Experiment treatments  WP Poa crymophila 41.19 11.62 

2015 3029W Experiment treatments  W Poa crymophila 41.88 11.42 

2015 3029CK Experiment treatments  CK Carex vulpina 126.08 81.66 

2015 3029P Experiment treatments  P Carex vulpina 124.27 75.88 

2015 3029WP Experiment treatments  WP Carex vulpina 121.12 81.79 

2015 3029W Experiment treatments  W Carex vulpina 115.48 74.36 

2015 3029CK Experiment treatments  CK Kobresia humilis 101.96 60.55 

2015 3029P Experiment treatments  P Kobresia humilis 100.14 85.01 

2015 3029WP Experiment treatments  WP Kobresia humilis 105.01 80.69 

2015 3029W Experiment treatments  W Kobresia humilis 130.00 83.02 

2015 3029CK Experiment treatments  CK Stipa kryloviia 115.97 83.55 

2015 3029P Experiment treatments  P Stipa kryloviia 118.69 97.72 

2015 3029WP Experiment treatments  WP Stipa kryloviia 122.16 97.47 

2015 3029W Experiment treatments  W Stipa kryloviia 114.59 96.76 

2012 3847 Large scale transect Ambient Kobresia humilis 101.34 77.85 

2012 4416 Large scale transect Ambient Kobresia humilis 88.21 29.12 

2012 4317 Large scale transect Ambient Kobresia humilis 66.10 38.88 
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2012 4231 Large scale transect Ambient Kobresia humilis 75.04 55.27 

2012 3847 Large scale transect Ambient Elymus nutans 135.05 68.67 

2012 4416 Large scale transect Ambient Elymus nutans 124.74 49.73 

2012 4317 Large scale transect Ambient Elymus nutans 159.27 90.31 

2012 4231 Large scale transect Ambient Elymus nutans 85.22 52.60 

2012 4584 Large scale transect Ambient Elymus nutans 170.53 61.47 

2012 3847 Large scale transect Ambient Carex moorcroftii 123.36 97.80 

2012 4416 Large scale transect Ambient Carex moorcroftii 76.05 44.68 

2012 4317 Large scale transect Ambient Carex moorcroftii 59.69 75.57 

2012 4231 Large scale transect Ambient Carex moorcroftii 102.04 52.29 

2012 4584 Large scale transect Ambient Carex moorcroftii 169.63 64.20 

2012 3064 Altitudinal gradient Ambient Elymus nutans 165.35 75.06 

2012 3180 Altitudinal gradient Ambient Elymus nutans 173.55 56.61 

2012 3280 Altitudinal gradient Ambient Elymus nutans 294.63 70.89 

2012 3371 Altitudinal gradient Ambient Elymus nutans 245.46 63.94 

2012 3489 Altitudinal gradient Ambient Elymus nutans 181.97 59.17 

2012 3600 Altitudinal gradient Ambient Elymus nutans 193.51 61.06 

2012 3700 Altitudinal gradient Ambient Elymus nutans 121.14 30.99 

2012 3064 Altitudinal gradient Ambient Carex moorcroftii 57.66 51.67 

2012 3180 Altitudinal gradient Ambient Carex moorcroftii 98.67 55.06 

2012 3280 Altitudinal gradient Ambient Carex moorcroftii 53.64 52.83 

2012 3371 Altitudinal gradient Ambient Carex moorcroftii 78.27 51.61 

2012 3489 Altitudinal gradient Ambient Carex moorcroftii 66.10 23.22 

2012 3600 Altitudinal gradient Ambient Carex moorcroftii 76.41 38.33 

2012 3700 Altitudinal gradient Ambient Carex moorcroftii 53.30 39.72 

2013 3064 Altitudinal gradient Ambient Elymus nutans 214.11 157.13 

2013 3180 Altitudinal gradient Ambient Elymus nutans 175.01 97.15 

2013 3280 Altitudinal gradient Ambient Elymus nutans 215.67 132.03 

2013 3371 Altitudinal gradient Ambient Elymus nutans 272.39 153.67 

2013 3489 Altitudinal gradient Ambient Elymus nutans 207.08 123.35 

2013 3600 Altitudinal gradient Ambient Elymus nutans 251.75 128.44 

2013 3700 Altitudinal gradient Ambient Elymus nutans 162.50 98.06 

2013 3064 Altitudinal gradient Ambient Carex moorcroftii 232.24 152.97 

2013 3180 Altitudinal gradient Ambient Carex moorcroftii 104.23 85.03 

2013 3280 Altitudinal gradient Ambient Carex moorcroftii 99.30 61.72 

2013 3371 Altitudinal gradient Ambient Carex moorcroftii 217.60 53.32 

2013 3489 Altitudinal gradient Ambient Carex moorcroftii 141.71 94.95 

2013 3600 Altitudinal gradient Ambient Carex moorcroftii 129.60 42.82 

2013 3700 Altitudinal gradient Ambient Carex moorcroftii 92.49 66.52 
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Abstract 

 

Xylem conduit diameter (Dmax) of woody angiosperm adults scales with plant size and widens from 

stem apex downwards. We hypothesized that, notwithstanding relative growth rate (RGR), growth 

form or leaf habit, woody seedling conduit Dmax scales linearly with plant size across species; this 

scaling should be applicable to all vegetative organs, with consistent conduit widening from leaf via 

stem to main root and coupling with whole-leaf area and whole-stem xylem area. 

 
To test these hypotheses, organ-specific xylem anatomy traits and size-related traits in laboratory-

grown seedlings were analyzed across 55 woody European species from cool-temperate and 

Mediterranean climates.  

 
As hypothesized, conduit Dmax of each organ showed similar scaling with plant size and consistent 

basipetal widening from leaf mid-vein via stem to main root across species, independently of growth 

form, RGR and leaf habit. We also found strong coordination of Dmax with average leaf area and of 

stem xylem area with whole-plant leaf area. 

 
We conclude that seedlings of ecologically wide-ranging woody species converge in their allometric 

scaling of conduit diameters within and across plant organs. These relationships will contribute to 

modeling of water transport in woody vegetation that accounts for the whole life history from the 

trees’ regeneration phase to adulthood.  
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Introduction 

 

Plants tend to maximize both metabolic capacity and internal resource use efficiency by increasing 

surface areas where resources are exchanged with the environment and decreasing the distances over 

which materials are transported (Sterck & Schieving, 2007; West et al., 1999a). This universal principle 

has shaped the structural and functional design of plants in a specific quarter-power, fractal-like way 

(West et al., 1999a; West et al., 1999b). Consequently, the interplay of physiological and allometric 

relationships within and between plant organs minimizes the energy required for transport and 

acquisition of resources. An important example is the water transport system of vascular plants, 

especially woody plants, in which the cost of long-distance water transport from roots to the most 

distal leaf veins is minimized through the hierarchical architecture and widening of the xylem (Ellmore 

et al., 2006; Enquist, 2003; Enquist, 2002; Savage et al., 2010).  

 
Xylem conduit structure reflects the conductivity for water and is subject to possible trade-offs with 

other functions (e.g. recovery after frost (Hacke et al., 2001; Yin et al., 2018), resistance against 

drought (Olson & Rosell, 2013)). Thus, the diameter of xylem conduits is considered to be of crucial 

adaptive importance for plant stress tolerance and growth performance (Anfodillo et al., 2013). 

Elucidating the causes and consequences of variation in xylem vessels within and among plant species 

has attracted substantial scientific interest (Olson et al., 2014; Salisbury, 1913; Tyree et al., 1994).  

 
At the whole plant level, xylem conduits generally widen axially from leaves to stems to roots 

(Anfodillo et al., 2013). That is, the conduit widening “starts” from the leaves and widens with 

increasing distance to the leaves, which is also the way that the conduit system develops (Sachs & 

Cohen, 1982). Within stems, conduits accordingly widen from the apex down in the direction of the 

roots. This widening is relatively faster close to the apex or leaves and slower further down (Anfodillo 

et al., 2006). Likewise, these conduits widen from inner older rings towards the younger outermost 

rings (Olson et al., 2014), because each new growth ring is associated with a taller plant and a longer 

distance to the corresponding apex and leaves (Rosell et al., 2017; Sterck, 2005). Woody plants thus 

overcome the hydraulic resistance while growing taller while they renovate the xylem transport 

system correspondingly, as observed by the linear scaling between xylem vessel diameter (at least in 

the outermost rings of the stem) and plant size (Olson et al., 2014; Rosell et al., 2017). Thus, plant size, 

at least across mature woody plants, is thought to be by far the main predictor of xylem vessel 

diameter, over climatic conditions or ecological strategies and growth forms (Olson et al., 2014; Olson 

& Rosell, 2013; Rosell et al., 2017).  
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However, the empirical data supporting this argument is heavily biased towards woody plants ranging 

in size from less than 1 m tall sapling to mature shrubs and up to 60 m tall trees, and towards stems. 

Little information exists on the scaling of conduits along the entire pathway from leaves, stem and 

roots (but see Anfodillo et al. (2013)), and even fewer studies on such scaling involve seedlings. This 

knowledge gap is crucial, as an efficient hydraulic architecture of seedlings during the regeneration 

phase must be a prerequisite for survival and growth into adulthood. Seedlings differ from large trees 

because they lack a legacy of previously formed xylem that may be less active in the older sapwood, 

or is even inactive in the dead heartwood (Anfodillo et al., 2006; Hubbard et al., 1999). As selection 

favors constant conductance, woody seedlings predominantly have young and physiologically active 

xylem and relatively narrow xylem vessels. Thus, across wide-ranging woody species, we expect the 

coordination between plant size and xylem vessel diameter to be even tighter among seedlings than 

among adults. Moreover, seedlings allow for quantifying widening of conduits from leaves and apex 

via stem to main roots among a range of species, which is hardly possible for adults (cf. Anfodillo et al. 

(2013)).  

 
The hypothesized tip-to-base widening of xylem vessels across seedlings of diverse woody species has 

likely implications for coordination of other traits between organs. Tissue density, for example, an 

important indicator for plant investment in protection versus growth (Hacke et al., 2001; Hudson, 

2016; Schuldt et al., 2013), may have a connection with conduit widening, since fast growing species 

require more conductive xylem to support higher photosynthetic and transpiration rates than slower 

growing species (Castro-Díez et al., 1998; Petit et al., 2016; Sterck & Zweifel, 2016). Fast-growing 

species build wider xylem conduits at low carbon cost by producing tissues of low density (Castro-Díez 

et al., 2000; Cornelissen et al., 1997; Wahl & Ryser, 2000) and high nitrogen content (Niinemets, 1999; 

Reich et al., 1998). Across a wide range of wood densities, low-density plants (species) have the same 

conduit widening rate while having wider conduits than plants with high densities, for a given height 

(Olson et al., 2018). 

 
We visualize the hypothesized generic tip-to-base widening of xylem vessels and associated traits 

between organs and species for young seedlings in Figure 4.1. During germination, the amount of 

reserves stored in the seed (quantified by seed weight) is the major driver of seedling size (Castro-Díez 

et al., 1998; Cornelissen, 1999). Bigger plants are expected to have bigger leaves (Cornelissen, 1999; 

Reich et al., 2006). In turn, leaf size and distance to leaves or apices (for which stem height is a proxy), 

should act as the major drivers of widening and the observed maximum diameter of xylem conduits 

(Dmax). Additionally, numerous xylem vessels, together with their (partial) sectorality in architecture 

(Zanne et al., 2006), contribute to the entire xylem area. At the whole-plant level, these plants will 
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therefore coordinate their hydraulic conductance towards a presumably optimal ratio of active xylem 

(i.e. sapwood) area to leaf area (Tyree & Ewers, 1991). Empirical evidence for this relationship across 

species is virtually all from larger trees, with little evidence for woody seedlings. 

 
We present here the first study that attempts to link the tip-to-base widening of xylem vessels across 

organs to allometric constraints and explore to what extent these relationships vary or converge 

across a broad range of species. Our unique focus on seedlings, allows testing for such scaling patterns 

over entire plants (from leaves, stems to roots), with much less bias due to dead or less active tissues 

as observed in large trees. The focus on seedlings also allows for testing patterns across a broad range 

of woody species of different relative growth rates (RGRs), leaf habits (deciduous and evergreen) and 

growth forms (trees, shrubs, subshrubs and climbers or scramblers).  

 
Specifically, for better understanding the tip-to-base conduit widening under selection pressure, we 

examined how xylem vessel diameter and xylem area (reflecting the conductive size) scaled with plant 

(stem) height and leaf area (indicating the length of the conductive path) in laboratory-grown 

seedlings of standardized ontogenetic phase among 55 diverse woody species from cool-temperate 

and Mediterranean Europe. Based on the proposed theoretical framework (Fig. 4.1) and previous 

literature based mostly on mature woody plants, we hypothesized that irrespective of interspecific 

differences in relative growth rate (RGR), growth form and leaf habit (deciduous versus evergreen): 

(1) At the whole-plant level, maximum diameter of xylem conduits (Dmax) and/or xylem transversal 

area of any organ should scale linearly to stem height (the entire aboveground water pathway) across 

seedlings of diverse woody species, as selection should favor a constant tip-to-base widening of xylem 

conduits among organs across diverse woody seedlings. (2) At the leaf level, the tip-to-base conduit 

widening should reveal a linear scaling of leaf xylem conduit Dmax to leaf area across seedlings of all 

species. (3) These scaling relationships should be coupled with a similar linear scaling of stem xylem 

area (reflecting total xylem area in all leaves per plant) and total leaf area at the whole-plant level and 

a predictable relation of tissue density between leaf and stem. 
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Fig. 4.1. Conceptual framework of the predictable tip-to-base widening of xylem vessels, both at the whole-

plant level and at leaf level, across seedlings of wide-ranging woody species. The left panel indicates the main 

relationships between traits related to growth, size and anatomy of plants and their vegetative organs (see main 

text for details). The single arrows indicate unidirectional impact, and the double arrows represent interaction. 

The pluses indicate positive and the minuses negative impacts.  The right panel illustrates these relationships by 

contrasting two of the species tested here. Small seeds (e.g. Salix caprea) produce small initial seedlings at the 

beginning, and those seedlings produce low tissue densities but grow relatively fast (i.e. larger RGR) compared 

to seedlings derived from large seeds (e.g. Prunus spinosa). Over a given time period, different plant sizes emerge. 

Seedlings that started from very small seeds may not catch up in size compared to initially large seedlings of a 

large-seeded species, over the time span of three weeks, even if the small-seeded species has high RGR. 

Therefore, fast growers may end up smaller or larger than slow growers after three weeks, depending on the 

relative effects of seed size and growth rate. These plant sizes determine the level of tapering across the plant, 

and in turn the xylem conduit diameters encountered in leaves, stem and roots. Most importantly, size controls 

all, irrespective whether the seedlings started from a small or big seed or whether they grow fast or slowly. RGR 

relative growth rate, Dmax maximum diameter of xylem conduits, SD stem tissue density, LD leaf tissue density. 

 

Materials and Methods 

 
Plant material 

Seeds of 55 woody species, which had been collected from cool-temperate and Mediterranean Europe 

(mostly Great Britain and northeast Spain together with a few common naturalized or ornamental 
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exotic species) were germinated in 1994 and 1995 and the seedlings grown in standard environmental 

conditions at the Unit of Comparative Plant Ecology, Sheffield University (Table S4.1). The seedling 

populations were based on those used by Castro-Díez et al. (2000) to which three gymnosperms from 

the same European area were added in order to broaden the taxonomic and functional spectrum. 

These species (fifty-two eudicot angiosperms and three gymnosperms) belong to different growth 

forms (twenty-one trees, twenty shrubs, eight subshrubs and six climbers or scramblers) and two leaf 

habits (thirty-one deciduous species and twenty-four evergreens). The seedling growth protocol was 

described in Cornelissen et al. (1996). In brief, germinated seeds were transplanted into the 

experimental 300 - or 400 - ml pots (filled with quarried, prewashed silica sand). The plants were 

grown in a standard indoor environment at 20 - 22/15 - 17 °C day/night temperature with a 14/10 h 

light/dark period provided with 135 ± 10 µmol m-2s-1 of photosynthetically active radiation in day-time 

(Hendry & Grime, 1993); this light level was likely well below the light saturation point outdoors of 

most species and was classified as partial shade (Cornelissen et al., 1998), representing a compromise 

halfway along the range from deep shade to very exposed conditions to which woody seedlings get 

exposed in nature.  

 
For each species, the population was equally divided (in terms of size) into two halves for initial and 

final harvest. The ontogenetic phase was standardized across species as follows. Once the seedlings 

had opened the first true leaf or leaf pair, when presumably the plants started or were about to start 

assimilation by true leaves, the first half of the population was harvested to determine the plant dry 

weight (W1). The other half of the population was cultivated for another 21 days in the same standard 

environmental conditions with 0.25ml per sand volume full-strength Rorison nutrient solution (N, P 

and K at 56, 31 and 78 mg l-1, respectively, plus Ca, Mg, Fe and trace elements) and sufficient deionized 

water on alternate days (Hendry & Grime, 1993), then harvested to determine the plant dry weight 

(W2), stem height, leaf area and xylem anatomy.  

 

Data collection 

 
Whole-plant traits  

For each species, 8-30 individuals were selected for detecting the whole-plant traits. After each 

harvest, seedlings were oven-dried for 48 h at 80 °C, and then weighed to determine the plant dry 

weight (W1 at the initial harvest, t1, and W2 at the final harvest, t2, respectively), as well as the separate 

dry weight of leaves, stems and roots per individual. Mean relative growth rate (RGR) was calculated 

as: RGR = (ln W2 - ln W1)/(t2 - t1).  
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At the final harvest, stem height (SH) was measured using a meter ruler. For most species, fresh leaves 

were saturated in wet tissue paper at 5°C overnight, and then a Delta - T Area Meter (Burwell, 

Cambridge, UK) was used to determine total leaf area. For some species with tiny leaves, a 1-mm 

paper grid was used to assess leaf area visually under a dissection microscope  (Cornelissen et al., 

1996). Average leaf size (leaf area, LA) was calculated as the ratio of the total leaf area per individual 

and the number of expanded leaves. Stem height was measured with a ruler as the distance between 

stem base and apex.  

 
Leaf tissue density (LD) was determined as the ratio between specific leaf mass (total leaf mass per 

total leaf area of each species) and leaf thickness (Witkowski & Lamont, 1991). The latter was 

calculated from the cross-sections, avoiding the protruding veins and the lamina borders. Stem tissue 

density (SD) was obtained as stem dry weight per stem volume, where the stem volume was calculated 

by multiplying the transverse section area (at about mid-stem height) by the stem height.  

 

Xylem anatomy  

At the final harvest, three to four seedlings per species were randomly selected, and one fully 

expanded leaf, the stem, as well as the main root were pickled and cut transversely for anatomical 

analysis. The middle part of the leaf (including the midvein) and the stem as well as the close-to-stem 

section of the root were chosen and cut transversely. The selected section could equally reflect the 

entire pathway relative to basal/apical parts of leaves and stem base/tip across; this protocol was 

previously adopted in related studies (Anfodillo et al., 2006; Coomes et al., 2008). For long-term 

storage and re-examination of anatomical material, permanent microscopic slides were made. The 

materials were embedded in 5% agar and progressively dehydrated in 50, 70 and 95% ethanol (2h per 

solution), after which the small blocks of agar were infiltrated for 15 days with resin JB 4 Polysciences. 

After polymerisation of the resin, 2 µm thick cross-sections were obtained with a glass ultra-

microtome, then sections were stained with 5% toluidine blue and permanently mounted onto slides 

with DPX (Castro-Díez et al., 1998).  

 
The cross-sections of leaves, stems and roots were placed under a light microscope Zeiss Axioskop, 

equipped with a camera that transfers the images to a computer with an image analysis software 

(Aequitas IA version 1.25) (Castro-Díez et al., 1998). Xylem area of leaf, stem (excluding the pith) and 

root was circled and measured. The maximum diameter of the xylem conduits of leaf (Leaf Dmax), stem 

(Stem Dmax) and root (Root Dmax) were measured as the average diameter of the ten widest conduits 

of the section (Castro-Díez et al., 1998). 
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Statistical analysis  

 
All analyses were conducted in R (Team, 2014). Standardized major axis (SMA) regressions (Warton et 

al., 2006) were conducted with the ‘smatr’ package to quantify allometric parameters (slopes, 

intercepts and correlation coefficients) of pairwise traits across growth forms and leaf habits, but also 

between and within organs. The ‘smatr’ package used for SMA regressions was also used for testing 

homogeneity among slopes, differences in elevations (Y-intercept) and shifts along axes across 

different growth forms and leaf habits. As the covariance of elevation and location along the line are 

not comparable for lines with different slopes, elevation homogeneity and shifts along axes were 

performed only when slopes were not significantly heterogeneous. All size-related variables (i.e. not 

tissue densities) were ln-transformed before analysis as the values ranged by several orders of 

magnitude. Here we are more interested in relative variation than in variation in absolute values. 

 

Results 

 
We generally found strong linear allometric relationships between (ln-transformed) xylem anatomical 

and (ln-transformed) size-related traits across species. Overall, species converged to the same 

regression lines, irrespective of growth form (tree, shrub, subshrub, climber or scrambler), relative 

growth rate (RGR) or leaf habit (deciduous, evergreen) (Fig. 4.2-4.4; Fig. S4.1; Table 4.1; Table 4.2). 

 

Isometric relationships for xylem conduit diameters were found between Leaf Dmax and Stem Dmax (r2 = 

0.73, P < 0.001) across the 55 different species. A strong correlation was also observed between Leaf 

Dmax and Root Dmax (r2 = 0.81, P < 0.001) as well as between Stem Dmax and Root Dmax (r2 = 0.96, P < 

0.001). Additionally, the slope of each scaling relationship was close to 1 (Fig. 4.2; Table 4.1). 

 

Across the 55 species, both maximum xylem conduit diameter (Dmax) and xylem area covaried with 

stem height, for roots (r2 = 0.68; r2 = 0.57, respectively, P < 0.05), stems (r2 = 0.46; r2 = 0.74, respectively, 

P < 0.001) and leaves (r2 = 0.68, r2 = 0.66, respectively, P < 0.001), respectively, independently of any 

other variable (RGR, growth form or leaf habit) (Fig. 4.3a; Fig. 4.3b; Table 4.2). Additionally, the conduit 

Dmax of roots, stems and leaves were intercorrelated (Fig. 4.2); they showed rather similar scaling to 

stem heights (Fig. 4.3a; Fig. 4.3b; Table 4.2), as hypothesized. When stem height was replaced by plant 

dry weight, the pattern was maintained. For example, the conduit Dmax vs. plant dry weight scaling 

relation was generally strong, for roots (r2 = 0.79, P < 0.05), stems (r2 = 0.63; r2 = 0.457) and leaves (r2 

= 0.85; P < 0.001) (Fig. S4.1; Table 4.2).  
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Table 4.1. Allometric relationships were analyzed statistically using standardized major axis regression (SMA), with additional reference to the contributions of different 

growth forms, leaf habits and relative growth rates (RGRs) to these relationships. Slope homogeneity with 1 is reported for Dmax between organs. CI confidence intervals; 

Dmax maximum xylem conduits diameter; Growth form: T angiosperm tree (T + G gymnosperm tree), S shrub, SS subshrub, C + Sc scrambler or climber; Leaf habit: D deciduous, 

E evergreen. Y/X – RGR regression of Y/X and RGR. ***, P < 0.001; **, P < 0.05; ns, not significant. 

 

Figures Model Intercept (CI=95%) 
Slope (CI=95%; 

Slope.test=1) 
r2 (P) 

Y ~ X + Leaf habit (P)  Y ~ X + Growth form (P)   
Y/X  – 

RGR (P) 
Slope 

homogeneity 

Elevation 

homogeneity 

Slope 

homogeneity 

Elevation 

homogeneity 

Fig. 4.2 

Ln (Stem Dmax) ~ Ln (Leaf Dmax) 0.68 (0.36, 1.00) 0.90 (0.78, 1.04; ns) 0.73*** ns ns ns ns ns 

Ln (Root Dmax) ~ Ln (Leaf Dmax) 0.49 (-0.50, 1.48) 1.03 (0.70, 1.51; ns) 0.81*** – – – – – 

Ln (Root Dmax) ~ Ln (Stem Dmax) -0.08 (-0.65, 0.49) 1.07 (0.89, 1.28; ns) 0.96*** – – – – – 

Fig. 4.4a Ln (Average leaf area) ~ Ln (Leaf Dmax) -6.37 (-7.71, -5.02) 4.66 (4.14, 5.24) 0.82*** ns ns ns ns ns 

Fig. 4.4b 

Ln (Stem xylem area) ~ Ln (Total leaf area) 6.97 (6.42, 7.51) 0.75 (0.67, 0.83) 0.87*** ns ns ** – ns 

Ln (Stem xylem area) ~ Ln (Stem Dmax) 2.02 (0.54, 3.50) 3.43 (2.94, 3.99) 0.70*** ns ns ** – ns 

Ln (Stem Dmax) ~ Ln (Total leaf area) 1.47 (1.24, 1.70) 0.21 (0.18, 0.25) 0.72*** ns ns ns ns ns 

Fig. S4.2 Stem tissue density ~ Leaf tissue density -79.28 (-192.16, 33.59) 1.69 (1.35, 2.12) 0.39*** ** – ns ns ns 
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Fig. 4.2. Covariation between leaf and stem for maximum diameter of xylem (Dmax), across seedlings of 55 

European woody species of wide-ranging growth-form, relative growth rate (RGR) and leaf-habit. Inserts 

indicate covariation between Leaf Dmax and Root Dmax, and between Stem Dmax and Root Dmax. Isometric scaling 

relationships are indicated by lines. Growth forms: T angiosperm tree (T + G  gymnosperm tree), S shrub, SS 

subshrub,  C + Sc scrambler or climber. Regression coefficients of SMA are documented in Table 4.1. 

 

Average leaf area had a strong scaling relation with Leaf Dmax (r2 = 0.82, P < 0.001) irrespective of 

variation in mean RGR, growth form or leaf habit (Fig. 4.4a; Table 4.1). Very strong covariation of total 

leaf area and stem xylem area was found (r2 = 0.87, P < 0.001), indicating rather similar Huber values 

across species (Fig. 4.4b; Table 4.1). In addition, Stem Dmax showed significant correlation with stem 

xylem area and total leaf area (inserts in Fig. 4.4b), which linked the covariation of average leaf area 

and Leaf Dmax to the covariation of total leaf area and stem xylem area.  
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Fig. 4.3. Similar scaling of stem length relative to maximum diameter of xylem (Dmax) (a)  and to  xylem tissue area (b) across seedlings of 55 European woody species, 

referring to different organs (leaf, stem and root),  considering different growth-forms, relative growth rates (RGR) and leaf-habits. Scaling relationships for leaf, stem and 

root are indicated by lines. Growth forms: T angiosperm tree (T + G  gymnosperm tree), S shrub, SS subshrub,  C + Sc scrambler or climber. Regression coefficients of SMA are 

documented in Table 4.2. 
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Fig. 4.4. Covariation of average leaf area vs maximum diameter of xylem of leaf mid-vein (Leaf Dmax) (a) and stem xylem area vs total leaf area (b), across seedlings of 55 

European woody species varying in growth-form, relative growth rate (RGR) and leaf-habit. Inserts represent the relationships of stem xylem area vs maximum diameter of 

xylem of stem (Stem Dmax), and  Stem Dmax vs total leaf area, respectively, for which RGR was not considered. Isometric scaling relationships are indicated by lines. Growth 

forms: T angiosperm tree (T + G  gymnosperm tree), S shrub, SS subshrub,  C + Sc scrambler or climber. Regression coefficients of SMA are documented in Table 4.1. 
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Table 4.2. Regression coefficients, r2 and P values of standardized major axis (SMA) regression analyses of the pairwise relationships within organs as well as plant group. 

95% confidence intervals (CI) are in parentheses. Dmax maximum diameter of xylem conduits; Growth form: T angiosperm tree (T + G  gymnosperm tree), S shrub, SS subshrub,  

C + Sc scrambler or climber; Leaf habit: D deciduous, E evergreen. Y/X – RGR regression of Y/X (ratio of Y values to X values) and RGR. ***, P < 0.001; **, P < 0.05; ns, not 

significant. 

 

 

 
 

Figures Model 

Y ~ X+ organs  (P) 

Organs 
Intercept 

(CI=95%) 
Slope (CI=95%)  r2 (P) 

Y ~ X + Leaf habit (P) Y ~ X + Growth form (P) 
Y/X  – 

RGR ( P ) 
Slope 

homogeneity 

Elevation 

homogeneity 

Slope 

homogeneity 

Elevation 

homogeneity 

Slope 

homogeneity 

Elevation 

homogeneity 

Fig. 4.3a 
Ln Dmax ~ Ln (Stem 

height) 
ns *** 

Leaf 0.76 (0.49, 1.02) 0.47 (0.40, 0.54) 0.68*** ns ns ns ns ns 

Stem 1.28 (0.96, 1.61) 0.44 (0.36, 0.53) 0.46*** ns ns ns ns ns 

Root 1.26 (0.36, 2.17) 0.46 (0.28, 0.75) 0.68** – – – – ns 

Fig. 4.3b 
Ln (Xylem area) ~ 

Ln (Stem height) 
ns *** 

Leaf 3.50 (2.57, 4.43) 1.53 (1.30, 1.80) 0.66*** ns ns ns ns ns 

Stem 6.37 (5.60, 7.15) 1.52 (1.32, 1.75) 0.74*** ns ns ns ns ns 

Root 5.87 (1.80, 9.94) 1.71 (0.93, 3.17) 0.57** – – – – ns 

Fig. S4.1 
Ln Dmax ~ Ln (Plant 

dry weight) 
ns *** 

Leaf 1.55 (1.45, 1.66) 0.22 (0.20, 0.25) 0.85*** ns ns ns ns ns 

Stem 2.03 (1.88, 2.18) 0.21 (0.17, 0.24) 0.63*** ns ns ns ns ns 

Root 2.07 (1.67, 2.47) 0.21 (0.14, 0.31) 0.79** – – – – ns 
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In contrast to these strong patterns amongst Dmax and size-related traits, the relationships between 

anatomical or size-related traits with RGR were weak or even absent. In the entire set of species, mean 

RGR was positively correlated with Stem Dmax (r2 = 0.18, P < 0.05) while not with Leaf Dmax or Root Dmax, 

and negatively correlated with stem tissue density (r2 = 0.15, P < 0.05) and leaf tissue density (r2=0.21, 

P < 0.001) (details not shown). The patterns of RGR and tissue density were in line with the prediction, 

while the correspondence of RGR with Dmax was generally low. Across all 55 species, significant but 

less tight covariation was found between leaf and stem for tissue density (r2 = 0.39, P < 0.001), and the 

regression slopes varied between different leaf habits (albeit weakly owing to major scatter around 

the regression lines), whereas the relationships were independent of mean RGR and growth form (Fig. 

S4.2; Table 4.1). 

 

Discussion  

 
We compared anatomical and size-related traits across seedlings of 55 diverse European woody 

species. Our analyses showed strong convergence across species in the allometric scaling of xylem 

conduit diameter (Dmax) between leaves, stem and roots, in the constant Dmax widening from leaves to 

stem (and to a lesser degree to main roots), and between Dmax and size traits. These key findings have 

linked xylem widening to allometric scaling and to whole-plant allocation, that: conduit widening is 

thought to reflect the effects of natural selection favoring constant conductance per unit leaf area 

with height growth. We discuss these patterns in the light of our hypotheses, and pay particular 

attention to comparing our results with allometric patterns as observed in large trees.  

 

Convergent widening of xylem conduits between organs 

 
In line with our first hypothesis, there is remarkably tight covariation in diameter of xylem conduits 

(Dmax) between organs across seedlings of very diverse woody species in terms of RGR, growth form 

and leaf habit (with scaling slopes close to 1; Fig. 4.2). Similarly, while the scaling relationship of stem 

Dmax and plant size has been widely supported by empirical data for adult trees (Anfodillo et al., 2006; 

Holtta et al., 2013; Olson et al., 2014), we demonstrate an ontogenetic extension to this relationship 

by confirming it for seedlings among wide-ranging woody species. Also, we extend this scaling relation 

to leaves and roots with similar scaling of Dmax (for different organs) to plant size and integrated this 

similar pattern with tip-to-base conduit widening from leaves to stem (and perhaps to main root, 

which is inconclusive due to the smaller number of species represented) (Fig. 4.3a; Fig. S4.1); this has 

not been shown for big trees.  
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While leaf and stem had very similar slope of conduit Dmax against plant size, they showed a consistent 

difference in Y intercept across species (Fig. 4.3a; Fig. S4.1). The bigger Y intercept of stems indicated 

that they consistently had wider conduits than leaves across a wide range in plant size. Thus, our 

results quantify how xylem conduits should scale similarly throughout the entire conductive stream 

to the leaves, and to some extent, to the root, beyond the stem. This finding is consistent with and 

integrates many other studies and reported models of Dmax widening (Anfodillo et al., 2006; Enquist, 

2002; Gleason et al., 2018; Holtta et al., 2013; Olson et al., 2014; Schuldt et al., 2013; West et al., 

1999b).    

 
Furthermore, we found very similar patterns for total cross-sectional xylem area of different organs 

against stem height of these seedlings (Fig. 4.3b), which provides an extension from individual conduit 

connection within organs (i.e. stems) to an entire xylem architecture. This tip-to-base widening of 

xylem tissue area enlightens our understanding of the whole-plant xylem conductance. Across 

different growing stages and individuals of diverse woody species, xylem conduits in each part (organ) 

should develop with a similar conductance-pace rule with plant height, as favored by natural selection 

(Gleason et al., 2018; Olson, 2012). That is, consistent scaling should be maintained, for instance 

between conduit Dmax of each part (organ) and plant size (distance to the apex) (Anfodillo et al., 2006; 

Holtta et al., 2013), between total (living) xylem area of leaves and stems according to pipe-model 

(Shinozaki et al., 1964), and between Leaf Dmax and individual leaf area (Coomes et al., 2008; Gleason 

et al., 2018).  

 

Covariation of xylem anatomy and leaf area 

 
We also found support for our second hypothesis, which predicted strong covariation between Leaf 

Dmax and average leaf area, as well as between stem xylem area and total leaf area, across species 

irrespective of their growth form, leaf habit or RGR (Fig. 4.4). These findings are in agreement with 

previous studies focusing on adult plants (Coomes et al., 2008; Gleason et al., 2018; Petit et al., 2018; 

Waring et al., 1977).  

 
Natural selection endows plants with maximal transversal surface area per unit water volume (as in 

all exchange surfaces such as gills and blood capillaries); plants tend to maximize the number of the 

narrowest conduits in the terminus of the conductive system and ensure a constant conductance as 

the conductive stream grows longer, to retain their maximum photosynthetic productivity (Sack et al., 

2012; West et al., 1999a; West et al., 1999b). The close scaling of Leaf (mid-vein) Dmax with individual 

leaf area (Fig. 4.4a), -both within and across species-, indicates that larger leaves should be developed 
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when conduits become wider with the distance from the apex as the conductive stream grows longer 

(Coomes et al., 2008; Gleason et al., 2018). 

 
Our results provide further evidence for such coordination, with a constant ratio of total stem xylem 

area to leaf area across seedlings of diverse woody species (Fig. 4.4b). As trees grow taller, the cell 

walls of the xylem tissues have to be reinforced to provide the mechanical support with the increased 

conducting area referring to a longer conductive pathway; the total sapwood area increases faster 

than the total area for stem conductance (McDowell et al., 2002). However, stem conducting area 

should scale isometrically with leaf area, which should hold for all woody plants from seedling to 

adulthood across species (Petit et al., 2016; Sterck & Zweifel, 2016). Our findings provided empirical 

evidence for the universal pattern of conducting area with leaf area and filled in a knowledge gap for 

seedlings.  

 
The isometric scaling of conducting size with leaf size, together with the isometric scaling of leaf size 

with plant size (Cornelissen, 1999; Gleason et al., 2018; Reich et al., 2006), enlighten our overall 

understanding of the tip-to-base conduit widening referring to the similar scaling of xylem size of 

different organs with plant size (Fig. 4.3). Across growing stages and individuals, within and across 

species, conduits widen basipetally in a way that maintains the same conductance per unit leaf area 

with plant growth in height; and in each part of the plant, conduit Dmax should scale isometrically to 

the distance to the apex. 

 

Tissue density and other allocation between organs  

 
Importantly, for a full understanding of plant functioning with respect to water and carbon economy, 

the widening of xylem conduits as a function of the length of the water transport pathway, within and 

across species, should also be coupled with other allocation strategies (see above and Introduction, 

Fig. 4.1). Plants are unable to maximize nutrient uptake and nutrient conservation simultaneously, 

probably as a result of tissue density constraints (Ryser, 1996; Ryser & Lambers, 1995). Species with 

lower tissue density can build larger volumes of tissue, and accordingly a larger surface area for 

resource capture, transport and exchange (e.g. larger leaf area, bigger volume of stem and longer root 

system) per unit carbon investment, and consequently attain a faster growth rate (Ryser & 

Aeschlimann, 1999; Wahl & Ryser, 2000). In large trees, denser tissues, through cell wall 

reinforcement, are required for supporting the plant weight and for preventing breakage against 

external forces, e.g. gravity, wind, snow load (Hacke et al., 2001). The risk of cavitation of wide xylem 

vessels during frost or dry periods can be minimized by a combination of thicker cell walls and smaller 
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pit membrane area connecting vessel elements (Hacke et al., 2006). In other words, Dmax modulation 

cannot be separated from overall vessel architecture.  

 
In order to further develop and test the xylem widening theory, comparative studies should extend 

xylem widening, based mostly on stems, to the entire pathway from leaf stomata, via leaf mid-veins 

and via stems, to roots; and combine the scaling among adults of different species with ontogenetic 

development from seedling to adult shrub or tree. 

 

Conclusion 

 
How young shrubs and trees manage internal water transport, as dependent on their xylem anatomy, 

is important for their survival and growth into adulthood. In this respect, our study has filled an 

important knowledge gap in a research field dominated by study of saplings or adult trees. We showed 

that woody seedlings follow similar size-driven variation in hydraulic architecture across 55 species, 

irrespective of growth form, leaf habit or relative growth rate. Their xylem conduits widen basipetally 

from the tip to the base, from leaves, via stems, to roots, in a way that maintains the same 

conductance per unit leaf area with plant growth in height. These patterns are shared across such a 

broad range of species implies that natural selection on the axial distribution of xylem conduits acts 

mainly via uniform biophysical principles of plant functional integrity, and much less via niche 

differentiation and divergent ecological strategies. 
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Supplementary material 

 

 

 
Fig. S4.1 Similar scaling relationship between maximum diameter of xylem (Dmax) and plant dry weight across 

seedlings of 55 woody species, referring to different organs (leaf, stem and root),  considering different 

growth-forms, relative growth rates (RGR) and leaf-habits. The insert represents relationships of RGR and Dmax 

for the different organs. Scaling relationships for leaf, stem and root are indicated by lines. Growth forms: T 

angiosperm tree (T + G  gymnosperm tree), S shrub, SS subshrub,  C + Sc scrambler or climber. Regression 

coefficients of SMA are documented in Table 4.2. 
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Fig. S4.2 Covariation between leaf and stem for tissue density, across seedlings of 55 European woody species 

of wide-ranging growth-form, relative growth rate (RGR) and leaf-habit. Significant scaling relationships for 

deciduous and evergreens are indicated by red and green line, respectively. Growth forms: T angiosperm tree (T 

+ G  gymnosperm tree), S shrub, SS subshrub,  C + Sc scrambler or climber. Regression coefficients of SMA are 

documented in Table 4.1.
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Table S4.1 Growth form, leaf habit and seedling traits of the 55 studied woody species. Growth form: T angiosperm tree (T + G  gymnosperm tree), S shrub, SS subshrub,  C 

+ Sc scrambler or climber; Leaf habit: D deciduous, E evergreen. Seedling features: PDW plant dry weight; SH stem height; RGR relative growth rate (data see Cornelissen et 

al. (1996)); Total leaf are and average leaf area (from the datasets used in Cornelissen et al. (1996) and  Cornelissen et al. (2003), respectively, but not shown there); LD leaf 

tissue density (data see Castro-Díez et al. (2000)); SD stem tissue density; Leaf Dmax, Stem Dmax (data see Castro-Díez et al. (1998) except for Corylus avellana (Stem Dmax = 

25.41 μm)) and Root Dmax average diameter of the 10 widest conduits in leaf, stem and root, respectively; Leaf Xylem, Stem Xylem and Root Xylem total xylem area in leaf, 

stem and root, respectively. 

Species 
Growth 

form 

Leaf 

habit 
PDW2 (mg) SH (mm) 

Total leaf 

area (mm2) 

Average leaf 

area (mm2) 
SD (g/dm3) 

Leaf Dmax 

(μm) 

Root Dmax 

(μm) 

Leaf Xylem 

(μm2) 

Stem Xylem 

(μm2) 

Root Xylem 

(μm2) 

Acer platanoides T D 313.46  89.23  4449 2119  489 12.49   34838 343755  

Aesculus hippocastanum T D 5098.75  245.38  43988 4399  451 24.37   293560 6874015  

Alnus glutinosa T D 15.68  35.28  407 148  117 13.96   7134 188371  

Arbutus unedo T E 18.20  25.50 204 55  349 9.56   3157 31345  

Berberis vulgaris S D 29.39  40.62  354 85  288 8.93   5684 96960  

Betula pendula T D 6.33  11.33  113 50  236 9.01   2738 53181  

Buddleja davidii S D 21.02  6.22  861 149  149 10.72   3137 55563  

Buxus sempervirens S E 17.49  22.11  169 44  209   3684 27728  

Calluna vulgaris SS E 0.37  3.90   1    3.31   301 5206  

Castanea sativa T D 703.73  114.18  8352 2193  387 29.82   114990 951942  

Cornus sanguinea S D 73.38  53.33  1177 311  254 11.33   4650 626847  

Corylus avellana  S D 606.55  142.00  11584 1931  498 18.96   58223   

Cytisus scoparius S E 60.24  66.27  1014 125  315 7.46   2666 174629  

Dryas octopetala SS E 3.03  6.07  41 10  336 6.58   1123 22709  

Empetrum nigrum SS E 1.73  14.88  17 2  310 4.60   378 9699  

Erica cinerea SS E 0.43  5.07  3 1    4.85   591 2766  

Fagus sylvatica T D 373.49  95.68  3389 1694  812 19.21   39645 280394  

Frangula alnus S D 31.73  52.15  501 121  331 9.48   3283 117499  

Hebe x franciscana S E 4.14  6.71  69 22  363 8.03   2547 27081  

Hedera helix C+Sc E 56.39  42.67  442 189  324 11.52   18421 86503  

Helianthemum nummularium SS E 11.43  15.58   17  861 8.62   3940 39081  

Hippophae rhamnoides S D 25.89  55.09  336 50  260 15.41   5895 64016  
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Ilex aquifolium T E 33.34  38.11  96 41  407 10.06  15.18 6906 92510 94098 

Juglans regia T D 2177.00  213.20  21178 8121  408 22.25  46.22 43642 2564331  

Laburnum anagyroides T D 178.05  44.41  2016 584  921 13.74  24.42 7302 176117 170541 

Larix decidua T+G D 14.96  17.92   9  345 8.43    44138  

Ligustrum vulgare S E 74.99  39.07  608 111  323 11.40  15.38 5586 237776 213478 

Lonicera implexa C+Sc E 35.12  30.38  656 137  197 10.43  20.54 4608 99443 128467 

Lonicera periclymenum C+Sc D 16.54  26.56  295 67  187 10.18   3551 73158  

Malus sylvestris T D 198.05  55.85  2685 520  308 13.84   23994 516712  

Picea sitchensis T+G E 9.48  22.57   6  285 7.75    20722  

Pinus sylvestris T+G E 30.44  43.94  200 15  243 10.54    53455  

Prunus laurocerasus S E 162.13  42.00  1806 855  320 14.09  21.24 13868 302786 414734 

Prunus lusitanica S E 84.70  44.25  1272 407  220 11.42   12132 406418  

Prunus spinosa S D 248.23  97.29  4620 543  377 13.19   8692 407299  

Quercus cerris T D 525.88  47.58  4258 1152  761 20.45   88171 212333  

Quercus ilex ilex T E 462.51  45.33  2197 435  650 15.28   63637 316025  

Quercus petraea T D 423.11  71.29  3610 755  495 17.57   59064 430118  

Quercus robur T D 514.53  60.80  3530 693  633 19.01   106646 939504  

Quercus suber T E 506.44  81.04  3076 362  466 16.84   68539 431520  

Rhamnus alaternus S E 29.46  27.91  243 47  358 9.72   5654 63217  

Rhamnus cathartica S D 71.97  62.37  586 160  548 9.47  16.35 4471 172466 117731 

Rhododendron ponticum S E 0.91  3.42   10    4.95   284 16204  

Ribes nigrum S D 78.56  34.44  2422 261  228 13.83   4537 168779  

Rosa arvensis C+Sc D 73.99  57.92  1672 334  263 11.02  20.73 4328 142694 883079 

Rubus fruticosus C+Sc D 101.79  34.32  2335 337  219 16.17   13137 153453  

Salix caprea  T D 14.65  15.67  560 112  168 10.82   5003 114703  

Sambucus nigra  S D 126.46  42.36  2209 525  156 16.52   11100 408946  

Solanum dulcamara C+Sc D 203.80  119.06   599  89 19.62   16659 256711  

Thymus polytrichus SS E 2.73  8.95   3  301 5.71  12.80 1567 40231 26625 

Ulex europaeus  S E 31.77  28.12  293 34  262 7.23   5807 192394  

Ulmus glabra  T D 118.66  90.13  1975 493  720 11.63   6578 131718  

Vaccinium myrtillus  SS D 1.20 6.47 17 3    4.31   1021 11885  

Vaccinium vitis-idaea SS E 1.20  8.17  11 3    5.22   1054 9745  

Viburnum opulus  S D 58.61  35.00  721 412  353 9.72   3639 93487  
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Abstract 

 

Leaf stomatal density is known to covary with leaf vein density. However, the functional underpinning 

of this relation, and how it scales to whole-plant water transport anatomy, is still unresolved.  

 
We hypothesized that the balance of water exchange between the vapour phase (in stomata) and 

liquid phase (in vessels) depends on the consistent scaling between the summed stomatal areas and 

xylem cross-sectional areas, both at the whole-plant and single-leaf level. This predicted size-

covariation should be driven by the covariation of numbers of stomata and terminal vessels.  

 
We examined the relationships of stomatal traits and xylem anatomical traits from the entire plant to 

individual leaves across seedlings of 53 European woody angiosperm species.  

 
There was strong and convergent scaling between total stomatal area and stem xylem area per plant 

and between leaf total stomatal area and midvein xylem area per leaf across all the species, 

irrespective of variation in leaf habit, growth-form or relative growth rate (RGR). Moreover, strong 

scaling was found between stomatal number and terminal vessel number while not in their respective 

average areas. Our findings have broad implications for integrating xylem architecture and stomatal 

distribution, and deepen our understanding of the design rules of plants’ water transport network. 



Xylem-stomata coordination across woody seedlings 

71 

 

Definitions of parameters: 

 

Average stomatal area: mean area of a guard cell pair, i.e. double ellipse 2*a*b*π, where a and b 

are the maximum length and maximum width of the guard cells (μm2).  

Leaf total stomatal area: the sum of all stomatal areas per leaf (μm2) 

Plant total stomatal area: the sum of all stomatal areas per plant (μm2) 

Plant total stomatal number: the sum number of all stomata per plant 

Minor vessel area: mean area of plant terminal vessels (μm2) 

Plant minor vessel number: the sum number of all terminal vessels per plant  

Stem xylem area: cross-sectional area of the entire xylem tissue in stems (μm2) 

Stem xylem conductance area: cross-sectional area of the conducting section in stem xylem (μm2) 

Average leaf area: mean area of single leaves (mm2) 

Total leaf area: the sum of all leaf areas per plant (mm2) 
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Introduction 

 

The xylem system of vascular plants generally features a “tip-to-base” widening with the maximal 

number of the narrowest conduits in the terminal parts; the size of these terminal conduits should not 

vary with plant size (or leaf size) (Lechthaler et al., 2019; Rosell & Olson, 2019; West et al., 1999b). 

With this hierarchical and basipetally widening xylem architecture, the energy cost of long-distance 

water transport is minimized (Anfodillo et al., 2006; Brodribb et al., 2017; Shinozaki et al., 1964; West 

et al., 1999b). Under the negative pressure created by stomatal transpiration, water ascends from the 

soil, progressively through stem and leaf xylem vessels, all the way up to the terminal stomata. 

Covariation of stomatal and xylem traits in leaves is required to maintain a balance in water exchange 

between the liquid (water delivery) and the vapor (water loss) phase (Carins Murphy et al., 2014; 

Zhang et al., 2018).  

 
There is mounting evidence that vein density is proportional to stomatal density in leaves, and this 

pattern is applicable to diverse plants within and across species (Brodribb et al., 2017; Carins Murphy 

et al., 2016; Fiorin et al., 2016). However, the causality of this relationship is difficult to interpret for 

three reasons. Firstly, leaf vein traits have been proposed to be proxies for leaf xylem properties 

(Blonder et al., 2011; Sack et al., 2012). Veins consist of more than xylem (e.g. they also host phloem), 

so simply considering vein density will ignore  xylem vessel number and vessel lumen diameter, which 

have been deemed the predictors of conductive path length and leaf area respectively (Echeverría et 

al., 2019; Rosell & Olson, 2019). We are not aware of any studies linking stomatal traits to xylem traits 

per se (i.e. size covariation of stomata and xylem vessels) (but see Meinzer and Grantz (1990) about 

xylem-stomatal conductance relationships) within and across species. Secondly, stomatal and vein 

densities reflect leaf water relations in terms of a leaf plane, while it is a system of conduits within a 

three-dimensional system, obviously finely tuned by natural selection in a way that directs water 

nearly optimally given carbon costs, conductance, and embolism resistance (Enquist, 2002; West et 

al., 1999b). Thirdly, these vein-stomatal density studies (Brodribb et al., 2017; Carins Murphy et al., 

2014; Sack et al., 2008) use the water balance of single leaves to implicate the whole-plant water 

balance. This approach might be an oversimplification for understanding the entire liquid phase and 

the vapour phase relation, even though leaf area has been proved to predict photosynthetic 

productivity precisely, from the single leaf, to the branch, to the whole-tree, to the forest level (Li et 

al., 2020).  

 
We address this knowledge gap with a laboratory growth experiment that enabled us to obtain xylem 

and stomatal traits both at leaf and whole-plant level. We grew seedlings of 53 diverse woody species 
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from cool-temperate and Mediterranean Europe in a standard growing environment (Cornelissen et 

al., 1996; Zhong et al., 2019).  

 
We examined relations between xylem dimensions (Zhong et al., 2019) and stomatal dimensions of 

these seedlings both at whole-plant level and at leaf level. Specifically, this study presents, for the first 

time, the allometric scaling relationships at two scales: (i) between stem xylem cross-sectional area 

(as well as stem xylem conductance area) and total stomatal area at the whole-plant level, and (ii) 

between leaf midvein xylem area and leaf total stomatal area at single leaf level. We hereby introduce 

uniformity in the analyzed pairwise traits as they are expressed in the same physical units, which helps 

to represent more directly the selection effect on the water flux and enlightens our understanding of 

the whole-plant water balance.  

 
Furthermore, as was proposed by the West-Brown-Enquist (WBE) model, the terminal vessels should 

be ‘invariant’ with plant size (or leaf size) along with plant growth for a given individual (Roddy et al., 

2020; Simonin & Roddy, 2018; West et al., 1999b). We tested the relations between terminal vessel 

traits (i.e. minor vessel number and individual minor vessel area) and plant size (represented by stem 

xylem area and/or total leaf area per plant) across these 53 species, which were grown in a similar 

environment, in order to understand whether the terminal vessels ‘depended’ on plant size across 

diverse species. Additionally, the relations between stomatal traits (i.e. stomatal number and 

individual stomatal area) and leaf size (represented by midvein xylem area and/or average leaf area) 

were tested empirically, in order to link with the large body of studies on the allocation mechanism of 

leaf surface to stomata (Boer et al., 2016; Franks & Farquhar, 2007; Parlange & Waggoner, 1970). 

Additionally, as stomatal allocation at the leaf surface tends to simultaneously minimize water loss 

(e.g. water exchange from the minor vessels to stomata) while maximizing gas exchange to maintain 

a constant photosynthetic productivity per unit leaf area (Boer et al., 2016), we expect that the 

number of stomata should scale linearly with the number of minor vessels (Fig. 5.1).  

 
Based on the expectations above, we test the hypothesis that, despite large interspecific differences 

in leaf-habit, growth-form and relative growth rate (RGR), similar scaling should exist between total 

stomatal area and xylem area across woody seedlings, both at the entire plant and at individual leaf 

level, in a way that ensures the balance between liquid- and vapour-phase water conductance. We 

also expect that the hypothesized scaling of total stomatal area to xylem area should be driven by the 

number covariation of stomatal and minor vessel elements; we also expect a scaling relation between 

mean stomatal area and mean minor vessel area as we presumed the distal element size for a given 

plant to be limited under long-term nature selection. 
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Fig.5.1. Conceptual framework of this research concerning allometric relations of plant hydraulics across 

woody species.  Natural selection acts on heritable variation between individuals within the same species. 

Individuals with vessels that do not widen with height growth, or widen little, will experience continual declines 

in leaf-specific conductance with height growth and therefore declining growth and reproductive output per unit 

leaf area. Individuals with vessels that widen very markedly would have conduits of low resistance, in contrast to 

the high-resistance variants with conduits that are ‘too narrow’, but they would have their own set of 

disadvantages. For example, for a given leaf area and transpirational demand, the wider conduits cost more for 

the same service provided. Each unit of carbon invested in excessively wide vessels is a unit that is not invested 

in further growth or reproduction, and so these variants should be at a selective disadvantage (Banavar et al., 

2014). Moreover, wider vessels are more vulnerable to gas embolisms that obstruct conductance, both from 

freezing ((Sevanto et al., 2012; Zanne et al., 2014) and likely drought as well (Cai & Tyree, 2010; Jacobsen et al., 

2019; Liu et al., 2019). As a result, plants with vessels that are ‘too wide’ would also be at a selective disadvantage 

(Zhong et al., 2019). The variants that should have the largest amounts of surplus carbon to devote to growth 

and reproduction are those in the intermediate zone, in which conduits widen just enough that conductance 

remains constant per unit leaf area, but not so much as to incur excessive carbon costs and embolism 

vulnerability.  

In our previous study, based on the same woody seedling populations, we found that, at the whole-plant level, 

the stem xylem cross-sectional area (Xstem) of stem medium (a) closely scales with stem height (H) and total leaf 

area per plant (LA) as Xstem ∝ H1.52 and Xstem ∝ LA0.75 across all the studied species. For individual leaves, vessel 

diameter (Dleaf) in the medium of leaf midvein (b) closely scales with average leaf area (MLA) as D leaf ∝ MLA0.21 
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(Zhong et al., 2019). In this study, we test the poorly understood xylem-stomata covariation from the size 

perspective  We ask: are there scaling relationships between total stomatal area and xylem cross-sectional area 

across species, at the entire plant and at individual leaf level? Specifically, we zoom in on the terminal part of 

water exchange (from minor vessels to stomata), and ask: does the minor vessel number (which scales with leaf 

area; see (Lechthaler et al., 2019; Rosell & Olson, 2019)) scale with stomatal number per leaf and per plant across 

these woody seedlings? The conceptual picture should deepen our understanding of plants’ water transport 

system and have broad implications for integrating xylem architecture and stomatal distribution. 

 

Materials and Methods 

 

Seedling growth protocol  

 
Seeds of 53 diverse woody species, belonging to different growth-forms (19 trees, 22 shrubs, 6 

subshrubs and 6 climbers or scramblers) and leaf habits (34 deciduous and 19 evergreens), were 

collected from cool-temperate and Mediterranean Europe (Table S5.1). These species are a subset of 

those used by Cornelissen et al. (1996), and the seedling-generating protocol was the same as that 

used in that study, which was conducted in standard environmental conditions at the Unit of 

Comparative Plant Ecology, Sheffield University. In brief, throughout 1994 and 1995, all seeds were 

first germinated and then transplanted into experimental pots that were filled with quarried, 

prewashed silica sand. An environmental condition of 14 h 20 - 22 °C : 10 h 15 - 17 °C  light : dark  was 

provided, with 135 ± 10 µmol m-2 s-1 of photosynthetically active radiation (classified as partial shade, 

see Hendry and Grime (1993)).  

 
The population of each species was evenly divided into two halves for initial and final harvest. After 

the seedlings opened the first true leaf or leaf pair (i.e. at standardized ontogenetic stage), we 

harvested the first half population and determined the total plant dry weight. The second half of the 

population was cultivated for another 21 days within the same standard environment with 0.25 ml 

per sand volume full-strength Rorison nutrient solution (N, P and K at 56, 31 and 78 mg l-1, respectively, 

plus Ca, Mg, Fe and trace elements) and sufficient deionized water on alternate days. The seedlings 

were then harvested, dry-weighed and further treated for anatomy analysis (details see Cornelissen 

et al. (1996)).  

 

Relative growth rate (RGR) and leaf area 

 
Mean relative growth rate (RGR) was derived as: RGR = (loge W2 - loge W1)/(t2  - t1), where W1 and W2 

was the plant dry weight at the first (t1) and second (t2) harvest, respectively. At the final harvest, plant 
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total leaf area was measured after saturation in wet tissue paper at 5°C overnight, with a Delta-T Area 

Meter (Burwell, Cambridge, UK) for most species, while a 1 mm paper grid was used to calculate leaf 

area visually for some species with tiny leaves. Average leaf area was calculated as the ratio of total 

leaf area to leaf number per individual. For each species, 8 - 30 individuals were used for quantifying 

the above parameters (details see Cornelissen et al. (1996); Cornelissen et al. (2003)). 

 

Xylem traits 

 
At the final harvest, three to four seedlings per species were chosen randomly for xylem traits 

measurements. For each individual, one fully expanded leaf as well as the stem was pickled, and the 

middle part of each leaf (including the middle of the midvein) as well as the middle of each stem were 

cut transversely. The materials were embedded in 5% agar and progressively dehydrated in 50, 70 and 

95% ethanol (2h per solution), after which the small blocks of agar were infiltrated for 15 days with 

resin JB 4 Polysciences (Polysciences Inc., Warington, Pa., USA). After polymerisation of the resin, 2 

µm thick cross-sections were obtained with a glass ultra-microtome, then sections were stained with 

5% toluidine blue and permanently mounted onto slides with DPX (dibutyl phthalate in xylene). The 

cross-sections of leaves and stems were studied with a light microscope (Zeiss Axioskop; Carl Zeiss, 

Jena, Germany) on a computer screen with image analysis software (Aequitas IA v. 1.25) (Castro-Díez 

et al., 2000; Castro-Díez et al., 1998).  

 
For stems, stem xylem area and stem xylem conductance area (stem xylem area minus cell wall area) 

were circled and measured. The proportion of cell wall area relative to xylem area in transverse section 

was measured in three to four microscopic fields per slide using Aequita tools (Castro-Díez et al., 

1998). For leaves, leaf midvein xylem area and minor vessel area were circled in light microscope 

images and measured, and the minor vessel area was calculated as the average area of the ten 

smallest vessels of the cross-section of leaves, which were defined as the distal conduits. The plant 

minor vessel number (Nvessel) was theoretically approximated as: Nvessel = A/( π*Rs*Rm), where A is stem 

xylem conductance area, Rs is the radius of the biggest vessel in stem medium, and Rm is the radius of 

the minor vessel in leaves. This calculation was based on the pipe model, which states that the sum of 

all vessel inner diameters at each vein order is equal (Shinozaki et al., 1964). We used the stem (rather 

than leaf) xylem conductance area to calculate Nvessel because it is difficult to gain the leaf xylem 

conductance area in a representative way from entire leaf cross-sections, especially for species that 

have big leaves.   
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Stomatal traits 

 
At the final harvest, one leaf from each of three different seedlings was randomly selected for 

epidermal prints; the representative leaf section at about one third from the apex and one third from 

the midvein was examined. We first brushed acetone onto surfaces of these leaves, and then pressed 

an acetate layer onto them firmly for 30 s and waited for them to dry. Subsequently, we peeled off 

the acetate layer and mounted it onto a slide for stomatal analysis. Stomatal number of each of ten 

randomly selected views (0.12 mm2 at 100 × magnification) was counted and averaged. When prints 

did not have sufficient large undamaged and clear areas, smaller areas (0.01- 0.05 mm2 at 400 × 

magnification) were examined. Stomatal density was determined as the summed number of stomata 

on both upper and lower surface per one-sided leaf area. The stomatal area was defined as the area 

of a guard cell pair, i.e. double ellipse 2*a*b*π, where a and b are the maximum length and maximum 

width of the guard cells of ten randomly selected closed stomata, respectively (Cornelissen et al., 

2003). Leaf total stomatal area was defined as stomatal density multiplied by average leaf area and 

average stomatal area. Correspondingly, plant total stomatal area was defined as stomatal density 

multiplied by plant total leaf area times average stomatal area. Leaf total stomatal number was 

defined as stomatal density multiplied by average leaf area. Similarly, plant total stomatal number was 

defined as stomatal density multiplied by plant total leaf area. 

 

Statistics  

 
Bivariate line-fitting of pair-wise traits across species with contrasting life strategy (i.e. different leaf 

habits, growth-forms and RGRs) was conducted with the standardized major axis (SMA) model using 

the ‘smatr’ package in R (R Development Core Team, 2014) . All data were first ln-transformed before 

line fitting. Homogeneity among slopes and Y elevations of fitted lines were determined referring to 

different groups (leaf habits and growth-forms). Elevation homogeneity, as well as the overall slope 

homogeneity with 1, were analyzed when these individual slopes of ecological groups were 

homogeneous. As the absolute values of stomatal area or xylem area should vary due to different 

measuring methods, we did not compare the elevations of these regression against the one-to-one 

line. The impact of RGR on these scaling relationships was defined by fitting lines of Y/X to RGR. 
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Results 

 

All relations reported below are based on linear SMA regressions on ln-transformed values. We found 

strong similarity in scaling relationships across seedlings of woody species between total stomatal area 

and xylem tissue area from the whole-plant level to single-leaf level. Across the 53 species, plant total 

stomatal area scaled to stem xylem area (slope = 1.29, r2 = 0.81, P < 0.001; Fig. 5.2a), and to stem 

xylem conductance area (slope = 1.22, r2 = 0.77, P < 0.001; Fig. 5.2b); leaf total stomatal area scaled to 

midvein xylem area (slope = 1.30, r2 = 0.79, P < 0.001) (Fig. 5.3). The slopes of the regression lines were 

substantially and significantly larger than 1 (the 95% confidence intervals did not bracket zero, Table 

5.1).  

 

 

 

Fig. 5.2. Size-covariation of stomata and xylem at the whole plant level, across seedlings of 53 European 

woody species varying in leaf-habit, growth-form and relative growth rate (RGR). (a) Convergent scaling of 

plant total stomatal area and stem xylem transect area. (b) Convergent scaling of plant total stomatal area and 

stem xylem conductance area. Lines indicate significant scaling relationships. Growth forms: T tree, S shrub, SS 

subshrub, C + Sc scrambler or climber. Regression coefficients of standardized major axis (SMA) are documented 

in Table 5.1. 
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Table 5.1. Ln – Ln scaling relationships were analyzed with standardized major axis regression (SMA) analyses, with additional reference to the contributions of different 

growth forms, leaf habits and relative growth rates (RGRs) to these relationships. Y-intercept and slopes as well as slope homogeneity with 1 are reported for pairwise 

relationships with significant results. 95% confidence intervals (CI) are in parentheses.  Growth-form: T tree, S shrub, SS subshrub, C + Sc scrambler or climber; Leaf-habit: D 

deciduous, E evergreen. Y/X – RGR SMA regression of Y/X (ratio of Y values to X values) and RGR. ***, P < 0.001; **P < 0.05; ns, not significant. 

 

Model Intercept (95% CI) Slope (95% CI) r2 (P) 

Slope.tes

t= 1 r (P) 

Y ~ X + Leaf habit (P) Y ~ X + Growth form (P) 
Y/X  – 

RGR (P) 
Figures Slope                                        

homogeneity 

Elevation 

homogeneity 

Slope 

homogeneity 

Elevation 

homogeneity 

Plant total stomatal area ~  

   Stem xylem area 
2.52 (0.50, 4.55) 1.29 (1.14, 1.47) 0.81*** 0.51*** ns ns ns ns ns Fig. 5.2a 

Plant total stomatal area ~  

  Stem xylem conductance area 
3.76 (1.70,5.82) 1.22 (1.06, 1.41) 0.77*** 0.39** ns ns ns ns ns Fig. 5.2b 

Leaf total stomatal area ~  

   Midvein xylem area 
4.78 (3.16, 6.39) 1.30 (1.13, 1.49) 0.79*** 0.50*** ns ns ns ns ns Fig. 5.3 

Leaf total stomatal number ~  

   Midvein xylem area 
-1.48 (-3.09, 0.13) 1.32 (1.16, 1.51) 0.79*** 0.53*** ns ns ns ns ns 

Fig. 5.4a 
Leaf total stomatal number ~  

   Average leaf area 
5.38 (5.02, 5.74) 0.97 (0.91, 1.04) 0.94*** -0.12ns ns ns ** – ns 

Stomatal cell area ~  

   Midvein xylem area 
8.08 (7.47, 8.68) -0.22 (-0.30, 0.17) 0.01 ns – – – – – – 

Fig. 5.4b 
Stomatal cell area ~  

   Average leaf area 
6.93 (6.66, 7.20) -0.16 (-0.22,-0.13) 0.006ns – – – – – – 

Plant minor vessel number ~  

 Stem xylem area 
-2.73 (-3.86, -1.61) 0.88 (0.79, 0.98) 0.87*** – ns ** ns ** ** 

Fig. 5.4c 
Plant minor vessel number ~  

   Total leaf area 
3.17  (2.24, 4.10) 0.69 (0.57, 0.83) 0.62*** – ns ** ns ns ** 

Minor vessel area ~   

   Stem xylem area 
4.91 (4.08, 5.74) -0.23 (-0.31, -0.17) 0.003ns – – – – – – 

Fig. 5.4d 
Minor vessel area ~   

   Total leaf area 
3.46 (3.04, 3.88) -0.19 (-0.25, -0.14) 0.01ns – – – – – – 

Plant total stomatal number ~   

   Plant minor vessel number 
0.19 (-2.10, 2.47) 1.51 (1.25, 1.82) 0.62*** – ns ns ns – ns Fig. 5.5a 

Stomatal cell area ~   

   Minor vessel area 
3.48 (2.71, 4.24) 1.22 (0.91, 1.62) 0.05ns – – – – – – Fig. 5.5b 
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Fig. 5.3. Convergent scaling of leaf total stomatal area and midvein xylem transect area, across seedlings of 

53 European woody species varying in leaf-habit, growth-form and relative growth rate (RGR). The line 

indicates significant scaling relationship. Growth forms: T tree, S shrub, SS subshrub, C+Sc scrambler or climber. 

Regression coefficients of standardized major axis (SMA) are documented in Table 5.1. 

 

Moreover, leaf total stomatal number had a strong scaling relation with leaf midvein xylem area (slope 

= 1.32, r2 = 0.79, P < 0.001) as well as average leaf area (slope = 0.97, r2 = 0.97, P < 0.001) (Fig. 5.4a). 

For the former, the slope of the regression line was significantly larger than 1 (the 95% confidence 

intervals did not bracket zero), while slope of the latter was convergent to 1 (Table 5.1). In contrast, 

average stomatal area was independent of leaf midvein xylem area (r2 = 0.01, P > 0.05) or average leaf 

area (r2 < 0.01, P > 0.05) (Fig. 5.4b; Table 5.1). Similarly, plant minor vessel number scaled with stem 

xylem area (slope = 0.88, r2 = 0.88, P < 0.001) and total leaf area (slope = 0.69, r2 = 0.62, P < 0.001; Fig. 

5.4c) (Table 5.1). Average minor vessel area was independent of stem xylem area (r2 < 0.01, P > 0.05) 

or total leaf area (r2 < 0.01, P > 0.05) (Fig. 5.4d; Table 5.1). 
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Fig. 5.4. (a) Covariation of leaf 

total stomatal number and 

midvein xylem area (or average 

leaf area, insert). (b) 

Relationship between average 

stomatal area and midvein 

xylem area (or average leaf 

area, insert). (c) Covariation of 

plant total stomatal number 

and stem xylem area (or total 

leaf area, insert). (d) 

Relationship between minor 

vessel area and stem xylem 

area (or total leaf area, insert). 

Lines indicate significant scaling 

relationships. Growth forms: T 

tree, S shrub, SS subshrub, C + Sc 

scrambler or climber. 

Regression coefficients of 

standardized major axis (SMA) 

are documented in Table 5.1. 
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Furthermore, plant total stomatal number strongly scaled with plant minor vessel number (slope = 

1.51, r2 = 0.62, P < 0.001; Fig. 5.5a); while the average area of stomata and minor vessels did not show 

any relation with each other (r2 = 0.05, P > 0.05; Fig. 5.5b) (Table 5.1). 

 

 

 

Fig. 5.5. (a) Covariation of plant total stomatal number and plant minor vessel number. (b) Relation between 

average stomatal area and average minor vessel area. The line indicates significant scaling relationship. Growth 

forms: T tree, S shrub, SS subshrub, C + Sc scrambler or climber. Regression coefficients of standardized major 

axis (SMA) are documented in Table 5.1. 

 

Discussion 

  
Woody seedlings are a convenient life stage to acquire water conductance  parameters at the whole-

plant level because of their size advantage, even though patterns of seedlings may could not 

completely reflect the water relation in adult woody plants. Nevertheless, how woody seedlings 

regulate water relations, in terms of the xylem-stomatal covariation, is important for their survival and 

growth into adulthood. Based on an anatomical analysis across ontogenetically comparable seedlings 

of 53 diverse woody species (Table S5.1), we have presented here key new findings on xylem-stomata 

coordination from a previously neglected aspect: we started from the water balance between the 

liquid (water delivery) and vapor (water loss) phase at the whole-plant level by scaling plant total 

stomatal area to stem xylem (conductance) cross-sectional area (Fig. 5.2; Table 5.1). This area-scaling 
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pattern was driven by the covariation of stomata numbers and minor vessel numbers per plant (Fig. 

5.5a; Table 5.1). We then zoomed in on the water exchange in individual leaves by showing the 

coordination of leaf total stomatal area and midvein xylem area (Fig. 5.3; Table 5.1). We also found 

that plant size (or leaf size) scales with stomatal (or minor vessel) number, while it does not scale with 

individual stomatal (or minor vessel) area (Fig. 5.4; Table 5.1), which has an important implication for 

our understanding of the design of xylem structure and stomatal distribution.  

 

Convergent size coordination of stomata and xylem from whole-plant level to single-leaf level 

 
The convergent size coordination of stomata and xylem in the case of entire plants and individual 

leaves implies that individual leaves have a tight control over the whole-plant water conductance (Fig. 

5.2; Fig. 5.3; Table 5.1). Previously we showed, based on the same seedling populations, that the xylem 

vessels widen basipetally from the tip to the base for both single leaf (midvein) and the whole plant 

(stem) and that the remarkably tight covariation in vessel diameter between different organs 

(especially between leaf and stem) (Zhong et al., 2019). When we now combine all three findings, we 

can conclude that natural selection has led to rather tight regulation of water-related architecture 

featuring similar size-driven variation across seedlings of diverse woody species, both for  single leaves 

and  entire plant individuals. Their xylem vessels widen basipetally from the tip to the base, from 

leaves to the entire individuals, in a way that maintains a constant leaf-specific conductance (Sterck & 

Zweifel, 2016; Zhong et al., 2019) and a constant xylem-stomatal size scaling. Using hydraulic 

properties of single leaves to predict the entire plant water transport is an alternative choice, as 

numerous studies have done (Brodribb et al., 2017; Carins Murphy et al., 2014; Meinzer, 2002), 

especially when the conductance-related parameters of entire plants are difficult to acquire, for 

example in adult trees. Specifically, knowing leaf size (i.e. leaf area) is of the utmost importance, not 

only to predict photosynthetic productivity precisely (Li et al., 2020), but also to understand plant 

water transport (Echeverría et al., 2019), from the single leaf, to the branch, to the whole-tree, and 

even to the forest level.  

 
The slopes of the ln-scaling regression lines between stomatal and xylem traits are notably larger than 

the slope of 1 (Fig. 5.2; Fig. 5.3; Table 5.1), which means that stomata do not scale linearly to xylem 

but exponentially. In actual fact, it should be the stem xylem conductance area, rather than stem 

xylem area, that scales with the total stomatal area, while we gave the pattern for both in order to 

enable comparison with a previous study which used the same seedling population (Zhong et al., 

2019). In that study, the total leaf area (LA) scaled with stem xylem area (Xstem) at mid stem height as 

LA ∝ Xstem
 1.25 (Zhong et al., 2019). Together with isometric scaling of leaf area and total stomatal area, 
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we could elicit that total stomatal area should scale with Xstem with an exponent approximating 1.25. 

Our finding in the current paper (exponents 1.29 and 1.30 for entire plants and individual leaves 

respectively) is in line with this theoretical prediction. When considering the total water path length 

(e.g. by sampling the anatomical cross-section at the stem base),  our results are in line with our 

prediction that there should be isometric scaling both between total leaf area and xylem conductance 

area and between total stomatal conductance area and xylem conductance area (Echeverría et al., 

2019; Fiorin et al., 2016; Lechthaler et al., 2019; Meinzer & Grantz, 1990). Further studies are needed 

to integrate the relations between leaf area, stomatal area and xylem conductance area from the 

perspective of the (3-dimensional) water transport system from single-leaf level to whole-plant level. 

Ideally, such studies should be carried out also on adult woody plants and across different biomes. 

 

Number coordination of stomata and minor vessels and its implication  

 
We also found strong covariation between terminal xylem vessel number and stomatal number per 

plant (Fig. 5.5a; Table 5.1). That is: in order to ensure the balance between liquid- and vapour-phase 

water conductance, convergent scaling exists between total stomatal area and xylem area, both at 

the entire plant and at individual leaf level; and this area-scaling pattern was driven by the covariation 

of stomata numbers and minor vessel numbers per plant. 

 
These findings provide empirical support for, as well as a better functional understanding of the xylem 

structure models and have broad implications for integrating xylem widening (Anfodillo et al., 2006; 

Olson et al., 2014; Zhong et al., 2019) and stomatal distribution; these linkages are illustrated in Fig. 

5.1. Further studies on plant water relations should incorporate the transport mechanism of water 

from the minor vein xylem vessels to stomata with xylem architecture.   

 

Conclusion  

 
Woody seedlings across ecologically and morphologically wide-ranging species modulate the balance 

between the vapor (water loss) and liquid (water delivery) phase, via a convergent allometric 

covariation of xylem area and total stomatal area from entire individuals to individual leaves. Having 

a sufficient number of stomata relative to the minor vein xylem number is imperative for ensuring the 

force (generated by evaporation through stomata) of water delivery (through xylem vessels). The 

whole-leaf and whole-plant allometric relationships related to water transport and export in this study 

deepen our understanding of the vascular structure models and has broad implications for integrating 

xylem architecture and stomatal distribution across species. 
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Supplementary material 

 

Table S5.1. Growth-form, Leaf-habit and seedling traits of the 53 studied woody species. Growth-form: T tree, S shrub, SS subshrub, C + Sc scrambler or climber; Leaf-habit: 

D deciduous, E evergreen. RGR relative growth rate (dataset could be found in Cornelissen et al. (1996)). Majority part of these datasets -Stem xylem area, Leaf (midvein) 

xylem area, Total leaf area and Average leaf area- could be found in Zhong et al. (2019). The dataset of average stomatal area could be found in (Cornelissen et al., 2003). 

The entire dataset of this research was provided here for easy access. 

 

Species 
Growth 

form 

Leaf 

habit 
RGR 

Plant total 

stomatal 

area (μm2) 

Leaf total 

stomatal 

area (μm2) 

Leaf total 

stomatal 

number 

Average 

stomatal 

area 

(μm2) 

Stem 

xylem 

area 

(μm2) 

Xylem 

conducta

nce area 

(μm2) 

Area of 

pith and 

xylem 

(μm2) 

Leaf 

midvein 

xylem 

area 

(μm2) 

Minor 

vessel 

area 

(μm2) 

Total 

leaf 

area 

(mm2) 

Averag

e leaf 

area 

(mm2) 

Acer platanoides T D 0.0755 223804929 106603260 468138 228 343755 162768 608518 34838 11.26 4449 2119 

Acer pseudoplatanus T D 0.0808 186377155 89310035 232903 383 1075797 680388 1583328  11.50 3093 1482 

Aesculus hippocastanum T D 0.0935 2537142026 253714203 929899 273 6874015 4529976 9193399 293560 18.97 43988 4399 

Alnus glutinosa T D 0.1106 23416451 8519951 13635 625 188371 130840 233561 7134 10.91 407 148 

Arbutus unedo T E 0.0919 14208189 3830456 7225 530 31345 16743 50214 3157 17.95 204 55 

Berberis vulgaris S D 0.0844 21345164 5157241 9532 541 96960 39624 111200 5684 14.38 354 85 

Betula pendula T D 0.1280 8928559 3989847 4665 855 53181 37014 73516 2738 12.80 113 50 

Buddleja davidii S D 0.2000 66779051 11589874 20622 562 55563 38530 55563 3137 9.06 861 149 

Buxus sempervirens S E 0.0579 14440719 3759371 5187 725 27728 12212 61670 3684 14.88 169 44 

Calluna vulgaris SS E 0.0541  82431 192 428 5206 3202 7772 301   1 

Castanea sativa T D 0.0746 659912449 173246507 366410 473 951942 518570 1656078 114990 6.70 8352 2193 

Cornus sanguinea S D 0.1028 56448859 14903255 40747 366 159184 100657 339080 4650 7.21 1177 311 

Corylus avellana S D 0.1309 597659121 99609853 196083 508 626847 388287 966692 58223 7.68 11584 1931 

Crataegus monogyna S D 0.1059 59703754 11651733 20795 560 226117 114415 274205  7.49 1306 255 

Cytisus scoparius S E 0.0918 41138286 5072802 25123 202 174629 92112 200734 2666 7.09 1014 125 

Empetrum nigrum SS E 0.0587 2220093 261786 595 440 9699 5593 11316 378 NA 17 2 

Fagus sylvatica T D 0.0412 304853187 152426594 375785 406 280394 154667 504596 39645 5.87 3389 1694 

Frangula alnus S D 0.1164 38324802 9223801 26465 349 117499 60241 151168 3283 8.26 501 121 

Fraxinus excelsior S E 0.1017 147861778 36789017 90052 409 536288 297372 725489  7.92 3971 988 
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Hebe x franciscana C+Sc E 0.1025 12333030 3866248 10173 380 27081 16023 27458 2547 9.71 69 22 

Hedera helix C+Sc E 0.0257 68535534 29306295 56902 515 86503 54324 448444 18421 11.33 442 189 

Helianthemum nummularium SS E 0.1129  2941751 5383 546 39081 15315 41735 3940 8.39  17 

Hippophae rhamnoides S D 0.0744 37317548 5519993 14444 382 64016 39092 103614 5895 8.43 336 50 

Ilex aquifolium T E 0.0137 17026164 7218047 11564 624 92510 92510 158392 6906 7.17 96 41 

Juglans regia T D 0.0643 2186734626 838486789 1765820 475 2564331 2564331 4560167 43642 6.73 21178 8121 

Laburnum anagyroides T D 0.0824 62620395 18136573 62059 292 176117 176117 233633 7302 11.31 2016 584 

Ligustrum vulgare S E 0.0720 92734988 16910829 30565 553 237776 237776 392594 5586 8.18 608 111  

Lonicera periclymenum C+Sc D 0.0773 27182339 6170674 10937 564 73158 46415 135901 3551 10.59 295 67 

Malus sylvestris T D 0.1087 181004476 35085012 98027 358 516712 516712 740829 23994 7.81 2685 520 

Prunus laurocerasus S E 0.0794 156932580 74277221 97945 758 302786 302786 525462 13868 7.81 1806 855 

Prunus lusitanica S E 0.1001 113721032 36432187 64014 569 406418 406418 553295 12132 7.93 1272 407 

Prunus spinosa S D 0.1416 345051252 40525534 110922 365 407299 251252 586183 8692 8.43 4620 543 

Quercus cerris T D 0.0645 794869756 215056379 592037 363 212333 212333 575335 88171 6.55 4258 1152 

Quercus ilex ilex T E 0.0630 419506213 83111179 184718 450 316025 316025 661817 63637 8.33 2197 435 

Quercus petraea T D 0.0615 320599019 67059123 198294 338 430118 430118 883565 59064 7.57 3610 755 

Quercus robur T D 0.0472 446422644 87661045 244593 358 939504 939504 1331529 106646 5.96 3530 693 

Rhamnus alaternus S E 0.0540 23379549 4553052 15014 303 63217 27894 80579 5654 7.44 243 47  

Rhamnus cathartica S D 0.0720 56354993 15417573 50842 303 172466 172466 198844 4471 6.27 586 160 

Rhododendron ponticum S E 0.0570  1111068 2457 452 16204 16204 16204 284 7.78  10 

Ribes nigrum S D 0.1761 223802657 24133735 48511 497 168779 168779 696245 4537 8.48 2422 261 

Ribes uva-crispa S D 0.1207 48489246 10525089 17938 587 207779 207779 221794  7.99 992 215 

Rosa arvensis C+Sc D 0.1439 65827185 13143722 40272 326 142694 86488 420379 4328 6.27 1672 334 

Rubus fruticosus C+Sc D 0.1778 127053969 18354321 47090 390 153453 110145 1291860 13137 9.18 2335 337 

Salix caprea T D 0.1913 24352804 4847936 20860 232 114703 114703 154515 5003 5.87 560 112 

Sambucus nigra S D 0.1393 181928719 43208882 39266 1100 408946 408946 439252 11100 10.05 2209 525 

Solanum dulcamara C+Sc D 0.2271  47749004 153250 312 256711 172567 3365439 16659 8.16  599 

Sorbus aucuparia T D 0.1167 36145255 10221650 19561 523 80505 80505 112098   696 197 

Thymus polytrichus SS E 0.1308  369414 922 401 40231 40231 43291 1567   3 

Ulex europaeus S E 0.0781 32604769 3818019 7178 532 192394 192394 281497 5807 7.36 293 34 

Ulmus glabra T D 0.1200 240512411 60001258 118453 507 131718 131718 164973 6578 5.08 1975 493 

Vaccinium myrtillus SS D 0.0524 1102862 277584 805 345 11885 11885 11885 1021  11 3 

Vaccinium vitis-idaea SS E 0.0492 801863 201557 558 361 9745 9745 9956 1054 6.65 11 3 

Viburnum opulus S D 0.0767 66860566 38275083 62941 608 93487 50483 141495 3639 9.62 721 412 
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In this thesis, I linked the variation of plant vessel traits, within and across species from diverse 

environments, to allometric rules of plant vascular anatomy, and explored to what extent these scaling 

relationships vary or converge across a broad range of species, larger evolutionary groups and 

environments. These findings are important because the traits involved in these allometric relations, 

like xylem vessel diameters or transverse areas, stomatal area per leaf or plant leaf size, while tuned 

to the overall long-term moisture regimes in different ecosystems, cannot be altered rapidly in 

response to environmental fluctuation. Therefore, in a changing world where drought periods are 

becoming more frequent in many regions (IPCC, 2013; Piao et al., 2010; Seddon et al., 2016), these 

allometric relations set limits to the flexibility of plants to respond to low water availability. They have 

to rely on other water management traits, for instance stomatal (opening-closure) behaviour, to 

respond to changing water availability on short time scales of hours, days or weeks. 

 

Leaf vascular structure of vascular plants  

 
Leaves are the terminal parts of the water transport path in vascular plants and are important 

hydraulic components, which are thought to contribute at least 30 percent to the hydraulic resistance 

(Coomes et al., 2007; Sack et al., 2003). The morphological and anatomical structure of leaf vascular 

bundles greatly affects the water management of entire plants and thereby determines their water 

relations. Different vascular patterns are found in leaves of dicots and monocots (Fig. 6.1) (see also 

Dengler and Kang (2001); Nelson and Dengler (1997)).  

 
Dicot plants generally feature a sectorial, reticulate, hierarchically branching leaf vasculature: the 

midvein (the 1st order vein) is a continuation of the stem vascular system and goes from the base of 

the lamina all the way up to the leaf apex; the secondary (2nd order) veins branch from the midvein; 

and similarly, the tertiary (3rd order) veins branch from the secondary veins; this branching can go up 

to a maximum of six or more orders of veins (Gleason et al., 2018; Hickey, 1973; Sack et al., 2012). 

Simultaneously, with the branching of smaller veins from the larger ones, the vessel diameter 

decreases, and the sum of all inner diameters at each vein order is equal; that is, the total conductive 

area increases from the midvein to the secondary veins, and similarly, all the way up to the higher vein 

orders (Gleason et al., 2018; McCulloh et al., 2003; McCulloh et al., 2009; Petit et al., 2014). With this 

hierarchical vascular system, the water is transported from the midvein via the small xylem vessels to 

the terminal stomata, and in turn, the photosynthetic product is collected by the small phloem vessels, 

via the midveins, to the entire plant. 
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For monocots (e.g. grasses and sedges), the major vascular bundles of leaves are parallel, together 

with a hierarchical order among various longitudinal veins and numerous transverse veins linking the 

adjacent longitudinal veins (Altus & Canny, 1982; Altus & Canny, 1985; Lush, 1976). The midvein runs 

from the stem vascular bundle and extends through the leaf base to the tip with large lateral veins 

distributed on both sides. The intermediate longitudinal veins occur between adjacent lateral veins, 

and small longitudinal veins occur between them. Veins of each hierarchy decrease in size distally, and 

both the large and small veins become smaller and merge together gradually to the leaf apex (Nelson 

& Dengler, 1997). The water goes through the midvein through the transverse veins to the adjacent 

large longitudinal veins, all the way to the smallest vessels and leaks to the surrounding mesophyll and 

stomata. In the opposite direction, there is transverse transport of the photosynthates, which are 

collected by small longitudinal veins, via large longitudinal veins, to the entire plants (Altus & Canny, 

1982; Evans & Ortega, 2019).  
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Fig. 6.1 Vascular patterns and vascular anatomy in dicot and monocot leaves. (a) and (b) represent leaf vascular 

patterns in dicot (represented by Arabidopsis) and monocot (represented by maize) species (from Nelson and 

Dengler (1997)). (c) to (h) show leaf vascular anatomy of dicot (represented by Juglans regia) and monocot 

species (represented by Kobresia humilis) (from our empirical records); (c) to (f) Juglans regia, (g) and (h) Kobresia 

humilis. 1 midvein, 2 secondary veins, 3 tertiary minor veins, 4 quaternary minor veins, IV intramarginal vein, and 

V freely ending veinlets. MV midvein, L large longitudinal veins, I intermediate longitudinal veins, S small 

longitudinal veins, and T transverse veins. Vmax widest xylem vessel and Vmin narrowest xylem vessels. Bar = 50 

μm. 
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Plant vascular anatomy shift linked to environmental and evolutionary conditions 

 

Macroclimate and other environmental factors are driving plastic and adaptive shifts within and across 

species (Guerin et al., 2012; Olson et al., 2014). Plant vascular anatomy has been demonstrated to 

have links with overall climate and climatic variations via phenotypic responses to environment and 

adaptations of evolutionary groups (Gratani et al., 2014; Olson & Rosell, 2013). For example in Chapter 

2 and Chapter 3, I found that the patterns of xylem transect area and xylem vessel diameter variation 

were linked with altitude (and its covariate longitude), and diverged between species, and between 

leaves and stems and sampling periods and the extent of the altitudinal gradient sampled.  

 
These findings indicate that further studies are needed to further clarify the variation of plant vascular 

anatomy among environments and evolutionary groups, as a limited study, with a relatively short 

altitudinal gradient, limitations of species numbers, plant organs sampled, sampling periods or climate 

gradients chosen, is not enough to reveal general relationships within and across species and traits. 

Whether the geographic (e.g. altitudinal) gradient is short or extensive, the critical factor for 

understanding vascular trait responses to the environment is to not simply characterize the 

relationships with macroclimatic variables alone, but also with local scale soil and microclimatic drivers 

that may vary e.g. with topography, geological parent material, disturbances and biotic factors (e.g. 

herbivory, light competition). However, in strong contrast to the variation of individual traits, the 

allometric relationships of plant vascular traits are largely conservative, independently of a wide range 

of environmental factors and evolutionary divergence (Chapters 3, 4, 5 Anfodillo et al. (2016)).   

 

Allometric relationships of plant vascular anatomy are conservative 

 

Each plant vascular system tends to increase surface areas where resources are exchanged with the 

environment and decreasing the distances over which materials are transported, to maximize both 

metabolic capacity and internal resource use efficiency (Reich et al., 2006; Sterck & Schieving, 2007; 

West et al., 1999a). This natural selective force has modulated the structural and functional design of 

plants in a specific quarter-power, fractal-like way (West et al., 1999a; West et al., 1999b), with many 

plant traits covarying with one another (Anfodillo et al., 2016). For a vascular plant, this universal 

principle manifests itself by promoting minimized cost of long-distance water transport from roots to 

the most distal leaf veins through the hierarchical architecture and widening of the xylem (Ellmore et 

al., 2006; Enquist, 2003; Savage et al., 2010).  
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Tip-to-base xylem vessel widening 

 
Vascular plants generally feature a “tip-to-base” widening xylem system, with the maximal number of 

the narrowest conduits in the terminal parts; the cross-sectional dimensions of these terminal 

conduits should not vary with plant size (or leaf size) (Savage et al., 2010; West et al., 1999b). At the 

whole plant level, xylem vessel widening ‘starts’ from the leaves and widens from leaves via stems to 

roots, with increasing distance to the terminal part of water transport (Anfodillo et al., 2013), in a way 

that maintains the same conductance per unit leaf area (Sterck & Zweifel, 2016). The widening is 

relatively faster close to the apex or leaves and slower further down (Anfodillo et al., 2006). Likewise, 

as each new growth ring is associated with a taller plant and a longer distance to the transport terminal 

(Rosell et al., 2017; Sterck & Turnbull, 2009), this widening could also be found from inner older rings 

towards the younger outermost rings (Olson et al., 2014). Woody plants thus overcome the hydraulic 

resistance while growing taller while they renovate the xylem transport system correspondingly, due 

to the linear scaling between xylem vessel diameter and plant size (Olson et al., 2014; Rosell et al., 

2017). Thus, plant size is thought to be the main predictor of xylem vessel diameter, over 

environmental conditions or evolutionary groups (Olson et al., 2014; Olson & Rosell, 2013; Rosell et 

al., 2017). That is, the xylem vessel diameter (Dmax) should allometrically scale with plant size (stem 

height) or leaf size (i.e. water path length, L), following a quarter power law (Anfodillo et al., 2006; 

Savage et al., 2010; West et al., 1999b): Dmax = aLb, where a is the conduit diameter at the terminal 

part of water transport, and the exponent b is the degree of widening. 

 
However, the empirical evidence and quantification for this widening pattern is heavily biased towards 

woody plants ranging in size from less than 1m tall sapling to mature shrubs and up to 60 m tall trees, 

and mainly towards stems. Little information exists on the scaling of vessels along the entire pathway 

from leaves, stem and roots, and even fewer studies on such scaling involve smaller plants. I, 

therefore, tested to what extent tip-to-base xylem vessel widening varies or converges within and 

across woody seedlings, grasses and sedges across a broad range of macroclimates and dynamic 

climatic conditions. 

 
I found that xylem conduit diameter (Dmax) of any organ scales isometrically with plant size across 

diverse woody seedlings irrespective of variation in evolutionary groups. And the scaling relationships 

is coupled with consistent conduit widening from leaf via stem to main root together with size 

covariation of leaf lamina and leaf xylem, notwithstanding large differences in relative growth rate 

(RGR), growth form or leaf habit among species. That is, woody seedling conduit Dmax scales linearly 

with plant size across species; and this scaling could be applicable to all vegetative organs, with 
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consistent coupling of the top-down conduit widening with whole-leaf area and whole-stem xylem 

area (Chapter 4). Woody seedlings represent the regeneration phase; without the appropriate xylem 

hydraulic architecture they would never turn into mature trees. Demonstrating that similar allometric 

rules related to plant and organ xylem dimensions apply to woody seedlings as they do to adults helps 

to understand woody plant water management throughout the life-history. 

 
Furthermore, I found the tip-to-base xylem widening on leaves of grasses and sedges (monocots), 

within and across species, under different environmental conditions (Chapter 3), which has important 

implications for integrating xylem architecture of species with parallel major veins and for our 

understanding of the West-Brown-Enquist model of vascular hydraulic architecture (West et al., 

1999b). Thus, this thesis has plugged an important knowledge gap by revealing consistent patterns in 

the variance and convergence of leaf xylem vessel widening in two evolutionarily and ecologically 

distant groups, i.e. (woody) eudicots and (herbaceous) monocots, both across and within species; with 

the few gymnosperms studied adhering to the same patterns as well. Thereby the four previous 

chapters have, together, filled the conceptual framework presented in the first chapter, particularly 

Figure 1.1., with emprical data. In order to further develop and test the xylem widening theory, 

comparative studies should extend xylem widening, so far studied mostly on stems, to the entire 

pathway from leaf stomata, via leaf mid-veins and via stems, to roots; and combine the scaling among 

adults of different species with ontogenetic development from seedling to adult across different 

higher plant clades. 

 

Trait covariation of xylem and stomata 

 
In order to complete the water transport, the negative pressure created by stomatal transpiration is 

needed when water ascends from the soil, progressively through stem and leaf xylem vessels, all the 

way up to the terminal stomata. Leaf stomatal density is known to scale with leaf vein density 

(Brodribb et al., 2017; Carins Murphy et al., 2016; Fiorin et al., 2016), while the functional 

underpinning of this relation and how it scales to whole-plant water transport anatomy has still been 

unclear.  

 
In Chapter 5, I addressed the hypothesis that the balance of water exchange between the liquid- and 

vapour- phase should depend on the convergent scaling between the summed stomatal areas and 

summed xylem vessel cross-sectional areas, both at the whole-plant and single-leaf level, across 

diverse woody seedlings of different ecological groups. I believe that this is not only a new hypothesis, 

but also an important one, as the water management of woody seedlings has important consequences 
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for their survival and growth into adulthood. Furthermore, I expected that the hypothesized scaling of 

total stomatal area to xylem area should be driven by the number-covariation of stomata and xylem 

vessels; i.e. I expected a convergent scaling of total stomatal number to minor xylem conduit number 

across seedlings.   

 
In line with the hypothesis, I found that woody seedlings across ecologically and morphologically wide-

ranging species achieve the balance between the vapor (water loss) and liquid (water delivery) phase, 

via a convergent allometric coordination of xylem area and total stomatal area from entire individuals 

to individual leaves. This empirically supports the theoretical expectation that a sufficient number of 

stomata, relative to the minor vein xylem number, should be maintained to ensure the force 

(generated by evaporation through stomata) of water delivery (through xylem vessels). 

 
The whole-leaf and whole-plant allometric relationships related to water transport have broad 

implications for integrating xylem architecture and stomatal distribution across species. This approach 

and these findings extend our knowledge on plant water balance referring to xylem-stomata 

covariation from single-leaf to the whole-plant level and from a planar to a 3-dimensional perspective. 

The attempt has broad implications for integrating xylem architecture and stomatal distribution and 

for our understanding of the Pipe model (Shinozaki et al., 1964) and the West-Brown-Enquist model 

(West et al., 1999b) of vascular hydraulic architecture. I believe that the theory and findings from our 

study on woody seedlings, under standardized environmental conditions, will also advance our 

understanding of the water management of adult trees and shrubs, and herbaceous dicot and 

monocot species, although much new empirical work will be needed to quantify these relationships 

across the Plant Kingdom and across different environmental (water availability) regimes. 

 

Linking cell ‘ecology’ to classic ecology  

 
This thesis outlines a set of plastic and adaptive variations and allometric scaling relationships of plant 

vascular anatomy, interrelating diverse dicots (woody species) and monocots (grasses and sedges) 

both intra- and inter- specifically, (zooming out) from leaves to stems (and also roots) to the entire 

individuals, and (zooming in) from the entire leaves, via the midveins, to the minimum vessels, and all 

the way to the stomata. I found size, both of leaves and the entire individuals, is (at least) one of the 

most important determinants for vascular structure allocations, which is in line with the predictions 

of the allometric theory (Savage et al., 2010; Shinozaki et al., 1964; West et al., 1999a; West et al., 

1999b) and numerous empirical studies (Anfodillo et al., 2006; Gleason et al., 2018; Olson et al., 2014; 

Olson & Rosell, 2013). Even though plasticity and flexibility would occur in numerous traits of plants 
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due to the environmental and evolutionary control, the allometric scalings and the ‘size control’ 

should be maintained (Niklas, 2004). That is, for a plant’s fitness and performance, allocation and 

allometry are far more important than plastic modulations; and specifically, plant size would 

determine the allometry and allocation pattern both through the ontogeny and phylogeny across 

vascular plants, and thereby indicating similarities and differences in their form, function and diversity 

(Enquist, 2003). Therefore, understanding plants’ allometry in depth during their growth is vitally 

important for botanists and ecologists attempting to comprehend plants, ecosystems and their 

marvelous relationships. 

 

Limitation of the current methods and approaches 

 
For a given unit of resource (material or energy), a plant needs to ’know‘ how to allocate this resource 

to any of the different organs, tissues, and to any small part, e.g. vessel, cell and even organelle, DNA, 

RNA, and thereby to different functions (Harper & Ogden, 1970; Niklas, 2004; Weiner, 2004). Actually, 

the plant knows all this while we know little. For example, plant vascular modulation cannot be 

separated from overall vessel architecture and many other structures; and optimizing xylem 

architecture and plant allocation is a challenge to all plants to balance the uptake and output processes, 

such as allocating for water transport and photosynthetic production. The plant manages to achieve 

this balance naturally, nevertheless, little is known on how the plant ‘partitions’ this given resource to 

structuring any part and how different parts (i.e. organs, tissues, vessels and even cell structures) 

covary or trade-off with the other structures, due to the limited methods and approaches that have 

been provided to us (Niklas, 2004), especially when the number of traits is more than three or for 

quantitative and comprehensive assessment. 

 

A preliminary concept of ‘cell community’ 

 
In order to open this ‘bottle-neck’ and gain a more holistic understanding of the anatomical variation 

within and across species, the plants’ cell ‘community’ and distribution of cell morphometry should be 

explored, and a standardized method is needed. Here, I propose an approach to quantify how plants 

‘partition’ their materials to any type of tissue, and how different tissues (e.g. xylem, phloem) 

coordinate and trade-off among one another, based on the analogy with the hierarchy of spatial scales 

adopted for ecosystems in classic ecology (Fig. 6.2). 
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Fig. 6.2. Linking classic ecology to cell morphometry. There exists an intrinsic link at different levels, from one 

single cell to an anatomical transect to a plant community. We could use the hierarchical and system-based 

method of classic ecology to address multi-trait-relations in terms of anatomy. Specifically, a photomicrograph 

zoom of a leaf/stem cross-section is regarded as an analogue to a quadrat in vegetation investigation of ecology, 

and the single cells are regarded as plant individuals. Correspondingly, each kind of cells could be seen as a 

population of a species, different kinds of cells or tissues that have the same function are classified as a functional 

group. For the functional groups, water transport tissues (xylem), carbon loading and transport tissues (phloem), 

water loss tissues (stomata), protective tissues (epidermis), carbon gain tissues (palisade parenchyma) and “fill” 

tissues (sponge parenchyma) could be divided, based on the current literatures (Brodribb et al., 2017; Castro-

Díez et al., 2000; Garnier & Laurent, 1994; Guan et al., 2011; Zhang et al., 2016), which needs more empirical 

supports as a new analysing protocol and aspect. And similar with functional groups in a natural ecosystem, all 

the cell-based functional groups have to ‘negotiate’ with one another, both competing for the necessary resource 

for any functional group and relinquishing enough resource to other groups, in order to function within leaves, 

between organs, and thereby in the entire individuals .    
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To illustrate the promise of this approach I, for the first time, link the theory and methodology of classic 

ecology to those of cell morphometry to help enquire the world of plant anatomy both broader and 

deeper. When a quadrat of plant communities in an ecosystem is selected, the quadrat is regarded as 

a small miniature ecosystem, which consists of numerous plants, animals and microbes, as well as soil, 

air, temperature and other environmental conditions. This quadrat stereo three-dimensional 

‘ecosystem sample’ is an epitome of this entire ecosystem, where plants grow with other biotic and 

abiotic drivers, material and energy elements as their environment. Similarly, when a leaf (or stem) 

cross section is observed under a microscope, the field of view of this leaf cross section (the structural 

component) could also be seen as a sample of a cell community, an epitome of the observed leaf, 

which is also a miniature cell-based ecosystem of all the leaves of a plant individual. Different types of 

cells and tissues are distributed within it, with the nonstructural component as environment (Fig. 6.2). 

 
It is important to realize that at each scale it is not only the features of the units that determine the 

properties of the next scale up, but also the interactions between the units. For instance, the exchange 

of resources and information between different cell functional groups will determine the properties 

of the entire cell community, analogous to different plant functional groups facilitating or competing 

with each other to influence the properties of the plant community (Tilman et al., 2001). I tried to 

build a cell-based ecosystem and thereby link grassland ecology to cell morphometry; for details see 

Table. 6.1. I believe that this new approach will serve as a useful tool for analyzing allometric 

relationships among many (more than three) anatomical traits in combination and for comparing 

related anatomical studies from all over the world. 
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Table 6.1. Correspondence of traits across a hierarchy of scales in grassland ecology and cell morphometry. Where S is the number of species (or cell types), N is the total 

number of individuals (or cells) in quadrats (or field of view under the microscope), and Pi is the relative importance value of the ith species (or cell).  

 

Classic  ecology Cell morphometry 

Glossary  Description and/or Measure Glossary Description and/or Measure 

Height 
Stretch the plant and measure the length from the ground surface 

to the top of the plant. 

Cell Area  In Imaging software, using free marking to draw the cell 

borders and automatically display cell size and perimeter. Diameter  

Density The number of individuals found per unit area. Density The total number of one kind of cells in a field of view. 

Coverage Plants above ground vertical projection area relative to quadrat.  Coverage Area of one kind of cells in a field of view. 

Frequency 

The number of times a plant species occurs in a given number of 

quadrats. 

𝐹 = 𝑃 𝑇 × 100%⁄   Where P is the number of quadrates a species 

occurs, T is the total number of quadrates. 

Frequency 

The number of times one kind of cells occurs in a given 

number of fields of view. 

𝐹 = 𝑃 𝑇 × 100%⁄   Where P is the number of fields one kind 

of cells occurs, T is the total number of fields of view. 

Plant Biomass The total weight of plants in each studied quadrat.  Cell weight The total weight of one kind of cells. 

Relative Height (RH) 
The height of a species relative to the total height of plant, 

expressed as a percentage in each quadrat. 
Relative Diameter (RR) 

The diameter of one kind of cells relative to the total diameter 

of all cells in a field of view. 

Relative Density (RD) 

The number of plant individuals of a species relative to the total 

number of individuals, expressed as a percentage. 

 RD =
n

N
× 100% 

Relative Density (RD) 

The number of one kind of cells relative to the total number 

of all cells, expressed as a percentage. 

 RD =
n

N
× 100% 

Relative Coverage (RC) 
The coverage of a species relative to the total plant cover, 

expressed as a percentage in each quadrat. 
Relative coverage (RC) 

The ratio of one kind cells to the total cover of plant tissue in 

a field of view. 
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Relative Abundance (RA) 

The percent composition of a species relative to the total plant 

composition, expressed as a percentage in each quadrat 

(Damgaard, 2009; Preston, 1948). 

Relative frequency (RF) 

The percent composition of one kind of cells relative to the 

total cell composition, expressed as a percentage in each field 

of view.  

Relative Dry Weight 

(RDW) 

The dry weight of a species relative to the total dry weight of 

plant, expressed as a percentage in each quadrat. 
Relative Weight (RW) 

The weight of one kind of cells relative to the total cells, 

expressed as a percentage in each field of view. 

Importance Value (IV)  
Was calculated using the following equation which recommended 

by: IV = (RH + RC + RD + RDW) / 4 
Importance Value (IV) 

The importance value (IV) of each species was calculated 

using the following equation: IV = (RR+ RC + RD + RW) / 4 

α diversity 

 
The mean 
species 
diversity in 
sites or 
habitats at a 
local scale 
(Whittaker, 
1972; 
Whittaker, 
1960). 

Evenness 

The relative abundance of species in a community or collection. 

Pielou evenness index (Mulder et al., 2004; Pielou, 1966): 
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Evenness 

The relative abundance of one kind of cells in a field of view. 

Pielou evenness index: 
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Richness 
Species number per quadrat  

Margelef index (Colwell, 2009): Nln/1-SMa ）（  
Richness 

Number of kinds of cells  per quadrat  

Margelef index: Nln/1-SMa ）（  

Diversity 

A measure of diversity that increases with species evenness and 

species richness. Shannon-Wiener index. (Shannon, 1948):  
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Diversity 

A measure of diversity that increases with cells evenness and 

cells richness. Shannon-Wiener index:  
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β Diversity 
  
The ratio between 
regional and local species 
diversity (Whittaker, 
1960). 

Sorensen-Dice (similarity) coefficient (V) is used to analyze the β 

diversity by the following equation (Dice, 1945): V = 2C/ (A+B). 

Where A is the number of species in a quadrat, B is the number of 

species in another quadrat, and C is the number of species in both 

quadrats. 

β Diversity 

Sorensen’s similarity coefficient (V) is used to analyze the β 

diversity by the following equation: V = 2C/ (A+B). Where A is 

the number of cell types in a field of view, B is the number of 

cell types in another vision, and C is the number of cell types 

in both fields of view. 
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Simplified examples for ‘cell community’ and its potential applications  

 
For much of what I propose above, targeted studies are necessary, for example, for the further 

selection of effective indicators, or for developing and improving the practicability, reliability and 

generalizability of this approach, or for its further extension in other relative fields. One important step 

should be the data collection of leaf, stem and root anatomical traits for a number of species to 

complement the database of plant cell morphometry. Such a dataset could help to build a relatively 

complete index system, and may prove to be a valuable bridge for linking classic ecology to cell 

morphometry. For a better understanding of the proposed approach and to make it accessible, two 

preliminary and simplified empirical examples are demonstrated, based on the woody seedling 

populations used by Castro-Díez et al. (2000); Cornelissen et al. (1996) and in Chapters 4 and 5 (Fig. 6.3; 

Fig. 6.4).  

 
Firstly, the entire leaves are regarded as miniature ecosystems of all types of cells, and those cross-

sections are considered as proxies for the entire leaves. More specifically, leaf cross-section is divided 

into four ‘functional tissues’, those are abaxial epidermis, adaxial epidermis, palisade parenchyma and 

spongy parenchyma. Fig. 6.3 illustrates the allocation of plant individuals to these four functional 

groups; in which their respective volumes per leaf area could be seen as an analogue to relative 

abundance of different plant functional groups of the plant community (Fig. 6.3 (a)). And similarly, the 

percentage of each tissue could be considered as an analogy of relative plant canopy coverage (Fig. 

6.3 (b)), and thereby the percentage of any tissue (a simplified importance value) is used to calculate 

the diversity of this ‘cell community’ (Fig. 6.3 (c)). We could find that, for plants of diverse evolutionary 

groups, different amount of as well as percent of materials are allocated to any of the four ‘functional 

tissues’; that is, these cell-based ‘community’ traits, adopted for classic-ecology method, has a 

potential to differentiate between plants if different evolutionary groups. 

 
However, there is an important issue that should be considered in particular; that the ‘allometric 

allocation’ is not the same as the ‘proportional’ or ‘percentage’ allocation, while being an exponent-

scaling allocation. A published case could be used to interpret how plants allocate resource 

allometrically (Fig. 6.4, from Harper and Ogden (1970); Weiner (2004)). The allometric allocation of 

plants is a dynamic set of processes throughout each phase of the entire life cycle; any resource 

obtained should be divided and allocated to different structures and thereby different functions. For 

example, at the beginning, there is no plant while only a seed, and after a certain period of growth, 

when a specific plant size has been achieved, the reproductive growth starts with the plant partitioning 

part of the resource to it. This allocation trajectory should also be applicable to each type of organism 
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or module (i.e. individual plants, individual leaves, single cells). Moreover, this allocation is not ratio-

maintained but instead ‘exponent-scaling’ driven (Harper & Ogden, 1970; Weiner, 2004). Therefore, 

concentrating on the ‘simple’ relationships of all different structures (i.e. different tissues in leaf 

anatomy) in terms of amount or percentage is insufficient for us to understand plant allometric strategy. 

Here, when combining allometry with ‘cell diversity’ may provide us an opportunity to address this 

issue. The diversities in terms of evenness of the leaf ‘cell community’ in evergreens are generally 

lower than those in deciduous species (Fig. 6.3), with somewhat lesser allocation of resource to 

photosynthetic tissues (palisade parenchyma and spongy parenchyma) relative to protective tissues 

(abaxial/adaxial epidermis). Nevertheless, the mechanism is still unclear and extensive further study 

of such ‘cell diversity’ patterns across wide-ranging plant species is needed.  Such studies would also 

have to take into account that different tissue types contain different resource (e.g. carbon) amounts 

per unit tissue volume. 
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Fig. 6.3. An empirical example on leaves of 51 diverse woody seedlings. The seedling populations were based on those used by Castro-Díez et al. (2000); Cornelissen et al. (1996) 

and Chapters 4 and 5, where details about the seedling planting protocols, the obtaining and observation of their leaf cross sections, can be found (data of the Volume per leaf 

area see Castro-Díez et al. (2000)). Specifically, we divided the entire leaf volume into four types of “functional tissues” (see Fig. 6.2.), those are abaxial epidermis, adaxial epidermis, 

palisade parenchyma and spongy parenchyma. (a) volume of each tissue in terms of different growth forms and leaf habits. (b) percentage of the volume allocated to different 

tissues (i.e. to abaxial epidermis (PAb), adaxial epidermis (PAd), palisade parenchyma (PPp) and spongy parenchyma (PSp)), in terms of different growth forms and leaf habits.  (C) 

Shannon-Wiener diversities of all these “cell communities” (i.e. the studied leaf volume of each species), referring to different evolutionary groups (i.e. Growth forms and Leaf 

habits). Shannon-Wiener index:  
i

S

i

iH lnPP
1






 , where S is the number of “functional tissues” (i.e. S = 4), Pi is the relative importance value of the ith tissue (volume percentage 

of each tissue). In this example, Shannon-Wiener index is calculated by: H’ = - (PAblnPAb + PAdlnPAd + PPplnPPp + PSplnPSp). Growth form: T angiosperm tree (T + G  gymnosperm tree), S 

shrub, SS subshrub,  C + Sc scrambler or climber; Leaf habit: D deciduous, E evergreens. 
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Fig. 6.4. The percentage allocation of biomass to different structures during the life cycle of Senecio 

vulgaris (from Harper and Ogden (1970); Weiner (2004)). 

 

Furthermore, the cross-sections of these seedling stems are observed, and the entire stem is divided 

into three ‘functional tissues’, which are pith, xylem tissue, and tissues other than pith or xylem (Fig. 

6.5). Their percentages in stems are calculated and thereby the ‘cell diversities’ are derived. A 

consistent allometric scaling occurs between diversity (i.e. evenness) index and stem height, and 

between diversity index and vessel diameter (Dmax), irrespective of different functional and 

evolutionary groups. More interestingly, the scaling exponent of Shannon-Wiener diversities with Dmax 

converges to 1. Therefore, we could make a straightforward connection that plant height could be a 

proxy for the relative allocation to different tissue types as represented by the Shannon-Wiener 

diversities, especially when the anatomical traits including Dmax are difficult or even impossible to 

obtain, such as for adead and decaying tree,, this proxy may help to estimate them to some degree.   
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Fig. 6.5. An empirical example on stems of diverse woody seedlings. Covariation (Ln - Ln) of stem maximum 

diameter of xylem (Dmax) and stem height (a), anatomical Shannon-Wiener index (see Fig. 6.3) and stem height 

(b), anatomical Shannon-Wiener index and Dmax, are shown across these 55 European woody species. Tight 

covariation between these pairwise dataset is indicated by lines, no Y – elevations or slopes variation were 

detected between different evolutionary groups (i.e. Growth forms and Leaf habits). The seedling populations 

were based on those used by Cornelissen et al. (1996) and Chapters 4 and5 Growth form: T angiosperm tree (T + 

G  gymnosperm tree), S shrub, SS subshrub,  C + Sc scrambler or climber; Leaf habit: D deciduous, E evergreen.  

 

These two examples bases on diverse woody seedlings provide strong support for the allometric 

scaling relationships among structures, and indicate the shortcomings of the current analytical 

methods to link plant allometry and allocation; and, in particular, propose a potential alternative 

protocol for us to better understanding plant allocation in terms of a microscopic world. Additionally, 

after these simple cases, we could add complexity by showing that each level of plant community 

and ’cell community’ is linked and synergistic, as well as two different levels within a ‘cell community’ 

are linked. Therefore I changed all the one-sided arrows in Fig. 6.2 into two-sided ones (Fig. 6.6), 

thereby indicating that any small variation of allometric allocation could impact the entire structure 

of tissues, organs, individuals, plant communities and the entire ecosystems. Similarly, the same 

analytical protocol might also be used in studies on cell individuals, and even deeper micro-structure, 

such as organelle, cell nucleus, DNA and RNA. 

 
More argumentation and testing is needed on this protocol to validate its applicability, and 

representative and more  specific ‘cell community’ parameters need to be selected. Similarities of ‘cell 

communities’ and plant communities could be found in each of their hierarchical levels, but 

discrepancies may also exist. What we need to do is to find one or more alternative parameters to 

open the ‘bottle-neck’ in allometric issues of plant anatomy, not simply copy from the classic ecology. 
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Fig. 6.6. Potential analogies  of ‘cell community’ with ‘communities’ at different hierarchical scales of organization, as an extension of Fig. 6.2.
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Summary 

In this PhD thesis I have demonstrated that vascular plants, not only woody species but also grass and 

sedge species, feature a “tip-to-base” widening of their vascular systems. Their xylem vessels widen 

from the tip to the base, from leaves, via stems, to roots, which is thought to reflect the effects of 

natural selection favoring constant conductance per unit leaf area with height growth. This 

hierarchical and basipetally widening xylem architecture minimizes the energy cost of long-distance 

water transport. That these patterns are shared across such a broad range of species, and within 

species across such a broad range of climatic conditions, implies that natural selection on the axial 

distribution of xylem vessels acts mainly via uniform biophysical principles of plant functional integrity, 

and much less via niche differentiation and divergent ecological strategies.  

 
Additionally, water ascends from the soil, progressively through plant stem and leaf xylem vessels, all 

the way up to the terminal stomata, under the negative pressure created by stomatal transpiration. 

To complete water transport successfully, coordination of stomatal and xylem traits is required to 

maintain a balance in water exchange between the liquid (water delivery) and the vapor (water loss) 

phase. I have demonstrated how plants achieve this balance via a convergent allometric coordination 

of xylem area and total stomatal area from entire individuals to individual leaves. More work is needed 

to test how this pattern converges or diverges among different species and populations, among 

different environments along and within climatic gradients. 
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Samenvatting 

In dit proefschrift heb ik aangetoond dat vaatplanten, niet alleen houtige soorten maar ook gras- en 

zeggesoorten, een "tip-to-base" -verbreding van hun vaatstelsel vertonen. Hun xyleemvaten 

verwijden zich van de punt naar de basis, van bladeren, via stengels, naar wortels., Van deze verwijding 

wordt aangenomen dat ze de effecten van natuurlijke selectie weerspiegelen die een constante 

geleiding van xyleemsap bevorderen per eenheid bladoppervlak met hoogtegroei. Deze hiërarchische 

en basipetaal uitdijende xyleemarchitectuur minimaliseert de energiekosten van watertransport over 

lange afstanden. Deze patronen worden gedeeld door zo'n breed scala aan soorten, en binnen soorten 

over zo'n breed scala aan klimatologische omstandigheden. Dit impliceert dat natuurlijke selectie op 

de axiale distributie van xyleemvaten voornamelijk werkt via uniforme biofysische principes van 

functionele integriteit van planten, en veel minder via nichedifferentiatie en uiteenlopende 

ecologische strategieën. 

 
Bovendien stijgt het water vanuit de grond, via de wortels, de stengel en de bladeren, helemaal tot 

aan de terminale huidmondjes, onder de negatieve druk die wordt veroorzaakt door stomatale 

transpiratie. Om het watertransport met succes te voltooien, is coördinatie van stomatale en 

xyleemeigenschappen vereist om een evenwicht te behouden in de wateruitwisseling tussen de 

vloeistoffase (waterafgifte) en de waterdampfase (waterverlies). Ik heb aangetoond hoe planten dit 

evenwicht bereiken via een convergente allometrische coördinatie van de oppervlakte van 

xyleemvaten in doorsnee en de totale stomatale oppervlakte van hele individuen tot individuele 

bladeren. Er is meer werk nodig om te testen hoe dit patroon convergeert of uiteenloopt tussen 

verschillende soorten en populaties, tussen verschillende milieus langs en binnen klimatologische 

gradiënten. 
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