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Summary
Mangrove trees have been intriguing scientists for a long time. The tree species have adapted their
structures in such a way that they are capable of surviving the intertidal zone of tropical and
subtropical coasts. While these salty conditions would pose insurmountable water stress to many
other species, mangroves thrive under these conditions. The three main tactics that have been
encountered in mangroves are (i) exclusion of salts at the roots, (ii) secretion of excess salts through
salt glands in the leaves and (iii) accumulation of salts in leaf structures where they do not pose a risk
of damaging the tree.
In this master dissertation, the experiment monitored three mangrove trees of the species
Rhizophora stylosa for 63 days (DOY 223-285) on North-Stradbroke Island in Queensland, Australia.
Both physiological and meteorological data were collected to acquire a clear view on how these trees
respond to the prevalent conditions. The physiological measurements consisted of the continuous
monitoring of the stem diameter, sap flux density and branch water potential and the manual
measurements of the stomatal resistance and leaf water potential. The monitored meteorological
variables were air temperature, atmospheric relative humidity, solar radiation and rainfall. Further,
the vapor pressure deficit was calculated using the measured air temperature and relative humidity,
and the soil osmotic potential was calculated using the measured soil water conductivity.
We investigated how the water status and physiological behavior of this mangrove species was
influenced by the surrounding conditions. Differences between R. stylosa and other species were
tracked down and these differences were explained. The diurnal pattern of the sap flux density was
comparable to that of other species. This physiological variable was mostly influenced by the vapor
pressure deficit. The water potential at the branches was also mostly influenced by the vapor
pressure deficit and had a similar diurnal pattern compared to other species, however the values of
the water potential were much lower. The typical observed water potential values would induce
severe water stress in other plants, whereas mangroves, like R. stylosa, could maintain a water
potential that is sufficiently low to pull water up from the saline soil. The most striking difference
between R. stylosa and most other trees was the diurnal growth pattern, displayed by the stem
diameter. An average growth pattern was constructed and R. stylosa exhibited an increase in the
stem diameter between sunrise and noon and a decrease in diameter between noon and 20 h. The
most intensive growth occurred around 8 h, 2 hours after sunrise, and the strongest shrinkage was
situated around 16 h. The increase in the diameter was rapid and strong whereas the decrease in the
diameter was more gradual. During the night, the growth dynamics were rather low.
The initial 40 days of the experiment, not a single rain event was registered, which was very
exceptional and which gave the opportunity of monitoring these trees during a period of severe
drought. Due to the drought, the trees exhibited an overall shrinkage during the first weeks of the
experiment. This negative growth kept on going until new water reserves were provided due to rain
events. In response to these rain events, large growth spurts were observed on all trees. This radial
expansion was attributed to a decrease in the atmospheric water demand during the day and water
uptake through the leaves and the bark during both day and night. The level of inundation did not
appear to have a great influence on these growth spurts, so the moistening of the soil had little effect
on the water uptake during the rain events. Only three rain events were observed and they occurred
after a period of severe drought so these general conclusions should be confirmed by more research.
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R. stylosa had a typical stomatal behavior including stomatal closure during the night and a partial
midday stomatal closure. This kind of stomatal behavior is found in C3- and C4-plants, opposite to
the nocturnal stomatal aperture of CAM-plants. In contrast, the growth pattern showed more
resemblance with the growth pattern of CAM-plants than with the growth pattern of C3- and C4plants. In the past, other researchers evaluated the photosynthetic metabolism of R. stylosa and
concluded that R. stylosa is a C3-plant.
Eventually, the average growth pattern, combined with all the data gathered, led to the following
preliminary hypothesis. Under influence of light reception, osmotic substances are rapidly formed
inside the tree cells lowering the osmotic potential. This results in an influx of water inside the cells
and consequently is observed as an increased stem diameter. Several hours later, this water uptake
becomes lower because of the dilution effect and ceases when the water potentials are equalized
again. Under influence of a rising water demand of the atmosphere, it becomes increasingly difficult
for the cells to retain the water inside the cells. Next to this, it is expected that the concentration of
osmotic substances lowers again throughout the day, due to the conversion to substances that are
less osmotically active. This results in the gradual decrease of the growth figures, which become
negative around noon and continue in becoming more negative until 16 h. At that time the
atmospheric water demand is becoming lower and growth figures become less negative again and
eventually neither growth nor shrinkage takes place during the night, when water is redistributed
throughout the tree. Because the water uptake initiates when light reception starts, there is a
possibility that the formation of these osmotic substances is part of the photosynthetic pathway. If
this is the case, this could be a sign of a hybrid or even a new form of a photosynthetic metabolism.
Keywords: mangrove, Rhizophora stylosa, plant-water relations, growth, stem diameter variation,
sap flow, plant water potential, osmotic regulation.
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Samenvatting
Mangrovebomen fascineren wetenschappers al een hele tijd. Mangroves slagen erin om te overleven
in het intertidaal van tropische en subtropische kusten. De zoute bodem die daar aanwezig is, zou
voor andere boomsoorten een onoverkomelijke waterstress veroorzaken. Mangroves maken gebruik
van één of meer van de volgende drie hoofdstrategieën om met deze waterstress om te gaan. Deze
strategieën bestaan erin om (i) zout uit het water te filteren ter hoogte van de wortels, (ii) zout uit te
scheiden door zoutklieren in het blad en (iii) zout te accumuleren in bladstructuren, zodat dit zout
geen risico meer inhoudt voor de boom.
In dit experiment zijn drie bomen van de soort Rhizophora stylosa gedurende 63 dagen (DOY 223285) onderzocht op het AustralischenNorth-Stradbroke Island in de staat Queensland. Zowel
fysiologische als meteorologische gegevens werden verzameld om een inzicht te verkrijgen over de
vraag hoe deze soort reageert op de heersende omstandigheden. De fysiologische metingen
bestonden uit het continu meten van de stamdiameter, de sapstroomflux en de waterpotentiaal in
de takken en het manueel meten van de stomatale weerstand en de waterpotentiaal in de bladeren.
Wat de meteorologische gegevens betreft werden luchttemperatuur, relatieve luchtvochtigheid,
zonnestraling en regenval opgemeten. Het dampdruktekort werd berekend aan de hand van de
luchttemperatuur, de relatieve luchtvochtigheid en de relevante formules en de osmotisch
potentiaal in de bodem werd berekend aan de hand van de gemeten bodemwaterconductiviteit.
Tijdens dit onderzoek werd nagegaan hoe de waterstatus en het fysiologische gedrag wordt
beïnvloed door omgevingsfactoren. De verschillen tussen R. stylosa en andere soorten werden
onderzocht en verklaard. Het dagelijkse patroon van sapstroom was vergelijkbaar met het patroon in
andere soorten en werd voornamelijk beïnvloed door het dampdruktekort. De waterpotentiaal in de
takken werd eveneens hoofdzakelijk beïnvloed door het dampdruktekort en ook deze patronen
waren zeer vergelijkbaar met andere soorten, hoewel de waarden van de waterpotentiaal veel lager
waren in vergelijking met andere soorten. Als deze waarden in andere boomsoorten zouden
voorkomen, zou dit wijzen op zeer zware waterstress, in tegenstelling tot mangrovebomen, die deze
sterk negatieve waarden nodig hebben om water te kunnen onttrekken aan de zoute bodem. Het
meeste opvallende verschil tussen R. stylosa en andere boomsoorten was het groeipatroon dat de
stamdiameter liet optekenen. Een gemiddeld groeipatroon werd opgesteld en dit vertoonde een
stamdiameter die zwol gedurende de voormiddag, kromp tijdens de namiddag en avond en
nagenoeg constant bleef tijdens de nacht. De sterkste groei werd gemeten rond 8 uur, 2 uur na
zonsopgang, en de sterkste krimp vond plaats rond 16 uur. De groei gebeurde snel, terwijl de krimp
veel geleidelijker was.
Tijdens de eerste 40 dagen van dit experiment werd er niet één regenbui waargenomen, hetgeen
zeer uitzonderlijk was en de mogelijkheid gaf om deze mangrovesoort te bestuderen tijdens een
periode van ernstige droogte. Door deze droogte kromp de stamdiameter op middellange termijn.
Deze negatieve groei bleef aanhouden totdat regen de bomen bevoorraadde van extra water en de
stamdiameter snel uitzette. Deze radiale uitzetting werd verklaard door een verlaagde watervraag
van de atmosfeer overdag en wateropname doorheen de schors en door de bladeren, zowel overdag
als tijdens de nacht. Het niveau van het zeewater bleek geen grote invloed te hebben op deze sterke
groei en dus bleek de bevochtiging van de bodem niet belangrijk voor de wateropname van de boom
tijdens regenbuien. Deze observaties zijn gebaseerd op slechts drie dagen met regenbuien en dus
moeten algemene conclusies worden bevestigd door toekomstige experimenten.
xi

De huidmondjes van R. stylosa waren gesloten tijdens de nacht, openden zich overdag, maar sloten
zich opnieuw gedeeltelijk tijdens de middag. Dit is typisch voor C3- en C4-planten, in tegenstelling tot
de huidmondjes van CAM-planten die open zijn tijdens de nacht. Nochtans vertoonde het
groeipatroon van R. stylosa meer gelijkenissen met het groeipatroon van CAM-planten dan met die
van C3- of C4-planten. In het verleden zijn andere onderzoekers echter tot het besluit gekomen dat
R. stylosa wel degelijk een C3-plant is.
Uiteindelijk werd het gemiddelde groeipatroon gecombineerd met de andere gegevens die gemeten
waren en dit leidde tot de volgende hypothese. Onder invloed van licht worden osmotisch actieve
stoffen snel gevormd binnenin de cellen, zodanig dat de osmotische potentiaal binnen deze cellen
daalt. Dit heeft als gevolg dat water wordt opgenomen door de cellen en bijgevolg de stamdiameter
uitzet. Enkele uren later vermindert deze wateropname omdat de concentratie van osmotische
stoffen daalt door de verdunning die wordt veroorzaakt door het instromende water. Uiteindelijk
stopt de wateropname wanneer de waterpotentialen opnieuw in evenwicht zijn. Doordat op dit
moment van de dag de watervraag van de atmosfeer nog steeds stijgt, wordt het voor de boom
steeds moeilijker om het water binnenin de cellen te houden. Daarenboven wordt een verlaging van
de hoeveelheid osmotische stoffen verwacht door de omzetting naar osmotisch minder actieve of
zelfs inactieve stoffen. Hierdoor daalt het groeicijfer geleidelijk aan en wordt het negatief rond de
middag. Deze groeicijfers blijven dalen tot ongeveer 16 uur, waarna de groeicijfers opnieuw naar 0
evolueren en ongeveer 0 blijven gedurende de nacht. Deze neutrale groeicijfers worden
geobserveerd wanneer het water in de boom is herverdeeld en er geen gradiënt meer aanwezig is
om een waterstroom te veroorzaken. Omdat wateropname samenviel met het eerste daglicht, werd
er rekening gehouden met de mogelijkheid dat de vorming van osmotische stoffen deel uitmaakt van
het fotosynthetische proces. Als dit effectief het geval zou zijn, zou dit een teken kunnen zijn van een
hybride of zelfs een nieuwe vorm van het fotosynthetisch metabolisme.
Sleutelwoorden: mangrove, Rhizophora stylosa, plant-water relaties, groei, stamdiametervariatie,
sapstroom, plant waterpotentiaal, osmotische regulatie.
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Introduction
General introduction
A mangrove ecosystem is unique due to its trees that can withstand and thrive in the harsh
conditions of the intertidal zone of tropical and subtropical coasts. These trees have to cope with a
very high salinity, recurrent flooding and high temperatures. Although the area, suited for mangroves
is limited and they cover less than 0.1 % of the Earths land coverage, mangroves are highly valuable
and offer a lot of services to both humans and animals. Humans have been using resources from
mangroves such as timber, fibers, food, medicines and chemicals since ages. Mangrove communities
provide support for both marine and terrestrial food webs and as a result can generate human
income. Besides goods, other services are provided by sheltering human settlements from tsunamis,
sea-level rise and storms. Furthermore, coral reefs and seagrass beds are protected from siltation
that originates from rivers. In the perspective of climate change, mangrove systems are important
due to (i) their major sink capacity of atmospheric CO2, (ii) their exceptional high primary production
rates, and (iii) their source capacity of oceanic carbon. The clearing of mangroves for aquaculture,
urbanization or other causes could release this CO2 back into the atmosphere.
Yet, in spite of this great value, mangrove forest are disappearing at a disturbing rate of 1 to 2 % per
year. Experts believe that at this rate the world will no longer be able to rely on the services provided
by this exceptional environment, perhaps within 100 years. Despite this concern, only less than 7 %
of the mangrove ecosystems are protected. In order to facilitate a good conservation management,
proper knowledge is required and this dissertation contributes to fulfill this knowledge gap.
Furthermore, the unique properties of mangrove trees and the surroundings in which they survive
make the ecophysiological research important to complement the existing theories with new
insights.

Justification
In previous ecophysiological research on a mangrove tree species, signs of special traits were
discovered in Avicennia marina (Hoste 2011) whereby during rain events a negative sap flow had
been observed. The hypothesis of foliar rain uptake was put forward in this research. The experiment
of Hoste (2011) measured continuously the water potential, sap flow and stem diameter with a high
time resolution and linked these variables with one another and with meteorological variables. A
new experiment was suggested in order to gather new evidence for this foliar uptake and to acquire
confirmation of the previous observations. To assess the possible differences between different
mangrove species the experiment performed in this master dissertation was set up on another
common mangrove species, namely Rhizophora stylosa. However, only few studies exist that
measure diameter growth patterns of mangroves with band dendrometers (Day et al. 1982, Jintana
et al. 1985, Krauss et al. 2007) and none exist that measures the stem diameter on a short term with
high resolution on R. stylosa. Consequently, a new highly valuable dataset could be generated
because of the differences between these species. In general, mangroves have been divided into
three categories according to the prevailing salt eliminating mechanism, i.e. salt excluders, salt
secretors and salt accumulators, although many species exhibit adaptations of several categories
(Ball 1988). Salt excluders reject most of the salt at the roots through ultrafiltration, salt secretors
use salt glands to remove excess salt and salt accumulators store excess salt in different plant parts
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to avoid salt damage. R. stylosa is a salt excluder, whereas A. marina is a salt secretor. Therefore,
measuring and linking the same physiological and meteorological variables on a different species
could possibly give rise to a new perception and understanding on how mangroves, in particular R.
stylosa, cope with the challenging environment in which they thrive. Not only knowledge on how this
mangrove species functions will be acquired but even more, the current physiological theories will be
tested and even extended.

Objectives
The main objective of this master dissertation is to collect and interpret a first set of physiological
data for the mangrove species R. stylosa, a salt excluder. The data are collected under natural
conditions in a mangrove forest and provide a first glimpse on how this species deals with the
extensive challenges associated with the intertidal zone.
Therefore the specific objectives are:
(i) To monitor the physiological variables (i.e. stem diameter variations, sap flux density and
branch water potential) of R. stylosa at a high time resolution with a focus on the general
diurnal patterns and their differences with non-mangal species.
(ii) To monitor the prevailing meteorological parameters (i.e. air temperature, atmospheric
relative humidity, solar radiation, rainfall and vapor pressure deficit) and soil osmotic
potential) with the purpose to link these parameters to the physiological variables.
(iii) To monitor the discrete events of rain and the response of R. stylosa to these events.
(iv) To physiologically explain the relationships between all the measured parameters and the
patterns they exhibit.
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1.1 Water in trees: a complex story
1.1.1 The function of water in trees
Water is an essential resource in trees for their survival, due to its important involvement in a broad
range of vital functions (Coder 1999). For instance, water acts as a constituent, a solvent, a reactant
and moreover water is responsible for the maintenance of cell turgidity (Kramer and Boyer 1995b).
As a consequence, trees have developed a wide variety of strategies to optimize their hydraulic
architecture to cope with all kinds of prevalent conditions (Tyree and Ewers 1991). Although it may
seem that the water content in trees is constant, the opposite is true. Water storage and movement
is a dynamic process in which water is continuously depleted and replenished on daily bases (Zweifel
et al. 2000).
Water, stored and used by trees, can be divided into three categories (Zweifel et al. 2000). A first
category is the capillary water, which is stored in intercellular pores and inactive xylem. This water is
relatively weakly bound and is easily released at high xylem water potentials (depleted for Ψ ≈ -0.5
MPa) (Zweifel et al. 2000). The second category is water in the xylem that can be used as an extra
water source in case the water potential drops to a lower water potential. In case the water potential
drops below a species-dependent threshold, cavitation of the xylem occurs (Zweifel et al. 2000).
Cavitation or embolism is caused by high negative potentials (tensions) that can cause the rupture of
the water column inside a xylem vessel which results in the infiltration of air in the vessel (Kramer
and Boyer 1995c). When only a small amount of vessels is cavitated, a plant can recover rather easily.
However, if too many vessels are cavitated, hydraulic conductance is reduced which leads to a
further increase in water column tension and consequently a higher probability that more vessels will
cavitate. This course of events, called runaway embolism, can propagate throughout the entire plant
and can eventually result in the failure of water transport which will lead to a loss of functionality
inside the plant (Tyree and Ewers 1991). A third category is water stored in living cells that can be
utilized. This water can be withdrawn from the cells over the entire range of occurring water
potentials in trees (Zweifel et al. 2000). The depletion of this water has a significant impact on the
viability of the tree because the amount of water present in a living cell has a large influence on the
performance of this cell (Porporato et al. 2001).
1.1.2 The Höfler diagram and water potential
The relationship between the amount of water in a living tree cell and the performance of this cell
can be described by the Höfler diagram. Such a Höfler diagram shows different components of the
water potential of a living cell (pressure and osmotic component) and their sequence with respect to
changing relative water contents (Figure 1.1) (Hsiao and Acevedo 1974, Porporato et al. 2001). Figure
1.1 shows that the depletion of water in a living cell results in a decreasing pressure potential
(positive turgor pressure, p) and a decreasing (negative) osmotic pressure (Ωp) due to an increasing
solute concentration (Porporato et al. 2001). Obviously, also the total water potential decreases and
the water will become increasingly unavailable. Plasmolysis occurs when turgor pressure becomes
zero or negative. The phenomenon of the plasma membrane retracting from the cell wall in response
to osmotic shock, can give rise to cellular injury (Oparka 1994). During the initial stage of plasmolysis,
the cell can regain turgor when it takes water up again and then plasmolysis is reversible. However,
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when dehydration of the cell becomes too severe, plasmolysis is irreversible and the cell will lose its
functionality (Porporato et al. 2001).

Figure 1.1 The Höfler diagram relates different components of the water potential to the relative water content (RWC) of
the cell. The protopolast turgor pressure (p) is maximum and at full turgor for a RWC of 1. When p becomes 0 MPa or
negative, plasmolysis of the cell occurs. The protoplast osmotic potential (Ωp) is function of the solute concentration and
the total cell pressure potential (Ψp) is obtained by adding the turgor and osmotic pressure (Porporato et al. 2001).

Another striking example of the importance of water shortage in living cells is presented in Figure 1.2
(Porporato et al. 2001). Figure 1.2 represents a list of different cell functions which fail given a certain
loss of turgor pressure in comparison to full turgor (reference point 0), showing that even mild water
stress affects the cell functionality. Not only growth but also the process of photosynthesis is affected
fairly rapidly (Hsiao and Acevedo 1974, Porporato et al. 2001). It could be stated that water stress is
the most important stress factor for trees (Bohnert et al. 1995, Coder 1999). Moreover, a shortage of
water gives rise to many other types of stress. For instance, a decrease in cooling caused by a
decrease in transpiration will lead to even more stress caused by heat and radiation (Hsiao and
Acevedo 1974, Porporato et al. 2001).
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Figure 1.2 Range of water potential (relative to water potential of a well-watered plant) in which different cell processes
and effects occur (Hsiao and Acevedo 1974, Porporato et al. 2001).

Figure 1.3 shows the variation in the soil water potential (Ψs), root water potential (Ψr) and leaf
water potential (Ψl) in case of a soil that is drying out. Without drought, the normal daily variation of
Ψl is a decline when transpiration commences. This is because the water demand of the atmosphere
is exerting a force on the water column. Normally, i.e. without drought, a minimum Ψl is attained
around noon, when the atmospheric water demand is highest and Ψl will rise again during the
afternoon. During the night a more or less constant Ψl is maintained. However, with dry conditions
and as a consequence a lower Ψs, the Ψl will gradually decline every day because the plant will not be
able to replenish the entire water reserve. Furthermore, with severe drought, the nocturnal Ψl and
Ψr will become lower as well and water stress will affect the plant (Boyer 1968, Slatyer 1969, Tardieu
and Simonneau 1998, Kume et al. 2007). Plants will react to a lowered water potential in different
ways. An example of a protection mechanism to retain more water inside the plant is stomatal
closure. This phenomenon gives rise to small fluctuations in Ψl during the day (Slatyer 1969, Dolman
and Van Den Burg 1988, Bond and Kavanagh 1999, Zweifel et al. 2002). Ψs is always higher than or
equal to Ψr, which, in turn, is always higher than or equal to Ψl (Slatyer 1969).
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Figure 1.3 Typical course of the different water potentials (Ψs, Ψr and Ψl) affecting the plant. During the first days, the plant
is not suffering from water stress but during the last days of the experiment, the soil potential drops rapidly and water
stress becomes severe (Boyer 1968, Slatyer 1969).

1.1.3 Water movement in trees
As previously mentioned, water in trees is not stationary but dynamically, it moves bottom-up and is
taken up and lost again every day. A brief overview of water movement can be illustrated by Figure
1.4 (Leuning et al. 2004). Figure 1.4 illustrates that firstly water is taken up at root level. Water is
sucked into the roots as a result of the difference in water potential between the higher soil
potential, Ψs, and the lower root potential, Ψr, as shown in the small diagram at the bottom of Figure
1.4. The soil surrounding the root will have a lowered water potential due to this water uptake.
Secondly, inside the plant, water is drawn into the xylem and further transported to the upper part of
the plant. Finally, water is lost to the atmosphere at the leaves, a process called transpiration (T) and
it originates from the water demand of the atmosphere. When the water is transported from the
xylem in the leaves to the stomata it passes leaf parenchyma, the substomatal cavity (sc) and it exits
through the stomata, which is regulated by the guard cell (g) and companion cell (c). The water
potentials important for transpiration in the leaf are the epidermal cell water potential (Ψe) and the
guard cell water potential (Ψg). Transpiration through the other epidermal cells (e) is mostly
prevented by a hydrophobic layer called the cuticle. The resulting water flux (JW) is caused by the
difference in water potentials which are becoming increasingly negative moving upward in the tree
(Ψs < Ψr < Ψe < Ψg) (Kramer and Boyer 1995c, a, Leuning et al. 2004).
The cohesion-tension theory describes the physical force enabling this upward movement (Kramer
and Boyer 1995c, a). This theory states that cohesion between water molecules (due to hydrogen
bonds) in a confined tube, such as xylem vessels, is very strong and enables a water column to
withstand pressures of several MPa without rupturing. A water column in plants consists of one
continuous system from the roots to the transpiring leaves. As a result, water in xylem vessels is
connected and will move together in one direction. The movement itself arises from the lowered
water potential at leaf level, where transpiration takes place. This lowered potential gives rise to a
tension on the water column and pulls the water up. Because of the cohesion throughout the entire
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plant, this pulling force at leaf height also pulls water up at root height and this eventually results in
water uptake through the roots (Kramer and Boyer 1995b, c).

Figure 1.4 Schematic drawing of water movement in plants (Leuning et al. 2004).

1.1.4 Stomatal control on water loss from transpiration
Plants are able to actively regulate their water loss by transpiration through the control of stomatal
aperture (Figure 1.4) (Mansfield 2004). This stomatal aperture is regulated by different factors of
which the most important are soil moisture content and relative humidity (RH) and it induces both a
loss of water and an increase of internal CO2 concentration (Whitehead 1998, Porporato et al. 2001,
Hosy et al. 2003, Leuning et al. 2004). Therefore, for a plant to thrive, it is important that it is able to
open its stomata as freely as possible. If, due to water stress, the tree cannot freely regulate stomatal
aperture, the tree will not be able to use its photosynthetic apparatus to its full extend.
The observation of stomatal resistance throughout the day reveals a lot about how a tree reacts to
the prevalent conditions in function of both the environmental variables and the water status of the
tree. Typically for C3- and C4-plants, stomatal opening occurs in the beginning of the day when light
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reception by the leaves is initiated and stomata are closed again when light disappears after sunset
(Ibrahim et al. 2008). Throughout the day, stomata can react in different ways. Stomata can be fully
opened when conditions are most interesting for photosynthesis, i.e. when light reception is high.
However, when the water demand is too high, the tree can prevent excessive water loss by closing
the stomata, partially or completely (Slatyer 1969, Dolman and Van Den Burg 1988, Zweifel et al.
2002, O'Brien et al. 2004). This phenomenon is called midday stomatal closure and is encountered in
a wide variety of species (Dolman and Van Den Burg 1988, Bond and Kavanagh 1999, White et al.
2000, Zweifel et al. 2002).
Although the mechanism of stomatal regulation is still not completely understood, it is supposed that
both feedback and feed-forward regulation exist (Porporato et al. 2001). The feedback control is
induced when water stress is already present. The structure of the guard cells will cause a stoma to
close when a loss of turgor occurs as a result of a lowered water content in the guard cells (Hosy et
al. 2003, Leuning et al. 2004). The feed-forward control will initiate an action before water stress is
present. The mechanism induces the formation of abscisic acid (ABA) at the level of the roots when a
low level of soil moisture content is detected (Tardieu and Simonneau 1998, Porporato et al. 2001).
However, in case of mangroves, it is not so much soil moisture content that matters for the water
relations, but rather soil water availability because of the high salinity. ABA is transported to the
leaves where it induces a decrease in guard cell turgor. Hence, the stomatal aperture is lowered and
the water loss to the atmosphere decreases. Another feed-forward control is the reduced stomatal
aperture in reaction to a decline in relative atmospheric humidity to prevent a sudden rise in
transpiration and thus in water loss (Porporato et al. 2001).
1.1.5 The numbers tell the tale
It needs to be emphasized that water stress is the most prevalent stress (Bohnert et al. 1995, Coder
1999). Nevertheless, plants can suffer from many other stress factors, such as too much or too little
light, low or high temperatures, drought and flooding, salinity, nutrient shortage or infection and
predation (Bohnert and Sheveleva 1998). Therefore, a good water household is essential for the
health of trees. In order to understand the physiological mechanisms of trees, knowledge and
understanding of water relations is essential and this study aims to improve the understanding of the
physiological behavior of the mangrove species Rhizophora stylosa with respect to water.
For a better understanding of these water relations, different techniques are required to measure
several characteristics of the tree. Tree sensors have been developed and widely used since the
previous century (Scholander et al. 1965, Boyer 1968, Kanemasu et al. 1969, Smith and Allen 1996,
Drew and Downes 2009, Vandegehuchte and Steppe 2013). Sap flow velocity and sap flux density can
be measured with sap flow sensors, water potential with psychrometers and pressure bombs,
stomatal resistance with porometers and stem diameter changes with dendrometers.

1.2 Stem growth patterns
1.2.1 Diurnal growth patterns
The continuous measurements (e.g. every 10 minutes) of the stem radius comprises a lot of
information. Both reversible shrinking and swelling as irreversible growth can be monitored
(Kozlowski and Winget 1964, Irvine and Grace 1997, Deslauriers et al. 2007a, Scholz et al. 2008).
Typical circadian patterns can be observed on a small time scale, these patterns typically consist of

8

Chapter 1: Literature review
three distinct phases, namely the shrinkage phase, recovery phase and increment phase (Downes et
al. 1999).
After dawn, when transpiration commences, a tree stem will start to shrink (Figure 1.5).
Transpiration is located in the canopy of the tree (Figure 1.4) and regulated by stomata on the leaves
(Lee 1967, Porporato et al. 2001, Mansfield 2004). As already mentioned, the phenomenon of
transpiration consists of a trade-off between the loss of water and the uptake of CO2 (Scarth 1927,
Hosy et al. 2003, Leuning et al. 2004, Ainsworth and Rogers 2007, Katul et al. 2010). Due to the
distance and hydraulic resistance between the canopy, where the loss of water is situated, and the
roots, where the uptake of water occurs, daily stem growth is a dynamic process (Figure 1.4) (Herzog
et al. 1995, Goldstein et al. 1998, Zweifel and Häsler 2001, Scholz et al. 2008). During the shrinkage
phase, trees use their internal water reserves from storage tissues. The depletion of these reserves
results in shrinkage of the stem diameter. The shrinkage phase will end when the water uptake
equals the water demand needed for transpiration (Goldstein et al. 1998, Downes et al. 1999)
The next phase described by Downes et al. (1999) is the recovery phase (Figure 1.5). In this phase the
water uptake at root level is higher than the water loss in the canopy. Hence, the depleted water
reserves are replenished and simultaneously cell turgor is regained. The end of this phase is marked
by a radial diameter equal to the diameter at the beginning of the shrinkage phase.
Typically, the third phase is the increment phase, in which the tree diameter exceeds the maximal
diameter reached at the end of the previous circadian cycle (Figure 1.5) (Downes et al. 1999). In
other words, during the increment phase stem growth occurs. Lockhart (1965) introduced a model of
plastic growth in which a wall-yielding threshold value is defined. The turgor pressure inside the cells
must exceed this value to be able to elongate and to result in net growth. Of course, net growth does
not always occur and it is possible that the stem diameter is smaller the next morning. In this case
the tree has not been able to replenish its entire water reserve, which indicates a bad water
household (Herzog et al. 1995, Deslauriers et al. 2007a, Deslauriers et al. 2007b).

Figure 1.5 A typical circadian course of stem radius with a shrinkage phase (1), a recovery phase (2) and an increment phase
(3). Rainfall induces a long cycle and then the typical circadian pattern is no longer visible for some time. Maximum daily
shrinkage (MDS) is an important factor for analyzing dendrometer data. Both days with positive growth (ΔR+) as days with
negative growth (ΔR-) are shown (Deslauriers et al. 2007a).
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Hitherto, the experiments and measurements performed in literature all report the same course of
diurnal growth patterns as previously described (Kozlowski and Winget 1964, Klepper et al. 1971,
Brough et al. 1986, Herzog et al. 1995, Irvine and Grace 1997, Downes et al. 1999, Zweifel et al. 2000,
Genard et al. 2001, Offenthaler et al. 2001, Perämäki et al. 2001, Sevanto et al. 2001, Zweifel and
Häsler 2001, Deslauriers et al. 2003, McLaughlin et al. 2003, Bouriaud et al. 2005, Daudet et al. 2005,
Steppe et al. 2006, Čermák et al. 2007, Deslauriers et al. 2007a, Deslauriers et al. 2007b, Xiong et al.
2007, Drew et al. 2008, Scholz et al. 2008, Drew and Downes 2009, Fernández et al. 2011). All
foregoing research presents results which show the classical pattern on many different species. They
describe the phases previously discussed, namely shrinking tree stems after dawn, a recovery phase
when transpiration becomes less intensive (typically right after noon) and a nocturnal period of
growth. This net growth will not occur in periods of bad water household during for instance drought
or high temperature and can result in net shrinkage of the stem (Herzog et al. 1995, Deslauriers et al.
2007a, Deslauriers et al. 2007b). However, some researchers reported different stem growth
patterns. Matimati et al. (2012) describes the growth pattern of plants using the crasulacean acid
metabolism (CAM) that show growth initiated by sunrise, a maximum in stem diameter at noon
followed by shrinkage until night or the next morning. Unfortunately, there have not been a lot of
studies that focuses on gathering small time scale and high resolution stem radius data on CAMplants. More studies on different species could expose more atypical stem growth patterns.
1.2.2 Sap flow and its influence on water depletion and replenishment
Daily fluctuations of the stem radius are mainly caused by differences in water content of the stem
storage tissues. This indicates the utility of sap flow measurements because there is a clear diurnal
relationship between sap flow and stem size (De Swaef and Steppe 2010). Both the period and the
amount of sap flow can be related to stem diameter patterns (Herzog et al. 1995, Scholz et al. 2008).
A good way to demonstrate this is by measuring sap flow in the canopy (through branches) and in
the stem (Figure 1.6 a). In most cases the branch sap flow increases earlier than the basal sap flow
which confirms that the take up of water lags behind the loss of water. The upper sap flow initiates
earlier than the basal sap flow and therefore there is a net loss of water during the beginning of the
day, which results in a decrease of the stem diameter. Some time period later, the basal sap flows
begins to rise as well, mostly with the same sequence as the branch sap flow. When the basal sap
flow becomes higher than the upper sap flow, the recovery phase is induced and the water storages
are replenished again. A good way of coupling these sap flow and dendrometer data is by subtracting
basal sap flow from branch sap flow (Figure 1.6 b). Doing so, the amount of water depleted and
replenished is visualized (Schulze et al. 1985, Goldstein et al. 1998, Perämäki et al. 2001, McLaughlin
et al. 2003, Meinzer et al. 2004, Steppe and Lemeur 2004, Čermák et al. 2007, Scholz et al. 2008).

Figure 1.6 A typical curve of the branch sap flow (dotted line) and a lagging basal sap flow (solid line) (a). By subtracting the
two different flows the water budget of the tree is visualized (b). A positive value represents a depletion of water storage,
whereas a negative value indicates the replenishment of the water storage (Goldstein et al. 1998).
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These diurnal patterns can be described as well by combining information gathered from sap flow
and transpiration. The amount of transpiration can be calculated for instance by using stomatal
conductance data (Schulze et al. 1985) or via measurements of water content of an air flow in a
controlled measuring chamber (Steppe and Lemeur 2004). Plotting the transpiration to the average
stem sap flow and connecting the successive points is an alternative for visualizing the daily cycle
(Figure 1.7) (Schulze et al. 1985). In the morning the amount of transpirations rises quickly, whereas
the stem flow remains low for quite a while. Later, transpiration stays roughly the same but the stem
flow increases. When the transpiration begins to decrease, stem flow remains fairly high. As a result,
a net water uptake takes place in the tree. The shrinkage phase and the recovery phase (in this case
both recovery and increment phase) are distinguished by the identity line (transpiration equals stem
flow). Shrinkage takes place at the points of time below the identity line and the recovery phase at
the point in time above this line (Schulze et al. 1985).

Figure 1.7 The relation between transpiration and stem sap flow changes throughout the day. The first phase indicates
water depletion and the second phase water replenishment (Schulze et al. 1985).

1.2.3 Microclimatic factors are the main drivers for plant water household
The foregoing clearly shows that a relation must exist between stem radius dynamics and climatic
factors influencing transpiration and soil dynamics. Therefore a lot of work has been put in the
research of relating the variations in radial growth patterns to microclimatic factors (Downes et al.
1999, Tardif et al. 2001, Deslauriers et al. 2003, Mäkinen et al. 2003, Bouriaud et al. 2005, Zweifel et
al. 2006, Deslauriers et al. 2007a). Nevertheless the interaction between weather conditions and the
physiological activity are still not fully understood and are not self-evident. It has been found that the
response to climatic variables changes from time to time (e.g. season to season) (Downes et al. 1999,
Tardif et al. 2001, Bouriaud et al. 2005). Especially correlations on daily base are difficult to assess
(Downes et al. 1999). When the different diurnal phases of stem growth (shrinkage, recovery and
increment) are examined, many different factors come in play. Therefore, it is useful to analyze each
phase seperatly (Downes et al. 1999, Deslauriers et al. 2003, Deslauriers et al. 2007a). This way,
Deslauriers et al. (2003) found that prevailing weather conditions during the expansion and stem
radius increment (SRI) phases, which take place from evening till morning, have a great significance
to the extent and course of these phases. For both phases, they found significant positive
correlations for the maximum air temperature and amount of precipitation, while a negative one was
found for solar radiation. Precipitation had significant effects on the expansion phase, the SRI phases
and the entire cycle. For the recovery phase it was shown that vapor pressure deficit (VPD) had a
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negative effect on the tree stem radius (Deslauriers et al. 2003). Other research (Tardif et al. 2001)
showed other factors affecting the radial growth, such as, soil temperature, minimum air
temperature and foliage water potential. Also soil water deficit influenced the daily stem radius
dynamics because it prevented a fluent water uptake (Bouriaud et al. 2005). These findings indicate
that microclimatic variables have a very complex way of influencing and interacting with tree water
relations.
It is well known that rain has an extensive effect on trees (Downes et al. 1999, Drew et al. 2008,
Zeppel et al. 2008). The influence of precipitation on most species is explained by Downes et al.
(1999) by examining the effect of rain on the different phases of daily stem growth. When it rains,
there is a swift radial expansion and a subsequent slower shrinkage phase. This response does not
occur when irrigation is applied, which proves that not only the extra water availability in the soil is
responsible for the radial increase. Downes et al. (1999) concluded that this response is caused by
transpiration that is halted, while water availability at root level is high because of the moistening of
the soil by rainfall. This ensures that the tree can operate at full turgor for a longer period than usual,
which extends the growth period as depicted in Figure 1.2.

1.3 Mangroves
1.3.1 Introduction
Mangroves are a very unique group of trees that live in the intertidal zone of tropical and subtropical
seas and oceans and that are confronted with recurrent flooding (Scholander et al. 1962, Lawton et
al. 1981, Robert et al. 2009). These conditions have presented vegetation with great challenges, but
mangroves have adapted to these harsh surroundings. Even in ancient times the harsh environments
were already recognized to be very hostile towards plants (cf. citation of Plutarch, 70 AD).
"What is the reason that seawater nourishes not trees? Is it not
for the same reason it nourishes not earthly animals?...Nor,
though seawater be aliment to marine plants as to its fishes, will
it therefore nourishes earthly plants, since it can neither
penetrate the roots, because of its grossness, nor ascend, by
reason of its weight...Or is it because drought is a great enemy of
trees?"
Plutarch, 70 AD (translated by Bowman 1917)
The main challenges in these regularly flooded areas are anoxic conditions when flooded, high
temperature and irradiance and high levels of salinity (Ball 1988, Medina 1999, Kathiresan and
Bingham 2001, Robert et al. 2009). Most trees are not able to withstand high salt concentrations and
are damaged or even killed when confronted with elevated salinity (Allen et al. 1994). (True)
mangroves on the contrary thrive under conditions of elevated salinity and cannot survive in the
absence of a certain amount of NaCl (Medina 1999).
Mangrove communities are not only fascinating because they can flourish despite these challenges,
but at the same time they have a very important ecological function. This makes the research on how
mangroves survive in these harsh conditions relevant in both a physiological and an ecological
perspective.
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A possible way of evaluating the importance of mangroves is by quantifying their economic value (Lal
2003). Mangroves can deliver certain services such as construction wood, fuel, tannins or medicines,
local fisheries, nursery habitat and marine productivity. Their physical presence can stabilize the
underlying land, buffer seagrass beds and coral reefs against river-borne siltation or offer protection
for coastal areas against storms, sea-level rise and tsunamis (Kelly and Adger 2000, Kathiresan and
Bingham 2001, Dahdouh-Guebas et al. 2005, Wells et al. 2006, Duke et al. 2007, Walters et al. 2008).
Furthermore, mangal systems contribute significantly to both marine and terrestrial food webs and
any decline in the functionality of marine food webs will, in turn, cause a decline in fishery yield.
Finally, mangrove territory can be considered as an important CO2 sink and carbon source for oceans
because they have a very high primary productivity (Duke et al. 2007). All these services indicate that
mangrove are valuable, with a valuation of US$ 200,000 - 900,000 per km² as calculated by Wells et
al. (2006). Nonetheless mangrove areas are declining extremely rapidly at an alarming rate of 1 to 2%
per year, according to Duke et al. (2007).
1.3.2 Classification
The classification of mangroves, according to Tomlinson (1995), consists of 8 families (which are
mostly not closely related phylogenetically), 13 genera and 39 species and are presented in Table 1.1
(Blasco et al. 1996, Medina 1999). Throughout this elucidation on mangroves, there will be special
interest for Rhizophora stylosa, the tree on which the experiments in this study were conducted.
Table 1.1 Classification of mangrove tree species. R. stylosa is underlined (Lugo and Snedaker 1974, Tomlinson 1995,
Medina 1999).

Family

Genera

Species

Avicennia

9

Conocarpus
Laguncularia
Lumnitzera

1
1
3

Xylocarpus

3

Aegiceras

2

Pelliciera

1

Aegialitis

2

Bruguiera
Ceriops
Kandelia
Rhizophora

6
2
1
3 (stylosa)

Sonneratia

5

Anniaceae
Combretaceae

Meliaceae
Myrsinaceae
Pellicieraceae
Plumbaginaceae
Rhizophoraceae

Sonneratiaceae

1.3.3 Distribution
The distribution of mangroves is shown in Figure 1.8 and mangroves are situated on the coast lines of
tropical and subtropical areas. As Giri et al. (2011) ascertains, Australia has an area of 977,975 ha
that is covered with mangroves. This represents 7.1 % of the total area of mangroves in the world,
which makes Australia the country with the second biggest area of mangrove communities.
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Indonesia is the country with the largest surface area covered with mangroves, with 3,112,989 ha or
22.6 % of the world total (Giri et al. 2011).

Figure 1.8 The colored bands represent the amount of mangrove species that are found at that location. Mangrove
communities are situated around tropical and subtropical latitudes (Polidoro et al. 2010).

The species Rhizophora stylosa is situated in Northern Australia and Southeast Asia. The distribution
of R. stylosa and other species of the genera Rhizophora in the Indo West Pacific is presented in
Figure 1.9. R. stylosa is present in the area roughly between 23.5°N - 23.5°S and 100°E - 190°E (Duke
et al. 2002).

Figure 1.9 Areas where different Rhizophora species, including R. stylosa, can be found in the Indo West Pacific (Duke et al.
2002).

1.3.4 Root system
Because mangroves are flooded on a regular base, the oxygen supply to the roots is limited. This can
interfere with the respiratory metabolism in root cells because diffusion of oxygen is 10,000 times
slower through water than through air (Ball 1988). To have as much oxygen as possible to their
disposal most species produce strongly aerenchymatic aerial roots. Mangrove species have come up
with several solutions such as pneumatophores (e.g. Avicennia marina, Figure 1.10a) and stilt roots
(e.g. Rhizophora stylosa, Figure 1.10b) (Scholander et al. 1955, Tomlinson 1995, Medina 1999). Root
"extensions" make sure that the tree can take up enough oxygen and dispose of the produced CO2
when the roots are exposed to air (Medina 1999).

14

Chapter 1: Literature review
a

b

Figure 1.10 Avicennia marina (a) with a lot of pneumatophores and Rhizophora stylosa (b) with stilt roots.

1.3.5 Mangroves have to face many challenges
Although water is present in large quantities and it might not be expected that mangroves encounter
water stress, this water is not easily available. The high salinity of seawater is responsible for the
strong osmotic potential of seawater and results in a negative water potential (Ω ≈ -2.5 MPa). If trees
want to use this water, they need to be able to pull the water up through the roots and into the
xylem vessels, which implies they need to maintain water potentials even lower than -2.5 MPa
(Scholander et al. 1964, Scholander 1968). Xylem pressures in Rhizophora spp. range from -3.0 to -4.5
MPa as reported by Scholander (1968) and Aziz and Khan (2001) demonstrated a xylem pressure of
about -2.7 MPa in R. mucronata and a water potential of approximately -5.5 MPa in the leaves which
are low values compared to non-mangal species. The review on whole-plant water use composed by
Wullschleger et al. (1998) describes normal water potentials between 0 and -2 MPa and describes
xylem dysfunction for certain species for water potentials below -2.5 to -2.8 MPa. This clearly
demonstrates that mangroves operate at extremely negative water potentials without deterioration
of the tree. Lacking proper adaptations, mangroves would never be able to sustain positive turgor
inside living cells. Therefore, cell turgor in mangroves is dependent on a very high solute pressure
inside the cell, often exceeding the seawater pressure by -1 to -3 MPa (Scholander 1968, Ball 1988).
Mangroves are often divided into two types, as proposed by Scholander et al. (1962), namely salt
excluders (or non-secretors) and salt secretors. The former type mainly uses the process of
ultrafiltration at root level to maintain a relatively low salt concentration in the sap. This
concentration is a lot lower compared to pure sea water, though still a lot higher than in other tree
species (Scholander et al. 1964, Scholander 1968, Parida and Jha 2010). The latter type filtrates less
salt at root level (because of a less efficient ultrafiltration), resulting in higher sap concentrations, but
these mangroves secrete salt at leaf level through specially designed salt glands. The salt
concentration in xylem sap in mangrove species is determined in the range of 0.2 to 0.5 g NaCl/L in
salt excluders and 0.8 - 8.0 g NaCl/L in salt secretors (Scholander et al. 1962, Popp 1984, Medina
1999). It is clearly demonstrated that root ultrafiltration is performed at a high efficiency if these sap
concentrations are compared to the sea water concentration, which is about 36 g NaCl/L (Scholander
et al. 1962, Scholander et al. 1964, Scholander 1968, Lawton et al. 1981, Popp 1984, Ball 1988,
Medina 1999, Parida and Jha 2010). Further, a third major tactic is displayed by mangroves, namely
the accumulation of salt in their leaves and other tree parts (Scholander 1968, Popp 1984, Parida and
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Jha 2010). Older leaves have a higher salt concentration and in response, these leaves will increase
their succulence in order to maintain a constant salt concentration inside the leaves, more specific,
inside the vacuoles of leaf cells (Popp 1984, Ball 1988, Medina 1999). But even an increasing
succulence cannot account for dealing with all the salt entering the tree. Therefore a dilutionary
effect is proposed by Popp (1984) in which not only leaves accumulate ions but also transport them
to other parts of the tree for accumulation. Many species use a combination of the foregoing tactics,
summarized in the review by Parida and Jha (2010). Rhizophora is a salt-excluder and accumulator.
Another typical challenge mangroves need to cope with is the combination of high temperature and
high irradiance originating from their (sub)tropical location. These conditions result in a high
atmospheric water demand and consequently in the risk of damaging the photosynthetic apparatus
and failure of the leaf functions due to overheating. Next to the variable control of stomatal
regulation, as previously described, mangroves have developed some anatomical changes in their
leaves to deal with possible overheating (Medina 1999). An increased leaf angle reduces the
projected area, hence, reduces the incident radiation per area leaf. Another adaptation of mangroves
is the production of small leaves which results in an enhanced boundary layer conductance and
therefore, a smaller temperature difference between ambient air and leaf temperature and thus
reducing the chances of overheating. Finally, mangroves have high heat capacities per leaf area. This
helps reducing the temperature differences between the leaf and ambient air. This higher heat
capacity is obtained by producing leaves with a high succulence (Ball 1988), such as the leaves of
Rhizophora stylosa.
1.3.6 Anatomical adaptations make mangroves less vulnerable to cavitation
Previously, it is mentioned that mangroves need to maintain very negative water potentials in order
to transport water up to the leaves. Obviously, these very negative water potentials create a very
severe tension on the water column. Therefore, the prevention of cavitation is an important issue for
mangroves and this has resulted in different strategies concerning hydraulic architecture. Trees can
vary their vessel radius and their vessel density. A higher vessel density creates more possible
bypasses in the event of cavitated vessels and gives the tree the opportunity to produce vessels with
a lower radius which are less prone to cavitation, as proven by Lo Gullo et al. (1995). Robert et al.
(2009) explained the zonation of Avicennia marina and Rhizophora mucronata based on differences
in their hydraulic anatomy. They showed that on the one hand A. marina had a much safer hydraulic
architecture because its vessels were narrower and more abundant. On the other hand, the hydraulic
architecture of R. mucronata was much more efficient. The safer architecture of A. marina made this
species able to thrive under more saline conditions. On the locations where salinity was low enough
R. mucronata was the stronger competitor, due to the less safe but more efficient architecture, and
barely any A. marina was found. (Robert et al. 2009). The final distribution for this case is presented
in Figure 1.11.
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Figure 1.11 Zonation of Avicennia marina and Rhizophora mucronata linked with several possible vessel designs. Safer and
less efficient hydraulic structure is found in more saline, in general more inland, regions. The safer vessels are less prone to
cavitate, hence they are located in more saline places. Possible safety features are (i) a higher vessel density and (ii) high
vessel grouping, both offering more possible bypasses in the event of cavitation, (iii) a smaller vessel diameter and (iv) a
smaller vessel element length. (Robert et al. 2009)

The zonation of different species is typical for mangroves because most species are very sensitive to
the rapidly environmental changes such as inundation frequency, waterlogging, nutrient availability
and soil salinity (McKee 1993, Blasco et al. 1996). Intuitively, it might be expected to find the highest
soil salinity closest to the sea and the lowest salinity furthest from the sea. In reality, however, those
locations that are inundated every day will have a nearly constant salinity while salt concentrations in
regions that are less frequently flooded fluctuate much more due to evaporation. This evaporation
process removes water from the soil but leaves salt particles behind, increasing the salt
concentration (Robert et al. 2009). This creates a very distinct transition between mangal vegetation
and the more inland vegetation which typically is a mudflat, a salt marsh, a brackish forested wetland
or a dryland forest (Adam 1994).
1.3.7 Mangrove response to climate change
Mangrove systems have a great ecological importance. They serve as a habitat for a large number of
molluscs, crustaceans, birds, insects, monkeys, and reptiles, trap pollutants and sediment and
contribute to human services (as depicted in 1.3.1 Introduction). Therefore it is meaningful to
prospect how and in what extent climate change could affect mangroves. The most important direct
effects of climate change on ecosystems, as determined by McLeod and Salm (2006) and Field
(1995), are changes in temperature, CO2 concentration, hurricane and storm frequency and intensity,
precipitation and sea-level. The temperature is expected to rise but it is not expected that this will
harm mangroves. Mangroves might even be able to extend their region of occurrence to areas
further away from the equator (both southward as northward) (McLeod and Salm 2006). Another
prospect is a rise in CO2 concentration caused by a massive anthropogenic input of additional CO2 in
the atmosphere, caused by the usage of fossil fuels. A possible effect of such a rise is that
photosynthesis enhances and the level of stomatal aperture needed for adequate CO2 uptake
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reduces and consequently, the amount of water that transpires will reduce and growth will increase
(McLeod and Salm 2006, Ainsworth and Rogers 2007, Alongi 2008, Taub 2010). Ball et al. (1997)
demonstrated enhanced growth on R. stylosa under conditions of low salinity. However, in the
review of Alongi (2008) on the response of mangroves to climate change, it was predicted that the
primary production will not or hardly change. Augmented water use efficiency and an advanced
flowering period are forecasted as the positive effects of a CO2 concentration rise. The main outcome
would probably be the alteration of species patterns and occurrence. An indirect effect of rising
temperature and rising CO2 levels is the bleaching and reduced growth of coral reefs (HoeghGuldberg 1999). These reefs shelter mangroves against damage induced by waves and a decline of
reef area will cause an adverse effect on mangrove population (McLeod and Salm 2006). In case of
increased precipitation, mangroves are expected to be more successful and vice versa (Alongi 2008).
The net effect of change in precipitation due to climate change is difficult to foresee because the
prediction about precipitation is location dependent. For some regions an increase in precipitation is
expected, whereas other regions are expected to receive less precipitation, and furthermore
predictions on future precipitation have turned out to be very difficult and error-prone (Hughes
(2003) made projections for the Australian climate). Hurricanes and storms will probably increase in
frequency and these events can cause grave damage to mangrove systems. Not only physical damage
but also indirect effects such as waterlogging and inundation, changes in salinity or even altered soil
structure can lead to the deterioration of mangroves (McLeod and Salm 2006). The heating up of
seawater and the melting of glacial ice will both lead to a rising sea-level. This will be the most radical
challenge mangroves have to cope with, because of the sensitivity towards sea-level rise induced
changes, such as salinity and inundation. This will create threats, causing mangrove areas to
disappear, and opportunities for expansion, however to profit from these opportunities, the rise
should be slow enough in order for mangroves to adapt (Field 1995, McLeod and Salm 2006).
It can be concluded that mangrove systems contribute significantly to the well-being of the earth.
These systems may be relatively small qua coverage, but they are very important in both aquatic and
terrestrial processes and equilibria. Furthermore, mangrove systems are extremely sensitive to
changing conditions and are decreasing at an alarmingly rate. Proper knowledge and extensive
research and surveying could help to gather more information on mangroves, on how to prevent
further destruction and it could even help researchers in proposing adequate restoration strategies.
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2. Chapter 2: Materials and Methods
2.1 Study area
Different sensors were installed on three trees of the species Rhizophora stylosa. These trees were
located on North Stradbroke Island, an Australian island, 30 km southeast of Brisbane, the largest city
and capital of the state of Queensland. North Stradbroke Island is the largest island in the Moreton
Bay and is the second largest sand island in the world. It is one of the islands that acts as a barrier
between the Pacific Ocean and Moreton Bay.
The study area was located on the bay side of the island between the towns Dunwich and Amity. The
mangrove forest was sheltered from strong waves because of the presence of sand banks near the
shore and its bayside orientation. More specifically, the research site was located 2,100 m north of
the river mouth of Myora Spring, at 27° 27' 3.25"S and 153° 25' 47.70"E.
In the study area, the three trees were located in the central part of a mangrove forest strip. The
elevation of the land was approximately 1.8 m above sea level. The studied site was a less dense part
of the mangrove forest with a mixture of Rhizophora stylosa and Avicennia marina. Adjacent to this
less dense part there were dense mangrove forest which consisted of only R. stylosa. The trees were
labeled from 1 to 3 as represented in Figure 2.1.

Dryland forest

Tree line

Research site

2
2 m
1
100 m

10 m

3
200 m

Figure 2.1 Overview of the study site location. The research site is represented by a star. A detailed schematic of the site is
represented in the lower box and the trees are labeled with their according number.
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Details of the dimensions and placement of the sensors are shown in Table 2.1 and the position of
the trees is shown in Figure 2.2. The trees were similar in size and thickness, although R. stylosa 2
was somewhat less thick than the other two (Table 2.1). The field experiment was conducted during
a period of approximately two months (from 10 August 2012 to 12 October 2012) (day of year (DOY)
223-286).
Table 2.1 Details of the position of the roots and tree sensors. The psychrometers were reinstalled several times so those
values are rather indicative.

Highest stilt root
Dendrometer
HRM 1
HRM 2
Psychrometer

1

R. stylosa 1
Height Circumference
(cm)
(cm)
80 ± 1
145 ± 1
59 ± 1
138 ± 1
59 ± 1
260 ± 1
53 ± 1
350 ± 1
8.0 ± 0.1

R. stylosa 2
Height
Circumference
(cm)
(cm)
64 ± 1
143 ± 1
35 ± 1
136 ± 1
35 ± 1
217 ± 1
34 ± 1
290 ± 1
16.0 ± 0.1

2

R. stylosa 3
Height Circumference
(cm)
(cm)
50 ± 1
160 ± 1
54 ± 1
152 ± 1
54 ± 1
300 ± 1
45 ± 1
260 ± 1
6.2 ± 0.1

3

Figure 2.2 Picture of the research site with three Rhizophora stylosa trees that were equipped and that are indicated by
arrows. The black cases that are visible in some trees that are not measured are Pelican cases, used for protecting the
batteries.

2.2 Meteorological data

Two meteorological stations were installed in the vicinity of the research site. These station were
geared with different types of meteorological sensors in order to measure environmental variables.
The first station was placed inland some distance from the site, in the transition zone, characterized
by juncus vegetation, between the mangrove forest and the dryland forest. This EnviroStation,
constructed by ICT International (Armidale, New South Wales, Australia), was provided with sensors
to measure solar radiation, air temperature, atmospheric relative humidity and rainfall. Solar
radiation could be measured in the range 0 – 2,000 W m-2 with a resolution of 0.1 % and an accuracy
of ± 5 % of the measured value. Air temperature could be recorded between -20 and 60 °C with a
resolution of 0.01 °C and an accuracy of 0.1 °C. The relative air humidity could be determined in a
range of 0 - 99 % with 0.1 % resolution and ± 2 % accuracy. The rain gauge was only used in the
period DOY 222 - 245, when no rainfall occurred and so further specifications are not necessary.
Readings on all these parameters were taken every 15 minutes, during DOY 222 - 285.
The second meteorological station, on site, was a HOBO Weather Station Starter Kit made by
MicroDAQ.com Ltd. (Contoocook, New Hampshire, USA) and measurements were obtained during
DOY 245 -285 (Figure 2.3). The station was placed in a forest gap to prevent influence from
vegetation on radiation measurements. This station measured radiation with 2 silicon pyranometers,
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both measuring in the range of 0 to 1,280 W m-2 with a resolution of 0.1 W m-2 for light with a
wavelength of 300 to 1,100 nm and an azimuth error of ± 2 % at 45° from vertical (this error is the
result of differences between measurements before noon and after noon). A 12-bit temperature RH
smart sensor was mounted inside a radiation shield and could measure temperatures from -40 to
100 °C attaining an accuracy of at least ± 0.2 °C, a resolution of 0.001 °C and it could also measure
relative humidity (0 - 100 %) with ± 2.5 % and a resolution of 0.1 %. For precise rain measurements, a
rain gauge smart sensor was installed on top of the meteorological station. This rain gauge had a
tipping bucket mechanism that could measure up to 10 cm of rain per hour with a resolution of
0.2 mm and a maximum of 4,000 tips per interval. For measurements below 2 cm an accuracy of
± 1 % is achieved. A measurement interval of 10 minutes was chosen to gather sufficient weather
data.
Derived from these measured variables (RH and air temperature) the VPD was calculated. The
calculation of the VPD was based on the equations presented in Allen et al. (1998) and Buck (1981).
The vapor pressure deficit (VPD, kPa) is the subtraction of the actual vapor pressure (ea, kPa) from
the saturated vapor pressure (es, kPa). First the saturated vapor pressure is calculated using equation
1. For the calculation of the actual vapor pressure, the dewpoint temperature (Tdew, °C) needs to be
determined using the relative humidity (RH, %), the air temperature (Ta, °C), and a set of constants
presented in equations 2 and 3. Tdew is used to compute the actual vapor pressure (eq. 4) and the
VPD isdetermined using equation 5.
(1)

(2)

(3)

(4)

(5)
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Pyranometers
Radiation shield
Rain gauge

Figure 2.3 A picture of the meteorological Hobo station. For the sake of stability three pipes were drilled into the soil and
the tripod was fastened to these pipes. Relative humidity and air temperature are measured with sensors inside the
radiation shield.

2.3 Tree sensors
In this experiment three tree variables were measured continuously (every 15 minutes). Variation in
stem radius was measured using dendrometers (DRL 26 - Logging Band Dendrometer, ICT
International), sap flow data was obtained with HRM sap flow meters (ICT International) and water
potential in the branches was determined with the use of smart stem psychrometers (ICT
International). Stomatal resistance and water potential in the leaves were also measured, but with
non-continuous readings. The sensors used were a porometer (AP4 porometer, Delta-T Devices Ltd)
for the stomatal resistance and a Scholander pressure bomb (3005F01 Plant Water Status Console,
Soil Moisture Equipment Corp.) for the water potential at the leaves.
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HRM 2

Psychrometer

Dendrometer
Sapflow+
HRM 1

Figure 2.4 A fully equipped tree. A dendrometer, psychrometer and 2 HRMs are visible on the picture. Also a Sapflow+
(Vandegehuchte and Steppe 2012), used for another research, can be seen. Only the psychrometer recorder is visible, the
measuring device itself is installed in the canopy on a branch.

2.3.1 Dendrometer: band dendrometer
A dendrometer is a useful instrument for scientists calculating tree growth. It measures the stem
diameter on a fixed height and is able to elucidate long term growth patterns (days, weeks, years) as
well as short term patterns (hours or even minutes). Obviously, the smaller the time period between
two consecutive measurements, the larger a resolution is necessary to be in order to receive useful
data. All dendrometers have the advantage of using non-invasive techniques, hence minimizing the
disturbance on the tree. There are different types of dendrometers available on the market. They can
be divided in contact dendrometers and non-contact dendrometers (Drew and Downes 2009). The
first high-resolution dendrometers were developed in the early 1900s. These high-resolution
dendrometers can be divided into three classes. The first type is the radial type which measures
changes by monitoring the radius, the second type is the diametral type which measures changes by
monitoring the diameter and the third type is the circumferential type which uses bands around the
stem to measure changes in the circumference. The latter type, Introduced by Hall (1944), is the
most frequently used in forest research and was used in this experiment. The advantages of using
dendrometers in physiological science are quite broad. Not only are they relatively cheap and very
easy to install and maintain, they also give fairly straightforward and easily interpretable information
about the tree behavior, unlike many other tree sensors. In other words, stem diameter changes
represent the result of a lot of different physiological processes. An important feature of band
dendrometers is their low susceptibility to disturbance because they are fixed tightly to the tree
which is an important condition for field experiments with a lot of activity during the experiment and
where the wind can blow freely.
At the site each tree was equipped with one dendrometer (Table 2.1). The dendrometer type used
was the DRL 26 - Logging Band Dendrometers and manufactured by ICT International (Armidale, New
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South Wales, Australia). This type has a measuring resolution of 1 m over an unadjusted range of
65 mm. A measurement was logged every 10 minutes. This type of dendrometer has an infrared
communication system, whereby data is collected by holding the infrared device close, without
making physical contact. As a consequence, unintentional disturbance of the very sensitive meter is
prevented. Prior to installation, the bark was smoothened by scratching unevenness with a knife. The
dendrometers were installed two days before the starting of the experiments in order for the band
to settle.

Figure 2.5 A band dendrometer attached to a R. stylosa with dendrometer tape.

For the evaluation and interpretation of the dendrometer data, two different sets of time periods
were defined. The first set divides the day in two equal parts in which the first part covers the time
period between 0 and 12 h and the second part between 12 and 24 h. For the second set, the first
timeframe is taken from 6 to 12 h and the second from 12 to 20 h. Subsequently, some different
parameters are determined within these time periods and defined in Table 2.2 and Figure 2.6. The
parameters are defined so that a positive value always represents growth and a negative one
shrinkage. These parameters were calculated for every tree on every day and the average and the
corresponding standard deviation were computed.
Table 2.2 Definition of different parameters used for the growth pattern characterization.

Period
Growth first half of the day
Shrink second half of the day
Growth period
Shrink period
Growth per day

Abbreviation
Gr1H
Sh2H
GrP
ShP
GrD

Time frame (h)
0 - 12
12 - 24
6 - 12
12 - 20
0 - 24
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Calculation (see Figure 2.6)
C-A
E-C
C-B
D-E
E-A
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C
A

B

D

E

Figure 2.6 A typical daily growth pattern of R. stylosa (on DOY 266). On this graph, the stem radius values used are
highlighted with arrows and a corresponding letter. Shaded areas represent nighttime and unshaded area represents
daytime.

2.3.2 Sap flow sensor: heat ratio method (HRM)
Measurements of sap flow can reveal a lot of information on the physiological behavior of trees. A
broad range of techniques exists to acquire data on sap flow, however each technique has its own
set of advantages and disadvantages. Each technique is based on the usage of heat, transported by
the sap, to detect the movement of the sap. In general, three categories of sap flow sensors are
distinguished. Sap flow can be measured using (i) heat pulses in the sap, (ii) a controlled heat source
or (iii) empirical relationships which describe a relation between heat dissipation and sap flow (Smith
and Allen 1996). The former category is often preferred due to simple instrumentation and lower
required energy input. A short non-exhaustive list of possible sap flow sensor techniques is
presented. Constant heat sources are used with the stem heat balance method and the trunk sector
heat balance method. Methods that rely on empirical relationships are the thermal dissipation
method and the heat field deformation method. Techniques that obtain data by pulsing heat into the
sap flow are the compensating heat pulse method, the Tmax method, the heat ratio method (HRM)
and the recently developed Sapflow+ method (Smith and Allen 1996, Burgess et al. 2001, Steppe et
al. 2010, Vandegehuchte and Steppe 2012). For more detailed information on these techniques
papers such as Smith and Allen (1996), Burgess et al. (2001), Steppe et al. (2010), Vandegehuchte and
Steppe (2012) and Vandegehuchte and Steppe (2013) are recommended.
In this field trial, the HRM method was used because of its sensitivity and ability to record low and
negative sap flow, which is a great advantage and could be convenient for mangrove tree
measurements, because of the extreme low soil potential, which could possibly result in negative sap
flow. HRM sensors fabricated by ICT International (Armidale, New South Wales, Australia) were used.
Burgess et al. (2001) described this method in detail. The HRM uses different measuring points to
acquire a more reliable value for sap flow. However, a disadvantage of this method is its limitation to
measure high sap flux densities correctly (Vs > 30 cm3 cm-2 h-1) (Bleby et al. 2008). In this experiment,
such high velocities of sap flow were not expected (Hao et al. 2009). The HRM sensor consists of
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three vertically aligned needles. The middle needle is the heater, the other two, placed equidistant
(x = 0.5 cm) above and beneath the heater, are the temperature probes. The heat pulse velocity (Vh)
is calculated by using the ratio of temperature increase in the upflow and downflow needle and
some constant parameters (eq. 6).
(6)
With v1 and v2 (°C) the increase in temperature downstream and upstream respectively, measured by
the temperature probes, kr is the reference thermal diffusivity (default setting: kr = 0.0025 cm² s-1)
and x is the distance between the temperature probes and the heater, fixed at 0.5 cm. Each
temperature probe is provided with measuring points at a depth of 0.75 cm and 2.25 cm. These two
measurements of sap flow give the opportunity to create a radial profile as well. The ratio v1/v2
becomes linear 60 s after the heat pulse (25 J, 2.5 s), therefore the ratio is taken between 60 and
100 s after the pulse and the readings are averaged. Each tree was equipped with two HRM sensors
on different heights (Table 2.1) and measurements were taken every 15 minutes. Unfortunately, only
the measurements on the lower position and at a depth of 0.75 cm yielded usable data. For the
installation, three holes were drilled with a drill bit which had a diameter of 1.35 mm. These holes
needed to fit needles that were 1.3 mm in diameter. For a smooth insertion of the needles and a
good thermal contact between the needles and the wood, a small portion of silicon grease was used.
For the conversion from heat pulse velocity to sap flux density (Vs) the software Sap Flow Tool
(Phyto-IT BVBA, Mariakerke, Belgium and ICT International, Armidale, New South Wales, Australia)
and the appropriate parameters were used in equation 7.
(7)
With k (cm² s-1) the thermal diffusivity, as can be calculated using the proper equations presented in
Burgess et al. (2001), 0.0025 the default thermal diffusivity, B (-) the wound correction factor,
calculated as in Burgess et al. (2001) with a wound diameter of 0.18 cm, ρb and ρs, the basic density
of wood calculated as the ratio sapwood dry weight/sapwood fresh volume (kg m-3) and the density
of water (1,000 kg m-3), cw and cs, the specific heat capacity of the wood matrix (1,200 J kg-1 °C-1) and
the specific heat capacity of the sap (4,182 J kg-1 °C-1) and mc (kg kg-1) the water content of sapwood
(fresh weight of sapwood minus dry weight of sapwood divided by sapwood dry weight).
At the end of the experiment the tree vessels were cut in order to attain zero readings. This enabled
a linear transformation, which provided a better estimation of the absolute values, although the
measurements taken after cutting contained a lot of noise and thus the new zero line still included an
error.
The parameters required to calculate the thermal diffusivity and the sap flux density were calculated
by determining the fresh weight of sapwood, the dry weight and the volume of a core sample.
Dimensions were measured with a digital Vernier caliper with an accuracy of ± 0.02 mm and with an
analytical balance with an accuracy of 0.001 g and are presented in Table 2.3. Besides these
measuring errors, some small errors were induced by handling the samples and drying them.

26

Chapter 2: Materials and Methods
Table 2.3 Wood properties calculated from wood cores. These properties are used to determine the thermal diffusivity and
sap flux density.

R. stylosa 1
R. stylosa 2
R. stylosa 3

Fresh weight (g)
0.624 ± 0.001
0.778 ± 0.001
1.075 ± 0.001

Dry weight (g)
0.525 ± 0.002
0.586 ± 0.002
0.869 ± 0.002

Volume (cm³)
0.79 ± 0.03
0.83 ± 0.04
1.13 ± 0.04

Figure 2.7 Picture of an installed HRM sensor. The needles are shielded from radiation with some insulation and reflective
aluminum foil to prevent temperature gradients influencing the sap flow measurements.

2.3.3 Water potential: Stem psychrometer
The water potential is measured continuously and in a non-destructive manner with stem
psychrometers, mounted on every tree (Table 2.1), based on the technique described by Dixon and
Tyree (1984). The psychrometers automatically correct for temperature gradients and they provide
data on water potentials on a small time scale (several minutes), which enables the detection of
water potential responses towards changing conditions rapidly. Although it is the most suitable
sensor to measure water potentials in-situ and continuously, this technique has some drawbacks.
First of all, it has a high sensitivity towards temperature gradients (Comstock 2000) making proper
insulation indispensable for correct measurements. For longer experiments, the psychrometer
should be inspected regularly for fouling or malfunction, which can be done by checking the Peltier
cooling curve. This curve should have a distinctive shape with two plateaus and in between a very
swift decline (Figure 2.8a). When fouling occurs, first the decline will become less steep and the
plateaus will be much less pronounced and eventually the curve will be reduced to a straight line
(Figure 2.8b). When fouling arises, a reinstallation of a cleaned psychrometer is necessary.
Reinstallation was required, in most cases, about four weeks after installation. This breaks the
continuous measurements and also obliges to replace the sensor on another suited spot on the tree
which makes the linkage of the data series somewhat error-prone. The new suitable spot for
reinstallation was always near the previous spot or on a similar branch. For this reason the water
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potential data will mainly be used to assess relative changes on a smaller time scale. A final drawback
of the psychrometer is that the junctions are vulnerable to damage when installing them on a tree.
a

b

Figure 2.8 An example of a good Peltier cooling curve (a), measured with a recently cleaned psychrometer, immediately
after a reinstallation. Peltier cooling curve after a reading with a fouled psychrometer (b). Such curves indicate that the
psychrometer needs to be reinstalled.

For the installation of the smart stem psychrometers (ICT International, Armidale, New South Wales,
Australia) the bark, phloem and cambium was removed until the xylem was reached. The surface was
then flattened out by gently abrading the surface, which appeared to be very important for the
proper operation of the psychrometer. The spot was rinsed thoroughly with distilled water and dried.
The psychrometer was attached to the spot with a clamp and the space between the psychrometer
chamber and the xylem was made airtight with high-vacuum grease. The installation was completed
after insulating the psychrometer head with minimum 10 cm of expansion foam. The psychrometers
were first calibrated with NaCl solutions in the range from 0.5 to 2 M (4 measuring points) in the
laboratory. Peltier cooling times of 5 to 20 s were applied, in order to obtain a satisfying Peltier
cooling curve. Measurements of water potential were taken every 15 minutes.
a

b

Figure 2.9 An insulated stem psychrometer (a). The Insulation needs to be of sufficient thickness to prevent temperature
influencing the measurements. An aluminum foil surrounding the insulation foam provides extra shelter from radiation. The
stem psychrometer head (b), attached to a branch of another mangrove species (Avicennia marina) with a clamp. The grease
surrounding the head is high-vacuum grease to create an air-sealed space.
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2.3.4 Stomatal resistance: Porometer
A porometer measures the stomatal resistance of plant leaves, which is a non-continuous
measurement. Herewith, an assessment of the stomatal response of the tree to environmental
factors and its water household is possible. Using the cycling diffusion principle, the AP4 porometer,
fabricated by Delta-T Devices Ltd (Burwell, Cambridge, United Kingdom) is able to give values for
stomatal resistance within 15 to 60 s. This technique was developed by Van Bavel et al. (1965),
improved by Kanemasu et al. (1969) and devised by Stiles et al. (1970). Before the introduction of
porometers, only indirect measurements (such as visual observation of stomata or the slow,
subjective and error-prone cobalt chloride field technique) of stomatal resistance were possible (Van
Bavel et al. 1965). The AP4 porometer operates as follows. Firstly, ambient RH is measured as an
input "set RH". Secondly, the cup is clamped on a leaf surface which encloses a specified area of the
leaf. The small cuvette is humidified by the flow of vaporized water through the stomata (and cuticle)
during transpiration. This humidification increases the relative humidity inside the cup, which is
measured. One measuring cycle starts with pumping dry air over the leaf surface in order to decrease
the RH till a specified value is attained (for the AP4, -5 % RH compared to the ambient "set RH").
Subsequently, the measuring time begins and when the RH reaches another preset value (+2.3 % for
the AP4) the elapsed time is registered. The elapsed time is then compared with the calibration curve
and stomatal resistance is determined and recorded. These cycles are repeated until two consecutive
readings are acquired which differ less than 2 %.
During the field work, the porometer was used during seven days with similar weather conditions,
which were sunny days with clear skies. Of those seven days, three days fully covered an entire day
cycle, which includes the opening of the stomata at dawn and the complete closure after dusk. First
measurements were taken around 5 to 6 h, including some predawn measurements, and continued
throughout the day until 18 to 19 h, when complete stomatal closure was observed and the
resistance did no longer change. For each tree, three successive measurements on the underside of
different representative leaves were obtained and one measurements on the upper side, since barely
any stomata were expected on the top of the leaf whereas a lot were expected on the bottom of the
leaf (Hetherington and Woodward 2003).
Resistances could be recorded in a range from 20 to 4,000 s m-1 with a resolution of 0.01-0.1 s m-1,
with lower resolutions for lower resistances. The accuracy was ± 20 s m-1 in the range 20 - 50 s m-1
and ± 10 % for the range 50 - 4000 s m-1.
Measurements were divided in periods of one hour and averages of measurements within these
periods were calculated as weighted averages and also their corresponding errors were computed,
both with equation 8. rs,avg is the weighted average of the stomatal resistance in the time period, rs,I is
the average stomatal resistance for 3 consecutive measurements, SDi is the standard deviation on rs,I
and errorrs,avg is the error on the weighted average rs,avg.

(8)
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Calibration plate
Cup
Logger
Silica gel container tube

Figure 2.10 The porometer consists of a logger, a cup which needs to be clamped on a leaf to measure stomatal resistance
and a calibration plate in a pouch. The end of the tube enters a container tube, filled with silica gel used for drying the air.

2.3.5 Water potential: Pressure bomb
The pressure bomb, also known as pressure chamber or Scholander pressure bomb was already used
to measure negative hydrostatic pressures in mangroves since the very beginning of the usage of this
technique by Scholander et al. (1964). Later, it was generalized for other plants by Scholander et al.
(1965). The principle of the pressure bomb is rather straightforward. When a plant segment is cut (a
leaf or a small branch), the tension in the xylem vessels is lost and the water column recedes in the
plant segment. The original tension can be measured by placing the segment under pressure and
registering the pressure when sap reaches the cut surface, the pressure whereby the water column is
back in its original position, hence it is again under the same tension as before the segment was cut.
This last operation is performed in a pressure chamber, which is a closed and sealed chamber in
which the pressure can be increased to high pressures (several MPa). The cut surface is visually
monitored and the hydrostatic pressure is registered when water appears at the surface. (Scholander
et al. 1964)
The disadvantage of this non-continuous technique is that correct visual observations of the cut
surface are needed. Another drawback is that only hydrostatic pressure can be measured, which
means that osmotic potential is not included (Scholander et al. 1964). In most cases hydrostatic sap
pressure is quite close to the total water potential, but for measurements on mangroves this can
cause some small errors. For this experiment a 3005F01 Plant Water Status Console, assembled by
the Soil Moisture Equipment Corp. (Santa Barbara, California, USA) was used with a read out
resolution of 0.05 MPa, a range of 0 - 8 MPa and an accuracy of 0.25 %. Measurements were taken
on the same days as for the porometer, unfortunately only one day of usable data was retained
because of some initial problems with fluid, other than sap water, appearing at very low pressures.
This problem was overcome by wiping of this initial fluid and carrying on until xylem sap appeared.
Measurements were obtained every hour for two trees and two leaves were cut per tree. The trees
used for this experiment were other trees than the trees equipped with sensors, in order to prevent
wounding of the examined trees.
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Figure 2.11 The pressure bomb has a pressure chamber in which the leaf or branch is exposed to elevated pressures. A lead
cover is used to make the chamber airtight. The pressure gauge is used to read hydrostatic sap pressures. By using
magnifying glasses, a higher accuracy and consistency can be achieved.

2.4 Soil salinity
To acquire information on soil salinity, two water sensors were placed, hanging in two drilled tubes.
One was placed 15 cm below the surface, in order to measure soil salinity near the surface, the other
was installed at a depth of 1.5 m to assess whether salinity had a different pattern at a higher depth
(e.g. due to the infiltration of ground water). Two Aqua TROLL 200s from the company In-Situ Inc.
(Fort Collins, Colorado, USA) were used. The deep Aqua Troll was lowered in a piezometer, the other,
more shallow, troll was lowered in an aluminum tube. In order to measure salinity, the actual
conductivity was determined. This was possible in a range of 5 to 100,000 S cm-1 with a resolution
of 0.1 S cm-1 and an accuracy of ± 0.5 % for an actual conductivity lower than 80,000 S cm-1. Actual
conductivity is a parameter which can be used to calculate total ion concentration and osmotic soil
potential, which is very useful for plant measurements. An equation to convert actual conductivity to
osmotic potential proposed by McIntyre (1980) was used (eq. 9). In this equation Ωs is the osmotic
potential of the soil and κ is the measured actual conductivity.
(9)
The water level in the deep tube immediately rose to the same level as the shallow tube and the
water level fluctuated at the same levels as the water observed in the tube for surface water. This
indicated that the drilling of the deep tube caused an inflow of surface water towards deeper levels
and that the assessments on the level and salinity of ground water was not possible. Furthermore the
measurements in the deep tube were unreliable due to sudden changes in the recordings and
consequently these data were not used.
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3. Chapter 3: Results
As the literature review already emphasized, stem radius data contains a broad range of information
on different physiological features of trees. The overview of the physiological measurements starts
with the dendrometer data and attempts afterwards to link these data to other physiological and
meteorological data in order to acquire insights in the processes and behavior of this exceptional
species, Rhizophora stylosa. The main objective is to interpret results on a broader scale, even
though some figures and data shall be discussed on individual scale. Some comparisons are made
with typical patterns observed in other species, enabling the proposal of some new hypotheses and
theories on how different tree species cope with a set of typical conditions in which they thrive.
Before focusing on the physiological data, a short representation of the meteorological conditions is
given.

3.1 Meteorological data
Figure 3.1 represents meteorological information during the experimental period. As shown, the first
40 days of the measuring campaign no rainfall occurred. In general, average temperature gradually
increased. All daily averages of the variables fluctuated throughout the period (Figure 3.1a). In the
more detailed graph, typical daily curves can be seen for the period DOY 248-262 (Figure 3.1b).
a

b

Figure 3.1 Daily averages are shown (a) for the environmental variables temperature, solar radiation, relative air humidity
and vapor pressure deficit. Data of DOY 241-243 is excluded due to incorrect measurements. Rainfall (a) is displayed as the
aggregated amount of rainfall during one day. For the time period DOY 248-262 (b) a more detailed picture is presented. In
this graph each measurement is displayed (interval of 15 minutes) to outline the daily curves of the weather variables and
the fluctuations between different days. The same variables are displayed, expect rain, because no rainfall occurred in this
time period. Shaded areas represent nighttime and unshaded areas represent daytime.
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3.2 Stem radius changes
The visualization of all kinds of processes and reactions that occur inside the tree are represented by
the stem radius changes and its daily and long term patterns. In Figure 3.2 the patterns of stem
radius increment are represented for the entire experimental period. The stem increments are
shifted to zero for the first measurement. Therefore, long term growth or shrinkage of the stem
radius between the different trees could be assessed. The periods of growth and shrinkage are
similar, however the extent of growth and shrinkage was not the same for all the trees. For R. stylosa
1, the short term shrinkage periods resulted in a much larger decrease of the tree diameter than in
trees 2 and 3. To assess the magnitude of the radius increment, reference is made to the
circumference of the trees as illustrated in Table 2.1. R. stylosa 2 had a smaller diameter, while the
diameters of R. stylosa 1 and 3 were comparable.
The conducted experiment took place during 2 months and yet 2 out of 3 trees were not able to
enlarge their stem radius during this time period. Weather data showed that the last rain event in
that region occurred on DOY 208, after which a completely dry period of 58 days followed (Bureau of
Meteorology 2012). Therefore, a period of severe drought could be observed which is unusual for
this region that normally has an average of 5 to 10 days of rainfall and more specific, 61 mm of rain in
August, compared to none in 2012 (Bureau of Meteorology 2012). These conditions are likely to
cause stress to the trees and can be the reason for the severe shrinkage during the first 20 days of
the experiment and the status quo in stem diameter during DOY 246 - 262.
The more pronounced shrinking of tree 1 originated from the much greater decline in stem diameter
during some time periods, whereas the difference in positive growth periods between tree 1 and the
other trees was smaller. Some recognizable patterns are observed in Figure 3.2 (e.g. DOY 245 - 252).
These patterns, thoroughly described in literature, show a daily decline and increase and the result of
these dynamics is the steady increase or decrease of the stem radius (Downes et al. 1999, Deslauriers
et al. 2007b). Generally these patterns do not exhibit many sudden drops or increases, but rather
gradual increments of daily growth or shrinkage (Downes et al. 1999, Deslauriers et al. 2003,
Deslauriers et al. 2007a, Deslauriers et al. 2007b). In the case of R. stylosa however, periods of
relative growth in the time frame of several days (most clear for R. stylosa 2 and 3) were followed by
the rapid and strong decrease of stem radius, while this was not the case for growth, with the
exception of intensive radial expansion after rain events. When the meteorological data will be used
for analysis, the events of sudden contraction will be of extral interest because they had a serious
impact on the water household of the trees (4.6.2 Periods of growth and shrinkage).
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Figure 3.2 Overview of the stem radius increment patterns throughout the duration of the experiment, for each individual
tree. Gray bars represent the amount of rainfall.

The longer term pattern exposes some peculiarities in the stem radius patterns of R. stylosa.
However, the patterns on a daily scale display exceptional diurnal patterns. Figure 3.3 represents a
time period of 2 weeks (DOY 248-262) indicating clear daily fluctuations of stem radius. During the
period of field work (Figure 3.3), R. stylosa showed a different typical day and night cycle compared
to other tree species. This pattern is consistent throughout the entire period, for almost every day.
The growth pattern of R. stylosa can be described in three phases which were observed during most
days. The first phase started at sunrise whereby the stem radius expanded until noon. The second
phase was in the afternoon when the tree diameter started to shrink until some period after dusk.
During the third phase, after dusk, R. stylosa did not swell or shrink a lot during most nights. The
growth figures in the morning were the highest around the first hours after sunrise. After some hours
the radius increased less and it gradually altered in shrinkage, which occurred after midday. The
shrinkage figures increased after noon until shrinkage became less again, and the stem diameter
remained nearly constant after dusk. Because the growth pattern deviates from other tree species,
the other measurements are compared with the common patterns encountered on other species in
the literature. This might enable the proposition of an hypothesis that could explain these growth
patterns.
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Figure 3.3 Typical circadian growth patterns for R. stylosa. This species exhibits a unique pattern of stem radius increments.
Shaded areas represent nighttime and unshaded areas represent daytime.

3.3 Sap flow
Figure 3.4 represents the sap flux density of each individual tree on the lower position, at a depth of
0.75 cm. The values depended on different anatomical traits, which caused some differences in the
absolute values between the trees (Wullschleger and King 2000). However, the measured patterns
were the same for all three trees and the pattern consisted of a rise in sap flux density in the
morning, typically a maximum around noon and a decreasing sap flux density in the afternoon.
Usually a daily minimum was reached right before sunrise. During the night values of sap flux density
were usually a little bit higher that zero.

Figure 3.4 Course of the sap flux density, presented for each individual tree. The sap flux density data originates from the
lowest HRM on each tree measured at 0.75 cm depth. Shaded areas represent nighttime and unshaded areas represent
daytime.

As already mentioned, some meteorological variables were monitored during the experiment. The
correlation between these variables and the average sap flux density for the three trees is quite high
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(Figure 3.5). The correlation coefficient is the highest for VPD (0.870), but still a moderate correlation
of about 0.7 is found for temperature (positive), radiation (positive) and relative humidity (negative).
The sap flux density, which is proportional to the amount of water transported inside the vessels, is
closely related with the amount of water that is transpired. Transpiration on its turn is closely related
to stomatal aperture. The amount of transpiration and stomatal aperture are strongly linked to
microclimatic variables, hence the high correlation between sap flux density and meteorological
variables is not unusual. The two variables with the highest correlations, temperature and VPD, are
elucidated in Figure 3.6. Rain is not strongly correlated, which is probably a distortion because of the
small number of rain events. The effect of rain will be dealt with in detail in a later section (3.6 Rain
and salinity).

Figure 3.5 Correlation coefficients for the different meteorological variables with sap flux density.

a

b

Figure 3.6 Regression between sap flux density and the two highest correlated meteorological variables, VPD (a) and
temperature (b). For VPD, a ligand binding was chosen and for temperature a sigmoid relation.
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3.4 Water potential
The course of the water potential in the branches (Ψb), as recorded by the psychrometers, is
displayed in Figure 3.7, representing each tree. A similar course can be observed for all trees. A water
potential as low as -4.28 MPa was recorded and as high as -0.56 MPa. Although the course of each
individual tree was similar, the extent of the fluctuations were different. The variation of the distance
from the leaves and the diameter of the branch on the spot where the psychrometers were installed
caused the difference. The common pattern that is described in literature (Kume et al. 2007) is
characterized by a decline in the water potential when transpiration started after sunrise. The
decline implies that the force exerted on the water column, due to transpiration, increases. A
minimum value is attained around noon and afterwards, the water potential starts to rise again. This
rise means that the force on the water column is lowering due to the atmospheric water demand
that is lowering as well. Throughout the night, the water potential keeps on rising, but at a lower rate
until a new day starts and another cycle is initiated. Indeed, these patterns were mostly the same for
R. stylosa. However, during some nights, the water potential tended to react differently than the
common pattern with some sudden drops and rises.

Figure 3.7 Course of the water potential in the branches for each individual tree. Shaded areas represent nighttime and
unshaded areas represent daytime.

For R. stylosa the correlation coefficients are displayed in Figure 3.8 and the highest correlation was
found between Ψb and VPD (-0.796). A quadratic relation was found for Ψb and VPD and a linear one
for Ψb and RH (Figure 3.9). Temperature and radiation had a similar correlation coefficient of about 0.6. Again, rain will be dealt with in a different section because there were only a limited amount of
rain events.
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Figure 3.8 Correlation coefficients for the different meteorological variables with Ψb.

a

b

Figure 3.9 Regression curves which relates Ψb with VPD (a) and RH (b). The thick, thin and dashed lines are the regression
curve, 95 % confidence band and 95 % prediction bands, respectively.

The water potential was also measured in the leaves (Ψl) with a pressure bomb on DOY 261. Both
methods are represented and compared in Figure 3.10, where each point represented four
measurements, two leaves on two trees. The error bars were calculated as the standard deviation on
the four measurements. The methods differed in the plant segment that could be measured. A
pressure bomb needs segments with a small diameter such as a leaf petiole or a thin branch,
whereas a psychrometer needs a tree segment with a diameter that is large enough to hold the
psychrometer head. Because transpiration takes place in the leaves, this is the first place were water
is lost. Therefore, the strongest force on the water column is exerted here and the strongest
fluctuations (difference between night and day water potential) in Ψl and the lowest values of Ψl
were expected here (Begg and Turner 1970, Williams and Araujo 2002, Kume et al. 2007). The error
bars in Figure 3.10 are relatively large for some measuring points, which made the interpretation of
the pressure bomb data fairly uncertain. In Figure 3.10, the average Ψb (of the 3 trees) is
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represented, with its corresponding standard deviation. The first value for Ψl obtained with the
pressure bomb was low and much lower than Ψb. Later, Ψl and Ψb was approximately equal for a
couple of hours, after which Ψl declined more than Ψb. Both Ψl and Ψb were minimal around 15 h,
when transpiration had been high for a while and still was.

Figure 3.10 Comparison of two methods to measure water potential. The point measurements are taken with the pressure
bomb and the continuous measurements (each 15 minutes) with psychrometers. The measurements on the 3 trees are
displayed as an average and standard deviation. Shaded areas represent nighttime and unshaded area represents daytime.

3.5 Stomatal behavior
In Figure 3.11, the stomatal resistance pattern throughout the day is plotted. Each data point is the
calculated weighted mean of a number of measurements on different days. Each measurement
consisted of three successive readings taken with a porometer within a few minutes of each other.
The standard deviation of these successive readings was calculated and used as a weight as displayed
in equation 8. The number of measurements used is also shown in Figure 3.11. The stomatal pattern
for R. stylosa was quite consistent over the 7 measuring days. According to the findings presented in
Figure 3.11, R. stylosa showed a typical diurnal stomatal resistance pattern for C3- and C4-plants and
signs of midday stomatal closure for a better water management (1.1.4 Stomatal control on water
loss from transpiration). This pattern consisted of a rapid stomatal opening, right after sunrise,
followed by a partial stomatal closure around midday and a gradual closing of the stomata during the
afternoon and full closure was observed after dusk. The stomatal resistance was lower in the
morning than in the afternoon after stomatal closure.
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Figure 3.11 Stomatal resistance is represented with black circles. Each data point originates from several measuring points.
The number of measuring points for each value is represented with crosses. The maximum resistance that can be measured
-1
with the AP4 is 4000 s m . Shaded areas represent nighttime and unshaded area represents daytime.

3.6 Rain and salinity
All rain events took place during the period DOY 262-285, as illustrated in Figure 3.12. This graph
clearly shows that intensive rain gave rise to large growth spurts. The overall shrinkage of the trees,
situated in the first period of the experiment (DOY 223-262), was halted due to rain (Figure 3.2).
Moreover, this clearly demonstrated that R. stylosa made use of this extra water supply. Although
the trees always grew in a water saturated soil, they still took advantage of this fresh water source,
which was not surprising because, notwithstanding that they grow in wet soils, the soils have a high
salinity and thus a low osmotic water potential and low water availability, opposite to the fresh water
in rain.
The first two intensive rain events (DOY 262 and 275) took place during the morning at high tide
when the trees were inundated, whereas the third heavy rain event (DOY 285) took place in the
afternoon while the tide was low and the trees were not inundated. These days will be the only
considered when handling the influence of rain, and the smaller rain events will not be taken into
account and will not be discussed because no immediate or strong effect was visible.
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Figure 3.12 Stem growth patterns during the period in which rainfall occurred. Shaded areas represent nighttime and
unshaded areas represent daytime.

The influence of rainfall on sap flow is demonstrated in Figure 3.13. In response to rainfall, the sap
flux density and subsequently the daily flow was lowered. During the 2 first days with rain (DOY 262
and 275), rain fell during the morning, which resulted in a sap flux density of almost 0 cm3 cm-2 h-1
during the rain, and when rainfall ended, the normal course resumed, but the maximum sap flux
density attained that day was lower. When rainfall occurred in the afternoon (DOY 285), the increase
of the sap flux density was halted and its value dropped closely to zero. In general, sap flux density
was lowered to 0 cm3 cm-2 h-1, whenever intensive rain occurred. Consequently, daily sap flow rates
were lowered in response to rainfall.

Figure 3.13 The course of sap flux density and its response to rainfall. The average of measurements of sap flux density on
the three trees is displayed. Shaded areas represent nighttime and unshaded areas represent daytime.

42

Chapter 3: Results
The course of the Ψb for R. stylosa in the event of rainfall is displayed in Figure 3.14. When rainfall
occurred the typical drop in Ψb, observed during the dry days, was postponed and therefore less
negative values were attained that day. Rainfall that occurred on a soil that was not inundated, gave
rise to an additional effect. In this case Ψb was elevated to values clearly exceeding the water
potential of the soil.

Figure 3.14 The curve of the water potential of R. stylosa, represented as the average of the three trees, in the time frame
in which rain fell. Shaded areas represent nighttime and unshaded areas represent daytime.

In Figure 3.15 the osmotic soil potential (Ωo), calculated with equation 9 is represented. The potential
at the surface fluctuated according to the movement of the tide. This confirmed that fluctuations in
surface soil potential were directly caused by the tide. When it was high tide, the soil potential
reached the lowest values and vice versa. Thus, salinity was lowered when the soil was not
inundated. In the time period shown, all three days with rain were included (DOY 262, 275 and 285).
The effect of rain during the first and second rain event was not directly observable in the soil
potential. The third rain event had a much clearer effect on the soil potential. Visual observations of
the roots showed that the most developed roots were situated between 0 and 60 cm depth and the
hardly any roots were present at a depth lower than 80 cm, indicating that roots were not able to
reach ground water and that they were not dependent on such a fresh water sources.
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Figure 3.15 The soil potential calculated from the actual conductivity on a depth of 15 cm. During DOY 252 - 258 no
measurements were obtained.

3.7 Growth pattern characterization
In a previous section (3.2 Stem radius changes) the growth patterns of R. stylosa were described. It
was clear that the pattern displayed by this species is somewhat deviating from other species. In this
section the growth curve of the entire experimental period is analyzed and characterized in order to
discover some commonalities that are representative for this species. In a first phase, the objective is
to distinguish the growth and shrinkage phases. Starting from the periods defined in Table 2.2, it will
be analyzed whether these classification is valid.
The calculated growth and shrink for the corresponding period is presented in Figure 3.16. Figure
3.16a displays the growth (positive) or shrinkage (negative) per day. In most cases, days with very
negative growth values were followed by positive growth figures. Days with highly negative values
were quite often isolated and preceded by days with values that did not differ that much from each
other. This is similar to the observation in Figure 3.2 that the diminutions in stem radius were mostly
caused by large diameter decreases on single days. As regards positive growth, three outliers are
visible, present on the days intensive rainfall was observed. This depicts the importance of rain for
the trees. Figure 3.16b and c plot the amount of growth and shrinkage in the previously defined
periods, which were 0 - 12 h and 12 - 20 h for Gr1H and Sh2H, and 6 - 12 h and 12 - 20 h for GrP and
ShP. A first observation shows that for most days the periods called growth did show positive growth
values and the periods defined as shrinkage did exhibit negative growth values. This was valid for
both the large time frame definition (Gr1H and Sh2H) and the smaller time frame definition (GrP and
ShP). A closer look at the data shows that both types of time frame definition had a lot of
correspondence with each other. This indicated that the more specific time frame definition (i.e.
growth from sunrise till noon and shrinkage from noon till a bit after sunset) might be satisfying in
order to characterize the growth patterns of R. stylosa.
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Figure 3.16 In this graph growth and shrinkage are presented in different time intervals. In (a) the growth between 0 h and
24 h is calculated. In graphs (b) and (c) the black circles represent the periods before noon and the white circles periods
after noon. In (b) the intervals cover the entire day and in (c) only from 6-20 h.

Two tests were performed to confirm the accuracy of this characterization. In a first test, the
correspondence between the large time frame definition and the small time frame definition was
examined. This was performed by plotting the two variables to each other and by assessing whether
a proper regression could be found. Such a regression was found in Figure 3.17. The correspondence
between the two time frames shows that in the time interval 6 - 20 h most of the growth and
shrinkage occurred and that growth (positive or negative) in this interval could be used to
characterize the entire growth pattern of R. stylosa. Two curves were created, one in which the days
with heavy rain were included and the other one that did not include these days with rain. This
distinction was made because growth on a day with intensive rain will no longer be time dependent
but depends on the period in which rain falls. If rainfall occurred between 20 h and 6 h in the night, it
is logical that the intervals not including this time period (GrP and ShP) would show an
underestimation of the total growth. The slope of the curve including the rain events was 1.109,
which indicated that about 90 % of the growth and shrinkage took place in the intervals 6-12 h and
12-20 h, respectively. Analogously, when rain was not included about 93 % of the stem growth was
included in the shorter time frame and the predictive force of this regression was somewhat stronger
(with an r² of 0.954 compared to 0.947). It can be stated that the period between 6 and 20 h was the
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most important for the growth curve of R. stylosa and that there were not a lot of growth dynamics
during night time.
a
b

Figure 3.17 The relationship between the small time interval covering 6 - 20 h and the large interval covering the entire day
with (a) rain included and (b) rain excluded. Black circles cover the period before midday and the white circles the period
after midday. The regression line is applied for both periods and is presented with the thick line. 95 % confidence lines and
95 % prediction lines are shown with a thin black line and a dashed line, respectively.

In a second test, growth over an entire day was compared with growth during daytime (6 - 20 h)
(Figure 3.17). Similarly, two situations were tested, one that included and one that excluded rain.
When rain was included, the slope was 1.192, which indicated that both growth and shrinkage were
underestimated in the smaller time interval. When rain was excluded, a similar image was acquired.
The slope was a bit lower, with 1.108, which was logical because the days with a lot of growth, which
were the days with rain, were not dependent on the time of the day but on the timing of the shower
(which caused growth during both day and night).
Both Figure 3.17 and Figure 3.18 led to the same interpretation and growth dynamics could be
appropriately analyzed by focusing on the growth patterns during the daily interval (6 - 20 h) and
moreover, the effect of rain should be considered independently.
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a

b

Figure 3.18 Comparison between the growth over an entire day and growth during the daytime, from 6 to 20 h. In graph (a)
rain events are included, contrary to (b). The thick, thin and dashed lines are the regression line, the 95 % confidence lines
and the 95 % prediction lines, respectively.

Lastly, Figure 3.19 represents a final way of visualizing the average growth dynamics of R. stylosa. In
this graph the average growth during the corresponding time interval of one hour is plotted without
taking days with rain into account. This graph confirmed the previous observations, which were a
strong growth the first hours after sunrise, between 6 and 9 h, then around noon the growth curve
showed a sort of a plateau and strong shrinkage occurred between 14 and 18 h. The initiation of
growth in the morning was much more sudden and larger differences between consecutive time
periods were recorded in contrast to a more gradual increasing and decreasing shrinkage in
successive time intervals after 9 h. The shrinkage kept on continuing several hours after sunset.
Figure 3.19 also represents the average diurnal growth curve by plotting the cumulative curve of
these hourly growth figures. Important to mention is that this curve was based on growth data of
only part of a year. During this part of the year these trees were confronted with severe drought,
which was reflected in the negative growth value at the end of the average day. Besides this, days
with rain were not taken into account, whereas rain contributed significantly (P < 0.001) to the
growth figures. When rain would have been taken into account the negative growth per day would
be -8 m, compared to -22 m without rain. This means that without rain the average growth for the
trees would have been -1,373 m per tree, whereas with rain the average growth during this
experiment was -474 m per tree.
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Figure 3.19 Average growth per hour is represented with black circles. Cumulative growth is displayed with white circles
and shows the typical average growth curve of R. stylosa. Growth per hour and cumulative growth values are displayed at
different axes. Shaded areas represent nighttime and unshaded area represents daytime.

3.8 Physiological effects on the growth pattern
Since the growth pattern could be approximated by growth from sunset to noon and by shrinkage
from noon till 2 hours after sunset, these patterns were related to the other physiological
observations. Firstly, it was analyzed which physiological variables could be correlated to the amount
of growth for the different time periods. For this correlation study GrP, ShP and GpD were taken into
account (Figure 3.20). Different choices of the appropriate variables were studied. For each variable,
both the average over an entire day and the average over the studied time period were examined.
For example, for a correlation between growth during the morning and the water potential,
correlations were tested using the average daily water potential on the one hand and the average
water potential in the morning period (6 - 12 h) on the other hand. For each of the three periods, the
variables with the highest correlation were used for the further correlation study and are shown in
Table 3.1. For sap flux density, the cumulative sap flux density for the respective period was used,
which is referred to as sap flow.
The correlation between the growth dynamics and Ψb were rather low, but were higher for the
afternoon period and the full day period than for the morning period. For sap flow, the correlation
was lower in the morning as well, but these correlations were all higher than correlations with the
water potential (Figure 3.20). In combination with the information from Table 3.1, for both Ψb and
sap flow, the average values during 12 - 20 h had the largest influence on the growth dynamics. The
correlations implied that an elevated Ψb resulted in an increased growth and that an increased sap
flow decreased the amount of growth.
Table 3.1 For each variable the average value from the period depicted in this table is used. In these periods the correlation
with the corresponding growth period is highest. The morning period is from 6 - 12 h, the afternoon is from 12 - 20 h and
the day period takes the entire day into account.

Water potential
Sap flow

GrP
morning
morning

ShP
afternoon
afternoon

48

GpD
afternoon
afternoon
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Figure 3.20 Correlation analysis of different growth periods with water potential and sap flow.
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4. Chapter 4: Discussion
4.1 The diurnal physiological patterns of R. stylosa
So far only few studies use band dendrometers to quantify mangrove growth (Day et al. 1982,
Jintana et al. 1985, Krauss et al. 2007) and none of these studies measured short-term diurnal growth
patterns. The long term pattern revealed a stem diameter that barely or not expanded during the
course of the experiment (Figure 3.2), which is uncommon for tree species, including mangrove
species (Downes et al. 1999, Schöngart et al. 2002, Krauss et al. 2007). This study indicates that the
trees had some sort of stress during the experiment, especially during the first 20 days.
R. stylosa did not have the typical sequence of shrinkage and growth (as described in 1.2.1 Diurnal
growth patterns). The phases monitored during the day were opposite to the phases defined by
Downes et al. (1999) or Herzog et al. (1995). The diurnal patterns of sap flux density (Goldstein et al.
1998, Fernández et al. 2001, Perämäki et al. 2001, Kume et al. 2007, Scholz et al. 2008) and water
potential (Klepper 1968, Klepper et al. 1971, Acevedo et al. 1979, Offenthaler et al. 2001, Kume et al.
2007, Zufferey et al. 2011) were comparable to the observations in several other species. For the
related Rhizophora mangle, a typical basal sap velocity has been recorded by Hao et al. (2009), which
is very similar to the pattern of R. stylosa found in this study. The registered values of Ψb were within
the range that has been encountered in other mangrove species (Scholander 1968).

4.2 The influence of meteorological variables on R. stylosa
For sap flux density, the vapor pressure deficit (VPD) and temperature could be related to the
amount of sap transported through the tree (Figure 3.5). Firstly, for VPD, a ligand binding relation
(Figure 3.6a) showed the best fitting relation (r² = 0.791). The curve rises towards a plateau, which is
logical because a tree is limited by the anatomy of the xylem vessels and will not be able to exceed a
certain maximum sap flux density. A rising VPD causes the xylem vessels to transport more water to
the canopy according to the cohesion-tension theory. Secondly, for temperature, a sigmoid relation
was found (Figure 3.6b, r² = 0.666). Again, this relation rises asymptotically to a maximum,
representing the anatomical restriction of exceeding a certain amount of sap transported. Although
VPD is a more accurate indicator for the water demand of the atmosphere than temperature (Ortuño
et al. 2006b), lower temperatures resulted in a sap flux density of nearly 0 cm3 cm-2 h-1 and higher
temperature resulted in a higher sap flux density. Both relations can be linked to the evaporative
demand of the atmosphere. In the past, high correlations between VPD and sap flux density had
already been found in other species (Ortuño et al. 2006a, Kume et al. 2007, Oguntunde and
Oguntuase 2007). According to the findings of Ortuño et al. (2006b), similar relations were found
between sap flux density and the meteorological variables VPD and air temperature.
Next to sap flux density, the Ψb was also linked to meteorological variables, although the correlations
were weaker. The variables VPD and RH were most strongly correlated to Ψb (Figure 3.8). In other
experiments the changes in Ψb were in response to VPD and linear (McCutchan and Shackel 1992,
Fereres and Goldhamer 2003, Ortuño et al. 2006a), hyperbolic (Kume et al. 2007) and logarithmic
(Elfving et al. 1972) relations were observed. However, in this experiment, a quadratic relation was
found (Figure 3.9a, r² = 0.637). For a low VPD and consequently a low atmospheric water demand,
the Ψb will be highest because a low force is exerted on the water column. When the atmospheric
water demand rises, more tension on the water column arises and Ψb will become more negative.
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The more negative the Ψb, the higher the VPD must be to lower Ψb with one incremental unit. The
relation has a limited validity linked to the interval of VPD as shown in Figure 3.9, namely for higher
VPD values the slope would be positive for an increasing VPD, which is physiologically not sound. The
linear relation between Ψb and RH (Figure 3.9b, r² = 0.572) can be explained by the response to a
higher relative atmospheric humidity resulting in a lower water demand from the atmosphere (eq. 2
- 5) and therefore a higher Ψb is expected.
In general, the sap flux density was more directly linked to micro climatic conditions than Ψb, as also
seen in other research (Ortuño et al. 2006b). Especially VPD is an important meteorological variable
with a high influence on the plant water relations of R. stylosa. The diurnal course of both sap flux
density and Ψb were found to be very similar to what has been observed on a wide variety of species
(Ortuño et al. 2006a, Ortuño et al. 2006b, Kume et al. 2007, Oguntunde and Oguntuase 2007). For
Ψb, the values were low indicating the typical mechanism developed by mangroves in order to take
up water in an environment where water in the soil has a low osmotic potential (Scholander et al.
1964, Scholander 1968).

4.3 Branch and leaf water potential
Not only Ψb was measured with stem psychrometers, but also Ψl was measured with a pressure
bomb. The measurements of Ψl were only performed on one day, so general conclusions are difficult
to make. Overall, the range of Ψl, which was -1.78 to -3.63 MPa (without the early measuring point),
was rather high in comparison to the range of -3.0 to -4.5 MPa registered by Scholander (1968). The
Ψb and Ψl were plotted in Figure 3.10 and unexpectedly, the first measuring point of Ψl was higher
than Ψb, although more negative water potentials in the branches in comparison to the leaves were
not expected as no reversed sap flow was measured. Normally, pre-dawn water potentials are either
equal in the entire plant body or the water potential declines from root to stem to leaf (McCully
1999, Donovan et al. 2001, Kume et al. 2007).
Initially, differences between Ψl and Ψb were small, which is uncommon. Therefore, a rise in the
concentration of osmotic substances in the cells is put forward as the main hypothesis. A rise in
osmotic concentration results in a lower osmotic potential and consequently an influx of water in the
cells. In this case, less water is available for transpiration and therefore less water is lost, postponing
the typical drop in Ψl after sunrise. Later, the influx of water decreases because the osmotic
substances are diluted and the amount of osmotic substances declines. Eventually, in response to a
rising atmospheric water demand, Ψl and Ψb decrease and the difference between both water
potentials becomes higher. The rise in osmotic substances is situated shortly after sunrise and the
concentration during the night should be comparable to the levels of the previous night in order to
have a daily cycle.
The recorded growth pattern was linked to the difference between Ψb and Ψl (Figure 3.19 and Figure
3.10) which can be divided in three phases. In the first phase, during the first hours after sunset, as a
response to the rise in osmotic substances, an influx of water into the cells was created, which is
reflected in the growth pattern (Figure 3.19). In a second phase, starting at 9 h, the atmospheric
water demand increased and the osmotic substances were partly diluted and reconverted to less
active substances lowering the water potential. The growth figures made a sudden drop and
gradually, positive growth altered to negative growth reflecting the second phase in the growth
pattern. In a third and final phase, after 16 h, the difference between the water potentials became
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smaller again (but Ψ remained lower at the leaves) and the negative growth became less as well. A
lowered transpiration and therefore a lowered efflux of water from the cells caused this stagnation.
Expect for the first measuring point, all the water potential data points could be linked with the
overall growth pattern and the correspondence was striking. However, the data presented in Figure
3.10 is only based on a single day of measurements. In order to acquire a more definite answer on
the gradient present in the tree, repeated measurements on more days should be carried out in
coming research. If the predawn Ψl would be consistently higher than Ψb, this could indicate foliar
water uptake from dew, as recorded by for instance Burgess and Dawson (2004) on Sequoia
sempervirens.

4.4 Stomatal behavior
The regulation of the stomatal aperture is an essential mechanism for plants to control its water
status. The combined measurements of seven days resulted in the circadian stomatal resistance
curve presented in Figure 3.11. Evidence for midday stomatal closure was observed in the small dips
in the stomatal resistance around noon. Midday stomatal closure was also visible as dips in the sap
flux density and water potential on many days (Figure 3.4 and Figure 3.7). During stomatal closure,
the force exerted on the water column declines because transpiration is lowered which results in a
rise of the water potential (Brodribb et al. 2003) and a drop in the sap flux density (Zweifel et al.
2002). The diurnal stomatal resistance pattern and the midday stomatal closure were comparable to
other tree species (Tardieu and Simonneau 1998, Romero and Botía 2006). Stomatal opening in the
morning was rapid, while the stomatal closure was rather gradual, which is not uncommon for tree
species (Cuevas et al. 2006, Romero and Botía 2006). Consequently a lower CO2 assimilation was
expected in the afternoon. A reason for this behavior could be a water conservation tactic or could
originate from a lower need for CO2 assimilation in the afternoon after a high production of
photosynthetic assimilates in the morning.
Stomatal aperture throughout the day is typical for C3- or C4-plants and this eliminates the possibility
of R. stylosa of being a CAM-plant (Ting et al. 1985, Knapp 1993).

4.5 Rain and salinity
The soil potential reacted different to the various rain events, because during the third rain event the
osmotic soil potential rose more (Figure 3.15). Two possible explanations for the strong rise are the
low tide on that time or the low soil potential before the rain event. In the latter case the soil
potential simply recovered to similar values as after the other rain events.
The most important growth spurts occurred during periods of heavy rain (Figure 3.2 and Figure 3.12).
During the three days with rain, 19.8, 29.2 and 19.8 mm rain fell, respectively. The first two rain
events occurred during a period of high tide when the trees were inundated, whereas the third rain
event occurred during low tide. Yet, all three days the growth per day was very similar (281 ± 21 m)
and thus the moistening of the soil did not appear to have a large influence as no larger growth was
observed during the third rain event. Moreover, this result indicated that in the event of heavy rain
the tree was able to take up water until a saturation point. The smaller rain events did not induce a
visible effect of the stem diameter which could be due to a certain threshold which must be
exceeded before direct visible effects can be monitored (Zeppel et al. 2008).
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The sap flux density was lowered or even halted in response to rain (Figure 3.13), which is the same
response as has been described in literature (Becker 1996, Motzer et al. 2005, Kume et al. 2007). For
most species, rainfall goes hand in hand with a subsequent lowered water potential in case water
stress is present (Poole and Miller 1975, Kume et al. 2007). This is due to a lowered atmospheric
water demand and a moistening of the soil (Downes et al. 1999). After rainfall, the positive effect on
the plant, i.e. a higher water potential, can last for several days or weeks, until water reserves can no
longer be replenished from the soil (Boyer 1968, Poole and Miller 1975, Kume et al. 2007). In
contrast, for mangrove species, the fresh water only infiltrates the soil when the soil is not
inundated. If the soil is not inundated, the effect of rain on the soil will be mostly eliminated when it
is inundated again.
For R. stylosa, rainfall induced a clear effect (Figure 3.14), indicating the usage of the fresh water
source originating from rain by R. stylosa. Overall, rain lowered the average and minimum Ψb on
those days. Furthermore, the third rain event gave rise to an additional elevation of Ψb above the
levels reached during the night. The dissimilarity between the different days with rain was likely
generated by the level of inundation on the time of the rain event. Rainfall resulted in a decreased or
even halted sap flux density because the driving force for sap to rise was no longer present (Figure
3.13).
Two main effect have been described in literature to cause such significant growth spurts observed in
the stem diameter, namely enhanced water uptake through the roots and foliar water uptake. The
first effect describes an augmented water uptake through the roots in response to rain for two
reasons. Firstly, transpiration is reduced because the leaves are wet and the atmospheric water
demand is low (because of an increased RH, lowered temperature and radiation) and secondly the
soil is moistened which increases the water availability in the soil (Downes et al. 1999, Burgess and
Dawson 2004). In other tree species the effects of a moistened soil and a halted transpiration explain
a swift diameter increase for both daily and nocturnal rain. During the night, rain will provide
additional water to increase the growth and during the day the shrinkage will be avoided due to a
halted transpiration (Downes et al. 1999, Sevanto et al. 2001).
Contrary, nocturnal growth dynamics are rather low for R. stylosa (3.7 Growth pattern
characterization), although this species still exhibited a strong response to nocturnal rain. However,
this study monitored no sap flow during nocturnal rain events so water uptake originating from other
places than the roots was hypothesized. Confirmation was found by the high tide during the two
nocturnal rain events, which made the uptake of fresh rain water from the roots highly unlikely.
Subsequently, an explanation would be water uptake from the canopy or the bark, which is the
second effect that could cause these growth spurts. In fresh water, a water potential of 0 MPa is
expected and in R. stylosa a maximum average Ψb of -1.2 MPa was measured during rainfall resulting
in a strong potential for water uptake in the event that water entrances were present in the plant
body.
These kinds of entrances are certainly not self-evident, because trees are developed in such a way
that water exits (or entrances) are avoided as much as possible when this is not wanted. An example
of this feature is stomatal closure at nighttime. On the surfaces where no stomata are situated, a
hydrophobic layer, the cuticle, is present to avoid nocturnal transpiration as much as possible
(Burghardt and Riederer 2003). Nevertheless, Dawson et al. (2007) recently observed nighttime
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transpiration on a wide variety of species thriving in all types of ecosystems. Causes for nighttime
transpiration were allocated to stomata that were not fully closed (wanted by the plant or unwanted)
and to water loss through the cuticle, especially in older leaves. Besides nighttime transpiration, they
also reported an elevated nocturnal stomatal conductance in response to rain for several nights after
the rain event.
The results for R. stylosa provided a somewhat contradictory proof of the presence of nighttime
transpiration. On the one hand the sap flow data showed the presence of nighttime sap flow (Vs  0)
on many nights (Figure 3.4 and Figure 3.13). On the other hand the aggregated stomatal resistance
curve indicated full stomatal closure before sunrise and after sunset (Figure 3.11). Stomatal
resistance recordings were analyzed on a daily basis but no linkage was found between pre-dawn
and post-dusk stomatal resistances and elevated nightly sap flow. Neither could a relation be found
between the amount of sap transported during the night and the prevalent VPD. Besides, the
determination of nocturnal sap flow depends on the identification of the zero-sap-flow line, which is
error-prone. Therefore, it could be stated that no considerable nighttime transpiration is present in
R. stylosa. Another explanation for the nighttime sap flow could be hydraulic redistribution inside the
tree.
In literature, a pathway for rain or fog uptake repeatedly proposed is water uptake through the
cuticle and this pathway has been monitored on a wide variety of species (Yates and Hutley 1995,
Gouvra and Grammatikopoulos 2003, Limm et al. 2009, Simonin et al. 2009). For mangroves, it could
be possible that nighttime transpiration through the cuticle is prevented by the strong retention of
water inside the tree due to the relatively low nocturnal water potential. Furthermore, this could
enable the uptake of fresh water into the tree because a large gradient exists between fresh water
on the outside of the leaf with a high water potential and a low water potential at the inside of the
leaf. Such an uptake could cause growth spurts in response to nocturnal rainfall as observed during
the conducted experiment. This would confirm the observations of responses to both daily and
nocturnal rain events.
The response of the stem diameter of R. stylosa to rain events is almost immediate, which makes it
remarkable if water uptake in response to rain would only be situated at the leaves. Water uptake by
the bark is one of the possibilities that could explain the rapid response of the stem diameter (Katz et
al. 1989, Oren and Pataki 2001). Oren and Pataki (2001) reported small annual rates of water loss
through the bark and a much higher annual uptake after rain events, which was about a threefold of
the losses. No relation was found between nightly growth figures and relative humidity or VPD, so
water loss through the bark could be negligible due to the low water potential present inside the
stem cells. However, when rain events occur, actual water drops come in contact with the bark which
could enable the uptake of water through the bark (for instance through lenticels). Water uptake
through the bark would also explain why no negative sap flow was observed during rainfall, while the
stem clearly swelled. For such a water uptake only a radial water stream needs to be present to
supply the adjacent cells with water.
The possibility exists that the bark exhibited hygroscopic swelling, without the water really passing
the bark into the storage tissue of the stem. If this was the case, a more severe reduction of the stem
diameter was expected when the moisture dried during the following days. However, the response
to the first rain was a strong diameter increase which remained for several days (Figure 3.12).
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Definitely, more research needs to be carried out to investigate the entire pathway of water in the
tree in response to rain. For example, isotope analysis, dyed water or isotopic labeled water could be
used to trace water in the tree.

4.6 The extraordinary growth pattern of R. stylosa
4.6.1 Is R. stylosa a CAM-plant?
In Figure 3.19, the general growth pattern is shown for R. stylosa. Net growth was situated in the
morning and net shrinkage was set in before noon, which is a deviating pattern compared to other
species. Nevertheless, deviating growth patterns for other species have been registered in literature
before. Matimati et al. (2012) described a comparable course of diurnal stem growth pattern for
South African succulent shrubs, which use the CAM pathway for the fixation of CO2. Although the
nocturnal stem diameter variation differs, the daily course is very similar. Explanations of the prenoon swell and post-noon shrinkage in CAM-plants were proposed by MacDougal (1936) and Chen
and Black (1983) and were based on the stomatal opening during the night and stomatal closure
during the day. Moreover the leaves of R. stylosa are succulent leaves which has been described as a
typical morphological feature for CAM-plants (Lüttge 2004). In CAM-plants, the acids formed during
the night are osmotically active, which enables the acquisition of extra water, particularly towards
the end of the night (Acevedo et al. 1983, Lüttge 2004).
One hypothesis could be that R. stylosa is a CAM-plant, but water uptake was not situated before
dawn but immediately after dawn. Although CAM-plants are known to occur in areas with water
stress, generally halophytes are not equipped with the CAM-metabolism (Lüttge 2004). Furthermore,
Andrews et al. (1984) performed experiments on R. stylosa and concluded that this species
photosynthesizes via the C3-mechanism. Also Martin and Loeschen (1993) did not find evidence for
CAM-cycling in the related species R. mangle. Moreover, the conducted experiment in this master
dissertation performed measurements on stomatal resistance (Figure 3.11) and observed typical
stomatal patterns that are found in C3- or C4-plants.
In this study, a sudden increase in osmotic substances, shortly after sunrise, was hypothesized for R.
stylosa. If these osmotic substances are photosynthetic assimilates, they are rapidly formed, whereas
the formation of photosynthetic assimilates in C3-plants is rather gradual and continues throughout
the day (Upmeyer and Koller 1973, Mitchell et al. 1992). It may be concluded that R. stylosa exhibited
traits of CAM-plants but does not use the CAM-metabolism.
4.6.2 Periods of growth and shrinkage
Figure 3.17 and Figure 3.18 showed that most growth occurred in the morning, between 6 and 12 h,
and most shrinkage in the afternoon, between 12 and 20 h. which were the most important growth
dynamic periods. While morning growth only varied between -5 and 90 m (10th and 90th
percentile), the afternoon shrinkage varied between -150 and -15 m, which is considerably more.
For growth per day a lot of periods of several days with a little bit of net growth were followed by
one day of strong shrinkage. A possible cause is the replenishment of water reserves on days with
more favorable atmospheric conditions which resulted in the presence of more easily available water
in the trees. When atmospheric conditions turned worse again for the tree, the readily available
water was easily withdrawn from the tree. While daily growth spurts were only observed in the event
of rainfall, extensive daily shrinkage was observed much more frequently. Most (80 %) of these
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extensive shrinkage events (> -100 m) could be linked to a large drop in the average RH (> -5 %) and
a large increase in the average VPD (> 0.2 kPa) the next day (Figure 3.1a and Figure 3.16a). Herewith,
evidence that extensive shrinkage was mainly linked with easily available water that was taken up on
previous days and was lost again when atmospheric conditions became less favorable is provided.
The amount of growth and shrinkage was positively affected by an increase in Ψb and negatively
affected by an increase in sap flow (Figure 3.20). The correlation was stronger for sap flow than for
Ψb. The positive correlation between Ψb and the growth dynamics indicates that a higher water
potential increases growth. In other species, Fereres and Goldhamer (2003) found rather low
correlations between these two physiological variables, Klepper et al. (1971) clearly showed a diurnal
relationship between the water potential and stem diameter variations and Ortuño et al. (2006b)
linked the maximum daily shrinkage to stem water potential. The amount of sap transported had a
greater influence on the amount of growth and a larger sap flow resulted in a reduced growth. In
literature, the relations tested between sap flux density and stem diameter on other species yielded
high correlation coefficients (Herzog et al. 1995). Ortuño et al. (2006b) showed a strong correlation
between the maximum daily shrinkage and sap flow and De Swaef and Steppe (2010) revealed a
close diurnal relationship between sap flow and stem diameter variations. This experiment showed
that growth per day and shrinkage in the afternoon was more directly influenced by the sap flow and
Ψb than the morning growth. A possible explanation is that the water uptake in the cells, which
causes the morning growth, is more closely related to the amount of osmotic substances that is
formed during the morning. The amount of these substances is hypothesized to decline in the
afternoon, hence the retention of the water inside the tree is less related to the amount of osmotic
substances in the afternoon, but more related to the prevalent conditions during that time period.
4.6.3 An osmotic regulated growth pattern
The mechanism hypothesized to declare the observed growth pattern is an osmotic regulated rapid
uptake of water in the morning and a gradual loss of water throughout the day. The mechanism is
mainly driven by the increasing and decreasing concentration of osmotic substances. Our results
showed that nocturnal growth dynamics and sap flux densities were rather low and therefore a state
of equilibrium throughout the tree is supposed during the night, certainly just before dawn. During
the first hours of daylight, the most intensive growth was observed. A sudden increase in the amount
of osmotically active substances in the tree cells is hypothesized. The formation of such osmotic
substances could be driven by photosynthesis, because they would have been formed on the same
time as when photosynthesis is initiated. The increase in osmotic substances would lower the water
potential of the cells, which would cause an influx of water and increase turgor in the cells. The
increased water content of the cells would dilute the osmotic substances and lower the
concentration and consequently cause the osmotic potential inside the cells to become less negative
again. Furthermore, competition for the water inside the canopy increases due to the rising
atmospheric water demand throughout the morning period. Right before noon, stem diameter
reached a maximum value and the influx of water was gradually changing in an efflux of water.
The reasons for the efflux of water were twofold. On the one hand the water demand of the
atmosphere remained fairly high during the afternoon and on the other hand a decrease of the
osmotic substances is hypothesized. This requirement is necessary because the patterns are
repeated every day and a decline to the predawn concentration is needed to obtain similar diurnal
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patterns. A possible explanation is that the substances that are osmotically active are converted into
substances that are osmotically less active or even inactive.
Two possible pathways are proposed that could change the amount of osmotic substances. A first
possible pathway is the active involvement of osmotic substances in the formation of sugars by the
process of photosynthesis. These substances would be converted into building stones required for
growth and maintenance inside the tree. A second possible pathway is the formation of the
substances under influence of photosynthetic energy during the morning and a gradual conversion
back into their original state in which they were not osmotically active. The reconversion could be
initiated by the influx of water. The rapid formation of these substances and the more gradual
conversion to other substances would explain the rapid swell monitored during the morning and the
gradual decrease of the growth figures after 9 h. However, in this dissertation, no chemical analysis
was performed, which could provide confirmation of the process. Information about the diurnal
concentration curves of substances formed during photosynthesis in R. stylosa could be very
valuable. Such a further research would possibly provide some additional evidence to explain the
unique growth pattern of R. stylosa.
While in other trees the lagging (tens of minutes - several hours, see Phillips et al. (1997)) sap stream
near the roots causes these trees to shrink during the first moments of transpiration, R. stylosa did
not shrink in early morning. In other trees the shrinkage phase is caused by the depletion in the
canopy due to transpiration, while water uptake at the roots does not follow immediately causing a
net decrease of the water inside the tree. In R. stylosa however, when transpiration should initiate,
the increase in osmotic substances causes water to preferentially flow to the cells because a gradient
between the cells and the xylem vessels is present. This prevents a shrinkage in the morning and
would also prevent the Ψl to decline considerably during the first hours of the morning (Figure 3.10).
During a day with a higher VPD, the demand for transpiration would increase, less water would be
supplied to the cells, and a higher amount of sap would be transported, which would decrease the
morning growth and increase the afternoon shrinkage (Figure 3.20).
An overview of the foregoing hypothesis can be summarized with Figure 4.1. In Figure 4.1 a
comparison is made between the five phases that can be monitored in other species, displayed in
Figure 4.1a, and the different phases of water movement in the stem of R. stylosa, according to the
hypothesis, shown in Figure 4.1b. The figure and description of the classic pattern is based on the
work done by Herzog et al. (1995) and is discussed firstly. The first phase (I) is the nightly phase in
which the water reserves of the stem are replenished by water that is taken up from the soil. The
second phase (II) describes the delay period between the increase of sap flow and the shrinkage of
the stem. The third phase (III) is the period when stem shrinkage is the strongest and when sap flow
is reaching its maximum values. Phase IV is the delay period between maximum flow and the
minimum stem radius. Finally, phase V describes the period in which the sap flow is lowering and the
radius increases again. The same phases are depicted in Figure 4.2 on the classical growth curve.
As already explained, the growth pattern of R. stylosa is different and can be described in five other
phases (Figure 4.1b). The first phase (1) is the nightly phase in which no or a low sap flux density is
observed. Small amounts of water could be transported caused by hydraulic redistribution inside the
tree. Phase 2 starts when daylight is intercepted by the canopy and photosynthesis is initiated, which
provides energy for osmotic substances to become active. During this phase, sap flow is initiated and
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water is taken up at the roots and delivered to the cells because of their low osmotic potential. A
strong water stream into the storage tissues results in a swelling of the cells and a strong increase in
the stem diameter. The strong influx of water causes the concentration of osmotic substances to
decline and the gradient to become less strong, resulting in a gradually decreasing growth, shown in
phase 3. Then, a tipping point is reached and a maximum diameter is attained for that day at the end
of this phase. Phase 4 is the phase after the tipping point in which the stem storage cells are no
longer able to maintain all the water inside their cells. This is caused by an increasing water demand
of the atmosphere, with a consequently increasing transpiration, and by the decreased amount of
osmotic substances because of the conversion of these substances to osmotically inactive
substances. A strong diameter decrease is observed in phase 5 caused by the large water demand
from the canopy and the osmotic potential that is becoming less negative. Eventually, some hours
after sunset the nightly phase is observed again.

a

I
Ψx > Ψst

II
Ψx > Ψst

III
Ψx < Ψst

IV
Ψx < Ψst

V
Ψx > Ψst

2
Ψx >> Ψst

3
Ψx > Ψst

4
Ψx < Ψst

5
Ψx << Ψst

b

1
Ψx ≲ Ψst

Figure 4.1 A comparison of the water exchanges between the xylem vessels (light) and the stem storage tissue (dark) for the
pattern that is generally encountered (a) and for R. stylosa (b). The large arrow in the xylem vessel represents the sap flow.
The small arrows represent the water exchange between the xylem vessels and the stem storage cell. The extent of the
flow is represented by the thickness of the arrow. The exchange of the water is according to the difference in water
potential of the xylem (Ψx) and the storage cells (Ψst). The figure is based on the representation of Herzog et al. (1995).
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1
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Figure 4.2 The phases described in Figure 4.1 are indicated on the stem diameter growth curves in red for the pattern of R.
stylosa and in black for the classical pattern. Shaded areas represent nighttime and unshaded area represents daytime.

4.6.4 Benefits of osmotic regulation
The osmotic regulation proposed in this dissertation could provide significant benefits to R. stylosa.
Due to the water uptake in the morning, the cells will swell and will be able to operate under full
turgor which performs the high functionality of the cells (Figure 1.2). As already mentioned, the
unraveling of the processes responsible for an increase in osmotic substances should be an important
research objective in future experiments. The osmotic substances could be osmotically active
assimilates, formed by photosynthesis, or salt and organics, related with salt uptake in the cell. Both
mechanisms are probably triggered by the presence of photosynthetic energy and both mechanisms
need an active conversion of osmotically inactive or less active substances to more active substances.
If these substances are photosynthetic assimilates that are further used in the process of
photosynthesis and in the production of required building stones for the tree, then the metabolic
cost can be low, because these substances are further used in the photosynthetic pathway. If the
process is rather a conversion to osmotically active substances which are reconverted to inactive
substances during the course of the day, the metabolic cost could be significant for the tree. Due to
the swell in the morning, the tree will be operating at high turgor during most part of the morning
and around noon. In this time period the concentration of sugars in the leaves will be lowest
(Mitchell et al. 1992) and because of the high turgor, the photosynthetic process can operate in
favorable conditions and can produce a high amount of assimilates. When the photosynthetic
conditions turn worse again due to a lowered turgor pressure in the afternoon, the need for
assimilates will be lower and the disadvantage of the lowered turgor for the photosynthetic
performance can be modest. If the formation of such osmotic substances is truly part of the
photosynthetic pathway, the possibility arises that R. stylosa makes use of a new or hybrid form of
the photosynthetic metabolism. For decisive answers, the photosynthetic metabolism of this species
should be thoroughly investigated in the future.
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In this master dissertation the plant-water relations of the mangrove species Rizophora stylosa were
explored by combining several types of sensors to obtain data on different physiological variables.
Although mangroves have been intriguing scientist since a very longtime, a lot of the mechanisms
enabling mangroves to be capable of surviving in the intertidal zone still need to be discovered. In
this preliminary research, several observations were made that R. stylosa exhibited some very
particular features which have never been observed before on tree species. A first finding is the
measured diurnal diameter variation of R. stylosa that differs from almost every other tree species in
the past. A second finding is the resemblance of the growth pattern of R. stylosa with CAM-plants.
Furthermore, most CAM-plants possess succulent leaves and also R. stylosa has succulent leaves.
However, the general conclusion was that R. stylosa is not a CAM-plant, because on the one hand
stomata are opened during daylight and on the other hand, previous studies already found that R.
stylosa photosynthesizes via the C3-mechanism.
Although the growth pattern differed, the sap flux density and the water potential at the branches
(Ψb) was similar for R. stylosa as for most other tree species. The measurements of the water
potential at the leaves (Ψl) gave an indication that the force exerted by the atmosphere on the water
column remained low until 9 h and the decrease of Ψl was insignificantly during the morning. At the
same time, the stem diameter increased at the highest rate of the day. Later, the growth became
gradually less and became negative around noon. The most severe shrinkage occurred at
approximately 16 h, when the water potentials were minimum and growth figures became roughly 0
at about 20 h until the next morning, indicating a state of equilibrium during the night.
A decisive theory could not be formulated based on the data collected during the field work.
Nevertheless, an effort was made to formulate a plausible hypothesis that could explain the diurnal
observations. The hypothesis was based on the rapid formation of osmotic substances after dawn.
These substances would result in a sudden drop of the osmotic potential creating a large influx of
water into the cells enabling the tree to operate with well-watered cells and with high turgor
pressure during the first hours of the day. Around noon, water uptake reached a maximum and the
amount of osmotic substances was declining while the atmospheric water demand was still
increasing. As a result, the tree diameter decreased in the afternoon. The benefits of this mechanism
are that most of the water lost in the afternoon was gained in the morning. The final result is a much
smaller net decrease of the total water content inside the tree. In case the osmotic substance is an
intermediate of the photosynthetic mechanism, the metabolic cost of the water retention strategy
could even be modest.
This study focused on the water relations of R. stylosa, but the data collection and information
delivery during the field measurements should be combined with information on the photosynthetic
metabolism of the tree. It might not be unlikely to discover new features in the investigated tree that
explain the observations of this study and helps understanding how this tree and other trees with
similar characteristics cope with the challenging environment. In case these osmotic substances are
involved in the photosynthetic pathway and metabolism, it could be possible that this tree species
uses a hybrid form or even a new form of photosynthesis, however the results of this master thesis
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first need to be further confirmed and more and further research on these osmotic substances is
necessary.
In this study evidence was found that R. stylosa makes use of rain in order to maintain a positive
water budget. The data was collected during a dry period when all three monitored trees exhibited
negative growth until a growth spurt as a response to rain was measured. At the end of the
experiment only one out of three trees had a larger stem radius compared to the initial state. If
growth figures during days with rain were excluded, the average shrinkage per day would have been
almost threefold than what it was now, with rain. Therefore, rain is an important factor for this
species. Furthermore, indications were found that water uptake of fresh rain water could occur at
the leaves, most likely through the cuticle, and through the bark.
The preliminary research in this dissertation can be used as a starting point for new experiments that
use this unique dataset as a basis to gather new insights. In order to obtain a confirmation of the
hypotheses, a lot of new research will be needed. This knowledge will not only enrich the
ecophysiological theories but can also be important for conservation strategies to preserve
mangroves around the world. The alarming rate at which mangroves are disappearing, emphasizes
the urgency to protect and manage these unique ecosystems. A solid base of knowledge about the
functionality and how these systems react to changes in their environment need to be developed to
achieve this goal. Especially in the scope of climate change, this knowledge will be very valuable.
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This master dissertation aimed to explore the water relations of the salt excluder R. stylosa. The
assessment of the usage of water on a daily base was based on the information gathered from
measurements of the diameter variation, sap flux density, water potential and stomatal resistance.
The trial period only ran for 63 days, which is rather a short time interval and included only part of
the winter and the spring. Experiments that run over an entire year or even several years and several
growth periods would enable the assessment of the intra-annual and inter-annual differences in the
growth pattern. The outcome of the average growth pattern would be further elaborated because
the diurnal cycle should yield a positive value at the end of the day for viable mangroves.
Furthermore, it would be interesting to see whether this deviating growth pattern remains the same
during the other seasons of the year.
Beforehand, the outcome of these measurements was unknown because this study was one of the
first experiments on this mangrove species. This exploratory study presented some surprising results,
such as the pattern of the stem diameter variation. Because the result was not anticipated, a lot of
data and measurements, required to obtain the full picture, were not yet obtained. Nevertheless, a
hypothesis that could explain the measurements was proposed.
Further research needs to be conducted in order to refine, confirm or alter this hypothesis. During
this experiment physiological variables were related to meteorological variables. By placing different
types of sensors as close as possible to each other, the data obtained would be easier to interpret
because less spatial variability and lag times are encountered. Sap flux density and stem diameter
were measured at breast height and water potentials were measured in the canopy which
complicated the interpretation of the data. Because the experiment was performed under natural
conditions, it was impossible to assess the separate influence of each meteorological variable on the
tree. In a controlled environment, where different treatments can be applied on the tree, it would be
possible to assess the influence of drought, more favorable or less favorable atmospheric conditions,
different levels of radiation and the influence of different amounts of rainfall and of different time
periods in between two consecutive rain events. For instance, a difference could arise in the
response to rain events between well-watered trees and water stressed trees. The influence of
inundation could also be evaluated under atmospheric conditions that are kept stable. In controlled
conditions, new measurements of the water potential should be obtained with both a pressure bomb
and a psychrometer. By keeping the conditions constant and making several full day measurements a
general pattern should be obtained which can provide information on the gradients present in the
tree throughout the day.
Indication for rain uptake through the leaves and the bark were present but only indirect
observations of this phenomenon were registered. A gradient for such a water uptake seems to be
present, because of the large difference between the water potential of fresh rain water and the
water potential inside the tree. The usage of seawater or rain water by the tree could be
distinguished by measuring the isotope composition of water inside the tree, because seawater is
enriched in the heavier isotopes of O and H (Ehleringer and Dawson 1992). Another possibility would
be to spray parts of the tree with dyed water and to investigate whether this dye is also found inside
the tree or in parts of the tree that were not sprayed. A final possibility proposed, is the usage of
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labeled water that could be sprayed on the tree. Finding labeled water inside the tree indicates that
water was taken up by the tree and transported. Another manner to investigate this is to apply rain
conditions in a controlled environment during high tide, when the soil is prevented to take up this
fresh water or by simply covering the roots and the soil in order to avoid fresh water uptake through
the roots. These experiments should be carried out during both daily and nocturnal conditions. This
makes it possible to assess the difference between open and closed stomata and the possible uptake
through the cuticle and/or bark. In order to quantify water uptake through the bark it is important to
make a distinction between hygroscopic water uptake by the bark and uptake through the bark
inside stem cells. An experiment that could be performed is spraying the bark with water droplets
and monitoring the swell at the same level. To make the distinction the value of the diameter should
be registered only when the water content of the bark is the same again as before the spraying was
applied. It might be necessary to create conditions similar to conditions of a rainy day.
Measurements taken after the spraying experiment should be compared to measurements taken
with the same rainy conditions, but without the spraying to prevent other mechanisms having any
effect. If predawn Ψl would remain higher than Ψb, This could be additional evidence for foliar uptake
as has been registered in other species by for instance Yates and Hutley (1995), Gouvra and
Grammatikopoulos (2003), Burgess and Dawson (2004) and Limm et al. (2009). If this species does
exhibit foliar uptake, the Ψl could become lower than in the stem and a negative sap flow at least in
the canopy is expected. This could be measured by HRM sensors in the canopy, near the leaves.
One of the major assumption made in this dissertation is the formation of osmotically active
substances in response to daylight. These substances could be the main driver for the variations in
the stem diameter. A chemical analysis could provide a lot of information on which chemicals are
present in R. stylosa and how their concentrations alter throughout the day. Besides this, it could be
interesting to know how the chemical composition differs in several plant parts, because now stem
diameter was measured while the production of osmotic substances is rather expected to occur
inside the leaves. The growth pattern exhibited by R. stylosa resembles the growth pattern of CAMplants. Other factors, such as stomatal behavior, are more similar to the patterns that C3-plants
exhibit. Therefore it would be interesting to evaluate the photosynthetic characteristics of R. stylosa
with instrumentation such as a LI-COR device. The combination of the photosynthetic behavior and
the course of the concentrations of osmotic substances can provide proves of the increase of these
osmotic substances under influence of photosynthesis. Furthermore, a decisive answer should be
found on which photosynthetic metabolism is present in R. stylosa. The characteristics that these
species exhibited in its water household showed resemblances with both C3 and C4-plants and with
CAM-plants. Therefore, it could be possible to discover a hybrid form or even a new form of
photosynthetic metabolism in R. stylosa.
A final proposal for future research is a comparative research between different mangrove species. Is
R. stylosa the only species that exhibits this particular growth pattern or is it more widely spread? For
Avicennia marina, a salt secretor, the general diurnal growth pattern is comparable to non-mangrove
species (unpublished work). It would be interesting to discover which species show these special
adaptations to the saline environment and how widespread this adaptations are. Furthermore, it
would be interesting to get an overview of the water relations of different mangrove species. This
could greatly contribute to the knowledge and understanding of the physiological processes, not only
in mangroves, but also for the general ecophysiological theories present today.
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