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TITLE 1 

 2 

Early physiological flood-tolerance is followed by slow post-flooding root recovery in the 3 

dryland riparian tree Eucalyptus camaldulensis subsp. refulgens 4 

 5 

 6 

ABSTRACT 7 

 8 

We investigated physiological and morphological responses to flooding and recovery in 9 

Eucalyptus camaldulensis subsp. refulgens, a riparian tree species from a dryland region 10 

prone to intense episodic floods. Seedlings in soil flooded for 88 days produced extensive 11 

adventitious roots, displayed stem hypertrophy (stem diameter increased by 93%) and 12 

increased root porosity owing to aerenchyma formation. Net photosynthesis (Pn) and stomatal 13 

conductance (gs) were maintained for at least two weeks of soil flooding, contrasting with 14 

previous studies of other subspecies of E. camaldulensis. Gradual declines followed in both 15 

gs (30% less than controls) and Pn (19% less). Total leaf soluble sugars did not differ between 16 

flooded and control plants. Root mass did not recover 32 days after flooding ceased, but gs 17 

was not lower than controls, suggesting the root system was able to functionally compensate. 18 

However, the limited root growth during recovery after flooding was surprising given the 19 

importance of extensive root systems in dryland environments. We conclude that early flood-20 

tolerance could be an adaptation to capitalise on scarce water resources in a water-limited 21 

environment. Overall, our findings highlight the need to assess flooding responses in relation 22 

to a species' fitness for particular flood regimes or ecological niches. 23 

 24 

 25 

INTRODUCTION 26 

 27 

 28 

Episodic floods characterise the riparian arteries of many arid and semi-arid regions of the 29 

world. Flooding is a major abiotic stressor for many plant species, often resulting in reduced 30 

growth and death in maladapted species (Bailey-Serres & Voesenek, 2008). Prolonged 31 

flooding creates hypoxic conditions around the roots, impairing root growth and function 32 

(Sauter, 2013). However, plant responses to hypoxia vary among species, as well as with 33 
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genotype, age and duration of flooding (Bailey-Serres & Voesenek, 2008, De Carvalho et al., 34 

2008, Jaeger et al., 2009, Kozlowski, 1997). While floods can occur across many ecosystem 35 

types, assessment of physiological responses to prolonged flooding has focussed primarily on 36 

crop species (e.g rice, Colmer et al., 2014), a range of temperate herbs (Chen et al., 2002, Yin 37 

et al., 2009), temperate trees (Ferner et al., 2012, Schmull & Thomas, 2000) and more 38 

recently, tropical trees (Herrera, 2013, Medina et al., 2009). Flooding tolerances of trees from 39 

more arid regions have been studied most often in the context of increasing salinity 40 

associated with rising water-tables (Bell, 1999, Jolly & Walker, 1996). Less attention has 41 

been given to physiological responses of dryland trees, particularly seedlings, to freshwater 42 

flooding resulting from large, strongly episodic and often short-lived flows.  43 

 44 

Dryland streams in the arid and semi-arid subtropics are some of the most hydrologically 45 

dynamic environments for plants to grow and survive and are often characterised by 46 

prolonged periods of low, intermittent or no flow. Permanent inundation is naturally rare and 47 

typically only occurs in localised areas where groundwater is expressed at the surface 48 

(Fellman et al., 2011). While drought stress is often a focus for trees growing in such 49 

environments (e.g. Horton et al., 2001), riparian trees nevertheless experience occasional and 50 

often drastic flooding following extreme rainfall events (for example, as a result of cyclones). 51 

Thus, sustained soil inundation can occur, resulting in occasionally severely hypoxic and 52 

even anoxic conditions in the root zone. Low availability of oxygen can also occur in deeper 53 

substrate layers alongside streams (Sairam et al., 2008) and in stagnant water as pools and 54 

reaches of rivers contract in the dry season. Plant tolerance or adaptation to waterlogging 55 

generally correlates well with the degree of flooding in the natural habitat of any given 56 

species (Visser et al., 2000). Given flood events in dryland systems are often unpredictable, 57 

infrequent and short-lived (Ruprecht & Ivanescu, 2000), we expect dryland riparian plant 58 

species to exhibit moderate flooding tolerance but also to have capacity to recover quickly 59 

once flooding has subsided. This capacity to adapt quickly to the post-flooding environment, 60 

for example through the re-establishment of an extensive root system, would be equally 61 

important in seedlings and saplings as surface substrates rapidly dry. 62 

 63 

Many flood tolerant trees develop an extensive adventitious root system and exhibit swelling 64 

of the stem (stem hypertrophy) often associated with lenticels (openings in the epidermis) in 65 

response to flooding. Adventitious roots in conjunction with lenticels create a gas transport 66 

system that enables roots to continue respiration and in turn maintain water and nutrient 67 
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uptake under flooded conditions (Sauter, 2013). However, the surficial adventitious root 68 

system that develops during prolonged flooding may be poorly suited to the post-flood 69 

environment (Capon et al., 2009). In addition, large portions of the pre-flood root system of 70 

mature trees may decay during prolonged soil inundation, such that deep tree roots may no 71 

longer be able to function and supply trees with access to deeper water once flooding recedes 72 

(Kozlowski, 2002). Combined with the risk of post-anoxic injury due to the build-up of 73 

reactive oxygen species (Blokhina & Fagerstedt, 2010), it is clear that plant response post-74 

flooding, such as new root growth and maintenance of physiological function, will be 75 

important for survival in any system that is hydrologically highly dynamic.  76 

 77 

Changes to physiological function during flooding are common even in flood-tolerant plants. 78 

Reduced net photosynthetic rate (Pn) and stomatal closure occur frequently in plants in 79 

flooded soil (Atkinson et al., 2008, Kreuzwieser & Rennenberg, 2014). Flood-tolerant plants 80 

typically display an initial decline in stomatal conductance (gs), before recovering to pre-81 

flood levels (Herrera, 2013). This recovery during root-zone flooding often coincides with the 82 

production of aerenchyma and associated adventitious roots and lenticels (Iwanaga & 83 

Yamamoto, 2007, Kozlowski, 1997). With changes to leaf gas exchange and photosynthetic 84 

capacity during soil flooding, carbohydrate metabolism can also be significantly impacted. 85 

Root carbohydrate resources during flooding are already in high demand due to anaerobic 86 

metabolism, and reduced production (i.e. photosynthesis) exacerbates the potential imbalance 87 

in carbohydrate supply and demand (Colmer & Voesenek, 2009). Carbohydrate starvation 88 

can ultimately affect plant survival, thus the ability to meet carbohydrate requirements is 89 

considered a key determinant of flooding tolerance (Colmer & Greenway, 2005).  90 

 91 

Seedlings are particularly vulnerable to carbohydrate starvation and stress in general, having 92 

far fewer carbohydrate reserves than mature trees (Niinemets, 2010). Successful recruitment 93 

of riparian and floodplain tree species in arid and semi-arid zones is highly dependent on 94 

water availability and typically occurs post-flooding (Westbrooke & Florentine, 2005); 95 

however, further flooding before seedlings are fully established can be detrimental,  96 

particularly if flooding is prolonged or of high intensity. Similarly, seedlings are also 97 

vulnerable to drought once floods have subsided and water supplies decline (Li & Wang, 98 

2003). However, the factors contributing to seedling survival are still not well understood for 99 

many Australian arid and semi-arid zone species, including riparian trees (Capon et al., 100 
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2009). Further, there have been relatively few studies that have assessed recovery of seedling 101 

function once flooding conditions recede (Real et al., 2008, Striker, 2012). 102 

 103 

Eucalyptus camaldulensis Dehnh. is one of the world's most commercially important tree 104 

species, grown extensively for timber production and in restoration of waterlogged and saline 105 

soils worldwide. E. camaldulensis occurs naturally across much of the Australian continent 106 

and is primarily confined to watercourses and river floodplains (Colloff, 2014). E. 107 

camaldulensis has recently been divided into seven subspecies which are strongly associated 108 

with particular geographic regions, although there is limited co-occurrence of some 109 

subspecies in parts of inland eastern Australia (Butcher et al., 2009, McDonald et al., 2009). 110 

There is an extensive body of research that has examined field responses of mature E. 111 

camaldulensis trees to waterlogging conditions from shallow saline water-tables, primarily 112 

confined to subspecies from southern Australia (e.g. Akeroyd et al., 1998, Benyon et al., 113 

1999, Marshall et al., 1997). Experiments on responses of E. camaldulensis seedlings to 114 

prolonged non-saline flooding have to date also focussed primarily on E. camaldulensis 115 

subsp. camaldulensis from the Murray-Darling River system (Heinrich, 1990, Kogawara et 116 

al., 2006, Marcar, 1993, McEvoy, 1992), or on plants of unknown or unspecified subspecies 117 

(Blake & Reid, 1981, Pereira & Kozlowski, 1977, Sena Gomes & Kozlowski, 1980, van der 118 

Moezel et al., 1989). Given that E. camaldulensis exhibits large provenance-specific 119 

differences in salt, drought and heat tolerances (Gibson et al., 1995), and there are indications 120 

of genotypic-specific differences among clonal lines of E. camaldulensis in flooding 121 

tolerance (Farrell et al., 1996), we might expect to see a different flooding response of E. 122 

camaldulensis seedlings in a subspecies from a more arid but hydrologically dynamic 123 

environment.  124 

 125 

In this study we investigated the physiological and morphological responses to prolonged 126 

flooding and severely hypoxic soil conditions of seedlings of E. camaldulensis subsp. 127 

refulgens Brooker & M.W. McDonald., collected from their riparian habitat in the semi-arid 128 

Pilbara region of northwest Australia. We also assessed recovery of seedlings after the 129 

flooded soil was drained, which to our knowledge has not been previously investigated in any 130 

subspecies of E. camaldulensis. Based on studies of subspecies in more temperate climates 131 

and the level of flood exposure of its natural environment, we hypothesised that E. 132 

camaldulensis subsp. refulgens would be moderately flood tolerant. We expected that with 133 

soil flooding, Pn and gs would initially be reduced but would rapidly recover as seedlings 134 
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developed morphological adaptations to flooded conditions, such as adventitious roots. Under 135 

additional and prolonged hypoxic stress, we expected that Pn and gs would be severely 136 

reduced. We also hypothesised that once flooding had ceased, rapid recovery of physiological 137 

functioning and root mass would be an adaptive trait of this subspecies. 138 

 139 

 140 

MATERIALS AND METHODS 141 

 142 

Collection of plant material 143 

E. camaldulensis subsp. refulgens were collected as seedlings (height ~ 10-20 cm) from the 144 

bed of the main channel of Weeli Wolli Creek (S 22°53.664 E 119°13.259), near the town of 145 

Newman in north Western Australia. Taxonomic classification of all individuals was 146 

confirmed using internal transcribed spacer (ITS) sequencing, where DNA was extracted and 147 

amplified in a polymerase chain reaction with ITS primers (Steane et al., 1999). Mean 148 

maximum temperatures at Newman range from 39.5 °C in the austral summer (January) to 23 149 

°C in winter (July). Median rainfall is 308 mm yr-1, but is highly variable both within and 150 

among years (Bureau of Meteorology, 2011). Weeli Wolli Creek, like many streams across 151 

the region, is naturally ephemeral for much of its extent. Short-lived floods are usually 152 

associated with heavy cyclonic rain, which can generate flows as great as 430 m3 s-1 but 153 

which generally dissipate in a matter of days or weeks (Dogramaci et al., in press). 154 

 155 

Seedlings were transported back to the laboratory and planted into 4.25 L, 200 mm diameter 156 

pots filled with coarse river sand. Experiments took place between February and June 2011, 157 

in a glasshouse in Perth (31.9828° S, 115.7997° E). Of the 300 seedlings collected, 67 of the 158 

most morphologically uniform were grown in the glasshouse. During the treatment period, 159 

the average maximum air temperature in the glasshouse was 27.0°C (3.6°C standard 160 

deviation) and the average minimum air temperature was 15.9°C (3.6°C standard deviation). 161 

Seedlings were grown for one month to acclimatise before experimental treatments were 162 

applied. Seedlings were well watered and supplied with 10 g per pot of slow-release fertilizer 163 

(Native Gardens Osmocote®, Scotts, Australia).  164 

 165 

Experimental design  166 

E. camaldulensis subsp. refulgens responses to soil flooding were tested in three related 167 

experiments. In the first experiment (Experiment 1), we compared responses of seedlings 168 
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subjected to soil flooding with a control (free-draining) treatment. In the flooding treatment, 169 

pots containing plants (n=20) were placed inside a larger, sealed pot and flooded to 2 cm 170 

above the soil surface. The soil containing plants was flooded for 88 days, with the water 171 

level topped up daily or as needed with tap water. Control plants (n=26) were watered daily 172 

or twice daily in hot weather to excess of field capacity so that water drained out of the 173 

bottom of the pots. Plants were harvested immediately before soil flooding (15 individuals), 174 

after 42 days of treatment (four plants from the flooded treatment and five from the control) 175 

and at the conclusion of the experiment after 88 days of flooding (six flooded plants, nine 176 

control plants). 177 

 178 

Experiment 2 examined morphological and physiological responses of E. camaldulensis 179 

subsp. refulgens seedlings to a severely hypoxic root zone. The "severe hypoxia" treatment 180 

prevented surface water mixing with oxygen in air, in order to test whether roots could 181 

survive and function almost entirely on oxygen transported into the roots via aerenchyma. 182 

The “severe hypoxia” treatment was applied to six plants (previously flooded for 46 days) by 183 

replacing the 2 cm layer of surface water with a layer of deoxygenated 1% (w/v) agar 184 

solution, and covering the agar surface in the pots with black plastic for 42 days (to prevent 185 

photosynthesis by algae) with the stem protruding via a central silt. A conventional soil 186 

flooding treatment (n=16) and well-watered control (n=21) as described for Experiment 1 187 

were used as comparisons. 188 

 189 

Experiment 3 was conducted at completion of the soil flooding experiment (Experiment 1) to 190 

assess seedling recovery and the capacity of plants to develop new root biomass and recover 191 

physiologically following soil drainage. Recovery treatment seedlings were removed from 192 

sealed pots (previously flooded for 88 days; n=5), allowed to drain and then treated as per 193 

control plants for an additional 35 days. An ongoing flooded treatment (plants also previously 194 

flooded for 88 days; n=5) and well-watered control treatment (n=12) as described in 195 

Experiment 1 were used for comparisons. 196 

 197 

Monitoring of soil flooding treatments 198 

Environmental conditions were monitored throughout the experiments. Soil redox potential at 199 

4 cm soil depth was measured weekly with custom-made platinum wire redox probes and a 200 

reference electrode connected to a mV meter (Patrick et al., 1996). Redox probes were 201 

installed in ten pots each of flooded and control treatments (Experiment 1). In the severe 202 
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hypoxia experiment (Experiment 2), an oxygen mini-electrode (OX-MR, Unisense A/S, 203 

Aarhus, Denmark) was used to measure oxygen in the surface water (1 cm below surface) 204 

and in the soil pore water. Water was extracted using a nitrogen flushed needle and syringe. 205 

Surface water measurements in agar-containing pots were made approximately every four 206 

days, while measurements in flooded pots, which remained stable throughout the experiment, 207 

were measured approximately every nine days. The pooled mean of all flooded pots was used 208 

for statistical comparison to the severe hypoxia treatment. Measurements of soil pore water 209 

were conducted one day after agar imposition, with pore water sampled at 4 cm below the 210 

soil surface, in both severe hypoxia and flooded treatments. In Experiment 3 (recovery 211 

experiment), all flooded and recovery treatments had redox probes, as well as ten of the 12 212 

control pots. 213 

 214 

Assessment of morphological characteristics 215 

Morphological characteristics including stem diameter, height and the presence of 216 

adventitious roots were measured weekly for all experiments. Root dry mass, aboveground 217 

dry mass, root porosity and root anatomical measurements were taken at the beginning and 218 

end of the soil flooding experiment (Experiment 1). Destructive sampling as described above 219 

was also conducted at the conclusion of Experiment 2 (severe hypoxia) and Experiment 3 220 

(recovery). Root dry mass was portioned into upper and lower layers that corresponded to a 221 

distinctive and sudden colour change from yellow to black that was observed in the sand in 222 

pots of all treatments except the control. The lower (black coloured soil resulting from 223 

reducing conditions) section of the pot was assumed to be anoxic because of the pungent 224 

odour, and was on average ~50% of the soil volume. In control pots, root dry mass was 225 

partitioned into roots in the upper 50% of soil volume and lower 50% of soil volume. The 226 

buoyancy of roots (1.5-2.5 mm diameter) from the upper soil layer was measured before and 227 

after submerged roots were exposed to a vacuum, ensuring all gas spaces inside the roots 228 

were infiltrated with water (Raskin, 1983). Root porosity (percentage gas volume per unit 229 

root volume) was then calculated from buoyancy using the equations of Thomson et al. 230 

(1990). Similar sized roots from each treatment were examined for anatomical differences 231 

after hand-sectioning and staining with toluidine blue before being examined using a light 232 

microscope (Olympus CH, Olympus, Australia) and digital camera (Nikon Coolpix, Nikon, 233 

Australia). 234 

 235 

Physiological measurements 236 
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Pn, gs and internal CO2 concentration (Ci) were measured with a portable gas exchange 237 

measurement system (Li-6400 Portable Photosynthesis System, LI-COR, Lincoln, NE, USA). 238 

Approximately weekly measurements were taken on the youngest fully expanded leaf 239 

between 0900 and 1200 hrs. The flow rate was 500 mL/s; relative humidity of influx air 240 

maintained at ambient level, but restricted to less than 75%; reference CO2 concentration was 241 

400 µmol CO2 mol-1; and a red-blue light source was used at PAR 1500 µmol m-2 s-1. The 242 

leaf chamber was not cooled below ambient temperature. Values of Pn, gs and Ci were 243 

adjusted to account for the strong dependence of these measures on air temperature. 244 

Temperature dependence in Pn and gs were modelled with cubic functions to account for 245 

inhibition at high temperatures (r2= 0.425, p<0.001; r2= 0.208, p<0.001 respectively), while 246 

Ci was best described by a linear relationship (r2= 0.350, p<0.001).  247 

 248 

Soluble sugars were extracted from freeze-dried and ground leaf samples (youngest fully 249 

expanded leaf) in 80% ethanol with reflux, twice. Extracts were analysed using a HPLC 250 

method (600E pump, 717plus autoinjector, Waters, Milford, MA, USA) with an Evaporative 251 

Light Scattering Detector (ELSD, Alltech Associates, Deerfield, IL, USA) as adapted from 252 

Slimestad and Vågen (2006). Separation was achieved at 30 ± 0.5°C on a Prevail ES 253 

Carbohydrate column (250 x 4.6 mm i.d. with 5 µm packing; Alltech Associates) using an 254 

isocratic mobile phase consisting of 25% Milli-Q water and 75% acetonitrile at 1 mL/min. 255 

Samples in the autoinjector were held at 10°C and the ELSD settings were; drift tube held at 256 

80°C and high purity nitrogen flow rate 2.55 L/min for nebulisation. Calibration curves for 257 

each sugar were generated from peak area versus the mass of standard sugar injected, and a 258 

standard was analysed every 10 samples to check for any instrument/detector drift. Data 259 

acquisition and processing was with Empower™ 2 (Waters) software. Retention times of 260 

sugar standards were used to identify sugars in the sample extracts. Typical sample injections 261 

were 15 µL and runtime was 12 min per sample.  262 

 263 

Data analyses 264 

The statistical package R was used for all analyses. Soil redox potential data in the recovery 265 

experiment were analysed with mixed model analysis using the nlme package (Bates et al., 266 

2011). The fixed factors were treatment, before/after draining, day and the interaction of 267 

treatment and before/after draining with individual plants as the random factor. T-tests or 268 

one-way ANOVA were applied as appropriate for other analyses, and where required, 269 
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Tukey’s HSD test was used to differentiate between treatments. Soluble sugar concentrations 270 

were all log transformed because of non-normality.  271 

 272 

 273 

RESULTS 274 

 275 

Experiment 1: Responses to prolonged soil flooding 276 

Soil redox potential decreased sharply for nine days following flooding before reaching a 277 

minimum value of -160 mV after 19 days (Fig. 1). Redox potential in flooded pots then 278 

increased steadily to 97 mV after 88 days (the conclusion of the experiment). In contrast, 279 

soils in control pots remained aerobic and redox potentials were constant at ~370 mV 280 

throughout the experiment.  281 

 282 

Pn was significantly lower in flooded plants after 22 days compared to control plants (Fig. 2). 283 

By 28 days, Pn of flooded plants remained relatively constant at ~17 µmol CO2 m-2 s-1 284 

compared to ~21 µmol CO2 m
-2 s-1 in control plants. gs was also consistently lower in flooded 285 

plants compared to controls from 51 days of flooding onwards. The difference between 286 

control and flooded plants was significant at 34 days (p=0.030), but not significant at 41 days 287 

(p=0.246) or 48 days (p=0.082). In control plants, Ci was negatively correlated with Pn 288 

(p<0.001, r2= 0.59; Fig. 3). In the early stages of flooding (prior to day 34, when gs was first 289 

lower in flooded plants compared to controls), Ci was also negatively correlated with Pn in 290 

flooded plants (p<0.001, r2= 0.79). However, from day 34 onwards, Ci in flooded plants was 291 

not related to Pn. Regardless of treatment or stage of experiment, Pn and gs were positively 292 

correlated (p<0.001, r2= 0.64; Fig. 3). 293 

  294 

Root dry mass of flooded plants was 60% less (p<0.001) than control plants by the end of the 295 

experiment (Fig. 4). Root mass of flooded and control plants were similar at day 42; however, 296 

after 42 days, root mass of flooded plants remained constant while root mass of control plants 297 

continued to increase. Aboveground dry mass did not differ between flooded and control 298 

plants at either day 42 or day 88. All plants grew rapidly at first, with three-fold increases in 299 

aboveground dry mass by day 42. However, growth rates of flooded plants in particular 300 

subsequently slowed and increased by only 18% compared to 59% in control plants between 301 

day 42 and day 88 (Fig. 4). 302 

 303 
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Roots were evenly distributed between the upper and lower soil halves in control plants. By 304 

contrast, roots of flooded plants after 88 days were four times as dense in the upper layer 305 

compared to the lower layer (p=0.013). Root porosity (as % gas-filled volume) of flooded 306 

plants was 32%, compared to 19% porosity in roots of control plants (p=0.004). Aerenchyma 307 

was consistently observed in cross-sections of roots of flooded plants, and occasionally in a 308 

few roots from control plants. 309 

 310 

Adventitious root production began in some plants as early as five days after soil flooding 311 

(Table 1). By 12 days, 75% of flooded plants had begun production of adventitious roots and 312 

by 26 days, all flooded plants had produced adventitious roots. New lateral roots were also 313 

produced from roots in the soil; many of which extended upwards into the surface water, to 314 

the extent that the soil surface was barely visible in some pots by the end of the experiment. 315 

All flooded plants also developed stem hypertrophy within 21 days of flooding; by 88 days 316 

the stem diameter at 1 cm above the soil surface of flooded plants was nearly twice that of 317 

control plants (p<0.001; Table 1). The swollen stem tissue was spongy, extended no more 318 

than a few mm above the waterline, and the epidermis had split (Fig. 5). In contrast, stem 319 

diameter at 10 cm above the soil was similar in control and flooded plants (Table 1). No 320 

differences in leaf senescence or chlorosis were observed between control and flooded plants.  321 

 322 

Total leaf soluble sugar concentration did not differ between control and flooded plants 323 

throughout the experiment. However, while sucrose concentration in leaves of flooded plants 324 

was not different to controls at 42 days, at the end of the experiment sucrose was 21% greater 325 

(p=0.030) in flooded plants (Fig. 6). In contrast, fructose concentration was reduced in leaves 326 

of flooded plants by 64% (p=0.010) after 42 days and by 43% after 88 days (p=0.038). 327 

Glucose was excluded from statistical analysis and contribution to total sugars because the 328 

majority of readings were at or below the limits of detection of the method used (20 mg/L, 329 

equivalent to 0.5% of dry mass in leaves). 330 

 331 

Experiment 2: Responses to severe root-zone hypoxia  332 

Measurements of surface water oxygen concentration in agar treated pots confirmed that the 333 

"severe hypoxia" treatment was subject to reduced oxygen concentrations, with oxygen levels 334 

only 45% of flooded pots by 16 days of treatment and 23% by day 36 (Supporting 335 

Information Fig. S1). The surface agar of two plants in this experiment became anoxic 336 

(oxygen below detection) after 31 days. Initial measurements of the oxygen partial pressure 337 
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in the soil pore water at 4 cm soil depth were all <2.5 kPa and did not differ between the 338 

severe hypoxia treatment and the flooded treatment (p=0.269). There was no difference 339 

between the severe hypoxia and flooded plants in Pn, gs, root dry mass, above ground dry 340 

mass, lower soil volume root density, root porosity, presence of aerenchyma in roots, leaf 341 

sucrose concentration or leaf fructose concentration (Table 2).  342 

 343 

Experiment 3: Recovery after soil flooding and drainage 344 

When flooded pots were drained (recovery treatment), soil redox potential increased within 345 

two days (Supporting Information Fig. S2). A mixed effects model confirmed that soil redox 346 

potential increased after draining in the recovery treatment (p<0.001) while remaining 347 

constant in both the flooded and control treatments (i.e. confirming the interaction between 348 

the factor ‘before/after draining’ and the factor ‘treatment’ was only significant for the 349 

recovery treatment). The model also showed that prior to draining, control pots had 350 

significantly higher soil redox potential than recovery pots (p=0.040), but after draining there 351 

was no longer a significant difference in redox potential between the two treatments. 352 

Differences between individual replicate pots contributed a high amount of variation to the 353 

model (standard deviation = 164, compared to residual standard deviation = 44). 354 

 355 

The plants in the recovery treatment were not different to those in the flooded treatment 356 

across any of the morphological and physiological variables measured at the end of the 357 

experiment (Table 1). Both flooded and recovery treatments had ~30-40% less root dry mass 358 

compared to control plants. Root density in the lower soil section of pots was 75% less in 359 

flooded (p<0.001) and 62% less in recovery (p=0.009) treatments compared to controls. 360 

Aerenchyma were present in roots both from flooded and recovery plants. Interestingly, for 361 

all aboveground measures including gs and Pn (as a percentage of Pn before draining; % 362 

chnage), the flooding and recovery treatments were both either greater than or not different to 363 

the control treatments. For gs (% change), recovery plants (121.6 ± 13.7%) increased more 364 

than controls (86.8 ± 3.6%; p=0.031), but Pn (% change) was not significantly different. 365 

Aboveground dry mass was 48% greater in flooded plants compared to controls (p=0.027), 366 

while recovery plants were not significantly different from either. Total soluble sugar 367 

concentration in the youngest fully-expanded leaves was similar across all treatments; with a 368 

mean value of ~5.3% of dry mass.  369 

 370 
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 371 

DISCUSSION 372 

 373 

Responses to prolonged soil flooding 374 

E. camaldulensis subsp. refulgens seedlings maintained physiological function throughout the 375 

early stages of flooding, including before the production of adventitious roots. Flooded 376 

seedlings maintained gs at ~0.9 mol H2O m-2 s-1 for at least 28 days, which contrasts to a 377 

rapid decline in gs (usually within five days) that has previously been observed in other 378 

subspecies of E. camaldulensis (Fig. 7). An initial decline in gs is typically seen as an 379 

adaptive response to maintain water balance and prevent leaf dehydration as flooding can 380 

reduce root water uptake (Bradford & Hsiao, 1982, Else et al., 2009). No signs of leaf 381 

dehydration (i.e. wilting) were observed in our study, implying that root water uptake was not 382 

initially affected by flooding. Several tree species have been shown to maintain root water 383 

uptake (Islam & Macdonald, 2004) or gs (e.g. Islam & Macdonald, 2004, Mielke et al., 2005) 384 

for at least two weeks following the onset of flooding. Surprisingly, there has been little focus 385 

on this unusual early tolerance to flooding and it remains unclear if species exhibiting early 386 

tolerance share a common underlying mechanism (although the presence of constitutive 387 

aerenchyma may be a factor), especially as they occur across a diversity of flooding regimes. 388 

In our dryland riparian species, it seems plausible that initial tolerance to flooding by E. 389 

camaldulensis subsp. refulgens seedlings is an adaptation to capitalise on episodic water 390 

availability in a typically water-limited environment (Drake et al., 2013). However, to fully 391 

assess how E. camaldulensis subsp. refulgens seedlings and other tolerant species maintain 392 

function, further investigation of root water uptake (and root oxygen status) during flooding 393 

is required.  394 

 395 

We observed that both Pn and gs of E. camaldulensis subsp. refulgens seedlings gradually 396 

declined with more prolonged flooding (beginning at 22 days for Pn, and 34 days for gs; Fig. 397 

2). Reduced Pn is commonly caused by stomatal limitation where reduced gs limits CO2 entry 398 

to the mesophyll and lowers Ci for Pn (Copolovici et al., 2011, Else et al., 2009). 399 

Alternatively, Pn can be limited by a variety of non-stomatal factors including general 400 

oxidative stress, damage to the photosynthetic metabolism, or a feedback loop from source-401 

sink carbohydrate dynamics (Vu & Yelenosky, 1991, Yordanova & Popova, 2007). Non-402 

stomatal limitation of Pn is associated with increased Ci (e.g. García-Sánchez et al., 2007), 403 

which can induce reductions in gs (Messinger et al., 2006, Wong et al., 1979). In our study, 404 
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for control plants and plants flooded for less than 34 days, there was a negative correlation 405 

between Ci and Pn (Fig. 3) indicating that in these instances, non-stomatal factors controlled 406 

Pn. However, we found that during more prolonged flooding declining Pn was not associated 407 

with increased Ci, suggesting stomatal limitation was offsetting the non-stomatal limitation of 408 

Pn that had previously been evident. 409 

 410 

The timing of stomatal limitation and reduced gs after 34 days of flooding in E. 411 

camaldulensis subsp. refulgens seedlings was unexpected, given the well-developed 412 

adventitious root system present at that stage. One possible explanation relates to the gradual 413 

necrosis of the original root system, a common response to prolonged flooding in woody 414 

species (Kozlowski, 1997). When gs was reduced, the rate of lost function in the original root 415 

system may have outweighed the rate of increased function from the adventitious root 416 

system. This supposition of decay and loss of function in the original root system is supported 417 

by the lack of increased total root mass after 42 days of flooding (Fig. 4), even though 418 

adventitious roots at the surface were growing prolifically. While we did not measure 419 

changes in ion concentration in this experiment, an alternative mechanism that may be 420 

contributing to the overall decline of gs is the accumulation of toxic ions (particularly sulfide) 421 

in the hypoxic substrate. Toxic ions can reduce root membrane integrity, root hydraulic 422 

conductivity and finally gs (Pezeshki, 2001, Youssef & Saenger, 1998).  423 

 424 

A steady carbohydrate supply is vital to maintaining glycolysis during flooding (Kreuzwieser 425 

& Rennenberg, 2014), and in seedlings with limited root carbohydrate storage capacity, leaf 426 

soluble sugar dynamics are particularly important. Studies of a range of tree species have 427 

reported both increases (Ferner et al., 2012, Islam & Macdonald, 2004, Jaeger et al., 2009) 428 

and decreases (Gimeno et al., 2012, Kreuzwieser et al., 2009) in leaf soluble sugar 429 

concentrations in response to flooding, indicating plants may use different strategies for 430 

energy conservation during flooding. We found no accumulation of total soluble sugars in the 431 

leaves of flooded E. camaldulensis subsp. refulgens, which is consistent with earlier 432 

observations of E. camaldulensis subsp. camaldulensis (Kogawara et al., 2006), although leaf 433 

tissue sucrose concentration increased slightly in flooded seedlings compared to the controls 434 

(Fig. 6). Depletion of leaf sugars may result from decreased Pn in combination with a high 435 

energy demand from the roots resulting from the low efficiency of glycolysis compared to 436 

aerobic respiration (Sairam et al., 2009) and, in some cases, the production of adventitious 437 

roots (Medina et al., 2009). Conversely, accumulation of leaf sugars can be caused by 438 
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metabolic depression, where a lack of root growth and down-regulation of non-essential 439 

processes commonly accompanying flooding leads to reduced carbohydrate demand (Barrett-440 

Lennard et al., 1988, Colmer & Greenway, 2005). Accumulation of sucrose, however, can 441 

also be caused by low oxygen disrupting phloem transport (van Dongen et al., 2003), even in 442 

flood-tolerant trees (Ferner et al., 2012). In our study, some form of phloem disruption is 443 

feasible since sucrose, the primary form of translocated carbon, was the only soluble sugar to 444 

accumulate in the leaves.  445 

 446 

Severe root-zone hypoxia 447 

The severe hypoxia experiment was designed to mimic field conditions, where floodwater 448 

initially may be well oxygenated, but which evaporate to potentially severely hypoxic 449 

stagnant pools between flood events. We found no difference in physiological or 450 

morphological responses between plants with roots in flooded (mild hypoxia) or severely 451 

hypoxic conditions, suggesting E. camaldulensis subsp. refulgens seedlings are well-adapted 452 

to potentially strongly hypoxic conditions that may develop in stagnant pools. The 453 

preservation of root functioning in E. camaldulensis subsp. refulgens under severe hypoxia 454 

was assumed to result from continued oxygen supply to the roots via the stem hypertrophy 455 

and internal diffusion through the extensive root aerenchyma and high root porosity that we 456 

observed. Root radial oxygen loss was not measured here, but it is likely responsible for the 457 

continued presence of oxygen (albeit at low levels; Supporting Information Fig. S1) in the 458 

substrate of some of the severely hypoxic treatments, given that oxygen re-entry through 459 

alternative means (e.g. water surface exchange) was excluded as much as possible. Our 460 

finding of continued functioning under severe root-zone hypoxia contrasts with a previous 461 

study of E. camaldulensis subsp. camaldulensis where Pn and gs were reduced to near zero 462 

values within 11 days when oxygen was less than 0.5 mg L-1 (Kogawara et al., 2006). 463 

However, the different responses of the two subspecies may be partly because in our study 464 

seedlings were acclimated to severely hypoxic treatment by a mildly hypoxic flooding pre-465 

treatment, thus avoiding anoxic (or severely hypoxic) shock (Gibbs & Greenway, 2003).  466 

 467 

Recovery after soil flooding 468 

We originally hypothesised that root growth in E. camaldulensis subsp. refulgens seedlings 469 

would recover rapidly once flooding had ceased.  However, we observed little change in root 470 

production once flooded seedlings were drained; root mass was similar in continuously 471 

flooded and recovery plants (Table 3). This lack of recovery in root mass following drainage 472 
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was surprising because although there have been no prior studies of post-flooding recovery in 473 

any E. camaldulensis subspecies, rapid post-flooding recovery in root growth is a common 474 

response in other flood-tolerant woody species (e.g. Jackson & Attwood, 1997) and even in 475 

relatively flood-intolerant species (e.g. Parad et al., 2013). We also expected rapid 476 

development of new roots in E. camaldulensis subsp. refulgens as an adaptive feature to rapid 477 

onset of drought conditions under natural conditions of flood recession, as rapid root growth 478 

and extension in seedlings is vital for establishment in dryland environments (Schütz et al., 479 

2002). The lack of recovery may be partially explained by the die-off of adventitious roots 480 

(formerly growing in the water column) offsetting root regrowth in the soil. However, despite 481 

the root die-off and limited regrowth, the remaining root system was able to functionally 482 

compensate as evidenced by high gs in recovery plants at the conclusion of the recovery 483 

period (Table 3). High gs could be mediated by temporarily increased root hydraulic 484 

conductance and aquaporin activity, but, critically, this compensation response is dependent 485 

on the remaining roots having ready access to water (McLean et al., 2011). Without access to 486 

sufficient water, such as in rapidly drying, post-flood soils, it seems unlikely that the root 487 

system would be able to functionally compensate as has been shown here in our well-watered 488 

recovery pots. Whether a different response, such as increased root growth to seek deeper soil 489 

water, would be triggered under such conditions is a matter for further investigation.  490 

 491 

 492 

Conclusions 493 

We found that E. camaldulensis subsp. refulgens seedlings from the semi-arid northwest of 494 

Australia underwent considerable morphological changes during flooding, including 495 

extensive adventitious root production, increased root porosity and stem hypertrophy, 496 

consistent with many previous studies of other subspecies (e.g. Sena Gomes & Kozlowski, 497 

1980). Physiologically, Pn and gs were maintained for at least two weeks of flooding before 498 

declining gradually, which contrasted with previous studies of other subspecies of E. 499 

camaldulensis (e.g. van der Moezel et al., 1989). A ‘severe hypoxia’ treatment of the root 500 

zone did not have an effect additional to conventional soil flooding. Despite moderate flood-501 

tolerance during flooding and presumably high environmental selection pressure, recovery of 502 

reduced root mass after flooding ceased was poor. While the mechanisms behind 503 

physiological and morphological responses to flooding are quite well understood and there 504 

have been many studies focussed on signalling pathways and genomics during flooding 505 

(Agarwal & Grover, 2006, Kreuzwieser & Rennenberg, 2014), our findings highlight the 506 
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need for a broader focus on how flooding responses relate to fitness for particular flood 507 

regimes or ecological niches.  508 

 509 
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Table 1. Timing of adventitious root production and stem hypertrophy, and stem diameter in 737 

flooded (to 4cm above soil surface) and control seedlings of E. camaldulensis subsp. 738 

refulgens. Mean and standard error shown in brackets for stem diameter; letters represent 739 

significant (α=0.05) differences between treatments. NA=not applicable 740 

Treatment Flooded  Control 

First adventitious root production 5 days NA 

75% of flooded plants with adventitious roots 12 days NA 

100% of flooded plants with adventitious roots 26 days NA 

100% of flooded plants with stem hypertrophy 21 days NA 

Stem diameter at 1 cm height (42 days; mm) 16.8 (1.9) a 7.9 (0.5) b 

Stem diameter at 1 cm height (88 days; mm) 18.9 (0.6) a 9.8 (0.3) b 

Stem diameter at 10 cm height (88 days; mm) 8.8 (0.8) a 8.1 (0.5) a 
  741 
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Table 2. Morphological and physiological characteristics in severe root-zone hypoxia 742 

treatment, soil flooded and control seedlings of E. camaldulensis subsp. refulgens after 42 743 

days of severe hypoxia treatment (Experiment 2). Severe hypoxia and flooded pots were both 744 

exposed to a pre-treatment of soil flooding for 46 days (see Materials & Methods; soil 745 

solution oxygen concentration is available in Supporting Information Fig. S1). Net 746 

photosynthetic rate (Pn) and stomatal conductance (gs) are shown as % of values before 747 

imposition of the severe hypoxia treatment. Values just prior to the imposition of severe 748 

hypoxia were: Pn = 16.1 (severe hypoxia), 18.0 (flooded), 20.4 (control) µmol CO2 m
-2 s-1; gs 749 

= 0.69 (severe hypoxia), 0.80 (flooded), 0.86 (control) mol H2O m-2 s-1. Means shown with 750 

standard error in brackets. n= 6 (severe hypoxia), 16 (flooded), 21 (control). Different letters 751 

within each of the rows represent significant differences between treatments (α=0.05). Pn, gs, 752 

leaf sucrose and leaf fructose were measured in the youngest fully expanded leaf. 753 

Treatment Severe Hypoxia Flooded Control 

Pn � ���	��	�	�
�����	
�	�-	����	�	������
	�	�
����� 	%� 135.9 (21.6) a 105.8 (5.3) a 113.3 (4.2) a 

gs � ���	��	�	�
�����	
�	�-	����	�	������
	�	�
����� 	%� 136.9 (45.8) a 82.3 (7.0) a 107.7 (6.7) a 

Aboveground dry mass (g) 31.8 (5) a 28.3 (4.7) a 30.3 (2.1) a 

Root dry mass (g) 11.35 (2.63) a 9.02 (1.74) a 22.86 (1.66) b 

Upper soil root density (g L-1) 4.38 (1.59) a 4.08 (0.84) a 5.49 (0.38) a 

Lower soil root density (g L-1) 1.13 (0.15) a 1.00 (0.49) a 6.11 (0.57) b 

Root porosity (% air) 34.3 (8.4) b 31.7 (3.2) b 18.2 (1.3) a 

Root aerenchyma Frequent Frequent Uncommon 

Leaf sucrose (% of dry mass) 4.65 (0.12) ab 5.48 (0.37) b 4.53 (0.20) a 

Leaf fructose (% of dry mass) 1.11 (0.31) a 1.10 (0.33) a 1.94 (0.29) a 

  754 
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Table 3. Morphological and physiological characteristics in flooded, recovery and control 755 

seedlings of E. camaldulensis subsp. refulgens at 32 days after draining of recovery pots 756 

(Experiment 3). Net photosynthetic rate (Pn) and stomatal conductance (gs) are shown as a % 757 

of values before draining of recovery pots. Values just prior to draining of recovery pots 758 

were: Pn = 17.2 (flooded), 17.4 (recovery), 21.4 (control) µmol CO2 m-2 s-1; gs = 0.51 759 

(flooded), 0.44 (recovery), 0.68 (control) mol H2O m-2 s-1. Means shown with standard error 760 

in brackets. n= 5 (flooded, recovery), 12 (control). Different letters within each of the rows 761 

represent significant differences between treatments (α=0.05).  762 

Treatment Flooded Recovery Control 

Pn �post-draining	
pre-draining

	%� 103.2 (4.7) b 97.4 (5.7) ab 88.1 (2.1) a 

gs �	post-draining	
pre-draining

	%� 99.6 (15.0) ab 121.6 (13.7) b 86.8 (3.6) a 

Aboveground dry mass (g) 45.0 (3.6) b 34.0 (7.3) ab 30.3 (1.9) a 

Root dry mass (g) 16.6 (2.3) a 18.5 (2.9) a 26.9 (1.7) b 

Upper soil root density (g L-1) 6.06 (0.50) a 6.61 (1.24) a 7.08 (0.57) a 

Lower soil root density (g L-1) 1.64 (0.51) a 2.46 (0.41) a 6.45 (0.60) b 

Leaf sucrose (% of dry mass) 4.43 (0.31) a 3.25 (0.20) a 3.84 (0.22) a 

Leaf fructose (% of dry mass) 1.13 (0.34) a 1.00 (0.16) a 1.77 (0.29) a 

 763 
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Figure 5. Photograph showing stem hypertrophy and adventitious root formation after 21 days of flooding 
in E. camaldulensis subsp. refulgens seedlings. Pink cord is from a redox probe; for scale, the cord is ~2mm 

in diameter.  

277x337mm (72 x 72 DPI)  
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