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Abstract

Trees species in the mangrove geAuicennia can shed canopy parts when exposed to adverse
environmental conditions, such as increases inwetey salinity. The individual-based model
BETTINA enables the quantification of the tree'stavause depending on its allometric
characteristics. It thus provides a tool to motiel ¢quilibrium between plant size and density in a
mangrove stand and porewater salinity. When theemisdcoupled with a simple water balance
approach, the water use of trees corresponds &r wptake from the soil and, in combination with
water fluxes, an increase of salinity in the rooh& Annual variations of the sea level, the tidal
regime, groundwater inflow, and precipitation hareimpact on the equilibrium of the combined
system. Higher salinities lead to lower potentis@djents and reduced water uptake of the plant.
With a combined modelling approach (single tree @ddETTINA with a simple water balance
approach), we examined the dampening effects afezrtive partial canopy loss for the survival of
the tree. We found that (i) the tree is able taelese water demand and uptake and thus may reduce
the tree's effect on soil water salinity, (ii) tregluced branch length leads to a reduced xylem flow
resistance, and (iii) the reduction in height hasnall positive effect on the water potential geadi
between leaves and soil. Individual-based modetserdnance our understanding of the regulating
impact of the partial canopy loss on water balandbe combined plant-soil system.

| ntroduction

Besides numerous episodes of local and regionalatiins, mangrove forests have survived a numbeatastrophic
climate events in the past and it is very likelattthey will do so in the future. Their adaptapilis due to several
reasons, for example, they are able to cope wiheeel rise, increases in CO2 concentrations dololadjtemperature
as long as other factors like land use or frosnts/ewhich allow habitat shifts including expansdandwards and
polewards (e.g., Duke et al. 2007, Alongi 2015).

The fifth assessment report of the IntergovernniePganel on Climate Change (IPCC), however, predicagional
differences in sea level rise (Church et al. 20k®a water salinity, and precipitation (Collins at2013). The
interference of these three factors leads to comgliects including, among others, that arid cdemtaas will become
more arid. Considering these climatic predictions she known and likely responses of mangrovesngilq2015)
predicted, e.g., for NW Australia, Pakistan, ArabReninsula, and both Mexico coasts that “Mangifovests along
arid coasts will decline as salinities increaseslffiwater becomes most scarce, and critical temper#tresholds are
reached more frequently”.

First signals that this prediction could becomdityeaave been reported in terms of stand dieb&okéustralia (Duke
et al. 2017, Lovelock et al. 2017) and Belize (8erwet al. 2018), or in terms of physiological respes in wood
characteristics in Mexico (Armitage et al. 2014nhtme a few. Related to this, partial or total ggnless in mangrove
tree populations ofvicennia spp. are most impressive (Duke et al., 2017; Laslekt al., 2017; Asbridge et al., 2018)
and mostly interpreted as a response to greatepa@water salinity associated with drought, evapion or reduced
inundation (Fig. 1). To our knowledge, there hasrbro systematic examination of the mechanismbisfresponse,
yet it could be an essential adaptation to vamatio environmental conditions in mangrove ecosysteDecreased
osmotic potential in mangrove soils (i.e., highatirsty) is similar to lower soil water potentiaud to drought in
terrestrial forests. Therefore, studies of padéiopy loss in terrestrial forests provide insightéch we use to develop
a model exploring the mechanisms and effects digbamangrove canopy loss on the soil-plant-atmesplsystem.



60

65

70

75

80

85

90

95

100

105

Figure 1. Healthy (A) and impaired (B)vicennia germinans trees with partial canopy loss in the Laguna de
Tampamachoco (Veracruz, Mexico) as a responsectednsed salinity. Photos: Bartolo Mateos (2015).

The phenomenon of tree mortality due to decreasuager availability has been described and invewiyefor

terrestrial tree species. The mechanisms respenfibltree mortality can be hydraulic failure dwexylem water
conductivity loss, and transpiration, which ultielgt leads to desiccation of plant tissues (Mcdovegllal., 2008;
Nguyen et al., 2017), and carbon starvation (Loskelet al., 2016; Savi et al., 2019). However, img#ree species,
droughts induce temporary damage often observezhidiml canopy loss, with the capability to recovesr example,
Busotti et al. (1995) analysed canopy loss in Tgaue to droughts between 1987 and 1991, and BradéBadeau
(2008) investigated non-lethal declines in foliageer following extreme climatic events, as welktas recovery of the
trees.

Studies of the physiological mechanisms by whicbhudhts influence trees have concluded that changdeee
hydraulics are vital processes. For example, Tgtesd. (1993) related leaf shedding of canopies wylem cavitation
and the consequent loss of conductivity. Strongdmyit links between roots and shoots have alsa béserved. For
example, Larson et al. (1993) investigated the eotion between the partial root and shoot mortalityThuja
occidentalis trees under extreme water deficits, providing ere of high levels of connectivity, which suppdrthe
pipe theory for trees (Shinozaki et al., 1964). yflieund that dying roots and shoot sections werdrdnylically
connected, with mortality of root systems resultinghe nearly synchronous death of connected pdrthe shoot.
Rood et al. (2000) proposed the term ‘branch daeftifo describe branch senescence and diebactanthes of poplar
trees due to drought. They showed that branclifisacreduced transpiration demand on roots aniveater, enabling
the remaining shoot to maintain a favourable wéiglance. They also observed that the phenomendwrasfch
sacrifice occurred mainly in the highest branchiethe trees they examined. Finally, recovery froantial canopy loss
in temperate and Mediterranean tree species wasiatsd with new xylem production, rather than elisioo repair
(Bréda et al., 2006), suggesting that canopy ragdvem extreme drought is a long-term process.

In this study, we used the BETTINA model to invgate the effects of partial canopy loss on mangteees and their
soils. The BETTINA model (Peters et al., 2014, 204®vides a single tree model that relates saiepater salinity
and species-specific hydraulic properties to ttoavgin allocation and allometric relations of a trEer the model setup,
we assumed that an insufficient water supply dugidb salinity or low soil water content would letrda partial death
of roots, stems, and leaves, applied equally tdredd compartments. With this model, we investiddte effects of
partial canopy loss on the whole tree, soil watdaibce, and the hydraulic properties of the tree.

Methods

We employed the single-tree BETTINA model (Petérale 2014, 2018). The main characteristics ofrtiuelel are that
allometric relationships and physiological paramseontrol resource uptake. Trees use water ahd iliga constant
proportion. Light interception of the canopy is pootional to the crown area (water uptake is desdiin detail

below). Maintenance costs are also proportionadtde volume. Resources used for growth are therdifice between
uptake and supply for maintenance. In the modek growth is based on allometric relationships thaintain the

proportional relationship between water and ligde¢low, we describe key components of the model eprad with

allometry, water potential, and resistance to whdey.

Allometry

Four allometric variables characterise trees (alineters): crown radiugou,, stem radiuggey,, stem heighhge, and
root radius,ot (Fig. 2). The volume of leaves and fine rootsassumed to be 0.004 m3 pe? of the projected crown
area and root radius, respectively. Komiyama e{2008) described leaf biomass as the smallestopodf above-
ground biomass and, based on the literature, spg@fmaximum value of 3 kg"tFine root biomass estimations vary
over a wide range. In mixed-species mangrove standise Dominican Republic, Sherman et al. (20@8)nfl dry
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weights of fine-root biomass in the magnitude &fglm?2 and fine-root biomass (2 mm or less) to leaf l@esratios of
1 (0.5-1.5). In contrast to our single-tree appho@cthe model, this value refers to a whole stand includes gaps in
the canopy layer.

crown radiug

stem height

root radius

stem radius

Figure 2. Allometric relationships of the modelerdBranch length equals the crown diameter, ireg height is the
sum of stem height and twice the crown radius.

Using the assumptions of the pipe theory (Shinoeakil., 1964), the model describes the sum otthes-sections of
the branches as equal to the cross-section of #ie stem. The crown of the tree is shaped as aisphsector with a
cone angle of 60°. The crown height (i.e., the binalength) is twice the crown radius. Analogouslg, also apply this
principle for the cable roots @iicenna (horizontal roots that extend from the stem basi&hvlupport the fine roots
and pneumatophores), but as the root layer isafidtthe cable roots connect to the equally digkithdine roots, the
average length of the cable roots is°8.8mes the root radius. With these assumptionstréee volume was estimated
as the sum of five cylinders: leaf layer, branclsésm, cable roots, and fine roots.

Water potential
The physical laws behind the water uptake of a mamgtree are described by Peters et al. (20148)2Warcy’s law
describes the water flow:

—kf'AflOW-ALII _ AY

Q=—Lrl=—==(

lflow R

With flow (water uptake)Q [m® s, hydraulic conductivityk; [m? s* Pa'], flow cross-sectiom., [m?, potential
gradientA¥ [Pa], and flow path lengtt,, [M]. Analogously to electricity, the measures analterial constants of the
conducting medium can be represented by the rasisRi(for further explanations see below). The potémiadient
for atree is

AY = lpleaf — Yhatric — Yosmo — qjheight (2)

The water potential at the upper end of the flothpa the leaf water potentidli.~. The value is highly negative and
must be lower than the sum of the other potentialensure that flow is directed upwards (see béimwfurther
explanations). Empirical studies estimated spespesific minimal values. E.g., Epron and Dreyer93 $pecified
values down to -3.0 MPa for several oak species$tndm et al. (1998) estimated -1.5 MPa for Scate Pinus
sylvestris). (In the model we used only S.I. units. For adretinderstanding, values here are indicated in.M&ach
values have been used to model the water balanaeitd (BROOK9O0, e.g., Federer, 1995) or tree (BER, Peters
et al., 2014). Tomlinson (1994) stated an uppeénisalimit where mangroves can grow at 90 ppt wheorresponds to
a water potential of -7.65 MPa. Further, the leafex potential must be lower than this value torgntee a water flow
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towards the leaves (Tyree and Ewers, 1991). Hemeayill use a constant minimum value of -7.86 MBadur model
speciesivicennia germinans.

The matric potential?,ic describes the soil matric suction and dependsoinpsoperties and soil moisture. We
assume saturated conditions, i.e.

Vnatric =0 (3)

The osmotic potentia¥,q, depends on the concentration of ions in the sailew which is directly proportional to
salinity (S in ppt:

W o = —85,000Pa-S (4)

The height water potentidt.«qn is the water potential of the water column dugravity. With hi; as the height of the
water column up to the leaf and our definitionshef allometry of the model we get:

kg m
lpheight = —Pwater " 9 * hleaf ~ _loooﬁ ’ 9-815_2' (hstem +2- 7"crown) 5)
With water density, . and gravitational acceleratign

In a similar way as voltage in electricity, the guial gradient is the driving force behind watiexf To provide an
impression of the magnitudes of the water potentiake give a few typical values. For crops in Eeaptemperate
climates, the permanent wilting point (i.e. the iminm soil water potential below which the plant cahaccess soil
water) is assumed at a matric potential of -1.5 MRaq. 4, the osmotic potential is proportioralhe salinity. For
instance, sea water with 35 ppt has the osmotiernpial of -3.0 MPa, which implies many mangrovesvgunder what
may be considered as conditions indicative of Vewwater availability.

Equation 5 describes the water potential gradigentsee height. For example, a tree of a size ah2as to overcome a
height potential of -0.2 MPa. Simard et al. (20d&)ort the highest values for tree heights in mawgyforests of up to

60 meters in areas characterised by low soil salvalues, higher nutrient levels, and protectionf damage from

intense storms. These tree heights would correspmigight potentials of approximately -0.6 MPau3hthe height

potential in mangroves has a higher magnitude the@msmotic potential.

Hydraulic Resistance
The term

lflow
=—— (6)
kf Aflow
describes resistance to flow [s P4.ms described in Peters et al. (2014), we asstwoeresistors in series: the root
surface resistand®, and the xylem resistance to the axial flBy

R, = : = — @

Lp-Arootsurface LpwTroot RAIfineroot

lflow _ lflow

- 2
kf-Ax section kfmtritem

(8)

R,

Lp [m s Pa'] is the root surface permeability. To our knowledthere are very few measurements of this pararfuete
mangroves. Field (1984) estimated 3.3 X1 s* Pa’ for Avicennia marina at sea water salinity. We used this value
for the simulations. In contrast tg this parameter includes the flow length of théstpi.e., the thickness of the root
surface layer. If the fine roots are equally disited within the root radius, the root surface a#ga sirace C2N be
dezscribed by the root radius and a constant “ReeaAndex” RAlsneroo) analogous to the Leaf Area Index (LAI)m
m“].

In eq. (8), the flow path length,,, was determined by allometric relations (see Peateas., 2014, 2018). The hydraulic
conductivity ki has been estimated in several field studies ferargety of species (e.g., Melcher et al., 2001 for
Rhizophora mangle; Lovelock et al., 2006 foAvicennia germinans and Laguncularia racemosa). The values in the
literature cover quite a wide range, and therevidence that the parameter also depends on saf(iddiprado, 2007).
For this study, we used 0.104 x°H¥ s* Pa', as estimated by Sobrado (2001) fsfcennia germinans at 39 ppt.
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According to the applied pipe theory, the areahefflow cross-sectioAy «ion IS @ function of the stem radius, which
we assume as constant along the flow path.

Water uptake and feedback on porewater salinity

Finally, with eg. 1 and the two resistances (egnd 8) in a series connection, the water uptake gihgle tree can be
described explicitly as:

—AY
R1+R;

Q:

(9)

As described above, the driving force of that waigtake is the leaf water potential. The minimumewrgotential is
only reached in the daytime and sap flow/transipinafollows an approximately sinusoidal course otrex day. For
Avicennia marina, this has been measured by Steppe et al. (2018YyioBs model versions of BETTINA did not
consider the sinusoidal pattern and overestimatgly dranspiration values. Since we want to estématrealistic
feedback on porewater, we included an improved tification of daily water fluxes. Hence, to congidéis daily
cycle, we modified eq. (9) to eq. (9b)

_ Tmax _ —A%nin
Q_ T _n-(R1+R2) (9b)

with 4%, being the lowest potential difference (highestohlte value but, negative) at midday afg. the
corresponding transpiration. The derivation issilfated in Fig. 3. Assuming leaf water potentiatdmtinuously at its
minimum value, daily transpiration would correspandthe area of the yellow filled rectangl€&.f). Assuming a
sinusoidal daily cycle with a maximum transpiratiate at midday, daily transpiration correspondshi blue area
(Fig. 3). The ratio of the blue and the yellow aiea™.

Tmax

Transpiration

0.25 0.5 0.75 1

o

days
Figure 3: The transpiration during one day corresisoto the blue area (sine-wave shape) with a magrim
transpiration rate (in litre per day) at middaynmdent with minimum leaf water potential. The oatif the blue area
and the rectangular area, which represents a auns@imum transpiration rate over 24 hours'ts

When the tree is growing, the allometric measuemgbkbp in a way that the relationshig=R, is maintained (Peters et
al.,, 2014). While growing, the tree decreases Ivelistances by continually increasing the flow sresctions and
increasing water uptake. Salt exclusion in the romte increases the soil porewater salinity in dbapled model
(Passioura et al., 1992). Consequently, hydraubcgsses in the sediment must counteract this gsdoeestablish an
equilibrium state. For this study, we design aightiorward approach to simulate this effect. Aghintree starts
growing in the center of a squared patch of soihvé m edge length and according to a water regeofd nt m2.
The initial salinity is 40 ppt, and superficialdal) water has a salinity of 35 ppt. The salinifyttee soil porewater is
regulated when a similar amount of superficial watempensates for plant freshwater uptake. Thetidiiuof
porewater with superficial water (with a salinity 8 ppt) is simulated by exchanging over threesd&@%o of the
porewater with superficial water to mimic the effex tidal flushing and a subsequent decline iringgl — the
prevailing salinity at any given time results frolnese two processes (see Fig. 4A).
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A) normal dilution regime B) impeded dilution regime
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8 % exchange
with tidal water
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2 % exchange
with tidal water
mixing

soil depth

l: ... salinity of tidal water (35 ppt)
|:| ... porewater salinity

Figure 4: Scheme of the implementation of dilutadrsaltwater in the soil column, A) normal dilutioegime: 8% of
the water was exchanged with tidal water (35 @YXimpeded dilution regime: only 2% exchange.

Partial canopy loss

Partial canopy loss will occur only when the watepply is below the amount required for biomassnteaiance since
the total living tree volume cannot exceed the r@umaintained by the resources taken up by theltrghis case, the
unitless factokK, e, to determine the reduction of the tree volume is:

__ Respmqint—Q

Kreduc - (10)

ReSmaint

with Resyin resources needed for maintenance @neater uptake as the available below-ground resofait in nt s
Y. Kieauc describes the share of the biomass that cannaiaietained with the available resources. Kag,. factor
applies to different tree components (Fig. 5). A®asequence of the cylindrical shape of the compts the surface
areas will also be reduced by the same proportion.

rcrown,reduc = Terown * 1- Kreduc (113)

rroot,reduc = Troot ° 1- Kreduc (1lb)

Since stem height and radius cannot decreaset@ séthe stem cross-section will die (Fig. 5).

— 2
AX.section, =T Tstem * (1 - Kreduc) (11c)

undisturbed growth partial canopy loss

stem X-section
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Figure 5. A, Shape of the tree before partial cgrlops; B, Shape of the tree with partial canoms)alecreased root,
crown radii (eq. 11a, b), and reduced stem crossese(eq. 11c).

Scenario of drought stress

To simulate a scenario of drought stress leadirpattial canopy loss (referred to below as “disamd®”), we reduced
the dilution of porewater with superficial water lipiting superficial (tidal) water supply from 8% 2% during four
years (see Fig 4B), as can occur during a relatigde} period (e.g., Krauss et al., 2007; Eslami-amli et al., 2009;
Santini et al., 2015). Consequential increasinqigalleads via a lower potential gradient to aased water uptake
and provokes a reduction of tree volume (eq. 1kh,Bfter the disturbance, tree growth will beastablished until the
end of the simulation time after 100 years.

Results

Figure 6 shows the transpiration and soil porews#dinity for the model run. A constant dilution 8% of the pore
water in a time step of three days (see abovedinbination with increasing transpiration rates (tluéncreasing tree
heights) over the first 80 years of developmentttedontinuously rising salinity values. With thigtial exchange rate
between surface and tidal water, the salinity reddv ppt.

The disturbance of the dilution regime (reductioonf 8% to 2% in the years 81-84, analogous to aedse in tidal
flushing) impeded the exchange with the surfaceemand salinity increased suddenly to 71 ppt. Tédsto the water
uptake falling below the living tissue maintenadegnand and to a partial loss of biomass in theaaod other plant
components. Transpiration was limited to the valdéch occurred when the tree was smaller and grpwimder much
more mesic conditions (Fig. 6, green dashed lifier &5 years at 44 ppt). Table 1 shows the dinmerssof the model
tree before the disturbance and with the impedkdiai regime.

Table 1: Tree characteristics before (80 years)adigd the impeded dilution regime (84 years).

Simulation Crown Stem Dead part of Root Stem Total Transpiration  Salinity
Year Radius [m]  Radius [m] Cross section Radius [m]  Height [m] Height [m] [L/ day] [ppt]
80 2.59 0.20 0.00 2.59 5.49 10.68 42.4 57
84 2.08 0.20 0.36 2.08 5.49 9.65 17.3 71

After another four years, the original dilution @@ of 8% per three days was re-established. Asrserjuence,
porewater salinity was relaxed, transpiration iasesl again, and growth was re-established. Aft; thanspiration
and salinity slowly rose.
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Figure 6. Blue, left y-axis: tree transpiration lwihcreasing tree size vs. time until disturbanoee partial canopy loss
after 80 years; Pink, right y-axis, salinity incsea with water uptake, disturbance of porewatettidit after 80 years
leads to increased salinity, and release of diatrb after four years decreases salinity.
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This behaviour illustrates the impact of the tretex use on soil porewater salinity and vice veFsabetter understand
the link between plant water use and porewatenisglive compared the states just before partinbpg loss occurs
and while the dilution with seawater is impedede Thain effects of partial canopy loss are: (i) duceed water uptake
which diminishes porewater salinisation; (ii) sleorbranches which downsize the flow path lengtbilifating water
uptake, and (iii) a lower tree height which decesahe height potential (eq. 5).

Reduced salinisation

The model allows investigation of the links betweérmmnspiration and salinisation of soils at differstages of tree
development. The transpiration drop with the distimce of the dilution regime (81 years) is a resuthe canopy loss
and biomass reduction due to lacking water for teai@nce and a decreased water potential gradieimdogased
salinity (57 to 71 ppt). Water flow after parti@ropy loss appears just enough to maintain thevgogvbiomass and in
equilibrium with the dilution regime.

Fig. 7 illustrates the effect of biomass loss. Befihe disturbance (Fig. 7A), the model shows higbial water uptake
than that required for maintenance, and the diffeee(a surplus) can be allocated to plant growthcdntrast, water
uptake becomes insufficient to maintain the plamtem porewater salinity increases with the reduciutiah of
porewater salinity (Fig. 7B). Finally, partial loe$ biomass decreases both water required for mwdmice and water
uptake by reduced flow cross-sections (Fig. 7C)l wart equilibrium is reached, allowing for tree wual. The
decreased water uptake by reduced flow cross-sisdiimits the salinisation effect (drop from 420717.5 L day from
Ato C) to counteract the limited dilution with §ace water.

=1
n
=3
<
ol 29.88
_ o™
= 25.24
el
o C
o |
™ 17.5 17.48
| I
" before disturbance increased salinity increased salinity

without canopy loss after canopy loss

I Maintenance I \Vater uptake

I without reduced height gradient
I .. without reduced flow path

Figure 7. Tree maintenance costs (green) and wateke (blue) for the model run. A, 80 years affter initial model
run and before disturbance by increasing salifBtywith increased salinity but without canopy lo€s;with increased
salinity after canopy loss.

Physiological effects of biomass loss

The living tree volume decreased from 1.7 to 1.0 A® described above, this biomass loss resulteceduced
maintenance requirements (Fig. 7B and C, greennuwd). Further, with partial canopy loss, which st branch
length and root radius, the flow path decreaseah ft@.5 to 11.1 m, and tree height from 10.7 tor.®Vith eq. 5 and
6, we assessed how the reduction in tree heighflawdpath length influenced water uptake and altamn (Fig. 7C).
In this case, water uptake was underestimated 5% Gand 3.2%, respectively. Both effects are astatiavith a
decreased crown radius (i.e., a reduced branchheng

Discussion

The mechanistic description of water uptake linkedallometric measures in the BETTINA model allofes a
quantification of several benefits of partial capdpss to survive temporary increases in porewsadinity, which are
associated with reduced water availability.
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One of the advantages of this modelling approathesuse of hydraulic parameters that have beewkrand studied
for a long time (e.g., root surface permeabilitiglt;, 1984). Parametrising the model with theseuesalprovides
benefits of greater transparency and results tiealeas biased by model calibration efforts. Ondtier hand, different
parameters may be taken from different studiedjaast and experimental contexts. Model errors withaalibration

may be large, but there is a significant potentafieneralise findings yielded with models usingp@ioally derived

parameters.

Comparing the transpiration in the model with psitdid studies shows similarity to typical daily spination and sap
flow values. For example, in the model, a treeré8teyears (before the disturbance) with a dbh®9 &m has a daily
transpiration of 42.7 litres. Lovelock et al. (2Q1€stimated for mangroves based on sap flow datavemage
transpiration of 1.1 litres per day per cm of divhjch correspond to 44 litres per day for our madet. Additionally,
for A. germinans growing at moderately high salinities (30-50 ppthe surface, 61-74ppt at 20 cm depth) Mulled.et a
(2009) measured sap flow of around 30 litres pgridamedium sized trees (dbh about 24 cm) andigiger trees (dbh
about 45 cm) 30-60 litres per day in the dry seaswh50-80 in the wet season.

Using the BETTINA model, we detected two types fiéas of partial canopy loss: (i) enhanced indidtladaptation
to high porewater salinity, and (ii) benefits thgbuthe feedback of reduced water uptake and traaigpi on porewater
salinity.

Partial canopy loss reduced both maintenance eostsvater uptake, but reduced maintenance costgteater extent.
This effect is summarised in Fig. 8, which is aealised scheme to demonstrate this principle. Tine Imes mark the
trajectories of the relationship between plant Sjmeglecting the change of allometric relations emdifferent
environmental conditions) and water uptake (negigdhe feedback of plant water uptake on salinityje trajectory
is steeper as salinity decreases, and plant watake will be higher. If water uptake is greatearttthe maintenance
needs, the plant will grow until water uptake egualnt maintenance (Fig. 8, dashed line). A teroreduction in
soil porewater dilution will lead to increased siii, and the plant will switch to a lower growttajectory. On this
lower trajectory, the biomass exceeds maximum siee; partial canopy loss occurs at this pointhie ¢urve, and the
biomass is set back to a lower value. The first¢tarrowheads in Figure 8 conform to the three itiond displayed in
Fig. 7. Thus, partial canopy loss may be the prymmechanism by which plants adapt to high soil pater salinity
and, potentially, to other environmental conditidhat reduce water availability. The model behawviisuconsistent
with canopy losses observed during drought anddeatlevel events in Australia (Duke et al., 201G@vydlock et al.,
2017)

In addition to shrinking maintenance costs, theas an additional but small effect of partial cantgss, a result of the
reduced xylem flow path length and tree height gmatd Following eq. 8, the flow length in the mdddl tree is
proportional to xylem resistance. Assuming RR,, a 10% reduction of the flow path length woulddda a water
uptake increase of > 5% (eq. 9). The effect ofrthuced height gradient is much lower: with eghBre is only a 0.01
MPa with a 1-m height reduction, which is equivalém a salinity reduction of 0.12 ppt (eq. 4). Taligate these
secondary benefits of loss of branches to potdéptiadproving the overall tree water balance is tajing because
many processes do not act independently. Howewenef work could assess whether flow path lengducton has a
more significant effect on tree water balance ttten decrease in the height potential, which carelseed in field
studies by assessing whether crowns die from ttsdsutowards the stem, rather than from the toprdo
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Figure 8: Idealised trajectories of the tree siagater uptake relation for different salinitiesu®) and of maintenance
of living tissues (green). The dashed verticaldidefine maximum tree size for these two salinitWdgn water uptake
equalises maintenance. Partial canopy loss occhies wee size exceeds the maximum size for a phatig salinity,
which shifts to a lower trajectory with partial cgoy loss. After the release of the disturbance,whéer uptake may
switch back to the old trajectory (dashed arrow).

Partial loss of tree canopy also had a benefitutinofeedback from water uptake on the porewaténigalwhere

reduced transpiration decreases salinisation. €leage of salinisation (or increased water avditgbiwvith reduced

canopy transpiration has been observed in fieldist) where lower porewater salinity has been tepgoin canopy
gaps in mangroves (Amir, 2012) as can be infermeanfPassioura et al. (1992). However, in our modes,

hydrodynamic processes have been reproduced m@ifééd way, but the results suggest that redusaahisation in

mangrove forests should be explored further. Taking account subsurface water flow and dilutiolgasses or
groundwater inflow in mangroves can improve thearathnding of this process and its ecological &fec

In our model, the hydraulic parameters of mangrogesLy andk; are assumed to be constant and species-specific.
However, some of the literature points towardslmisgdependent variation in these parameters.éxample, the root
hydraulic conductivity ofA. marina decreased by half when salinity increased (Fi#884) and xylem conductivity
was reduced at high compared to low salinity fongraves (Melcher et al., 2001; Lovelock et al., &0Bao et al.,
2009) and in plants from drought-prone environméAtsrams, 1990, Bucci et al., 2005). Further evigers that the
hydraulic traits and the short stature of scrulwarf mangrove plants that grow under osmotic streduced the risk

of hydraulic failure (e.g., xylem cavitation), battthe cost of decreased water transport effici€htgicher et al., 2001,
Lovelock et al., 2005).

In summary, trees growing at sites with higherréglidevelop decreased xylem conductivity and noetmeability,
which implies both a physiologically limited wateupply under highly saline conditions but also ghbr resistance to
damage by drought. Developing knowledge about tliake could add further to our understanding e #daptation
strategies of the mangrove trees to changing emviemts and help to improve the predictability of owodels.

Further, recent studies have suggested mangrovesava a range of alternative strategies to dethl water shortage.
Reef and Lovelock (2015) review leaf temperatugpitation and the uptake of respired £43 water- saving strategies.
The absorption of atmospheric water through cartgsyies has been documented as an important patovaguire
additional water for photosynthesis and growth (Nguet al. 2017). Steppe et al. (2018) and Scleeal. (2019)
investigated rainwater uptake by mangroves andrebdea strong link with tree stem growth. Stratedieat reduce
water loss, as well as those that access additivatdr sources, may interact with partial canomsld-or example,
decreased foliage may reduce the capacity forrfalidake of rainwater. The availability of atmospbavater sources
to plant canopies is important for hydraulic funat{Nguyen et al. 2017) but is not linked to porwraalinity and thus
is not included in our model. However, including@ss to atmospheric water sources in future mddeteases the
potential for explaining the diversity of differebiblogical phenomena with hydraulic mechanismthenfuture.



425 The interrelation between hydraulic flow processeshe subsurface, competition for water amongsirgorewater
salinity and water uptake was explored by Bathmahml. (2020) using a coupled approach (MANGA) witle
BETTINA model and the hydrodynamic numerical growater model OpenGeoSys (OGS, www.opengeosys.org,
Kolditz et al., 2012). The results indicate thaighbourhood relations within the forest stand hameémpact on water
availability for individual trees, and suggest thurtial canopy loss may also be affected by thegrave stand

430 structure. A future implementation of the partiaelthck of biomass in the MANGA model using differen
parameterisations for different species (includidiyerse capabilities of partial biomass loss) cotédilitate
investigation of the impacts of stand structure emhposition on canopy dieback.
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Partial canopy loss is accompanied by an equal 1oss of living tissue in other parts
Reduction of water uptake reduces porewater salinisation

Reduction of living biomass reduces water need for tissue maintenance

Lower canopy promotes water availability by reducing flow path length and height
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