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Abstract 
Triggered by climate forcing, various feedback mechanisms between physical, chemical 

and biological processes define the various ecological services that a wetland can provide. 

These ecological services include habitat provision and carbon cycling and storage. If the 

climate forcing is within a dynamic equilibrium, these ecological services will emerge in a 

quasi-steady state. If the climate is non-stationary, the ecological services provided by a 

wetland can respond in a non-linear way, as the feedback mechanisms that mediate the 

climate forcing may maintain the system stability or may drive it into a new stable state.  

 

This research explores the hypothesis that non-intuitive shifts in the ecological services 

provided by wetlands occur in response to hydro-climatological changes. The hypothesis 

was explored through the application of an ecohydrological model designed to evaluate 

plant habitat allocation and carbon storage, the ecological services of interest. The study 

was focused on the south-west of Western Australia (SWWA), a semi-arid region that has 

been experiencing a non-stationary climate forcing and salinisation.  As such, the model 

was parameterized to represent plants typically found in the region, in particular two 

threatened species, Casuarina obesa and Melaleuca strobophylla, and validated against 

available data from Lake Toolibin, a Ramsar listed wetland. 

 

Firstly, the model was used to evaluate wetland response to different hydrologic 

management interventions that have been undertaken in Lake Toolibin. The aim was to 

quantify their effectiveness in controlling the impact of salinisation on the vegetation 

community. Model results showed that groundwater extraction by pumping was more 

effective than surface diversion of saline inflows to maintain vegetation abundance. Also, 

the results revealed that groundwater extractions favoured the establishment of C. obesa 

over M. strobophylla. It was also shown that the salinity status in Lake Toolibin can only 

remain below the levels tolerable by vegetation if long term, large scale intervention, such 

as catchment reforestation to reduce regional groundwater levels, takes place. Model 

sensitivity analysis showed that a linear change in parameters causes a non-linear 

response by the system, mainly due to the complexity of the dynamics between the 

different major controls, namely the water table level, vegetation, soil moisture and 

salinity. The model was particularly sensitive to soil parameters, suggesting soil as an 

important control on wetland ecohydrology.  
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Secondly, the model was applied along a gradient of increasing aridity across SWWA to 

demonstrate the feedback mechanisms that shape the co-evolution between hydrology 

and vegetation. Model results corroborated the hypothesis that non-intuitive shifts in 

ecological services occur in response to distinct regimes of climate forcing. In particular, 

the results showed that higher water availability (i.e. higher mean annual rainfall depth) 

does not necessarily represent a higher vegetation density, if the wetland experiences high 

salinities. Results also showed that not only rainfall depth, but also rainfall intra-annual 

distribution affects environment partitioning, and therefore vegetation. Intensified rainfall 

events and longer inter-storm periods favoured M. strobophylla, since it is more adapted to 

flood conditions. However, intensified rainfall events and longer inter-storm periods 

increased the salinity in the root zone, so the advantage of M. strobophylla was buffered, as 

C. obesa is more adapted to high soil solution salinities in the root zone. In general, 

however, the findings highlighted that salinisation processes amplify the effect that 

changes in climate have on vegetation dynamics, creating a highly non-linear response.  

 

Next, the model was forced using synthetic rainfall to mimic the decline in annual 

precipitation predicted to happen in SWWA. The results suggested that if the predicted 

decline in rainfall eventuates, M. strobophylla is under a greater threat than C. obesa in 

these wetland systems. In fact, in a non-intuitive response, C. obesa increased its 

population with the decline in rainfall, which was partially caused by the mortality of the 

M. strobophylla, brought about by drought and salinity. This result elucidates that 

vegetation competition is also a feedback mechanism that controls vegetation assemblage. 

 

Finally, a carbon generation and decomposition module was added into the 

ecohydrological model to explore the effects that climate has on carbon storage. Results 

revealed that an optimum combination of water supply and vegetation leads to a higher 

percentage of carbon being stored in soils, thus increasing the resistance of the carbon 

storage to changes in precipitation. Unexpectedly, carbon storage in wetlands was not 

positively related to water availability, mainly because of temperature, which was shown 

to be an important control on microbial activity. The magnitude of carbon fluxes 

interchanged with the atmosphere, however, was positively related to water availability, 

following a non-linear relationship.  

 

The model presented is a useful tool to assess the ecohydrological trends of salt-affected 

semi-arid wetlands in response to a changing climate, as well as to improve the theoretical 

basis for supporting site-scale management actions. Overall, this research contributes to a 

more detailed understanding of the inter-relationships in wetland ecosystems, and to 
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develop future land management strategies to preserve wetlands in the SWWA region and 

elsewhere. 

 



 

 

vi 

Contents 
 

Abstract iii 

Contents vi 

List of Figures ix 

List of Tables xiii 

List of Variables xiv 

List of Acronyms xvii 

Acknowledgments xviii 

Statement of Candidate Contribution and Study Originality xx 

Preface xxi 

1. Introduction 1 

1.1 Background 1 

1.2 Motivation 4 

1.3 Research Objective 5 

1.4 Research Approach 5 

1.5 Thesis Outline 6 

2. A Model to Explore Controls on Vegetation – Hydrology Co-
Evolution in Wetlands 8 

2.1 Abstract 8 

2.2 Introduction 9 

2.3 Model Description 11 
2.3.1 Water budget 12 
2.3.1.1 Standing water storage 14 
2.3.1.2 Groundwater storage 15 
2.3.2 Biomass dynamics 19 
2.3.3 Salinity Budget 23 



 

 

vii 

2.3.3.1 Salt in the top soil 23 
2.3.3.2 Salt in the vadose zone 25 
2.3.3.3 Salt in the saturated zone 27 
2.3.3.4 Salt in the lake 28 

2.4 Discussion 29 
2.4.1 A Tool to Study Vegetation-Hydrology Co-Evolution and to Access 
Management Scenarios in Wetlands 29 
2.4.2 Application to Different Wetland Contexts 30 
2.4.3 Ability to Investigate Multiple Steady-States and System Resilience 31 
2.4.4 Ability to Investigate Fresh Water Lenses over a Saline Groundwater 34 

3. Quantifying the Impacts of Hydrological Changes on the 
Ecohydrology of a Semi-arid Wetland: Lake Toolibin, WA 35 

3.1 Introduction 37 

3.2 Ecohydrology of Lake Toolibin 38 

3.3 Model Setup 41 
3.3.1 Boundary conditions 42 
3.3.2 Parameterization 43 

3.4 Model Application 49 
3.4.1 Lake Toolibin Validation 49 
3.4.2 Sensitivity Analysis 52 

3.5 Management Scenario Assessment 58 
3.5.1 Rationale 58 
3.5.2 Results 59 

3.6 Conclusion and Recommendations 63 

4. Vegetation – Hydrology Co-Evolution in Wetlands as a 
Response to Rainfall Variability 67 

4.1 Abstract 67 

4.2 Introduction 68 

4.3 Model Application 70 
4.3.1 Climate Controls on Vegetation Assemblage and Salinisation 70 
4.3.2 Sensitivity to Rainfall Intra-Annual Distribution 75 
4.3.3 Vegetation Assemblage and Salinisation in Response to a Drying Climate 79 

4.4 Conclusion and Recommendations 81 

5. Carbon Storage in Wetlands as a Function of Vegetation –
Hydrology Co-Evolution 84 



 

 

viii 

5.1 Abstract 84 

5.2 Introduction 85 

5.3 Model Description 88 
5.3.1 Water budget 88 
5.3.2 Carbon Dynamics 89 
5.3.2.1 Vegetation Biomass 89 
5.3.2.2 Carbon Decomposition 89 

5.4 Model Application 94 
5.4.1 Pathways of Carbon Metabolism along an Aridity Gradient 97 
5.4.2 Response Of The Carbon Cycle to Wetland Partitioning: How Does the 
Environment Partitioning Control Carbon Storage and Vegetation Assemblage in 
Wetlands? 100 
5.4.3 Wetland Resilience to Climate Disturbance: How Does the Vegetation 
Assemblage and C Storage Change in Response to Projected Shifts in Precipitation 
and Temperature? 104 
5.4.3.1 Rainfall Decrease 104 
5.4.3.2 Rainfall Decrease and Temperature Increase 108 

5.5 Conclusion 110 

6. Conclusions 111 

6.1 Thesis Summary 111 

6.2 Recommendations and Future Work 113 
References 117 

Appendix A 127 

Appendix B 128 

 



 

 

ix 

List of Figures 
Figure 1: Ecological services provided by wetlands as a function of feedback mechanisms 

between chemical, physical and biological processes. 2 

Figure 2:  The three storage cells or environments with distinct hydrological function (U, S 

and L) and their correspondent surface areas (AU, AS and AL). 12 

Figure 3: Water fluxes thought the three storage cells and their relative areas. 14 

Figure 4: The main salt pathways within the wetland domain. 24 

Figure 5: The vegetation-hydrology co-evolution as a response to the long-term inter-

relation between water and plants. 30 

Figure 6: Schematic representation of a discharge (a), recharge (b) and flow-through (c) 

wetland. 31 

Figure 7: Schematic representation of the feedbacks between variables (b) that drives the 

system to multiple steady-states (a). From the tipping point, the system can shift towards 

the salinisation attractor or towards the vegetation attractor. 32 

Figure 8: If a certain disturbance is not great enough, the system has the ability to “bounce 

back” to its original steady-state and vegetation does not reach zero (black dots). If the 

disturbance is great enough to cross the tipping point, however, biomass tends to zero and 

salinity is accumulated in the vadose zone (grey diamonds). 33 

Figure 9: After the end of the drought, the lack of vegetation and the formation of a  salt 

crust can turn the wetland from a recharge to a discharge type. 33 

Figure 10: Salt concentration in the surface inflow in Lake Toolibin. 39 

Figure 11: Map of biomass density in Lake Toolibin as at January, 2005. 40 

Figure 12: Map of root zone salinity in Lake Toolibin as at January, 2005. 41 

Figure 13: Bores and pumps location within the wetland domain. 42 

Figure 14: Observed and adjusted function for groundwater boundary condition. 43 

Figure 15: Relation between lake volume (Lv) and lake level (hL) observed and calculated 

by Equation 1(a) and the topography of Lake Toolibin (b). 44 



 

 

x 

Figure 16: The observed and modelled lake level (a) and water table depth from the 

surface (b). The beginning of the gate operation is signalised with a dashed line. 50 

Figure 17: The predicted salt amount at the soil surface (a) and the salt concentration as 

electric conductivity at the lake (b), at the vadose zone (c) and at the groundwater (d), 

compared to the range observed in the field. 51 

Figure 18: Predicted biomass density (kg m-2) for grasses (a) and for M. Strobophylla (V1) 

and C. Obesa (V2), compared to the values observed in 2005 (b). 51 

Figure 19: Difference in V1 biomass in response to salinity tolerance under inundation. 53 

Figure 20: Percentage of the time that the wetland was innundated between 1980 and 

1997. 53 

Figure 21: Effect of the salt concentration tolerability in the root zone by V1, V2 and V3. 54 

Figure 22: Vegetation biomass response to changes in θfc. 55 

Figure 23: Changes in θfc and consequent impact on the major controls on vegetation 

biomass. 56 

Figure 24: Water table depth (a) and vegetation (b) response to simulations carried on 

with different initial conditions. 57 

Figure 25: Salinity levels in response to simulations with different initial conditions. 57 

Figure 26: Water table depth (a), salt concentration at the root zone (b), vegetation 

assemblage and abundance (c) and salt concentration in the groundwater (d) for all 

scenarios tested. 60 

Figure 27: Major controls on biomass growth for each tested scenario: water availability 

given soil moisture restrictions (a), given the salt concentration at the root zone (b), given 

salt concentration in the groundwater (c) and given salt concentration at the open water 

(d). 62 

Figure 28: Rainfall variability representative of SWWA that was tested in the model. 72 

Figure 29: Vegetation dynamics and salt accumulation in response to C1 rainfall forcing. 73 

Figure 30: Vegetation dynamics and salt accumulation in response to C2 rainfall forcing. 74 

Figure 31: Vegetation dynamics and salt accumulation in response to C3 rainfall forcing. 74 

Figure 32: Vegetation assemblage in response to the rainfall variability tested considering 

salinity restrictions (a) and ignoring salt constrains (b). 75 



 

 

xi 

Figure 33: Three intra-annual rainfall distribution that generated the three tested 

scenarios. 76 

Figure 34: Hydroperiod in response to rainfall intra-annual distribution. 78 

Figure 35: Flow pathways and the salinisation response to a rainfall distribution with 

shorter inter-storm period and lower rainfall intensity (scenario R1). 78 

Figure 36: Flow pathways and the salinisation response to a rainfall distribution with 

longer inter-storm period and higher rainfall intensity (scenario R3). 79 

Figure 37: Vegetation assemblage in response to the range of rainfall intra-annual 

distribution tested considering salinity restrictions (a) and ignoring salt constrains (b). 79 

Figure 38: Vegetation assemblage (a) and the salinisation (b) in response to the rainfall 

decrease. 81 

Figure 39: Changes on biomass control in the root zone in response to the decrease in 

rainfall predicted to SWWA in the next 20 years. 81 

Figure 40: Representation of the major fluxes that connect carbon pools in the wetland 

system. The three C pools (CU, CS and CL) are depicted in brackets. The lake cell (L) is 

represented in white, the unsaturated sediment (VU) in light grey and the saturated 

sediment (VS) in dark grey. Water table level (hS) is depicted as a dashed dot line. The 

arrows represent the major carbon fluxes. 89 

Figure 41: Representation of the organic carbon cycling in each hydrological environment, 

n (n = U, S or L); ηl, ηr and ηd represent the decomposition rates of labile, refractory and 

dissolved C. 92 

Figure 42: Water availability was not a proxy for C soil storage in the simulated wetlands: 

(a) fraction of inundated area (grey bars) and relative water table (black line), (b) the LAI 

of trees, grasses and aquatic plants, depicted in dark grey, light grey and grey bars, 

respectively, (c) carbon storage in the lake and soil (grey bars) and microbial respiration 

(black line), and (d) wetland metabolism (grey bars) and vegetation metabolism (black 

line). 98 

Figure 43: Locations C1 and C3 presented higher decomposition efficiency because of ideal 

soil moisture and temperature conditions, assessed by fT*fθ. 100 

Figure 44: A decrease in water storage along the DI gradient did not present a decrease in 

C storage as highlighted by the relationship between the fraction of inundated area over 

the wetland domain (bars), and the total C storage, CW =CB+CV, (circles). 102 



 

 

xii 

Figure 45: Vegetation assemblage (represented by LAI) and the decomposition efficiency 

by bacterial biomass. 102 

Figure 46: A decrease in water availability (represented by the fraction of waterlogged 

area, AL/AW) decreased C transfer with the atmosphere, but not the total C stored by the 

wetland as indicated by the C fluxes that define the wetland metabolism (a) and the total 

carbon stored by the system (b). 103 

Figure 47: Carbon storage changes caused by successive decline in water availability as 

demonstrated by the decrease in precipitation depth and consequent drop in the saturated 

zone (a), the resultant vegetation adaptation to the changes (b), and the variability in 

carbon allocated to belowground (CB) and vegetation (CV) pools (c). 105 

Figure 48: Distinct behaviour from vegetation and bacteria regarding water availability 

can cause wetlands to find a point of maximum C storage in soils, as indicated by (a) the 

relation between the total C storage in the lake and soil (CB) and the total vegetation 

biomass (CV); and (b) the relation between the mean annual precipitation and total C to 

enter the soil pool (Ll + Rd) and the microbial respiration efficiency (Rd / CB ). 107 

Figure 49: The vegetation (a) and wetland metabolism (b) response to the decrease in 

mean annual rainfall depth and the relation between vegetation and wetland metabolism 

(c) for each scenario. 108 

Figure 50: An increase in temperature stimulated both microbial activity (a) and 

vegetation respiration (d). As a consequence, C soil storage (b) and vegetation biomass (c) 

were depleted. Time series with temperature increase are represented with an asterisk.109 

 



 

 

xiii 

List of Tables 
Table 1: Example of water uptake strategy compatibility parameters for plants in the 

different wetland regions. 22 

Table 2: Initial conditions and parameters for Lake Toolibin. 47 

Table 3: Vegetation parameters used in the simulations. 48 

Table 4: Scenarios to be tested by the model, weather data experienced between 1979 and 

2007. 66 

Table 5: Hydro-climatic variability of the three representative catchments of SWWA. 71 

Table 6: Initial conditions for each scenario tested. 72 

Table 7: Summary of the non-dimensional parameters for the carbon decomposition 

model. 96 

 

 



 

 

xiv 

List of Variables 

Symbol Definition Units 

n sub-index that denotes the environment U, S or L _ 
i sub-index that denotes the plant type V1, V2 or V3 _ 

b 
ratio between lake volume and lake height in a paraboloid 
equation m-1 

AW total wetland area m2 
AL lake area m2 
AS saturated soil area m2 
AU unsaturated soil area m2 
L lake/open water environment/zone/cell _ 
S saturated soil environment/zone/cell _ 
U unsaturated soil environment/zone/cell _ 
St total water volume in the soil (Sus + Ssat) m3 
Sus total water volume in the U zone m3 
Ssat total water volume in the S zone m3 
Lv open water volume  m3 
hL lake level  m 
hS water table level m 
hU water table depth  m 
hW total wetland height m 
hB soil height underneath the lake  m 
hBC water table level at the boundary condition m 
Qc runoff from the catchment m3 d-1 
P n effective precipitation at  n (after interception)  m3 d-1 
Pt precipitation mm  d-1 
E soil evapotranspiration (E b + E) m3 d-1 
I infiltration m3 d-1 
Qs seepage m3 d-1 
QA capillarity flow m3 d-1 
Qgw  catchment groundwater inflow m3 d-1 
Qout outflow that exceed lake capacity m3 d-1 
Qse saturation excess m3 d-1 
Qss groundwater outflow m3 d-1 
Qw runoff from AU and AS m3 d-1 
Pp pumping flow m3 d-1 
E b n evaporation from any n environment  m3 d-1 
Qp percolation from U to S m3 d-1 
Uc effective soil holding capacity in U m3 
E0 potential evaporation mm  d-1 
E i,n transpiration of vegetation type i present at any n environment m3 d-1 
E n, i ς salt assimilated by vegetation g d-1 
LAI i,n leaf area index  m2 m-2 
W i,n  water uptake rate of vegetation  m3 d-1 
Ψ i,n normalized potential water uptake  _ 



 

 

xv 

D i,n density of vegetation biomass  kg C m-2 
Ll i,n litterfall turnover kg C d-1 m-2 
ΠA i,n carbon gross assimilation  kg C d-1 m-2 
Rd i,n root turnover kg C d-1 m-2 
R n,i vegetation respiration kg C d-1 m-2 
B n,i vegetation biomass kg C m-2 

CC canopy conductance m s-1 
CM mesophyll conductance m s-1 
Π0  potential uptake rate kg C d-1 m-2 
AUς salt crust at the surface of the unsaturated soil area g m-2 
ASς salt crust at the surface of the saturated soil area g m-2 
Aς salt transported via capillarity into U the cell g d-1 
ASL area that the lake would occupy  if  hL was hS m-2 
β i,n  root density in contact with the saturated zone m m-1 
Bl i,n vegetation i leaf biomass at the n zone kg C m-2 
Br i,n vegetation i root biomass at the n zone  kg C m-2 
Φ C  solar radiation at canopy level MJ m-2d-1 
Iς salt carried via infiltration g d-1 
L ς salt in the lake g 
Pp ς salt lost via pumping g d-1 
Pnς salt deposited by rainfall g d-1 
θ soil moisture m3 m-3 
θfc soil moisture at field capacity m3 m-3 
Qc ς catchment surface  runoff salt load  g d-1 
Qg ς salt lost via groundwater  g d-1 
Qgw ς salt brought into S cell via groundwater  g d-1 
Qie infiltration excess m3 d-1 
Qout ς flux of water exiting the wetland m3 d-1 
Qpς salt percolated from U to S g d-1 
Qsς salt transported with the seepage g d-1 
QwUς  salt carried to the lake via runoff from AU g d-1 
QwSς  salt carried to the lake via runoff from AS g d-1 
α plant  water uptake restrictions given soil moisture - 
rL lake radius m 
rW wetland radius m 
Sς salt in the S cell g 
T temperature  oC 
Lς salt in the L cell g 
VLS volume that the lake would occupy  if  hl was hs m3 
 ςcu salt concentration in U cell g m-3 
 ςcs salt concentration in S cell g m-3 
 ςcl salt concentration in L cell g m-3 
Ebnς salt load carried to the top soil of a n zone by evaporation  g m-3 
ςle salt leaching efficiency - 
Τwt ς salt redistributed between U and S given hS variations g d-1 
ςcc salt concentration in the surface catchment inflow g m-3 
CU Carbon stored in the U zone g m-3 
CS Carbon stored in the S zone g m-3 



 

 

xvi 

CL Carbon stored in the L zone g m-3 
CB belowground carbon storage (=CU + CS + CL) g m-3 
VU volume of sediments under unsaturated conditions m3 
VS volume of sediments under saturated conditions m3 
LC carbon leached from the U to the S zone g  m-3 d-1 
PC carbon lost to deep drainage g  m-3 d-1 
QC carbon transferred via seepage g  m-3 d-1 
Cout carbon lost via lake outflow g  m-3 d-1 
Rb carbon lost via microbial respiration g  m-3 d-1 
POC l n particulate organic carbon labile g 
POC r n particulate organic carbon refractory g 
POC n particulate organic carbon g 
POC b n microbial biomass g 
My month of the year 

  

 



 

 

xvii 

List of Acronyms 
Acronym Description 
DEC Department of Environment and Conservation 
BoM Bureau of Meteorology 
DoW Department of Water 
SWWA south-west of Western Australia 
EC electric conductivity 
DBH diameter at breast height 
IC initial condition 
ASL above sea level 
OM organic matter 
DI dryness index 
GHG greenhouse gas 
C carbon 
GCM general circulation model 
TDS total dissolved salts 
LAI leaf area index 
  
  
 

 

 

 

 

 

 



 

 

xviii 

Acknowledgments 
First, my sincere thanks to Dr. Matthew Hipsey for accepting to be my supervisor when I 

decided to change schools. I could not have made a better decision. Matt, your curiosity 

about science, your generosity in sharing what you know, your dedication to any project 

you are involved in and your perseverance are truly inspiring! It was a great experience to 

be your student and to work with you! 

 

I am also grateful to Dr. Ryan Vogwill, for his supervision and kind support, especially in 

the last stages of my PhD. Thanks Ryan for sharing your extensive experience about the 

hydrogeology of Lake Toolibin and for bringing a practical approach in my research. Your 

comments on my work were always very encouraging! I am grateful for the time and 

dedication and, together with Matt, for the extensive editing of my drafts! My thanks go 

also to Dr. Christoph Hinz for his advice on relevant literature and modelling approaches, 

particularly at the beginning of my PhD. 

 

I wish to acknowledge the financial support from the University of Western Australia 

through a Scholarship for International Research Fees (SIRF) and a University 

International Stipend (UIS). In particular, I wish to thank Prof. Robyn Owens for her 

support when I changed schools.  

 

I would like to acknowledge the Department of Environment and Conservation (DEC) for 

all the data provided, which I used to calibrate my model. Special thanks to Dr. Paul Drake, 

for his valuable help in describing vegetation behaviour so that I could model and 

parameterize it. I am also grateful for the data provided by the Bureau of Meteorology 

(BoM) and by the Department of Water (DoW).  

 

During my time at UWA, I was lucky enough to be part of a group of staff and students 

whose name has been lengthy discussed, so we kindly nicknamed it “hipsey’s”. The whole 

group was very supportive and helped me in different ways. My sincere thanks go to 

Brendan Bush for his enormous help on all software related affairs. Brendan, you rock! 

Thanks for the patience and help! Thanks also to Dr. Louise Bruce for many helpful 

discussions about modelling and general support and ideas! I am also grateful to Dr. Sri 

Adiyanti, in particular for solving GIS related problems and to Casper Boon for solving our 

computer related problems. I leave here a great hug for my sweet fellow PhD ”hipsey’s” 

students: Dan Paraska, Hasnein H9 Tareque, Alice Gedaria, Ana Laura and Gayan 



 

 

xix 

Gunaratne. Guys, I love you all and I’m already missing you. My current office does not 

feature singers and guitar players. Thanks you, guys, for keeping the competitiveness at 

the tennis and frisbee fields and thanks for being the best support a PhD student can have. 

You all have made my time at UWA a joy and a pleasure. I wish you all the best in wherever 

your future takes you. 

 

I dedicate this work to Carsten.  

 

 

 

 

 

 

 

 

 

 

 



 

 

xx 

Statement of Candidate Contribution and 

Study Originality 
The research presented here is an original contribution to the field of hydrology of 

wetlands. I hereby declare that all materials presented in this thesis are original except 

where due acknowledgment has been given, and have not been submitted for the award of 

any other degree or diploma. Besides, it has been substantially completed during my 

enrolment at The University of Western Australia.  

 

The body of this thesis (Chapter 2-5) is presented as a series of studies designed for 

relevant journal papers, so some repetition of the literature review and model formulation 

have been necessary. I have been given permission to include this work in my thesis from 

all the co-authors, who are the supervisors of my thesis. However, as the main author of all 

material within this thesis, I am completely responsible for all model formulation, results 

analyses, presentation and written text contained herein. 

 

 

________________________________________        ____________________________________________ 

Janaine Zanella Coletti      Date 

 

 

________________________________________        ____________________________________________ 

Dr. Matthew Hipsey                    Date 

(Coordinator Supervisor) 

 

 

 



 

 

xxi 

Preface 
The main body of this thesis (Chapter 2 to Chapter 5) is a compilation of papers written for 

journal publication. Each chapter is a standalone manuscript, which includes abstract, 

literature review, results and discussion. The introductory Chapter 1 presents the 

background, the objective and the motivation for this study and links the following 

chapters. The major outcomes of this work are summarized in Chapter 6 and content 

recommendations for future work. 

 

Chapter 2 is to be submitted to Ecohydrology as “Coletti, J., C. Hinz, R. Vogwill and M. 

Hipsey, Quantifying the Impacts of Hydrological Changes on Wetland Ecohydrology. Part I – 

Modelling Scheme”. The model development presented in this study was made by me 

under supervision of the co-authors, especially Matt Hipsey who gave the first ideas in 

developing a hydrological model for wetlands where hydrologically distinct areas could be 

lumped as a single pool and then their variation could be calculated on a daily basis. Matt 

Hipsey also gave me ideas on how to deal with stationary biomass being affected by 

spatially dynamic hydrological environments. Ryan Vogwill gave me insights on the in-situ 

vegetation behaviour that help me to conceptualise the vegetation sub-routine of the 

model. Christoph Hinz suggested related literature that gave me the starting point of the 

hydrological model. All co-authors checked the scientific integrity of the research and 

edited the manuscript.  

 

Chapter 3 is also to be submitted to Ecohydrology as “Coletti, J., C. Hinz, R. Vogwill and M. 

Hipsey, Quantifying the Impacts of Hydrological Changes on Wetland Ecohydrology. Part II – 

Lake Toolibin, WA”. The model application presented in this study was designed by me, 

under supervision of the co-authors, who also checked the scientific integrity of the 

research. 

 

Chapter 4 is to be submitted to a relevant peer-reviewed journal as “Coletti, J., C. Hinz, R. 

Vogwill and M. Hipsey, Vegetation – Hydrology Co-Evolution in Wetland as a Response to 

Rainfall Variability”. The model application presented in this study was designed by me, 

under supervision of the co-authors, who also checked the scientific integrity of the 

research. 

 

 



 

 

xxii 

Chapter 5 was published in Ecological Modelling as “Coletti, J. Z., C. Hinz, R. Vogwill, and M. 

R. Hipsey. 2013. Hydrological controls on carbon metabolism in wetlands. Ecological 

Modelling 249:3-18”. The model framework presented in this study was made by me, 

under supervision of the co-authors, who also checked the scientific integrity of the 

research and edited the manuscript. 

 

Components of this work have been presented in international conferences as: 

 

Coletti, J.Z., C. Hinz, R. Vogwill and M. R. Hipsey, (2011), A Minimalistic Model for Carbon 

Cycling in Wetlands, Proceedings of the 2011 International Congress on 

Modelling and Simulation (MODSIM2011), Perth, Australia. 

 

Hanna, J.P., J.Z. Coletti, M.R .Hipsey and R. Vogwill, (2011), Identification of the major 

hydrological threats for two clay pan wetlands in the South West of 

Australia, Proceedings of the 2011 International Congress on Modelling 

and Simulation (MODSIM2011), Perth, Australia. 

 

Coletti, J.Z., C. Hinz, R. Vogwill, H. Tareque and M. R. Hipsey, Ecohydrological feedback 

mechanisms control ecological services in wetlands, American 

Geophysical Union (AGU) Fall Meeting, San Francisco, USA, December, 

2011. 

 

The ecohydrological model developed here has also been used by: 

 

Guerra, M. B., (2011), Solute and water balance on Lake Gwellup, A groundwater depend 

wetland in a semi-arid region, Master dissertation, Faculty of Natural 

and Agricultural Sciences, The University of Western Australia. 

 

Coletti, J.Z, Gunaratne G, Hipsey M. R., Busch B. D., Callow N. and R. Vogwill (2012), BioRisk 

– Model assessment of wheat-belt biodiversity asset response to 

ecohydrological dynamics. Report prepared for the Department of 

Environment and Conservation, Government of Western Australia. 

 

Mitchell, N., M. Hipsey, S. Arnall, G. McGrath, H. Tareque, G. Kuchling, R. Vogwill, M. 

Sivapalan, W. Porter, and M. Kearney. 2012. Linking Eco-Energetics and 

Eco-Hydrology to Select Sites for the Assisted Colonization of Australia’s 

Rarest Reptile. Biology 2:1-25. 



 

 

1 

1. Introduction 
 

1.1 Background  
Wetlands provide valuable ecological services at local and global scales (Mitsch & 

Gosselink, 2000a). They provide the habitat to flora and fauna, mitigate flood events, 

enhance areas for grazing after flood recession, and they sustain forestry, fishing and 

agricultural activities (Mitsch & Gosselink, 2000b). They process pollutants, improving 

water quality (Reddy & DeLaune, 2004; Mitsch et al., 2008). Wetlands also represent an 

important component in global carbon cycles and may exert a large influence on global 

climate change (Y. Zhang, Li, Trettin, Li, & Sun, 2002). Indeed, despite representing only 

~4 to 6% of the Earth's land area, wetlands store an estimated 20 to 25% of the world's 

soil carbon, between 350 and 535 Gt (Dean & Gorham, 1998). The efficient carbon storage 

in wetlands is related to their generally high rates of productivity (Reddy & DeLaune, 

2004) and sedimentation,  followed by low rates of organic matter decomposition (Mitsch 

& Gosselink, 2000b), which is influenced by the anoxic conditions that develop in their 

saturated soils and sediments (NRC, 1995; Dean & Gorham, 1998). As carbon cycling 

depends on a series of biotic and abiotic processes, wetlands can act as source or sink of 

carbon (Mitsch & Gosselink, 2000b). 

 

Similar to carbon cycling, plant habitat allocation provided by wetlands depends on a 

series of feedback mechanisms between biotic and abiotic processes. Local climate 

provides the hydrological pulses that are modulated by the landscape features of a 

wetland to produce its hydroperiod. The main landscape features that affect the 

hydroperiod are morphology, hydrogeology, soil properties and vegetation cover 

(Institute, 1994; NRC, 1995; Mitsch & Gosselink, 2000b). Hydroperiod, which is the 

temporal and spatial extent of waterlogging, defines the environment partitioning of 

wetlands (NRC, 1995). In this context, environment partitioning is the division of the 

wetland into areas of distinct hydrological functioning: the open water, the saturated soil 

zone and the upland zone, which includes a layer of unsaturated soils. Those zones define 

individual plant habitats because they provide distinct abiotic conditions, including the 

level of soil moisture, oxygen, salt and nutrient concentrations (Mitsch & Gosselink, 

2000b). Whilst plants tend to assemble spatially in accordance to their habitat, they also 

affect it. In fact, vegetation exerts control on wetland hydroperiod through interception 
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and transpiration (Farmer, Sivapalan, & Jothityangkoon, 2003; Baudena et al., 2012) and 

changing soil permeability via rooting dynamics.  

 

Therefore, the local climate provides the forcing that triggers a series of complex feedback 

mechanisms between biotic and abiotic processes (Weltzin et al., 2000). Those feedback 

mechanisms “co-evolve” to shape the environment partitioning of a wetland. This 

environment partitioning ultimately governs the ecological services that a wetland can 

provide, such as plant habitat allocation and carbon storage (Figure 1). If the climate 

forcing loses its dynamic equilibrium, the character of the response that one expects from 

the system can be highly non-linear, as the feedback mechanisms may maintain system 

stability or may drive the system into a new stable state. For instance, the decline of 

rainfall can drive a wetland to lose the habitat of aquatic vegetation. Changes in climate, 

however, are not the only threat to wetland vegetation species. Whilst climate can be an 

important driver (Costelloe, Puckridge, & Walker, 1999; Burkett & Kusler, 2000), wetland 

vegetation is also affected by altered hydroperiod caused by changes in catchment land-

use (Moiwo, Lu, Zhao, Yang, & Yang, 2010), and by river flow management or groundwater 

abstraction (Mitsch et al., 1998; Halse, 2004; Crosbie et al., 2009; Kingsford, 2011).  

 

 
Figure 1: Ecological services provided by wetlands as a function of feedback mechanisms between 

chemical, physical and biological processes. 
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Wetlands found in regions with Mediterranean or semi-arid climates, such as that 

experienced in south-west Western Australia (SWWA), are expected to be particularly 

sensitive to changes in climate and land-use. In this region, most rainfall occurs in winter, 

when temperatures are at their lowest, so a higher conversion of rainfall to runoff and 

recharge occurs (CSIRO, 2009). Conversely, the dry season happens during periods with 

high evaporation rates (CSIRO, 2009), increasing the probability of water deficits in the 

soil (Petrone, Hughes, Van Niel, & Silberstein, 2010). Besides having a highly variable 

water delivery (Tooth & McCarthy, 2007; Humphries et al., 2011), semi-arid wetlands are 

prone to salinisation (Crosbie et al., 2009; Laurance et al., 2011). To date, increased 

salinisation has already caused negative impact on wetland plant communities in SWWA 

(Froend, Heddle, Bell, & Mccomb, 1987; Davis et al., 2003; Halse, 2004; Halse & 

Massenbauer, 2005), and still more are under risk, including endemic species (Myers, 

Mittermeier, Mittermeier, da Fonseca, & Kent, 2000).  

 

Vegetation typical from semi-arid regions is adapted to brackish or saline groundwater 

conditions (Carter, 2004; Carter, Veneklaas, Colmer, Eastham, & Hatton, 2006). Some 

plants species deal with salinity using opportunistic water uptake strategies, such as 

quickly assimilating fresh rainfall from the upper vadose zone or from fresher water 

lenses (Holland, Tyerman, Mensforth, & Walker, 2006) that form on top of highly saline 

groundwaters (Eeman, Leijnse, Raats, & van der Zee, 2011), and around waterholes 

(Cendón et al., 2010). This opportunistic behaviour could explain the survival of plants 

under highly saline (64 dS m-1) environments (Mensforth & Walker, 1996). Some plant 

species can accommodate to the highly variable hydrological gradients of wetlands by 

dynamically changing their physiology (Blom et al., 1990; Blom, vandeSteeg, & Voesenek, 

1996; Visser, Voesenek, Vartapetian, & Jackson, 2003; Visser & Voesenek, 2005; Canham, 

Froend, & Stock, 2009). However, although wetland vegetation tolerates high fluctuations 

in soil aerobic and moisture levels, persistent conditions outside of the natural range that 

used to keep the system in equilibrium (P. Mitchell, Veneklaas, Lambers, & Burgess, 2009), 

such as long term flooding (Carter, Colmer, & Veneklaas, 2006) or prolonged drought 

(Horner et al., 2009), can jeopardize ecosystem resilience and lead to a rapid shift in 

ecosystem state through mortality (Nemani & Running, 1989; Horner et al., 2009). In 

particular, the combined effect of waterlogging and salinity seems to be particularly 

detrimental to many semi-arid species (Craig, Bell, & Atkins, 1990; Bell, 1999). 

 

Initially, salt accumulation in the deep soil waters of SWWA was caused by its-relief from 

rock weathering (Mayer, Ruprecht, Muirden, & Bari, 2004). Later, the large-scale clearing 

of land from native plants to introduce short rooted crops, which commenced within 
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decades of settlement (Gell et al., 2009), raised the water table (Mayer et al., 2004). A 

higher water table level mobilised salts from the groundwater into the vadose zone (Bell, 

1999) as exfiltration via capillarity boosted the salt accumulation in the upper soil profiles 

(Commander, Martin, & Doherty, 2004), where evaporation left behind high salt 

concentrations.  

 

This is well exemplified in the case of Lake Toolibin (34020’44.92’’ S/ 115008’16.82’’ E), a 

300 ha wetland listed under the RAMSAR Convention as a Wetland of International 

Importance (Wetlands, 2013). Salinity had affected 8% of the Lake Toolibin catchment and 

24% was at risk in 2003 (Dogramaci, George, Mauger, & Ruprecht, 2003). Included in the 

salt-affected and high risk areas are two large nature reserves, and twenty-two smaller 

areas of remnant vegetation, all on the valley floor and subject to the pressures of rising 

saline water tables.  They are important habitat for 41 species of waterbirds and other 

local fauna. As a result of rising salinity in the Lake Toolibin catchment, casuarina 

(Casuarina obesa) and paperbark (Melaleuca strobophylla) vegetation across the western 

half of the lake and significant areas within the nearby remnants are dying (R. J. George, 

Dogramaci, & Wyland, 2004). Efforts to remediate the impact of the saline groundwater on 

vegetation in Lake Toolibin include surface and deep drainage interventions (R. J. George 

et al., 2004; Vogwill, Drake, Coleman, & Noorduijn, 2010). To date, those efforts have 

caused some improvement in vegetation health, especially for the species C. obesa, in some 

parts of the wetland (Vogwill et al., 2010; Drake, Coleman, & Vogwill, 2012). 

 

1.2 Motivation 
A general decrease in the average annual rainfall depth and an intensification of extreme 

rainfall events is predicted to happen in SWWA (IOCI, 2012), as well as an increase in 

temperature (Nicholls, 2004). This predicted climatic conditions are believed to increase 

the vulnerability of wetlands and their vegetation in that region (Barron et al., 2012), as an 

intensified hydrologic cycle increases the severity of both drought and waterlogging. This 

scenario can also lead to an increased land salinisation (McFarlane, George, & Caccetta, 

2004), which represents a significant threat to wetland function and biota (Froend & 

Mccomb, 1994).  

 

To anticipate the impact that predicted climatic and land-use changes can cause in the 

poorly understood, threatened (Froend & Mccomb, 1994) and ecologically important 

(Semeniuk, 2007; Wetlands, 2013) semi-arid wetlands, there is a need for a strong 
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quantitative basis to support ecosystem-based management decision-making (Jolly, 

McEwan, & Holland, 2008). Given the complexity of wetland systems, a comprehensive 

model framework is a necessary tool to predict wetland vegetation dynamics in response 

to climate change. This model must integrate the feedback mechanisms between water, 

vegetation and salinity and explicitly incorporates plant habitat availability. Yet, simple 

numerical models are preferred over more complex ones, which demand extensive 

amount of data to be parameterized (Jolly & Rassam, 2009). When sufficient data are not 

available for an extensive parameterization, the uncertainty is higher in more complex 

models (Jørgensen, 1999).  

 

Parsimonious modelling frameworks have been built to analyse wetland system behaviour 

including vegetation-soil moisture-nutrients-microorganisms (Colloff & Baldwin, 2010), 

soil-vegetation-atmosphere (Baudena, D'Andrea, & Provenzale, 2008), water level-

vegetation (Ridolfi, D'Odorico, & Laio, 2006; Vervoort & van der Zee, 2008), water level-

vegetation-salt (Vervoort & van der Zee, 2012), rainfall-water level-vegetation (Laio, 

Tamea, Ridolfi, D'Odorico, & Rodriguez-Iturbe, 2009), rainfall-soil moisture-water level-

vegetation (Muneepeerakul, Miralles-Wilhelm, Tamea, Rinaldo, & Rodriguez-Iturbe, 2008), 

nutrient cycling (Wang, Meselhe, Waldon, Harwell, & Chen, 2012) and even hydrology-

vegetation-carbon decomposition interactions (Y. Zhang et al., 2002). However, these 

frameworks are not suited to assess the dynamics of concurrent habitats within a wetland 

domain subjected to salinisation.  

 

1.3 Research Objective 
The objective of this research was to understand how feedback mechanisms between 

hydrology, salinity and vegetation shape the ecological services provided by wetlands. 

Specifically, the goal was to test the hypothesis that, given the complexity of those 

feedback mechanisms, changes in the climate signal cause a non-intuitive shift on: a) the 

habitat allocation to plants and b) carbon cycling and storage, which were the two 

ecological services examined.  

 

1.4 Research Approach 
First, the principals of hydrology, salt mobilization, vegetation dynamics and microbial 

activity in semi-arid wetlands were studied. Then, the most important processes were 

summarized through development of a mathematical model. Finally, the model was 
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applied to answer a series of questions related to the proposed hypothesis, bringing new 

insights into semi-arid wetland ecosystem function. From the more generic to the more 

specific, those questions are: 

 

1. How does wetland vegetation respond to a progressive decline in rainfall? 

2. How does carbon storage change in response to projected shifts in precipitation and 

temperature?  

3. What is the nature of environment partitioning, carbon storage and vegetation 

assemblage in wetlands across the aridity gradient found in SWWA?  

4. What are the major controls on environment partitioning and vegetation assemblage 

in wetlands? 

5. How do wetland partitioning, salt mobilisation and vegetation assemblage respond 

to the pattern of rainfall intra-annual distribution?  

6. Does drought create a competitive advantage for a particular vegetation type?  

7. Does the rainfall intra-annual distribution create a competitive advantage for a 

particular vegetation type? 

8. Is the combined effect of temperature increase and rainfall decrease significantly 

more important for carbon storage than a rainfall decrease alone? 

9. What are the most efficient engineering interventions practiced in Lake Toolibin to 

protect vegetation assets and control salinity? 

10. What are the underlined controls of those interventions on vegetation dynamics? 

 

1.5 Thesis Outline 
Following this Introduction, Chapter 2, “A Model to Explore Controls on Vegetation – 

Hydrology Co-Evolution in Wetlands”, presents the development of the novel 

ecohydrological model necessary to answer the proposed questions. The consecutive 

chapters were organized to address them. 

 

Chapter 3, “Quantifying the Impacts of Hydrological Changes on Wetland Ecohydrology: 

Lake Toolibin, WA”, was firstly designed to validate the ecohydrological model.  Field data 

from Lake Toolibin was used and compared to model results in terms of water table and 

lake level, vadose zone and groundwater salinity as well as vegetation assemblage and 

abundance. After the model validation, scenarios comprising engineering interventions 

that have been practiced in Lake Toolibin were tested by the model to answer questions 

number 10 and number 11. Question 4 was partially explored in a sensitivity analyses.  
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Chapter 4, ”Vegetation – Hydrology Co-Evolution in Wetland as a Response to Rainfall 

Variability”, addressed question 1, and questions 3 to 7. The model was forced with field 

data from three indicative locations across the SWWA aridity gradient to verify the co-

evolution between hydrology and vegetation assemblage in wetlands. Also, it was used 

synthetic rainfall data to better assess the impact of rainfall seasonality and rainfall 

decline on salt mobilization and vegetation dynamics.  

 

Chapter 5, “Hydrological controls on carbon metabolism in wetlands” answered question 2, 

question 4 and question 8. The focus was on the feedback mechanisms between 

hydrology, vegetation and microbial activity that define the carbon storage and 

metabolism of wetlands. Again, the model was applied using data from stations across the 

aridity gradient found in SWWA. Future climate scenarios predicted for the region were 

also used.  

 

Major conclusions obtained in these studies and recommendations for future work were 

summarized in Chapter 6. 
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2.  A Model to Explore Controls on 

Vegetation – Hydrology Co-Evolution in 

Wetlands 

2.1 Abstract 
Feedback mechanisms between soil, water and vegetation modulate the impact of climate 

variability on wetlands. Those feedback mechanisms thus define the ecological services 

that a wetland subjected to a certain climate can provide, such as the vegetation biomass 

and assemblage. For wetlands in dryland regions, water availability is a prominent control 

on vegetation due to its scarcity and intermittency, both increasing their propensity for 

salinisation. Given the complexity of soil-water-vegetation interactions, especially in 

wetlands affected by salinity, process-oriented modelling approaches are required to 

highlight the basic mechanisms that define the ecological services provided by wetlands.  

 

In this study, a mechanistic model that simulates the various feedback mechanisms 

between hydrology, salt and vegetation is presented. The ecohydrological model 

dynamically predicts the environment partitioning of wetlands into different hydrological 

zones, namely open water, saturated soil and upland area. Each zone represents a habitat 

to the adapted vegetation. Vegetation success in assimilating carbon is dependent on the 

spatio-temporal availability of its habitats, which is affected by vegetation itself, through 

interception and transpiration. A salt budget is also calculated daily in each hydrological 

zone. Vegetation types are differentiated by their water uptake strategy and tolerance to 

salt. Therefore, this novel modelling approach is able to predict the co-evolution between 

hydrology and vegetation assemblage in a salt affected wetland. 

 

The model is suitable for testing not only short-term (annual) management practices but 

also long-term (decadal) climate change impacts on wetland environment partitioning and 

on vegetation assets. The model’s ability to assess the concurrent existence of different 

habitats for flora and fauna can be used to a range of management scenarios. More 

importantly, the model can be used as a tool to understand the underlining processes that 

control environment partitioning and vegetation dynamics in salt-affected wetlands. Here, 

besides presenting the model in detail and providing some examples of application, its 

limitations were discussed. 
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2.2 Introduction 
The environment partitioning of wetlands is responsible for its vegetation zonation, as 

species with similar water uptake strategies and salt tolerance tend to assemble spatially 

in accordance to the zones of distinct hydrological function and salinity (Blom et al., 1996; 

Mallik, Lamb, & Rasid, 2001; Capon, 2003; Carter, 2004; Moffett, Gorelick, McLaren, & 

Sudicky, 2012). Based on the hydrological function, a wetland can be partitioned into three 

zones: the terrestrial fringe, the saturated (intermittently flooded), and the standing water 

(permanently flooded), each one forming a niche for a particular group of adapted plants 

(Mitsch & Gosselink, 2000b). Local climate forcing is the driver that dynamically changes 

the boundaries of hydrological zones through the hydroperiod, defined as the temporal 

and spatial extent of waterlogging (NRC, 1995). 

 

Although climate seasonality is the trigger of hydrological pulses, a wetland hydroperiod is 

mediated by landscape characteristics such as topography, aquifer-wetland connectivity, 

soil hydraulic properties, and by the interaction between water and vegetation  (Mausbach 

& Richardson, 1994; Chapin, Matson, & Mooney, 2002; Skaggs, van Genuchten, Shouse, & 

Poss, 2006). Salinity represents another control for vegetation, especially in wetlands from 

dryland areas (Davis et al., 2003; Halse, Ruprecht, & Pinder, 2003; Carter, 2004; Crosbie et 

al., 2009). 

 

The interaction between soil, water, vegetation and salinity is not unidirectional, but 

caused by a series of non-linear feedback mechanisms (Humphries et al., 2011). For 

instance, vegetation growth and productivity are a function of water availability, which is 

mediated by soil moisture and salt retention capacity. On the other hand, vegetation 

controls the water balance through interception and transpiration (Farmer et al., 2003; 

Baudena et al., 2008; Baudena et al., 2012), the latter being affected by water availability 

(Baudena & Provenzale, 2008). Vegetation may also influence soil permeability via rooting 

dynamics (Dunkerley, 2002; Wilcox, Breshears, & Turin, 2003). Those complex feedback 

mechanisms ultimately define the specific hydroperiod and the vegetation assemblage 

characteristic of a particular wetland system. 

 

Increased hydroperiod and salinity has already caused negative impacts on wetland plant 

and animal communities in the Western Australian wheatbelt (Halse, 2004) and in other 

semi-arid regions of the world (OECD/Food & Nations, 2012). Salinity acts in a similar 
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fashion as drought on plants, preventing roots from performing their osmotic regulation 

activity, which can constrain water uptake by plants and reduce both their yield and 

ability to survive (Rengasamy, 2006a, 2006b). 

 

To effectively evaluate the impact of changing salinity regimes on a wetland ecosystem, it 

is important to have an understanding of the factors that influence wetland evolution and 

function (Huckelbridge, Stacey, Glenn, & Dracup, 2010), which requires knowledge of 

many physical and biochemical feedback mechanisms between plants, water and soil. 

Several detailed numerical models have been developed to model soil salinisation 

(Corwin, Rhoades, & Šimůnek, 2007). Generally, these models simulate unsaturated soil 

water flow via Richards and solute transport equations, making them suitable for local and 

short-term simulations (Anderies, 2005). However, those models have a lack of 

connectivity to the open water and do not account for the horizontal hydrological gradient 

present in wetlands, and are therefore unable to dynamically describe vegetation 

zonation.  

 

On the other hand, vertically-averaged soil moisture and salt balance equations have been 

used (Huckelbridge et al., 2010). Those simplistic modeling frameworks have been built to 

analyze wetland system behavior including soil-vegetation-atmosphere (Baudena et al., 

2008), water level-vegetation (Ridolfi, D'Odorico, & Laio, 2007), rainfall-water level-

vegetation (Laio et al., 2009) and even rainfall-soil moisture-water level-vegetation 

interactions (Muneepeerakul et al., 2008). Despite their simplicity, these models have the 

advantage of parsimony, thus allowing a direct analysis of the interplay of the main 

processes, and provide an ideal starting point to include external forcing in the analysis of 

long-term salinisation trends. However, these frameworks are not suited to assess the 

mechanisms that govern the interaction between wetland hydrology and plants 

throughout the spatially and temporally variable zones of distinct hydrological function 

within a wetland domain affected by salinity. To reach some realism, the concomitant 

existence of different hydrological environments, which store salt in a particular way, as 

well as the coexistence of different plant species with different strategies to cope with 

water availability and salinity must be taken in account. Importantly, complex feedback 

mechanism between the hydrological environments and plants must be fully modelled.  

 

Therefore, in this study, a novel ecohydrological model has been developed to synthesize 

the effect that changes on water flow delivery, caused by direct or indirect anthropogenic 

intervention, has on wetland vegetation in terms of absolute biomass and nature of their 

assemblage. The model takes into account the spatio-temporal variability of the distinct 
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hydrological zones of wetlands and their dynamic salinity status as well as the response of 

vegetation functional groups to those dynamic changes, in order to predict the co-

evolution of the vegetation community and wetland hydrology.   

 

2.3 Model Description 
The novel aspect of our approach is that the model dynamically resolves the partitioning 

of hydrological environments that generate niches for several different vegetation 

functional groups. The wetland domain is schematically represented as a linked cell model 

(Figure 2). Water table level (hS) and lake level (hL) are used to divide the wetland into 

discrete hydrological cells or “environments” of uniform salinity concentration and water 

content. Each cell n (n=unsaturated soil, saturated soil and lake, represented by U, S and L, 

respectively) is treated as a well-mixed pool that exchanges water and salt with 

neighbouring cells. Inputs and outputs of water and salt from outside the system, 

including inflow, outflow, and evaporation from bare soil and plant transpiration are 

applied to each cell, and calculated as a function of vegetation biomass, water availability 

and salinity found at each time step in each cell.   

 

Each defined vegetation group most optimally obtains water and increase biomass within 

areas suited to their water uptake strategies. The amount of water that each vegetation 

group transpires depends on the hydrological environment and the salinity of the cell in 

which they are situated at any given time and also on its own characteristics. The 

approach is therefore a quasi-spatially explicit analysis. As a result, over short timescales, 

the vegetation may be considered to be fixed in space and may experience changes in the 

nature of its hydrological environment (i.e. trees situated in terrestrial fringe may be 

exposed to standing water following a flood, leading to a temporary change of growth 

efficiency). Over longer timescales, the persistence of non-suitable conditions will lead to 

an inability for a certain plant type to survive and compete with other groups, and 

ultimately this will drive a shift in the composition of the vegetation assemblage within the 

discrete environment.  

 

The model is driven by daily climate forcing represented by relative humidity, 

precipitation, temperature, solar radiation and wind speed. Plant functional groups 

respond differently to solar radiation, relative humidity, air temperature, water 

availability and soil salinity, which are dynamically calculated in each one of the 

hydrological cells. As a result, if the system reaches a steady state, each i plant (i=1,2 or 3) 
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will reach a biomass at a particular cell n, given the water and salt content in n, which is 

strongly influenced by the climate but also by the plants themselves. This close co-

dependency of the plants and the environment makes the model to be able to assess long 

term evolution of wetland states and function.  

 

As the length of the simulations is much longer than the time-step, a simple 1st order 

explicit finite difference method was used as a suitable approximation to the final solution, 

and the model was implemented in MATLAB (Mathworks Inc.) at a daily time step.  

 

 

Figure 2:  The three storage cells or environments with distinct hydrological function (U, S and L) 
and their correspondent surface areas (AU, AS and AL). 

 

2.3.1 Water budget 

The climate forcing that drives the water balance is precipitation and potential 

evapotranspiration, E0. Effective precipitation, P, is distributed over the simulated area 

and is subject to interception losses, such that P = Pt – Imax (LAIn/LAInmax), where Pt is the 

above-canopy precipitation rate, Imax is the maximum precipitation interception, LAIn is the 

Leaf Area Index of the nth wetland sub-environment and LAInmax is the maximum LAI 

expected within any environment. The potential evapotranspiration, E0, is calculated from 

the relative humidity, solar radiation, wind speed and air temperature, according to the 

Penman-Monteith equation. As an approximation for solar radiation, clear-sky solar 

radiation as described by Ward and Trimble (2004) is used and reduced according to the 

observed cloud cover fraction (Kasten & Czeplak, 1980).  
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The major hydrological fluxes that redistribute water within the wetland domain 

dynamically change the volume of the three conceptual water storages (cells), namely the 

open water/lake (L) and the unsaturated (U) and saturated (S) soil volumes (Figure 3). 

Based on the morphology, the surface area of each hydrological environment (cell), 

changes accordingly. Water fluxes in the model are defined as length of water per time 

(m d-1) and multiplied by the relevant areas to convert to volume (m3), thereby ignoring 

the effects of any local heterogeneities in the soil. 

 

For the purposes of this investigation, the wetland adopts a simple cylindrical geometry of 

radius rW and depth hW (Figure 2). The lake bed has a parabolic shape and it is embedded 

in the centre of this cylinder, hB meters above the deepest point of the wetland. The 

maximum radius of the paraboloid is limited to the domain boundary, rW. The relation 

between lake storage (Lv) and lake height (hL) is given by the equation: 

 

hL = �2Lv b
π

          (1) 

 

Therefore, when the lake reaches its maximum capacity, rW is equal to the lake radius, rL.  

Note that the model may be customized to a specific morphometry by replacing the above 

general expression with a custom hypsographic relationship. The total area of the wetland 

(AW) is partitioned between two zones, terrestrial and aquatic, where the latter refers to 

the lake area, AL, as given by:  

 

AL = π
b
�2Lv b

π
          (2) 

 

If the water table level, hS, is higher than the lake level hL, the terrestrial area is further 

divided into an unsaturated (AU) and a saturated portion (AS), with the latter being 

conceptualized as the wetland seepage face. hS is given by a polynomial equation that 

relates the volume of water in S (divided by the soil porosity, φ), Ssat  to depth in the 

geometry. When the water table is at its maximum level, hS = hSmax = hW. The water table 

slope is assumed as equal to zero, so AS is calculated as AL, but replacing L by S and 

subtracting AL. The total area of the wetland, AW, is constant and equals to the sum of all 

surface areas, so that AW=AS+AU+AL.  
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As a result, lake and water table levels define the partitioning of the nth environment 

within the wetland: the open water/lake zone and the saturated and unsaturated soils 

(denoted by L, S, and U subscripts throughout the text, respectively).  The volumes of the L, 

S and U pools, and consequently AL, AS and AU, vary as a function of time in response to 

changes in the wetland water balance and are updated daily. The time-varying balance and 

redistribution of water into the wetland stores is described next. 

 

 
Figure 3: Water fluxes thought the three storage cells and their relative areas. 

 

2.3.1.1 Standing water storage 

The variation of lake volume, dLv/dt (m3 d-1), is calculated as: 

 
dLv
dt

= PL + Qc + Qw − QS − EbL − Qout      (3) 

  

where PL (m3 d-1) is the volume of precipitation that enters the lake, calculated as PL = P AL 

(m3 d-1), and similarly for evaporative loss, EbL = c E0 AL (m3 d-1), where c is the pan-to-lake 

evaporation correction factor. Qc is the inflow (m3 d-1) from the catchment area outside the 

wetland domain, and can be prescribed based on field data or the output from a 

hydrological model. Qs is the seepage that flows through the area of lake base, and the free 

saturated area, AS. Qs is defined as being proportional to the hydraulic gradient between 

ESATU
+EUS

ESATSEbU

EbS

EbL

Qss

Qp

Qs

Qie

Qc

ALASAU

U

S

LQgw
QA

Qout
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the water level in the lake, hL + hB, and the surrounding water table, hS, based on an 

assumed hydraulic conductivity Ks. The horizontal length scale used for the seepage 

calculation is assumed to be half of the wetland radius, rW. Seepage volume is positive 

when flowing from the lake to the groundwater according to: 

 

Qs = 2Ks(hL + hB − hS) (ASL+AS)
rW

       (4) 

 

where the area of the lake base, ASL, is be defined assuming the surface of a paraboloid: 

 

ASL = π rL
6hL

+ �rL2 + 4hL2�
3
2 − rL3        (5) 

 

Qout is the flux of water exiting the wetland system, defined as the amount of water that 

exceeds the maximum lake capacity, Lmax, at any timestep according to: 

 

Qout = Qin − �Lmax − (Lv − EL)�       (6) 

 

Flow to the area of standing water from the surrounding terrestrial component within the 

wetland domain, Qw, is generated through infiltration (Qie) and saturation excess (Qse) 

mechanisms: 

 

Qw = Qse + Qie         (7) 

 

Saturation excess, Qse, only happens when the infiltration, I (m3 d-1), exceeds the soil 

capacity, Uc, such that Qse=I-Uc. Infiltration (defined below) occurs only in the unsaturated 

area of soil, and therefore all precipitation reaching AS is converted to runoff.  Qie (m3 d-1) 

is the amount of effective precipitation that is greater than the capacity of the soil to 

infiltrate, I, and is defined as: 

 

Qie = �P AU − I� + P AS        (8) 

 

2.3.1.2 Groundwater storage 

The maximum soil storage, Smax, is the difference between the maximum volume of the 

wetland, Wmax, and the maximum lake volume, Lmax, multiplied by soil porosity φ. St is the 

total effective volume present in the soil which changes in time as function of the volume 



 

 

16 

that infiltrates the soil, I, the seepage from/to the lake, QS, the volume lost as baseflow, Qss, 

the total evapotranspiration from the ground, Esoil: 

 
dSt
dt

= I ± QS−Qss − Esoil        (9) 

 

In the above equation, Esoil is the sum of transpiration (E) and bare-soil evaporation (Eb) 

from both unsaturated and saturated environments, such that Esoil = EbU +EbS +EU + ES 

(terms defined further below). The volume lost as baseflow, Qss, is defined as: 

 

Qss = �αG hS� AW         (10) 

 

The maximum net capacity of water storage in the unsaturated zone, Uc, is the difference 

Smax – Ssat, where Ssat is the volume of water (m3) that is stored in the saturated pool below 

the water table level, hS, such that Ssat = S φ. When the soil is totally saturated, St = Ssat =Smax 

and Sus = Uc =0, where Sus is the effective volume of water (m3) present in the U zone. 

Under such a condition, the infiltration rate, I, is equal to zero. For all other times, the total 

water store is a combination of the saturated and unsaturated region, such that: 

 

St = Ssat + Sus          (11) 

 

The water balance of sub-region U and S is respectively defined as: 

 
dSus
dt

= I − EU − EbU + QA − Qp,       (12) 

 

and 

 
dSsat
dt

= Qp − Qs − ES − EbS − QA ± Qss,      (13) 

 

QA (m3 d-1) represents the volume transferred from S to U via capillarity. It is linearly 

related to the water table level via a constant based on the soil type, kA. The infiltration 

rate depends on the unsaturated zone soil moisture content prior to rainfall (Choudhury & 

Blanchard, 1983; Dall'O', Kluge, & Bartels, 2001), θ (-), defined as Sus/Uc. Soil type affects 

the infiltration rate through the saturated hydraulic conductivity, Ks (m d-1), and the 

arbitrary recession coefficient for infiltration, kI (-): 
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I = �
−KS(θ − 1)kI  AU if I < P AU

P AU if I ≥ P AU
Uc if I > Uc

       (14) 

 

The evaporation from bare soil, Eb (m3 d-1), is calculated based on the potential 

evaporation, E0. If the soil is not saturated, the ratio of θ to water content at field capacity, 

θfc, is also considered as a scaling factor (Aydin, Yang, Kurt, & Yano, 2005). Further, 

evaporation from bare soil is adjusted based on total LAI (sum of all vegetation types) to 

reflect the cover that vegetation causes due to shading of the exposed soil surface. 

Therefore, the evaporative rate applied over the relevant areas, AS and AU, respectively, 

are:  

 

EbS = E0 �1 − 0.9 LAIS
LAImax

�AS        (15) 

 

and 

 

EbU = E0 �1 − 0.9 LAIU
LAImax

� � θ
𝜃𝑓𝑐
�AU       (16) 

 

Transpiration, E, is modelled as a function of the plant water uptake rate, W (m d-1), 

integrated over the relevant environment, n, such that: 

 

En = Wn An          (17) 

 

where W is a function of the normalized potential water uptake, Ψ (-) and potential 

evapotranspiration (Skaggs et al., 2006). Ψ depends on the plant functional type, i, and 

their associated water uptake strategy (defined in Section 2.3.2), and normalized 

depending on the wetland zone maximum LAInmax, (n = L, U, S), and associated soil 

moisture conditions experienced by the roots at a given time. As a result, the total water 

uptake rate is the sum of all vegetation groups, i, coexisting in a particular environment, n, 

such that: 

 

Wi,n = ∑  Ψi,ni  E0 LAIi,n
LAImax,n

        (18) 

 

For mass balance purposes, all the water that is obtained by plants from below the water 

table level is added to ES, independently if the plants are standing over the saturated or 
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unsaturated area. Note that the ability of vegetation to regulate their water storage is not 

taken into account, meaning that there is no change in water use efficiency of the 

vegetation. Thus, vegetation water usage is linearly proportional to LAIn (m2 leaf m-2 land). 

Further, the vertical root profile is assumed as constant in time and aside from 

competition for water and light, no other specific competition factors are considered.  

 

Percolation of water from the vadose to the saturated zone, Qp (m3 d-1), takes place when 

the volume of water in the unsaturated zone at the end of time-step surpasses the volume 

that can be held at field capacity, Uc θfc. Since the water table is shallow the distance the 

water needs to percolate is short, so we assumed the soil can reach field capacity within 

one day. The percolation is calculated following losses from evapotranspiration and 

surface runoff are computed, such that: 

 

SUS∗ = SUSt−1 + I − EUS − EbU        (19) 

 

and 

 

Qp = �
SUS∗ − Uc θ𝑓𝑐  if     SUS∗ > Uc θ𝑓𝑐

0 if     SUS∗ ≤ U cθ𝑓𝑐
      (20) 

 

Note that from a computational point of view, the infiltration rate is calculated based on 

the soil moisture from the previous day, which means that at the first day the water table 

level reaches ground level, infiltration can be different from zero. In this case, the 

exceeding volume is diverted to the lake by adding to Qse.  

 

A common feature of clay rich soils is the formation of fissures after a drought period. At 

the end of a dry period, this fissured clay creates macropores that significantly raises the 

velocity of water and infiltration rate in the vadose zone. The model accounts for this 

phenomenon by simply increasing the hydraulic conductivity, ks. Schematically, ks is 

multiplied by a constant, ksM, when the area of the unsaturated zone, AU, is above a defined 

threshold, kAU. kAU is a fraction of the total wetland domain, AW, and represents a proxy for 

dry conditions.  

 



 

 

19 

2.3.2 Biomass dynamics 

The total carbon amount accumulated as vegetation biomass, B (kg C), is governed by the 

rate of carbon uptake via photosynthesis, ΠA (kg C d-1m-2), and losses due to litterfall, (Ll), 

root death (Rd) and respiration (R), with all the loss terms given in kg C d-1m-2. Although 

the biomass of any particular plant type i, Bi, changes in time, it is spatially stationary and 

equally distributed within any distinct hydrological environment, n. As the spatial extent 

of each area with distinct hydrological function (U, S and L) changes, the amount of any 

vegetation type present in each environment changes accordingly. Therefore, the balance 

equation for any vegetation type is defined as: 

 

dBi,n
dt

= �
(ΠAi,n − Lli,n − Ri,n − Rdi,n) An + Di,n−1 dAn

dt
        if      dAn

dt
> 0

(ΠAi,n − Lli,n − Ri,n − Rdi,n) An+ Di,n  dAn
dt

           if     dAn
dt

≤ 0
   (21) 

 

where An is the area of the nth wetland zone (m2), and D is the carbon density per unit area 

(= B/A). Vegetation biomass is constrained by Dmax, the maximum carrying capacity that 

the system can hold given a soil water-holding capacity and climate, when in hydrological 

equilibrium (Nemani & Running, 1989). Mass conservation is assured if a portion of 

biomass previously belonging to another area, Bn-1, is incorporated into An when 

dAn/dt > 0 (i.e., An expanding) such that: 

 

Di,n−1 = Bi,n−1
Ai,n−1

          (22) 

 

Conversely, when An is shrinking (dAn/dt < 0), the following mass is removed: 

 

Di,n = Bi,n
Ai,n

          (23) 

 

Here it is assumed that Bi is linearly related to LAIi, as indicated by Suganuma et al. (2006) 

in their study of Western Australian vegetation. Parameters for conversation of LAI into 

biomass for trees (X1) and grasses and aquatic vegetation (X2) are available in the studies 

of Suganuma et al. (2006) and Friedl, Michaelsen, Davis, Walker, and Schimel (1994), 

respectively. 
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Litterfall (Ll) and root turnover (Rd) are linearly related to biomass according XLl and XRd, 

respectively (Friend, Stevens, Knox, & Cannell, 1997). Plant respiration is configured as a 

function of temperature, such that: 

 

R = kR eµT�Kr Br + Kl Bl� B,        (24) 

 

where kR (m2d-1) adjusts the respiration to the hydrological environment such that it is 

lowest when vegetation is exposed to its preferred hydrological conditions. KR, KL and µT 

are scaling factors, whose values are given by Running and Coughlan (1988). Bri and Bli are 

the fraction of the biomass that is allocated to roots and leaf respectively (Running & 

Gower, 1991). Respiration from plant stems is neglected. 

 

The gross assimilation of carbon, ΠA (kg C m-2 d-1), is a function of the uptake efficiencyηΠ 

(kg C kg CO2-1), the potential uptake rate, Π0 (m d-1), ∆CO2, the carbon dioxide air – leaf 

diffusion gradient (kg CO2 m-3) (Lohammar, Larsson, Linder, & Falk, 1980) and LAI: 

 

ΠA = ηΠ Π0 ΔCO2 LAI         (25) 

 

The potential photosynthesis rate is a function of the canopy and mesophyll conductance, 

CC and CM (m s-1) respectively, integrated over the day length, dl (s d-1) (Running & 

Coughlan, 1988):  

 

Π0𝑖 = 𝐶𝐶 𝐶𝑀
𝐶𝐶 +𝐶𝑀

𝑑𝑙          (26) 

 

CM is based on a maximum mesophyll conductance ( m s-1) (Running & Coughlan, 1988), 

modified by normalizations that account for temperature and solar radiation 

dependencies, summarized as:  

 

CM = CMmax CMΦ CMt         (27) 

 

where: 

 

CMΦ = ΦC−Φ0
ΦC+Φ0.5

          (28) 

 

and 
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CMt = Tmax−T
T−Tmin

          (29) 

 

Φ0 and Φ0.5 are the photosynthesis light compensation point and the radiation level that 

causes CMΦ to be equal to 50% of its maximum. Tmin and Tmax are the minimum and 

maximum temperature for photosynthesis and T is the air temperature and ΦC is the solar 

radiation at the understorey or overstorey canopy level (denoted by sub-index u or o, 

respectively). 

 

The canopy intercepts the incident radiation in a non-linear proportion to its LAI as given 

by the radiation extinction coefficient, ϕ, which is set for each vegetation level, u or o. 

Overstorey vegetation is comprised of trees and understorey vegetation comprises grasses 

and aquatic plants. The absorbed photosynthetic radiation by the overstorey vegetation is 

(Feikema, Morris, Beverly, Lane, & Baker, 2010): 

 

ΦCo = Φp(1 − e(φoLAIo))        (30) 

 

where Φp is the photosynthetically active radiation, assumed to be 50% of the incoming 

solar radiation (Landsberg & Waring, 1997). The solar radiation at the understorey level is 

that which is left after interception by the overstorey vegetation. Therefore: 

 

Φ𝐶𝑢 = (Φ𝑝 − Φ𝐶𝑜)(1 − 𝑒(𝜑𝑢𝐿𝐴𝐼𝑢))       (31) 

 

Similar to CM, CC is based on a maximum conductance CCmax, modified by the normalized 

potential water uptake, Ψ such that: 

 

CC = Ψ CCmax          (32) 

 

where Ψ is a function of the normalized water availability for plant uptake, α and the root 

length in contact with the water table, β (Skaggs et al., 2006). Water availability for plant 

uptake depends on the soil water content and the water table depth, and follows the 

principles introduced by Ridolfi et al. (2006) and Muneepeerakul et al. (2008), whereby 

different plant functional groups can uptake water from either above the vadose zone, 

below the water table level, or from both. Any compensation in root water uptake by 

enhanced water uptake from more moist regions of the soil profile is neglected. Thus: 
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Ψ = coαU(1 − β) + caαS β        (33) 

 

Water availability under saturated conditions, αS, is always equal to 1 since there is no 

water limitation. Conversely, in the vadose zone, water availability for plant uptake, αU, 

depends on soil moisture (θ) and also on plant characteristics such as the soil moisture at 

wilting point (θW) and optimal soil moisture for plant uptake (θ0): 

 

αU =

⎩
⎨

⎧�
θ−θw
θ0−θw

� + 1, if            θ < θ0

1, if    θ0 ≤ θ < 1
0, if              θ = 1    &  if   θ < θw

     (34) 

 

This approach follows that of (Feddes, Kowalik, Kolinskamalinka, & Zaradny, 1976), using 

soil moisture instead of pressure head as thresholds, with example values for θ0 and θW 

available from Guswa (2005), who studied plant transpiration under water-limited 

environments.  

 

Whether plants effectively take water from below or above the phreatic surface (or from 

both regions) depends on the uptake strategy of the relevant functional group. For each it 

is conceptually defined by the parameters co and ca, which represent the plant 

compatibility to take water from saturated or unsaturated conditions, respectively (Table 

1).  

 

Table 1: Example of water uptake strategy compatibility parameters for plants in the different 
wetland regions. 

Vegetation type Plant requirement  Compatibility parameter 
  U S L 
Aquatic  standing water co=0;ca=0. co=0;ca=0. co=0;ca=1. 
Facultative  saturated or unsaturated soil co=1;ca=1. co=0;ca=1. co=0;ca=0. 
Mesophyte  unsaturated soil co=1;ca=0. co=0;ca=0. co=0;ca=0. 

 

As a result, each plant group can only obtain water from the wetland environment that 

matches its hydrological requirements. The model is able to simulate as many plant types 

are required. By default, three plants, whose type is defined by parameters, are set-up. An 

example of three vegetation types and their compatibility parameters are described 

below: 

1. Aquatic vegetation: plants require standing water conditions. 

2. Facultative vegetation: plants can take water from the unsaturated and saturated 

zones.  
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3. Mesophyte vegetation: the water uptake occurs just in the unsaturated portion of 

soil. 

 

2.3.3 Salinity Budget 

In the salinity sub-routine, salt concentration at the soil surface, within the vadose zone 

and below water table as part of the saturated zone is evaluated based on a simple mass 

balance. Schematically, the model adopts a similar approach as described (Chapter 14) by 

Singh and Frevert (2002), whereby precipitation introduces a small amount of salt, and a 

salt pool overlays the soil surface (salt “crust”). This pool responds to dilution by 

precipitation and concentration through bare-soil evaporation. The non-evaporated 

surface water is subject to runoff and infiltration with proportional transfers of salt mass 

and a limited fraction of this pool is considered to remain adsorbed by the soil. Changes in 

water table level redistribute salt content between the saturated and saturated zones.  

 

2.3.3.1 Salt in the top soil 

The major salt pathways are depicted in Figure 4. Salt mass (g) is deposited in the top soil, 

which can create salt stains (crusts) at the surface. This salt crust, Aς, is primarily left 

behind by evaporation and carried away by runoff and infiltration. In the unsaturated and 

saturated area, the salt balance in the top soil is given respectively by equations (35) and 

(36), whose terms are given in grams of salt per day.  

 
𝑑𝐴𝑈𝜍
𝑑𝑡

= EbUς + PUς − Iς − QwUς − ΤULς ∓ ΤUSς      (35) 

 
𝑑𝐴𝑆𝜍
𝑑𝑡

= EbSς + PSς − QwSς − ΤSLς ∓ ΤUSς      (36) 

 

In the above equations, Pnς (m3d-1) is proportional to the salt in the precipitation, 

multiplied by a constant salt concentration. Iς represents the salt load that enters the 

vadose zone driven by infiltration, I. No decrease in infiltration rate is associated with the 

increase in the top soil salt deposit. Ebnς represents the salt load (g d-1) that is left behind 

by bare soil evaporation, which is proportional to the evaporation from the bare soil, Ebn, 

and the salt concentration in the soil pore water, denoted as ςcn (g m-3): 

 

Ebnς = Ebn ςcn          (37) 
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The salt load that reaches the lake through runoff, Qwnς, is proportional to the surface 

runoff, Qw (m3d-1), which comprises infiltration and saturation excess (Qie and Qse, 

respectively). The concentration at which the runoff carries the top soil salt is assumed as 

being the same as the salt bulk density (1065 gm-3). Similarly, the infiltration that occurs 

to the vadose zone also carries a salt load that is proportional to the infiltration flow, I 

(m3d-1), and has the concentration of the salt bulk density.  

 

TUSς (g d-1) is the top soil salt redistribution that occurs between saturated and 

unsaturated area when the water table fluctuates, which changes the extension of 

unsaturated and saturated areas. If the water table decreases, part of the top soil salt 

(crust) that belonged to the saturated zone, AS, is passed on to the unsaturated area, AU. 

The opposite occurs when the water table rises. Thus: 

 

ΤUSς = �
AUς

(AU
t −AU

t−1)
AS
t−1       ifAU

t > AU
t−1 

ASς
(AS

t −AS
t−1)

AU
t−1       ifAS

t > AS
t−1

           (38) 

 

 
Figure 4: The main salt pathways within the wetland domain. 
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TULς and TSLς (g d-1), is the fraction of the top soil salt deposit that is transferred to the lake 

when its level rises. By definition, the top soil salt that is transferred to the lake is added to 

the lake water and become soluble, eventually passing on to the groundwater via seepage. 

When the lake recedes, no salt is left on the top soil/sediments. Therefore: 

 

ΤSLς = �
0                            if             AL

t < AL
t−1 

ASς
�AS

t −AS
t−1�

AS
t−1       if             AL

t > AL
t−1            (39) 

 

ΤULς = �
0                            if              AL

t − AL
t−1 < AS

t−1 

AUς
�AU

t −AU
t−1�

AU
t−1       if             AL

t − AL
t−1 > AS

t−1 
          (40) 

 

2.3.3.2 Salt in the vadose zone 

The soil solution salinity within the vadose zone is affected by the salt from the top soil 

that is carried with the infiltration, Iς, the salt that percolates into the saturated zone, Qpς, 

the amount assimilated by the vegetation whose roots are sitting on the unsaturated 

portion of the soil, Eς iU, (i=V1 or V2); the salt that conceptually moved from the vadose 

zone through evaporation and is left in the top soil, EbςU, the salt that is exchanged with the 

saturated zone when the water table moves, Τwt ς, and the salt that is brought up from the 

groundwater via capillarity rise, QAς, such that: 

 
𝑑𝑈𝜍
𝑑𝑡

=  Iς −  EbςU −  Eς1U −  Eς2U −  Qpς ∓ Τwtς + QAς     (41) 

 

QAς is linearly related to QA, the capillarity rise. kAς represents the salt concentration at 

ascension,  which can be lower  than the salt concentration found in the groundwater, 

given stratification. The salt amount assimilated by the vegetation, Eς (g d-1), depends on 

the plant transpiration, E i,n, and the salt concentration that any vegetation type i can 

tolerate at a certain environment n, ςup i,n.  

 

Conceptually, the model simulates two ways which vegetation deals with salinity, termed 

case 1 and case 2. In case 1, the vegetation has the ability to tolerate saline soils by 

“filtering” the water, the assimilation concentration, ςup, remains constant and depends 

only on the vegetation type and environment. Nevertheless, the actual transpiration is 

constrained by the salinity level by a normalized function, which reaches zero if a 
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maximum concentration, at which water is no longer available for plant uptake, ςmax i,n, is 

reached.  

 

In case 2, the vegetation has no ability for excluding salts from the water, the salt 

assimilation is equals to the concentration found in the soil (ςc n) and the water uptake 

stops when the concentration in the pore water reaches the maximum tolerated by the 

plant, ςup. In this case, the normalized function is directly proportional to the salt 

concentration at the soil, reaching zero at the maximum tolerated concentration. In 

general terms, the salt assimilated by plants is described as: 

 

Eς i,n = �
𝜍𝑢𝑝 𝑖,𝑛  𝐸𝑖,𝑛        𝑐𝑎𝑠𝑒 1 
𝜍𝑐 𝑛 𝐸𝑖,𝑛    𝑐𝑎𝑠𝑒 2          (42) 

 

The normalized function that represents the vegetation stress caused by salinity (Γ) and 

define the concentration at which water is no longer available for plants is described as: 

 

Γn,i =

⎩
⎨

⎧
 
−� 𝜍𝑐 𝑛

𝜍𝑚𝑎𝑥 𝑖,𝑛  
�
3

+ 1            𝑐𝑎𝑠𝑒 1 

−� 𝜍𝑐 𝑛
𝜍𝑢𝑝 𝑖,𝑛  

�
3

+ 1        𝑐𝑎𝑠𝑒 2  
      (43) 

 

Salt tolerance in plants is generally expressed as the osmotic potential, ΨΠ (MPa). The 

osmotic potential is a fraction of the total soil potential, Ψsoil (MPa), which represents a 

combination (by addition) of the osmotic and matric, Ψθ (MPa), potentials. The matric 

potential is soil type specific and related to the soil moisture at any time. In practice, the 

combined effect of salinity and water restrictions represents a pressure that the plants 

need to overcome to obtain the water. Above certain soil potential, water uptake by 

vegetation stops as the plant can no longer overcome the pressure. 

 

Following the approach presented by Skaggs et al. (2006), we normalized the individual 

effect of water and salinity restrictions and schematically represented their combined 

effect acting  over vegetation in a multiplicative way. As such, we normalized Ψθ (MPa) and 

interpreted it as the water availability for plant uptake given soil moisture, α 

(dimensionless). In the same way, Γ  (dimensionless), represents the normalized water 

availability for plant uptake given salinity. If, for instance, the soil moisture is below 

wilting point, even though salinity is not present, (Γ=1), vegetation stops carbon 

assimilation. To incorporate the restrictions imposed by the water salt concentration, Γ, 
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the dimensionless normalized potential water uptake, Ψ, regulates carbon uptake by 

plants according to: 

 

Ψi,n = ci,nαi,nβi,nΓi,n         (44) 

 

where c is the compatibility parameters between the plant and environment to which it is 

subjected at any time t; β is root density in contact with the saturated zone (βU=1-βS) and α 

is the plant water uptake restrictions given soil moisture. Therefore, the combined effect 

of salinity and water deficit also alters the actual plant transpiration, Ei,n (m3d-1): 

 

Ei,n = E0αi,nΓi,nβi,n �
LAIi,n

LAImaxi,n
�An       (45) 

 

In (45), LAI is the leaf area index (m2m-2); LAImax is the maximum LAI expected from a 

certain vegetation type i at a certain environment n and A is the area of the n environment 

to be considered. 

 

The salt load that is lost via percolation, Qpς (g d-1), depends on a normalized linear 

function for salt leaching efficiency, ςle (dimensionless). ςle enforces that only after the salt 

concentration in the unsaturated zone reaches a threshold (ςcumax), Qpς is directly 

proportional to the concentration of salt in the pore water of the vadose zone, ςcu (g m-3), 

and to the percolation rate, Qp (m3 d-1). Thus, the salt leaching efficiency and the percolated 

salt load are defined respectively as following: 

 

ςle = � 
ςcu

ςcumax
   if ςcu ≤ ςcumax 

1           if ςcu = ςcumax
       (46) 

 

Qpς = Qp 𝜍𝑐𝑢 ςle         (47) 

 

2.3.3.3 Salt in the saturated zone 

The salt pool in the S cell, Sς (g), is given by: 

 
𝑑𝑆𝜍
𝑑𝑡

=  Qpς +  Qssς −  EbςS −  EςiS   ∓ Τwtς − Aς − Qsς     (48) 

 



 

 

28 

In the above equation, Eς i S is the salt amount consumed by the ith vegetation group. Qssς is 

the salt load lost to or gained from the lake via seepage, positive when occurring from the 

lake to the groundwater. As such, Qssς is defined as: 

 

Qssς =  � Qss lcς          if Qss < 0 
Qss scς         if Qss ≥ 0             (49) 

 

lcς and scς  are the salt concentration in the lake and in the groundwater (g m-3). The salt 

concentration is defined as the total salt amount (g) present in the total water volume of a 

cell n (m3). As such, the salt concentrations in the vadose zone and in the saturated zone 

are respectively defined as: 

 

𝑢𝑐𝜍 =  𝑈𝜍
𝑆𝑢𝑠

             (50) 

 

𝑠𝑐𝜍 =  𝑆𝜍
𝑆𝑠𝑎𝑡

             (51) 

 

2.3.3.4 Salt in the lake 

The variation of the salt load, dLς/dt (g d-1), and the salt concentration, lcς (g m-3), in the 

lake are calculated respectively as: 

 
𝑑𝐿𝜍
𝑑𝑡

= Qcς + Qwς + ΤSLς + ΤULς − Qssς       (52) 

 

𝑙𝑐𝜍 =  𝐿𝜍
𝐿𝑣

             (53) 

 

Qcς (g d-1) is the salt load from the catchment runoff, calculated as Qc (m3d-1) multiplied by 

ςcc (g m-3), the salt concentration in the catchment inflow. Qwς is the runoff from the 

unsaturated and saturated zone and comprises the infiltration and saturation excess 

multiplied by the salt concentration at the top soil of AU and AS, assumed as the salt bulk 

density. 
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2.4 Discussion 

2.4.1 A tool to study vegetation-hydrology co-evolution and to access 

management scenarios in wetlands 

Here, a new mechanistic model was developed that builds on earlier approaches by taking 

into account the spatio-temporal variability of the distinguishable hydrological zones of 

wetlands. In addition to simulating the characteristic hydroperiod, the model resolves the 

salinity dynamics in each hydrological zone, as well as the vegetation response to changes 

in water and salinity, which is unique for each vegetation functional group. Vegetation 

success in assimilating carbon is dependent on the spatiotemporal availability of its 

habitats, which is affected by vegetation itself. As such, the ecohydrological model is 

unique in predicting the long-term co-evolution between hydrology and vegetation. 

 

For instance, after a long term of climate forcing in dynamic equilibrium, a wetland 

presents the correspondent vegetation zonation (Figure 5a). After a flooding event (at 

time t=2), vegetation not adapted to waterlogging conditions would be sitting in an 

unfavourable, saturated environment (Figure 5b). Unable to uptake water and carbon, 

after many interactions (at time t>>2), if the climate does not suffer another shift, the 

unadapted vegetation will die and the adapted vegetation will flourish along the whole 

extend of its suitable environment (Figure 5c). Mortality comes not as an explicit function 

but as a result of carbon losses through root turnover, litterfall and respiration. As such, 

unfavourable environments create a negative carbon budget; compatible environments 

create a carbon budget in equilibrium. The spatiotemporal extent of the salinity-water 

gradient varies in response to climate forcing and the interactions with the vegetation 

itself, thereby incorporating a feedback that has not been considered in the earlier model 

developments. 

 

Similar to other parsimonious models, however, the modelling approach presented here 

has a computational simplicity that enables long-term analyses (decades) and is suited to 

study land-use and climate change scenarios. This simplicity is attained because the model 

resolves spatial gradients at a relatively coarse scale, assuming horizontal averages of 

processes happening within the three zones of distinct hydrological function.  
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Figure 5: The vegetation-hydrology co-evolution as a response to the long-term inter-relation 

between water and plants. 
 

In practice, the model has the ability to evaluate the spatial and temporal trends in water 

and salt balance associated with a changing climate in the groundwater, root zone, soil 

surface and lake; to test rainfall events that are able to leach the salt stored in the vadose 

zone according to different water table levels; to test short-term engineering interventions 

such as upstream impoundments and groundwater extraction; to assess the impact of land 

use change; to study plant competition under different hydro-climatological scenarios. 

Different plant species can be parameterised based on their water uptake strategy and 

salinity tolerance, which makes the model applicable across a vast range of wetlands and 

species, and not only in a semi-arid context.  

 

The model is biologically meaningful enough to bring insights into vegetation dynamics 

and competition in response to hydrology changes and salinisation. The ability to assess 

the concurrent existence of different habitat within a wetland domain subjected to 

salinisation is a tool that can be used to a range of management scenario focusing on 

different species of fauna and flora. The model is also a useful tool to assess the 

ecohydrological trends of salt-affected semi-arid wetlands in response to a changing 

climate as well as to improve theoretical basis for supporting site-scale management 

actions.  

 

2.4.2 Application to Different Wetland Contexts 

The proposed model can be applied in a recharge, discharge or flow-through wetland, 

adapting the boundary conditions in Equation 10 or Equation 11 to represent the 

correspondent hydro-geomorphology (Figure 6).  Besides, whilst the model presented 

here is in the context of a single wetland, development of an interconnected network of 

these models, each applied to a representative hydrological unit and connected via their 
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groundwater boundaries, could prove useful for simulating ecohydrological response of 

complex aquatic landscapes in a computationally efficient manner. Given the model 

flexibility, sub-routines can be customised, and additions such as catchment inputs and 

biogeochemical extensions can be activated (Coletti, Hinz, Vogwill, & Hipsey, 2013).  

 

 
Figure 6: Schematic representation of a discharge (a), recharge (b) and flow-through (c) wetland. 

 

2.4.3 Ability to investigate multiple steady-states and system resilience 

Complex systems are often characterized as having multiple possible system states, and 

encompassing processes that push the system toward one state or another, called “system 

attractors” (Perz, Muñoz-Carpena, Kiker, & Holt, 2013), often symbolized by a “ball-and-

cup” analogy (Figure 7a). Because the model presents positive feedbacks between certain 

variables (Figure 7b), it creates multiple quasi steady-states, which makes it able to study 

systems resilience. One example is given in Equation 16 and involves salinity at the root 

zone, infiltration (therefore ability to flush the vadose zone) and biomass density (Figure 

7a). In the model, vegetation biomass favours the infiltration and can assimilate (a small) 

part of the salt present at the root zone. Infiltration, in turn, increases the soil moisture, 

therefore has a positive feedback in vegetation density, and helps to flush salts from the 

root zone. Salinity, on the other hand, halts biomass growth and decreases infiltration, as a 

“crust” of salt (which is explicitly calculated by the model) is formed at the soil surface.  

 

The system, therefore, can exhibit a dynamic equilibrium comprised of high vegetation 

density, high infiltration rate and low salinity (depicted in black in Figure 7). A 

disturbance, such as a drought, for example, can shift this dynamic equilibrium. Depending 

on the magnitude of the drought, the system can cross a “tipping point” and find another 

dynamic equilibrium represented by low vegetation, low infiltration and high salinity 
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(depicted in grey in Figure 7). In that case, salinity is the control over infiltration and 

biomass (grey arrows are predominant over black arrows). 

 
 Figure 7: Schematic representation of the feedbacks between variables (b) that drives the system 
to multiple steady-states (a). From the tipping point, the system can shift towards the salinisation 

attractor or towards the vegetation attractor. 
 

As an example of multi steady-states analyses, consider two different disturbances, named 

1 and 2 in Figure 8. Disturbance 1 arbitrarily represents a 10 year drought where the 

precipitation was 32% of the average recorded in the previous 10 years that brought the 

system to a dynamic equilibrium. Disturbance 2 represents a drought where the average 

precipitation during the drought was 31% of the previous 10 years. After the drought, the 

simulation was carried on for another 20 years. In the case of Disturbance 2, although the 

difference between disturbances seems to be small, the system crossed the tipping point 

towards a higher salinity status. Infiltration rates did not recover they initial value and 

biomass decreased indefinitely. Conversely, in the Disturbance 1 scenario, the drought 

was not sufficient to shift the state and after the drought vegetation recovered (Figure 8a). 

The tipping point is well demonstrated when using a logarithmic scale (Figure 8b). Note 

that the water table level is kept lower even after the drought when the higher salinity 

status is reached, which is counter-intuitive, as vegetation is not present to consume the 

groundwater. It happens because the infiltration is halted by the salt crust. The lake level 

increases and the water table turned to be controlled by seepage. Indeed, under the 

Disturbance 2 scenario, the wetland passed from a recharge wetland (Figure 9a) to a 

discharge wetland (Figure 9b). The flooded area is enlarged, what promotes evaporation 

losses.  
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Figure 8: If a certain disturbance is not great enough, the system has the ability to “bounce back” to 
its original steady-state and vegetation does not reach zero (black dots). If the disturbance is great 

enough to cross the tipping point, however, biomass tends to zero and salinity is accumulated in the 
vadose zone (grey diamonds).   

   
Although those disturbances may seem unrealistic, the scenarios created serve to 

illustrate how the positive feedbacks that the model recreates acts to generate multi 

steady-states. They are also important method to study system behaviour and understand 

the controls that act over the system (as depicted in Figure 9). However, as analysed in a 

sequence study, those extreme steady-states not easily appear in a real system, partially 

because of the nature of disturbances that the system is expected to be subjected to and 

partially by the nature of the parameters. In the demonstration example, besides a long 

drought, the system was forced with a hyper-saline groundwater and the infiltration was 

assumed to decrease its rate by 10% if the salt crust reaches an arbitrary threshold of 

250 g m-2. 

 

 
Figure 9: After the end of the drought, the lack of vegetation and the formation of a  salt crust can 

turn the wetland from a recharge to a discharge type. 
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2.4.4 Ability to investigate fresh water lenses over a saline groundwater 

Some plants species deal with salinity using opportunistic water uptake strategies, such as 

assimilating water from fresher lenses (Holland et al., 2006) that form on top of highly 

saline groundwaters (Eeman et al., 2011) and around waterholes (Cendón et al., 2010). 

The thickness of those lenses determines the water availability for phreatophytic plant 

growth. Due to recharge and salinity variation, both at the root zone and in the 

groundwater, the thickness of the lens is not constant. The model has the ability to express 

the opportunistic behaviour of the plants in relation to the appearance of a freshwater lens 

as well as to explicitly calculate the depth and thickness of this lens (Equation 54), which is 

believed to have a great importance to semi-arid vegetation (Holland et al., 2006).  

 

In its limitations, the model presents a lumped vadose zone, which assumes that all the 

water under unsaturated condition is able to evaporates, possibly overestimating the bare 

soil evaporation. Besides, the vadose zone represents an average in soil salinity and soil 

moisture that plants are exposed to. However, the model is suitable to customise 

algorithms using approaches/parameters derived from models of finer spatial resolution, 

used in shorter simulations.  

 

Early version of the present model have been used for different scientific questions and 

validated against data from different wetlands. For instance, Hanna, Coletti, Hipsey, and 

Vogwill (2011) applied the model to identify the hydrological threats of two clay-pan 

semi-arid wetlands and Guerra (2011) used the model to study how climate change trends 

may affect the water balance in a groundwater dominated wetland. The model was also 

used across the climate range of the south-west of Western Australia (SWWA) as a 

screening tool to select sites for assisted colonization of rare reptiles (N. Mitchell et al., 

2012). Using a mechanistic model as a screening tool, where the underlining processes 

that cause habitat availability can be unravelled, is more insightful and appropriated to 

create generalizations and predictions than using simple metrics, as has been applied 

(Albanese, Davis, & Compton, 2012). This early version of the model also gave 

preliminarily basis for management policies to be implemented in a salinity-threatened 

wetland in SWWA (Coletti et al., 2012). Those policies include catchment revegetation and 

minimum pumping to reach desirable water table levels. Validation of this model is 

presented in a current separate study.  
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3. Quantifying the Impacts of 

Hydrological Changes on the 

Ecohydrology of a Semi-arid Wetland: 

Lake Toolibin, WA 
Abstract 

 

In this study, an ecohydrological model (WET-0D) was used to quantify the impact of 

engineering and revegetation interventions designed to halt the impact of salinisation in 

Lake Toolibin, a Ramsar listed wetland of south-west Western Australia. The impact of 

groundwater pumping, catchment surface runoff diversion and catchment revegetation on 

Toolibin Lake bed vegetation was quantified. The model was parameterized to represent 

the distinguishable tolerance to salinity and water availability of Melaleuca strobophylla 

and Casuarina obesa, the two most abundant plant species of Lake Toolibin, as well as 

short-rooted grasses that seasonally occur in the wetland.   

 

Model results demonstrated that the groundwater extraction by pumping clearly gave a 

competitive advantage to Casuarina obesa over Melaleuca strobophylla. M. strobophylla 

outcompeted C. obesa only under flooded, fresh water conditions. Given its longer roots 

and its lower wilting point, the ecological niche of M. strobophylla was more greatly 

constrained by the rise in the saline water table and drought. Thus Lake Toolibin’s M. 

strobophylla was confirmed to be under higher threat than C. obesa.  

 

Results also demonstrated that after years of intervention with some successful wetland 

vegetation recovery, discontinuation of groundwater control would bring the water table 

level to the initial condition within six years. Groundwater salinity, however, would take 

much longer to reach initial conditions. This period between when groundwater levels rise 

and when groundwater salinity rises to pre pumping levels was beneficial to M. 

strobophylla, as it can tolerate slightly higher salinity levels under flooding compared to C. 

obesa.  

 

Despite the benefit to vegetation that groundwater pumping creates, the results suggest 

that a more densely vegetated wetland would not be able to control water table and 
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salinity levels in a long term due to the catchments altered hydrological regime. Therefore, 

groundwater management intervention is required to continue until large scale catchment 

revegetation can reverse the altered hydrology of the catchment, controlling the salt 

intrusion from the regional groundwater system. This will allow greater recruitment of M. 

strobophylla, which is generally outcompeted by C. obesa under saline conditions, 

especially when combined with lower soil moisture. 

 

Parameter-specific sensitivity analysis of the model highlighted the non-linear dynamics of 

the system as well as critical interactions between the major controls, namely water table 

level, vegetation, soil moisture and salinity. The model also showed some limitations in its 

inability to predict the localised benefit immediately surrounding pumping bores. The 

significant amount of heterogeneity present in lake bed sediments (and the subsequent 

variation in field capacity) is another significant driver for heterogeneity of vegetation 

response across the lake bed during both decline and recovery. A greater spatial 

resolution of the model, in this type of highly heterogeneous environment, is suggested to 

overcome this problem if localised impact predictions are required. However the existing 

model is confirmed to be able to well reproduce the observed overall system response to 

management interventions, hence is a good basis for management decisions.   
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3.1 Introduction 
Arid wetlands of south-west Western Australia (SWWA), provide habitat for a large 

number of flora and fauna species (Halse & Jaensch, 1989; Pressey & Adam, 1995; Halse et 

al., 2003; Eamus, Hatton, Cook, & Colvin, 2006; Semeniuk, 2007). However, they are under 

threat from altered hydrological regimes and there is a risk of losing a large amount of 

habitat (Froend et al., 1987), including of endemic species (Myers et al., 2000) due to 

salinisation (Laurance et al., 2011), eutrophication, acidification and altered hydroperiod. 

Indeed, increased salinisation and altered hydroperiod have already caused negative 

impacts on wetland plant communities in SWWA (Froend et al., 1987; Froend & Mccomb, 

1994; Halse, 2004). Climate change projections for SWWA indicate that by 2030 climate 

will almost certainly be drier (Barron et al., 2012; IOCI, 2012) and warmer (Nicholls, 

2004), making this region particularly sensitive to increased salinisation (Silberstein et al., 

2012). This is the case for Lake Toolibin, a Ramsar listed wetland (Wetlands, 2013) 

located in the wheatbelt of SWWA. 

 

Efforts to remediate the impact of salinisation and water table raise on vegetation in Lake 

Toolibin include surface water diversion and groundwater pumping ((R. J. George et al., 

2004; Vogwill et al., 2010). Also, hydrological monitoring (E. G. Barrett-Lennard, George, 

Hamilton, Norman, & Masters, 2005; Callow, Pope, & Cole, 2007; Vogwill et al., 2010), 

vegetation dynamics studies (Vogwill et al., 2010; Zdunic, 2010; Drake, Coleman, & Taplin, 

2012; Drake, Coleman, & Vogwill, 2012), and numerical modelling exercises (Merz, 2000; 

Dogramaci et al., 2003; Taplin, 2010; Bartlett, 2012) have been used to understand the 

processes and consequences of land salinisation in Lake Toolibin. To date, managment 

efforts have caused some improvement in vegetation health, especially for the species C. 

obesa, in some parts of the wetland (Vogwill et al., 2010; Drake, Coleman, & Vogwill, 2012). 

However, an understanding of why C. obesa is been more positively affected than M. 

strobophylla by those hydrological interventions is still needed (Vogwill et al., 2010), as 

well development of a tool to predict benefit of the various hydrological interventions.  

 

Given the complexity of wetland systems, a comprehensive and biologically meaningful 

model framework is a necessary tool to understand how those interventions act on 

vegetation growth, salt accumulation and how they intermediate vegetation competition. 

This model must integrate the feedback mechanisms between water, vegetation and 

salinity and explicitly incorporate plant niche availability. Yet, simple numerical models 

are preferred over complex ones, which demand extensive amount of data to be 

parameterized (Jolly & Rassam, 2009).  
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Therefore, in this study, a parsimonious ecohydrological model was used to predict the 

growth and mortality of two competing vegetation species in response to management 

interventions implemented in Lake Toolibin. Plant survival or mortality are directly linked 

to niche availability, which is explicitly resolved in the model. The aim in using this 

ecohydrological model is not only to quantify the effectiveness of interventions but also to 

understand the dominant control mechanisms, expected to manifest via a mixture of 

hydrology, salinity and vegetation competition. This understanding helps to predict the 

potential ecohydrological trajectories in response to a changing climate, improving the 

basis of management of broader SWWA arid zone wetlands. 

 

3.2 Ecohydrology of Lake Toolibin 
Lake Toolibin is a wetland located 200 km from Perth, WA (556800 E; 6357400 N). The 

water and salt balance of the wetland are dominated by surface water and groundwater 

inflow from the 480 km2 catchment, rainfall and evapotranspiration, with a minimal loss 

to deeper groundwater (Merz, 2000). The area has a temperate climate with mean annual 

rainfall and pan evaporation of 420 mm and 1900 mm, respectively. The wetland 

accumulates a continuous period of standing water, sufficient to allow water bird 

breeding, only infrequently during wet years or after extreme climatic events. In dry years, 

water inputs are typically not sufficient to pond surface water for substantial periods of 

time.  

 

Historically, Lake Toolibin waterlogging and salinisation caused large areas of the co-

dominate plant species C. Obesa and M. strobophylla to die (R. J. George et al., 2004). 

Surface water management and groundwater pumping have been operating at Lake 

Toolibin since 1996. Results suggest that the surface water management has been 

successful in diverting roughly 4,000 tonnes of salt from the lake. Low rainfall since 1996 

and intermittent pumping of approximately 660 kL d-1 have lowered piezometric levels 

beneath the lake (R. J. George et al., 2004). Currently, the groundwater beneath Toolibin 

Lake has an average salinity in excess of 30000 mg L-1 TDS (Drake, Coleman, & Taplin, 

2012). In addition, surface water flows into Toolibin Lake are highly variable in both 

volume and salt load (R. L. George & Dogramaci, 2000).  

 

Since 1996, most of the saline inflow to Toolibin Lake has been diverted to a bypass 

channel. Monitoring of surface water salinity was implemented and a diversion threshold 
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value of 1000 g m-3 of total dissolved solids was defined (Callow et al., 2007). When this 

threshold is reached, surface water inflow is diverted around the lake through the 

diversion channel. However, it is believed that the benefits of elevating soil moisture in the 

unsaturated zone as a result of inflow and inundation with fresh surface water could be 

offset by an increase in soil salinity in the root zone because of rising saline groundwater 

and diffusion and extrusion of salt at the root zone during plant transpiration.  

 

The salt concentration in the surface water inflow varies throughout the year, with 

concentrations in winter typically being twice as those in summer (Figure 10). This is 

believed to occur because of the rise of the highly saline groundwater levels in the 

catchment in winter and the subsequent increased contribution of baseflow. The seasonal 

salt concentration at the Department of Water (DoW) Station number 609010 has a power 

relation to the catchment inflow in summer and winter. This equation is defined as: 

 

ς𝑐𝑐   �   
65340 𝑄𝑐−0.262                𝑖𝑓  4 ≤ 𝑀𝑦 ≤ 9
35483  𝑄𝑐−0.31                𝑖𝑓  4 > 𝑀𝑦 > 9

     (54) 

 

 

Figure 10: Salt concentration in the surface inflow in Lake Toolibin. 
 

A general positive trend in normalized vegetation cover (derived from satellite imagery) of 

the Toolibin lake bed vegetation occurs between 1996 and 2009 (Zdunic, 2010). However 

to have an estimation of the biomass present in the lake bed (for model validation) and the 

species distribution vegetation survey from 2005 (Ecoscape, 2005) was used. The survey 

was carried on over all plants within lake bed contiguous 20 x 20 m quadrats (Ecoscape, 

2005). C. obesa represented around 80% of the total biomass, with M. strobophylla and 
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grasses representing 20%. Assuming that both M. strobophylla and C. obesa have similar 

plant diameter at breast height (DBH) to biomass (Bt, in kg) proportions as C. glauca, the 

following relationship applies (Goel & Behl, 2005): 

 

𝐵𝑡 = 2.26 + 49.6𝐷𝐵𝐻2         (55) 

 

The average biomass in 2005, based on quadrate data over the total area (Figure 11), was 

6.22 kg m-2. Considering the relative amount of species present, the average biomass for C. 

obesa was 4.97 kg m-2, while for M. strobophylla it was 1.24 kg m-2. We assume that 40% of 

the total biomass is allocated underground (Running & Coughlan, 1988). Using the relation 

between standing biomass and LAI formulated by Suganuma et al. (2006), the average 

Leaf Area Index (LAI) within the lake bed is 0.78 m2m-2. 

 

 
Figure 11: Map of biomass density in Lake Toolibin as at January, 2005. 

 

The vegetation survey (Ecoscape, 2005) also measured the average soil salinity at the root 

zone (Figure 12). However, across the depth of the vegetation assemblages rooting zone, 

the soil had variable characteristics in terms of salinity and water content. This difference 

is believed to be related to not only abiotic physical drivers (such as evaporation and 

capillarity) but also by vegetation water extraction and salt exclusion during transpiration 

(Drake, Coleman, & Vogwill, 2012). As such, at around 1.5 m below ground, in the 

preferred water uptake zone for C. obesa, the soil was found to be, in average, 19% drier 

than at 3 m, the preferential water uptake zone for M. strobophylla (Vogwill et al., 2010). 
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Conversely, the more deeply rooted M. strobophylla experiences, on average, a root zone 

10% more saline than C. obesa (Taplin, 2010). The increase in pore water salinity found 

just above (~ 10 cm) the water table level (DEC field data, unpublished) corroborates with 

a 1D numerical Richards equation based model (HYDRUS 1D) used at Lake Toolibin 

(Bartlett, 2012). 

 

 
Figure 12: Map of root zone salinity in Lake Toolibin as at January, 2005. 

 

3.3 Model Setup 
Using the ecohydrological model described in Chapter 2, the ecohydrology of Lake 

Toolibin was represented. The hydrogeomorphic and climatic context of the simulated 

wetland is typical of inland SWWA conditions for wetlands without a strong regional 

groundwater connection. It is schematically represented by a low slope and intermittently 

receiving river inflow from the catchment (Merz, 2000). Groundwater inflow from the 

catchment is governed by Darcy’s Law and evapotranspiration is the main loss term. The 

model was parameterized to represent the distinguishable salinity and water availability 

tolerance of M. strobophylla (V1) and C. obesa (V2), the two most abundant plant species of 

Lake Toolibin, as well as short-rooted grasses (V3) that seasonally occur in the wetland. At 

every time-step (1 day) the model calculates the surface area (AL) and water volume (Lv) 

of the open water/lake zone (L), the surface area (AU) and water volume (SUS) of the 

unsaturated/root zone (U) and the surface area (As) and water volume (Ssat) of the 
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groundwater/saturated zone (S). The model also calculates the salt concentration in each 

of those zones, as well as the vegetation biomass.  

 

3.3.1 Boundary conditions 

As the lake represents a centre of groundwater discharge, the boundary condition was set 

up based on the water table around the lake being equipotential and as high as 

299.6 m ASL, which is the elevation of bore TL03, located 50 m outside the model domain 

(Figure 13). We incorporated the observed seasonality of the regional water table around 

the lake by calculating the bore TL03 water level monthly average (Figure 14) and 

creating a least-squares fit equation relating the month of the year (My) to the water table 

elevation at the boundary condition (hBC). The equation is based on the period between 

1989 and 2006, defined as: 

 

hBC = sin  �0.6 My + 2.3� − 0.6       (56) 

 

Figure 13: Bores and pumps location within the wetland domain. 
 

If the lake is assumed to be a paraboloid and the wetland domain as a cylinder of height hS, 

the groundwater inflow at the boundary, Qgw (m3 d-1), is given by: 

 

𝑄𝑔𝑤 = 𝑘𝑠
𝑟𝑊

(ℎ𝐵𝐶 − ℎ𝑆)(2𝜋𝑟𝑊ℎ𝑆)        (57) 
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A diversion channel and a gate were built at the inflow channel in the northern part of the 

wetland to control inflow from the catchment. The gate was designed to be opened only 

when the salt concentration is lower than 1000 mgL-1. The actual operation of the gate, 

however, has not been accurately recorded so could not be used as a boundary condition. 

Thus, we used the observed data to infer when the gate was closed, and a condition was 

imposed in the model to divert the catchment inflow during certain periods until the 

model reached a best fit to the surveyed lake level data.  

 

 

Figure 14: Observed and adjusted function for groundwater boundary condition. 

 

3.3.2 Parameterization  

A list with general parameters necessary to run the model and that are not specific of Lake 

Toolibin (such as carbon dioxide concentration in the air, for example) is given in 

Appendix A. Here, we describe the source and the rationale behind our assumptions to 

adjust field measurements and literature references to model parameters that are unique 

to Lake Toolibin. For instance, the relation between lake volume (Lv) and lake level (hL) 

observed and the one calculated by Equation 1 (Figure 15), with the geometric, soil and 

weather parameters as well as initial conditions presented in Table 2. 

 

In Lake Toolibin, macro fissuring of clay when exposed to drought was observed (A. 

Barrett-Lennard, 2008; Drake, Coleman, & Vogwill, 2012). At the end of a dry period, this 

fissured clay creates macropores that locally increase the velocity of water percolating 

through the vadose zone, increasing the hydraulic conductivity, ks, to as much as 17 m d-1 
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(Drake, Coleman, & Vogwill, 2012). By definition, we assumed dry period as a scenario 

where 90% of the total wetland domain is covered by unsaturated soils and the water 

table below the deepest point of the lake is lower than 1 m and we refer the hydraulic 

conductivity after a dry period as ksd. The horizontal hydraulic conductivity, kh, was 

reported by Merz (2000) as being 10 times greater than ks.  

 

Records of soil moisture (Vogwill et al., 2010; Drake, Coleman, & Vogwill, 2012) and 

salinity (Taplin, 2010) profiles reported in Lake Toolibin were taken into account in our 

parameterization. As such, we used the soil porosity (φ) and the height of the salinity 

sensors to register increase in salinity (~ 10 cm above water table level) to calculate the 

volume transferred upwards via capillarity, QA.  QA is linearly related to the soil water 

volume, Ssat, via a constant that encompass the soil type, kA (Table 2).  

 

 
Figure 15: Relation between lake volume (Lv) and lake level (hL) observed and calculated by 

Equation 1(a) and the topography of Lake Toolibin (b). 
 

To represent the vegetation types M. strobophylla and C. obesa, the studies of Bell (1999) 

and Drake, Coleman, and Vogwill (2012) were translated into ecohydrological parameters 

(Table 9), as required by the model. M. strobophylla (V1) represents a species moderately 

tolerant of inundation, drought and soil salinity and C. obesa (V2) represents a vegetation 

type highly tolerant of drought and soil salinity. Sparse short rooted vegetation, referred 

to as “grasses”, is also present in Lake Toolibin. Although in low density and without any 

regular estimates on their abundance, we visually estimated its density as about 0.5 kg m-2 

and simulated those plants as a third type (V3). In summer, conditions are too dry for this 

vegetation to remain active, and its active biomass reaches values close to zero. As the 

model lacks an explicit mortality function, carbon uptake efficiency and respiration 

parameters were set to match those estimated values of active biomass.  We assumed 

grasses (V3) as having 800 mm of root depth and higher water requirements than M. 
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strobophylla (V1) and C. Obesa (V2). Salinity tolerance was set as the same as M. 

strobophylla. 

 

C. Obesa (V2) and M. cuticularis, and we assume the same to M. strobophylla (V1), exhibit 

high tolerance to salinity due to a superior ability to ‘exclude’ salts from the water (Carter, 

2004). Therefore, the actual salt concentration uptaken by M. strobophylla and C. Obesa is 

considerably lower than the maximum salt concentration that stops water uptake (Table 

3). Moreover, the tolerable salt concentration is variable according to the water 

availability. For instance, inundation was reported to decrease the salinity tolerance in 

both species. However, the combined effect of inundation and salinity seems to be more 

detrimental to C. Obesa than to M. strobophylla (Carter, Colmer, et al., 2006). C. Obesa’s 

ability to exclude salt from the water decreases under anoxic conditions (Carter, Colmer, 

et al., 2006). Thus, we infer that the salt concentration actually taken up by the plant under 

flooded conditions is higher in C. Obesa (V2) relative to M. strobophylla (V1).  

 

The maximum soil potential that stops carbon assimilation by M. strobophylla (V1) is 

4.7 MPa, whereas C. Obesa (V2) can tolerate up to 5.5 MPa. This value comprises both 

matric and osmotic potential. The matric potential for Toolibin Lake can be related to the 

soil moisture according to water retention curve provided by Drake, Coleman, and Taplin 

(2012). Based on this data, by disregarding the osmotic potential, the maximum matric 

potential that each plant could tolerate would represent a soil suction of 47,927 and 

56,084 cm of water, respectively. According to Drake, Coleman, and Taplin (2012), this 

suction is equivalent to a soil moisture of 0.1  m3m-3 for M. strobophylla (V1) and 0.07 m3m-

3 for C. Obesa (V2). On the other hand, if matric potential was disregarded, the maximum 

osmotic potential tolerated by M. strobophylla (V1) would be as above and assuming that 

the dominant salt in solution is NaCl, we can convert the soil osmotic potential, Ψπ (Mpa), 

in porewater electric conductivity, EC (dS m-1) and salt concentration (g m-3), by dividing 

the salt conductivity by the conversion factor 545.45. Using the  relationship presented by 

Holland et al. (2006):  

 

𝐸𝐶 = Ψπ
0.05

          (58) 

 

These relationships between soil moisture/matric potential and soil salinity/osmotic 

potential are represented in the model via two normalized functions, α and Γ. As such, α, 

the soil water availability function, is set to zero when the soil moisture reaches the 

maximum matric potential, hence soil moisture, tolerated by each plant is termed θW. 
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Conversely, when the maximum osmotic potential, hence salt concentration, which is 

acceptable to the plant, ςmax, is reached, Γ is set to zero. Note that, by definition, α and Γ 

control the carbon assimilation by each plant group in a multiplicative way. The maximum 

salt concentration that stops carbon assimilation by M. strobophylla (V1) and by C. Obesa 

(V2), are respectively 95 dS m-1 and 110 dS m-1. This corresponds to the point at which 

water is no longer available to the plants, given salinity concentration alone. To this value 

the water availability is multiplied, which equals 1 when ideal soil moisture is attained. 

The soil moisture for optimum carbon assimilation is 0.45 m3m-3 for both species (Table 

3). 

To better represent the distinguishable water and salt distribution that each plant root 

zone is subjected to (Section 3.3), disaggregation factors were applied to convert the 

homogeneous, lumped U zone, into a two layer soil profile. As such, the wilting point of C. 

Obesa (V2) was increased by 19%, which effectively represents 19% less water availability 

when compared to M. strobophylla (V1). To represent the observed depth-related increase 

in salinity, we desegregated U according to the relative values found in the root zone of C. 

Obesa (V2) and M. strobophylla (V1). Following the profile presented by (Taplin, 2010), we 

weighted the salt distribution as being 35% deposited around the root zone of C. Obesa 

(V2)  and 45% around the root zone of M. strobophylla (V1). The final wilting point and 

maximum tolerable salinity then become 0.083 m3m-3 and 66.5 dS m-1 for C. Obesa (V2) 

and 0.1 m3m-3 and 38 dS m-1 for M. strobophylla (V1).  
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Table 2: Initial conditions and parameters for Lake Toolibin. 
Parameter  Symbol Units Value Reference/Remarks 
Maximum radius rW m 1060 

Idealized topography of Lake Toolibin (Figure 15) 
 

Maximum depth hW m 4 
Maximum area AW m2 3.55× 106 
Relation between hL and rL  (Equation 1)  b - 1.77× 10-3 
Maximum wetland volume (soil + lake volume) Wmax m3 1.42× 107 
Maximum soil volume (function of φ ) mws m3 4.05× 106 
Maximum lake volume  Lmax m3 3.55× 106 
Capillarity rise fraction kA - 10-6 ×  Ssat DEC, unpublished data. 
Soil porosity φ m3m-3 0.38 (Taplin, 2010; Drake, Coleman, & Vogwill, 2012) 
Soil moisture at field capacity θfc m3m-3 0.12 Lowered to represent the quick water infiltration and lower soil 

moisture experienced by plants. 
Vertical hydraulic conductivity ks  m  d-1 0.33 (Taplin, 2010) 
Vertical hydraulic conductivity after drought ksd  m d-1 17 (Drake, Coleman, & Vogwill, 2012) 
Horizontal hydraulic conductivity kh m d-1 10× ks (Merz, 2000) 
Vertical hydraulic conductivity of the deepest soil layer αg m d-1 4.4 10-4 This study. 
Albedo  - 0.25 (Ward & Trimble, 2004) 
Pan-to-lake evaporation factor c - 0.8 Dogramaci et al., 1996. 
Variable   Initial value  
Lake level hL cm 50, George et al., (1997). 
Water table  hS m 0.35× hW  Merz, 2000; Barret-Lennard, 2008. 
Soil moisture θ  - 0.15 Jolly et al., 2002; Barret-Lennard, 2008. 
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Table 3: Vegetation parameters used in the simulations. 
Parameter/Symbol V1 V2 V3* Reference 
Strategy representation based on Melaleuca strobophylla Casuarina obesa grasses (Bell, 1999; Drake, 

Coleman, & Vogwill, 
2012) 

Total root depth, hr 3 m 1.5 m 0.5 m (Drake, Coleman, & 
Vogwill, 2012) 

Preferential uptake depth observed in the field 10cm above hS 1m bgl 0.5 m DEC unpublished data 
Soil potential that stops carbon assimilation (Ψsoil= Ψθ+ΨΠ )  -3.7 MPa -5.1 MPa -3.29 MPa (Drake, Coleman, & 

Vogwill, 2012) 
Wilting point, θW ( no salinity restrictions)  0.1 m3m-3  0.07 m3m-3 0.11 m3m-3 (Drake, Coleman, & 

Vogwill, 2012) 
Optimum soil moisture for carbon uptake, θ0 0.45 m3m-3 0.45 m3m-3 0.55 m3m-3 (Drake, Coleman, & 

Taplin, 2012) 
Maximum salt concentration acceptable in U, ς max U 38 dS m-1 66.5 dS m-1 40 dS m-1 (Drake, Coleman, & 

Vogwill, 2012) 
Maximum salt concentration acceptable in S, ς max S  20 dS m-1 12 dS m-1 - Those parameters were 

based on the fact that 
both Melaleuca 

strobophylla and 
Casuarina obesa can 

survive under flooded 
conditions. However, 

under high salinity and 
flooded conditions both 

species decline 
productivity, specially 

Casuarina obesa, which 
decreases its ability of 

water filtration  (Carter, 
Colmer, et al., 2006) 

Maximum salt concentration acceptable in L, ς max L  3.7 dS m-1 ++ 1.8 dS m-1 + - 

Salt concentration actually consumed by plant in U, ς up U 0.2 kg m-3  0.2 kg m-3 0.2 kg m-3 

Salt concentration actually consumed by plant in S, ς up S 0.2 kg m-3  0.3 kg m-3 0.2 kg m-3 

Carbon uptake efficiency to reach carbon assimilation rate ηΠ  U 1.10 kg C kg CO2-1 1.05 kg C kg CO2-1 1.50 kg C kg CO2-1 

Carbon uptake efficiency to reach carbon assimilation rate ηΠ  S 0.30 kg C kg CO2-1 0.20 kg C kg CO2-1 0 kg C kg CO2-1 

Carbon uptake efficiency to reach carbon assimilation rate ηΠ  L 0.90 kg C kg CO2-1 0.20 kg C kg CO2-1 0 kg C kg CO2-1 

Respiration to biomass parameter, kR U 50 m2d-1 10 m2d-1 37 m2d-1 

Respiration to biomass parameter, kR S 10 m2d-1 10 m2d-1 10 m2d-1 

Respiration to biomass parameter, kR L 20 m2d-1 20 m2d-1 20 m2d-1 

*Parameters regarding V3 are arbitrarily adjusted to represent the biomass density that was visualized in the field. 
++ Slightly saline waters (Brouwer & Heibloem, 1986). 
+ Non saline waters(Brouwer & Heibloem, 1986). 
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3.4 Model Application 

3.4.1 Lake Toolibin Validation   

To force the model, a 27 year time-series of daily weather data from the Bureau of 

Meteorology (BoM) located in Wickepin (Station BoM10A654) was used.  The catchment 

inflow data came from the Department of Water (DoW) station number 510254. When 

model prediction and observed lake level (DoW station number 609009) were compared, 

a good relation was found (Figure 16).  

 

The predicted water table depth was compared against depths recorded by the 

Department of Environment and Conservation (DEC) in Bore TL23 and Bore TL3/1 

(Figure 16b), whose location is depicted in Figure 13. These bores were chosen mainly 

because they are located outside the central paleochannel system, which stretches 

approximately five kilometres in a north-westerly direction and is 300 metres wide 

(Dogramaci et al., 2003). The soil characteristics of the paleochannel are not 

representative of that found elsewhere in the wetland, so bore data from that area was 

avoided.  

 

In general, the model predicted a lower water table variation than the observed. However, 

the high groundwater level fluctuation observed, especially at Bore TL23, is dominated by 

a nearby pump (refer to Figure 13) that was activated since the beginning of the bores 

record. The model represents a spatially-averaged groundwater soil cell (S) over the 

entire domain, so is not expected to capture the localized drawdown of the water table 

level near individual pumps, and reflects the averaged piezometric surface over the entire 

domain. The multi-annual decline over the period of pumping was well predicted relative 

to the observed well data. It is also believed that groundwater is constrained to move 

laterally in some areas of the wetland due to soil property heterogeneities. Therefore, the 

horizontal division of the wetland domain into smaller compartments would potentially 

increase the model accuracy since heterogeneity of soil properties would be 

accommodated and the model would be more responsive to local bore pumping. However, 

this is left for another investigation, and for our purposes of defining the average water 

and salt pathways in the wetland, as well as salt accumulation in the root zone with and 

without engineering interventions, the water table seasonality produced by the model was 

considered a good representation relative to the observed. 
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To evaluate the model’s ability in predicting groundwater salt concentration, we 

compared the results to the measured values of electrical conductivity (EC) measured in 

March 2007, by the Department of Environment and Conservation (DEC). Surveyed bores 

reported an average EC of around 46 dS m-1, with the exception of TL17, which was 

reported as 0.4 dS m-1 (Figure 17c). The porewater in the vadose zone was compared to 

the observed by Ecoscape (2005), as presented in Section 3.3 (Figure 17d). 

 

Salt scalds on the wetlands soil surface are no longer visible on the ground or in satellite 

imagery as they were in the early 1990’s. The maximum recent value predicted by the 

model, of approximately 8 gm-2, would be visually imperceptible and is therefore 

consistent. Lake salinity (Figure 17b) was also within the range of values reported in 

previous studies. 

 

 

Figure 16: The observed and modelled lake level (a) and water table depth from the surface (b). 
The beginning of the gate operation is signalised with a dashed line. 

 

The model was able to predict the increase in vegetation density from 1996 to 2000 that 

was observed using satellite imagery from both dates by Zdunic (2010) and also the 

correct relative amount of M. strobophylla (V1) and C. obesa, V2 (Figure 18). The model 

indicated that wet years are advantageous for M. strobophylla (V1) relative to C. Obesa 

(V2). It corroborates anecdotal reports that M. strobophylla was more abundant in the 
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wetland before the decline in rainfall. A better recovery from C. obesa relative to M. 

strobophylla  was also noticed in the last few years (Vogwill et al., 2010), following 

engineering interventions. The range of vegetation transpiration rates predicted by the 

model (0 to 11 mm d-1) was also similar to those observed by Drake, Coleman, and Vogwill 

(2012) during March 2012 (2 to 9 mm d-1). 

 

 
Figure 17: The predicted salt amount at the soil surface (a) and the salt concentration as electric 
conductivity at the lake (b), at the vadose zone (c) and at the groundwater (d), compared to the 

range observed in the field. 
 

 
Figure 18: Predicted biomass density (kg m-2) for grasses (a) and for M. Strobophylla (V1) and C. 

Obesa (V2), compared to the values observed in 2005 (b).  
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3.4.2 Sensitivity Analysis  

The relative sensitivity of key parameters was tested and the range of results that the 

uncertainty in those parameters could produce in model output was evaluated. The effect 

of the initial conditions (IC) on the model results and the response time of different 

variables were also explored. 

Firstly, to demonstrate the extent of variation that uncertain input parameters would 

generate in the results, an analysis of 5 model parameters was performed: soil moisture at 

field capacity (θfc), maximum salinity level tolerable by M. strobophylla (V1) in the lake 

(ς max 1L), and the maximum salinity level tolerable by M. strobophylla (V1), C. obesa (V2) 

and grasses (V3) in the root zone, ς max 1U, ς max 2U and ς max 3U, respectively. Note that in the 

simulation where tolerability in the lake was tested, just V1 had its parameter changed, as 

V2 parameter (ς max 2L) already assumes that fresh water is the only condition tolerable for 

C. obesa under inundation. ς max 1L, however, implies that slightly saline waters are 

acceptable by M. Strobophylla (V1). We tested, therefore, the changes in result that this 

assumption would cause. Grasses (V3) are incompatible to flooded conditions, so, by 

definition, ς max 3L=0.  Note that this analysis was performed using the climate forcing for 

the period prior to the groundwater extractions by pumping and prior the gate was close, 

between the years of 1980 and 1997.  

 

The assumption that M. strobophylla can only tolerate fresh water under flooded 

conditions would cost M. strobophylla (V1) a maximum biomass decrease of 5%. C. obesa 

(V2) and grasses (V3) were not significantly affected by the lower M. strobophylla biomass, 

as the greatest differences in V1 occurred when the flooded area was extensive and V2 and 

V3 were already at their lowest biomass values, around the years 1983 and 1993 (Figure 

19). Around 1983 the lake was above 0.8 m for almost two consecutive years, which was a 

condition met just once in the last 34 years. Thus, it must be taken into account that the 

low sensitivity to this assumption is linked to the fact that the lake was not present in 

about 50% of the time which comprehends the simulation (Figure 20). As such, our 

assumption that M. strobophylla (V1) can tolerate slightly saline waters is considered 

acceptable over the period and conditions observed. Further quantitative investigations 

on vegetation tolerance under flooded and saline conditions must be carried on when 

simulating wetlands whose hydroperiod is more pronounced, so the uncertainty is 

reduced.  
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Figure 19: Difference in V1 biomass in response to salinity tolerance under inundation. 
 

 
Figure 20: Percentage of the time that the wetland was innundated between 1980 and 1997. 

 

When the salt concentration tolerability in the root zone (ς max U) was modified by being 

20% higher and 20% lower, M. strobophylla (V1) responded as having 6% higher and 10% 

lower mass, respectively (Figure 21c). C. obesa (V2) was even less sensitive, expressing 

2% more biomass under a higher tolerability assumption and 5% less biomass under a 

less tolerability assumption (Figure 21b). For grasses (V3), those values were 4 and 6%, 

respectively (Figure 21a). Partially, the apparent  higher sensitivity of M. strobophylla (V1) 

to this parameter is linked to the fact that the average EC in the pore water of the root 

zone, uc ς,  was closer to V1 tolerability than V2 and V3 tolerability (around 21 dS m-1).  

 

The changes in the soil moisture at field capacity value (θfc) deeply affected vegetation 

biomass (Figure 22). For the period considered, between 1980 and 1997, a 20% decrease 

in the soil moisture at field capacity parameter (from 0.12 to 0.10 m3m-3) caused a decline 

of 71% in M. strobophylla (V1) and 22% in C. obesa (V2). Grasses (V3) reached virtually 

zero biomass. Conversely, when θfc was assumed to be 16% higher (0.14 m3m-3), V1 

responded with a 16% increase whereas V2 with only 8%. V3, however, almost duplicated 

its mass, growing as much as 90%, in average (Figure 22b).  
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Figure 21: Effect of the salt concentration tolerability in the root zone by V1, V2 and V3. 

 

The sensitivity of plants regarding the field capacity parameter is partially a consequence 

of the water table depth variation (-hU) imposed by changes in θfc (Figure 22a). On 

average, water table was 5% higher for the lower θfc and 4% lower for the higher θfc value. 

However, from our previous simulations (Section 3.5), we learned that 4-5% change in 

water table level alone is not sufficient to cause 70% mortality in M. strobophylla (V1), 

especially if the salt concentration in the root zone and in the groundwater remains 

similar, as in this case. In fact, salinity had a variation of 5% in the groundwater for both 

cases. In the root zone, this variation was lower than 2%, as a lower θfc facilitated root 

zone salts flush. 

 

Observing the two controls that act upon vegetation water uptake in the root zone, ΓU and 

αU, we can notice that the sensitivity of vegetation response to the field capacity is linked 

to variation in soil moisture (Figure 23a). θfc regulates the percolation from the vadose to 

the groundwater. Little water is left in the root zone after percolation takes place.  As such, 

soil moisture revolves around the θfc value. θfc  was set to be close to the wilting point of 

the most abundant species, V1 and V2, since there is evidence (Drake, Coleman, & Vogwill, 

2012)  that soil moisture is an important control in biomass growth. If the value for field 

capacity increases, with wilting point remaining low, soil moisture no longer presents a 

control.  In this case, vegetation can thrive (Figure 22). Conversely, if the field capacity is 
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kept lower than the wilting point (as per V3) vegetation no longer can access water and 

die. It is believed, however, that soil moisture is an important control in vegetation 

biomass. Thus, θfc valued as 0.12 m3m-3 well reproduces the environment that plants face 

in Lake Toolibin. 

 

 
Figure 22: Vegetation biomass response to changes in θfc. 

 

Finally, it was tested if the model reaches the same steady state when it is initiated under 

distinct initial conditions (IC) and it was verified the response time of individual variables. 

Thus, the model was forced with weather data from 1979 to 2007. In the end of the year 

2007, the simulation continued. However, it was repeated the input forcing from 1979 

onwards, as signalized in Figure 24a. As such, it was recreated two phases in the 

simulation, both starting with the climate forcing from 1979. However, following the 

water extraction by pumping occurred between 1997 and 2005, the second phase of the 

simulation started with a water table lower than the first phase. Besides, the wetland is 

more vegetated and less saline. The IC in the second phase is, therefore, different. To 

compare the model results given these different IC, it was used the average between 1982 
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and 1997, for both phases. The period correspondent to the averages is signalized in 

Figure 24 and 20 by horizontal dashed lines.  

 
Figure 23: Changes in θfc and consequent impact on the major controls on vegetation biomass. 

 

The mean water table level from 1982 to 1997 for the second phase was as little as 3% 

lower than the first phase of the simulation (Figure 24a). From the time that pumping 

stops (2005) to the time that water table depth reached steady state, around 6 years were 

past. The vegetation biomass appeared to be responding to the hydrological pulses, taking 

a similar response time to the water table to reach steady state. The averages for biomass 

in the second phases, however, were more pronounced than the water table depth 

difference. Although C. obesa (V2) presented only 5% higher vegetation biomass in the 

second phase (Figure 24b), M. strobophylla (V1) and grasses (V3) were more responsive. 

V3, not shown in Figure 24, was 12% higher in the second run whereas V1 presented a 

biomass 14% higher. As such, we conclude that water table level is not the only control 

over M. strobophylla (V1) and grasses (V3) biomass in the second phase of the simulation. 

 

Indeed, looking at the salinity levels in the roots zone (U) and groundwater (S), we noticed 

that steady state was not reached in the latter (Figure 25), for the period that the 
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simulation last. This indicates that groundwater salinity is the variable with the longest 

response time in the model. This simulation also well illustrates that the salinity in the 

vadose zone is deeply governed by groundwater salinity and level and that vegetation is 

more sensitive to changes in water table level if those changes are followed by changes in 

salinity. From this simulation we also conclude that groundwater extraction via pumping 

is a short term solution in terms of water table level control, since this variable took 

around 6 years to reach the IC. However, in terms of salinity control, groundwater 

pumping has a longer effect, as the mean EC in the groundwater was not able to reach 

dynamic equilibrium after 14 years.  

 

 
Figure 24: Water table depth (a) and vegetation (b) response to simulations carried on with 

different initial conditions. 
 

 
Figure 25: Salinity levels in response to simulations with different initial conditions. 
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3.5 Management Scenario Assessment  

3.5.1 Rationale 

The aim of management at Lake Toolibin is to recover the health of its vegetation assets 

and the modelling confirms that engineering interventions have led to improvements in 

the vegetation community over the last 17 years. Here, the model is applied to verify the 

relative effectiveness of the interventions put in place and to understand the underlying 

ecohydrological control mechanisms that drive intervention effectiveness. Model 

scenarios are compared to the results of the observed scenario (denoted OI, see Section 

3.4.1). For all scenarios, climate data from 1979 to 2007 was used. The results comprise 

averages of model outputs from 1998 to 2007, a period when interventions were in place. 

A summary of the scenarios tested with the respective boundary conditions is given in 

Table 4. 

 

The observed scenario (OI), has two engineering interventions (groundwater pumping 

and surface inflow deviation) happening simultaneously. To assess the relative 

effectiveness of each, two scenarios were implemented where we could separately explore 

them. In scenario GI, the deviation gate was kept open, i.e., catchment surface inflow was 

allowed to enter the wetland, but pumping practice was kept as reported. In the second 

remediation scenario (SI), pumping was stopped, but the gate operation as kept as 

inferred in Section 3.4.1  (starting in 1996).  

 

In addition to those assessments, a third engineered scenario (VGSI) was created where 

the gate was kept open, and pumping practices were assumed as observed, and the 

groundwater boundary condition was altered. In this case, we assumed a revegetated 

scenario, where 20% of the catchment area was covered by Mallee plantation and 60% of 

the land was covered by salt-land pastures. Previous simulations using a catchment model 

showed that this remediation practice could decrease salinisation in the lower catchment 

areas as well as the total catchment runoff because of the decrease in the saturation excess 

from the catchment (Coletti et al., 2012). Considering these predictions, we set up this 

scenario as having 1m depletion in the water table level at the boundary condition and 

decrease in 20% in the surface inflow salt concentration and 10% in the groundwater 

inflow. This represents an ideal case in terms of remediation and, according to previous 

catchment-scale modelling (Coletti et al., 2012), not likely to attain a steady state in terms 

of groundwater level and surface inflow in the next 30 years. However, in this exercise, we 
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wanted to explore the best possible long term remediated scenario to compare to the 

short term remediation.  

 

We also explored the consequences of a ‘post-deforestation’ scenario with no 

interventions (D), i.e., keeping the boundary conditions as observed in the present day, but 

also refraining pumping and surface water deviation practices. Finally, we tested a 

scenario representing a ‘pre-deforestation’ (PD) condition, where clearing and short-

rooted cropping and pasture would not have been implemented in the catchment. In this 

case, the water table level at the boundary condition was left lower and less saline based 

on anecdotal description of the water table levels and salinity conditions of the catchment 

prior to land-clearing.  

 

3.5.2 Results 

Comparing all the simulations tested, the highest vegetation density was achieved in a pre-

deforestation (PD) scenario. PD results in 3% more biomass than a re-vegetated scenario 

(VGSI) and 7% more than the actual observed scenario (OI). The three scenarios also had 

clear difference in terms of vegetation assemblage (Figure 26c) with M. Strobophylla 

biomass being greatest in the PD scenario. This is due to PD scenario resulting in a less-

saline, higher water table level, where M. strobophylla (V1) had little restriction on growth.  

 

Both C. obesa (V2) and M. strobophylla (V1) had their roots below water table level (Figure 

26a). Given their differences in depth, V1 roots reached the groundwater in 93% of the 

wetland area. The contact area for V3 roots was only 24% of the total. Despite this 

difference in drained soil available, the water table level was not a significant control in 

biomass productivity for V1 or V2, as the average EC measured in the groundwater is 

below their maximum tolerable, ς max S, which is 12 and 20 dS m-1 for V2 and V1, 

respectively (as pointed out as a dashed line in Figure 26d). None of the plants were 

restricted by salinity in the unsaturated zone, with  ς max 1U and ς max 2U being 38 dS m-1 and 

66.5 dS m-1, respectively.  

 

Pore water in the unsaturated zone was, on average, below 20 dS m-1 for all the scenarios 

(Figure 26b). Thus, ΓU, the normalized function that determines the water availability 

given salinity restrictions, only impose an important limiting factor for water uptake in 

scenarios SI and D (Figure 27b). However, salinity in the root zone was shown to be highly 

variable (Figure 17c). Therefore, for the period tested, soil moisture was more important 

in controlling vegetation growth than salinity at the root zone.  
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The advantage of C. obesa (V2) over M. strobophylla (V1), responsible for a higher 

percentage in its biomass in scenario PD, was strongly related to soil moisture conditions. 

Indeed, αU, the normalized function that defines the water availability for plant uptake in 

the vadose zone based on soil moisture, had an average of 0.9 for V2 and only 0.63 for V1 

in a PD scenario (Figure 27a). Under these circumstances, V1 represented 30% of the total 

vegetation biomass (Figure 26c), which was the greatest V1 percentage and biomass in all 

scenarios. By contrast, PD was not the most advantageous scenario for grasses (V3). Given 

its terrestrial characteristics, high water table and inundation limited V3 growth, so a less 

saline, wetter scenario was not ideal for those plants. 

 

 
Figure 26: Water table depth (a), salt concentration at the root zone (b), vegetation assemblage and 

abundance (c) and salt concentration in the groundwater (d) for all scenarios tested. 
 

With the drop in the water table level caused by pumping, as represented in the VGSI 

scenario, the advantage of C. obesa (V2) over M. strobophylla (V1) was predicted. Although 

the maximum salt concentration tolerable by V2 in S,  ς max 2S, is below the average EC 

registered in the groundwater, scς (Figure 26d), the water extracted by pumping practiced 

in VGSI allowed V2 roots to be free of contact with the water table.  Consequently, a low 

water available in S for V2, represented by Γ 2S, whose value achieved was around 0.17 

(Figure 27c), imposed little effect to C. obesa (V2). In contrast,  ς max 1S was above the 

average scς, so little constrictions was found by M. strobophylla (V1) to uptake water from 
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the S cell, as Γ 1S ~ 0.6. However, productivity efficiency in totally drained soils, ηΠ U, is 

higher than in flooded areas (represented by ηΠ S) for both species. While V2 had close to 

100% of the total wetland area as drained, this area corresponded only 81% of the total 

wetland for V1. Thus, the longer M. strobophylla (V1) roots caused it to respond for only 

22% of the total biomass in a slightly saline, re-vegetated set-up (8% less if compared to 

the PD scenario, where both species had their roots touching the groundwater).  

 

In the actual observed scenario, OI, the water extraction by pumping allowed C. obesa (V2) 

to be once again free from the saline groundwater. Despite the fact that M. strobophylla 

(V1) had its roots in contact with the groundwater in both VGSI and OI scenarios, an even 

further decrease in V1 biomass was noticed in the latter. Although the water table in both 

set ups were similar, the salinity in the OI was above the maximum tolerable by V1, ς max 1S. 

In fact, Γ S, which defines the water available for plant uptake given salinity restrictions, 

dropped from 0.6 in VGSI to 0.06 in OI (Figure 27c). Under these circumstances, M. 

strobophylla (V1) needed to directly compete for water with C. obesa (V2), as V1 now 

relies on unsaturated soils to uptake water. V2, however, has a greater ability to extract 

water from dry soils than V1.  This ability is translated in the model as αU, whose score was 

0.9 for V2 and 0.67 for V1. This disadvantage caused V1 to decrease 18% if compared to 

VGSI, while the decrease in V2 was only of 1%. The relative amount of M. strobophylla (V1) 

in the observed scenario, OI, was 20% of the total vegetation biomass.  

 

Interestingly, when the surface inflows from the catchment were allowed to inundate the 

wetland (scenario GI), very little change in the biomass assemblage and density was 

noticed if compared to a scenario where inflow was deviated. The total drop in M. 

strobophylla (V1) and C. obesa (V2) was as little as 3 and 1%, respectively, if compared to 

scenario OI. It was not an expected result, as it was believed that the catchment inflow, 

when entering the wetland domain, will increase the water table level and any advantage 

in having higher soil moisture would be jeopardized by the water table elevation. 

However, the inflow events occurred between 1996 and 2007 where not great enough as 

to considerably elevate the water table levels, so V2 roots remained mostly intact (Figure 

26a). While for M. strobophylla (V1), uptake water from S was impossible, as sc ς was kept 

above ς max 1S (Figure 26d). The biomass control in this case, was the presence of flooded 

area. Although both species can survive fresh water inundation, the carbon uptake 

efficiency for both species is higher under drained soils (Table 3.) As a consequence, the 

total biomass was slighter (1.7%) lower when the catchment inflow was allowed to enter 

the wetland (scenario GI) than when it was deviated (scenario OI), as GI presented a lake 
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level, in average, 75% higher than OI. As a result, even though the water availability for 

plant uptake given salinity in the flooded area, ΓL, was lower in OI than GI (Figure 27d), 

the difference of flooded area between those scenarios was the underlining control in 

vegetation growth. The percentage of M. strobophylla (V1) compared to the total biomass 

was 19%, 1% lower than in scenario OI. 

 
Figure 27: Major controls on biomass growth for each tested scenario: water availability given soil 
moisture restrictions (a), given the salt concentration at the root zone (b), given salt concentration 

in the groundwater (c) and given salt concentration at the open water (d). 
 

A steep drop in vegetation biomass occurred in the scenario whose pumping was absent 

(scenario SI). In scenario SI, C. obesa (V2) no longer is protected from the saline 

groundwater (Figure 26a), as 50% of the total wetland area, in average, has its roots in 

touch with the water table. As a consequence, 26% of V2 biomass is lost. For the long 

rooted M. strobophylla (V1), however, this scenario was even more detrimental, since as 

little as 4% of the wetland domain now present V1 vegetation with roots safe from the 

groundwater. Under such as reduced area for survival, V1 was reduced by 90% in its 

biomass. Besides, salinity in the vadose zone increased drastically (Figure 26b), which 

lowered the water available for plant uptake, ΓU, especially for V1 and V3 (Figure 27b). 

The lake level is, on average, 78% higher than scenario GI, which implies a lower 

productivity for all species.  
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Again, when the surface inflows from the catchment were allowed to inundate the wetland 

(scenario D), very little change in the biomass assemblage and density was noticed 

compared to the scenario where inflow deviation was the only remediation practiced 

(scenario SI). Scenario D, with no engineering interventions and boundary conditions as 

observed (high salinity in the groundwater and surface inflow) presented the lowest 

vegetation biomass of all. However, if compared to the scenario where only surface water 

from catchment was deviated as a management intervention, the total difference in 

vegetation mass was as low as 1%. As observed previously, the water table level was not 

significantly different when the surface inflow was not allowed to enter the wetland 

because the inflow events occurred between 1996 and 2007 where not great enough as to 

considerably elevate the water table level. As such, scenario D and scenario SI showed 

little difference. The results suggest that the control that caused the biomass decrease was 

the flood extension, not the water table elevation, which would be more detrimental to the 

plants, therefore would represent a more intense negative impact.  

 

This exercise showed that in a pre-deforestation environment, when Lake Toolibin had a 

higher water table level but it was less saline, M. strobophylla (V1) was more abundant.  

Under those circumstances, V2 only had advantage on the terrestrial part of the wetland, 

as the groundwater was fresh enough to be consumed by V1. With the deforestation of the 

upper catchment, salinisation of the groundwater and later groundwater extraction as a 

remediation, C. obesa (V2) attained additional advantage over V1, and the relative amount 

of M. strobophylla declined significantly. If the water table level is not controlled, M. 

strobophylla is under higher threat that C. obesa, as its available habitat is more 

constrained, since it has a depth of water uptake deeper than C. obesa .  

 

3.6 Conclusion and Recommendations 
A mechanistic ecohydrological model that is able to simulate vegetation biomass 

production in response to niche availability was validated against data from Lake Toolibin, 

a Ramsar listed salt-affected wetland in SWWA. The model was parameterized to 

represent M. strobophylla, C. obesa and short-rooted grasses, the most common vegetation 

found in that wetland. Lake and groundwater levels showed agood agreement between the 

values observed in the field and the ones predicted by the model. Salinity and vegetation 

dynamics predicted by the model were also within the range described by the literature 

and field data.  
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The model was then used to verify the effectiveness of engineering interventions 

(groundwater pumping and surface water diversion) that have been practiced in Lake 

Toolibin since 1996 to protect vegetation assets from salinisation. The underlying controls 

over vegetation of six management scenarios were analyzed. It was verified that the 

greatest control on vegetation biomass was groundwater salinity, followed by the 

groundwater level. The diversion of surface runoff from the catchment into the wetland 

was not as important in controlling vegetation biomass as expected. However, it is 

believed that for higher frequency and/or magnitude of runoff events, not experienced 

during the period of operation, the effect of surface water diversion on vegetation biomass 

would be more noticeable. Higher runoff events could significantly change the water table 

level and thus impose a greater control on vegetation. This should be further investigated.  

 

Considering the current salt concentrations in Lake Toolibin, if the water table level is not 

controlled via direct groundwater intervention, M. strobophylla is under higher threat to 

lose its habitat than C. obesa, because of its water uptake strategy. Although M. 

strobophylla can tolerate higher salinity levels under flooded conditions, its typical depth 

of water uptake is deeper into the ground than C. obesa, it has greater water requirements 

and is less tolerable to drought. Conversely, C. obesa has shallower root depth and is more 

drought tolerant. Under the current hydro-climatic status of Lake Toolibin, which 

promotes a very dry and shallow unsaturated zone, the niche of M. strobophylla is more 

greatly constrained.  

 

The fact that M. Strobophylla is under greater threat than C. obesa was also verified when 

using the climate forcing repetitively (from 1979 to 1997), with two different initial 

conditions. In this simulation, modelling results suggested that after years of groundwater 

intervention and successful revegetation, the discontinuity of groundwater control would 

bring the groundwater level to the initial condition (~2 m higher than the pumping peak) 

within 6 years. Dynamic equilibrium of the groundwater salinity, however, was not 

attained before 21 years. This delay on salinity response that promoted a fresher yet 

flooded condition was beneficial to M. strobophylla, as it is more adapted to flood. 

However, when the salinity went back to initial condition, this benefit was lost and C. 

obesa returned to its dominance.  

 

During the peak of pumping effectiveness, which caused a lower water table level and 

reduced groundwater salinity, total vegetation biomass increased. This more densely 

vegetated status was not sufficient to control water table level and groundwater salinity 

within the wetland. This suggests that long-term intervention is necessary to regulate 
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competition between M. Strobophylla and C. obesa, otherwise, C. obesa will dominate the 

vegetation population and the overall biomass will continue to decline. 

 

The parameter sensitivity analysis showed that a linear change in parameters causes a 

non-linear response by the system, due to the complexity of dynamics between major 

controls. These controls are water table level, groundwater salinity, vegetation density 

and competition, soil type, soil moisture and salinity. The most sensitive parameter was 

the soil type (soil moisture at field capacity). The significant amount of heterogeneity 

present in lake bed sediments (and the subsequent variation in field capacity) is like a 

significant driver for heterogeneity of vegetation response across the lake bed during both 

decline and recovery. Variability of soil properties can have significant effects on the 

distribution of salt, water and, consequentially, vegetation. The sensitivity of vegetation 

parameters that are more uncertain was not so significant. However, a deeper 

investigation of vegetation tolerability to salt concentration under different water 

availability conditions is suggested for future research.  

 

Model limitations in describing the ecohydrology of Lake Toolibin were also identified. 

The pumps installed in the lake bed are well distributed over the wetland domain, but they 

cause localized water table drawdown, the extent of which is not clearly known. In some 

semi-arid regions, the effect of drawdown was observed to have a radius of approximately 

20 meters (Asghar, Prathapar, & Shafique, 2002). The model does not account for 

heterogeneities in aquifers or the unsaturated zone, so the drawdown modelled is the 

average over the entire lake bed. A greater spatial resolution would assist better 

evaluation of the effect of the pumping operation as well as the localized vegetation 

responses. Despite those limitations, however, the model is confirmed to be able to well 

reproduce the ecohydrological behaviour of the Lake Toolibin system as a whole, 

providing a quantitative basis for management action.  
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Table 4: Scenarios to be tested by the model, weather data experienced between 1979 and 2007. 
Scenario/ BC Groundwater salt 

concentration inflow 
(kg m-3) 

Water table level at the 
boundary condition 

Surface inflow salt 
concentration 

Groundwater 
pumping 

Surface 
runoff 

deviation 
1) PD - Pre deforestation without 
intervention 

8000 1m above lake bed 20% less concentration Absent Absent 

2) VGSI - Catchment re-vegetation, 
groundwater and surface water 
intervention 

20000 2m above lake bed 10% less concentration As observed From 1996 

3) OI – Post-deforestation with 
interventions - observed in present 
day (groundwater and surface 
water) 

30000 3 m above lake bed DEC data derived equation As observed From 1996 

4) GI - Post deforestation – 
groundwater intervention only 

30000 3m above lake bed DEC data derived equation As observed From 1996 

5) SI - Post deforestation - surface 
water deviation intervention only 

30000 3m above lake bed DEC data derived equation Absent From 1996 

6) D - Post deforestation without 
interventions 

30000 3m above lake bed DEC data derived equation Absent Absent 
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4. Vegetation – Hydrology Co-Evolution 

in Wetlands as a Response to Rainfall 

Variability  

4.1 Abstract 
Nonlinear interactions between physical, chemical and biological factors determine the 

hydroperiod, the level of salinisation and the vegetation dynamics in wetlands subjected 

to a certain climate signal. Those interactions were studied in a semi-arid climate, using an 

ecohydrological model that accounts for the tolerance of plants to salinity and water 

availability. In particular, the model represents Melaleuca strobophylla and C. obesa, as 

well as terrestrial short-rooted grasses, which are typically found in south-west Western 

Australian (SWWA) wetlands. Those are the most common plants found in Lake Toolibin, a 

Ramsar appointed wetland of SWWA, whose morphology was used to parameterize the 

model. In a previous exercise, the model was validated against available field data from 

Lake Toolibin. 

 

In this study, we specifically explored how rainfall variability affects salt mobilization and 

subsequent vegetation abundance and assemblage. Being particularly interested in semi-

arid regions, we firstly applied the ecohydrological model over the climate gradient found 

in SWWA. Secondly, the model was tested under a range of rainfall intra-annual 

distribution with the same annual depth. Finally, the model was forced with a 

progressively declining rainfall that has been predicted to develop in SWWA over the next 

20 years.  

 

The model demonstrated the co-evolution between hydrology and vegetation, as well as 

the non-linear responses of vegetation dynamics to climate forcing, both being strongly 

influenced by salinisation. The model also showed how intra-annual rainfall distribution 

affects the environment partitioning and salt mobilization. A higher rainfall intensity 

enhanced runoff, raised the water table level and decreased salt leaching, intensifying 

accumulation of salt in the root zone.  This altered salt mobilization affected vegetation 

abundance, and significant changes to the vegetation assemblage. The short-rooted, 

terrestrial-adapted C. obesa benefits from a rainfall signal evenly distributed over the year, 

while M. strobophylla benefits from intense rainfall events that cause water to pond for 

prolonged periods. The results also demonstrated that salinity strongly magnifies the 
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damage caused by drought on vegetation. Finally, the results suggested that if rainfall 

declines continue and worsen in SWWA, M. strobophylla is under a greater threat than C. 

obesa, which is more adapted to persistent drought conditions. 

 

4.2 Introduction 
Wetlands in the south-west of Western Australia (SWWA) are believed to be particularly 

vulnerable to changes in climate. In SWWA, a general decrease in the average annual 

rainfall depth and concomitant intensification of extreme rainfall events are predicted 

(IOCI, 2012), as well as a rise  in mean annual temperature (Nicholls, 2004). This scenario 

is expected to intensify drought and waterlogging, potentially  increasing land salinisation 

(McFarlane et al., 2004) and jeopardizing vegetation (Barron et al., 2012).  

 

Vegetation found in semi-arid regions is adapted to brackish or saline groundwater 

conditions (Carter, 2004; Carter, Veneklaas, et al., 2006). Some plant species can 

accommodate hydrological gradients by changing their architecture (Blom et al., 1990; 

Blom et al., 1996; Visser et al., 2003; Visser & Voesenek, 2005; Canham et al., 2009).  Some 

can also counter high salinities by using opportunistic water uptake strategies, such as 

quickly assimilating fresh rainfall from the upper vadose zone or from fresher water 

lenses (Holland et al., 2006) that are formed on top of highly saline groundwaters (Eeman 

et al., 2011) and around waterholes (Cendón et al., 2010). This opportunistic behaviour 

explains the survival of plants under highly saline (64 dS m-1) environments (Mensforth & 

Walker, 1996).  

 

Nevertheless, the combined effect of waterlogging and persistently high salinities seems to 

be detrimental to many semi-arid species (Craig et al., 1990; Bell, 1999), even when they 

are adapted to waterlogged conditions in riparian zones (Carter, Colmer, et al., 2006). In 

fact, increased salinisation has already caused a considerable negative impact on wetland 

plant communities in SWWA (Halse et al., 2003; Halse & Massenbauer, 2005; Eamus & 

Froend, 2006; Eamus et al., 2006; Canham et al., 2009). As studied in the previous chapter, 

Lake Toolibin, which is a Ramsar appointed wetland (Wetlands, 2013), has become 

degraded with a decline in its vegetation due to the rise in saline groundwater (Froend et 

al., 1987; Drake, Coleman, & Vogwill, 2012) after clearing of native vegetation for crop 

plantation in the surrounding catchment  (Mayer et al., 2004). 
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To anticipate the impact that climatic changes can cause in the poorly understood, 

threatened (Froend & Mccomb, 1994; Laurance et al., 2011) and ecologically important 

(Myers et al., 2000; Semeniuk, 2007) semi-arid wetlands, there is a need for a strong 

quantitative basis to support ecosystem-based management decision-making (Jolly et al., 

2008). Given the complexity of wetland systems, a comprehensive model framework is a 

necessary tool to predict wetland vegetation dynamics in response to climate change. This 

model must integrate the feedback mechanisms between water, vegetation and salinity 

and explicitly incorporates plant niche availability. Yet, simple numerical models are 

preferred over more complex ones, which demand extensive amount of data to be 

parameterized (Jolly & Rassam, 2009). When sufficient data are not available for an 

extensive parameterization, the uncertainty is higher in more complex models (Jørgensen, 

1999).  

 

In this study, the mathematical model validated in the previous chapter was used to assess 

the ecohydrological trends of semi-arid wetlands in response to a changing climate. The 

general aim was to better understand how climate manifests its control over niche 

allocation and vegetation dynamics in semi-arid wetlands that are affected by salinisation. 

Specifically, three different groups of scenarios were run to improve the understanding of 

semi-arid wetland response to climate variability.  

 

Firstly, the model was used to investigate how climate forcing influences environment 

partitioning, salinisation and vegetation dynamics in semi-arid wetlands.  As such, 

meteorological data from three sites from across south-west Western Australia (SWWA), 

that cover a gradient of dryness indices (DI, assumed to be the potential evaporation to 

precipitation ratio, E0/P), was used to drive the wetland model (Section 4.3.1). Secondly, 

the impact of the rainfall seasonality and intensity on environment partitioning, salt 

mobilization and vegetation dynamics was study. The model was tested under three 

distinct rainfall seasonality patterns while keeping the annual depth constant (Section 

4.3.2). Finally, the salinisation process and vegetation response to a progressive rainfall 

decline was evaluated (Section 4.3.3). Sections 4.3.2 and 4.3.3 used controlled climate 

forcing from a stochastic rainfall generator previously validated for the region (Hipsey, 

Sivapalan, & Menabde, 2003). 
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4.3 Model Application 
The hydrogeomorphic and climatic context of the simulated wetland is typical of inland 

SWWA conditions. It is schematically represented by a low slope with intermittent river 

inflow from the catchment (Merz, 2000). Evapotranspiration is the main loss term, as loss 

to the regional groundwater is considerably less than the other fluxes. The model was 

parameterized identical to the previous chapter to represent the salinity and water 

availability tolerance of three plant species typical of SWWA, M. strobophylla (termed V1), 

C. obesa (V2) and short-rooted grasses (V3). Refer to vegetation, soil and geometric 

parameters in Section 3.4.2 and Section 3.4.1 for boundary conditions, unless commented 

otherwise.  

 

Differently than presented in Section 3.4.1, a simplified rainfall-runoff model (Farmer et 

al., 2003) was applied in the surrounding catchment to generate surface water inflows to 

the wetland.  The aim of using a catchment model forced with identical meteorological 

data as the wetland was to generate inflows commensurate with the different climates and 

rainfall delivery patterns tested. The parameters used in the rainfall-runoff model are 

listed in Appendix B. The resultant one-dimensional runoff rate from the catchment, Rc, 

was multiplied by a total catchment area, Ac to generate Qc, the volumetric inflow. The 

concentration of salt from the catchment runoff and from the groundwater was kept as 

described in Sections 3.4.1.  

 

4.3.1 Climate Controls on Vegetation Assemblage and Salinisation 

In order to investigate the salinity and vegetation status that the range of SWWA climate 

forcing can cause, daily weather data was used correspondent to three indicative locations 

from southwest Western Australia (Table 5: Cape Leeuwin-C1, Lake Toolibin-C2 and 

Northern Cross-C3). In those simulations, the wetland (described in Section 3.4.2) was 

exposed to a wetter scenario, C1, and a drier scenario, C3, to assess the possible 

theoretical shift in hydrology and subsequent salinity and vegetation response. Based on 

the amount of available continuous data for all sites, the simulation was extended over 19 

years. The forcing rainfall for the period, as well as the annual moving average for each 

location is depicted in Figure 28. Initial conditions (IC) for C1 and C3 scenarios (Table 6) 

were generated by allowing the model to reach equilibrium by repeating the first day of 

simulation in steady state, keeping the same parameters as used in C2, to which climate 

forcing and field data the model was calibrated to in Section 3.4.3.  
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The resultant time series for scenarios C1, C2 and C3 are depicted in Figures 24, 25 and 26 

respectively. In those figures, the salt concentration (g m-3) in the vadose zone, uc ς, and in 

the groundwater, sc ς, were converted in EC (dS m-1). Note that the boundary conditions 

for all simulations remained the same, except for the catchment runoff, which is 

proportionally to the rainfall. 

 

Table 5: Hydro-climatic variability of the three representative catchments of SWWA. 

Scenario DI Indicative Location 

Bureau of 
Meteorology 
(BoM) 
Station 

Pannual 
(mm) 

EPannual 
(mm) 

C1 1.2 Cape Leeuwin 
Long. 34020’44.92’’ S/ Lat. 115008’16.82’’ E 009518 991.8 1200 

C2 3.8 Lake Toolibin (Wickepin) 
Long. 32055’15.17’’ S/ Lat. 117036’29.15’’ E 10A654 478.7 1800 

C3 6.2 Northern Cross 
Long. 31013’56.71’’ S /Lat. 119019’54.57’’ E 012320 323.4 2000 

 

Comparing the three scenarios, the C1 simulation was distinguished by its large water 

storage (Figure 29a), with the average water table level, hS, higher than C2 (-0.67m) and 

C3 (-1.25 m). Also the flooded area, AL, in scenario C1 was greater than half of the total 

wetland domain, AW, more than half of the time. Conversely, in scenario C2, there was no 

free surface water half of the time. For scenario C3, inundation occurred in less than a 

quarter of the time and the flooded area never reached half of the total wetland domain. 

Soil moisture, θ, was also higher in a C1 scenario. Compared to C2, it was 9% higher. 

Compared to C3, it was 20% higher.  

 

In scenario C1, soil moisture only represented an important control of biomass production 

during summer time for grasses (V3). This control is represented by the water availability 

function, αU (Figure 29c). For M. strobophylla (V1), soil moisture represented a control 

only when the thickness of the unsaturated zone was reduced by flood events and the 

subsequent water table rise. Similarly, salinity at the root zone, uc ς, was not an important 

control on vegetation growth during most of the simulation time. Indeed, ΓU, represented a 

control on M. strobophylla (V1) and grasses (V3) water uptake only around the 5th and the 

14th year of the simulation, when the lake was filled (Figure 29d). Despite the relatively 

high water available in the root zone, scenario C1 resulted in an average total biomass 

17% lower than scenario C2 (Figure 30e). The higher precipitation of scenario C1 was not 

enough to flush the salt from the groundwater. The average groundwater salinity, sc ς , in 

scenario C1was 30.6 dS m-1, which is higher than the tolerated by vegetation. The 

advantage of C. obesa (V2) over M. strobophylla (V1) in scenario C1 was due to the fact that 
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the roots of M. strobophylla (V1) touched the groundwater in 100% of the wetland domain, 

while the roots of C. obesa (V2), 90%. Biomass growth in C1 was therefore controlled by 

the high level of the saline groundwater. 

 

 
Figure 28: Rainfall variability representative of SWWA that was tested in the model. 

 

Table 6: Initial conditions for each scenario tested. 
Variable IC (C1, C2, C3) Reference/remark 
Lake level hL m 0.6, 0, 0 (R. J. George, McFarlane, & Nulsen, 

1997) (C2). 
Water table  hS m  0.35hW , 0.30hW , 0.10hW (Merz, 2000; A. Barrett-Lennard, 

2008) (C2). 
Soil moisture θ  m3m-3 0.14,0.12, 0.09 (Jolly, McEwan, Cox, & Walker, 2002; 

A. Barrett-Lennard, 2008) (C2). 
LAI (V2, V3 
and V1) 

LAI m2m-2 1.4, 0.9 and 0.3 (C1),  
1.2, 0.2 and 0.1 (C2), 
0.6, 0.05 and 0.05 (C3), 

(Drake, Coleman, & Vogwill, 
2012)(C2). 

 

Water availability in the root zone was a more prominent control in scenario C2 than in 

scenario C1 (Figure 30b), especially for M. strobophylla (V1) and for grasses (V3). Indeed, 

α1U and α3U were lower in comparison to the values reached in scenario C1 (16 and 41%  

lower, respectively). In addition, salinity in the root zone was 41% higher in comparison to 

scenario C1, which decreased, ΓU (Figure 30c). Despite the water table decline, long-rooted 

M. strobophylla (V1) had contact to the saline water table across 100% of the wetland area 

while C. obesa (V2) to 60%, which is 30% more area free from saline groundwater than in 

scenario C1. This difference in niche availability caused M. strobophylla (V1) to reduce its 

population by 20% compared to scenario C1. As M. strobophylla (V1) was not free from 

saline groundwater in scenario C2, it could only draw water from the vadose zone. In the 

vadose zone, C. obesa (V2) has ecophysiological advantages over M. strobophylla (V1) 

regarding tolerance to drought and salinity. As a result, the wetland was dominated by C. 
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obesa (V2), which corresponded to more than 70% of the total vegetation biomass, on 

average (Figure 32a).  

 

 
Figure 29: Vegetation dynamics and salt accumulation in response to C1 rainfall forcing.  

 

Under a climate forcing characteristic of scenario C3, the advantage of C. obesa (V2) over 

M. strobophylla (V1) and grasses (V3) was magnified. The lack of soil moisture totally 

extinguished the niche occupied by grasses (V3) and M. strobophylla (V1) had access to 

root zone water only during winter (Figure 31b) so its population never rose above 5% of 

the total biomass (Figure 32a). The high evaporation rates and insignificant leaching 

events due to the reduced rainfall in C3 resulted in salt concentration in the root zone 

(Figure 31c) to levels almost three times higher than C1 and two times higher than C2. As 

a consequence, C. obesa (V2) increased as a proportion of total biomass but decreased in 

its biomass by 30%.  The total biomass in C3 scenario was 17% lower than C1 and 45% 

lower than C2.  
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Figure 30: Vegetation dynamics and salt accumulation in response to C2 rainfall forcing. 

 

 
Figure 31: Vegetation dynamics and salt accumulation in response to C3 rainfall forcing. 

 

Overall, model results highlighted the connection between the structure of the vegetation 

assemblage and hydrological patterns, in particular soil moisture content and water table 
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level. When water availability started to be a limiting factor (increasing from scenario C1 

to scenario C3), the environment became more selective and the competition between 

plants to access the water intensified. Only vegetation groups with high drought tolerance 

C. obesa (V2) was able to survive. Salinisation processes magnified the effect of the climate 

signal on the structure of the vegetation assemblage, emphasizing the selectiveness of the 

environment. The concomitant dependence on evaporation, precipitation, plant 

consumption and water table level caused the soil moisture to have a strongly non 

linearity in response to the rainfall forcing. The effect of salinisation intensified the control 

of climate on vegetation response. When comparing the scenarios with and without 

salinity included, the changes in climate were not so evident on vegetation assemblage and 

the advantages of C. obesa (V2) over M. strobophylla (V1) and grasses (V3) were less 

noticeable (Figure 32b).   

 

   
Figure 32: Vegetation assemblage in response to the rainfall variability tested considering salinity 

restrictions (a) and ignoring salt constrains (b). 
 

4.3.2 Sensitivity to Rainfall Intra-Annual Distribution 

In this exercise, the ecohydrological model was used to unravel the role of rainfall intra-

annual distribution on wetland environment partitioning, including its effect on salt 

distribution and vegetation assemblage. To achieve this goal, the rainfall signal was 

synthetically generated by applying a stochastic model (Hipsey et al., 2003) to generate 

annual realizations with total depths and seasonal distribution within the range typically 

found in SWWA.  

 

Firstly, we estimated average storm duration (ts), rainfall intensity (is) and inter-storm 

period (td) based on 25-years of rainfall data at a 15 minute resolution as observed at 

Narrogin weather station (located 23 km from Lake Toolibin). Data from the Wickepin 

weather station, previously used in the simulations, has records of daily totals. The model 

used by (Hipsey et al., 2003) requires a periodic function, m, which represents the 

monthly variation of the variables ts, is or td: 
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𝑚 = 𝑎  cos  [𝑏(𝑡𝑀 − 𝑐)] + 𝑑        (59) 

 

where tM corresponds to the month. The parameters a, b, c and d were empirically 

estimated from the rainfall data analysis using a least-squares regression to obtain the 

best-fit parameters of the periodic functions. Those parameters were 5.97, 013, -41.82 and 

-1.46 for ts;-0.43, 0.34, -2.54 and 0.52 for is, and -28.17, 0.56, 6.06 and 64.24, -0.56, 22.74 

and 123.7 for td. They correspond to maximum ts of 4.5 hours; maximum is of 1 mm per 

hour, and maximum td of 200 hours. Those parameters were subsequently used as inputs 

to randomly generate one year of synthetic data for precipitation at 15 minutes resolution.  

 

To manipulate the seasonality of the rainfall, a, b, c and d were adjusted to create 3 rainfall 

time series with distinct delivery patterns. The sequences were based on changes in inter- 

rainfall intensity (is) and storm period (td) but with the same total rainfall depth, around 

480 mm per year. Specifically, we generated rainfall time series using the stochastic model 

described above with values of is and td of 1, 1.15 and 1.8 mm h-1, and 200, 250 and 300 

hours, respectively, creating scenarios R1, R2 and R3 (Figure 33). Note that the time-series 

wee accumulated to have 1 day resolution. To allow the system to reach dynamic 

equilibrium (quasi-steady state), the three annual rainfall time series were repeated 30 

times, so each simulation comprised 30 identical years. The results reported in this section 

refer to the averages for the last 10 years of simulation. 

 

 
Figure 33: Three intra-annual rainfall distribution that generated the three tested scenarios. 

 

The model results showed that a more evenly distributed rainfall (scenario R1) was 

unable to create peaks of runoff that could effectively fill the lake. The mean annual 

flooded area was about 40% of the total wetland domain, never exceeding 85%, and 

presented the smallest range of variation (standard deviation of 20%). The hydrological 

pulses experienced by scenario R3 resulted in catchment inflow three times greater than 

scenario R1 and about two times greater than scenario R2. Since the model assumes that 



 

 

77 

the catchment inflow is added directly to the lake, scenario R3 resulted in a wetland with 

50% of the total area flooded for approximately 60% of the time (Figure 34).  

 

The differences in rainfall seasonality in the different scenarios caused variations in the 

most active water pathways between U, S and L. Scenario R1 resulted in a flow regime 

(Figure 35) that emphasised infiltration (I), and percolation (Qp) but had low amounts of 

surface runoff (Qc) and seepage (Qss) relative to sceanrio R3. Infiltration (recharge) was 

51% higher and the percolation was around 40% higher. On the other hand the infiltration 

and consequently percolation were minimized in scenario R3 but surface runoff (Qc) and a 

seepage (Qss) were respectively 70% and 58% higher than in scenario R1. As a 

consequence of diminished infiltration, leaching (Qp) was also reduced. Scenario R3 

accumulated more salt at the root zone (Figure 36) with the average salt concentration 

39% higher than R1. Compared to scenario R2, the accumulation of salt in the root zone of 

scenario R3 was 12 % higher.  In all simulations, temperature, wind speed, cloud cover 

and relative humidity were kept the same, so that the evaporation from the bare soil, EbU, 

responded to only water available at the vadose zone. As such, the modelled bare soil 

evaporation was 0.54, 0.48 and 0.43 mm for scenario R1, R2 and R3, respectively.  

 

The different distribution of water pathways predicted by the model for the different 

scenarios clearly affected the salt concentration in the root zone and had important 

repercussion for the vegetation assemblage (Figure 37a). Biomass decreased with the 

intensification of the rainfall intra-annual distribution. Scenario R2 registered 12% 

biomass decline and scenario R3 25%, when compared to scenario R1. Lower rainfall 

intensity and shorter inter-storm period favoured short-rooted C. obesa (V2) and grasses 

(V3). V3 in particular benefited from the frequent small volume of rainfall water delivery 

and the low soil salinity levels that scenario R1 achieved; hence, its population was 84% 

higher in scenario R1 than in R3. As the flooded area increased, caused by the higher 

runoff events experienced by R3 scenario, C. obesa (V2) and grasses (V3) suffered a 

negative impact. M. strobophylla (V1), however, better adapted to inundation, relatively 

increased its biomass. Although the root zone salinity in scenario R3 was higher than in 

R1, the average salt concentration registered was below the maximum tolerable by all 

plants. The major control on biomass density and assemblage, in this case, was the flooded 

area and the lake salinity. In fact, the maximum salinity in the lake was reached in R3 

scenario (4.2 dS m-1). This value was, therefore, higher than the tolerable by M. 

strobophylla (V1), which was assumed to be 3.7 dS m-1. 
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Figure 34: Hydroperiod in response to rainfall intra-annual distribution. 

 

The impact of salinity on vegetation assemblage is demonstrated in Figure 37, which 

shows the results for simulations with and without salinity restrictions (Figure 37a and 

32b, respectively). In the scenarios without salinity restrictions, M. strobophylla (V1) was 

able to reach a biomass density similar to C. obesa (Figure 37b). The differences in the 

vegetation assemblage caused by the rainfall intra-annual distribution were attenuated 

when salinity was not a control. This exercise highlighted the fact that salinity amplifies 

the control imposed by climate, significantly affecting vegetation assemblage and density.  

In fact, the total vegetation biomass was approximately double in the scenarios where 

salinity was disregarded. This fact reinforces the need to include salinisation processes on 

ecohydrological models used to study vegetation dynamics in semi-arid regions.  

 

 
Figure 35: Flow pathways and the salinisation response to a rainfall distribution with shorter inter-

storm period and lower rainfall intensity (scenario R1). 
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Figure 36: Flow pathways and the salinisation response to a rainfall distribution with longer inter-

storm period and higher rainfall intensity (scenario R3). 
 

   
Figure 37: Vegetation assemblage in response to the range of rainfall intra-annual distribution 

tested considering salinity restrictions (a) and ignoring salt constrains (b). 
 

4.3.3 Vegetation Assemblage and Salinisation in Response to a Drying 

Climate 

Predictions for the long term average rainfall in the SWWA region suggest a decrease in 

the order of 7.5% over the next 20 years (CSIRO, 2007). This prediction corresponds to the 

50th percentile of several general circulation models (GCMs) used to predict future climatic 

conditions (CSIRO, 2007). However, the 10th percentile of all GCMs indicated that there is a 

chance of 20% decrease in the mean annual rainfall for that area. To test the effect on the 

salinisation process and vegetation response if this eventuates (20% rainfall decrease 

over 20 years), the R1 rainfall time series presented in Section 4.3.2 was modified. As such, 

the intra annual delivery pattern of the precipitation signal was kept constant, but its total 

depth was progressively lowered. After 10 years of simulation, the rainfall was reduced to 
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0.95 of the original levels. At the 15th year, the reduction was 0.9 and finally, at the 20th 

year, the reduction was 0.8. The results presented here reflect the average for the years 5 

to 10 and the average for the years 25 to 30 of the simulation, which were referred as 

Period 1 and Period 2 (P1 and P2), respectively.  

 

The 20% decline in precipitation from P1 to P2 caused the water table to be around 11% 

lower and the average lake level around 50% lower. The change in soil moisture was as 

little as 1% (note that temperature or any climatic forcing was not changed). The level of 

soil salinisation was also affected (Figure 38b). From P1 to P2, scς, the electric 

conductivity in the groundwater, increased 15% and ucς, the electric conductivity at the 

vadose zone, increased 13%. Observing the drier, more saline environment (P2), we can 

notice that C. obesa (V2) broadened its dominance over M. strobophylla (V1) when 

compared to P1 (Figure 38a). In fact, the lack of flooding and lowering of water table 

caused C. obesa to increase its total biomass in 11%. Note that the groundwater salinity 

was above the level tolerable for all species, i.e. Γ1S= Γ2S= Γ3S=0. The reduction in soil 

moisture from P1 to P2 did not affect the ability C. obesa (V2) to uptake water from the 

root zone. In fact, α2U only decreased 0.1% from P1 to P2 (Figure 39).  

 

Given the decrease in precipitation, salinity, rather than soil moisture deficit, was the 

control that most affected C. obesa (V2). In fact, Γ2U decreased 1.2% from P1 to P2. 

Similarly, salinity was the most import control over M. strobophylla (V1) biomass after the 

precipitation decline, with Γ2U reduced by 7.7%. Grasses (V3) were more affected by the 

soil moisture decline than the salinity increase, hence α3U decreased 35% more than  Γ3U. 

Figure 39 illustrates how the changes in the rainfall depth affected the niche of the three 

different plant types in a different way. In general, however, the change in precipitation 

affected grasses (V3) and M. strobophylla (V1) more than C. obesa (V2). As such, if the 

predicted decline in rainfall eventuates, M. strobophylla (V1) is under greater threat than 

C. obesa (V2). 

 

In scenarios where the salinity restrictions on plant water uptake were disregarded, the 

total plant biomass reached values 46 and 42% higher for P1 and P2, respectively. When 

the saline groundwater was not a control, the decline in rainfall presented little advantage 

for C. obesa (V2), which increase 5% in P2. M. strobophylla (V1), however, declined 28% of 

its biomass in the second period, not only due to soil moisture deficit, but because of the 

water table decline.  In fact, groundwater represents an important potential water source 
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for M. strobophylla (V1) and if the groundwater in the wetlands was fresh would cause a 

71% gain in biomass compared to the simulations without salinity restrictions.  

 

 
Figure 38: Vegetation assemblage (a) and the salinisation (b) in response to the rainfall decrease. 

 

 

The difference in α3U between the first and second period was 13%, which is 3% higher 

than in the simulation where salinity effects were taken into account. This higher 

difference is related to the water competition that grasses (V3) would face in the root zone 

against C. obesa (V2) and M. strobophylla (V1), if salt was not an important control. With 

greater population and more ability to uptake water from low matric potentials and over a 

greater soil depth range, the advantage of V1 and V2 over V3 is enhanced if salinity were 

not a limiting factor. It demonstrates that biological factors such as competition for water 

can emphasize or attenuate the climate signal. 

 

 
Figure 39: Changes on biomass control in the root zone in response to the decrease in rainfall 

predicted to SWWA in the next 20 years. 
 

4.4 Conclusion and Recommendations 
In this study, an ecohydrological model was used to assess how the range of rainfall 

variability typical from SWWA is manifested in wetlands through their vegetation 

assemblage and salinity status. Also, we used the model to unravel the individual role of 

rainfall intra-annual distribution on environment partitioning, salt distribution and 

P1 P2
0

25

50

75

100
B 

(%
)

 

 

(a)

V2
V1
V3

P1 P2
16

17

18

19

20

uc
ς 

(d
S 

m
-1

)

(b)
P1 P2

50

55

60

65

70

sc
ς 

(d
S 

m
-1

)

 
 

 
 

 

 

 

 

 

 

 
 

 
 

V1 V2 V3
0

2

4

6

8

10

Ch
an

ge
 fr

om
 P

1 
to

 P
2 

(%
)

 

 

ΓU

αU



 

 

82 

vegetation assemblage. This study has also tested the impact of a declining rainfall on 

wetlands in semi arid areas of SWWA. 

 

The vegetation groups tested have functional differences in water uptake strategies and 

salinity tolerances. Thus, when they were exposed to distinct hydrological environments 

that the range of SWWA climate may produce, the interaction between vegetation 

assemblage and hydrological patterns (flooded area, soil moisture and water table level) 

was highlighted. The model has therefore revealed the significant co-evolution between 

hydrology and vegetation. The results also showed that when the limiting factors for 

vegetation growth were more pronounced, the environment became more selective. Also, 

the results highlighted that salinisation processes magnified the effect of the climate signal 

on vegetation assemblage, emphasizing the selectiveness of the environment. The effect of 

different climate scenarios on salinisation created a non-linear response by vegetation. 

 

From the results, it was demonstrated that rainfall time-series that had a lower intensity 

and shorter inter-storm period favoured short-rooted, terrestrial adapted vegetation, as 

the infiltration and percolation were enhanced. This maintained the soil moisture with 

less variability and allowed a higher amount of flushing which decreased the 

concentration of salts in the root zone. On the other hand, rainfall with long inter-storm 

periods creates higher catchment inflows, favoured runoff and inundation. M. strobophylla, 

more adapted to flood conditions, increased its number. However, the lack of frequent 

flushing enhanced the salt accumulation in the root zone, which was an important control 

on the total vegetation biomass. This exercise highlighted the fact that salinity amplifies 

the impact of climate variability, significantly affecting vegetation density and assemblage. 

This fact reinforces the need to include salinisation processes on ecohydrological models 

used to study vegetation dynamics in semi-arid regions.  

 

When testing a predicted decline in annual average precipitation, the results revealed that 

this predicted scenario broadened the dominance of C. obesa in the landscape.  The drier, 

more saline environment affected negatively grasses and M. strobophylla, with M. been 

more affected by the resulting salinisation than the soil moisture deficit. In general, C. 

obesa appeared to be more adapted to the predicted shifts in climate expected for SWWA. 

As such, if the predicted rainfall decline eventuates, M. strobophylla is under greater threat 

than C. obesa. 

 

Finally, it is highlighted that factors such as nutrient limitation and the presence of 

invasive species should be taken in account in the model, so that more realistic predictions 
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of vegetation dynamics given changes in rainfall could be attained, especially when 

considering the vegetation assemblage. Note that we assumed the environment as less or 

more selective taking into account only the three species parameterized. The possibility of 

invasive species was ignored. Also, for a deeper understanding of the vegetation 

competition, better estimation on vegetation parameters is necessary, especially on those 

related to inundation, drought and salinity tolerance of each species. Despite those 

limitations, the integrated model was found to be a valuable tool to predict the co-

evolution between hydrology and vegetation of salt affected wetlands and provides an 

indicator of vegetation threats duet to future climate change. 
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5. Carbon Storage in Wetlands as a 

Function of Vegetation –Hydrology Co-

Evolution  

5.1 Abstract 
Governed by a series of non-linear feedback mechanisms among water, vegetation and 

decomposers, carbon storage within wetlands is important on a global scale. However, the 

effect that climatic fluctuations have on those mechanisms is not well documented. In this 

study, we introduce a mechanistic model connecting hydrology, vegetation and microbial 

biomass to investigate how changes in the climate signal propagate through wetland 

ecosystems, via vegetation and microbial dynamics, and attempt to quantify how net rates 

of wetland carbon metabolism change in response to a changing climate. Our particular 

focus is the dryland wetland systems found in south-west Western Australia (SWWA), as 

they are expected to be sensitive to projected climatic changes due to their close linkage to 

the seasonal water delivery pattern. The model simulations investigate wetland carbon 

retention under different hydro-climatological conditions ranging across a regional 

gradient in the dryness index. The results indicate that short term and long term 

vegetation responses may be counter-intuitive due to adaptability in the water uptake 

strategy of the vegetation community partially decoupling biomass from water 

availability. Furthermore, changes in water delivery are not a good indicator for overall 

changes in wetland metabolism, defined as the net rate of carbon assimilation, due to the 

dominance of the soil carbon storages and their sensitivity to heightened bacterial 

metabolism rates with increasing temperatures. The results highlight that an optimum 

combination of water supply and vegetation leads to a higher percentage of carbon being 

stored in soils, therefore increasing the resistance of the carbon storage to changes in 

precipitation. The model presented here provides a first step to explain how changing 

patterns of rainfall, temperature and evapotranspiration can change carbon cycling 

characteristics and the carbon retention efficiency of dryland wetlands. 
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5.2 Introduction 
In wetlands, high carbon accumulation rates are related to their typically high vegetation 

productivity and low organic carbon (C) decomposition (Bridgham, Megonigal, Keller, 

Bliss, & Trettin, 2006). Low C decomposition rates are promoted by waterlogged 

conditions (Dean & Gorham, 1998) that limit oxygen (O2) diffusion into the sediment 

profiles, decreasing the efficiency of decomposition pathways (Reddy & DeLaune, 2004). 

In addition to a standing water zone, wetlands are also characterised by an intermittently 

flooded area (saturated soil zone) and a terrestrial fringe area (unsaturated soil zone). The 

boundaries of these zones partition the wetland environment, thereby shaping the 

vegetation zonation (Coletti, Vogwill, Hinz, & Hipsey, Submitted), since species with 

similar water uptake strategy tend to assemble spatially in accordance to zones of distinct 

hydrological function (Mallik et al., 2001; Capon, 2003). 

 

The environment partitioning is dynamically changing according to seasonal and episodic 

changes in the boundaries of hydrological zones that result from the interactions between 

hydrological pulses and vegetation responses, as mediated by soil properties (Coletti et al., 

submitted). Wetland vegetation is adapted to the characteristic ‘hydroperiod’, defined as 

the temporal extent of the maximum water level fluctuation, which a climate in dynamic 

equilibrium creates (Carter, Colmer, et al., 2006; Leigh, Sheldon, Kingsford, & Arthington, 

2010). Indeed, the hydroperiod of a wetland represents an important seasonal 

hydrological pulse that shapes variability in soil moisture and drives wetland vegetation 

diversity and productivity. Accordingly, the hydrological pulses also govern wetland 

metabolism, defined as the difference in the rate of C input and output (Tuttle, Zhang, & 

Mitsch, 2008). For example, when a system is accumulating C with an input greater than 

output (i.e., net autotrophic), the metabolism is positive, and conversely when the system 

is releasing more C than it is retaining (i.e., net heterotrophic), the metabolism is negative.  

 

If the climate is non-stationary, the dynamic (seasonal) equilibrium that exists between 

water availability, vegetation productivity and rates of decomposition can be disrupted, 

potentially leading to shifts in ecosystem state. Although wetland vegetation tolerates high 

fluctuations in soil aerobic and moisture levels, persistent conditions outside of the 

natural range that characterises a system in equilibrium (P. Mitchell et al., 2009) such as 

long term flooding (Reddy & DeLaune, 2004; Carter, Colmer, et al., 2006) or 

drought(Horner et al., 2009), can cause vegetation mortality (Nemani and Running, 1989; 

Horner et al., 2009). The shift may in fact lead to an undesirable but resilient state, such as 

when mortality of mature vegetation occurs and the loss of its niche is persistent (Coletti 
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et al., Submitted). Since both vegetation mortality (Stephens, 2005; Page, Dalal, & Raison, 

2011) and changes in hydrology (Reddy & DeLaune, 2004; Tuttle et al., 2008; Page & Dalal, 

2011) affect C budgets, a non-stationary climate can potentially change the wetland 

metabolism as a whole. Besides changes in metabolism and C storage, changes in climate 

can affect other ecological services provided by wetlands, such as vegetation assemblage 

and abundance.  

 

Wetlands in dryland regions are exposed to high evaporation rates, and therefore have a 

low ability to store water. Thus, their vegetation productivity and net metabolism 

dynamics (Nielsen & Chick, 1997) closely mirror the randomness of the climate and/or the 

flows that are responsible for their maintenance (Puckridge, Sheldon, Walker, & Boulton, 

1998; Tooth & McCarthy, 2007). As a result, the metabolism and the vegetation dynamics 

in dryland wetlands are expected to be particularly sensitive to changes in climate and 

flow regulation that will lead to changes in the hydrological signature (Kingsford, 2006). It 

therefore follows that the sensitivity of wetland metabolism to changes in climate state 

will vary along an aridity gradient, based on a metric such as the dryness index 

(DI = Ep/P). Whilst there has been an increase in the number of studies related to wetland 

metabolism (Bridgham et al., 2006), system-scale quantification of the mechanisms that 

control C cycling in wetlands has not been well documented (Page & Dalal, 2011; 

Rodriguez-Murillo, Almendros, & Knicker, 2011). This is especially the case for dryland 

regions (Humphries et al., 2011) and it remains unclear how changes in climate and water 

delivery can affect wetland C cycling (Davidson & Janssens, 2006). For example, how 

sensitive is the carbon cycle to different scales of variability in hydro-climatological 

conditions? How important is vegetation adaptability in mediating the overall wetland 

metabolism? It is the aim of this study to characterise how wetland metabolism, and 

ecosystem services such as carbon storage and vegetation productivity, respond to climate 

variability along an aridity gradient in the south-west region of Western Australia 

(SWWA). 

 

Wetlands in SWWA can potentially experience a significant change in their C stocks and 

net C metabolism. The region already has experienced a significant decline in rainfall and 

runoff since the 1970’s (Petrone, 2010), and the already highly variable hydro-climatology 

is expected to be intensified, due to further predicted changes in rainfall volume, an 

intensification of extreme rainfall events and an increase in temperature (Nicholls, 2004; 

Alexander et al., 2007; CSIRO, 2009). Such an intensification in the hydrologic cycle has the 

potential to increase the severity of both drought and waterlogging extremes (Ojima & J., 

2002; Johnson, Boettcher, Poiani, & Guntenspergen, 2004) and both have been reported to 
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cause significant loss of wetland vegetation in the Australian context (Carter, Colmer, et al., 

2006; Horner et al., 2009). Temperature increase and longer dry periods (Burkett & 

Kusler, 2000) are likely to enhance C soil release. This phenomenon has already been 

observed in drained wetlands around Australia (Page & Dalal, 2011). Given the high C 

stocks in wetland soils, this fact could serve as a positive feedback to global warming. 

 

In a previous study, an ecohydrological model that resolves the dynamic partitioning of a 

wetland into different hydrological functional zones was developed for the SWWA region 

to characterise vegetation dynamics in dryland wetlands (Coletti et al., Submitted). Here, 

we extend this model to account for carbon cycling to test the hypothesis that water and 

carbon storage are not necessarily positively related, since the various biotic and abiotic 

feedback mechanisms that ultimately define wetland metabolism are highly complex and 

non linear. Additionally, we test the hypothesis that changes to wetland C storage and 

metabolism will vary in response to changes in precipitation along an aridity gradient. 

 

Our approach is to use the model in different contexts to progressively develop our 

understanding of how the signal imposed by climate propagates through vegetation and 

decomposers and how the feedbacks between vegetation and hydrology can modulate the 

climate signal. Firstly, the manifestation of climate on environment partitioning, and 

consequently C dynamics and metabolism, is investigated using meteorological data from 

three weather stations found across the SWWA climate gradient. Secondly, we drive the 

model using synthetic rainfall created by a stochastic rainfall generator to unravel the 

ecohydrological conditions that benefit carbon storage in wetlands. Conducting this 

analysis under a controlled (synthetic) climate helps us to clarify the feedback mechanism 

among biotic (vegetation and decomposers) and abiotic (water) variables that define C 

cycling and consequent metabolism in wetlands. Thirdly, to observe the general trend in 

wetland metabolism and C storage given a decline in precipitation, we consecutively 

decrease the total annual rainfall depth of the synthetic climate realizations for an 

extended period. In this test we systematically reduce rainfall by 5% for every 10 years, so 

that after a 40 years period the total annual precipitation was 20% less than in the 

beginning of the simulation, increasing the DI accordingly. This is a major rainfall decline, 

but representative of the 15 to 20% rainfall reduction already experienced in the region 

(Petrone, 2010). Finally, we assess the combined effect of an increase in the mean annual 

temperature and a decrease in rainfall depth on wetland metabolism. Here the response of 

the vegetation community and decomposition rates is assessed under a likely future 

climate scenario, assuming a temperature increase of 0.5 0C and a precipitation decline of 

5% for each decade. 
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5.3 Model Description 
The C cycling model implemented for this study was adapted from Porporato et al. (2003) 

and coupled to an ecohydrological model simulating the wetland water balance and 

vegetation dynamics (Coletti et al., Submitted). Together the coupled model simulates 

surface water level, water table dynamics and soil moisture, in conjunction with the 

carbon cycling processes including vegetation productivity, plant litterfall and respiration, 

and metabolism of detrital C by soil microbes. The water and carbon balance are driven by 

daily climate forcing represented by relative humidity, precipitation, temperature, solar 

radiation and wind speed. Three plant functional groups directly respond to climate via 

solar radiation, relative humidity and air temperature, and indirectly through water 

availability. Plant litterfall supplies C to the soil as detritus and which is consumed by the 

microbial population, which responds to soil water content (used as a proxy for O2 

concentration), and soil temperature. No competition between plants and microbes for 

nutrients is considered in this investigation. The constitutive equations for the model form 

a set of ordinary and partial differential equations. As the length of the simulations is much 

longer than the time-step, a simple 1st order explicit finite difference method was used as a 

suitable approximation to the final solution, and the model was implemented in MATLAB 

(Mathworks Inc.). 

 

5.3.1 Water budget 

The extent of the areas of similar hydrological function (the environment partitioning) is 

conceptually defined by the position of the water table and lake level, and constrained by 

the wetland morphology. They are defined as the surface area of unsaturated soil (AU), the 

surface area of saturated soil (AS) and the area of standing water/lake (AL) (Figure 40). 

The water table and lake level are resolved daily, as driven by climate conditions and 

losses to deep recharge and vegetation transpiration, which in turn is a function of water 

availability. The internal hydrological fluxes are represented in the model through linking 

three conceptual water storages: the open water/lake (L) and the water contained in the 

unsaturated (U) and saturated (S) zones of the soil. Water fluxes in the model are defined 

as length of water per time (m d-1) and multiplied by relevant areas to convert to volume 

(m3). Refer to previous chapters for a detailed summary of the water balance equations 

(Section 2.3.1) and parameterisation (Section 3.4.2). 
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5.3.2 Carbon Dynamics 

5.3.2.1 Vegetation Biomass 

Biomass (B, kg C) dynamics are simulated for different functional groups of vegetation, 

each governed by a group specific rate of photosynthesis, loss due to litterfall, root death 

and respiration. Although the biomass of each vegetation type i, Bi, changes in time, it is 

spatially stationary and experiences different hydrological conditions depending on the 

distribution of zones at any given time, n (n = U, S or L). As the spatial extent of each 

hydrological area changes, the amount of any vegetation type, i, present within each 

environment must be redistributed accordingly. Refer to previous chapters for a detailed 

summary of the vegetation biomass equations (Section 2.3.2) and parameterisation 

(Section 3.4.2). 

 

 
Figure 40: Representation of the major fluxes that connect carbon pools in the wetland system. The 
three C pools (CU, CS and CL) are depicted in brackets. The lake cell (L) is represented in white, the 
unsaturated sediment (VU) in light grey and the saturated sediment (VS) in dark grey. Water table 

level (hS) is depicted as a dashed dot line. The arrows represent the major carbon fluxes. 
 

5.3.2.2 Carbon Decomposition 

Carbon lost from vegetation via litterfall (Ll) and root turnover (Rd) becomes part of either 

the C in the soil, or the lake pool if the trees are situated within the zone of standing water. 

The total amount of carbon in the soil and in the lake that is not vegetation biomass is 

termed belowground storage (CB). As the C present in the lake is generally low compared 

to the sediments and wetland soil, CB also accounts for the lake detrital carbon pool. It is 
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partitioned between particulate (POC) and dissolved (DOC) organic fractions, and 

considers the fraction within the bacterial biomass (POCb).  

 

The same spatial allocation approach used to partition the vegetation biomass is applied 

to CB and its components, so that it is resolved in each hydrological zone and dynamically 

varies in response to changes in the water table and lake level, hS (Figure 40). As such, the 

fraction of CB that is within the unsaturated conditions is termed CU, and similarly for CS 

and CL, for carbon allocated to the saturated or standing water environments, respectively. 

Within the wetland domain the amount of C is conserved and CB = CU + CS + CL. 

 

As a simplification, the total volume where organic C can be found in the soil (Vsed) is 

constant and equal to the total wetland area multiplied by a sedimentation depth, hC, 

arbitrarily assumed in this study as 1m. Vsed comprises an unsaturated and a saturated 

zone. The volume of sediments under unsaturated conditions (VU) is defined as the 

unsaturated area (AU) multiplied by hC. Conversely, the volume of sediments under 

saturated conditions (VS) is defined as the area of saturated soil (AS) plus the lake area 

(AL), both multiplied by hC. The lake itself also maintains a carbon pool within its volume 

(L).  The concentration of carbon is averaged over each one of these areas, i.e., the 

minimum spatial resolution for C decomposition is VU, VS and L. 

 

Conceptually, contribution of carbon via Ll and Rd from the terrestrial zone, AU, is added to 

CU and undergoes decomposition under oxic conditions. Roots that are lost below water 

table level and litterfall within the area AS contribute to CS and undergo decomposition 

under anoxic conditions. This includes all the root biomass that is lost from plants 

belonging to the lake area and a fraction (=fsed) of the leaves that are lost within the lake 

area that are assumed to reach the lake sediment. The leaves that remain in the water 

column (1 – fsed) are retained within the lake carbon pool, CL. In this conceptual model, 

organic carbon is decomposed under lower rates when exposed to saturated conditions as 

it is assumed this is a proxy for anaerobic decomposition pathways. 

 

The carbon that reaches the soil pools, CU and CS, and the lake pool, CL (g C m-3), are subject 

to decomposition by bacteria, with carbon released back to the atmosphere as CO2 due to 

bacterial respiration, Rb (g C m-3 d-1). In the soil, production of DOC occurs and is mobilised 

via percolation (PC) or leaching (LC), or can be transferred to or from the lake via seepage 

(CQ). As such, this term can be positive or negative, depending on the lake and water table 

level. 
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 Also, as the water table level changes, POC components from the unsaturated and 

saturated pools are reallocated between them. In the lake, part of the total carbon pool is 

lost via lake overflow, Cout (Figure 40). The differential equations that describe the carbon 

pool in the lake and in the unsaturated and saturated soil zones are defined respectively 

as: 

 
𝑑𝐶𝐿
𝑑𝑡

= (1 − 𝑓𝑠𝑒𝑑)∑ Lli,L  
3
i=1

𝐴𝐿
𝐿

 ± 𝐶𝑄−𝐶𝑜𝑢𝑡 − 𝑅𝑏      (60) 

 
𝑑𝐶𝑈
𝑑𝑡

= ∑ (𝐿𝑙𝑖,𝑈  + 𝑅𝑑𝑖,𝑈  
3
i=1 ) 𝐴𝑈

𝑉𝑈
+ 𝜆𝑈 − 𝐿𝐶 − 𝑅𝑏      (61) 

 
𝑑𝐶𝑆
𝑑𝑡

= (𝑓𝑠𝑒𝑑)∑ Lli,L  
3
i=1

𝐴𝐿
𝑉𝑆

+ ∑ (𝐿𝑙𝑖,𝑆  + 𝑅𝑑𝑖,𝑆  
3
i=1 ) 𝐴𝑆

𝑉𝑆
+ 𝜆𝑆 − 𝑃𝐶 − 𝑅𝑏 ± 𝐶𝑄    (62) 

 

In the above equations, λ represents the distribution function, which is the reallocation of 

C due to changes in water table level between CU and CS. λU and λS are formulated as follow: 

 

𝜆𝑈 = 𝐶𝑆�𝑉𝑈
𝑡−𝑉𝑈

𝑡−1�
𝑉𝑈 
𝑡           (63) 

 

𝜆𝑆 = 𝐶𝑈�𝑉𝑆
𝑡−𝑉𝑆

𝑡−1�
𝑉𝑆 
𝑡           (64) 

 

The organic C pool from any hydrological zone n = U, S or L, Cn, comprises both the DOC 

and POC components with POC further divided into three pools: labile, refractory and 

microbial biomass, addressed by the subindexes l, r and b, respectively, such that the 

carbon in each zone is Cn = POCl,n + POCr,n + POCb,n + DOCn.   

 

The labile and refractory POC pools are assumed to be characterised by unique rates of 

microbial decomposition (Porporato et al., 2003), with the labile, refractory and dissolved 

C set to breakdown at rates of ηl, ηr and ηd, respectively. Conceptually, a fraction of the 

labile carbon becomes refractory, fr, and a fraction of the refractory portion enters the 

dissolved pool, fd, to account for the process of humification. The rest is consumed by 

bacteria and ultimately respired (Figure 41). 
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Figure 41: Representation of the organic carbon cycling in each hydrological environment, n (n = U, 

S or L); ηl, ηr and ηd represent the decomposition rates of labile, refractory and dissolved C. 
 

The differential equation that describes the dynamics of labile POC (g C m-3 d-1) within the 

CL, CU and CS pool is as follows: 

 
𝑑𝑃𝑂𝐶𝑙 𝐿 

𝑑𝑡
= (1 − 𝑓𝑠𝑒𝑑)∑ Lli,L  

3
i=1

𝐴𝐿
𝐿

 −𝜂𝑙 𝐿 − 𝑃𝑂𝐶𝑙𝑜𝑢𝑡      (65) 

 
𝑑𝑃𝑂𝐶𝑙 𝑈 

𝑑𝑡
= ∑ (𝐿𝑙𝑖,𝑈  + 𝑅𝑑𝑖,𝑈  

3
i=1 ) 𝐴𝑈

𝑉𝑈
− 𝜂𝑙 𝐿 + 𝜆𝑈

𝑃𝑂𝐶𝑙 𝑛
𝐶𝑛

      (66) 

 
𝑑𝑃𝑂𝐶𝑙 𝑆 

𝑑𝑡
= (𝑓𝑠𝑒𝑑)∑ Lli,L  

3
i=1

𝐴𝐿
𝑉𝑆

+ ∑ (𝐿𝑙𝑖,𝑆  + 𝑅𝑑𝑖,𝑆  
3
i=1 ) 𝐴𝑆

𝑉𝑆
− 𝜂𝑙 𝐿 + 𝜆𝑆

𝑃𝑂𝐶𝑙𝑛
𝐶𝑛

    (67) 

 

and the dynamics of refractory POC (g C m-3 d-1) within the CL, CU and CS pool are similarly 

defined as: 

 
𝑑𝑃𝑂𝐶𝑟 𝐿 

𝑑𝑡
= 𝑓𝑟 𝐿 𝜂𝑙 𝐿 − 𝜂𝑟 𝐿 −𝑃𝑂𝐶𝑟𝑜𝑢𝑡        (68) 

 
𝑑𝑃𝑂𝐶𝑟 𝑈 

𝑑𝑡
= 𝑓𝑟 𝑈 𝜂𝑙 𝑈 − 𝜂𝑟 𝑈 + 𝜆𝑈

𝑃𝑂𝐶𝑟 𝑛
𝐶𝑛

       (69) 

 
𝑑𝑃𝑂𝐶𝑟 𝑆 

𝑑𝑡
= 𝑓𝑟 𝑆 𝜂𝑙 𝑆 − 𝜂𝑟 𝑆 + 𝜆𝑆

𝑃𝑂𝐶𝑟 𝑛
𝐶𝑛

       (70) 

 

Dissolved organic carbon (g C m-3 d-1) within the CL, CU and CS pools are described as: 

 
𝑑𝐷𝑂𝐶 𝐿 
𝑑𝑡

= 𝑓𝑑 𝐿 𝜂𝑟 𝐿 − 𝜂𝑑 𝐿 −𝐷𝑂𝐶𝑜𝑢𝑡        (71) 

 
𝑑𝐷𝑂𝐶 𝑈 

𝑑𝑡
= 𝑓𝑑 𝑈 𝜂𝑟 𝑈 − 𝜂𝑑 𝑈 + 𝜆𝑈

𝐷𝑂𝐶 𝑛 
𝐶𝑛

       (72) 
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𝑑𝐷𝑂𝐶 𝑆 
𝑑𝑡

= 𝑓𝑑 𝑆 𝜂𝑟 𝑆 − 𝜂𝑑 𝑆 + 𝜆𝑆
𝐷𝑂𝐶 𝑛 
𝐶𝑛

       (73) 

 

and the dynamics of the bacterial population (g C m-3 d-1) defined as: 

 
𝑑𝑃𝑂𝐶𝑏 𝐿 

𝑑𝑡
= (1 − 𝑓𝑟 𝐿 )𝜂𝑙 𝐿 + (1 − 𝑓𝑑 𝐿 )𝜂𝑟 𝐿 + 𝜂𝑑 𝐿 − 𝑅𝑏𝑈 − 𝑃𝑂𝐶𝑏𝑜𝑢𝑡    (74) 

 
𝑑𝑃𝑂𝐶𝑏 𝑈 

𝑑𝑡
= (1 − 𝑓𝑟 𝑈 )𝜂𝑙 𝑈 + (1 − 𝑓𝑑 𝑈 )𝜂𝑟 𝑈 + 𝜂𝑑 𝑈 − 𝑅𝑏𝑈  + 𝜆𝑈

𝑃𝑂𝐶𝑏 𝑛
𝐶𝑛

       (75) 

 
𝑑𝑃𝑂𝐶𝑏 𝑆 

𝑑𝑡
= (1 − 𝑓𝑟 𝑆 )𝜂𝑙 𝑆 + (1 − 𝑓𝑑 𝑆 )𝜂𝑟 𝑆 + 𝜂𝑑 𝑆 − 𝑅𝑏𝑆  + 𝜆𝑆

𝑃𝑂𝐶𝑏 𝑛
𝐶𝑛

       (76) 

 

As a simplification, bacterial mortality is not explicitly formulated, and the respiration 

rate, Rb, is used as a generic biomass loss term, with the rate of microbial respiration 

(g C m-3 d-1) linearly related to POCb. 

 

The decomposition rates for the labile, refractory and dissolved C are parameterised 

respectively as: 

𝜂𝑙 𝑛 = 𝑘𝑙 𝑃𝑂𝐶𝑙 𝑛 �
𝑃𝑂𝐶𝑏 𝑛

𝑘𝑏𝑛+𝑃𝑂𝐶𝑏 𝑛
� 𝑓𝜃 𝑓𝑇           (77) 

 

𝜂𝑟 𝑛 = 𝑘𝑟𝑃𝑂𝐶𝑟 𝑛 �
𝑃𝑂𝐶𝑏 𝑛

𝑘𝑏𝑛+𝑃𝑂𝐶𝑏 𝑛
� 𝑓𝜃 𝑓𝑇           (78) 

 

𝜂𝑑 𝑛 = 𝑘𝑑𝐷𝑂𝐶𝑛 �
𝑃𝑂𝐶𝑏 𝑛

𝑘𝑏𝑛+𝑃𝑂𝐶𝑏 𝑛
� 𝑓𝜃 𝑓𝑇           (79) 

 

where the term in brackets accounts for bacterial population limitation,  kl, kr and kd 

represent decay coefficients, with kl set to be greater than kr to reflect the characteristic 

higher resistance to decay of refractory organic matter if compared to labile OM 

(D'Odorico, Laio, Porporato, & Rodriguez-Iturbe, 2003), and kb (g C m-3) is the maximum 

bacterial concentration under unlimited OM supply. In the above equations, fθ and fT 

represent the sensitivity to OM decomposition in response to varying soil moisture (θ) and 

temperature (T) conditions (Yang et al., 2002): 

 

𝑓𝜃 = 1 − � 1
𝜃𝑏

2� �
𝜃
𝜃𝑏
�
2

         (80) 
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𝑓𝑇 = 0.157𝑒−0.0512𝑇          (81) 

 

where soil moisture is given in volume of water per volume of bulk soil (m3 m-3), 

temperature in degrees Celsius and θb (m3m-3) represents the optimum soil moisture for 

bacterial decomposition.  

 

5.4 Model Application 
The hydrogeomorphic and climatic context of the simulated wetland is typical of SWWA 

conditions. It is schematically represented by a low slope, relatively deep soil base with 

low clay content, and intermittently receiving river inflow from the catchment as 

hydrological pulses (Merz, 2000). Evapotranspiration and overflow are the main 

simulated loss terms, and loss to the regional groundwater is considered to be less 

important than the other fluxes.  

 

Vegetation parameters were chosen to adjust values for photosynthesis, respiration and 

litterfall of plants found in wetlands in SWWA (Froend & Mccomb, 1994; Finlayson, 2005) 

or other floodplain wetlands found in Australia (Robertson, Bunn, Boon, & Walker, 1999). 

Also, the relation between photosynthesis and respiration from understorey and 

overstorey vegetation was kept as reported in savannas in Australia (Hutley, O'Grady, & 

Eamus, 2000, 2001; Kanniah, Beringer, & Hutley, 2010). Refer to Section 2.4.1 for 

parameters justification. 

 

In addition to the direct rainfall contribution to the wetland domain, a simplified rainfall-

runoff model (Farmer et al., 2003) driven by the same meteorological data was applied in 

the surrounding catchment to generate inflow pulses to the wetland. In this case, the 

resulting one-dimensional runoff rate from the catchment, Rc, was multiplied by the total 

surrounding catchment area, Ac to generate Qc.  

 

The objective of this study is not to validate the model against field data and its purpose is 

purely to further our understanding of the system’s behaviour rather than quantitative 

prediction. Nonetheless, the results for carbon accumulation in the soil are comparable to 

values found in other wetlands in Australia, which has been reported between 6.5 kg Cm-2 

and 28.3 kg C m-2 (Robertson et al., 1999; Page & Dalal, 2011) and in Mediterranean 

climate wetlands (Rodriguez-Murillo et al., 2011); the results presented in Section 3.4.1 
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are within this range. A summary of parameters for the carbon decomposition model used 

in all simulations can be found in Table 7. 
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Table 7: Summary of the non-dimensional parameters for the carbon decomposition model. 
Parameter Description Symbol and Value Reference/Remarks 

Rate of mortality of bacterial biomass  kbU *=0.05 ; kbS =0.055; kbL =0.055 Mortality is assumed to be higher under low oxygen 

environment. 

Fraction of the litterfall that goes to VS fsed=0.9 90% of the leaves that fall on the lake surface 

undergo sedimentation. 

Rate of POCl decomposition  klU= 0.025 x10-3; klS= 0.009 x10-3; klL = 

0.008 x10-3 

In the U zone, bacterial decomposition is more 

efficient, as it is assumed the presence of oxygen. 

Rate of POCr decomposition  krU= 1.6 x10-6;  krS = 0.6 x10-6;  krL= 0.7 

x10-6 

Lower values than kl to reflect the higher resistance 

to decay of  POCr in comparison to POCl. 

Rate of DOC decomposition   kdU= 1.6 x10-6;  kdS = 0.6 x10-6;  kdL= 0.7 

x10-6 

 

Fraction of POCl that goes to POCh frU=0.1; frS=0.1; frL=0.1  

Soil moisture for optimum bacterial decomposition θb=0.6 m3m-3 Yang et al., 2002. 

Fraction of POCh that goes to DOC fdU=0.01; fdS=0.01; fdL=0.01  

Fraction of microbial respiration that reaches the 

atmosphere  

faU=1;  faS=1;  faL=1 As a simplification, no “trapping” of gaseous carbon 

is assumed. 
*U, S and L represent the environment of relevance. 
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5.4.1 Pathways of Carbon Metabolism along an Aridity Gradient  

To verify the manifestation of the climate gradient on carbon allocation, primary 

production and system metabolism, daily field data from three indicative stations within 

SWWA were used to run the model for 19 years: C1 - Cape Leeuwin, C2 - Lake Toolibin and 

C3 - Northern Cross. The three locations were specifically chosen to fall into a geographical 

transect from northeast to southwest that encompass the range of DI found in SWWA (as 

shown in Table 5). Daily rainfall, air temperature, wind speed, cloud cover and relative 

humidity obtained from these weather stations were used to drive the model and each 

were assigned the same morphology similar to Lake Toolibin at site C2 so that we could 

isolate the effects of climate on vegetation and carbon dynamics.  

 

The results showed no positive correlation between water table level and soil carbon 

storage in a long term simulation (for the entire simulation period). However, over short 

term periods (over a couple of years), an increase in water storage resulted  in an increase 

or a decrease in C stocks (Figure 42a and Figure 42c), depending on hydrological and 

biological (vegetation and microbial biomass) conditions prior to the water storage rise 

and the magnitude of the hydrological pulse, discussed further below. 

 

Overall, the three locations presented a positive net metabolism for the period of 

simulation, i.e., more C entering than leaving the system during most of the simulation 

time (Figure 42d). The positive metabolism is caused by different reasons. In the 

particular case of Northern Cross (C3), this overall positive metabolism results from a 

general increase in daily average precipitation from 0.76 to 0.96mm, over the first to last 5 

year period, respectively. This 20% rainfall increase throughout 19 years of simulation 

increased the water table level, the soil moisture and the vegetation cover, with the latter 

rising by approximately 50%. CB, however, decreased by 7% in the period (Figure 42c). 

Indeed, the C3 scenario was the only to show a consistent trend of soil C loss, since the 

microbial activity increased with the improved hydrological conditions (higher soil 

moisture) and by the increase in C soil input by the increasingly dense vegetation. 

However, as vegetation dynamics were closely related to the whole system metabolism, 

explaining more than 99% of the total C variation, scenario C3 still had a net C 

accumulation for the period considered. Metabolism in the C3 wetland was negative only 

when dry periods caused plant stress and respiration overtook photosynthesis, as 

occurred during the summer peak in most years.  
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Figure 42: Water availability was not a proxy for C soil storage in the simulated wetlands: (a) 

fraction of inundated area (grey bars) and relative water table (black line), (b) the LAI of trees, 
grasses and aquatic plants, depicted in dark grey, light grey and grey bars, respectively, (c) carbon 

storage in the lake and soil (grey bars) and microbial respiration (black line), and (d) wetland 
metabolism (grey bars) and vegetation metabolism (black line). 

 

In the case of the Cape Leeuwin climate (C1), large hydrological pulses caused significant 

changes in the water table level, which affected vegetation and microbial biomass, causing 

major variability in metabolism. The first hydrological pulse identified in Figure 42a was 

responsible for a mortality of ~20% of the plant population in a period of approximately 

1.5 years. During this event, the total wetland domain was waterlogged, generating 

persistent anoxic conditions in areas previously occupied by no tolerant species. Although 

aquatic plants increased their population under flooded conditions, trees and grasses 

decreased their LAI by 25 and 45%, respectively (Figure 42b). This led to a greater input 

of litterfall, however the microbial biomass did not respond positively to the increase in C 

availability, as bacterial respiration was reduced by the anoxic conditions (Figure 42c). 

The combined effect of vegetation mortality and bacterial respiration inhibition allowed 

the system to increase the total C soil stock. However, anoxic stress caused plants to 



 

 

99 

respire more than the overall C uptake, and the net rate of metabolism was strongly 

negative for the period.  

 

Following water table depletion, the C uptake by plants, ΠA, was enhanced, and the 

population of grasses and trees grew faster. Although bacterial respiration increased for 

the period, the overall metabolism remained positive. The following hydrological pulses 

affected bacterial performance. However, as vegetation reached a plateau, controlled by 

the maximum carrying capacity, minor disturbances in the C uptake by plants were 

sufficient to bring the metabolism below zero. At the end of the simulation period, the 

wetland situated in Cape Leeuwin (C1) exhibited approximately the same C density in its 

soil and lake stores as at the beginning of the simulation of around 6 kg C m2. Soil C lost via 

groundwater were not included as part of the net metabolism estimate, but reached a 

maximum of 0.003 g C m-2 d-1. 

 

In the Lake Toolibin climate (C2), a major precipitation event was responsible for 

waterlogging 70% of the total wetland domain. This event took place 3.5 years after the 

beginning of the simulation and is identified in Figure 42. In this case, the hydrological 

pulse caused a 40% enhancement in bacterial activity but resulted in a negative effect on 

net vegetation productivity. The combined effect was net C release to the atmosphere 

under these conditions. The following major event increased microbial activity to ~80%. 

However, the negative effect on vegetation was not as evident as in the previous event, so 

that the net metabolism remained positive overall. Following this period, a high bacterial 

biomass was able to deplete C soil stocks. The reduction in water availability, however, 

affected the bacterial population that was again stimulated by hydrological pulses and 

eventual litterfall inputs in the following years. The resulting C budget was therefore 

observed to be less determined by vegetation than it was in the C3 scenario, but 

vegetation was still the primary driver of carbon dynamics relative to bacterial activity. 

 

The C2 simulation demonstrated an accumulation of C that was, on average, 36% higher 

than the wetter C1 scenario, and 47% higher than the dryer C3 scenario. Besides a 

vegetation cover almost 60% denser than C3, C2 was characterized by a more efficient 

rate of microbial decomposition, ~8% higher than C3 and 40% lower than C1. This low 

efficiency in organic carbon decomposition is related to the combined effect of soil 

moisture and temperature, represented by low values for the functions fθ and fT, which 

govern the microbial activity performance (Figure 43). However, the combined effect of 

vegetation biomass increase and improvement in water availability caused by the 
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hydrological pulses observed around year 5 and 9 (from the beginning of the simulation), 

enhanced microbial activity and depleted C soil stocks by ~5%. At the end of the 

simulation period, however, C stocks were about the same as showed in year 1, above 

9 kg C m2. 

 

 
Figure 43: Locations C1 and C3 presented higher decomposition efficiency because of ideal soil 

moisture and temperature conditions, assessed by fT*fθ. 
 

For the three hypothetical scenarios tested, vegetation density was not related to C soil 

density or linearly related to DI. Although a higher primary production led to a higher 

input into soil C stocks, factors such as water availability and temperature defined C soil 

stocks, given their importance in defining microbial activity. However, vegetation was 

indicative of the absolute rate of wetland metabolism, particularly in cases where C 

storages were low and microbial activity was less efficient, based on the closer apparent 

relation between wetland metabolism and vegetation metabolism exhibited in the C3 

simulation, relative to C1 and C2. Nevertheless, to better observe the exclusive effects of 

microbial efficiency and vegetation cover on C storage and metabolism, an analysis that 

excludes temperature variations and weather fluctuations can unravel the relative 

mechanisms, as described next. 

5.4.2 Response Of The Carbon Cycle to Wetland Partitioning: How Does the 

Environment Partitioning Control Carbon Storage and Vegetation 

Assemblage in Wetlands? 

As a means to relate environment partitioning to carbon storage and vegetation 

assemblage, a synthetically generated one-year rainfall time-series was repeated to allow 

the system to reach dynamic equilibrium (quasi-steady state). This same rainfall time-

series was scaled, producing three synthetic rainfall realisations with the same intra-

annual distribution, but distinguishable depths, equal to 965, 580 and 350mm (termed R1, 
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R2 and R3, respectively). The aim was to reproduce the mean annual rainfall observed in 

the representative catchments that were previously termed C1, C2 and C3, but by using a 

controlled rainfall statistical distribution, to enable us to reach dynamic equilibrium so 

that the metabolism of each wetland was the result of vegetation and bacterial biomass 

response to water availability.  

 

For this exercise, precipitation was synthetically manipulated applying a stochastic rainfall 

model, as described by Hipsey et al. (2003), to generate an annual realisation with an 

intra-annual distribution that is typical of SWWA, with wet winters and dry summers. The 

same intra-annual distribution was used because rainfall delivery pattern is known to 

significantly affect vegetation assemblage. A one year long time-series of weather 

conditions (cloud cover, wind speed, temperature and relative humidity) was adopted for 

each precipitation scenario, as above for the C2 scenario. The key output of these 

scenarios was three distinct hydroperiods that were used to elucidate the sensitivity of 

carbon cycling to the hydrological regime. 

 

As rainfall decreased from the wettest (R1) to the driest (R3) scenario, the annual average 

soil moisture decreased from 0.13 m3m-3 to 0.07 m3m-3 and the annual average lake area 

from 39 to 15% of the total wetland domain. The water table level moved from 5 to 25% of 

the total soil depth, on average. Similar to the simulations using observed rainfall data 

from C1, C2 and C3, the total wetland C storage, CW, did not follow the same trend as water 

storage. When precipitation decreased 40%, from R1 to R2, CW increased 3.6%. A further 

40% decrease in rainfall from R2 to R3 scenario caused the carbon to deplete 31% (Figure 

44).  

 

The reason for distinctive features in soil C storage is related to the microbial 

decomposition efficiency, which is a non-linear function of water availability, temperature 

and C input from vegetation. In this particular simulation, temperature was kept the same 

in all scenarios, so that the C storage was solely a response to hydrology and to C inputs 

from plants. The reported litterfall was 0.78, 0.67 and 0.33 g C m-2d-1 while fθ, the 

sensitivity of bacteria to soil moisture, was 0.40, 0.28 0.23 for R1, R2 and R3, respectively. 

Thus, besides a 14% lower C input, the soil moisture conditions were also 30% less 

favourable to decomposition in scenario R2 relative to R1. As a result, the final 

decomposition efficiency, evaluated as the microbial respiration, Rb, divided by the C 

available, CB, was also disproportional to the water storage (Figure 45b). Other factors 

such as groundwater loss also must be taken in account. Although very low, around 
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0.03 g C m2d-1, the carbon lost via groundwater in R1 scenario was also greater than R2 

and R3, which were almost negligible.  

 

 
Figure 44: A decrease in water storage along the DI gradient did not present a decrease in C storage 
as highlighted by the relationship between the fraction of inundated area over the wetland domain 

(bars), and the total C storage, CW =CB+CV, (circles). 
 

 
Figure 45: Vegetation assemblage (represented by LAI) and the decomposition efficiency by 

bacterial biomass. 
 

Overall, the main C storage was located in the soil and lake (CB), accounting for about 69% 

of the total wetland carbon, CW (= CV + CB), in scenario R1 and 70 and 78% in scenarios R2 

and R3, respectively (Figure 46b). Thus, the relative fraction of carbon in the soil, CB, to the 

total wetland, CW, remained fairly constant. This was not true when using the observed 

rainfall data in Section 5.5.1. The fact that C1, C2 and C3 had different temperatures does 

not explain the discrepancy in CB, as C2 presented a temperature average that is more 

suitable to C decomposition. In fact the results show that the variability in water delivery 

and vegetation dynamics accelerates the wetland metabolism (Figure 46a), not just 

through pulses of water, but also through litterfall, stimulating bacterial growth. In the 
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case of C3, the lack of C inputs is believed to contribute to the low C soils stocks, as 

bacteria find the conditions in this scenario better than in C2.   

 

 
Figure 46: A decrease in water availability (represented by the fraction of waterlogged area, 

AL/AW) decreased C transfer with the atmosphere, but not the total C stored by the wetland as 
indicated by the C fluxes that define the wetland metabolism (a) and the total carbon stored by the 

system (b). 
 

Therefore, water availability and C from litter stimulated the metabolism of both plants 

and decomposers, and it was observed with more clarity using the synthetic rainfall data. 

Although all simulations (R1, R2 and R3) predict a neutral metabolism, i.e., C input equals 

to C output, the fluxes of C that define the final steady state are different (Figure 46a). For 

the highest mean average rainfall scenario, R1, plant C uptake was high, as grasses and 

aquatic plants, characterized by a rapid metabolism, were abundant (Figure 45a). 

However, decomposers also benefited from high levels of soil moisture. The equilibrium 

between input and output was found when C storage was lower than the storage found in 

R2, although the overall fluxes in R2 were lower. Observing the water availability and the 

C flux trends for R1, R2 and R3, we observed that although water availability could not be 

used as a proxy for C storage, it could be used as a reference to determine the magnitude 

of the flux of C transfer with the atmosphere. How each of these steady state scenarios 

responds to non-stationary climatic conditions is evaluated next.  
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5.4.3 Wetland Resilience to Climate Disturbance: How Does the Vegetation 

Assemblage and C Storage Change in Response to Projected Shifts in 

Precipitation and Temperature?  

5.4.3.1 Rainfall Decrease 

In an attempt to evaluate the C storage response to changes in climate forcing, the system 

was stressed with a progressive decline in rainfall to each one of the time series previously 

tested in Section 3.4.2. The aim was to evaluate which system, each with a particular C 

allocation (proportion between CV and CB) and C flux regime, would be more resistant to a 

decline in water availability than others, as assessed in terms of C storage. Specifically, 

after each 10 year period, rainfall was reduced by 5% of the original value, so that after a 

40 year period, the total annual precipitation was 20% less than in the beginning of the 

simulation. For all periods, the pattern of rainfall timing was kept the same (same intra-

annual distribution), thus, rainfall depth was altered by scaling the original time-series by 

a factor less than one.  

 

The final annual average precipitation for scenario R1 and R2 was very similar to the 

annual average in the beginning of the simulations R2 and R3, respectively, and so was the 

fraction of waterlogged area, AL/AW (Figure 47a). The vegetation assemblage and 

abundance responded accordingly to the water availability, so that the vegetation status at 

the end of simulation R1 and R2 was also similar to the beginning of simulation R2 and R3 

(Figure 47b), showing a close relation and relatively quick response to changing 

hydrological conditions.  

 

The vegetation response to the progressive water availability decline, however, was 

distinct in each scenario, suggesting that the water scarcity led to higher plant biomass 

sensitivity to changes in rainfall depth. Indeed, although the precipitation fell around 20% 

from the beginning to the end of each run in all scenarios, plants decreased 47% in 

scenario R2 and almost 75% in scenario R3 for the entire period. Conversely, vegetation 

biomass in scenario R1 increased by ~ 4%. Therefore, as water became scarcer, the rate of 

decline in vegetation biomass was steeper, especially for scenario R3 (Figure 47c). 

 



 

 

105 

 
Figure 47: Carbon storage changes caused by successive decline in water availability as 

demonstrated by the decrease in precipitation depth and consequent drop in the saturated zone 
(a), the resultant vegetation adaptation to the changes (b), and the variability in carbon allocated to 

belowground (CB) and vegetation (CV) pools (c). 
 

The tight connection between water availability and vegetation abundance was not 

reflected in the C stored in the soil. The storage by the end of the R2 simulation did not 

reach the level found in the beginning of R3. As the soil became drier, the ideal 

hydrological condition for carbon decomposition by microbial biomass was lost. As 

litterfall decreases with the vegetation reduction, the carbon available switched from 

being more labile to being more refractory, so more energy was necessary to break the 

carbon down, slowing the process further. The result was a greater predominance of 

carbon being stored in the soil than in the beginning of the simulation.   

 

Other reasons for the gap in C storage between the end of R2 and the beginning of R3 

relate to the many steady states that can be attainable for C and water storage, or it is 

possible the initial condition for C soil storage was not chosen correctly. Nonetheless, the 

steep decline in carbon stocks from 30 to 40 years and then 50 years in the R2 scenario 

suggests that a 10 year time frame is not enough for C soil storage to stabilize given 
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changes in vegetation and rainfall; if hydrological and vegetation conditions were to be 

kept constant, eventually the levels of C stocks would reach the same values as in the 

beginning of simulation R1, suggesting a unique maximum C storage that a certain amount 

of water can support.  

 

From year 20 to 40 in simulation R1, CB increased due to a combination of higher carbon 

inputs from the vegetation and a decline in microbial efficiency in response to lower soil 

moisture. The total vegetation biomass reached a peak for a precipitation of about 800 and 

600 mm. Although aquatic plants (V1) decreased, trees and grasses (V2 and V3, 

respectively) had the advantage of a smaller area under temporary inundation conditions. 

When the vegetation declined during the last 10 year period, C storage in the soil stopped 

increasing. This condition represented a similar state to that which simulation R2 began 

from; a lower vegetation and microbial metabolism, with an overall higher storage.   

 

The disparity between the below to above ground C allocation that happens as water 

availability becomes limiting reinforces the idea that vegetation responds quicker to the 

hydrological conditions than detrital carbon (Figure 48a). This suggests that wetland 

systems with their carbon allocation situated predominantly above ground are less 

resistant to climatic changes, and this is amplified as we move to areas of higher DI, as 

vegetation showed a higher sensitivity to the same decline in precipitation under higher DI 

values. Further, the maximum C accumulation belowground occurs after a period of low 

microbial respiration efficiency compared to the soil C input (represented by the litterfall 

and root death) (Figure 47b). During the 30 to 40 year period of the simulation, scenario 

R1 reached around 700 mm of annual precipitation. Although this water availability 

culminated in the maximum vegetation biomass for the whole simulation, the 

decomposition rate did not respond according to the increase in available detrital carbon 

for decomposition. The result was an increase in CB that could be noticed in the final 

period of the simulation, from 30 to 40 years, when compared to the previous decade. The 

prediction that microbial activity efficiency increased almost monotonically with rainfall, 

in contrast with vegetation biomass, within the range of water availability tested, 

reinforces the idea that a maximum accumulation can be attained. 

 

It is expected that microbial efficiency would also reach a maximum efficiency and decline 

when the system experiences anoxic conditions within a greater relative area of the 

wetland domain. However, our results suggest that the maximum flux of carbon from 

vegetation to soil and the maximum microbial decomposition efficiency do not occur for 

the same water availability.  
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Figure 48: Distinct behaviour from vegetation and bacteria regarding water availability can cause 

wetlands to find a point of maximum C storage in soils, as indicated by (a) the relation between the 
total C storage in the lake and soil (CB) and the total vegetation biomass (CV); and (b) the relation 

between the mean annual precipitation and total C to enter the soil pool (Ll + Rd) and the microbial 
respiration efficiency (Rd / CB ). 

 

Although vegetation experienced an overall decline for scenarios R2 and R3 its net 

metabolism was positive for most of the simulated period (Figure 49a). Negative 

metabolism for vegetation was simulated at the beginning of each consecutively drier 

decade, when vegetation responded to the water stress. As the vegetation and water 

reached a new dynamic equilibrium, the overall carbon uptake was slighter greater than 

the respiration. This equilibrium was possible as the total litterfall and root turnover 

balanced the C budget of plants. As precipitation declined, the range of values for 

metabolism given the same annual precipitation depth gradually increased as it 

experienced a steep drop in vegetation in the early years which was reduced as the 

vegetation adapted to the new conditions.  

 

As the DI increased, vegetation became more sensitive to changes in rainfall (Figure 47), 

and the net metabolism became more variable, reflecting the differences between the 

initial and final state of each 10 year period. Since the wetland metabolism can be largely 

explained by the vegetation metabolism, the same feature could be observed when 

accounting for the total C respired by decomposers (Figure 44b). The overall wetland 

metabolism, however, was only positive when C soil or C above ground was being 

accumulated. Carbon accumulation was possible only when low decomposition efficiency 

compared to the flux of carbon entering the soil pool happened, as showed in Figure 43b.  

 

When comparing the relation between wetland and vegetation metabolism (Figure 49c), 

the R3 simulation followed a different pattern than R1 and R2, so that the total wetland 
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metabolism appeared to be less negative than when compared to wetter scenarios. It is 

also an indication that is possible to attain several stable states between vegetation and 

wetland metabolism.  

 

 
Figure 49: The vegetation (a) and wetland metabolism (b) response to the decrease in mean annual 

rainfall depth and the relation between vegetation and wetland metabolism (c) for each scenario. 
 

5.4.3.2 Rainfall Decrease and Temperature Increase 

In Australia, droughts have become hotter since about 1973, as registered temperatures 

have been progressively higher (Nicholls, 2004). To evaluate the possible combined effect 

of an anticipated increase in temperature (IOCI, 2012) and rainfall depletion (CSIRO, 2007, 

2009) could have on wetlands, we repeated the simulations used in Section 6.1 with an 

increase of 0.50oC per decade, so that after a 40 years period, the total temperature 

increase was 2.0oC, over the period where the total rainfall decline was 20%. The 

scenarios including the temperature increase are referred as R1*, R2* and R3* to 

distinguish from the time series of same mean annual rainfall depth that were not subject 

to temperature increase. 

 

With the rise in temperature, the loss in vegetation biomass reached around 250 g C m-2, 

relative to scenarios where temperature was kept constant (Figure 50a). This value 

reached as much as 400 grams of C in scenario R1, as R1* does not experience any 

increase in vegetation biomass that was featured in R1 around years 30 to 40. By the end 

of the 50 year-long simulation, the total vegetation biomass was around 5, 8 and 38% less, 
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respectively, than the biomass found in the constant temperature scenarios. This 

reduction in vegetation cover was caused by an intensified rate of plant respiration 

(Figure 50d). In a warmer climate, plants experienced around 15% higheFigure 49r 

respiration per carbon accumulated as biomass, as temperature directly affects 

respiration efficiency, according to our model formulation.  

 

 
Figure 50: An increase in temperature stimulated both microbial activity (a) and vegetation 

respiration (d). As a consequence, C soil storage (b) and vegetation biomass (c) were depleted. 
Time series with temperature increase are represented with an asterisk. 

 

Surprisingly, the hydroperiod was not affected greatly by the warmer climate. Indeed, the 

total waterlogged area was around 1, 0.2 and 0.1% greater in R1, R2 and R3 compared to 

R1*, R2* and R3*, respectively. Thus, we observed that the depletion in vegetation 

biomass and lower water transpiration, buffered the effect of higher evaporation and 

transpiration rates.  

 

The extra carbon loss from the increased temperature was more pronounced in the 

belowground pool, with a maximum of 1.5 kg C m-2 (Figure 50a). A depletion in carbon 

supply, together with higher temperatures caused C soil storage to be around 15, 10 and 

7% less than in stationary temperature scenarios, by the end of the simulation period. In 

this case the microbial respiration efficiency was elevated by up to 20% (Figure 50c).  
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5.5 Conclusion 
The results highlight that the climate signal that drives a wetland ecosystem can be 

strongly mediated by vegetation and microbial dynamics. Although water availability can 

be used as a proxy for vegetation abundance, greater water storage was not proportionally 

correlated to greater carbon storage in wetland soils based on the simulations tested in 

this study. However, we conclude that in water limited areas, wetland metabolism is 

closely tuned to water delivery, so that water availability defines the “intensity” of the 

fluxes of C between the terrestrial and atmospheric environments. Also, it was shown that 

for higher DI’s, the sensitivity of carbon stocks to changes in precipitation decline was also 

higher; that is, the C depletion was greater for the same decline in precipitation when 

comparing a drier scenario to a wetter scenario.  

 

Nevertheless, we highlight that the resultant C storage pools and net metabolism are 

related to the chosen parameters for respiration, photosynthesis and microbial 

respiration. The results may also be sensitive to the set of functional types of vegetation 

with their distinct water uptake strategies and further modulate the response to climate 

forcing. Therefore further work on the sensitivity of the overall metabolism and carbon 

storage to plant type selection should be conducted. Further, to improve our 

understanding on the role of vegetation types in wetland metabolism, we suggest the 

inclusion of differentiation of the decomposition rate for litter from different vegetation 

types.  

 

In the context of management, although vegetation biomass and biodiversity can be a 

proxy to evaluate the general “health” of an ecosystem, these results indicate that they did 

not represent the C storage efficiency of a wetland as vegetation biomass was also not 

proportionally related to C soil storage in the hypothetical wetlands analysed here. 

Management actions that alter upstream catchment systems and delivery of flow to 

wetland environments should consider the potential implications on carbon storage. 
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6. Conclusions 

6.1 Thesis Summary 
This research explored the hypothesis that non-intuitive shifts in the ecological services 

provided by wetlands occur in response to hydro-climatological changes. The most 

important feedback mechanisms between hydrology, salt mobilization, vegetation 

dynamics and microbial activity were summarized within a mathematical model. The 

model was developed to dynamically predict the environment partitioning of wetlands 

into different vegetation habitats, namely open water, saturated soil zone and upland area. 

Vegetation success in assimilating carbon is dependent on the spatio-temporal availability 

of its habitats, which is affected by vegetation itself. As such, the ecohydrological model is 

unique in predicting the long-term co-evolution between hydrology and vegetation. 

Microbial activity, and therefore carbon cycling, is also dependent on the hydrological 

conditions and temperature.  

 

The ecohydrological model was applied to a series of exercises designed to test the 

proposed hypothesis and to improve the understanding of wetland ecohydrology. Being 

particularly interested in the semi-arid regions, the model was parameterized to represent 

the distinguishable salinity and water availability tolerance of M. strobophylla and C. obesa, 

the two most abundant plant species of Lake Toolibin, which is a RAMSAR listed wetland 

of SWWA. Field data from this site was used to validate the model’s ability to predict 

vegetation biomass assemblage and abundance, water table and lake level, as well as salt 

concentration in the root zone and in the groundwater.  

 

In the first exercise, presented in Chapter 3, the ecohydrological model was applied to 

verify not only the effectiveness of engineering interventions in protecting vegetation 

biomass in Lake Toolibin, but also to understand the underlining control mechanisms of 

those interventions. Comparing the distinctive engineering interventions that have been 

applied in that wetland, groundwater extraction by pumping was shown to be more 

effective than surface runoff diversion, considering the range of events tested. Model 

results also elucidated that groundwater extraction by pumping clearly favoured the 

advantage in establishment of C. obesa over M. strobophylla. In fact, M. strobophylla could 

only outcompete C. obesa under flooded, slightly saline to freshwater conditions. Given its 

water uptake from lower depth and its lower wilting point, M. strobophylla's habitat is 
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more easily constrained by the rise in the saline water table and drought. Thus, 

considering Lake Toolibin’s hydro-climatologic status, M. strobophylla was revealed to be 

under higher threat than C. obesa.  

 

Besides, results revealed that re-vegetation on the lake bed alone is not sufficient to 

control water table and salinity levels. Even if the initial conditions comprise low water 

table and low salinisation levels, the continuing intrusion of salts from the catchment 

would bring the system to a low vegetation density, high water table level and high salinity 

status in the long run. Specifically, the water table reached its pre-pumping level in six 

years and the groundwater salinity in approximately 21 years.  Therefore, the results 

reinforced the need for continuing water extractions via pumping but highlighted the 

importance of controlling salt intrusions from the catchment groundwater inflow. This 

only can be attained if efforts to support catchment revegetation continue.  

 

In Chapter 4, the climatic range across the SWWA aridity transect was used as the driver 

forcing to the model. The results illustrated the co-evolution between hydrology and 

vegetation in response to climate. Besides, they corroborated with the proposed 

hypothesis that non-intuitive shifts in ecological services provided by wetlands occur in 

response to distinct climate forcing. For instance, it was shown that a wetland exposed to 

greater rainfall can present lower vegetation biomass, if subjected to salinisation. Next, the 

model was forced using rainfall time-series synthetically generated by a stochastic model 

validated to SWWA. The effect of the rainfall intra-annual distribution on wetland 

environment partitioning, salt mobilization and vegetation assemblage was tested. More 

intense rainfall, with longer inter-storm periods favoured runoff and inundation. M. 

strobophylla, more adapted to flood conditions than C. Obesa, was beneficiated. However, 

the lack of leaching enhanced the salt accumulation in the root zone, which was an 

important control on vegetation biomass, particularly on M. strobophylla. Therefore, in this 

case, salinisation acted as a buffer on the competition between C. Obesa and M. 

Strobophylla, which was another counter-intuitive system’s response. 

 

Still in Chapter 4, using synthetic rainfall data, the decline in annual precipitation 

predicted to happen in SWWA was mimicked. The results suggested that if the predicted 

decline in rainfall eventuates, M. strobophylla is under a greater threat than C. obesa, which 

is more adapted to drought and salinisation. In fact, in a counter-intuitive response, C. 

Obesa increased its population under the drier scenario. This response was partially 

affected by the mortality that M. strobophylla population experienced as the drought 

progressed. Overall, the second exercise showed that salinity is greatly responsible for a 
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system response counter-intuitive and generally intensify the effect that drought has on a 

wetland system.  

 

In Chapter 5, a carbon decomposition sub-routine was included into the ecohydrological 

model to explore the effects that climate has on carbon storage. Results revealed that an 

optimum combination of water supply and vegetation leads to a higher percentage of 

carbon being stored in soils, therefore increasing the resistance of the carbon storage to 

changes in precipitation. In a non-intuitive response, carbon storage in wetlands was not 

positively related to water availability. The magnitude of carbon fluxes interchanged with 

the atmosphere, however, was positively related to water availability, but in a non-linear 

feature. 

 

In conclusion, the model presented is a useful tool to assess the ecohydrological trends of 

salt-affected semi-arid wetlands in response to hydro-climatological changes as well as to 

improve theoretical basis for supporting site-scale management actions. Overall, this 

research will contribute to relevant scientific literature and to develop future land 

management strategies to preserve wetland ecosystems in the SWWA region and beyond. 

 

6.2 Recommendations and Future Work 
This research, and particularly the model application in Lake Toolibin, helped to identify 

some model limitations. In Lake Toolibin, water extraction by pumping causes localized 

drawdown that cannot be represented in the model. Besides, spatial heterogeneity of soil 

properties can significantly affect salt mobilization and water distribution, and thus 

vegetation dynamics. A greater model spatial resolution, horizontally dividing the model 

domain in smaller soil cells, is suggested to deal with those problems. 

 

 The vertical water and salt distribution also would be better accessed if distinct layers of 

root zone soil would be considered, especially to study vegetation competition under 

drought conditions. This model’s pitfall was dealt during validation against Lake Toolibin 

data by using results by Taplin (2010) and by Bartlett (2012) from a fine-scale model that 

solve Richard’s equation (HYDRUS-1D), thus providing vertical water and salt distribution 

in the root zone. In fact, if an increase in predictability of water and salt dynamics in the 

root zone is required, it is suggested to use models that solve Richard’s equation, such as 

WAVES (L. Zhang, Dawes, & Hatton, 1996), in short-term events and constant boundary 

conditions. The results of these short-term events can be used to parameterise the 
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presented model, which then can be used in long-term analyses of the entire wetland 

system. 

 

Regarding surface water management in Lake Toolibin, a range of flood events should be 

tested to provide more certain recommendations for managing surface drainage and the 

diversion gate. For the range of flood events tested in this study, surface runoff diversion 

appeared less significant than groundwater pumping. However, model simulations 

demonstrated groundwater salinity and level as an important control in vegetation 

biomass. As such, higher runoff events that could raise water table level, potentially 

harming vegetation, should be assessed. Besides, it is suggested to test different salt 

concentration thresholds for triggering surface runoff diversion. So far, this threshold is 

set as 1000 g of salt per m3 of water. From this model’s results it was inferred that 

vegetation would benefit from surface waters with even higher salt concentration, as long 

as the water volume was not enough to significantly raise the saline groundwater. Thus, 

more tests regarding surface water management would be a worthwhile experiment to 

answer those remaining questions. 

 

Regarding soil properties, a clear analysis of the possible effect of macroporosity and soil 

dispersion of sodic clays must be fully studied and parameterised, as those are common 

phenomena observed in salt-affected semi-arid wetlands. Macroporosity is particularly 

important in areas with high clay contents and low hydraulic conductivities, where matrix 

flow is limited, thus preferential pathway flow dominates (Lamontagne, Leaney, & 

Herczeg, 2005), which can increase the water propagation significantly (Drake, Coleman, 

& Vogwill, 2012).  The inclusion of a nutrient limitation function in the model should also 

be taken into account. It would bring a more ample applicability, which could encompass 

the impact of nutrient exports from fertilized catchments on wetlands.  

 

For a deeper understanding of vegetation competition, better estimation of vegetation 

parameters is necessary, in particular on those related to inundation, drought and salinity 

tolerance of each species. Also, an improved model assessment against vegetation water 

consumption is suggested. Field measurement techniques such as sap flow sensors are 

recommended to collect data (Zeppel et al., 2008), in tandem with meteorological fluxes. 

Using more precise values for vegetation parameters allows the model to answer more 

specific questions regarding vegetation dynamics. For instance, given the apparent 

advantages of C. obesa over M. Strobophylla in Lake Toolibin, it could be that controlling C. 

obesa growth would be beneficial for preserving M. strobophylla. Although C. obesa 

potentially controls local groundwater raise through transpiration, it also leaves little 
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water available in the root zone for M. strobophylla. This hypothesis could be more 

confidently tested if remaining uncertainties in the parameters were fully addressed. 

Another way to validate the vegetation dynamics predicted by the model is using stable 

isotopes analyses (Holland et al., 2006; Rossatto, de Carvalho Ramos Silva, Villalobos-Vega, 

Sternberg, & Franco, 2012). This would help to fully characterize the source of water 

assimilated by the vegetation, whether it is from the groundwater or from the root zone. 

Moreover, the addition of a function that accounts for invasive plant species would also 

broaden the model’s applicability.  In the current framework, this function could be trigger 

either by mortality of pre-existent vegetation of by habitat availability. For instance, 

permanent open water (more than one consecutive year of flooding) could allow the 

establishment of aquatic plants.  

 

Future work in wetland response to hydro-climatological changes could also focus on 

development of a multi-scale application of the model. In Lake Toolibin, for instance, 

smaller soil hydrological regions could be placed within the wetland domain to better 

resolve heterogeneity, and greater cells could be used to resolve the hydrology of the 

complex valley flats surrounding the wetland. Smaller cells would address the spatial 

resolution problem faced in the lake bed; greater cells in the valley flats would allow 

verifying the hydrological pulses that the wetland is subjected to in response to climate. 

The advantage in using the presented model in the surrounding valley flats rather than a 

simple rainfall-runoff model is that the ecohydrological model accounts for the vegetation 

and salinity dynamics, yet in a computational simple manner. The application of the model 

in the valley flats requires geometry adaptations. However, it is still simpler and 

potentially more powerful than using over-parameterized fine-scale resolution 

ecohydrological models, which are not suitable for long-term (decades) simulations or 

understanding system dynamics. 

 

The model presented can also be used as a screening tool to identify the available habitat, 

relevant for different flora and fauna species. The model has already been used in SWWA 

to indentify niche availability for endangered reptiles, including the Western Swamp 

Tortoise (N. Mitchell et al., 2012). In this example, the hydroperiod, soil moisture and 

shading by vegetation predicted by the model was able to drive an eco-energetic model to 

understand tortoise metabolism under current and future climates. Further applications 

could analyze habitat availability for water birds, for example, as each water bird species 

feed at a certain water level (Albanese et al., 2012). The model could be used to predict 

water birds migration in response to shifts in habitat availability in wetlands of a certain 

region affected by hydro-climatological changes. In addition, the application of the model 
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to wetland systems suffering acidification due to pressures of drought-induced sulfide 

oxidation (Baldwin, Hall, Rees, & Richardson, 2007) is a potential further focus where 

insights into wetland management could be provided.  

 

The advantage of studying wetlands using the mechanistic model presented is because it 

broadens the understanding of the feedback mechanisms between biotic and abiotic 

variables from a systems perspective. As such, the model can be used to test system co-

evolution of its variables as well as system stability and resilience in response to hydro-

climatological changes. A comprehensive mechanistic approach spans the knowledge of 

ecohydrology over diverse disciplines. In the case presented, soil physics, hydrology, 

microbial and vegetation behaviour processes were explored. All those processes were 

summarized in the model framework. As such, analysing a wetland system through the 

model application brings insights into the interactions and significance of each of those 

disciplines.  
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Appendix A 
General parameters 

Parameter Description Symbol Units Value Reference/Remarks 
Maximum LAI for carbon 
uptake before restrictions 

LAIm m2 m-2 2 (Nemani & Running, 1989) 

Albedo a - 0.25 (Ward & Trimble, 2004) 
Specific heat of water 

 

Cp kJ kg-1 C-1 

 

0.007 (Ward & Trimble, 2004) 

Standing biomass to LAI ratio – 
V1 and V2 

X1 kg m-2 m2 m-2 4.7 Suganuma et al., 2006. 

Leaf Area to biomass ratio - V3  X2 kg m-2 m2 m-2 0.45 (Friend, 1995) 
Ratio litterfall to foliage 
biomass  

XLl kg C kg C-1 y-1 0.003 (Friend et al., 1997) 

Ratio root litter to root 
biomass   

XRd kg C kg C-1 d-1  0.01 (Friend et al., 1997) 

Scaling factor that relates 
temperature to respiration 

Kr, Kl 

and µT 
- 0.085, 

0.00015, 
0.000001 

(Running & Coughlan, 1988) 

Carbon dioxide air – leaf 
diffusion gradient  

∆CO2 kg CO2 m-3 0.0007 (Lohammar et al., 1980) 

Maximum mesophyll 
conductance 

CMmax m s-1 0.0008 (Running & Coughlan, 1988) 

Photosynthesis light 
compensation point and  

Φ0 and  kJ m-2 d-1 432  (Running & Coughlan, 1988) 

Radiation level to normalize 
solar radiation  

Φ0.5 kJ m-2 d-1 9730 (Running & Coughlan, 1988) 

Radiation extinction coefficient 
(V2, V3 and V1) 

ϕ - 0.5 (Feikema et al., 2010) 

Maximum and minimum 
photosynthesis temperature  

Tmax, 
Tmin 

0C 37, 0 (Running & Coughlan, 1988) 

Photosynthetically active 
radiation 

Φp kJ m-2 d-1 50% of 
solar 
radiation 

(Landsberg & Waring, 1997) 

Maximum canopy conductance  CCmax m s-1 0.0016 (Running & Coughlan, 1988) 
Maximum LAI for n 
environment (n = U, S and L) 

LAInmax m-2m-2 2 Arbitrarily defined. 

Recession coefficient for 
baseflow 

αG - 0.0001 (Farmer et al., 2003) 

Recession coefficient for 
infiltration 

kI - 3 (Farmer et al., 2003) 
 

Maximum precipitation 
interception 

Imax m 0.002 Arbitrarily defined. 
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Appendix B 
Catchment parameters  

Parameter Description Symbol Units Value Reference/Remarks 
Soil porosity  
 

φC m3 m-3 0.4 (A. Barrett-Lennard, 2008) 

Total soil depth  hSmaxC mm 5500 (Merz, 2000) 

Soil moisture at field capacity θcC m3 m-3  (Merz, 2000)  

Recession coefficient for 
percolation 
 

kp - 0.4 (Farmer et al., 2003) 

Hydraulic conductivity catchment ki - 3 (Farmer et al., 2003) 
Recession coefficient for baseflow kg - 0.003 (Farmer et al., 2003) 

Maximum LAI for carbon uptake LAIm m2 m-2 2 (Suganuma et al., 2006) 
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