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Impacts of tropical cyclones and land use changes
on coastal ecosystems health of the Pacific Islands

due to catchment sediment exports.
ABSTRACT

Tropical cyclones (TC) are the most damaging natural events a ffecting Pacific Islands   nations. 
The Republic of Fiji is prime example of an island nation that has historically   suffered the 
destructive power of TCs, affecting agriculture, households and busi ness.   TC-related floods 
also produce significant amounts of s ediments that end up in   wetlands, coastal lagoons and 
reefs, potentially endangering important coastal   ecosystems. However, direct measurements 
of sediment concentration are usually   not available  with the proper spatial and temporal 
resolution to capture a nd assess the   sediment yield originated by TCs. An alternative 
methodology to quantify sediment   load is via hydro-sedimentological catchment models, which 
can be calibrated and   validated with lim ited data to then provide information at the required 
spatial and temporal scale.

In this work we use a calibrated hydro-sedimentological model to analyse the sediment   outputs 
of the Dreketi river catchment in Fiji. We develop our model based on satellite   and ground 
information on topography, soils and land use and  drive the model with   daily climatic data. 
After validating our results with the available satellite data, we relate   the daily sediment yield 
with the occurrence of TCs that passed over or near Fi ji   identified using the Southwest Pacific 
Enhanced Archive of  Tropical Cyclones. We   found that, on average for the entire period, the 
contribution of TCs to the yearly   sediment yield is close to 20%, with some years producing up 
to 60% of the annual   load. One year recorded 40% of the annual load in a single event. W e 
then looked at   the impacts of different  land-use scenario s on the catchment sediment delivery 
and   assesse d the impact on coastal ecosystems. The methodology allowed us to identify   and 
assess the contribution of every single event and can  be extended to o ther   catchments in the 
region and adapted for climate change predictions.

INTRODUCTION

Pacific Islands  Countries (PICs)  are  prone to  a wide range of  natural disasters  ( e. g.  storms, floods,  
earthquakes,  droughts , among others . )  ( Lee et al., 2018 ) .   T he combination of the  severity of the  eve nts  
with the  high vulnerability of the  PICs  makes the   tropical cyclones (TCs) and tropical depressions 
(TDs)  one of the most destructive natural hazards in the  area   ( Lafa le et al., 2018, Magee et al., 2016, 
McInnes et al., 2014, Terry and Gienko, 2010).

T he Republic of Fiji is the second largest and most populated   nation  among the PIC s   ( Barnes, 2020) .  It 
i ncludes 332 islands, but approximately one-third of them are not inhabited. There are two main islands 
regarding  surface and population: Viti Levu and Vanua Levu   ( Waqavon ovono, 2018) .   The Re public of 



Fiji  has been listed in the top 20 most hazardous countries in the w orld by Wor ldRisk Index during the 
past  ten years   ( Behlert et al., 2020) . According to  the   Government of Fi ji (2017) ,  durin g the last decades 
(1970   –  2016) ,  almost 1.9 mill i on  people were affected by TCs.   One of the primary impacts of TCs and 
TDs  is   flooding .  Th is flooding   produce s  significant amounts of sediments that end up in wetlands, 
coastal  lagoons and reefs,  potent ially  endangering important coastal ecosystems (Brown et al ., 2017) .  
However , long ter m measurements of sediment loads into Fiji Island ' s estuaries are not available (a 
common issue across most of the Pacific Islands). To address  this constra int, hydro-sed imento logical 
models can help to quantify  the  sediment yield of  the  upstream  catchments  to  coastal wetlands (Pandey 
et al., 2016) .  The river catchments are essential to conserve and manage due to the ir  potential impact on  
the health of coastal wetlands and  co ral  reefs   ( Atherton et al., 2005)   and  c alibrated  catchment  models 
are an essential tool to assess the behaviour of the area under future climate scenarios.

Fiji is home to an extensive and diverse rang e  of m arine habitats, including estuaries, mangroves, 
wetlands, lagoons and coral reefs   ( Nair et al ., 2006) .  In particular , the northwest c oast of Vanu a  Levu  
is part of  the Great Sea Reef or Cakaulevu, and the area adjacent to the central part of that island, known 
as Qoliqoli Cokovata   ( Figure  1 ) ,  was designated as Ramsar Site (No. 2331) in 2018  ( Ramsar 
Convention Secretar iat, 2019) .  Within this area, the Dreketi River catchment stands out f or its significa  
n t con tribution of sediments t o t he Qoliqoli   ( Brown et a l., 2017)   and  an extensive mangrove wetland  at 
the river's mouth.

Th is p aper   presents  simulations   of   the hydro-sedimentolo gical behaviour o f the ca tchment under curre  
n t con ditions to  assess the im pac t of tropical cyclones and depressions on the annual sediment budget.  
The   ca tch ment response under curren t conditions  is   compa re d   with t wo  hypot h etical land - use scenarios. 

Figure 1: Geographic location of Dreketi river catchment and the Qoliqoli Cokovata.

METHODOLOGY

Sediment  expor t  from catchments is a complex process  involving  erosion, transport and deposition of 
material from different areas that  behave differently under dif f erent  climatic conditions.   For our simula 
tions we used  the Soil and Water Assessment  Tool (SWAT)  model , which can de s cribe sediment 
process in  different   areas of the  continuously over time.  T his model  is  physically ba s ed, spa tially 
distributed   and allows  continuous  simulati on   of   long- term sediment yields and exports in large 



watersheds  using readily available temporal and spat ial data  ( Tuo et al., 2016, B r iak et  al., 2016) .   SWAT  
has been in continuous development durin g t h e last two decad es and  is  widely used  worldwide  
(Haji gholizadeh et al.,  2018).  T he model was run from 1970 to 2017 wi th a daily time step ,  and  we 
identify the events related to TCs or TDs and quantified their impact. 

In  addition to the historic analysis , we  propos ed  t wo new  land-use scenario s based on  the  Review of 
Rural Land Use in Fiji   ( Le slie and Ratukalou, 2002)   and the Fiji  L and  U s e  C apability  C lassif ication 
 S ystem  ( Fiji Department o f  Agriculture et al ., 2012)   and c ompared the r esp onse o f  the catch ment  with 
the different land-use scenarios.

Study area

This research was carried  out on t he Dreketi Ri v er catchment  loca ted in the province of Macuata, in  the 
Northern  Div ision of Vanua  Le vu  ( Figure  1 ).  It  covers  an area of 825 km 2 .  E levation s  in  the ca tchment 
range  from  3 m to 919 m above sea level ,   with an aver age slo p e of  18.5 %   ( Figure  2 a ) .  The main river 
(Dreketi) has a total length of 73 km  and   begin s  at   the co n fl uence   of  the  Nanenivu da and Korovuli 
rivers. It has four major tributaries: Nasuva, Seaqaqa, Vumbelebele and Naua rivers (Figure 2a).

Figure 2. Dreketi catchment: a) digital elevation model; b) FAO soil types.

Evergreen forest and grassla nd cover mainly the upstream part of the catchment, with 60% and 21% 
coverage ,   respectively.  I n  the  lowland  areas   agriculture a c tivities are the  primary  land use  ( Figure  3 a ) ,  
with  s ug arcane  being  the mo st extensive (17%) , but also including   other minor land uses  like   coconut 
plantat ions, rice near the mouth of the Dreketi River and taro, cassava an d kava in the villages,  forestry 
and  gra vel extraction. S urface waters and  low-density urban settlements occupy the  rest of the  area 
(PCRAFI, 2010).   Dominant  soil s  in the catchment  are  Chromic Cambisols  ( Figure  2 b ) , which ha ve  uni 
form medium-textured profiles, wi th organic surface horiz ons  overlying   re ddish or brownish  subsoils.  
They are moderate well-drained soils with high clay content (FAO, 1978, FAO, 2007).

The climate in  the area is tropical marine. The re are two distinct seasons, the wet (or cyclone) season 
from Novem ber to April and the dry  season from   May  to October . T he  rainfall is highly variable 
between these seasons ( 300 mm/month in the wet season  versus   80 mm/month in the dry  season ). T he 
temperature variations are milder ;  the increase in the maximum a nd minimum average daily  
temperature during the hottest months is one and four degrees, respectively (FMS, 2006).

Land use changes

We  anal ysed   three   land-use scenario s ,  including the historic and recent  conditions (LU O ) ,  a scenario  
with agriculture  replacing all othe r land uses in areas with terrain slope  less than 5% (LU5) , and a 
scenario with agriculture extendi ng to all areas with  terrain slope less than  10 % (LU 10 ) .  We  based  the  
LUO  on  the Review of  R ural Land Use in Fiji  ( Leslie and Ratukalou, 2002)   and  the Fiji  L and  U se 
Capability Classification System (Fiji Department of Agriculture et al., 2012).

The Fiji Land Use Ca pability Classification System  customised the N e w Ze aland Land Use C ap ability 
Handbook  ( New Zealand. Ministry  of  Work s and Development. Water and Soil Division, 1974)  to the 



Fijian's conditions. The land use capability (LUC) is determined by the physical properties  of the land 
and its ability to  sustain  producti on.  There are eight c la sses ranked in order of decr eas ing  capacity of 
agricultural use and versatility :  Class 1 has little or no limitation for agricultural purposes, whereas 
Class 8 is not suitable for th e activity  ( FDA et al., 2012) .   Table  1  presents a brie f description of the 
major classes capabilities.

Table 1. Major classes of and use capability description (FDA et al., 2012).

Major 
Class

Capability Division

ARABLE I – III Suitable for ploughing and intensive cropping
IV Unsuitable for ploughing but suitable for less intensive cropping 

under traditional cultivation methods.
NON -  
ARABLE

V – VII Unsuitable for arable cropping  but suitable for pastoral or  forestry 
use.

VIII Unsuitable for productive ve getation; suitable only for protective 
purposes.

Using GIS software, we modified the  LUO  switching  the  forest and grassla nd   land uses  to  agricultu re  
when the are a met  the minimum slope conditions  of 5%  ( LU5)  and 10%  (LU10) .  Then,  w e  verif ied t  
hat   the  changed  area   was classified as I  to  I V   in  the  Land  U se Capability  System .  The new land  use 
was defined for simulation purposes as Agriculture generic land.

Figure 3: a) Original land use map (LUO). Adapted from (PCRAFI, 2010) b) LU5 scenario. c)
LU10 scenario.

Table 2: Land use distribution for the different scenarios.

LUO LU5 LU10
Forest 60.3% 55.5% 48.9%
Grassland 21.0% 16.2% 12.5%
Settlement 0.1% 0.1% 0.1%
Sugarcane 17.3% 17.3% 17.3%
Coconut 1.0% 1.0% 1.0%
Water 0.4% 0.4% 0.4%
Agriculture 0.0% 9.6% 19.9%

Hydro-sedimentological model

W e  used  the Soil and Water Assessment Tool   ( SWAT )   ( Arnold et a l., 1998) . SWAT  can   simulate  
hydrological processes, erosion, vegetation growth, and   water quality   ( Abbas pour et al., 2018, 
Abb aspour et al., 20 15, L eta et al., 2018) .  The model  di vides  the  c atch ment in to  sub catchm ents   and 
then  in to   Hydrologic Response Units (HRUs),   based on unique  combinations   of land use, soil  t ype  and  
s lope   ( Gassman  et al., 2007) .   The hydrological  simulation  starts solving the  water  balance equation  in 
each HRU, estimating  the  s urfa ce runoff  tha t will reach the cha nnel network   ( Arnold et al., 1998) .  The 
sediment yield i s obtained from t he MUSLE equati on (W illiams and Berndt, 19 77) . The sediment   expo 
rt at the  catchment outle t  is computed based  o n  the sediment yield and the  transport capacity of the 



surface runoff (Neitsch et al., 2011).

Based on the DEM ,  we  subdivided the ca tchment  in to  33 subcatchments ( Figure  4 ) . The  HRU s  were 
classif i ed based on so il types, land uses and slo pe classes. The s lope  classes   ( Table  3 )  were defined  
following the  thresholds suggested for erosion risk in the area (Atherton et al.,  2005).   W e  run  the model 
d aily  from  1970 to   2017 ,  using the  fir st   two years  a s a  warm -up  period .  We ca libra ted the model using  
rem ote sensing information of sedimentation events .  Afterward s , we set  up the LU5 and LU1 0  models 
using the corresponding land us e  la yers .  Al l the other ch aracteristic s and   parameters of the model  were 
not change d  to  evaluate the  i mpact  of the land use only.   We  analysed the sediment export at the  
catchment outlet (Figure 4) at the annual and daily levels.

Figure 4: Spatial discretisation of the Dreketi river catchment (33 subcatchments). 

Table 3: Slope classes (following Atherton et al., 2005).

Slop e 
Classes

Slope Erosion 
riskPercentage Degree

1 0 – 3.5 0 – 2 Very low

2 3.5 – 30 2 – 16 Low

3 30 – 50 16 – 26 Moderate

4 50 – 60 26 – 31 Steep

5 Over 60 Over 31 Extreme

Tropical cyclones and tropical depressions

Among the available   tropical cyclone information for the  Southern Hemisphere   databases , t he 
South west Pacific Enhanced Archi ve of Tropical  Cyclones, SPEArTC  (Dia mond et al., 2012), has been 
acknowledged as the  most co mplete repository for thi s area (Sharma et al., 2020, Magee et al., 2016a). 
The database  record s the coo rdinates and central pressures o f each cyclone and tropical  depression 
thr oughout its life,  at m ostly 6-hourly intervals, for TCs  and TDs  since  1840 (noting tha t TC data post 
mid-1940s is more reliable/complete, and the earlier data must be used with caution).

We assessed the impact of TCs and TD s on sediment export at th e catchment outl et, identifying  c yclon  
es  and depressions  passing within a rad ius of 5º of the catchment ' s cent re (17ºS, 178.5ºE ,  Figure  5 ). 
Then, using a time window of ±1 day ,  we related modelled sediment loads with TCs and TDs.   A similar  
approach was  used   by  several authors  to relate   th e im pact of TCs on ex treme  precipitation events 
(Khouakhi et al., 2017, Deo et al., 2021, Villarini and Denniston, 2016, Dare et al., 2012).



Figure 5: Cyclones from the SPEArTC from 1970 to 2018 within a radius of 5º from the centre
of the catchment.

RESULTS AND DISCUSSION

Hydro-sedimentological model

F igure 6   di splays  t he   sediment  e xport  results  at the outlet of the catchment  for each hydrological year , 
revealing  th at th e  average sediment  export  was around  1 2 0 , 00 0 Tn/year  but var ied c onsiderably from 
20,000 to 220,000  Tn/yea r .  Figure  7   shows  the monthly distribution of sedi ment   export , where a clear 
concentration of sediment  export   during the cyclone or wet season  ( Nov. to May) . Our calculations 
indicate that   85.6%  of the sediment  export  is concentrated in the rainy season .   The range of values  is  
comparable  with  Brown et al. (2017) estimates , who obt ained  an average rainy season sediment  export  
for 2003-2011 of  6 3 ,000   Tn/year .  Our e stimate for the same  period assuming an 8 5. 6 %  annual  export  
during the rainy season was slightly higher at 88,000 Tn/year.

Figure 6: Annual sediment export at the catchment outlet.



Figure 7. Monthly sediment export at the catchment outlet.

Figure  8   show s  the sediment distribution  at sub-catchment level  ( computed  at  each   sub-catchment 
outlet )  average d   over   the entir e peri od,  for the  entire year ( Figure  8 a ) and  wet  ( Figure  8 b )  and dry season  
( Figure  8 c ) .  Figure  8 b   shows  th at  the  catchment headwaters (subcatchments 1, 3, 5, 6, 9, 23 and 27) 
contribute actively to sediment yield during the wet season . However , most of this sediment  is  deposited 
in the lower areas of the catchment and  does  not re ach the outlet. On the other ha nd, du ring the dr y 
season  ( Figure  8 c ) , sediment yield values are significatively lower, bu t all areas within the catchment 
contribute more evenly.

Figure  8 :  Average sediment yield at sub catchm ents  ( 1972   –  2016) :  a) Annual ly  b)  During wet 
season (Nov – Apr) c) During the dry season (May-Oct)

Land-use changes

Figure  9  shows th e com parison  of the sediment expo rt at the catchment outlet produced by the different 
land - use simu lations.   Simulations for the   LU5 and LU10  scenario s   produced  increases in annual 
sediment export of 4% and 7%, respectively, with respect to the LUO results.

These d ifference s   are   more  c learly  observed  at  a  daily time step.   Figure  10  shows  da ily values over a 
ten-year period, and  i t can be noticed that the LU5 and LU10 scenarios produce  substantially  more 
sediment  than L UO  in  extreme e vents.  For the whole simulation period,  Figure  11   displays   a   plot  of  
simulated sediment  daily  export s   for LU5 and LU10 again st   LUO  resu lts ,  sho w ing a substantial  increase 
in sediment export when the two scenarios of land-use change are considered.



Figure 9: Sediment export at the catchment outlet (subcatchment 7) for the three different land-
use scenarios.

Figure 10: Simulated sediment export at the catchment outlet (1972 – 1982)



Figure 11: Sediment export at the catchment outlet under LU5 and LU10 against LUO

Impact of Tropical cyclones and tropical depressions

Using the calibrated model ,  the impact of TCs and TDs  was assessed.  For LUO,  t he sediment yield 
produced by  TD or TCs  is  o n av erage 5900 ton s  per event ,  about  four time s the values  generated by 
other storms  ( 1340 ton s per event )  (Table 4) .   All those values increase  b y about 10%   for  the LU5 and 
LU10 scenarios.

Anal y sing the extreme values of sediment  exports , we found that  for   LU O , in   3 8% of the cases  the  
maximum annual value  of sediment  yield  is due to  a  TC or TD , with that v alue increasing to 40% for 
LU5 and LU10 .  The  sediment yield of those  individual  maximum values represents  on average  11 % of 
the annual sediment yield  for LUO ,  increasing to 13% for LU5 and LU10.  However,  extreme cases  can  
produce  much higher values of this contributio n , l ike  the cyclone RAJA in  1986-1987  that produced 
40% of the annual yield.

Regarding the overall  contribution of TC s  and TD s  to the sediment  export ,   Figure 12 sh ows that  it is 
highly variable, from 3% to  60%  for LUO . On average, they conribute  18 % of the annual  export   for 
LUO, with a slight increase for LU5 and LU10 (Table 4).



Figure 12: Percentage of the annual sediment budget TC and TD related

Table 4: Comparison of the TC and TD 

LUO LU5 LU10

Average sediment export per TC or TD event[t] 5900 6530 6755

Average sediment export per rainfall event [t] 1340 1396 1440

Percentage of cases where the maximum  daily   annual  value was  T C 
or TD related

37.8% 40.0% 40.0%

The a verage contribution of the maximum value TC or TD related  to 
the annual sediment budget

11.1% 12.7% 13.6%

The a verage contribution  of  all  TC and TD to the annual sediment 
budget

18.2% 19.1% 19.2%

Conclusions

This work assessed the influence o f  the la nd use change  in a Pacific Island River  catchment.  We 
analysed t wo main  aspects , the relationship between  land use and sediment  export at t he outlet of the 
catchment and the impact of TC in the annual sediment budget under changes in land use.

Rega rding the first aspec t ,  we observed a  more significant   sediment  export   when  agriculture purposes 
replaced the natural land use . Those difference s  w ere  more important  on   a  daily  time  sc ale  representing 
an increase of about 20%.

T he results from the hydro-s edimentological model indicate the  critical  influence of TC in the 
catchment response.  More than 80% of the sediment is  delivered  during the wet season.  There is a 
stro ng relationship b etween sediment yield and TC, producing the maximum sediment yield in  3 8 % of 
the cases and representing ,   o n average ,  a n  1 8 % of annual sediment budget.  Under land use  change  
s cenarios ,  the con t ribution of tropical cyclones and depression on the sediment bud get  increased , but to 
a lesser degree than the increases in daily sediment exports. 
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