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Resumo 

A formação de bolhas - embolia - nos conduítes do xilema tem ganho crescente interesse 

científico, considerando sua importância nas estratégias de plantas na resistência à seca. No 

entanto, continua a ser desconhecida a forma como os componentes químicos das paredes dos 

conduítes estão relacionados com a resistência à embolia. A lignina, o segundo composto 

mais abundante nas plantas depois da celulose, é essencial para o transporte de água e deve ter 

algum papel na resistência à embolia. A essência do presente trabalho foi criar condições 

(estabelecer métodos) e apontar evidências de que o conteúdo e/ou tipos de lignina estão 

relacionados com a resistência à embolia. A estimativa correta da embolia tem sido um 

desafio, principalmente devido à alta tensão nos conduítes e às estruturas microscópicas ou 

nanoscópicas do sistema de transporte de água, além dos artefatos em que os métodos 

disponíveis estão propensos. Assim, nos capítulos 1 e 2 são apresentados novos métodos e 

aparatos para se estudar o sistema hidráulico de plantas, procurando principalmente eliminar 

os artefatos que os métodos disponíveis possuem. No capítulo 1: "A low cost apparatus for 

measuring the xylem hydraulic conductance in plants”, publicado em Bragantia, foi descrita a 

montagem de um aparato e a sua calibração, bem como adaptações de baixo custo que tornam 

o equipamento acessível. O aparato permite medir a condutância em partes de raízes ou 

ramos, ou em todo o sistema, no caso de pequenas plantas ou mudas. O aparato também pode 

ser utilizado para se estimar embolia. No capítulo 2: "Plant pneumatics: stem air flow is 

related to embolism – new perspectives on methods in plant hydraulics”, publicado em New 

Phytologist, nós descrevemos um novo método para se estimar embolia, baseado em 

medições de fluxo de ar de ramos inteiros. Para calcular a quantidade de ar que flui para fora 

do ramo, um vácuo é aplicado aos ramos cortados, que são submetidos à diferentes potenciais 

hídricos. Propusemos um novo método para se estimar embolia, que é simples, eficaz, rápido 

e barato e permite várias medições no mesmo ramo, abrindo novas possibilidades para se 

estudar hidráulica de plantas. No capítulo 3: "Is embolism resistance in plant xylem associated 

with quantity and characteristics of lignin?", nós sugerimos que há relação entre conteúdo de 

lignina na madeira e resistência ao embolismo. Para chegar a isto,  reunimos dados de 

conteúdo total de lignina na madeira e potencial de água em que 50% da condutividade no 

xilema de 99 espécies. Essas análises indicam uma relação limítrofe entre a resistência à 

embolia e o conteúdo de lignina. Nossas conclusões são que espécies com baixo conteúdo de 

lignina parecem ser mais vulneráveis à embolia, ao passo que espécies com maior conteúdo 

demonstram grande variabilidade de resistência. A lignina pode desempenhar algum papel 

indireto na resistência à embolia, uma vez que o maior conteúdo total de lignina está 

relacionado com paredes celulares mais espessas. Discutimos também neste capítulo, funções 

de diferentes tipos de lignina, diferenciando gimnospermas e angiospermas, e o desempenho 

de plantas transgênicas (com teor de lignina modificado) e sua relação com a vulnerabilidade 

à embolia. Os aparatos e os métodos aqui descritos, além das análises dos dados de literatura, 

permitirão futuros estudos experimentais para confirmar os modelos sobre lignina e embolia 

aqui propostos. 



  

Abstract 

Embolism formation in the xylem conduits has gained increased interest, considering its 

importance on the strategies of drought resistance in plants. However, remains unknown how 

the chemical components of conduits wall are related to embolism resistance. The lignin, the 

second most abundant compound of the plants, is essential to water transport and must have 

some role in the embolism resistance. The main objective of the present work was to evaluate 

whether content and/or types of lignin are related to embolism resistance. However, the 

correct estimative o embolism has been a challenge, mainly due to the high tension in xylem 

conduits and the microscopic or nanoscopic structures of water transport system, and the 

available methods are prone to several artifacts. Thus, in the chapter 1 and 2 we developed 

apparatus and methods as alternatives to study plant hydraulics. In the chapter 1: “A low cost 

apparatus for measuring the xylem hydraulic conductance in plants” we described the 

assembling of an apparatus and its calibration, as well as low cost adaptations that make the 

equipment accessible. The apparatus allows measuring the conductance in parts of roots or 

shoots, or in the whole system, in the case of small plants or seedlings. The apparatus can also 

be used to estimate embolism formation. In the chapter 2: “Plant pneumatics: stem air flow is 

related to embolism – new perspectives on methods in plant hydraulics”, we describe a new 

method for estimating estimate embolisms that is based on air flow measurements of entire 

branches. To calculate the amount of air flowing out of the branch, a vacuum was applied to 

the cut bases of branches under different water potentials.  We proposed a new embolism-

measurement method that is simple, effective, rapid, and inexpensive and allows several 

measurements on the same branch, opening new possibilities to study plant hydraulic. In the 

chapter 3: “Is embolism resistance in plant xylem associated with more, less, or different 

types of lignin?”, we suggest, based on data available for lignin content and Ψ50 (the water 

potential when 50% of conductivity in the xylem is lost), a boundary relationship between 

embolism resistance and lignin content across various groups of seed plants. Species with low 

lignin content seem to be more vulnerable to embolism, whereas species with higher content 

show wide variability in embolism resistance. Lignin content may play some indirect role in 

the embolism resistance, since higher total lignin content is related to thicker cell walls. We 

also discuss several possible functions of lignin with different composition between 

gymnosperms and angiosperms and the performance of transgenic plants with modified lignin 

content and composition regarding vulnerability to embolism. The apparatus and methods 

here described and the analysis from literature data will allow further experimental studies to 

confirm the models of lignin and embolism here proposed. 
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Introdução Geral 

 

O transporte de água nas plantas ocorre por uma diferença de pressão da água, captada 

no solo, conduzida pelo xilema e evaporada para a atmosfera. Dessa forma ocorre um 

tensionamento da coluna de água, que é gerado pela evaporação nas câmaras estomáticas e 

transmitido para o xilema (Zimmermann, 1983). Embora existam forças de adesão-coesão que 

mantém as moléculas de água juntas no interior desta coluna, a tensão que é gerada pode 

sugar nanobolhas de ar para dentro dos conduítes do xilema, através de poros existentes entre 

esses conduítes. Essas nanobolhas podem ficar instáveis em certas condições e causar 

embolia, interrompendo o transporte de água (Schenk et al., 2015). A formação de embolia 

reduz a capacidade de fornecimento de água para os tecidos da parte aérea, limitando a 

abertura dos estômatos e assim também a fotossíntese (Brodribb et al., 2005; Brodribb & 

Holbrook, 2007).  

Esforços consideráveis foram feitos na última década para se entender a condutividade 

hidráulica e a formação de embolia em plantas (Rockwell et al., 2014), considerando que a 

capacidade de transporte e a vulnerabilidade ao embolismo provavelmente determinam a 

distribuição global de espécies de árvores (Kursar et al., 2009; Poorter et al., 2010; Blackman 

et al., 2012, 2014; Gleason et al., 2012). Na verdade, a disfunção hidráulica é a principal 

causa de mortalidade de árvores e há uma forte demanda conflitante entre crescimento, 

consumo de água e propriedades hidráulicas do xilema (Zhang & Cao, 2009; Smith & Sperry, 

2014; Rowland et al., 2015). 

A existência de altas tensões no xilema dificulta a correta estimativa da embolia, já 

que para medir quase sempre é necessário a destruição do material, o que altera a tensão 

interna e o estado da água nos conduítes. Os métodos existentes são sujeitos ao “efeito do 

observador”, ou seja, artefatos gerados pela necessária manipulação do material (Jansen et al., 

2015), o que tem gerado um número bastante grande de resultados contaminados por artefatos 

de técnica (Cochard et al., 2013) . Por exemplo, bolhas podem ser dissolvidas na manipulação 

do ramo durante as medições ou ainda pode ocorrer o reenchimento dos conduítes 

passivamente pela pressão capilar (Cochard et al., 2013). Há também uma subestimação da 

condutividade hidráulica por diferentes motivos, como a absorção passiva de água (Torres-

Ruiz et al., 2012), fluxos basais (Hacke et al., 2015), a reativação de conduítes inativos 

(Sperry et al., 2012) além de diferentes protocolos usados para remoção da embolia para se 
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obter a condutância máxima (Hietz et al., 2008). O comprimento do segmento de ramo 

também pode afetar as medições, devido à resistência dos poros (Cochard et al., 2013).  

Dentro desse contexto, para o início de nossos estudos foi necessário o domínio dos 

métodos para se induzir embolia e de aparatos hidráulicos para medí-los o mais corretamente 

possível. Como principal resultado dessa etapa inicial, nós desenvolvemos um aparato de 

baixo custo e de precisão, para a medição da condutância hidráulica e embolia, descrito no 

capítulo 1 (A low cost apparatus for measuring the xylem hydraulic conductance in plants) e 

já publicado (Pereira & Mazzafera, 2012). Posteriormente, devido a dificuldades encontradas 

com os métodos para se estimar  embolia, nós desenvolvemos um método mais fácil, rápido e 

com menor manipulação do material vegetal, baseado em medições pneumáticas, que está 

detalhado no capítulo 2 (Plant pneumatics: stem air flow is related to embolism – new 

perspectives on methods in plant hydraulics) e já aceito para publicação (Pereira et al., 2016). 

Esse método não apresenta os mesmos artefatos das medições hidráulicas, já que não é 

dependente de propriedades hidráulicas e sim pneumáticas, e também é pouco destrutivo, o 

que evita a modificação artificial da tensão do xilema, abrindo novas possibilidades de estudo. 

Como visto, embora resistência à embolia seja fundamental para se compreender as 

respostas à limitação de água, as características que conferem maior ou menor resistência à 

embolia não estão totalmente esclarecidas, principalmente em relação a composição química 

da parede celular dos vasos do xilema. A lignina é o composto mais abundante das plantas 

depois da celulose (Donaldson, 2001) e sua presença coincide com a colonização do ambiente 

terrestre pelas plantas, possivelmente devido a papéis fundamentais no suporte mecânico e 

transporte de água (Niklas, 1992; Pittermann, 2010). A lignina quando extraída é hidrofóbica 

(Laschimke, 1989) e pouco resistente ao tracionamento, mas revestindo as microfibrilas de 

celulose confere maior rigidez à parede celular (Niklas, 1992). A tensão gerada no transporte 

de água pode atingir valores menores do que -10 MPa e gerar a implosão dos conduítes do 

xilema (Hacke et al., 2001). Neste cenário, a lignina desempenha um papel importante 

evitando a implosão. A lignina também pode ter algum papel na resistência à embolia, já que 

confere impermeabilidade aos conduítes evitando, assim, a entrada de pequenas porções de ar 

que poderia resultar na formação de embolia (Zimmermann, 1983; Lens et al., 2013). 

Corroborando com essa hipótese, alguns trabalhos já demonstraram que mutantes deficientes 

em lignina são mais vulneráveis ao embolismo (Coleman et al., 2008; Voelker et al., 2011; 

Awad et al., 2012). Vários mutantes, com teor reduzido de lignina, demonstram fenótipo anão 

e uma capacidade deficiente para o transporte de água (Anterola & Lewis, 2002; Bonawitz et 

al., 2014). Por outro lado, várias plantas com uma composição de lignina modificada não 
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apresentaram crescimento reduzido ou outros problemas funcionais aparentes (Bonawitz et 

al., 2014; Wilkerson et al., 2014; Wagner et al., 2015), considerando, porém, que essas 

plantas ainda não tenham sido testadas em condições estressantes e que  estudos funcionais 

apontam para papéis importantes e surpreendentes da lignina no transporte de água e 

resistência à embolia (Herbette et al., 2014).  

Aqui nosso principal objetivo foi avaliar se há relação entre o conteúdo, bem como 

tipo de lignina, e a resistência à embolia. Para isso nós utilizamos dados de literatura sobre 

composição química da madeira para avaliar possíveis relações entre o conteúdo de lignina e 

resistência à embolia em plantas. O resultados dessas análises, bem como uma discussão 

sobre os tipos de lignina e as possíveis consequências para as características hidráulicas das 

plantas, estão detalhados no capítulo 3 (Is embolism resistance in plant xylem associated with 

more, less, or different types of lignin?). Esse trabalho está em fase de preparação para 

publicação. 
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Abstract 

Plant yield and resistance to drought are directly related to the efficiency of the xylem 

hydraulic conductance and the ability of this system to avoid interrupting the flow of water. In 

this paper we described in detail the assembling of an apparatus proposed by TYREE et al. 

(2002) and its calibration, as well as low cost adaptations that make the equipment accessible 

for everyone working in this research area. The apparatus allows measuring the conductance 

in parts of roots or shoots (root ramifications or branches), or in the whole system, in the case 

of small plants or seedlings. The apparatus can also be used to measure the reduction of 

conductance by embolism of the xylem vessels. Data on the hydraulic conductance of 

eucalyptus seedlings obtained here and other reports in the literature confirm the applicability 

of the apparatus in physiological studies on the relationship between productivity and water 

stress. 

Key words: water, conductivity, cavitation, embolism.  
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Um aparato de baixo custo para medição da condutância hidráulica do xilema em 

plantas 

 

Resumo 

A produtividade das plantas e a capacidade de resistência à seca estão diretamente 

relacionadas com a eficiência da condutância hidráulica do xilema e a capacidade desse 

sistema evitar a interrupção do fluxo de água. No presente trabalho detalhamos a montagem 

de um aparato proposto por TYREE et al. (2002) e sua calibração, bem como adaptações com 

peças de menor custo que tornam o aparelho acessível a qualquer um trabalhando nesta linha 

de pesquisa. Esse aparato possibilita medir a condutância de partes do sistema radicular ou da 

parte aérea (ramificações radiculares ou ramos), ou em todo o sistema, no caso de plantas de 

porte pequeno ou plântulas. O aparato também pode ser usado para medir a redução da 

condutância pela embolização dos vasos do xilema. Medições de condutância hidráulica feitas 

em plântulas de eucalipto e outros trabalhos encontrados na literatura confirmaram a 

aplicabilidade desse aparato em estudos fisiológicos de produtividade relacionada ao estresse 

hídrico.  

Palavras chave: água, condutividade, cavitação, embolia. 
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The productivity of plants is directly related to the efficiency of their xylem conduit 

network to transport water and nutrients (BRODRIBB, 2009). However, for more efficient 

hydraulic conductance, carbon investments are required for the hydraulic system formation, 

which can reduce growth rates (MAHERALI et al., 2004). Moreover, the development of highly 

negative water potentials increases the probability of bubble formation in the xylem, which 

interrupts the flow through vessels and may reduce the rate of photosynthesis and, 

consequently, growth (TYREE and SPERRY, 1989). To avoid this problem, the hydraulic 

system can be more resistant to cavitation, and greater resistance is associated with lower 

porosity of the membrane between xylem vessels, which, in turn, reduces water flow 

efficiency (HACKE et al., 2006). 

One basic attribute used to evaluate these complex relationships between efficiency 

and safety is the measurement of the hydraulic conductance (mmol s-1 MPa-1) or conductivity 

(mmol m s-1 MPa-1) of the xylem. A direct estimate of conductance can be obtained by 

measuring the flow of a solution through a segment of the plant, which is caused by a pressure 

difference (ΔP), from 3-10 kPa, between the "inlet" and "outlet" of the branch or root (SPERRY 

et al., 1988). This pressure difference can be applied using the height of the water column 

connected to the plant segment. The flow can be measured using a digital balance (accuracy 

of 0.1 mg) coupled to the outlet of the plant segment, measuring the mass of solution that 

emerges per second.  

An apparatus for measuring the xylem hydraulic conductance of the entire shoot or 

root was proposed by KOLB et al. (1996), which uses a suction tube via a vacuum pump to 

generate ΔP. This vacuum tube applies suction to the entire shoot system with its various 

"outlets" (the leaves and branches cut), whereas the "inlet" (the trunk base) is connected to the 

solution arranged on a balance. Conversely, the flow direction is reversed for the roots, in 

which the radicular branches are suctioned as "outlets" and the "inlet" is the connection with 

the stem. Thus, this apparatus is inverted compared with the apparatus proposed by SPERRY et 

al. (1988), which considers the mass of the solution suctioned through the branch or root. The 

reverse flow, in relation to the flow in intact plant, has no effect on the conductance (SPERRY 

et al., 1988; KOLB et al., 1996). 

To eliminate bubbles in the xylem, thus enabling the maximum conductance to be 

measured, KOLB et al. (1996) proposed a system connected to the apparatus by a three-way 

valve near the connection with the plant, consisting of a cylinder of compressed air that 

provides 100 to 175 kPa pressure on a bladder containing the solution used in the apparatus. 
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The air pressure on the bladder propels the solution through the plant vessels without allowing 

air to enter into the system. Using such relatively high pressure, this treatment eliminates 

xylem bubbles when applied for defined periods of time and pressures, previously tested for 

each plant organ and species. 

The entire plant parts (whole root or shoot system, or root ramifications and branches) 

have a degree of conductance even without applying ΔP (KOLB et al., 1996). This requires 

that the mass suctioned under different ΔPs be measured to find the linear relationship 

between the mass and the pressure. The conductance at ΔP = zero is given by the point at 

which the line crosses the ordinate axis. The conductance is the slope of this line. Five or 

more partial vacuum tension between 0 and 70 kPa are applied.  

The need to measure the conductance at a variety of vacuum tension increases the time 

required to acquire the measurements for each plant. When also considering the time required 

to stabilise the balance, each point on the curve can require 3-5 minutes, which makes 

experiment with use a large number of replicates or treatments unfeasible. To overcome this, 

TYREE et al. (2002) proposed the use of a Ultra-Low Flowmeter to decrease the time required 

for each measurement. By measuring the ΔP of a capillary tube using a pressure difference 

sensor, it is possible to estimate the flow, F, because the relationship between flow and ΔP of 

capillaries is calculated while calibrating the apparatus (see below the details of calibration). 

This sensor enables stable readings in only 4 seconds per point. The conductance is calculated 

as follows: k= ΔF/ΔP, where ΔF is the flow variation in relation to the variation of the 

vacuum pressure along the plant segment ΔP. 

TYREE et al. (2002) recommend assembling the apparatus using eight-way valves (U- 

06473-12, Cole-Parmer). With these valves, it is possible to connect three capillaries with 

different sizes and internal diameters (ID), R1 = 0.13 mm ID (718765, Macherey-Nagel) by 

28 cm long; R2 = 0.18 mm ID (718760, Macherey-Nagel) by 28 cm; R3 = 0.18 mm ID by 9.5 

cm. These different capillaries enable the measurement of different ranges of flow. Pressure 

difference sensors (PX26-005DV, Omega Engineering) and a tube with an internal diameter 

greater than 1.5 mm are installed between the valves for rapid adjustments of the zero 

pressure (Figure 1). 

These eight-way valves allow each of the individual components of the apparatus to be 

opened and closed, which facilitates switching among capillaries, making zero pressure 

adjustments without detaching the plant. There are also special adapters for fixing the 

capillary tubes and rubber seals that prevent air from entering into the system. 
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Figure 1 - Apparatus for measuring the hydraulic conductance of xylem. In the picture the 

Ultra-low Flowmeter (ULFM), the capillaries (R1, R2 and R3) and Pressure difference sensor 

(dP). 

 

 

 The differential pressure sensor can be connected to a datalogger to record the 

data (OM-CP-VOLT101A-160MV, Omega Engineering). An interface and specific software 

(OM-CP-IFC200, Omega Engineering) are also necessary to connect the apparatus directly to 

the computer, which allows real time readings. 

The sensor requires between 10-16 volts to operate. Given that 5 mV V-1 in the sensor 

corresponds to 34.47 kPa, the software should be adjusted if the power is greater than 10 

volts. If 12 V is used, 60 mV will return for 34.47 KPa. It is important the power source 

stability since the percentage of the voltage variation will be the percentage of the variation of 

the measurements, interfering in the apparatus precision.  

TYREE et al. (2002) suggest a compression fitting (U-06473-07, Cole-Parmer) to 

connect the apparatus to the plant. Thus, the plant is placed within a tube with the outlet 

positioned towards the vacuum pump. The inlet and outlet of the apparatus are connected via 

stiff plastic tubing that is at least 1 mm in internal diameter. 
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  The apparatus is calibrated using a digital balance (accuracy of 0.1 mg). Water, or any 

other solution, is placed in a vial on the balance and in contact with the inlet tube from the 

apparatus. The outlet tube from the apparatus is coupled to the vacuum pipe. The valves are 

opened only for the flow to pass through one of the capillaries. The vacuum pump is adjusted 

to a given pressure, and the mass suctioned in a given period is measured. The vacuum 

tension should be checked by a precision vacuum gauge during this phase of the calibration. 

Using the various ΔP measurements, it is possible to generate a linear relationship between 

mass and pressure for each capillary. For example, Figure 2 shows the calibration performed 

for our apparatus. 

During the calibration and use of the apparatus, the levelness between the inlets, i.e., 

the level of the solution, and the outlet, where the plant is attached, should also be examined. 

A siphoning effect can occur with a ΔP of 1 kPa for each 0.1 m of height difference. The 

levelness can be checked by stabilising the balance or leaving the "bypass" tube open. 

  Although laborious, it is possible to assemble a less expensive apparatus. We estimate 

a cost of U$ 480.00 to mount this apparatus, versus U$ 1600.00 without the replacement of 

parts. Not including the pump pressure and the balance. To do so, we replaced the two eight-

way valves with eight three-way valves (three-way stopcock, Embramed) commonly used in 

hospitals for intravenous therapy. These valves have a quick "luer-lok" connection, which 

enables sequential assembly (Figure 3). 

 

Figure 2 – An example of the calibration performed for our "ultra-low" flowmeter for the 

three capillaries (R1 = 0.13 mm ID by 28 cm long; R2 = 0.18 mm ID by 28 cm; R3 = 0.18 

mm ID by 9.5 cm) measured using a digital balance. 

   

 

 



23 

Figure 3 - Alternative assembly for an “ultra-low” flowmeter using valves with a quick "luer-

lok" connection. In the picture the capillaries ( R1, R2 and R3) and Pressure difference sensor 

(dP). 

 

 

 To connect the capillary tubes, we used "luer-lok" adapters with silicon stops, which 

are also used in hospitals for intermittent injections (385111, Becton Dickison Infusion 

Therapy Systems, Inc.). We filled these adapters with a silicone gel to ensure that they were 

sealed. The inlet, outlet and "bypass" (stiff tubing: 2.2-mm inside diameter [ID] and 3.1-mm 

outer diameter [OD]) tubes were connected using sections of flexible silicon tubing (3-mm ID 

and 5.2-mm OD). 

To connect the apparatus to the plants, we used the same flexible silicone tubing 

described above, although the diameters of the seedlings used in our experiments were 

slightly larger than the tubing. To ensure a proper seal, we used sections of longitudinally 

matched silicone tubing (4.9-mm ID and 9.7-mm OD) and fasteners with removable plastic 

clamps (RZ-06832-02, Cole-Parmer). Depending on the size of the plants and type of clamp 

used to ensure a proper seal, tubing with different diameters can be adapted for use. 
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For the system to remove bubbles from the xylem, the compressed air cylinder and 

bladder compression system were replaced with a syringe coupled to an air compressor. The 

pressure was verified in the manometer of the air compressor (Figure 4). 

The syringe plunger was cut to reduce its length and allow connection with air 

compressor (see detail in Figure 4). The 60 mL syringe barrel (309663, Becton Dickison 

Infusion Therapy Systems, Inc.) was connected to a tube coming from the air compressor 

enabling us to regulate the pressure on the solution to be injected into the plant. A three-way 

valve was connected to replenish the syringe with the solution as needed. This system was 

connected to the apparatus near the connection with the plant via another three-way valve. 

  The use of this apparatus and its conductance measurements enables us to compare the 

different characteristics of the plant with its hydraulic system. With few adaptations in the 

apparatus, the method with vacuum can be applied to measure the root conductance, stem and 

leaves, as shown by several authors (KOLB et al., 1996; SACK et al., 2002; TYREE et al., 2002; 

TYREE et al., 2003; KURSAR et al., 2009; MELCHER et al., 2012). We have also successfully 

used our assembled apparatus to determine the conductance in stems, roots and leaves of other 

species like coffee and citrus (unpublished data). As an example, we measured the 

conductance in Eucalyptus sp. (n=7, 120 days old seedlings, length 39 ± 4 cm), and regressed 

it against the leaf area (Figure 5). All leaves of each seedlings were cut in the petiole portion 

and measure of the total area was made with area meter (3100, Li-cor, Inc.). In this case the 

solution used was a 10 mM KCl, which was previously degasified and filtered in 0.22 µm 

filters. 

 

 

Figure 4 – A simplified apparatus for applying the solution under pressure. The tubing is 

connected to an air compressor with a manometer to regulate the pressure. The picture shows 

the apparatus assembled for disconnected use of the flowmeter. 
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Figure 5 - Hydraulic conductance (K) relative to leaf area of Eucalyptus sp. seedlings. 
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In another example, we evaluated the loss of conductance due to the cavitation of 

vessels. Cavitation resistance can be evaluated by comparing the conductance measurements 

of a desiccated plant at different water potentials in xylem and measurements after the 

treatment to remove bubbles from the xylem (SPERRY et al., 1988). The difference between 

the maximum conductance (after treatment) and conductance of the desiccated plant (initial) 

can be represented as the percentage loss of conductance. In Figure 6, we show the 

measurements in a Eucalyptus sp. plant that exhibited an approximately 60% loss of 

conductance under a leaf water potential of -2.5 MPa, measured with a pressure chamber 

(PMS 1000, PMS Instrument Company). We used a degasified and filtered 10 mM KCl 

solution. 

 

Figure 6 - Flow rates at different vacuum pressures in Eucalyptus sp. seedling. The open 

symbols represent measurements at -2.5 MPa of plants dehydrated on the bench. The filled 

symbols represent measurements following the treatment to remove bubbles from the xylem. 

The conductance is calculated from the slope of the curves. 
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Summary  

 

 Wood contains a large amount of air, even in functional xylem. Air embolisms in the 

xylem affects water transport and can determine plant growth and survival. Embolisms are 

usually estimated with laborious hydraulic methods, which can be prone to several artefacts. 

 Here, we describe a new method for estimating estimate embolisms that is based on air 

flow measurements of entire branches. To calculate the amount of air flowing out of the 

branch, a vacuum was applied to the cut bases of branches under different water potentials. 

 We first investigated the source of air by determining whether it came from inside or 

outside the branch. Second, we compared embolism curves according to air flow or hydraulic 

measurements in fifteen vessel- and tracheid-bearing species to test the hypothesis that the air 

flow is related to embolism. 

 Air flow came almost exclusively from air inside the branch during the 2.5 min of 

measurements and was strongly related to embolism. We propose a new embolism-

measurement method that is simple, effective, rapid, and inexpensive and allows several 

measurements on the same branch, opening new possibilities to study plant hydraulic. 

 

Keywords: Cavitation, drought, plant hydraulics, water transport, xylem 
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Introduction 

  

Plants supply water to their tissues by a complex mechanism. The evaporative force at 

the water-air interface generates tension in the water column of the plant-soil continuum 

(Zimmermann, 1983). While adhesion-cohesion forces hold water molecules together inside 

this column, the tension that is generated at evaporative sites forces water to a metastable state 

in which air bubbles can be pulled inside the vessel through pores in the pit membrane. These 

nanobubbles might become unstable under certain conditions and cause embolisms, which 

disrupt water transport (Schenk et al., 2015). Embolism formation reduces the capacity of 

plants to supply water to aboveground tissues, limiting stomata opening and thereby limiting 

photosynthesis and all energy-requiring processes over the long term (Brodribb et al., 2005; 

Brodribb & Holbrook, 2007). This embolism formation is dependent on xylem negative 

pressure and on the hydraulic architecture of the given plant species (Cruiziat et al., 2002). 

 Considerable efforts have been made over the last decade to understand hydraulic 

conductance and embolism formation in plants (Rockwell et al., 2014). Water transport ability 

and embolism sensitivity likely determine the global distribution of tree species (Kursar et al., 

2009; Poorter et al., 2010; Blackman et al., 2012, 2014; Gleason et al., 2012). In fact, 

hydraulic dysfunction is the major cause of tree mortality, and there is a strong trade-off 

between growth, water consumption and xylem hydraulic properties (Zhang & Cao, 2009; 

Smith & Sperry, 2014; Rowland et al., 2015). 

The relation between embolism formation and xylem pressure can be described by the 

vulnerability curve (VC), which relates changes in hydraulic conductance to changes in the 

xylem water potential. According to most methods, the VC is created by inducing embolism 

in a branch or in another plant organ and then measuring the resulting hydraulic conductance 

(Cochard et al., 2013). The embolism is induced by leaving entire branches to dehydrate in 

the air (Sperry et al., 1988), by centrifugation (Alder et al., 1997) or by pressurizing the air in 

stem segments (Cochard et al., 1992). The stem hydraulic conductance (K) is commonly 

measured by applying a water pressure difference through a stem segment and then measuring 

the resulting water flow (Sperry et al., 1988). Embolisms are then typically quantified as a 

percentage loss of conductance (PLC), which is the ratio between the conductance of the 

embolized stem segment (Kmin) and the conductance of the non-embolized stem segment 

(Kmax). 
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The presence of air inside the xylem as a consequence of the embolisms is often 

overlooked. Although interesting studies on plant pneumatics had been performed in the past 

(e.g., MacDougal, 1932, 1936, Hook et al., 1972), to our knowledge, very few studies have 

directly examined the air in the xylem by using several methods. Visualization methods such 

as classical anatomy, high-resolution magnetic resonance and X-ray microtomography have 

been used to quantify hydraulic conductance by counting the number of air- and water-filled 

vessels (Hacke & Sperry, 2001; Cochard et al., 2015). The air-injection technique proposed 

by Ennajeh et al. (2011a) is based on air conductance and relates the PLC to the bubble 

production that is generated by air pressurization; the authors found that estimating the VCs 

based on quantifying the air conductance was more reliable than the original air pressurization 

method with hydraulic measurements. Franks et al. (1995) froze stem samples (20 mm) from 

Eucalyptus camaldulensis at different water potentials, measured the xylem air conductance 

in the frozen samples and then used the measurements to estimate their xylem water 

conductance and VCs. These authors proposed the use of air in frozen samples as a way to 

prevent some of the artefacts caused by conventional hydraulic methods. 

While experimentally sucking air from a cut branch with a syringe, we noticed that the 

applied tension decreased after a period of time had passed. We questioned whether the air 

that was being sucked from the branch should be proportional to the air volume inside the 

branch and whether this air volume should be proportional to the embolism quantity inside the 

plant. A direct, though not necessarily linear relation between the air volume inside the plant 

and the plant conductance is expected because both the vessel conductance and embolized 

vessel volume are functions of the vessel length and diameter. Assuming a branch segment 

with n vessels of equal length L (m), diameter D (m) and e embolized vessels, the branch 

segment conductance K (kg MPa-1 s-1)equals the sum of each remaining vessel conductance 

Ki as follows (Tyree & Ewers, 1991): 

 

K = ∑Ki = (n-e)Ki = (n-e)αD4L-1       (1) 

 

where α is a constant related to the water dynamic viscosity and density (kg s m-3 MPa-1) and 

the vessel morphology and chemistry according to Poiseuille’s law. In considering non-vessel 

air volume as negligible, the same segment air volume V will be the sum of each embolized 

vessel volume Vi as follows: 

 

V = ∑Vi = eVi = eπ(0.5D)2L        (2) 
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In this case, a clear relation between V and K can be expected, and the actual 

conductances could be calculated from the air volume (although pit membranes and non-

vessel air volumes can cause this relation to become more complex). If we consider that the 

number of embolized vessels e is a function of the xylem water potential (Fig. 1a), then the 

percentage of V and K at a given water potential should be strongly related through e (Fig. 1b, 

continuous red line). Even if we consider V not only as a function of the number of embolized 

vessels but also of the air from non-vessel tissues, V and K should still be correlated, and the 

embolism formation signal should still be visible (Fig. 1b, dashed red lines). 

Here, we studied the air dynamics of entire branches because we believe that this 

information can be useful for understanding the mechanisms of plant hydraulics and for 

developing new methods to study plant hydraulics. By measuring the air flow that comes out 

of branches when applying a vacuum to the cut base of the branches, we aimed to address the 

following questions. 

(1) Where does the air that is leaving the branch come from? Can this air be used as an 

indicator of the branch air volume? We tested the following possibilities: (i) the air 

comes from air spaces inside the plant only; (ii) the air comes from outside the 

plant only; and (iii) the air comes from both inside and outside the plant. 

Independent of the air origin, the term “air flow” (AF) will be used throughout this 

text as the sum of its origins, i.e., air from inside and outside the branch. 

(2) Can the plant air volume be used to estimate plant embolisms? We test the 

hypothesis that the branch air volume increases when the branch dries in 

proportion to embolism formation. We predict (i) that the AF increases when the 

xylem water potential of the branch decreases and (ii) that the AF is correlated to 

the PLC. 

 Based on our findings, we propose a pneumatic method for studying plant hydraulics, 

and this method is simple, effective, rapid, and inexpensive and opens new possibilities for 

understanding water and embolism dynamics in plants. 
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Fig. 1 Relation between the embolized vessels, hydraulic conductance, vessel plus non-vessel 

air volume (branch air volume; graph b) and xylem water potential (Ψx) of a branch segment 

with all vessels of the same length, diameter and with the same morphology and chemistry. If 

the non-vessel air volume is negligible (continuous line), then the relation between the branch 

air volume and the Ψx should correspond exactly to the relation between the hydraulic 

conductance and Ψx. When the non-vessel air is significant (dashed lines), then the air volume 

can still be used to predict Ψ50. The Ψ88 can be predicted accurately for species with small 

amounts of non-vessel air or when this effect is discounted. a) Hydraulic conductance and 

embolized vessels as functions of the xylem water potential. b) Branch air volume as function 

of xylem water potential. Ψ50 and Ψ88 are the Ψx when hydraulic conductance is 50% and 

88%, respectively. The percentage values are the relative amount of non-vessel air volume at 

Ψx = -8 MPa for each curve. The non-vessel air volume is considered here as a linear function 

of Ψx with different slopes for each curve. The circles and triangles are the Ψx values in which 

the branch air volume is 50% and 88% of the branch air volume at -8 MPa.  
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Materials and Methods 

 

Pneumatic apparatus - The air (the correct term is gas, but we use “air” throughout the text 

because it is a more commonly used term in the literature) that was exiting the branch samples 

was estimated by monitoring pressure changes in a vacuum reservoir that was connected to 

the base of each branch (Fig. 2). The pressure changes were measured with a vacuum meter 

connected to the vacuum reservoir. A common syringe was used as the vacuum source. The 

syringe and vacuum meter were connected to the vacuum reservoir through a three-way 

stopcock. The branch sample was connected to the vacuum reservoir with a second three-way 

stopcock by a silicon tube and a plastic clamp. Plastic film and latex-based glue were used to 

improve the fitting and to avoid leakage through the branch connection. One exit from the 

second three-way stopcock was left empty and was used to apply atmospheric pressure to the 

apparatus. The vacuum was monitored with a millivoltmeter or a voltage logger with a 

precision of 0.01 kPa. Based on the detailed specifications of each component, the vacuum 

reservoir volume was 3.9 mL (Fig. 2), which allowed the apparatus to operate within the 

precision limits of the vacuum meter.  

 

Air flow measurements - A pressure of 35–40 kPa was applied to the vacuum reservoir by 

pulling the syringe plunger, and then the syringe path was closed to the vacuum reservoir. To 

avoid possible misinterpretation, we will use the absolute vacuum as a reference throughout 

the text, i.e. -10 kPa is negative pressure and not vacuum pressure. The vacuum reservoir was 

then opened to the branch, and the initial pressure was measured (Pi, kPa). The discharged air 

from the branch to the vacuum reservoir lasted 2.5 min, and then the final pressure was 

measured in the vacuum reservoir (Pf, kPa; see Fig. 3). We defined 2.5 min as the discharge 

time because we wanted to evaluate a rapid method, and our initial tests showed that this 

period of time was sufficient for obtaining a good air flow signal. The increased in moles of 

air in the vacuum reservoir (Δn, mol) were calculated according to the ideal gas law as 

follows: 

 

Δn = nf – ni = PiVr/RT – PfVr/RT       (3) 

 

where ni (mol) is the number of moles of air in the vacuum reservoir before it was connected 

to the branch and nf (mol) is the number after being connecting to the branch. R is the gas 
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constant (8.314 kPa L mol-1 K-1), T is the temperature (the room temperature was maintained 

at 20º C by air conditioning), and Vr is the vacuum reservoir volume (L). We considered the 

ideal gas law to be valid because atmospheric air behaves essentially as an ideal gas under 

low pressure and room temperature (Barton, 2012). Even if the xylem concentrations of O2, 

N2 and CO2 were different from the concentrations in atmospheric air, our assumption 

remains valid, because those gases behave in a ideal manner (MacDougal, 1936). 

 

Fig. 2 Schematic representation of the apparatus for measuring air inside branches. The 

branch is connected to a section of silicone tubing [1] (3.0 mm ID and 5.2 mm OD or 4.9 mm 

ID and 9.7 mm OD), which is attached with plastic clamps (RZ-06832-02, Cole-Parmer, 

USA). Adapter luers (EW-30800-06, Cole-Parmer, USA) connect the branch to PVC tubing 

[2] (EW-30600-62, Cole-Parmer, USA) and then to a three-way stopcock [3] (EW-30600-04, 

Cole-Parmer, USA). A vacuum meter transducer (PX141-015V5V, Omega Engineering, 

USA) is connected to the three-way stopcock, and the output signal is detected with a voltage 

meter or a data logger. The vacuum is created with a syringe that is directly connected to the 

tube, as shown in the scheme. The vacuum reservoir (a 1 L Kitasato flask connected to a 

vacuum pump) may be used to produce a vacuum rapidly in the tubes. The scheme shows the 

stopcocks in the measurements positions, i.e., they are closed to the vacuum reservoir and 

open to the branch and vacuum meter. 

 

 

 

 

By transforming the Δn to an equivalent volume of air at atmospheric pressure (Patm, 

98 kPa at 700 m, the altitude of Campinas SP, Brazil), the total air flow out of the branch was 

calculated as the volume of air that was discharged into the vacuum reservoir (AD; μL) 

according to the ideal gas law as follows: 

 

AD = (ΔnRT/Patm)*106        (4) 
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The leakage from the apparatus was much lower than the lowest amount of air that 

was discharged from the samples (Fig. 3). This air leakage was calculated as the air that was 

discharged from the vacuum reservoir by using a branch with a glue-sealed cut. To correct the 

AD, the leakage was subtracted from the AD (See Methods S1). The samples were open to 

the atmosphere when not subject to measurement to ensure that no vacuum remained inside 

the samples before beginning the next measurement. During the measurements, the samples 

were bagged to ensure that there was no transpiration or other changes in the xylem water 

potential.  

The vacuum reservoir pressures were also measured at 15, 30, 60, 90 and 120 s to test 

possible variations over the 2.5 min measurements. The AD was calculated in the same 

manner as described above for each partial measurement, by considering either the cumulative 

AD (from 0 to 90 s, for example) or the AD at intervals (from 61 to 90 s, for example). To 

calculate the AD at intervals, the Pi was considered as the vacuum reservoir pressure at the 

beginning of the interval. The Pf, for cumulative and interval measurements, was defined as 

the vacuum reservoir pressure at the end of the cumulative or partial measurements. Unless 

stated, AD will refer to the full 2.5 min measurement (i.e. the cumulative AD from 0 to 150 s) 

throughout the text. We also evaluated the effects of the measuring time, as described in the 

Methods S1. 

 

Xylem water potential - The leaves were bagged in black plastic bags for one hour before 

measurement to create equilibrium between the leaf and xylem water potential (Ψx). The leaf 

water potential was measured with a pressure chamber (PMS 1000; PMS Instruments 

Company, Albany, OR, USA) and was used as the Ψx of the sample. The leaf cuts were sealed 

with latex-based glue (seven leaves per branch, on average). The application of glue to the 

leaf cut was sufficient to prevent air leaks (Fig. 3).  
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Fig. 3 Pressure and air discharged from the vacuum reservoir during several air discharge 

measurements in a E. camaldulensis branch as an intact sample and after removing the basal, 

apical and all other leaves. Glue was applied at the leaf insertion position after removal. The 

grey line is the apparatus leakage with a glass bar instead of the branch. The black line is the 

leakage from the system when the branch sample is cut to 1–2 cm and sealed with glue. Ψx is 

the water potential of the branch. Pi and Pf are the initial and final pressures in the vacuum 

reservoir respectively. The atmospheric pressure was 98 kPa. Data were sampled every 

second. 

 

Plant material – branches from saplings and trees of 12 vessel-bearing species and three 

tracheid-bearing species (Table 1) were used to test the pneumatic method. The plant species 

and sampling description are detailed in the Methods S1. 

 

Evaluation of air origin - To identify the origin of air for the AD measurements, entire 

branches (leaves and stems) from E. camaldulensis were connected to a chamber and the 

basal cut was connected to the vacuum reservoir of the pneumatic apparatus (Fig. 4). The 

chamber was made with a PVC tube (55 cm length  × 6 cm diameter), which was connected 

to a vacuum meter and a vacuum pump. The chamber also had an aperture on one side in 

which the branch was placed and held by a rubber stopper and caulking mastic to prevent air 

leakage. The AD of each sample was then measured in two situations. Here, the AD is the 

absolute amount of air that is entering or exiting the vacuum reservoir within 2.5 min, 

depending on the situations described as follows:  

(1) a normal gradient (NG), with atmospheric pressure (98 kPa) inside the chamber 

and a vacuum (50 kPa) in the vacuum reservoir (Fig. 4c). In this situation we expected that the 
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air present inside and/or outside the plant would flow to the vacuum reservoir and increase the 

pressure. We believe that air from the outside could pass through the bark/leaves if the plant 

are not well sealed; and 

(2) an inverse gradient (IG), with a vacuum (50 kPa) inside the chamber and 

atmospheric pressure (98 kPa) in the vacuum reservoir (Fig. 4a,b). In this situation the 

pressure should decrease (forming a vacuum in the vacuum reservoir) only if the bark/leaves 

are not sealed against the outside (Fig. 4b). 

In both cases, the pressure gradient for the air flow was the same, but it moved in 

opposite directions. For each sample, the situation that was first applied was alternated, and 

the Ψx was also measured. The following hypotheses were evaluated, as described in the 

Methods S1: 

 

 (i) the plants are sealed against the air from outside, and then the pressure in the 

vacuum reservoir remains the same, i.e., the amount of air does not decrease inside the 

vacuum reservoir in the IG situation; 

 

(ii) the plants are not sealed, and the air only comes from outside. In this case, the 

difference between the amount of air in the vacuum reservoir at NG and IG would be zero 

(Fig. 4b,c), i.e., the amount of air in the vacuum reservoir would increase in the NG and 

decrease in the IG, but in the same absolute quantity; and 

 

 (iii) the plants are not sealed against the outside air, and the air comes from both the 

inside and outside. If this hypothesis is true, then the difference between the amount of air in 

the vacuum reservoir for NG and IG would be greater than zero (Fig. 4b,c). 
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Fig. 4 Schematic representation of the apparatus used to evaluate the source of air in the 

branches and the possible air pathways. (a) A vacuum pump was used to apply a vacuum to 

the chamber, whereas the vacuum reservoir was maintained at atmospheric pressure [inverse 

gradient (IG)]. If the branches are sealed to outside air, then the pressure in the vacuum 

reservoir does not change. (b) Same treatment as in (a), but in this case, the branches are 

supposedly not sealed. (c) A vacuum was applied to the vacuum reservoir, and the chamber 

was maintained at atmospheric pressure [normal gradient (NG)]. Arrows represent the air 

pathway under each condition.  
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Air discharge (AD) and Ψx - The AD was measured in the same sample several times at 

different Ψx values. Four to seven branches from different well-watered individuals were 

used. An initial measurement was made with the well-hydrated branches, which were then 

dehydrated by bench dehydration method (Sperry et al., 1988). The last measurement from 

each sample was recorded when the Ψx was lower than the maximum limit of the pressure 

chamber (-10 MPa) or when the branches had lost their leaves. In AD compared with Ψx 

curves, the AD data were first normalized so that the data from different samples from the 

same species could be pooled. The AD values were normalized by considering the AD values 

from well-watered and dehydrated measurements, which were transformed to percentages 

(PAD, percentage air discharged) according to the following equation: 

  

PAD = 100*(AD − ADmin)/(ADmax – ADmin)      (5) 

 

where ADmin is the AD value that was obtained when the branch was well-hydrated (highest 

Ψx) and ADmax is the AD value that was obtained when the branch was the most dehydrated 

(lowest Ψx). Erisma uncinatum and M. lepidota did not have enough leaves on each branch to 

obtain maximum, minimum and intermediate values for the same sample. Because both 

species presented low intraspecific variability for a given Ψx and also had a low Ψmin in 

relation to the Ψmax, we normalized each sample by considering the ADmax of the species (and 

not the ADmax of each sample).Given that the PAD values ranged between 0 and 100, these 

values were fitted to the following logistic function that is commonly used in VC curves 

(Pammenter & Vander Willigen, 1998): 

 

PAD = 100/(1 + exp((Sp/25)(Ψx – Ψ50p))       (6) 

 

where Ψ50p is the Ψx when PAD equals 50% and Sp (%PAD MPa-1) is the slope of the curve. 

From this equation, the Ψx that was calculated for the PAD equal to 88% (Ψ88p). The subscript 

annotation “p” (for pneumatic) was used with Ψ50p, Ψ88p and Sp to differentiate them from 

Ψ50h, Ψ88h and Sh (h for hydraulic), or the Ψx that occurred when the plant lost 50% and 88% 

of its hydraulic conductance and the slope of the VC (%PLC MPa-1), respectively. The 

goodness of fit for the logistic function in relation to a constant fitting that was equal to the 

mean (R2, to differentiate it from linear regression r2) was calculated as one minus the sum of 

squares for the residuals of the logistic fitting, divided by the sum of squares of the residuals 

for the constant fit. 
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Embolism vulnerability curves – The hydraulic vulnerability curves were estimated for ten 

species by the bench dehydration method (Sperry et al., 1988), using an ultra-low flow meter 

as previously described by Pereira & Mazzafera (2012) [See Methods S1 for the detailed 

procedure]. The AD was then related to Ψx, embolisms and allometric relations, as described 

in the Methods S1. 

 

Sample size and vessel length – Samples that were longer or shorter than the maximum vessel 

length may have had fewer or more open vessels, respectively. Given that the branches that 

were in contact with the air were used for AD measurements, we also evaluated whether the 

sample length affects the AD measurements and PAD curve fitting. In S. terebinthifolius 

trees, we measured the AD and water potential of branches that were shorter and longer (0.15 

and 0.30 m long, respectively) than the maximum vessel length (0.25 m), which were 

measured by the air injection method (Zimmermann & Jeje, 1981) [see Methods S1 for 

sampling conditions], and the PAD curves for both branch lengths were compared. The data 

were analysed as described in the Methods S1. 

   

Results 

  

The AD values ranged from 3.74 μL in well-hydrated C. sempervirens to 2314.9 μL in 

dehydrated M. lepidota branches. When considering all the samples, the maximum and 

minimum average AD from all samples were 591.6 ± 525.1 μL and 120.8 ± 174.4 μL, 

respectively (Fig. S1). The air leakage that occurred when considering all measurements was 

1.1 ± 0.4 μL per 2.5 minutes. The AD rate decreased exponentially during the measurement 

time (Fig. 5), and this pattern was consistent in all analysed species (data not shown). The 

maximum AD was not related to the sample length, diameter, volume, stem surface area or 

maximum vessel length (p > 0.68 for all correlations). 
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Fig. 5 Rate of total air discharge over 2.5 min (%AD s-1) for all evaluations (610 AD 

measurements, 6 points for each AD measurement). The black line is the best fit for the non-

linear regression of the exponential decay function y = ax-1. The inset is the absolute (non-

standardized by measurement) rate of AD (μL s-1). a = 31.1 for the line in the main primary 

graph, and a = 77.0 in the inset.  

 

 

 

Where does the air come from? 

 The AD from E. camaldulensis that was obtained in the inverse gradient (IG) 

situation was higher than zero (n = 12; V = 78; p = 1).  The average AD from the normal 

gradient (NG) situation was 224.9 ± 141.3 μL, which was higher than the AD in the IG 

situation (70.9 ± 108.0 μL). Therefore, the difference in the AD between the NG and IG 

situations was also higher than zero (t(11) = 5.59; p<0.0001; Fig. 6a). The AD values in the NG 

situation were significantly correlated with the Ψx (F(1,10) = 28.3; p = 0.0003; r2 = 0.71), but 

the AD values in the IG situation were not (F(1,10) = 3.37; p = 0.096; r2 = 0.18; Fig. 6b). The 

AD from the NG situation was marginally related to the AD from the IG situation (r2 = 0.566; 

p = 0.059). In conclusion, most of the AD from the NG situation comes from branches, 

despite the fact that the branches were not sealed against the outside air (Fig. 6c). 

 

How is air discharge related to embolism?  

Despite the interspecific differences in branch lengths and diameters, the AD increased 

with Ψx reductions for all species (Fig. S1). The estimated parameters of the PLC and PAD 

curves (Fig. 7) are summarized in Table 1. The Ψ50p was strongly correlated with the Ψ50h 
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(F(1,13) = 28.6; p = 0.0001; r2 = 0.69; Fig. 8a), as Ψ88p and Ψ88h (F(1,13) = 21.7; p = 0.0005; r2 = 

0.63; Fig. 8b). However, the Sp was not correlated with the Sh (F(1,13) = 0.35; p = 0.6; r2 = 

0.03; Fig. 8c). The relation between Sp and Sh became significant after removing the M. 

acutata outlier (F(1,12) = 5.41; p = 0.038; r2 = 0.31). The same trends were observed in our 

randomization approach to account for uncertainty in the literature data, with the regressions 

between Ψ50 and Ψ88 always being significant and the regressions between S being almost 

always not significant. The relation between Sp and Sh without the outliers was significant 

only 29% of the times, suggesting that the significant, albeit weak, relationship we found for 

the original data (p = 0.038, r2 = 0.31) is either a false positive or very sensitive to noise (Fig. 

9). 

 The Ψ50p values that were estimated with cumulative and interval AD measurements 

were also strongly related to the Ψ50h for all discharge durations (Fig. S3a,b). The coefficient 

of determination (r2) and the p-value of the linear regressions changed abruptly during the 

first 60 seconds but stabilized afterwards (Fig. S3c,d).
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Table 1 Summary of species air discharge (AD) and maximum vessel length (MVL), sample lengths (L) and diameters (D) and species xylem 

water potentials in which the PAD (Ψ50p and Ψ88p) and PLC (Ψ50h and Ψ88h) values equal 50% and 88% respectively, with references used for the 

PLC curves. Values are the mean ± standard deviation, for measured parameters, or mean ± standard error, for estimated parameters. 

Species Sample MVL 

(mm) 

Maximum 

AD (μL) 

Minimum 

AD (μL) 

Hydraulic 

(MPa) 

Pneumatic 

(MPa) 

Hydraulic 

reference 

L (mm) D (mm) Ψ50 Ψ88 Ψ50 Ψ88 

Calyptranthes brasiliensis NA NA 474 ± 113 228.3 ± 25.2 97.2 ± 28.3 -4.9 ± 0.4 -8.5 -5.5 ± 0.3 -7.7 - 

Citrus sinensis 530 ± 99 8.4 ± 0.9 362 ± 22 761.3 ± 97.6 469.0 ± 242.2 -3.7 ± 0.3  -8.7 -4.3 ± 0.2 -7.8 - 

Coffea arabica 708 ± 68 6.4 ± 0.4 400 ± 30 97.5 ± 40.4 29.8 ± 27.3 -2.5 ± 0.2 -7.7 -2.9 ± 0.2 -5.3 - 

Cupressus sempervirens 641 ± 65 6.8 ± 0.4 Tracheid 129.3 ± 79/9 3.3 ± 5.5 -10.4 -14.0 -8.0 ± 0.6 -14.3 [1][2] 

Drimys brasiliensis 404 ± 126 5.8 ± 0.5 Tracheid 1244.6 ± 791.2 12.0 ± 8.0 -1.6 ± 0.1 -2.9 -2.2 ± 0.2 -3.3 - 

Erisma uncinatum NA 5.2 ± 1.0 410 ± 15 1981.4 ± 37.4 377.9 ± 789.4 -1.1 ± 0.1 -2.4 -2.1 ± 0.2 -3.1 - 

Eucalyptus camaldulensis 763 ± 136 4.1 ± 0.5 460 ± 26 489.1 ± 202.0 21.2 ± 8.8 -3.9 ± 0.2 -7.4 -4.1 ± 0.1 -5.8 - 

Hymenaea courbaril 486 ± 102 5.9 ± 0.9  0.15 ± 0.05 288.7 ± 90.0 17.9 ± 9.2 -2.8 -3.9 -1.0 ± 0.1 -1.8 [3] 

Miconia lepidota NA 6.38 ± 1.0 250 ± 100 1122.9 ± 855.6 555.7 ± 649.2 -4.6 ± 0.2 -8.4 -4.4 ± 0.3 -5.9 - 

Myrceugenia acutata 450 ± 115 5.9 ± 0.9 662 ± 78 454.2 ± 141.0 94.8 ± 71.2 -4.9 ± 0.1 -5.4 -6.5 ± 0.5 -10.3 - 

Olea europaea 648 ± 109 4.7 ± 0.5 293 ± 68 176.9 ± 59.8 26.8 ± 8.4 -4.0 -5.7 -2.9 ± 0.4 -6.6 [4][5] 

Populus nigra 619 ± 215 4.4 ± 0.7 163 ± 67 544.7 ± 220.8 188.8 ± 114.4 -2.7 -3.6 -2.6 ± 0.2 -4.3 [6][7][8] 

Schinus terebinthifolius sapling 420 ± 55 4.6 ± 0.3 187 ± 32 326.6 ± 123.6 16.4 ± 3.6 -3.1 ± 0.1 -4.6 -2.3 ± 0.2 -3.8 - 

Schinus terebinthifolius tree-short 145 ± 16 3.1 ± 0.6 254 ± 114 109.2 ± 30.7 35.4 ± 12.7 -3.1 ± 0.1 -4.6 -2.3 ± 0.3 -4.3 - 

Schinus terebinthifolius tree-long 338 ± 23 4.3 ± 0.6 254 ± 114 479.4 ± 184.0 46.2 ± 14.5 -3.1 ± 0.1 -4.6 -2.7 ± 0.2 -5.2 - 

Thuja plicata 612 ± 98 6.4 ± 0.8 Tracheid 339.1 ± 169.1 9.0 ± 2.3 -5.0 -6.4 -7.6 ± 0.3 -10.1 [1][2][9] 

Weinmannia organensis 412 ± 45 6.2 ± 1.1 497 ± 158 1283.3 ± 254.9 50.5 ± 36.1 -2.1 ± 0.1 -3.3 -2.5 ± 0.1 -4.0 - 

 [1] (Choat et al., 2012); [2] (Delzon et al., 2010); [3] (Brodribb et al., 2003); [4] (Hacke et al., 2015); [5] (Torres-Ruiz et al., 2014); [6] (Froux 

et al., 2002); [7] (Cochard et al., 2005); [8] (Guet et al., 2015); [9] (Mcculloh et al., 2014). NA = Not Available
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Fig. 6 (a) Air discharged (μL) under vacuum or atmospheric pressure in the leaves/stem 

chamber  and (b) the relation between the xylem water potential and the air discharged with 

vacuum pressure (closed circles) or with atmospheric pressure (open circles) in a chamber 

containing E. camaldulensis branches. The normal gradient (NG) is given by the atmospheric 

pressure inside the chamber, whereas the inverse gradient (IG) is applied by vacuum in the 

chamber. The continuous line is the regression curve for the measurements with a vacuum in 

the chamber, and the dashed line is the regression curve for the measurements with 

atmospheric pressure in the chamber. (c) A schematic representation of the air pathway and 

the large amount of air coming from inside the branches, as found experimentally. 
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Fig. 7 Percentage of maximum air discharge (PAD) or percentage loss of conductance (PLC) as a function of the xylem water potential (Ψx). The 

different symbols are PAD data from different individuals. The red line is the regression curve obtained for the PAD values, and the blue line is 

the regression curve for the PLC data (shown in the Fig. S2). Full circles and triangles are the Ψ50 and Ψ88 for the PAD curve (red) and PLC 

curve (blue), respectively. We used Ψ50 and Ψ88 data from the literature for five species (see methods) to calculate the slope of the sigmoidal 

curve as PLC = 100/(1 + exp((S/25)S(Ψx – Ψ50p)) and to plot the curve. The published curves were not necessarily regressions with the same 

equation. 
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Fig. 8 Relation between Ψ50 (a), Ψ88 (b), and slope (c) of the PLC (hydraulic method) and 

PAD (pneumatic method) fitted curves for each studied species. Red points and lines are used 

for data and regression fits from species with hydraulic data from the literature, and the blue 

points and lines are for the others. The continuous black lines are the regression fit for the 

combined data, and the dotted lines indicate the 1 to 1 line. The black line in the lower panel 

is the regression, which is fitted without the two outliers. Regression lines are presented only 

when significant or marginally significant. * values for the regression of all data after 

removing the two outliers. 
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Fig. 9 Coefficient of determination (r2; black box plots and left y-axis) and p-value (grey box 

plots and right y-axis) when comparing the  Ψ50, Ψ88 and S (slopes) values between the 

pneumatic and hydraulic methods. The continuous and dashed lines represent p-values equal 

to 0.05 and 0.07, respectively. A randomization approach was used to account for uncertainty 

in the literature data and is described in method S1. The variability was applied to the 

literature data, and the linear regression was analysed. We repeated this procedure 1000 times. 

The S* is the slope without M. acutata outlier.  
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Fig. 10 (a) Air discharged and (b) percentage air discharged (PAD) or percentage loss of 

conductance (PLC) in S. terebinthifolius samples as functions of the xylem water potential 

(Ψx). Green points and lines are data for sapling samples; blue points and lines are data for 

trees from short branches; red points and lines are data for trees from long branches; and the 

black line is the hydraulic regression of the PLC as a function of Ψx. 
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Does the vessel length affect air discharge and PAD curves? 

 The AD from S. terebinthifolius was different when comparing short and long 

branches (V = 491; p <0.0001, Fig. 10a), with AD values from long branches 3.5 times higher 

than the values from short branches. By contrast, the Ψ50p and Ψ88p of short branches were 

similar (p > 0.05) to the Ψ50p and Ψ88p of long branches (Fig. 10b). 

 

Discussion 

  

Air origin 

The air flow was measured during two situations: under normal (NG; Fig. 4c) and 

inverse (IG; Fig. 4a,b) pressure gradients. The air flow was higher in the NG situation than in 

the IG situation (Fig. 6a). Thus, the hypothesis that air comes from both inside and outside the 

plant was confirmed, with the contribution of internal air spaces being much higher than that 

of external sources. Because the air flow for the IG was lower than it was for the NG 

condition, we may argue that the radial resistance to air flow (air that passes through the 

bark/leaves) is higher than the longitudinal resistance (air that flows through xylem conduits 

and other tissues, but in an axial direction). Thus, the air that is stored inside the plant 

discharged faster in the NG situation. This high radial resistance to air flow is in accordance 

with studies on air permeability and diffusion in wood, in which the resistance through the 

lumen conduits and pit membranes (axial resistances) is lower that of in the radial direction 

through the periderm and cambium (Comstock, 1970; Sorz & Hietz, 2006). 

The air flow in the IG situation did not change significantly with the Ψx, but it 

increased in the NG situation (Fig. 6b). Because the system was the same but was operating at 

different rates in the NG and IG situations, the magnitude of the component that affected the 

air flow related to the Ψx was weaker in the IG situation and thus weakened the relation 

between the air flow and Ψx. 

 

Air Discharge 

The AD differed by two orders of magnitude among individuals of the same species 

and among different species (Table 1). The differences among species might be related to 

structural variations such as the presence of lenticels, intercellular spaces, heartwood, pit 

membranes resistance and primarily the cumulative conduit lumen area (Prak, 1970; 

Hansmann et al., 2002). Although the AD from 0.3 m S. terebinthifolius branches was 3.5 

times higher than that of 0.15 m branches, we did not find any significant relation between the 
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AD and branch allometry in the evaluated species. Therefore, our data revealed that AD 

differences among species are related to other structures, such as the volume of vessel lumens 

as it affects both air storage and air axial conductance (Hicks, 1995).  

The rate of AD was not constant over time (Fig. 5). This finding is in accordance with 

the NG/IG tests that showed a higher contribution from air storage inside the plant than 

external air sources in terms of AD. The air storage adds a capacitance effect to the system, 

which then operates in an unsteady state (Prak, 1970). Both the non-linearity of the AD and 

the NG/IG gradient test suggest that AD is an indicator of plant air volume. 

 

Air flow and embolism  

 We found a strong relation between the PAD and PLC, with estimations of Ψ50 and 

Ψ88 being very similar when the hydraulic and pneumatic methods were used, and Ψ50 

presented a stronger relation than Ψ88 (Fig. 9). Our data confirm that the AD is related to the 

PLC, with an expected loss of accuracy from the symmetry point of the curve (Fig. 1). In 

comparing the hydraulic and pneumatic methods, the S slopes of fitted curves presented a 

weaker relation, but only after the removal of the M. acutata outlier (Fig. 8c). In fact, the S 

parameter incorporates errors for both Ψ50 and Ψ88 from the hydraulic and pneumatic 

methods, which doubles the degrees of freedom of its uncertainty, making it harder to detect a 

trend. Even when considering the uncertainty and avoiding outliers, Sh and Sp were only 

weakly correlated (Fig. 8c), and they were significant only 29% of the time, according to our 

randomization approach (Fig. 9). Thus, the hypothesis that the plant air flow and plant air 

volume are related to embolism is confirmed, and the AD and other measurements of air 

volume (or, conversely, vessel water volume changes, see Vergeynst et al. (2014)) can be 

used to estimate Ψ50 and Ψ88, with the latter exhibiting less accuracy. 

The lower accuracy for detecting Ψ88 may be related to the non-vessel air volume, such 

as dead cells in the heartwood. We did not notice an effect from the non-vessel air volume in 

our samples, but we also did not plan our measurements to look specifically for non-vessel air 

volumes. Another possibility to explain the lower accuracy for estimating the Ψ88 is the axial 

or radial air conductance, which likely changed with the Ψx because of changes in turbulence 

and branch permeability. However, our results indicate that the effects of non-vessel air 

volume and changes in air conductance on Ψ50 and Ψ88 estimations are small, because both 

can be predicted from AD measurements. Another possible bias in the estimation of Ψ88, for 

both hydraulic and pneumatic methods, is that there are usually few data points under low Ψx 

because of the limitation of the pressure chamber to -10 MPa. Unless accounted for, this 
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condition forces the regression algorithm to minimize the residuals of high Ψx data, increasing 

the uncertainty of Ψ88. 

The relation between the pneumatic and hydraulic curves was still strong despite the 

fact that the hydraulic curves were built with short branches and the pneumatic ones were 

made from long leafy branches. We did not expect that air from the mesophyll or the spongy 

palisade would affect our measurements, because they would have to diffuse through the 

symplast to reach the xylem vessels. In fact, this diffusion is a slow process that is unlikely to 

affect  the measurements that were taken in 2.5 minutes to a significant extent. However, we 

would expect that the air inside the leaf vessels could affect our measurements but our results 

suggest that this effect was weak. This finding indicates that the effect of leaf embolisms on 

the air volume was small, and our measurements actually integrated the air volume inside the 

branches. The presence of leaves during the pneumatic method likely affected the residuals in 

the hydraulic-pneumatic comparisons and caused non-significant differences between the 

pneumatic curves that were built with the short and long branches of S. terebinthifolius. It is 

possible that the pneumatic method can be used to evaluate leaf vulnerability curves in 

branches with more leaves in a proportional manner. 

 

Plant air storage and air network 

 Tree wood contains a large amount of air (Zimmermann, 1983), and air permeability 

in dead wood increases with increasing gas volume (Sorz & Hietz, 2006). Gartner et al. 

(2004) estimated that 18% to 26% of the volume in living functional xylem could be air, and 

it could be up to 50% in non-functional heartwood. However, these researchers did not 

distinguish vessel (embolism) and non-vessel air volumes. The volume of intercellular spaces 

and rays is too small to contain all this air (approximately 7% of the total air volume). Thus, 

most of the air inside the plants must be in the cell lumens and wall pore spaces (Gartner et 

al., 2004), which emphasizes the strong relation between air flow and embolism. It is possible 

that a small portion of the air measured in our samples was already inside the tissues, even in 

well-hydrated plants, and it was likely distributed in the fibres, pith, bark and open conduits at 

the base of the branch. This possibility was considered by removing the ADmin of well-

hydrated plants from all other measurements when fitting the PAD curves (see Methods 

section). 

In well-hydrated plants, we would expect that air only comes through the open vessels 

(Fig. S4a). As embolism formation begins, the network of air-filled spaces would increase 

progressively (Fig 12b). Whether air filled spaces would be compartmentalized and not 
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accessible from the initial open vessels (Fig. S4c) and the connectivity of the plant air 

network are issues that remain unsolved. The segmentation of air spaces could bias PLC 

estimations from PAD curves and affect relations between the air flow and air volume, with 

air flow increasing disproportionally when two unconnected air networks become connected. 

Hydraulic measurements could also be biased by segmentation if samples are chosen from a 

non-segmented branch section. Given that we have found a good correlation between the 

PAD and PLC curves, we may argue that segmentation is not an issue and that plant air 

spaces are more connected, although evidences of isolated embolized conduits (Choat et al. 

2015).. 

The arrangement of the cellulose microfibrils impregnated by lignin turns the cell wall 

free of water (Niklas, 1992) and it is possible consider it impermeable for models of wood 

permeability (Siau, 1984). For air that is sucked from embolized and closed vessels through 

the cut at the branch base (Fig. S4b), the pit membranes should be dry and permeable to air. 

Otherwise, a pressure that is much higher than the one applied in this study would be 

necessary to force air through the wet membranes. In fact, we do not know the water status of 

pit membranes in embolized vessels. Ieperen et al. (2002) suggest that pit membranes can dry 

in cut stems because they contact dry air, and their data on refilling open vessels that were 

immersed in water corroborated this assumption. In addition, pit membrane shrink when dry 

forming large pores (Pesacreta et al., 2005), which may reduce the resistance to air flow. Two 

high-energy processes must occur in the pit membranes when embolism takes place; first, 

potential energy that is stored as the elastic deformation of pit membranes is suddenly 

released, which is one possible cause of acoustic emissions during embolism formation 

(Milburn, 1973). Second, the vessel has a water vapour concentration of almost zero 

(vacuum) in the instant after embolism formation, which would cause the water potential of 

the air inside the vessel to become extremely negative. Both processes, individually or 

together, can potentially dry the pit membrane, at least partially. Our data do suggest that the 

pit membranes allowed air passage and were thus dry. The air volumes measured in our 

experiments were strongly related to embolisms for all species, which suggests that the 

permeability of pit membranes of embolized vessels to air is widespread. Otherwise, although 

we already know that the intercellular spaces in the wood may form an air duct system, the 

communication that occurs among these spaces has not been clearly demonstrated 

(MacDougal, 1932, 1936; Zimmermann, 1983) and as we discussed before, the intercellular 

spaces represent a small air volume inside the wood (Gartner et al., 2004) to explain our 

results. 
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Time of air discharge 

 The relation between Ψ50p and Ψ50h was significant for AD that were estimated several 

times, i.e., during cumulative and interval measurements (Fig. S3). The increase in the 

coefficient of determination for the relation between Ψ50p and Ψ50h (Fig. S3c,d) with 

increasing AD has some possible explanations as follows: (1) the initial measurements that 

were taken, when most of the air is discharged (see Fig. 5), are subjected to unknown 

interferences; (2) the effect of embolisms on AD is different after the first 30 s (weaker before 

and/or stronger after the first 30 s); or (3) integrating the embolism signal for AD over a long 

period of time reduces noise and makes the signal stronger. 

 

The influence of open conduits on air discharge 

The bench dehydration method is currently used as considered the reference method 

for inducing embolism formation (Sperry et al., 1988). It is assumed that the open conduits 

that are in contact with the atmosphere are filled with air instantaneously (Cochard et al., 

1994), forming menisci in the pit membranes that are in contact with other water-filled 

conduits. Thus, the branch length in the bench dehydration method must be longer than the 

maximum conduit length for hydraulic measurements, and the branch can be re-cut under 

water until the sample only contains closed vessels. These menisci must remain until the 

water potential exceeds the embolism formation pressure and the nanobubbles become 

unstable, forming embolisms.  

In using the pneumatic method, we account for the open vessel air volume (ADmin) and 

thus only measure the air from embolized closed vessels that did not embolize by artefact 

(Fig. S4). We do not expect that open vessels are artefacts of the pneumatic method unless 

these open vessels change embolism formation in the adjacent closed vessels. If they do form, 

then the bench dehydration method and any other destructive method will also involve 

artefacts. However, we do expect that the pneumatic method is effectively integrating 

embolisms that occur in open vessels where the branch is cut (Fig. S4, see ‘pneumatic 

effective sample’). We did not find evidence for open vessel artefacts in our sample size 

experiment, and both the short and long branches of S. terebinthifolius showed similar Ψ50p 

values (Fig. 10). This finding reinforces that we were able to correct the effects of open 

vessels by accounting for the open vessel air volume in the ADmin. 
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A pneumatic approach to plant hydraulic mechanisms 

 The air permeability method (Franks et al., 1995) and bubble production during the air 

pressurization method (Ennajeh et al., 2011) previously demonstrated the reliability of xylem 

air conductance measurements for studying the embolism phenomenon. Air is always an 

implicit counterpart of plant hydraulics and we have found that air flow is related to 

embolisms. Although many questions regarding the nature of the processes that affect air flow 

remain unsolved, such as air permeability of pit membrane, measurement in unsteady state or 

turbulent flow, we provide additional support for the effectiveness of pneumatic methods for 

studying plant hydraulics. 

Several hydraulic methods are available to study embolism, but they are usually time-

consuming and subject to various artefacts; 1) bubbles can dissolve as the branch is 

manipulated during the measurements, or the conduits may be passively refilled by capillary 

pressure (Cochard et al., 2013); 2) an underestimation of Kmax can occur for different reasons, 

such as passive water uptake (Torres-Ruiz et al., 2012), background flow (Hacke et al., 2015), 

the reactivation of conduits with flushing (Sperry et al., 2012) and the use of different 

protocols for flushing (Hietz et al., 2008); and 3) the branch length can affect the Kmax 

measurements because of end wall resistance. Assuming that open conduits have higher 

conductance and are embolized first, the Kmax can be overestimated depending on the 

proportion of air-filled conduits without end walls and water-filled conduits with end walls 

(Cochard et al., 2013). Because pneumatic methods are not dependent directly on hydraulic 

properties, it is possible that the hydraulic-related artefacts may not affect pneumatic 

measurements. Consistent with this hypothesis, Ennajeh et al. (2011a) improved the air 

pressurization method with air conductance instead of hydraulic conductance. 

The pneumatic method may also contribute to the current discussion regarding 

embolism induction when a sample is cut under tension (Wheeler et al., 2013). Some 

hydraulic curves presented herein were obtained before the description of this artefact and the 

samples were not relaxed as described by Wheeler et al. (2013). However, care was taken to 

cut the sample several times under water, which may be effective for preventing embolism 

induction (Venturas et al., 2015). During the pneumatic method, we do no cut the samples, 

and thus this artefact is not expected. In any case, we showed similar results between 

hydraulic and pneumatic methods, which indicate that: either embolism induction was 

prevented by cutting the samples several times under water during the hydraulic method or 

that the pneumatic method could overestimate embolisms. Considering that this artefact is still 
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a controversial issue, further studies are needed and the pneumatic method may be an 

alternative test. 

Although we were unable to find any major disadvantage or artefact associated with 

the pneumatic method, we are able to highlight several advantages of this method when using 

vulnerability curves. We built a complete vulnerability curve with this method by using the 

same entire branch, and the limitation for increasing the number of data points by branch was 

the amount of leaves used for measuring the Ψx. By contrast, hydraulic measurements from 

the bench dehydration method only allowed the use of stem segments, with each representing 

one point of the curve. The pneumatic method also integrated the whole air network (Fig. S4), 

and hydraulic methods are usually limited to small segments because of the precision of 

flowmeters and flush limitations. As shown, the pneumatic method is substantially faster than 

the hydraulic one; i.e, most PAD curves presented in Fig. 8 were made simultaneously in two 

days (the time required for plant dehydration). Franks et al. (1995) also used the bench 

dehydration method to induce embolism in their pneumatic approach; however, their air 

conductance measurements were taken from frozen stem segments, and this method is only 

reliable for diffuse-porous species. In the method proposed by Ennajeh et al. (2011a), samples 

were embolized by air pressurization and may have suffered from the limitations imposed by 

this method (Ennajeh et al. 2011b). Finally, a major advantage of the pneumatic method 

described herein is the minimal manipulation of samples, which may limit interference or 

artefacts. 

Despite the abundance of air in wood (Gartner et al., 2004) and the fact that air 

conductance measurements provide the basis for our understanding of embolism formation 

(Sperry & Tyree, 1988), little is known about the relation of air to hydraulic properties and 

plant function. We showed that air flow from intact segments came primarily from air storage 

inside the plants. We showed that the relative amount of air in a branch is related to the 

embolism. To our knowledge, this study is the first to take direct measurements of air in entire 

branches (see MacDougal (1936) for a similar approach), which opens new possibilities to 

study not only xylem embolism and plant-water relations but also to address questions related 

to the significance of air inside plants and its role on plant anatomical and physiological 

responses to environmental changes and mechanical support. In addition, the pneumatic 

method proposed herein might increase our ability to screen for embolism resistance among 

genotypes and hydraulic diversity in species-rich communities such as tropical forests, 

providing a unique opportunity to study the impact of abiotic stresses on plant and community 

water relations. 
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Supplemental Material 

Fig. S1 Volume of air discharged from the samples as a function of xylem water potential 

(Ψx). Different symbols are data from different individuals. rho values for Spearman’s 

correlation are presented. Note that “<-10” in some x-axis means the xylem water potential 

was less than -10 MPa (out of equipment scale). *** p < 0.0001; ** p < 0.001; * p < 0.05. 
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Fig. S2 Percentage of maximum air discharge (PAD) or percentage loss of conductivity 

(PLC) as a function of xylem water potential (Ψx). The red line is the regression curve 

obtained for the PAD values (data not shown), and the blue line is the regression curve for the 

PLC data (open circles). Full circles and triangles are the Ψ50 and Ψ88 for the PAD curve 

(black) and PLC curve (grey), respectively. 
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Fig. S3 Ψ50 estimated using partial AD measurements from (a) cumulative AD (e.g., 90 is 

from 0 to 90 s) and (b) the AD sampled in intervals (e.g., 90 is from 61 to 90 s). Different 

symbols represent different species. The coefficient of determination (r2; closed circle and 

dashed line) and p-value (open circle and continuous line) for the linear regression between 

the Ψ50h and Ψ50p when estimated with the cumulative AD (c) and with the AD sampled from 

intervals (d). Note that the p-value axis values are on a log10 scale. The dotted horizontal line 

in c) and d) represents p = 0.05. 
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Fig. S4 Hypothetic air flow pathway in branches that were well-hydrated (a); dehydrated (b) 

and dehydrated with segmentation in the air flow network, with some embolized vessels not 

connected to the basal cut (c). Grey colours represent water whereas white ones represent air 

inside the vessels. Arrows represent the hypothetical air pathway during an air discharge 

measurement. The left side of the branch is continuous and linked to leaves (not represented). 

The branch length values are the usual sample size used in hydraulic measurements with 

bench dehydration, and the sample lengths used here are the pneumatic measurements and the 

effective sample length (in which the initial air discharge is not taken into account) that the 

pneumatic method is measuring. The pneumatic method is supposed to measure closed 

vessels, and thus the effective sample is smaller than the total sample length by a value that 

lies between the maximum and minimum vessel lengths. The pneumatic method could 

integrate the measurement over a much longer sample than the hydraulic method. 
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Table S1 Data derived from hydraulic vulnerability curves reported in literature for several species and using different methods. 

Species Ψ50 Ψ88 Ψ12 Method Plant 
Used in 

paper? 
Justification Reference* 

Cupressus sempervirens L. -10.4 -14.0 -5.4 cavitron Adult Yes 
 

Choat et al. (2012) 

Cupressus sempervirens L. -5.8 -8.0 -5.1 air injection Sapling No Both the more recent works Choat et al. 

(2012) and Delzon et al. (2010) found very 

low Ψ50 value for C. sempervirens. During 

measurements, C. sempervirens was turgid 

and looking really well at a xylem water 

potential of -5.0 MPa. 

Froux et al. (2005) 

Cupressus sempervirens L. -4.4 -5.4 -3.5 air injection Sapling No 

Froux et al. (2002) 
Cupressus sempervirens L. -4.8 -5.3 -4.3 air injection Sapling No 

Cupressus sempervirens L. -10.4 -14.0 -6.8 cavitron Adult Yes 
 

Delzon et al. (2010) 

Hymenaea courbaril L. -2.6 -3.7 -1.6 air injection Adult Yes 
 Brodribb et al. 

(2003) Hymenaea courbaril L. -3.0 -4.0 -2.0 air injection Adult Yes 
 

Olea europaea L. Chemlali -7.1 NA -3.7 bench dehydration Adult No 
Authors used a particular variety Ennajeh et al. (2008) 

Olea europaea L. Meski -7.5 NA -2.7 bench dehydration Adult No 

Olea europaea L. -1.9 -3.9 -0.6 centrifuge 27 cm Adult No 
Authors suggest data obtained with single 

spin centrifuge or bench dehydration 

Hacke et al. (2015) 

Olea europaea L. -2.2 -3.9 -1.0 centrifuge 14 cm Adult No 

Olea europaea L. -3.0 -6.2 -1.0 standard centrifuge Adult No 

Olea europaea L. 
-3.3 NA -0.2 

centrifuge single 

spin 
Adult Yes 

 

Olea europaea L. -3.3 NA -0.2 bench dehydration Adult Yes 
 

Olea europaea L. -5.0 -6.1 NA bench dehydration Adult Yes 
 

Olea europaea L. -3.7 NA -0.5 air injection Adult No 

Authors suggest using data obtained with 

HRCT or bench dehydration Torres-Ruiz et al. 

(2014) 

Olea europaea L. 
-0.9 -2.9 -0.1 

static centrifuge 150 

mm 
Adult No 

Olea europaea L. -2.8 NA -0.4 static 280 mm Adult No 

Olea europaea L. 
-0.9 -2.0 -0.2 

flow centrifuge 150 

mm 
adult No 

Olea europaea L. 
-1.5 -4.1 -0.2 

flow centrifuge 280 

mm 
Adult No 

Olea europaea L. -1.5 -2.9 -0.6 cavitron Adult No 

Olea europaea L. -4.4 -5.2 NA HRCT Adult Yes 
 

Olea europaea L. Dwarf -2.4 NA -0.3 air injection Adult No Authors used a particular variety Trifilò et al. (2007) 
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Olea europaea L. Minerva -3.6 NA -1.7 air injection Adult No 

Populus nigra L. -3.1 -4.4 -1.0 air injection Sapling Yes 
 Froux et al. (2002) 

Populus nigra L. -2.8 -4.0 -1.0 air injection Sapling Yes 
 

Populus nigra L. -3 NA NA cavitron Adult Yes 
 

Cochard et al. 

(2005) 

Populus nigra L. -0.9 -1.7 -0.5 air injection Sapling No 
Presents a negative Ψ50 safety margin of -0.8 

MPa. 
Lambs et al. (2006) 

Populus nigra L. -2.0 -2.3 NA cavitron Adult Yes 

Mean of the maximum and minimum values 

found for the 33 genotypes from one 

population; P88 calculated from the mean of 

maximum and minimum slope 

Guet et al. (2015) 

Thuja plicata Donn ex D.Don -5.3 NA NA NA Adult Yes 
 

Choat el al. (2012) 

Thuja plicata Donn ex D.Don -4.6 -6.1 -3.0 air injection 
Adult (small 

diameter branch) 
Yes 

 Mcculloh et al. 

(2014) 
Thuja plicata Donn ex D.Don -5.9 -7.4 -3.1 air injection 

Adult (large 

diameter branch) 
Yes 

 

Thuja plicata Donn ex D.Don -4.2 -5.7 -2.7 cavitron Adult Yes 
 

Delzon et al. (2010) 

* the references used were cited in the main document 
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Methods S1 Plant material, cavitation vulnerability curves, data analyses and apparatus 

leakage  

1- Plant material 

Saplings  - Branches were collected from the saplings of five vessel-bearing species 

[Eucalyptus camaldulensis Dehn. (Myrtaceae), Hymenaea courbaril L. (Fabaceae), Olea 

europaea L. (Oleaceae), Populus nigra L. (Salicaceae) and Schinus terebinthifolius Raddi 

(Anacardiaceae)] and three tracheid-bearing species [(Cupressus sempervirens L. 

(Cupressaceae), Drimys brasiliensis Miers (Winteraceae) and Thuja plicata Donn ex D.Don 

(Cupressaceae)]. All individuals were 0.5–2 m in height, and they were all grown and 

maintained under greenhouse conditions. The plants were watered daily to prevent water 

deficits, and they were subjected to natural fluctuations in solar radiation and air temperatures. 

To prevent embolism formation before sampling, the plants were bagged overnight to ensure 

high water potential (they were always higher than -0.1 MPa at the sampling time). We used 

all the aerial parts of the saplings as samples, except for P. nigra and T. plicata from which 

lateral branches were collected (see Table 1 for detailed descriptions). We decided to use all 

the aerial parts to ensure that most of the vessels were entire, i.e., with end walls. The samples 

were collected at sunrise and immediately transported to the laboratory. 

Trees – We also took measurements from the branch samples of the following eight tree 

species: two lowland Amazon species [(Miconia lepidota Schrank & Mart. ex DC. 

(Melastomataceae) and Erisma uncinatum Warm. (Vochysiaceae)], three cloud forest species 

from the Atlantic Forest (Myrceugenia acutata (D. Legrand.) O. Berg (Myrtaceae), 

Calyptranthes brasiliensis Spreng. (Myrtaceae) and Weinmannia organensis Gardner 

(Cunoniaceae). In addition, branches were also collected from a common semi-deciduous 

tropical forest species called Schinus terebinthifolius Raddi (Anacardiaceae) to test the effect 

of different sample sizes, as described below, and from crop species Coffea arabica  L. 

(Rubiaceae) and Citrus sinensis (L.) Osbeck (Rutaceae). All the individuals were mature trees 

(2 to 30 m height), and they were sampled during the wet season at sunrise to ensure high 

water potential. We collected branches that were 3-4 times larger than the samples that were 

used in the experiments and then cut them to their sample sizes in the air. The maximum 

vessel lengths were measured by air injection method (Zimmermann & Jeje, 1981) in at least 

three branches from all the sapling and tree species. Because the saplings did not have 
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sufficient branches for all the measurements, the maximum vessel lengths were measured in 

other individuals that were grown under similar environmental conditions as the ones used for 

the AD evaluation. 

2- Cavitation vulnerability curves  

We measured the Ψ50h and Ψ88h for ten species with a hydraulic apparatus to measure 

the hydraulic conductance, and we used the bench dehydration method to induce embolism 

(Sperry et al., 1988). A VC curve was then built, and the Ψ50h and Ψ88h values were estimated. 

The hydraulic apparatus was an ultra-low flow meter as previously described by Pereira & 

Mazzafera (2012) and modified to the inlet positive pressure. The water that was used in the 

apparatus was deionized, degassed and filtered, and a maximum pressure head of 6 kPa was 

used to avoid dislodging bubbles. The initial conductance (Kini) was measured, the samples 

were flushed for 2 min (Martin-StPaul et al., 2014), and then the maximum conductance 

(Kmax) was measured. The PLC was calculated as a percentage of Kini in relation to the Kmax 

and equation 6 was fit to the data. Three-centimetre stem segments were used, and on 

average, three to five segments were taken from the same branch. These segments were 

connected to the apparatus that kept the stopcocks open to prevent any pressure that could 

remove the embolism from the segment. All samples were re-cut several times under water to 

avoid embolism artefacts (Venturas et al., 2015). In addition, we obtained the mean of Ψ50h 

and Ψ88h for C. sempervirens, H. courbaril, Olea europeae, P. nigra and T. plicata from the 

literature. For reference, we used papers that presented the Ψ50h and Ψ88h values for those 

species, and unreliable values were not considered (Tables 1 and S1). Ψ50h and Ψ88h were used 

to calculate the slope parameter Sh. We also considered possible variations of Ψ50h and Ψ88h 

using a statistical procedure (see below).  

3- Data analyses 

Evaluation of air origin - Prediction (i) was tested with a Mann-Whitney U test, because the 

AD from IG was not normally distributed, with a null hypothesis of IG<0. Prediction (ii) was 

tested with a one-sided paired t-test between the AD in the NG situation (Fig. 4c) minus the 

AD in the IG situation (Fig. 4b) with the a null hypothesis of (NG-IG)>0. The absolute AD 

values were used to remove the effect of the different air flow directions in both situations, 

i.e., the AD would be negative in the IG situation (Fig. 4b), according to equation 4. 
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Relation between air flow and embolism –To determine whether the AD was related to the Ψx 

and to embolisms, curves AD in comparison with Ψx were created and compared with curves 

relating the hydraulic conductance to Ψx (VCs). We first verified whether non-standardized 

AD data are correlated to Ψx with Spearman’s correlation test for each species. To test the 

hypothesis that air flow is related to embolisms, we tested the prediction that Ψ50p, Ψ88p and Sp 

are good predictors of Ψ50h, Ψ88h and Sh, respectively. We used simple linear regressions to 

test these correlations. To consider possible variations in the VC of species with hydraulic 

measurements that were not taken on the same material as the pneumatic ones (i.e., literature 

data), we used the randomization approach (see below). 

Measuring time – We evaluated the effects of the measurement time on the relation between 

the AD and embolisms by calculating the Ψ50p for cumulative and interval AD measurements 

of 15, 30, 60, 90, 120 and 150 s. The resulting Ψ50p estimates were compared with the Ψ50h 

using simple linear regressions. C. sinensis was not used in this analysis because we only 

measured the AD at 15 and 150 s. 

Allometric relations and vessel length - To determine whether the size of the sample affected 

the AD, the maximum AD of each sample was correlated to the length, basal diameter, 

volume, stem surface area and maximum vessel length of the branch with Spearman’s 

correlation. 

Sample size and vessel length – We used the Mann-Whitney U test to test the hypothesis that 

different sample lengths produce different AD values. To test the hypothesis that the sample 

length affects PAD curve fittings, we tested whether the Ψ50p and Ψ88p parameters of curves 

from short (Ψ50ps and Ψ88ps) and long (Ψ50ps and Ψ88pl) branches were different by using a 

randomization procedure (see below)).  

Randomization approach to incorporate uncertainty in literature data - To consider possible 

variability in VC of species in which hydraulic data was not taken from the same material as 

the pneumatic data (i.e., literature data), we used a randomization approach. We considered 

that literature data on Ψ50h and Ψ88h had an uncertainty of ±1 MPa and subtracted or added a 

random value from +1 to -1 MPa (in 0.01 intervals) to each literature value. We repeated this 

procedure 1,000 times for each time we tested the regression between hydraulic and 

pneumatic parameters using the data with added uncertainty. The p-values and r2 of the 

regressions were stored and we analyzed the percentage of times the p-values were 

significant.  
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Randomization approach to test for effect of sample length on S. terebinthifolius vulnerability 

curve - To test the hypothesis that sample length affects PAD curve fitting, we tested if Ψ50p 

and Ψ88p estimated from short  (Ψ50ps and Ψ88ps) and long (Ψ50ps and Ψ88pl) branches were 

different using the randomization procedure previously described. We randomly assigned the 

(Ψx, PAD) pair values either to the short or long branch samples, a procedure repeated 1,000 

times. Then, we estimated Ψ50p and Ψ88p for short and long samples using the randomized 

value. We calculated the absolute difference between the parameters of each curves 

[abs(Ψ50ps-Ψ50pl) and abs(Ψ88ps-Ψ88pl)] and used it as the test statistics. This procedure was 

repeated 1,000 times. We then calculated the probability that the test statistics was equal or 

higher than the absolute difference of the real curve parameters. If p<0.05, it is unlikely that 

the difference between Ψ50ps and Ψ50pl was obtained by chance and we accept the hypothesis 

that different sample lengths produce different PAD curves. 

4- Apparatus leakage and air discharge 

We evaluated the leakage of the apparatus by measuring the air discharge of the 

apparatus using a branch segment that was cut, sealed with glue and then connected to the 

apparatus. All air discharged would then be due to leakage from the atmosphere to the 

vacuum reservoir. We did this procedure 12 times and, as leakage was very small, we 

measured leakage for a period of several hours. For each measurement, we calculated the 

leakage conductance (Kleak), which is the conductance for air to leak from the atmosphere to 

inside the vacuum reservoir as: 

Kleak = L/(t*(Patm-Pr))         (1) 

 

where L is the air flow leaked from atmosphere to inside the vacuum reservoir (calculated in 

the same way as the volume of air discharged), t is the duration of the leakage test, Patm is the 

atmospheric pressure and Pr is the mean vacuum reservoir pressure during the test. We 

assumed Kleak was constant during the test. 

We estimated the leakage L of each sample using the mean Kleak of the 12 

measurements (3.4*10-11 mol s-1 kPa-1) as: 

L = Kleak*t*(Patm-Pr’)         (2) 

where Pr’ is the vacuum reservoir pressure during the air discharge measurement.  
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We calculated L for each time interval that air discharge was sampled and subtracted it 

from the total air discharge at that interval to get the actual air discharged of each sample 

(AD): 

AD = ADt – L          (3) 

where ADt is the total air discharged at that interval t. 
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Abstract  

Lignin appearance during plant evolution had a marked importance in the colonization of the 

terrestrial environment. Among several evolutionary advantages, lignin deposition in the 

xylem conferred to plants mechanical support to stand and enabled efficient water transport 

because of its hydrophobicity. One of the possible functions resulting from the greater lignin 

content in the xylem is embolism resistance mainly induced by drought. Here we suggest, 

based on data available for lignin content and Ψ50 (the water potential when 50% of 

conductivity in the xylem is lost), a boundary relationship between embolism resistance and 

lignin content across various groups of seed plants. Species with low lignin content seem to 

be more vulnerable to embolism, whereas species with higher content show wide variability 

in embolism resistance. Lignin content may play some indirect role in the embolism 

resistance, since higher total lignin content is related to thicker cell walls. We also discuss 

several possible functions of lignin with different composition between gymnosperms and 

angiosperms and the performance of transgenic plants with modified lignin content and 

composition regarding vulnerability to embolism.  

 

Key words: embolism, plant cell wall, plant hydraulics, water transport, xylem, pit membrane
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Introduction 

Lignin is the most abundant compound in plants after cellulose (Donaldson 2001). The 

presence of lignin coincides with the colonization of the terrestrial environment by plants 

(Popper et al. 2011), possibly due to its fundamental roles in mechanical support and water 

transport (Niklas 1992, Pittermann 2010). In addition, its biosynthetic pathway may have 

played a role in the protection from UV radiation and microbial infection in a unicellular 

ancestor (Popper et al. 2011). Lignin is present in all derived land plants, except for 

bryophytes, but it was also found in Calliarthron cheilosporioides, a red algae that shared a 

common ancestor over 1 billion years ago (Martone et al. 2009), as well as lignin-like 

compounds in primitive green algae (Delwiche et al. 1989). 

Extracted lignin is hydrophobic (Laschimke 1989) with low resistance to tensile stress, 

but in the cell wall is found coating cellulose microfibrils conferring rigidity when compared 

to hydrated microfibrils of the xylem tissue (Niklas 1992). Lignin is also a bulking agent, 

increasing the compression resistance (Niklas 1992). During transpiration the negative 

pressure generated in the xylem can reach values lower than -10 MPa in some cases and this 

high tension imposes a minimum thickness of the conduit wall to resist to stress induced by 

drought (Hacke et al. 2001). In this scenario, lignin could play a role in providing rigidity to 

the conduit cell wall, avoiding implosion. The strength of the conduit is proportional to the 

ratio between the wall thickness and lumen diameter, which shows the necessary investment 

needed to avoid implosion, particularly in vessels, which are close to the limit of implosion 

(Hacke et al. 2001, Sperry et al. 2006). In tracheids, however, the ratio of the wall thickness to 

lumen diameter is higher than in vessels, which might be an evolutionary consequence of the 

combined function of water transport and mechanical support (Hacke et al. 2001, Sperry et al. 

2006, Bouche et al. 2014). 

As xylem sap is typically transported under tension, gas emboli can form in conduits, 

which interrupts the water transport to shoots. Depending on the number of conduits 

embolised and the degree to which water transport is impaired, this can have lethal 

consequences (Choat et al. 2012). Several hypotheses have been developed to explain 

embolism formation and some are related to the characteristics of the conduit walls, such as 1) 

the “air-seeding” mechanism, which means that air-water menisci will penetrate through the 

cellulose microfibrils of bordered pit membranes between two neighbouring vessels 

(Zimmermann 1983, Sperry and Tyree 1988, Brodersen et al. 2013, Lens et al. 2013, Schenk 

et al. 2015); 2) heterogeneous nucleation from surface bubbles that are associated with a 

hydrophobic conduit wall (Tyree et al. 1994, Zwieniecki and Secchi 2015); or 3) surfactant 
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coated nanobubbles in xylem sap may become unstable under certain conditions of gas 

concentration, temperature, or pressure (Jansen and Schenk 2015, Schenk et al. 2015). It is 

known that lignin confers to conduits relative hydrophobicity and rigidity and it may thus also 

be arguable that it has a role in embolism resistance. There is evidence that thicker conduit 

walls have confer greater resistance to xylem embolism (Hacke et al. 2001, Cochard et al. 

2008).  

A strong line of evidence that lignin influences embolism resistance comes from work 

with mutants and transgenic plants. It has been shown that mutants deficient in lignin can 

have increased embolism vulnerability (Coleman et al. 2008, Voelker et al. 2011, Awad et al. 

2012). Several mutants for reduced lignin content with a dwarf phenotype showed a deficient 

capacity to transport water (Anterola and Lewis 2002, Bonawitz et al. 2014). On the other 

hand, several plants with a modified lignin composition do not have reduced growth or other 

apparent functional problems (Bonawitz et al. 2014, Wilkerson et al. 2014, Wagner et al. 

2015). It was recently shown in Arabidopsis thaliana that the dwarf phenotype seems to be 

caused by the disruption of the transcription factor Mediator, which rescues the stunted 

growth of a lignin-deficient mutant (Bonawitz et al. 2014).  

Here we discuss the role of lignin content, distribution and composition to embolism 

resistance, analyze the different patterns of lignin investment in gymnosperms and 

angiosperms, and propose that this polymer plays an important functional role in plant 

hydraulics. 

 

Lignin distribution and lignin types 

Lignin in the cell wall forms chemical bonds with hemicellulose, which in turn 

adheres to cellulose microfibrills (Donaldson 2001), but the concentration of these 

components varies widely. According to Donaldson (2001), the middle lamella and primary 

wall are composed of more than 50% of lignin in both angiosperms and gymnosperms, 

whereas about 20% is found in the secondary wall, depending on the cell type. However, the 

secondary wall contains most of the total lignin content by virtue of its greater volume. A 

hypothetical model of the contribution of the middle lamella region (including the primary 

wall) and secondary wall to the total lignin content is shown in figure 1 A. It was considered 

that the middle lamella region represents 10%, and the secondary wall 90% of the cell wall 

volume (Fergus et al. 1969). In this situation the contribution of the middle lamella to the total 

lignin content is about 17%. Alternatively, the amount of lignin content in the middle lamella 

and secondary wall could be 85% and 15%, respectively (Fergus et al. 1969, Donaldson 
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2001). An implication of this different concentration of lignin is that the proportion of the 

middle lamella to total lignin content might be greater when the wood contains a lower 

amount of total lignin.  

 

Fig. 1 – Hypothetical contribution of cell wall region and cell type to wood lignin content. A) 
Contribution of middle lamella (grey lines) and secondary wall (black lines) considering that the 
volume of the cell wall occupied by the middle lamella is 10% and by the secondary wall is 90%. It 
was also considered that lignin content in the middle lamella is 50% and in the secondary wall is 20%. 
An alternative situation is represented by dashed lines, with 85% of lignin in the middle lamella and 
15% in the secondary wall. B) Contribution of vessels (grey lines) and fibers (black lines), in 
angiosperms, considering that the cell wall of vessels represents up to 30% and fibers up to 70% of 
the total cell wall in wood. The middle lamella and the secondary wall correspond to 10% and 90% of 
the cell wall volume and they are composed by 50% and 20% of lignin, respectively. The continuous, 
dashed and dotted lines represent the total lignin content, lignin present in the secondary walls, and 
middle lamellas, respectively. 

 

 

Lignin is also heterogeneously distributed in wood because of the different cell types 

in angiosperm xylem. Secondary walls of vessels and fibers are composed of roughly 20% of 

lignin and ray cells about 44%, when the latter are lignified (Donaldson 2001). Wood is 

composed by up to 70% of fiber walls and up to 15% of vessel walls (Jacobsen et al. 2007, 
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Pratt et al. 2007, Zanne et al. 2010, Martínez-Cabrera et al. 2011, Ziemińska et al. 2013, 

Morris et al. 2016). If we consider only cell walls of these two tissues, since the cell wall of 

the parenchyma may not be lignified in some cases, 70% and 30% of the lignin in wood 

should be present in fibers and vessels, respectively (Fig. 1 B). 

The biosynthesis of lignin in plants is carefully controlled spatially and temporally 

(Ralph et al. 2004). Lignin composition varies in gymnosperms and angiosperms. Three 

canonical precursors produced in the phenylpropanoids pathway are involved in the 

biosynthesis of lignin - p-coumaryl, coniferyl and sinapyl alcohols, which after incorporation 

into lignin are referred to as p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units, 

respectively (Bonawitz and Chapple 2010, Cesarino et al. 2012). Their proportion varies 

among cell types, taxa and between tissues in the same plant, but other phenylpropanoids may 

also be part of the lignin and are incorporated at varying levels (Raes et al. 2003). The 

incorporation of H and G units into lignin starts during early phases of the primary cell wall 

formation, but are only incorporated in the actual cell wall after initiation of the secondary 

wall (Grabber 2005). The lignin of angiosperms is mainly composed of G and S units and has 

traces of H units, while the lignin of gymnosperms is mostly composed of G units with small 

amounts of H units (Vanholme et al. 2010). 

Although it is generally accepted that angiosperm vessels are composed mostly of G 

units and minor part of S units, variation exists among species (Takabe et al. 1992, Wu et al. 

1992, Watanabe and Fukazawa 1993). 

 

Embolism resistance 

The interruption of the water column by the occurrence of embolism in tracheids and 

vessels is a major problem associated with long distance water transport (Tyree and Sperry 

1989). This is particularly important when water stress is developed as greater negatives 

pressures may develop in the conduits, increasing the probability of embolism formation. 

Understanding embolism resistance is a key factor to understand plant response to 

drought and adaptive strategies in both dry and wet environments (Choat et al. 2012, Lens et 

al. 2013, Anderegg et al. 2016). A key feature that contributes to embolism resistance seems 

to be pit membrane thickness (Choat et al. 2008, Jansen et al. 2009, Li et al. 2016). Reduced 

diameter of the pores confers a greater capillary resistance to air entry (Zimmermann 1983, 

Choat et al. 2008). Although most papers suggest that lignin does not occur in the pit 

membrane (Bamber 1961, Bauch and Berndt 1973, Sano and Fukuzawa 1994, Fineran 1997, 

Donaldson 2001), there are some papers suggesting that cellulose microfibrils in the pit 
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membrane are impregnated with lignin ((Bauch and Berndt 1973; Fromm et al. 2003; Boyce 

et al. 2004; Schmitz et al. 2008; Herbette et al. 2015). Since bordered pit development is 

controlled by microtubules before secondary wall formation and lignin impregnation of the 

wall, it seems unlikely from a developmental point of view that lignin is deposited in 

developing pit membranes and perforation sites of vessel elements (Czaninski 1973, O’Brien 

1981, Chaffey et al. 1997). Lignification of the pit membrane, however usually takes place 

during deposition of polyphenolic compounds in heartwood or during wound response (Bauch 

and Berndt 1973, Fromm et al. 2003, Boyce et al. 2004, Schmitz et al. 2008, Herbette et al. 

2015). 

Other anatomical traits that have been indirectly related to embolism resistance include 

conduit wall thickness  (Hacke et al. 2001, Cochard et al. 2008) and fibre wall thickness 

(Jacobsen et al. 2005, Cochard et al. 2007). Thickening of secondary wall of the conduits is 

directly related to implosion resistance (Hacke et al. 2001, Jacobsen et al. 2005, Sperry et al. 

2006). Due to a correlation between vessel wall thickness and pit membrane thickness (Jansen 

et al. 2009, Li et al. 2016), wall thickness is indirectly correlated with air-seeding via pit 

membranes. It is possible that reinforced walls of conduits, neighbouring fibers, or 

parenchyma cells surrounding vessels, avoid micro-cracks through which air could be sucked 

(Jacobsen et al. 2005, Kedrov 2013). Another possibility is that the conduit lumen is reduced 

when walls are thick, with consequent low conductivity, and it is known that species resistant 

to embolism show low conductivity (Gleason et al. 2015). 

 

Embolism resistance and lignin content 

Considering the fundamental importance of lignin for the development of an efficient 

water transport system in plants due to mechanical strength and impermeability of the 

conduits, we may assume that a greater lignin deposition increases embolism resistance. 

Although lignin deficient mutants show greater embolism vulnerability (Coleman et al. 2008, 

Voelker et al. 2011, Awad et al. 2012), the functional effects of natural variation in lignin 

content are not known. 

Total wood lignin content of plants is available for many species (Fengel and Grosser 

1975, Pettersen 1984), and allows direct and/or simple comparison with hydraulic traits. 

Embolism can be estimated by vulnerability curves (VC), which is the relationship between 

water potential and loss of conductivity; a useful parameter to compare different species is the 

water potential in which occurs 50% loss of conductivity (Ψ50, MPa). Thus, to assess a 

possible relationship between lignin content and embolism resistance, we used the Ψ50 values 



82 

from the Xylem Functional Traits (XFT) database (Choat et al. 2012) and the lignin content of 

angiosperms and conifers (Fengel and Grosser 1975, Pettersen 1984). We did not consider 

Ψ50 values from “r” shaped vulnerability curves, which may be prone to artifacts associated 

with open vessels (Cochard et al. 2013). Data of lignin (% of total dry mass) extracted 

according to the Klason method was published by Pettersen (1984) - 695 entries of 589 

species - and Fengel & Grosser (1975) - 153 species. We used average values for species for 

which various values of lignin content were available. Based on this database it was possible 

to compare Ψ50 and lignin content for 91 species (54 angiosperms and 37 gymnosperms). 

Some species had more than one Ψ50 value in the XFT database, but no mean Ψ50 values were 

used, resulting in a total of 294 specimens. The data were analysed by quantile regression 

(Cade and Noon 2003) using the 95th quantile (corresponding to the 5th quantile for a negative 

parameter such as Ψ50). We found in this analysis a significant boundary relationship between 

lignin content and Ψ50 (Fig. 2 [τ=0.05; t= -3.57; P<0.001]). When analysed separately, 

gymnosperms also showed a boundary relationship (τ=0.05; t= -2.97; P=0.003), but with a 

greater slope, while there was no significant relation for the angiosperms (τ=0.05; t= 0.33; 

P=0.74). Considering all species, low lignin content was strongly related with high Ψ50, i.e., 

with low resistance to embolism. Species with greater lignin content exhibited greater 

variation in Ψ50, i.e. they were not constrained to high or low embolism resistance.  

We also tested our dataset to verify that it was not biased by methodology used to 

estimate the Ψ50, i.e., if more vulnerable species were obtained using a centrifuge or air 

pressurization method, which may overestimate the Ψ50 (Cochard et al. 2013). However, we 

did not find any trend associated with the vulnerability curve method that was applied (Fig. 3; 

N=259). 

The greater lignin content may be evolutionary related to other functions in addition to 

water transport, such as UV tolerance and protection to pests and pathogens. It is important 

also to consider that Ψ50 values used in our analysis were based on terminal branches, whereas 

the lignin content was extracted from mature wood, which could be more embolism resistant 

than terminal branches (Pivovaroff et al. 2014). This may partially explain the occurrence of 

the species with high lignin content but low resistance to embolism in our analyses.  

The boundary relationship considering all species may indicate a biophysical 

limitation by the embolism formation related to lignin content in the cell wall, i.e., plants have 

to have a certain amount of lignin to avoid embolism regardless of species groups 

(angiosperms or gymnosperms) considering that there were few species beyond this limit. The 
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investment of 1% of lignin in wood may result in a reduction of Ψ50 by approximately -0.3 

MPa (Fig. 2).  

Fig. 2 – Lignin content and Ψ50 to gymnosperms (black points) and angiosperms (grey 

points). The solid line represents the boundary relationship considering all species and dashed 

line only to gymnosperms. There was no significant relationship considering only 

angiosperms. As Ψ50 is a negative variable, the lines represent 5% quantile regression (p< 

0.05), which is equivalent to the 95% quantile for a positive response variable. 

 

 

 

As Fig. 2 shows that the boundary relation between lignin content and Ψ50 was 

significant considering different plant groups, it is possible to speculate about herbs and 

grasses with low amounts of lignified tissue. The lignin content in these plants, which might 

be positioned in the upper left corner of Fig. 2, ranges from 1 to 15 % dry mass (Knudsen 

1997, Fukushima and Hatfield 2004), and is lower than in angiosperm wood. Although few 

studies have been carried out on embolism resistance in herbaceous plants, it seems that they 
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are generally vulnerable at a water potential below -2 MPa (Tyree et al. 1986, Cochard 2002, 

Sperry et al. 2003). Thus, considering the boundary relationship found here (Fig. 2), when the 

lignin content is lower than 15%, herbaceous plants may not resist to embolism at a water 

potential more negative than -2 MPa. However, this hypothesis must be tested in future 

studies. 

The different results found for gymnosperms and angiosperms might be attributed to a 

different wood anatomy and chemical composition. According to the data from Pettersen 

(1984), wood of the gymnosperms has higher lignin content than angiosperms 

(Gymnosperms: 29.7 ±2.8 g g-1, n=100; Angiosperms: 26.1 ±5.1 g g-1, N=489). Additionally, 

the unicellular conduits of gymnosperms (tracheids) are shorter and narrower than the 

multicellular vessels of angiosperms, and have the dual function of water transport and 

mechanical support, while vessels are specialized for conduction (Sperry et al. 2006). Such 

differences in terms of complexity might indicate a different strategy against embolism 

resistance. 

Wood density also has been considered an indicator of embolism resistance (Hacke et 

al. 2001). To assess any significant relationship between wood density and lignin content, we 

used data from Pettersen (1984) for lignin content and the Global Wood Density database 

(Zanne et al. 2009, Chave et al. 2009). We compared data from 279 species (222 angiosperms 

and 57 gymnosperms) and could not find a significant relationship, analyzing the data 

altogether or separately (data not shown). 

There are few reports examining the possible relationship between lignin content and 

wood density. Results obtained with transgenic hybrid aspen (Populus spp.) with strongly 

reduced sucrose synthase activity (Gerber et al. 2014) or over-expressing the transcription 

factor WALLDOF (Gerhardt et al. 2011) showed a reduction and an increase of wood density, 

respectively, but lignin and cellulose, the main components of the cell wall, followed the same 

trend, i.e., reduction and increase. The decreased wood density in the plants with reduced 

sucrose synthase activity was explained by a more loosely arranged structure of fibre cell wall 

components. Thus, wood density seems to be related to changes of all components of the cell 

wall and not only to lignin. 
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Fig. 3 a) Lignin content and Ψ50 of gymnosperms and angiosperms species and methods used 

to estimate the Ψ50 [AD= air-injection double end; CA= cavitron; CE= centrifuge; DH= 

dehydration; see review of the methods in Cochard et al. (2013)]. b) Mean and standard 

deviation of Ψ50 estimated by different methods. Grey and black bars represent angiosperms 

and gymnosperms, respectively.  

 

 

Our comparisons showed that only species with greater lignin content are more 

resistant to embolism, as indicated by the Ψ50 values. Although the number of species 

included in this analysis gives credibility to the relationship found, the data were taken from 

different sources (i.e., different plant specimens, populations, locations, subspecies, etc.). 

Thus, a true proof of this relationship might be obtained by increasing the number of data in a 

similar analysis or carrying out studies under controlled conditions with a significant and 

representative number of gymnosperms and angiosperms. Additionally, treatments inducing 

variation in the lignin content in a single species, including transgenic plants, might be 

another alternative. 

 

Possible functions of different lignin 

Is it possible to explain functional aspects of vessels, fibers and tracheids by the 

properties of their lignin composition? Although there are various detailed descriptions of 

lignin distribution among species (Terashima et al. 1986, 1988, Terashima and Fukushima 

1988, Fukushima and Terashima 1990, 1991, Takabe et al. 1992, Wu et al. 1992, Watanabe 

and Fukazawa 1993, Saito et al. 2012) and even less about the natural environmental 

influences on lignin composition (e.g. Stackpole et al., 2011), some characteristics of lignin 

polymers might define the tissue functionality. 
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In theory 16 linkages are possibly formed among H, G and S units (Baucher et al. 

1998). In gymnosperms, there is a greater deposition of H units in the middle lamella and cell 

corners, with G units mainly deposited in the secondary wall  (Fukushima and Terashima 

1991). The greater lignification rate of the primary wall should increase the mechanical 

adhesion between adjacent cells (Niklas 1992). The higher investment in H units can be 

attributed to its strength, since compression wood shows large amounts of H units, both in the 

middle lamella and secondary wall (Fukushima and Terashima 1991), thus indicating that 

lignin formed by H units is more condensed (Baucher et al. 1998). This trait may increase the 

mechanical strength and supports the stem (Du and Yamamoto 2007). The distribution of H 

units can give us clues about the mechanical function of H units in gymnosperms. In addition, 

there is a decrease of hydraulic conductivity in compression wood (Boyce et al. 2004, 

Pittermann et al. 2006). On the other hand, since H units are deposited in the middle lamella 

of vessels (Fukushima and Terashima 1990), but in a small amount (Baucher et al. 1998), they 

may not play a relevant role in angiosperm plant hydraulic traits.  

Lignin rich in G units is more cross-linked because more biphenyl and other carbon-

carbon bonds are formed, resulting in a more rigid and hydrophobic polymer than lignin rich 

in S units (Koehler and Telewski 2006, Bonawitz and Chapple 2010). The relatively higher 

abundance of G units in conduits, and possibly more hydrophobic parts of the wall, can be a 

paradox since it could reduce the capillary pressure and increase the nucleation of embolism 

(Tyree et al. 1994). However, McCully et al. (2014) recently suggested that bordered pits are 

generally hydrophilic, composed by a hydrophilic pit chamber and hydrophobic pit border, 

which may become hydrophyilic or hydrophobic if the conduit is water or gas filled, 

respectively. Herbette et al. (2015) suggested the occurrence of non-condensed lignin 

(composed by S or G + S units) in pit membranes of hybrid poplar (Populus tremula X alba). 

Those polymers have free phenolic hydroxyl groups that increase the wettability and are more 

linear and less cross-linked by the presence of a methoxyl group than lignin rich in G units. 

This may result in a strong but flexible polymer (Koehler and Telewski 2006, Bonawitz and 

Chapple 2010). This characteristic can maximize the mechanical support function of the fibers 

as well as give flexibility to vessels, avoiding cell wall fractures when xylem sap is under 

tension (Jacobsen et al. 2005, Koehler and Telewski 2006). 

Different proportions of G and S units in angiosperm vessels, as well as the total lignin 

content in relation to cellulose microfibrils, could modulate the hydrophobicity and affect the 

hydraulic properties. We showed in Fig. 4 a hypothetical model in which we estimate the 

potential effects of different forms of lignin in the pit membrane with respect to the air-
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seeding pressure for a given pore size. Although the presence of lignin in the pit membrane 

may reduce the wettability and increase the vulnerability to embolism, a controlled adjustment 

of the deposition of lignin monomers could improve the mechanical strength of the pit 

membrane, while maintaining a high wettability and thus high embolism resistance. The 

presence of lignin might increase the young´s modulus, resulting in greater flexural rigidity of 

the pit membrane, which may avoid air seeding that occurs by enlargement of the pores or 

formation of micro cracks in the pit membrane (Tixier et al. 2014). It is also important to 

consider that the wettability may be affected by the type of lignin in relation to other wall 

components, which could be relevant for the occurrence of surface nanobubbles on 

hydrophobic parts of inner conduit walls. 

There is evidence for the presence of lignin in the torus-margo in gymnosperms (Sachs 

1963, Boyce et al. 2004) and torus-bearing pit membrane of some angiosperms species 

(Coleman et al. 2004, Dute et al. 2010). However, in these species the embolism resistance 

depends on air-seeding via the torus that seals off the pit aperture and is different from 

angiosperms, which relates to capillary forces in a porous membrane.  

There is evidence from molecular studies that deposition of lignin in different xylem 

cell types is highly controlled (Ralph et al. 2004). Thus, the distinct cell functions of fibers 

and vessels in angiosperms, and their different S/G ratios are good indicators of a functional 

control. Stackpole et al. (2011) found a strongly positive relationship between latitude and 

S/G ratio in populations of Eucalyptus globulus. Although they did not identify the cause of 

the variation, they suggested an adaptive response to abiotic and/or biotic factors. However, 

as mentioned above, the tendency of an increase in S units can indicate a more elastic 

polymer, which influences the hydraulic as well as mechanical properties. 
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Fig. 5 Hypothetical model for embolism resistance considering the presence of lignin in the pit 
membrane. A) Pit membrane rich in syringyl, forming a lower contact angle of an air-water meniscus 
(α) and B) rich in guaiacyl, with wider α. C) A bubble point pressure difference (P) needed for air-
seeding was calculated according to the Young-Laplace law (P = k4T.cos α /D), where k is the shape 
correction factor, T is the surface tension of water, α is the contact angle between the pit membrane 
and water and D is the pore diameter. Grey lines indicate α = 0° and black lines α = 90°. Continuous 
lines represent k = 1 and dashed lines k = 0.3 [see explanation to k in Schenk et al. (2015)]. Supposed 
contact angles (α) are indicated for polymers rich in S (tending to 0°) and G (tending to 90°). 

 

 

Transgenic plants 

Transgenic plants with altered lignin content and/or deposition show impaired vascular 

system development, such as collapsed vessels, which is directly related to stunted growth 

shown by these plants (Anterola and Lewis 2002). There is a clear increase in vulnerability to 

embolism in poplar trees with reduced lignin content (Coleman et al. 2008, Voelker et al. 

2011, Awad et al. 2012). These results were obtained in plants with lignin reduced by 2% to 

more than 50%. Although lignin has been generally related with embolism resistance, it is 

possible that the increase of vulnerability in transgenic plants is due to reduction of G units, 

affecting the vessels directly (Coleman et al. 2008). But, in others cases the lower content of S 

units, possibly in the fibers, also resulted in an increase of embolism vulnerability (Voelker et 

al. 2011). Curiously, several transgenic plants did not show altered water transport and 

mechanical properties, although they had increased vulnerability to embolism (Awad et al. 

2012).  

Transgenic plants of A. thaliana have been produced, containing very high amounts of 

H units, from 10-15-fold more than normal cell walls (Sundin et al. 2014) to lignin that is 
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almost exclusively composed of H units (Bonawitz et al. 2014). Under controlled conditions 

in growth chambers they showed very few to no collapsed vessels and although these were 

similar to normal cell walls, were thinner than wild plants (Bonawitz et al. 2014). Collapse of 

xylem conduits is very rare and unlikely to occur in the field, but the few existing 

observations of gymnosperms show that it was always associated with an extremely weak 

degree of lignification of the secondary wall and severe dehydration (Barnett 1976, 

Donaldson 2002). However, higher lignin content in needles from early growth stages of P. 

pinaster than adult trees (Mediavilla et al. 2014) seems to suggest that the difference in 

thickness to span ratio and not lignin concentration explains higher levels of xylem tracheid 

deformation in needles from seedlings than mature trees (Bouche et al. 2015).  

Despite the success in the production of mutants with modified lignin and without 

apparent functional problems (Bonawitz et al. 2014, Wilkerson et al. 2014), these plants have 

to be tested under conditions of drought stress, where it is likely that they will have impaired 

growth. Although small in number, these plants do show some collapsed vessels even under 

controlled conditions (Bonawitz et al. 2014). 

Perhaps a better understanding of the importance of structural lignin alteration in the 

embolism process might be obtained using T-DNA insertion mutants of A. thaliana available 

in seed stocks (Arabidopsis Biological Resource Center - 

https://www.arabidopsis.org/abrc/index.jsp). The inflorescence stems of these plants could be 

an interesting model to study embolism resistance (Tixier et al. 2013). 

 

Conclusions 

The boundary relationship between lignin content and Ψ50 seems to suggest that plants 

require a minimum amount of lignin to tolerate embolism, indicating an investment in 

secondary wall and an indirect relation with pit characteristics. Different proportions of lignin 

monomers (S/G ratio) may modulate the hydrophobicity (McCully et al. 2014, Herbette et al. 

2015), and therefore the hydraulic properties of the conduits.  It is possible that differential 

deposition of lignin occurs in response to the environment (Stackpole et al. 2011), as well as 

the known variation in earlywood, latewood, compression and tension wood. Further studies 

need to be focused on the functional consequences for growth and embolism resistance in 

transgenic plants with modified lignin. 

 

https://www.arabidopsis.org/abrc/index.jsp
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Considerações finais 

 A deficiência de métodos tem sido o grande desafio para se compreender o transporte 

de água nas plantas, devido às grandes tensões que ocorrem no xilema bem como das 

microscópicas ou nanoscópicas estruturas que compõem o sistema vascular. O domínio de 

técnicas, desenvolvimento de aparatos e métodos, compôs a maior parte dos trabalhos aqui 

apresentados, porém também permitiu a abertura de interessantes possibilidades de estudo no 

campo da hidráulica de plantas. Acreditamos que os modelos detalhados no capítulo 3, sobre 

lignina e embolia, possam ser explorados mais detalhadamente, a partir dos métodos aqui 

desenvolvidos, em trabalhos futuros.  

 






