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Abstract  1 

Riparian forests are structured and maintained by their hydrology. Woody riparian plants typically adapt 2 

to the local flood regime to maximise their likelihood of survival and reproductive success. Understanding 3 

how extant trees form and reproduce in response to flood disturbance is crucial for predicting vegetation 4 

changes and informing restoration. Working in a temperate evergreen riparian forest, we aim to 5 

determine whether disturbance-based responses of plants found in other ecosystems also typify woody 6 

plants in riparian forests where disturbances are non-lethal, annual events.  7 

Using plant surveys and 20-year modelled hydrological data, we examined whether i) the morphology 8 

(main stem diameter, height, crown width, crown extent, stem leaning) and ii) reproduction type (sexual 9 

and asexual reproduction) and extent of three dominant woody species (Eucalyptus camphora, 10 

Leptospermum lanigerum and Melaleuca squarrosa) vary with flood regime (flood frequency and flood 11 

duration); and iii) whether different morphology is associated with different reproductive strategies.  12 

Increased flooding generally resulted in increased stem numbers and greater stem leaning – morphologies 13 

associated with asexual reproduction – of our study species. More frequent flooding also reduced plant 14 

size and sexual reproduction in E. camphora. Sexual reproduction in the studied species was more 15 

common in taller plants with single, more upright stems in good condition.  16 

Flexible morphology and plastic reproductive strategy may constitute an adaptation to mild or chronic 17 

disturbance in floodplains. Our findings suggest that woody plants respond to physical disturbance in 18 

consistent ways regardless of the nature of the disturbance – be it fires, hurricanes or floods.  19 

 20 

Keywords: tree structure, wetland forest, resprouting-reseeding, multi-stemmed, flood regime 21 



Introduction 22 

Healthy riparian forests control sediment runoff, purify water, stabilize banks, regulate stream 23 

temperatures and are home to considerable biodiversity. As they are large and abundant, the physical 24 

form of trees and shrubs is pivotal to the overall structure and function of forests. A remarkable feature 25 

of woody plants is their flexible morphology in response to their environment [1]. In forested floodplains, 26 

hydrology poses a major shaping force on tree and shrub development. Once established, woody plants 27 

adjust energy and resource allocations to survival, growth and reproduction in response to the flood 28 

regime, increasing their longevity and likelihood of reproductive success[1, 2]. With increasing human 29 

impacts globally, anthropogenic flow regulation has disrupted the natural water fluctuations under which 30 

riparian forests have evolved, leading to their decline [3]. The resulting negative consequences for the 31 

environment and society have motivated efforts to actively restore riparian ecosystems. However, 32 

inducing such recovery requires sound understanding of woody plant responses to flood regime. 33 

Challenges in ascertaining hydro-biological relationships arise from the diverse responses of plants to 34 

flooding [4]. On the one hand, regular flooding can provide plentiful water and nutrients, which usually 35 

supports tree growth [5]. On the other hand, periods of flooding may cause physical stress resulting from 36 

flowing water and smothering by sediments, which potentially causes stem breakage or forces plants into 37 

leaning positions. Moreover, physiological stress may arise from waterlogging and soil anoxia and toxicity 38 

[6, 7]. Although riparian plants can often withstand such unfavourable conditions, metabolic costs for 39 

survival and recovery typically enforces limited growth and size [8]. Branch dieback and regrowth shapes 40 

the crown architecture and overall growth shape of trees [9]. Responses may differ among co-occurring 41 

woody plants depending on species-specific adaptations, growth form and phenological cycles [10, 11].  42 

Previous research on vegetation responses to flooding have typically focused on survival, adaptive traits, 43 

growth (e.g. of stem diameter or biomass) or vegetation community composition [12-15]. Tree 44 



morphology has received little attention outside forestry, despite its significance for ecosystem structure 45 

and function [16], and there is a particular lack of empirical evidence from evergreen temperate riparian 46 

species. Trees embody their individual life history in their form. Understanding how extant trees have 47 

formed and regenerate in response to past flood regimes may provide valuable information for restoring 48 

adequate conditions (i.e. flood regimes) to promote regeneration and the development of desired forest 49 

structures. 50 

Morphologic plasticity of perennial species in response to environmental factors has been well 51 

documented in other disturbance-prone ecosystems: mainly in those disturbed by fire [17], but also in 52 

areas affected by catastrophic winds, landslides, avalanches [18-20] and ephemeral and saline wetland 53 

systems [4, 9, 21]. Different morphologies are often associated with different reproductive strategies 54 

which are in turn influenced by the nature of the disturbance regime [22]. Two alternative strategies used 55 

by plants have been identified to maintain populations in disturbance-prone environments, namely 56 

resprouting and reseeding [23], often also referred to as vegetative or asexual, and sexual reproduction 57 

[24]. Multi-stemmed, mostly smaller individuals often occur at sites with more disturbance and originate 58 

from and pursue vegetative persistence, whereas sexual or seed-based reproduction is more frequent in 59 

taller, usually single-stemmed individuals which experience less disturbance (Fig. 1). To date, the 60 

relationship between disturbance, morphology and reproductive strategy for woody plants in riparian 61 

forests remains unclear. 62 

 In this study, we aim to determine whether the disturbance-based responses of plants found in other 63 

ecosystems also typify woody plants in riparian forests where disturbances are moderate (i.e. do not 64 

destroy or damage the majority of a plant’s biomass in one event) and occur regularly (e.g. seasonally 65 

each year). We surveyed morphological characteristics and extent of sexual and asexual reproduction in 66 

three woody riparian species in an evergreen temperate forest and examined their association with 67 

modelled, long-term flooding data to test the following hypothesis (Fig. 1): 68 



(H1) Morphology (main stem diameter, height, crown width, crown extent, stem leaning) varies with flood 69 

regime (flood frequency and flood duration); 70 

(H2) Reproduction type (sexual and asexual reproduction) and extent are plastic in response to flood 71 

regime; 72 

(H3) Different morphology is associated with different reproductive strategies. 73 

  74 



Methods 75 

Study site 76 

Our study was undertaken in the Yellingbo Nature Conservation Reserve located around 45 km east of 77 

Melbourne, Victoria, Australia. The reserve is embedded in an agricultural landscape and is around 640 78 

ha comprising narrow riparian zones bordering local creeks. Low-lying floodplains along the Cockatoo and 79 

Macclesfield Creeks, which were focus of our surveys, are dominated by ‘Sedge-rich Eucalyptus camphora 80 

Swamp’ community [25]. These forests naturally experience seasonal to near-permanent inundation and 81 

vary in structure from open forest to woodland. The highly flood-tolerant mountain swamp gum 82 

Eucalyptus camphora is the sole overstorey species. The midstorey is dominated by thickets of woolly tea 83 

tree Leptospermum lanigerum and scented paperbark Melaleuca squarrosa, both of which are flood 84 

tolerant small trees or shrubs [26]. The largest remnants of this forest type are found within the Yellingbo 85 

Nature Conservation Reserve where they suffer dieback as a result of past human alterations of local 86 

watercourses [27]. The long-term survival of this threatened riparian forest likely depends on 87 

management interventions. Despite thorough documentation of declining tree and shrub condition, the 88 

ecology of the three major woody species is not well understood [28, 29].  89 

 90 

Survey design  91 

We confined the survey area to elevations lower than 120 m above sea level as Eucalyptus camphora 92 

swamp does not occur above this elevation within the reserve [26]. Only areas mapped as vegetation 93 

communities containing the studied species were included. The survey area was further limited to match 94 

the extent of a hydrological model (see below) and was in total 1.69 km2.  95 

In order to ensure that survey points were distributed across the hydrological gradient, we simulated 96 

different sized flooding events using a hydrologic model (described below). The spatial extents of these 97 



events were then used to classify the study area into four broad flooding categories. Flooding categories 98 

one, two and three comprised areas which were flooded by low, medium and high flow events, 99 

respectively. Flooding category one represents the wettest parts of the floodplain whereas categories two 100 

and three are less frequently flooded. Flooding category four contained the rarely inundated parts of the 101 

survey area that remained unflooded in the modelled flow events. 102 

To equally represent all flooding categories, we used a stratified random sampling approach. We 103 

generated 40 random coordinates within the area represented by each category and four additional 104 

points per point were generated as spares in case some positions were unsuitable for sampling. 105 

During field surveys, we visited locations by navigating with a handheld GPS device (Garmin etrx30) to the 106 

predefined points. From there, we surveyed the nearest individual of each of the species E. camphora, M. 107 

squarrosa and L. lanigerum and mapped their actual geographic position. If no tree was found within a 108 

radius of 10 m of a given sample point, we visited the closest point from the spare dataset instead. If no 109 

individual was present near any of the four closest spare points no tree was recorded at the location.  110 

After visiting all of the original points (including the four extra points) additional points were generated 111 

randomly in the areas where the two shrub species were found during the course of previous sampling. 112 

We thereby increased sample size for each of these less widespread species to at least 20 individuals per 113 

flooding category. We conducted all surveying and tree and shrub measurements from March to April 114 

2018 to take advantage of low water levels and therefore best accessibility. In total, we sampled 292 trees 115 

comprising 133 E. camphora, 78 L. lanigerum and 84 M. squarrosa. 116 

 117 

Tree surveys 118 



Elongated stems are a major feature of woody plants defining their overall architecture. To characterise 119 

and compare growth habits, we measured diameter at breast height (DBH) and height (to highest live 120 

foliage) of each tree and shrub. In some cases (for 21/133 E. camphora and 1/84 L. lanigerum) visibility 121 

impairment precluded height measurement via clinometer. For multi-stemmed individuals, we counted 122 

all stems, measured their DBH, and determined height of the tallest one. To yield crown width we 123 

measured maximum crown diameter and perpendicular crown diameter for every sampled plant and 124 

calculated the mean. 125 

Flooding and associated unstable, boggy substrates might deter trees from the usual vertical growth and 126 

force them into leaning positions. Thus, we recorded inclination angle of the main stem relative to vertical.  127 

The emergence of epicormic sprouts, be it a symptom of stress or sign of recovery [30], is a common 128 

reaction to disturbance and reflects a tree’s ability to regenerate vegetatively. We estimated epicormic 129 

growth using a scale from 0–3 indicating absent, scarce, common or abundant expression of epicormic 130 

growth [31].  131 

Using the same scale, we assessed sexual reproduction by estimating the combined relative abundance 132 

of reproductive structures, namely buds, flowers and capsules. Flowers indicate only current reproductive 133 

activity and not all species were flowering during the fieldwork campaign. Owing to serotiny and the long 134 

timespan for bud crop development, different developmental stages of reproductive structures (current 135 

and past reproduction) can appear simultaneously on a single tree.  136 

Growth and reproduction may both be affected by plant condition, for which crown vigour has been 137 

proven as a suitable and rapid measure [21, 30]. For each sampled plant, we assessed crown vigour by 138 

visually estimating the proportion of the potential crown supporting live foliage to the nearest 5%.  139 

Moreover, growth rates and tree shapes can be significantly influenced by competition. For each sampled 140 

tree or shrub, we therefore measured the distances to its nearest four neighbours, one in each compass 141 



quadrant and calculated the average nearest-neighbour distance. For E. camphora, only neighbouring 142 

trees were included, whereas for L. leptospermum and M. squarrosa trees and shrubs were considered 143 

neighbours.  144 

Hydrologic Modelling  145 

After completing tree surveys, we determined local flood regime history for each study tree using the 146 

output of a grid-based, 2-dimensional hydrological model built in TUFLOW classic (www.tuflow.com), 147 

which was calibrated with recent water-level data from four sites within the study area. The model 148 

generated historic-flow series (1998–present) of water levels across the study area with a 5-m grid-cell 149 

spatial resolution and a daily temporal resolution. See Greet, Fischer [32] for more details. 150 

We extracted water-level time series for each surveyed tree and shrub from the model output. Using the 151 

recorded coordinates, individual water-level data were extracted for the grid cell in which the respective 152 

tree or shrub was located. Some individuals that were located next to the stream were allocated to a grid-153 

cell that the model designated as the stream channel, resulting in them being erroneously characterised 154 

as permanently inundated. In these cases, water level data was extracted for the eight surrounding cells. 155 

We then excluded those that were also permanently inundated, and the average of the remaining cells 156 

was used to create a water level time series for that individual. 157 

To characterise the flood regime history for each tree, we considered water levels of zero as dry and values 158 

greater than zero as inundated. Therefore, the first day with a water level greater zero marked the start 159 

of a flooding event and the reduction to zero the end of the respective event. Consequently, the number 160 

of consecutive days of flooding defined the length of a flooding event. 161 

We calculated the following flood regime metrics for the modelled 20-year period (1998-2018): mean and 162 

maximum length of flooding periods, mean and maximum length of dry spells (not inundated periods), 163 

the mean length of flooding periods during the growing season (November to June), the average number 164 



of flooding events per year and mean flooding depth. All variables were skewed and thus log-transformed 165 

before we tested for correlation (Online Resource 1, Fig. SM1). We assumed the observed flooding 166 

magnitude, i.e. mean water levels (mean= 0.06 cm, median= 0.01 cm, max=0.92 cm), to be less important 167 

for the relatively tall trees and shrubs studied here. We further assumed maximum values to be less 168 

influential for tree and shrub growth over long periods. Hence, we selected two contrasting aspects 169 

characterizing long-term flood regime as predictors for further statistical analysis. These were the mean 170 

length of flooding events and the average number of flooding events per year representing duration and 171 

frequency of flooding. They were not strongly correlated with each other (Pearson correlation coefficient 172 

= 0.18). 173 

14 out of 292 sampled trees from across the study area were excluded from statistical analyses due to 174 

model outputs suggesting unrealistic high flood duration (i.e. mean inundation duration > 500 days) or 175 

frequency (i.e. > 300 events), likely owing to errors of local topography representation based on our field 176 

observations. 177 

Statistical analysis 178 

We performed multiple regression separately for each of the three species to:   179 

i) assess the strength of relationships between flood regime (flood frequency, flood duration) and tree 180 

and shrub morphology (DBH of main stem, height, crown width, stem number, leaning and crown extent); 181 

and flood regime and reproductive strategy (the extent of sexual reproduction and epicormic growth), 182 

thereby testing hypothesis 1 and 2 (H1 and H2); and 183 

ii) and the relationships between morphology and both reproduction types, testing hypothesis 3 (H3).  184 

For each analysis we used hierarchical partitioning to identify those variables which independently 185 

explained the most variance in morphology and reproduction, respectively.  186 



First, we tested how much variation in morphology and reproductive strategy variables was explained by 187 

each of the two flood regime variables (H1 and H2). We fit 8 generalised linear models (response variables: 188 

main stream DBH, height and crown width, stem number, leaning, crown extent, sexual reproduction, and 189 

epicormic growth; predictor variables: flood frequency, flood duration). We chose the appropriate 190 

distribution used in the linear model for each variable (Table 1). Beta regression was undertaken using 191 

the betareg package [33] and ordinal regression using the MASS package [34].  192 

We initially included the average nearest neighbour distance (a surrogate for competition) in models 193 

predicting morphology variables (H1). However, we later omitted this additional predictor as it generally 194 

did not increase the proportion of explained variance (Online Resource 2, Table SM1).  195 

To assess how much variation in reproductive strategy variables was explained by morphology variables 196 

(H3), for each species, we calculated two additional linear models for the response variables of sexual 197 

reproduction and epicormic growth with each six predictor variables (main stem DBH, height, crown 198 

width, stem number, leaning and crown extent). Both of these models used a binomial distribution 199 

adapted for ordered factors. 200 

For each model, we used hierarchical partitioning of log-likelihood values using the hier.part package [35] 201 

to determine the proportion of explained variance explained independently by each predictor variable 202 

[36]. This method allows identification of variables that have a strong independent correlation with the 203 

dependent variable, in contrast to variables that have little independent effect but have a high correlation 204 

with the dependent variable resulting from joint correlation with other predictor variables. Variables that 205 

independently explained a larger proportion of variance than could be explained by chance were 206 

identified by comparison of the observed value of independent contribution to explained variance (I) to a 207 

population of Is from 1000 randomizations of the data matrix. Significance was accepted at the upper 95% 208 

confidence limit (Z-score  > 1.65: Mac Nally 2002[37], Mac Nally and Walsh 2004). 209 



To assess the goodness of fit for each model,  we present R2 or pseudo-R2 values (according to Nagelkerke 210 

using the DescTools package: Signorell et al., 2019[38]) for ordinal regression and Ferrari and Cribari-Neto 211 

(2004) for beta regression, respectively. We considered variables with a total contribution to explained 212 

variance (i.e. proportion explained x R2) > 0.05 to be influential variables and the direction of their effect 213 

important.  214 

Lastly, we performed a PCA analyses and ordination to assess associations between different morphology 215 

attributes and reproduction variables across all species (H3).  216 

All statistical analysis was performed in R version 3.5.0. [39]. 217 

218 



Results 219 

All species were similarly distributed across the hydrological gradient based on flood duration and 220 

frequency (Online Resource 3, Fig. SM2, Online Resource 4, Table SM2). However, E. camphora was more 221 

spatially widespread, whereas both shrub species had patchier distributions within the study area (Fig. 2). 222 

Three morphology attributes (main stem DBH, tree height, and crown width) were more variable for the 223 

taller species E. camphora than for L. lanigerum and M. squarrosa (Fig. 3a, b and c, Online Resource 4, 224 

Table SM2). Condition varied widely in all species (Fig. 3d). Multi-stemmed growth was more common in 225 

the shrub species than E. camphora (Fig. 3e). Stem leaning was generally frequent albeit to varying 226 

degrees (Fig. 3f). More than 90% of trees and shrubs showed some evidence of sexual reproduction 227 

(Online Resource 5, Fig. SM3a). Such evidence was common or abundant in 60% of E. camphora trees 228 

surveyed, but in both shrub species, evidence of sexual reproduction was mostly scarce (51% in L. 229 

lanigerum, 73% in M. squarrosa, Online Resource 5, Fig. SM3a). Epicormic growth was prevalent in all 230 

species with more than 50% of individuals of all three species displaying common or abundant epicormic 231 

growth (Online Resource 5, Fig. SM3b). M. squarrosa exhibited the highest extent of epicormic growth 232 

(68% common or abundant). 233 

 234 

H1 and H2: Association between flood regime and plant morphology and reproduction 235 

Flood regime explained a modest amount of variation in morphology and reproductive strategy variables 236 

(maximum R2 of 0.27 for M. squarrosa stem number, Table 2), providing partial support for H1 and H2. 237 

More associations between flood regime and morphology and reproduction were found for E. camphora 238 

(six variables) than for L. leptospermum and M. squarrosa (two and three variables, respectively). 239 

Flood frequency was a consistently strong contributor to explained variance in growth-form variables and 240 

reproduction in E. camphora (Table 2). Trees experiencing more frequent flooding tended to have thinner 241 



main stems (Fig. 4a), be shorter (Fig. 4b) and have greater numbers of stems (Fig. 4c), and they tended to 242 

lean more (Fig. 4d), less commonly show evidence of sexual reproduction (Fig. 4f) and display more 243 

epicormic growth (Fig. 4g). Leaning was the only variable for which flood duration had a strong 244 

independent contribution to explained variance. Stem leaning was more pronounced in E. camphora in 245 

locations with longer periods of flooding (Table 2, Fig. 4e). 246 

For the shrub species, flood duration was more commonly a strong contributor to explained variance. 247 

Both L. lanigerum and M. squarrosa subjected to longer flooding tended to have more stems (Fig. 4h, k), 248 

and M. squarrosa tended to lean more and have more epicormic growth in locations with longer floods 249 

(Fig. 4l, m). In addition, flood frequency was a strong contributor to explained variance for leaning of L. 250 

lanigerum (more leaning with more frequent floods, Fig. 4i), and for stem number of M. squarrosa (more 251 

stems with more frequent floods, Fig. 4j). 252 

We did not find evidence for an effect of flood duration or frequency on the condition (crown extent) or 253 

crown width of any species (Table 2).  254 

 255 

H3: Associations between morphology and reproduction type and extent 256 

For all species, a larger proportion of variation in reproduction was explained by morphology than by flood 257 

regime (Table 2, Table 3). In general, main stem DBH, stem leaning, and crown extent had high 258 

contributions to the explained variance in sexual reproduction and epicormic growth, providing support 259 

for H3 (Table 3).  260 

Individuals with higher main stem DBH showed higher extents of sexual reproduction in E. camphora and 261 

L. leptospermum (Fig. 5a, c, Table 3), whilst M. squarrosa with larger stem diameters had more epicormic 262 

growth (Fig. 5g, Table 3).  263 



Higher degrees of stem leaning were associated with less sexual reproduction in L. leptospermum (Fig. 5e, 264 

Table 3) and more epicormic growth in E. camphora (Fig. 5b, Table 3).  265 

M. squarrosa in better condition had higher extents of sexual reproduction (Fig. 5f, Table 3), whereas L. 266 

leptospermums in lower condition had more epicormic growth (Fig. 5d, Table 3). 267 

The first two axes of the PCA explained 56.1% of the variation in morphology and reproduction attributes 268 

of all three species and show the attributes of the larger tree species, E. camphora, to be somewhat 269 

distinct from the other two species (Online Resource 6, Fig. SM4). Across the three species, the two 270 

reproductive strategies are negatively correlated and associated with divergent morphology which 271 

provides further support for H3. Multi-stemmed form and stem leaning is associated with asexual 272 

reproduction (epicormic growth), while sexual reproduction is associated with greater plant size (main 273 

stem DBH and height).  274 



Discussion 275 

By examining relationships between flood regime, morphology and reproductive strategy of three 276 

dominant riparian woody plants, we found support for all of our three hypothesis: flood frequency and 277 

duration influenced woody riparian plant morphology (H1) and reproduction (H2), and different 278 

morphology was associated with different reproductive strategies (H3). Increased flooding generally 279 

resulted in increased stem numbers and greater stem leaning of our study species; this morphology was 280 

associated with asexual reproduction. More frequent flooding also reduced size and sexual reproduction 281 

in E. camphora. Sexual reproduction was more common in taller plants with single, more upright stems in 282 

good condition. Our findings suggest that woody plants respond to physical disturbance in a similar set of 283 

ways regardless of the nature of that disturbance – be it fires, hurricanes, avalanches or moderate, regular 284 

disturbance by floods. Interestingly, the morphology and reproduction of our three study species were 285 

affected by different aspects of the flood regime (flood frequency cf. duration). This indicates that flood 286 

regime (i.e. variable frequency and duration of flooding events) is critical to the structural integrity and 287 

self-maintenance of species-diverse riparian forests. 288 

 289 

H1: Morphology is plastic in response to flooding 290 

Apart from being a stress response and survival mechanism, the morphological plasticity we found in our 291 

study species may constitute an adaptation to mild or chronic disturbance. Evergreen species that do not 292 

have marked seasonal growth interruptions may lack the ability to avoid flood stress via dormancy and 293 

thus require a high level of adaptation to cope with physical and physiological stress [40]. Adaptive traits 294 

conferring flood tolerance and the physiological mechanisms underpinning morphological changes are 295 

manifold [7], and co-occurring species may respond to different attributes of the flood regime [41]. In our 296 

study the more flood tolerant species, L. lanigerum and M. squarrosa [29], seemed less sensitive to 297 



frequent flooding and their morphology responses tended to occur with longer duration floods. 298 

Conversely, E. camphora initiates more immediate responses to flooding [28] and its morphological 299 

variability was more strongly associated with flood frequency. As documented elsewhere, we found the 300 

morphology of shrubs to be less impacted by disturbance than trees [20], but also to be less variable than 301 

trees overall. Growth rates of the shrub species studied here (L. lanigerum and M. squarrosa) were 302 

previously shown to respond in a non-linear manner to increased water levels [29] and this may also apply 303 

to their morphology responses. 304 

Consistent with patterns found in other wetlands, we found an increased prevalence of multi-stemmed 305 

growth with increased flooding [4, 42, 43]. Although many plants possess the ability to resprout, 306 

resprouting typically requires environmental disturbance [23]. This often follows, but does not necessarily 307 

require, visible plant damage [44]. Suppressed root and shoot growth during flooding or mechanical stress 308 

may alter internal hormone balance [13, 44]. Consequently, reduced apical dominance, the hormonally 309 

regulated prevailing growth of the main stem, facilitates emergence of epicormic sprouts [45] and 310 

therefore stem multiplication. A larger number of stems increases an individual’s surface area usable for 311 

stem gas exchange and therefore potentially enhances oxygen transport to roots during soil anoxia under 312 

inundation [4]. Besides, possessing a plurality of usually smaller stems reduces the mortality risk due to 313 

stem damage, in part because smaller stems are less prone to mechanical perturbation [46].  314 

Repeated physical perturbation from flowing water and prolonged waterlogging likely cause stem leaning 315 

of woody plants, such as we observed. As shown in other disturbance prone ecosystems, the upright 316 

growth of woody stems can be compromised by external mechanical stresses such as avalanches or 317 

substrate movements [19, 20]. In addition, longer flood durations induce soil softening and thus can 318 

diminish anchorage and, while preventing excessive root breakage, cause plant tilting. This might 319 

especially be the case in combination with strong winds. Thereby larger species, such as E. camphora (but 320 



also M. squarrosa), provide more surface area and are likely exposed to higher wind speeds and are 321 

therefore more vulnerable to being blown over.  322 

Slow growth, compromised stability and altered morphology due to flooding might limit the size of E. 323 

camphora, the tallest of our study species. A typical characteristic of the tree growth habit is the pursuit 324 

of reaching large size [1]. However, tree growth is typically hampered by prolonged flooding [32], as has 325 

been previously observed in E. camphora when subjected to inundation in the field [47] and in greenhouse 326 

experiments [28]. Accordingly, we found that the size of E. camphora was inversely related to flood 327 

frequency, with smaller plants growing in areas with higher flood frequencies. Particularly under 328 

reoccurring flooding disturbance, increase in size requires a larger proportion of photosynthetic 329 

assimilates to be invested in structural support tissue [48, 49], which in turn slows growth [46]. Whereas 330 

shrubs grow multi-stemmed even in the absence of disturbance, the distribution of biomass across 331 

multiple stems in frequently flooded trees requires resource allocation changes at the cost of height 332 

growth [50].  333 

H2 flooding induces reproductive strategy responses 334 

The extent of sexual reproduction decreased in E. camphora with increased flood frequency. Perhaps 335 

because high maintenance costs, especially of larger species during or post disturbance, have diverted 336 

resources away from the development of reproductive structures [51]. Diminished sexual reproduction 337 

might have indirectly resulted from retarded growth due to flooding. The period of growing tall is a phase 338 

of low reproduction in trees [49]. The reproductive phase is usually only entered after reaching a certain 339 

size [1]. E. camphora at regularly flooded sites probably mature slowly. Shrub species in contrast mature 340 

at smaller heights [11]. The size of L. leptospermum and M. squarrosa was not impacted by flooding and 341 

likewise, neither was their sexual reproduction; yet, sexual reproduction in these shrubs was generally 342 

low.  343 



We found evidence that flooding encourages epicormic growth in E. camphora and M. squarrosa, which 344 

might compensate for absent or limited sexual reproduction. Such vegetative reproduction, potentially 345 

leading to multi-stemmed growth forms, is likely an essential survival mechanism, enabling rejuvenation, 346 

longevity and persistence where recruitment success is low [23]. 347 

Our survey of both reproduction types reflected recently developed structures and this may explain the 348 

relatively weak correlations with long-term flooding patterns we found. Unlike in fire prone ecosystems, 349 

disturbances in riparian forests are typically milder, plant damage less severe and post disturbance 350 

conditions less homogenous. Consequently reproduction responses in riparian trees and shrubs may be 351 

more diverse and less obvious [8].  352 

H3 Reproductive strategy is associated with morphology 353 

Additional to environmental drivers, reproduction is regulated by intrinsic biological factors and hence we 354 

found plants with contrasting morphology displayed contrasting reproductive strategies. Asexual and 355 

sexual reproduction are thought to be traded-off against each other as resources required for resprouting 356 

or resources stored to maintain resprouting ability are diverted from the production of reproductive 357 

structures and vice versa [8, 52]. Consistent with observations from many woody species, we found sexual 358 

reproduction increased with stem size in E. camphora and L. leptospermum [53, 54]. Investment in 359 

reproduction might increase only after decelerating size increase [1] and larger individuals are more able 360 

to expose seeds to dispersal vectors [55]. Plants struggling with stress may avert resources from flower, 361 

fruit and seed production [21]. Accordingly, we found diminished sexual reproduction in leaning L. 362 

leptospermum and in M. squarrosa in poorer conditions indicated by their crown extent.  363 

Stem leaning is likely ecologically significant for the persistence and reproduction of E. camphora with its 364 

treefall often resulting in new individuals [47]. The diversion from vertical to diagonal or horizontal 365 

orientation can initiate trunk suckering and trigger the emergence of epicormic shoots [19]. Epicormic 366 



growth serves to reconstruct lost biomass and optimize leaf positioning and light harvest post disturbance. 367 

It can also be triggered by hormonal changes following partial dieback [21] and accordingly we found more 368 

epicormic growth in L. leptospermum with declining condition. A requirement for epicormic growth is the 369 

prevalence of stored resources as well as buds to resprout from [52]. For both, bigger stems can provide 370 

a larger repository which might be the reason M. squarrosa with bigger stems displayed more epicormic 371 

growth.  372 

Unsurprisingly, and similar to many ecological field studies [9, 56], a large proportion of the variation in 373 

morphology and reproduction remained unexplained by the assessed flood regime variables and 374 

morphological attributes. Plant life processes, including morphology adaptations and reproduction, 375 

respond to and are determined by a multiplicity of interacting biotic and abiotic factors, which likely 376 

contributed noise to our data. Albeit simplifying complex water flows and fluxes, the modelled long-term 377 

hydrological data at the individual tree level enabled high accuracy in characterizing flood regime which 378 

is novel within ecological surveys [32]. This allowed us to uncover the diversity of functional responses of 379 

co-occurring species to flooding, despite the complexity of the riparian environment.  380 

 381 

 382 

 383 

Conclusion  384 

Understanding the way in which hydrology impacts tree morphology and reproduction is crucial to predict 385 

vegetation changes in a world with ever-increasing waterway modification. Among the multiple drivers of 386 

degradation of riparian ecosystems, hydrology is one with the potential to be remediated by hydro-387 

geomorphic restoration (e.g. dam modification or controlled flooding). The structural complexity and 388 



integrity of temperate riparian forests does not solely emerge from the presence or absence of its main 389 

species but also requires appropriate flood regimes. Morphology supported by flooding, e.g. multi-390 

stemming and stem leaning, create dense stands and therefore specific microclimates and habitats for 391 

swamp adapted flora and fauna [47, 57]. Our findings suggest that natural flooding regimes (i.e. frequent 392 

and longer duration floods) are also pivotal for the initiation and long-term success of vegetative 393 

reproduction, an important component of the self-maintenance of riparian woody species.  394 
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Tables 550 

 551 

Table 1 measured morphology and reproduction variables and distribution for model fitting 552 

Tree measurements Unit Distribution 

Morphology variables   

     Main stem DBH cm Gaussian 

     Height m Gaussian 

     Crown with m Gaussian 

     Crown extent % Beta 

     Number of stems integer Poisson 

     Leaning ° Beta 

Reproductive strategy variables   

     Sexual reproduction Score 0-3 Binominal 

     Epicormic growth Score 0-3 Binominal 

  553 



Table 2 Explained variance of models of growth-form and reproductive strategy variables as a function of 554 

flood frequency and duration. Explained variance (in bold) is expressed as R2 or pseudo-R2 as 555 

appropriate. For each predictor variable, its proportional independent contribution is shown, and, if its 556 

total contribution to explained variance (i.e. proportion explained x R2) > 0.05, the direction of the effect 557 

(dir) is indicated as positive, “+”, or negative,”–“.  Variables that independently explained a larger 558 

proportion of variance than could be explained by chance are marked with an asterisk. Sample sizes were 559 

n = 129 for E. camphora, n = 75 for L. lanigerum, n = 74 for M. squarrosa for all response variables except 560 

for plant height for which n = 108 for E. camphora and n = 74 for L. lanigerum. DBH = Diameter at breast 561 

height. dir = direction of effect. var = proportion of explained variance (bold) and contribution to 562 

explained variance, respectively. 563 

 E. camphora L. lanigerum         M. squarrosa 

 dir var dir var dir var 

Morphology variables       

main stem DBH       

     R2  0.07     

     Frequency - 0.75*     

     Duration  0.25     

Height       

     R2  0.13    0.05 

     Frequency - 0.90*    0.17 

     Duration  0.10    0.83 

Crown width       

     R2    0.05  0.05 

     Frequency    0.80  0.83 

     Duration    0.20  0.17 

Crown extent       

     Pseudo-R2       

     Frequency       

     Duration       

Number of stems       

     R2  0.10  0.10  0.27 



     Frequency + 0.90*  0.03 + 0.47* 

     Duration  0.10 + 0.97* + 0.53* 

Leaning       

     Pseudo-R2  0.11  0.13  0.20 

     Frequency + 0.57* + 0.81*  0.20 

     Duration + 0.43*  0.19 + 0.80* 

Reproductive strategy 

variables 

      

Sexual reproduction       

     Pseudo-R2  0.13     

     Frequency - 0.90*     

     Duration  0.10     

Epicormic growth       

    Pseudo-R2  0.07    0.07 

     Frequency + 0.83*    0.04 

     Duration  0.17   + 0.96* 

  564 



Table 3 Explained variance of models of reproductive strategy variables as a function of growth-form 565 

variables.  Explained variance (in bold) is expressed as pseudo-R2. For each predictor variable, its 566 

proportional independent contribution is shown, and, if its total contribution to explained variance (i.e. 567 

proportion explained x R2) > 0.05, the direction of the effect (dir) is indicated as positive, “+”, or 568 

negative,” – “.  Variables that independently explained a larger proportion of variance than could be 569 

explained by chance are marked with an asterisk. Sample sizes were n = 111 for E. camphora, n = 76 for 570 

L. lanigerum and n = 77 for M. squarrosa. DBH = Diameter at breast height. var = proportion of explained 571 

variance (bold) and contribution to explained variance, respectively. 572 

 E. camphora L. leptospermum M. squarrosa 

 dir var dir var dir Var 

Sexual reproduction       

     Pseudo R2  0.18   0.16  0.28 

     Main Stem DBH + 0.64* + 0.36*  0.13 

     Height + 0.57 - 0.53 - 0.23* 

     Crown Width  0.13  0.10 + 0.92 

     Stem Number - 0.70 - 0.41  0.10 

     Leaning + 0.26 - 0.32* - 0.82 

     Crown extent + 0.79  0.12 + 0.36* 

Epicormic growth       

     Pseudo R2  0.25   0.13  0.16  

     Main Stem - 0.63  0.21 + 0.46* 

     Height - 0.88  0.12  0.22 

     Crown Width  0.14  0.11 + 0.29* 

     Stem Number + 0.56 + 0.70  0.17 

     Leaning + 0.76*  0.31  0.19 

     Crown extent - 0.21 - 0.47* - 0.33 

  573 



Figure legends 574 

Fig. 1 Hypothetical gradient in morphology and reproductive strategy of woody riparian plants in response 575 

to flood disturbance. Individuals that grow further from a channel or in higher elevations (left hand side) 576 

will experience less disturbance, i.e. shorter duration or less frequent flooding, which should hypothetically 577 

result in plants that are taller, single-stemmed and largely exhibit sexual or seed-based reproduction 578 

(symbolised by presence of flowers). In contrast, individuals that experience more disturbance (right hand 579 

side) will be more likely to have leaning stems, be shorter, multi-stemmed and reliant on vegetative 580 

reproduction (symbolised by epicormic resprouts). 581 

 582 

Fig. 2 Map of all surveyed individuals of the three studied species within the Yellingbo Nature 583 

Conservation Reserve (green polygon). Shading represents flooding gradient categories used for sample 584 

point stratification (with grey indicating non-flood-prone areas and blues indicating flood-prone areas 585 

with darker blues representing higher flood-proneness). 586 

 587 

Fig. 3 Boxplots of main stem DBH (a), plant height (b), crown width (c), crown extent (d), stem number 588 

(e) and stem leaning (f) for surveyed plants of the three studied species. Coloured points indicate raw 589 

data (n = 129 for E. camphora, n = 75 for L. lanigerum, n = 74 for M. squarrosa for all variables except for 590 

plant height for which n = 108 for E. camphora and n = 74 for L. lanigerum). DBH = diameter at breast 591 

height. E. cam = E. camphora, L. lan = L. lanigerum, M. squ = M. squarosa. 592 

 593 

Fig. 4 Relationships of flood duration and frequency and measured morphology variables, sexual 594 

reproduction and epicormic growth for E. camphora, L. lanigerum and M. squarrosa. Only relationships 595 

from models with R2 or pseudo R2 >0.05 and for predictor variables with a significant independent 596 

contribution to the overall explained variance >0.30 are shown. Note that plots show untransformed 597 

values for flood duration and frequency whereas statistical modelling was undertaken using log 598 

transformed values. Points indicate raw data (n = 129 for E. camphora, n = 75 for L. lanigerum, n = 74 for 599 

M. squarrosa). Frequency (events/yr) = mean number of flooding events per year; Duration (days) = mean 600 

flooding event duration; Sexual reproduction = score for sexual reproduction; Epicormic growth = score for 601 

epicormic growth. 602 



Fig. 5 Relationships between morphology variables and sexual reproduction and epicormic growth for E. 603 

camphora, L. leptospermum and M. squarrosa. Only relationships for predictor variables with a 604 

significant independent contribution > 0.30 to the explained variance are shown. Points indicate raw 605 

data (n = 111 for E. camphora, n = 76 for L. lanigerum, n = 77 for M. squarrosa). DBH = Diameter at 606 

breast height.   607 
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Figures

Figure 1

Hypothetical gradient in morphology and reproductive strategy of woody riparian plants in response to
�ood disturbance. Individuals that grow further from a channel or in higher elevations (left hand side) will
experience less disturbance, i.e. shorter duration or less frequent �ooding, which should hypothetically
result in plants that are taller, single-stemmed and largely exhibit sexual or seed-based reproduction
(symbolised by presence of �owers). In contrast, individuals that experience more disturbance (right hand
side) will be more likely to have leaning stems, be shorter, multi-stemmed and reliant on vegetative
reproduction (symbolised by epicormic resprouts).



Figure 2

Map of all surveyed individuals of the three studied species within the Yellingbo Nature Conservation
Reserve (green polygon). Shading represents �ooding gradient categories used for sample point
strati�cation (with grey indicating non-�ood-prone areas and blues indicating �ood-prone areas with
darker blues representing higher �ood-proneness). Note: The designations employed and the presentation
of the material on this map do not imply the expression of any opinion whatsoever on the part of
Research Square concerning the legal status of any country, territory, city or area or of its authorities, or
concerning the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 3

Boxplots of main stem DBH (a), plant height (b), crown width (c), crown extent (d), stem number (e) and
stem leaning (f) for surveyed plants of the three studied species. Coloured points indicate raw data (n =
129 for E. camphora, n = 75 for L. lanigerum, n = 74 for M. squarrosa for all variables except for plant
height for which n = 108 for E. camphora and n = 74 for L. lanigerum). DBH = diameter at breast height.
E. cam = E. camphora, L. lan = L. lanigerum, M. squ = M. squarosa.



Figure 4

Relationships of �ood duration and frequency and measured morphology variables, sexual reproduction
and epicormic growth for E. camphora, L. lanigerum and M. squarrosa. Only relationships from models
with R2 or pseudo R2 >0.05 and for predictor variables with a signi�cant independent contribution to the
overall explained variance >0.30 are shown. Note that plots show untransformed values for �ood
duration and frequency whereas statistical modelling was undertaken using log transformed values.
Points indicate raw data (n = 129 for E. camphora, n = 75 for L. lanigerum, n = 74 for M. squarrosa).
Frequency (events/yr) = mean number of �ooding events per year; Duration (days) = mean �ooding event
duration; Sexual reproduction = score for sexual reproduction; Epicormic growth = score for epicormic
growth.



Figure 5

Relationships between morphology variables and sexual reproduction and epicormic growth for E.
camphora, L. leptospermum and M. squarrosa. Only relationships for predictor variables with a
signi�cant independent contribution > 0.30 to the explained variance are shown. Points indicate raw data
(n = 111 for E. camphora, n = 76 for L. lanigerum, n = 77 for M. squarrosa). DBH = Diameter at breast
height.
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