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Summary

1 Multiple pressure (land-use change, wateitraction and climate changéjteract to
influence biodiversity and ecosystem processes, but direct evidence for intsraatiomg
multiple pressuress limited. Floodplain forests are an acute example of how interacting
pressure (river'regulation, water extraction, decreasing mlinfmammabrowsing) interact to
degrade native ecosystems.

2. We,conducted a 2-year field experiment to determine how flooding, browsing and
sediment salinity interagtito determinen situ seedling survival and growth of the keystone

floodplain‘treespeciegEucalyptus camaldulensi3ehnh). On semiarid floodplains of southern

Australia,1-yearold seedlings were planted on the banks of six ephemeral creeks, three of which
were flooded with management flows before planting while the others remained dry. Fsur plot

were established at each creek, two open to brovesiddwo fenced to excludeammal
herbivores:

3. Flooding had a strong positive effect on seedling survival and Haiglbrowsing had
strong negative effectse8iment salinitya covariatgather than a designed effect) had a weak
negative effect on seedling survival and height.

4.  The pesitive effects of flooding were largely offset by the negatitegaction with
browsing andto.a lesser extengediment salinity.

5.  Although flooding has beemstored tesomedegraded floodplain forests subjected to
river regulation-and a drying climate, the lomegm success of such actions is likely to be
undermined byersistenbrowsing.

6. Synthesis and applicationglanagement actions that focus on singlessurese.g.
infrequent flooding) and processes (e.g. mature tree surwhdke ignoringother pressuresre
unlikely to'sustain populations of keystone spe@aggesting that complementary strategies
(managedfleeding with herbivore control) are@ssary to sustain recruitmertd, therefore,

ensure the*future health of these essential ecosystems.

Introduction

Floodplains have been changed drastidhifgughland clearance and water extraction for

human useGraftonet al.2013) Many floodplain ecosystems experience more pressure from
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climate changéGraton et al.2013) and it is uncertain how much these pressuegsnteract
(Caponret al 2013), but they are at least likely to be additseljvood, McGeoch & Mac Nig
2015). River regulation and water extraction often reduce the frequency, magnitude &od dura
of flooding, disrupting connectivity among rivers, floodplains and aquifers (Tockner & Stanfor
2002). Redueed floodingreatlyaffects the structure aridnction of floodplain vegetation

(Leyer 2005 Bino et al.2015).

Up t6"'90% of some floodplains in the northern hemisphere have been cleared or degraded,
mainly for-agriculturg Tockner & Stanford 2002). The future of remaining floodplain forests
depends on the successful recruitment of new trees, which is controlled by dliocateg and
geomorphelogy. (Osterkamp & Hupp 2010) andoimtic processes, including competition and
animal browsing (Hornegt al. 2010). For londived trees, the effect of these pressures changes
with age (Kendalet al. 2011).Trees are most susceptible to pressures such as drought as
seedlings becauseedlings havimited reservegMerritt et al. 2010). Understanding the factors
that limit seedling survival is essential for predicting recruitment andtienmg population
viability offleedplain forests in the face of multiple, interacting pressubaftoth, Stromberg
& Patten 2002).

Floodplain tree seedlings often face three interrelated presbumesing, floodingor lack
thereof) and salinization, each of which has been altered by human actions arel ctiangie
(Mac Nallyet al.2011). River regulation reduces the frequency and extent of flooding and,
therefore, limits forest productiviffRobertson, Bacon & Heagney 2001). Forest condition has
declined on"many lowland floodplains from altered groundwaigitadility or salinization
(Cunninghanetal. 2011).Mammal browsing reduces seedling survival, which induces changes
in forest structure and compositi@fansen & Robertson 2001). Native herbivaypesatlyreduce
recruitment of floodplain trees in conservation areas because herbivores are ‘confined’ to these
remnants andhaythrive from reduced predatioRdinteret al. 2015).

Most studies of floodplains have not evaluated the interactive effects of multiple pressures
(Jones & Sharitz 1998). Synergistic effects may be more important tharduadieiffects in
modifying fleodplain forestsRrook, Sodhi & Bradshaw 2008). Reduced flooding frequency
increases water stress on seedlingsvagerability to drought and browsing mortality.

Infrequent and restricted flooding in dry periods can lead to the concentration of heshintor
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areas with watefRobertson & Rowling 2000). Extensive clearance of vegetation in many arid
river basins alters hydrological balance and rassdiae water tables. River regulation
exacerbates salinization by reducing the frequency of flooding and the leachingrohsalt
floodplains (Jolly, McEwan & Holland 2008).

Here, we.considerettie floodplain forests of the Murrdyarling Basin (MDB) as an
exemplar of hownultiple pressures (alterdtboding, browsing and salinization) affect seedling
recruitmentin‘floodplain ecosystems. The MDB is the most important agricultural area in
Australia, ‘covering 14% of Australia’s land mass (1.1 §<|<r02) (Pigram 200Y. Floodplain
vegetation.of the MDB has a dynamic structure and compositiotoduarological patterns
(Bino et alk2015), and is disproportionately important for conservation of terrestrial anticaqua
speciegSelwoodet al.2015) Floodplain forests declined drastically since European settlement
in the 1780s from changes in land and water use. Historically, flooding was frequent and
widespread.across the MDB but is now rarer and less prono(Meed\ally et al. 2011).

Rapi, sustained increases in temperatures, record low rainfall and inflows imteystems,
and increased frequency and severity of projected droughts under future clima@e2Q®)
are superimposed on two centuries of regiatale land clearance in the MIBamilleri,
Thomson &Mac Nally 2010).

Riverred guntucalyptus camaldulensi3ehnh. is the dominant floodplain tree of the
southern MDB and is a keystone species providing the main habitat stfoctardiverse biota
(Mac Nallyet.als2011) Therehas been extensive dieback of floodplain forests (100 000s ha)
since the late 1980s from altered flooding regimes, drought and salinization (Cunnetgddam
2009) Thisforest dieback is associated with dramatic changes in the composition of these
floodplains Ladaet al. 2008 Horneret al. 2012 Mac Nallyet al.2014) In response to the
dieback, management agencies have embarked on artificial inundations, or ‘managed’floodi
We took advantage of this floodplasigale manipulation to measure the factors that regulate
recruitmentssuccess of this keystone tree species.

We conducted a field experiment on the survival and growth of seedlirigsamaldulensis
subjectedo different combinations of interacting pressures. We asked: do managed floods
enhance survival of tree seedlings? How might potential benefits of floodingettimngss be

affected by browsing or sediment salinity? This information will determinehahet
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complementary strategies (managed flooding with herbivore control) are ngdessastain
recruitment and, therefore, to ensure the health of these esseatigbtems.

Materials and methods
STUDY AREA

The experimentvascarried out on two anabranch islamdAustralia’s major river, the Murray
River, Lindsay-island (3%1.0’S 14P10’E) and Wallpolla Island (340’'S 141°45'E) (Fig.1).
The regiof is serrrid witha seasonallyniformrainfall of 262mm yr* and mean annual
evaporation of.c4800 mm yr', hot summersnjean maximum January temperatura2=1 °C,
Lake Victoria Storage 1922-2015, BOM 2015) and mild wintersan maximunduly
temperature =15.3 °C, Lake Victoria Storage 1922-2015, BOM 2015). The expesiagent
conducted from 2006 to 2008 towards the end ofBieDry’ (1997-2Q0), which included
some ofhottestyears on record (mean annual maximum of 25.Z8@pared with the lorterm
average 0f.23:8 °C

We deliberatelyselected some of thmorewesterly xeric floodplains of the Murray River
because conditions in these forests provide projections for the futurerobtbezasterlyand
currentlymere extensive and mesitoodplain forests under a drying climatdgc Nallyet al.
2011). The experiments involved combinations of managed flooding and browsing, taking into
account sediment salinigs a covariateThe browsingreatment was gwidered to be indicative
of the futuresbrowsingegimegiven the ongoing recovery tdral rabbitOryctolagus cuniculus
L. populatiensafterrabbithaemorrhagic diseagkeawrence 200§ the increased abundance of
native herbivores [kangarodacropus fuliginosugDesmarestandM. rufus(Desmarest)in
conservation reservédorgan & Pegler 2010) and continuing livestock graziBC 2009.
The flooding treatment was regarded as the potential future hydrological regimehgitven t
managed flooding is being used to sustain the health of floodplain forests in the absence of
natural flooding. Unlike natural flooding,anaged floods are over small aréB80s of ha) and
durationg<3 mmthg dueto the limited water available for this purpose.

The studyfloodplain is up to 1xm wide (Fig. 1), withiver flows enteing and leaving the
floodplain through networks of ephemeral creeks. The floodplain sediments are deepgcracki

claysandsandyalluvial loams.Typical saltconcentrations in river flows ranged between 130-160
This article is protected by copyright. All rights reserved
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uS cm?t during the studywhile the adjacent floodplainvasunderlain by higly saline
groundwater of 20 000-70 0 cmi’, at depths of 24-m(Cunninghanet al.2017).

Banks of the ephemeral creelgport riparian forests dominated Bycalyptus
camaldulensiswith subdominant smaller treds. (argiflorensF.Muell. and Acacia stenophylla

A. Cunn. ex Benth.), shrubs, grasses and forbs (Hetrer2012). Canopy height ranged from

15-30 m and"mean live basal area was 29.3 SR.&f ha . Eucalyptus camaldulenstsin

produce large cropsip to 37 kg tre'é, Jacobs 195%f small seedél-1.5 mm diarater), which
arebuoyant' af@anbe dispersetbng distancein slow-moving ¢a4 km h') floods. Livestock
(sheep and cattle) wergtroduced tahe floodplains in the 1840s with as many as 25 000 sheep
during the 1950s. The floodplain largéigis been destocked since the creatibMurray-Sunset
NationalParkint1991, but several hundretieepstill graze the eastern end of the study area. In
the 1890s;rabbits became abundant, adding to the broprasgurdrom livestock and native

kangaroos.

FIELD EXPERIMENTS

In September 2006 (austral spring), 480 seedlin@s oamaldulensigvere plantedn 24 plots
on the banks of six ephemeral creeks, three of which avéfieially floodedfor 6-8 weeks.
Managel floodingwas engineered yumpingwater from the river intalry anabranch creeks
that were dammed at their entranasesglevee banksMaximum flood depth among plots
ranged from"0:4—0.ih.

Two pairsof browsed and unbrowsgddx 2 m) plots were establishedbng each creek
Browsingtreatmentsk{rowsed or unbrowseédavere allocated randomly within each pair of plots,
with all mammalherbivores beingxcluded by BB m high steel fencing, witlire netting (3 cm
mesh) attached

Oneyearoldiseedlings, grown from seed collected from a Murray River floodplain with
similar climate and hydrological conditiorsa@0 km downstrearfrom the study areajyere
obtained fromwa commercial nursery. Twenty seedlings were pldf@ited aparin each plot.
Seedling survival and height were measured eight times (spanning two austral summers) between
October 2006 and June 2008 (0, 61, 151, 182, 273, 365, 578 and 6@%telagkanting).

This article is protected by copyright. All rights reserved



170 In the austral spring of 2007 eveollected three sediment cofesm each plo&at20-30 cm
171 below the surfacewhich corresponded to th@wer seedling root zone. Sediment salinity was
172 estimated by measuring electricainductivity from the sediment samples using the 1:5

173 sediment/water paste extraction metliB@dyment & Higginson 1992).

174

175 STATISTICAL ANALYSES

176 The effects of flooding, browsirgndsediment salinity on seedling survival were asatiby
177 fitting an intervalcensored, Weibull survival mod@artolucci, Bae & Singh 2008yith

178 random plot,an@ite effects. An intervatensored model was uskdcauséhe time of mortality
179 was not known precisely, btdll in the interval between two sampling tim&sirvival models
180 were fittedusing Bayesian inference, which is useful for fitting hierarchicaletsosuch as
181 intervalcensored survival models with random effg®t#ng, Lam & Lo 2006). The Weibull
182 survival function gives the probability that the time of death of an individyalxceeds timé

183 P(1'>1)=exp(~(t/a) ). 12 0.5.0>0. (eqn 1)

184 Here,ais the'scale, or characteristigrvival,parameter angis the Weibull shape parameter.
185 The time of.deatfl is treated aanunknown variable with the Weibull distribution truncated to
186 the intervalower tupped), Wheretiower is the last time a plant was recorded as alivetgpglis the
187 first time it was recorded as de@ffong, Lam & Lo 2006)We modelledx as a function of
188 treatment levels, salinity, and pli@tvel and sitdevel random effects:
189 log(a) =", + p, flood, + 3,browsing + 4, flood, x browsing+ £3,salinity, +

Epiotfi] FEsiefi]
190 Here,flood andbrowsingare binary indicator variables (0O = unflooded or unbrowsed
191 flooded ombrowsed), arghlinity is the standardized k. — X) / SD(x) ] sediment salinity at 20

192 30 cm depththe intercepph determines the survival rate in unflooded and unbroywhsd at
193 the mean salinityp is the flooding effectf, is thebrowsingeffect; 5 is the interaction between
194 browsing.and floodingf,is the salinity regression coefficient; aamdand ¢ are plotlevel and

195 sitelevel random effecisespectively.
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196 There was a prior knowledge about treatment effects, so uninformative normal prior
197 distributions (0 mean, high varianceg¢re asgjnedto treatment effects, anckehangeable
198 normal priors Gelman &Hill 2006) tothe plot- and sitdevel error terms:

199 B, ~N(0,10000),j =1,..,4&, ~ N(0, O';M),j =1,..., Nplots;s, ~ N(0, cl.),j=1,..., Nsites.
200 N() indicates"asnormalistribution,Nplotsis the number of plots, amdsitesis the number of
201 sites. We used uniform priors for the standard deviations of the random effebtsa( & Hill
202 2006) and,a gamma prior for the Widitshape parameter:

203 0 ~Uniform(0,10);0,, ~ Uniform(0,10);y ~ Gamma(0.001,1000).

site
204 This model'was fitted using three chains eaicR00000 iterations (10000 burnin
205 iterations results discardgdmplemented in WinBUGSers. 1.4(Spiegelhalteet al. 2002).
206 Model convergence was assessed by examining-tigtory plots and RubirGelman-Brooks
207 statisticgGelman & Hill 2006.
208 The effects of flooding, browsing and sediment salinity on trends in seedling height were
209 modelled by fitting a mixed Poisson regression model with random plot and site:effects

H; < Paissor(4; )
210 Iog(ﬂ]j )= a +(f3, + B, flood, +S,browsing + 43, flood, x browsing) xt; + jsalinity, + (3)

€ piotfi] LSsiteli]-

211 Here,ais theintercept, time i;iumber of days since planting, the are trend parametees.
212 the rate of’change in unflooddatpwsedplots is given by exgh + £)), v is the linear salinity
213 effect, ande and¢ are plot and site random intercepAsi initial model fitted withtreatment
214  specific intereepts confirmed thsgedling height did not vary among treatments at planting
215 (time = 0)s

216 Results

217 Flooding had a strong positive effect on sluevival of Eucalyptus camaldulensseedlings,
218 while browsingand sediment salinitgecreased survival times (TableHig 29. Flooding
219 increased survival times nearly eigbtd in unbrowsedreatmentgposterior meanf@5%
220 credible intervalCl)] = 1934 (407-7685)alsin flooded/utrowsedreatments vs248 (75—

221 976) daysin unflooded/unbrowsegfsterior means araodelledsurvival time$. The flooding
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222
223
224
225
226
227
228
229
230
231
232
233
234
235
236

237

238
239
240
241
242
243
244
245
246

247

248
249
250

effect inthe browsedreatmentsvas marginally weaker, withn estimated 4-fold increase in
survival timeg310 (67-150ydays in flooded/browseteatments/s. 76 (18—278days in
unfloodedbrowsedreatments However,similar flooding effects irbrowsedand unbrowsed
treatments cannot be ruled dagicausehe floodingx browsing interaction had large
uncertainty-fable ) and there was large overlap in the confidence intervals for survival times
among treatments. Browsing reduced survival times by 83% in fldogiitnentsand a one
standard deviation increasesedimensalinity (8 822pScm'1) reduced survivaimesby 34%
(Table 1).

Flooding,before planting greatly increased height growth, such that at the end of the
experiment (609 d) seedling height was 65 + 10 cm in the unbrowsed/flooded treatment but only
5 £+ 3 cm in the unbrowsed/unflooded treatment (Fig. Blwsingreduced the height of
seedlings (Table 2, Fig. 2b), with seedling height in the browsed/fldoeksthenbf 5 £4 cm
being similartahatin the unbrowsed/unflooded treatmanthe end of the experimeffiig. 2b).

In the browsed/unfloodeteatment, sedlirg height was reduced rapidly and browsed to ground
level by the end,of the experiment (Fig. 2b). In the unflooded treatment, browsing reduced total
seedling height by 99% S/"rcompared with 68% yi]’ for unbrowsedeedlings. In the flooded
treatment, thetotal height bfowsedseedlings waseduced by 77% yt, compared witka 10%

yr* redUetionsfor unbrowsed seedlings (Fig. ZB)eaverage height reduction in the unbrowsed
treatment was an artefact of sigecfic mortality that occurred during the second summer
(post-370'days, Fig. 2b)here was weak evidence that increasing sediment salinity reduced
seedling height, buhe effect wasuncertain(Table 2).

Managed. flooding had a strong positive effect on seedling survival and Wmsidgnbrowsing
substantially decreased surviald heigh{Table 1, Fig 2a)There wasvidence of a negative
effect of'sedimaet salinity on seedling survivabut limited evidence for a negative effect on
height.

Discussion

Managed bodifng hada strong positiveffectonseedlingrecruitmentof E. camaldulensi®n
this semtarid floodplain (Fig. 2, Tables 1 and Browsinghad a strong negative effect on

recruitment, with the positiveffectof flooding almost eliminatedvhen seedlings were exposed
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to browsing bylivestockandferal and native herbivoreSedimensalinity had a weaker

negative effect on seedling survival andegligible effect on seedling height. These outcomes
haveimportant implications fotherecruitmentof this keystonéreespeciesgivenreduced
flooding due taiver regulation(Nevill 2009),increasing floodplain salinitfCunningharret al.
2009), ncreagg frequency and severity of drought&e(donKidd & Kiem 2009), and ongoing
browsing by livestoclandother herbivores on many floodplaiféRC 2009. Recent
managéementof these forests has focused on flooding to arrest the dieback of matiknileses.
a general program of more frequent flooding may increase seedling recruitiitieod; ev

strategy t0 address other interactprgssurs, such as browsing, flooding alone will not ensure
the longterm amiability of these forests.

MANAGED FLOODING IMPROVES RECRUITMENT
The field experiment demonstrated the importance of managed flooding during dry fmriods
the successful recruitment of floodplain trees (Fig. 2, Table 1). Flooding igcalgibcesdor
seedling recruitment &. camaldulensislsewhere on the Murraarling Basin(Dexter1978)
andfor other fleodplain trees around the world (e.g. Karrenberg, Edwards & Kollmann 2002).
Reducedleeding under river regulatioaften favourexotic treesand herbaceous terrestrial
weedge.grMerritt & Poff 201Q Catfordet al. 2011). Notwithstandindifferences irthe
hydrologic, geomorphic and climatic contéetweerupland and lowland floodplaiiorests,
hydrologic connectivity between a river and its floodplain appears to be fundameneddbng
recruitment(Streng, Glitzenstein & Harcombe 198@nes & Sharitz 1998rolific recruitment
of floodplainstreeseedling often follows floodswhich creat germination sites by increasing
soil moisture and in some cases improving access to shallow water tables and scouring
previouslyoccupied substra@lahoney & Rood 1998).

Thetiming.of.flood recession in relation to the growisggsons important to germination
and successfulrecruitment of seedlifge E. camaldulensisseedlingshat germinatat the
beginning.efithe growing season (e.g. end of the austral winter) are likely to have highex surviv
ratesthan these, that germinate labercausesarly germinantsstablish deepepot systems to
access soil moistuuring thefirst summenafter germinatbn when conditions are hot and dry
(Dexter 1978)Similary, on thearid floodplains osouthwesternNorth America, seedlings of

This article is protected by copyright. All rights reserved



281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310

manytree species germinate prolifically aeatly in theseasomminimizing exposure to
browsing and avoidindesiccatior(Streng, Glitzenstein & Harcombe 198Buture predictions
of reduced rainfall for many areas (IPCC 2014) will reduce flooding frequdacygasing
opportunities foseedlingrecruitmenton floodplains (Rooet al. 2008).Managediooding
provides anmportant tooffor mitigating the effects ohuman-induced drying bgmulating

historicalealy-season flooding tmaximize recruitmenguccess

INTERACTION OF FLOODING AND BROWSING
Mammalherbivoresaffectrecruitment of tree seedlings on floodpldiesausehey may act as
consumers'(rémoving plants), parasites (browsing plants) or have mutualisnisufdigt seeds
and propagules, Crawley 1983). Floodingy modulate the effects difrowsingby limiting
foraging opportunigs ancherbivorepopulation densitypr throughaffectingresource availability
and physiolegical stress for tree seedlings (Andersen & Cooper 2008xampleof the impact
of browsing.is.the neabsence ofecruitment ofasperPopulus tremuloideMichx. in western
North Americafrom browsing bythe Rocky Mountain elkCervuselaphud.. Tree ecruitment
greatlyincreasedollowing the reintroduction oélks’ predator, the greyolf (Canis lupusL.
Painteret al2015).

Our understanding of the direct effectaxedmmalherbivory on floodplains is limited
because few studies have experimentally manipulated browsimgamtbred seedling survival
(e.g. Opperman & Merenlender 2000). Exclusion studies on floodplains in south-western North
Americashowedsubstatial decreases in height growth (60%), density (90%) and survival (25-
50%) when'tree seedlinggereunprotected from browsing during periogish some flooding
(Andersen & Cooper 20Q0@ndersen 2005). Espite the positive effect aianagement flooding,
mammal browsingreatlyreducedsurvival rate (83%) angrowth in heigh{92%) for tree
unprotectedsseedlings (Fig. 2his pronounced browsing effeptobablyis due to the
experiment:being conductedatime of acute food shortage associated with the worst recorded
drought inssoutleastern Australia’istory san Dijk et al. 2013).

Flooding regime has important implications for browsing of tree seedlings andothghef
the successful recruitment of future floodplain forests. Floodwafgisally exclude most

mammalherbivores from floodplain forestagartfrom aquaticherbivores suchas beaver
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Castorspp.), butiver regulatioroftenleads to amncreasen the densityof terrestriaherbivores
(Andersen & Cooper 2000erbivores are attracted the receding waters where thésenore
food. Floodplain forests in serarid regions arenoreprone to elevated browsing thadjacent
upland vegetatiobecauséderbivoresoncentrate neavater, particularly during droughts
(Robertson.&.Rowling 2000 Waterstress can make seedlamgore nutritious tderbivores,
particularlyinsects(Crawley 1983). River regulation has reduced flooding frequency, extending
access 'to'floodplains and tteration of browsing between flood®ersistent browsinguchas

in theunfenced creekim our study, leaves seedlings vulnerable to ghhessurssuch as

salinity, desiccationKozlowski 1997) andubmergencby subsequent flood®exter 1978),

while favouringyother structural types (e.g. grasses and shrubs, Bxlkke2004).Our sampling
did na allow us tomeasureénerbvore densities or separate @peciesffects However, there is
evidence and observations of all three species (livestock, kangaroos and rahbitsjting to
browsing mortality across tH®odplain (P. Kelly pers. communication, May 200%ence,
management actions that reduce browsing pressure fronaalmalherbivores during the

critical establishment phase (24 milesafterflooding) are recommended for enhancing seedling
recruitment adithe overall ecological value of managed flooding.

Given'the predicted increased frequency of extreme drotigintnGannet al. 2013) the
substantial'negative effects of browsing on recruitment of tree seedlings ondiosdphy
become increasinglyypical, rather than exceptiondbr many semarid and arid regions around
the world.To reduce th@egative impacts of browsing tree seekhg recruitment, managed
floods should*he extensive, to provideidespreadyrowth pulsehat dispersekerbivores
across thefleodplajmndmore frequent toeducebrowsing-induced seedling mortality between
floods. Tradesffs are likely to occur when prescribing managledd regimes for sustaining
forest healthFor example, floodingn successive yeavsill enhancenature tree growth
(Robertson, .Bacon & Heagney 2001), but drown seedlings that germinated in response to the
initial flood (Dexter 1978)If seedling recruitment is paramouatinter-flood period ofat least
24 monthgsmeededor seedlinggo reachsufficientheight(>1 m tall)to toleratesubsequent

flooding.

INTERACTION OF FLOODING AND SEDIMENT SALINITY
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341 Salinity has becoma significant problem on arid floodplairsjch aghe MurrayRiver, because
342 irrigation andcatchmenteforestatiorhaveelevated theaturally salinevater tablewhile river
343 regulation has reduced the frequency of floodsftivaterly freshenedsediments andvers

344  (Jolly, McEwan & Holland 2008)-orest dieback occurs whgmundwater becomes

345 unavailablde.treesdue to excessive salinity or detbunninghanet al.2011). There is good
346 understanding.of the groundwatese(Mensforthet al. 1994 Snyder & Williams 200Pand

347 salinity tolerance oéstablishedrees(e.g. Niknam & McComb 2000), but not seedling

348 recruitmentMeost salinitytolerance studies are glasshouse t(lg. Marcaet al.2002)and are
349 unlikely to reflect the tolerance of situseedlings subject to multiple interacting pressures in
350 floodplain ecesystems.

351 Sediment salinity had a negative effect ondherival of seedlingand may have suppressed
352 growth (Tablesl and ZJhe salinity effect wamuch smaller than the negative imfsacf

353 browsing but we caution that sediment salinity was a covariate rather than a designed effect
354 Glasshouse trialeave showrseedlinggrowth ofE. camaldulensiprovenances issduced by
355 43-82% whensgrown at the salt concentrations found in maoyrafollectedsedimentgca

356 14 600 uS'cmi; Marcaret al. 2002). There are substantial growth reductions of seedlings of
357 cottonwoedPopulus fremontis. Watson and willovsalixgooddingii C. R. Ballfrom

358 comparable*floodplasin southwesternNorth America(46% and 38%, respectivelsg much
359 lowersalinities(8000 pS cit) anddeath at sediment salinities & £6000 pS crit in

360 glasshouse. trialca 7800 uS cf‘h Glennet al. 1998. Ourfield experimensuggestshat short
361 term inundation of seedlings (several weakay eliminatethe negative effect of sediment

362 salinity presumably by flushing salt from the rooting zone of the seedfiragges 1 and ?

363

364  IMPLICATIONS FOR FUTURE MANAGEMENT OF FLOODPLAIN FORESTS

365 High mortality of mature trees due to a drying climate and river regulation (Hetraer

366 2009)is important fodland managers working with flooldyin forests in serrarid zones.

367 Howeversthe long-term viability of tree populations depamdsuccessfulecruitment so there
368 isan urgent need to increase seedling recruitnmemiany floodplain forests around the world.
369 Many studies have shown that patterns of establishment and growth in the earlissifstage

370 forest development are critical in setting tihajectory for subsequent stalegtel structure and
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composition (Horneet al. 2009).We focused on this early life stage recagng that it iscrucial
for sustainingutureforeststructure and function. Seedling surviedE. camaldulensisias
improved dramatically by managed flooding, this improvement wasbolishedoy mammal
browsing (Fig. 2). Fortunately, most of the pressures controlling seedling recrudamebe
addressed.by,active management, albeit for small areas given the limitetypiatdly
availablefor. managd floodingin these watestressed systems

Understanding the complex interactions ampregsures analse ofintegratedstrategies
(managedfleeding with herbivore contrabenecessaryo sustain recruitment d.
camaldulensisakeystone tree specigsthese floodplain ecosystems. Historical flooding
regimes mustrbe emulatédcreased frequency of winter to early spring floodstitoulatetree
recruitmentfor longterm population viabilityCurrent managed flooding in searid Australia
oftenis restricted to creeks and wetlani@sding toundesirable recruitment of tree-loods
should maximize the area of forest inundatestitnulatea widespread growth pulgef tree
seedlings and herbaceous underst@tapnty, reducing the concentration of herbivores and
browsing-induced seedling mortality. Temporary fencing could be used to improvigmect
at small targeted locatiorfe.g. Edeniugt al. 2011), anderemoved once saplings have
established,and are less prone to browieight > 2 m, e.g. Harmer 2001).

The pressure of river regulation and browsing on floodpléamests are increasingly
prevalentin floodplains around the worlihcluding soutkernNorth America,Ching the Middle
Eastand Africa(Ddll & Zhang 2010). While flooding is a key process affectiegseedling
establishmentiand survival, the reintroduction of historical flegimess a formidable
challengeunder the projected dramatic decreasesser flows (climate, human use)nd
accompanying increases in temperatures for manyladdplainecosysters (PCC 2014. Most
arid floodplains have become divided irdmall, isolatedreas that receiveanaged floodat
best those that.are flooded (rarely) during extreme floods, and the large remaatdaayhnot
be floodedagain(Caponret al.2013). The future ofmany floodplain forests is likely to be as
small ‘islands™of remnarfbrestwheremanaged flooding occurs regularly enowgthin a
broader landscaptominated by declining or dying forests (Selwood, Mac Nally & Thomson
2009). The adoption of flexible managemprdcticeghat anticipate and accommodate future

uncertainty will be critical foarresting declines in @ustaining floodplain ecosystem function
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(Hulme 2005) At the heart of these efforts will be regular targeted floods in combination with
suppressiowf browsing (e.g. temporary fenciptp maximizerecruitment and maintain the

structure of floodplaifioreststhrough extended dry periods.

Data accessibility

Experimentaldatéseedling survival, height and sediment salinity) have been registered with
figshare doi10:6084/m9.figshare.1618¢b®rneret al. 2015).
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Table 1.'Flooding, browsingnd salinity effect&n the survival model for seedlings.
proportional effect > 1 indicates increased survival ferglooding, survival was/.7 times the
control)whereas groportional effeck 1indicates decreased survival

Parameter Coefficient ~ Mean+ SD Proportional effect
mean(95% CI)

Intercept Lo 5.33+ 1.05 -

Trends
flooding o 2.04+ 1.27 7.70 (0.63, 92.1)
browsing P —1.28+ 0.49 0.28 (0.11, 0.72)
flooding X browsing Jea) —-0.52+ 0.66 0.60(0.16, 2.17)
salinity yon -0.42+ 0.21 0.66 (0.43, 1.00)

Table 2. Flooding, browsing and salinity effects in the model of seedling height gromitfi {).
Coefficients are posterior mesih 1SD (95%Cl). Rate column gives the % annual rate of
change in height for each treatment combinatiafculated as00(e3%55/Y — 1), whereB is the
sum of relevanstandardizedoefficients(e.g.B = fy + . for browsed/unflooded treatment) and

ois therstandard deviation tine (days since planting)

Parameter Coefficient ~ Mean+ SD 95% CI Rate 06 yr)
Intercept a 4.20+0.26 (4.08, 4.78)
Trends
referencgo) So —-1.14+ 0.05 (-1.25,-1.04) -68
flooding (51) S 1.04+ 0.06 (0.92, 1.16) -10
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browsing ) 5 -3.34+0.20 (-3.74, -2.96) -99

flooding x browsing £s) i 1.99+0.21 (1.59, 2.40) =77
salinity (y) S -0.14+0.10 (—0.33, 0.06)
Figure legends

Figure 1 wlLocation of the study area on the Murray River floodplain and of the sites Hue
ereeks of this floodplain area. Symbols show the locatighre&flooded (&) and

threeunfloodedcreeks(®). Grey shading indicates extent of historical floodplain.

Figure 2 “Changes in survival (a) and height (b) of planted seedlings over time faurthe f
flooding and browsing treatments: floodediumwsed(A), flooded/browsed4),

unflooded/unbrowsed®) and unflooded/browsed)).
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