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SUMMARY
Almost 95% of the world population of Siberian crane (Grus leucogeranus) winter in
Poyang Lake, China. Here they forage on the tubers of the submerged aquatic
macrophyte Vallisneria spiralis L. The growth and production of V. spiralis are regulated
by the local hydrology, which might also be influenced by the changed hydrology of
the Yangtze River induced by engineering projects. This thesis investigated the impact
of dredging activities in the northern Poyang Lake and the Three Gorges Dam in the
Yangtze River on the water turbidity and water level of Poyang Lake, analyzed how
these hydrological changes influenced the underwater light climate of V. spiralis, and
discussed their potential impacts on the growth and productivity of V. spiralis and
further on the food habitat of Siberian crane in Poyang Lake. The principal results
obtained can be summarized as follows:
(1) Moderate resolution imaging spectroradiometer (MODIS) and Landsat thematic
mapper (TM) images were compared for mapping the tempo-spatial dynamics of
water clarity. Two multiple regression models including the blue and red bands
of Landsat TM and MODIS respectively explained 83% and 88% of the variation of
the natural logarithm of Secchi disk depth. On the basis of the comparison of
water clarity predicted from Landsat TM and MODIS data as well as the
advantages and contras of both sensors, it is concluded that MODIS offers the
possibility to monitor the dynamics of water clarity more regularly and cheaply in
relatively big and frequently cloud covered lakes like Poyang Lake.
(2) The performance of the various Landsat TM bands for detecting dredging ships
was explored in the turbid water of the northern Poyang Lake. The result revealed
that the TM bands 1 to 4 had limitation especially in turbid water, while bands 5
and 7 better discriminated vessels from surrounding waters. Therefore, it is
recommended using the mid-infrared bands of Landsat TM for operational ship
monitoring in turbid water.
(3) The possibility to strengthen inference of dredging impact while simultaneously
monitoring vessels and water turbidity with remote sensing techniques was
investigated in the northern Poyang Lake. Time-series MODIS images revealed a
significant increase in water turbidity from 2001 onwards, while Landsat TM
image analysis indicated a simultaneous increase in the number of vessels.
Regression analysis further showed a highly significant positive relation (R2 =
0.92) between water turbidity and vessel number. On the basis of discussion of
ship-related resuspension, final destinations of vessels and coincidence of vessel
clusters with irregular dented patterns and turbid plume development, it is
confirmed that dredging caused the increase in water turbidity. Therefore, it is
concluded that simultaneously monitoring water turbidity and vessels enhanced
the strength of evidence in remotely sensed dredging impact assessments.
(4) Three extrapolation and interpolation methods were compared for predicting
daily photosynthetically active radiation reaching the earth surface over the
Poyang Lake national nature reserve. The result revealed that the triangulated
irregular network (TIN) and inverse distance weighted (IDW)-based interpolation
method produced more reliable result than the extrapolation methods.
(5) The photosynthetically active radiation reaching the top of V. spiralis (PARtc) in
Lake Dahuchi from 1998 to 2006 was modelled. The results revealed significant
between year differences in PARtc, which were determined primarily by
VIII

fluctuation in water level. Six years of Secchi disk depth records revealed
seasonal switching of the lake from turbid at low water level in autumn, winter
and spring to clear at high water level in summer. The highest PARtc occurred at
intermediate water levels, which were reached when the Yangtze River forces
Lake Dahuchi out of its turbid state in spring. The operation of the Three Gorges
Dam, which will increase water level of Yangtze River from May to June may force
Lake Dahuchi out of its turbid state earlier and increase the light intensity
reaching the canopy and the production of V. spiralis. It is concluded that the
operation of the Three Gorges Dam might at the short term increase the light
regime and productivity of V. spiralis and possibly affect the food habitat of
Siberian crane in Poyang Lake.
(6) A conceptual framework to integrate a simulation model of plant biomass for V.
spiralis with remote sensing and a geographical information system was
introduced. It is expected that the system, once implemented, could contribute to
evaluate the impact of possible hydrological changes on the growth and
productivity of V. spiralis, and assess whether tuber feeding bird populations are
constrained by the regional availability of food resources in Lake Poyang.
It is anticipated that these results provide a basis for the future research and
necessary information for decision-making that need to be made by the responsible
authorities to decide how to rationally manage this unique lake ecosystem.
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SAMENVATTING
Bijna 95% van de wereldpopulatie van de Siberische kraanvogel overwintert in het
Poyang meer in China, waar ze fourageren op de wortelknolletjes van de
ondergedoken waterplant Vallisneria spiralis L. De groei en productie van Vallisneria
wordt gereguleerd door de locale hydrologie, die beïnvloed zou kunnen worden door
verschillende projecten op de hydrologie van de Yangtze. Deze thesis bestudeert de
invloed van baggeren in het noorden van Poyang meer en de drie kloven dam in de
Yangtze rivier op de troebelheid en het niveau van het water in het meer, analyseert
hoe deze hydrologische veranderingen het onderwater licht regime van Vallisneria
beïnvloeden en bediscussieert de potentiële invloed hiervan op de groei en
productie van Vallisneria en het voedselhabitat van Siberische kraanvogels in Poyang
meer. De belangrijkste resultaten kunnen als volgt worden samengevat:
(1) Moderate resolution imaging spectroradiometer (MODIS) en Landsat thematic
mapper (TM) beelden werden vergeleken voor het karteren van de temporeel
ruimtelijke dynamiek van de helderheid van water. Twee multipele regressie
modellen gebaseerd op de rode en blauwe band verklaarden respectievelijk
83% and 88% van de variatie van de natuurlijke logaritme van de Secchi schijf
diepte. Op basis van vergelijking van de voorspellingen met Landsat en MODIS
en de voordelen van beide sensoren werd geconcludeerd dat MODIS de betere
mogelijkheid biedt om de helderheid van water regelmatig en op goedkope
wijze te monitoren voor een relatief groot en frequent door wolken bedekt meer
zoals het Poyang meer.
(2) De prestatie van Landsat TM banden voor het detecteren van baggerschepen
werd bestudeerd in de troebele wateren van noordelijk Poyang meer. De
resultaten toonden aan dat TM band 1 tot 4 beperkingen hebben in troebel water,
terwijl band 5 en 7 de schepen veel beter wisten te onderscheiden. Aangeraden
wordt de middel infrarode banden te gebruiken voor het operationeel monitoren
van schepen in troebel water.
(3) In dit hoofdstuk wordt bestudeerd of het simultaan monitoren van schepen en
water troebelheid gevolgtrekkingen ten aanzien van bagger impact meer kracht
kan bijzetten. Tijdsseries van MODIS beelden toonden een significante toename
in water troebelheid vanaf 2001, terwijl Landsat TM een simultane toename van
het aantal schepen aantoonde. Regressie analyse toonde een hoogst significante
positieve relatie (R2 = 0.92) tussen water troebelheid en het aantal schepen. De
aannemelijkheid dat baggeren de toename in water troebelheid veroorzaakte
werd verder versterkt op basis van argumenten gebaseerd op het ontbreken van
resuspensie van sediment door schepen, de uiteindelijke bestemming van de
schepen en het samenvallen van clusters van baggerschepen met troebelheids
pluimen en onregelmatig getande patronen in het sediment. Er werd daarom
geconcludeerd dat het simultaan met behulp van aardobservatie monitoren van
water troebelheid en schepen de kracht van bewijsvoering verstrekt in bagger
impact studies.
(4) Dit hoofdstuk vergelijkt drie extra- en interpolatie methodes voor het
voorspellen van de dagelijkse fotosynthetisch actieve straling die het oppervlak
van Poyang meer bereikt. De resultaten tonen aan dat een onregelmatig
driehoeks netwerk (TIN) en een inverse afstand gewogen (IDW) interpolatie
methode betrouwbaarder resultaten leverden dan de extrapolatie methode.
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(5) De fotosynthetisch actieve straling die de top van de bladeren van V. spiralis
bereikt (PARtc) werd gemodelleerd voor het Dahuchi meer over de periode van
1998 tot 2006. De resultaten toonden significante verschillen in PARtc tussen jaren,
hetgeen vooral werd veroorzaakt door fluctuerende waterhoogte. Zes jaar Secchi
schijf metingen toonden een seizoensgebonden omschakeling van het meer aan
van troebel tijdens lage waterstanden in de late herfst, winter en het voorjaar
naar transparant onder hogere waterstanden in de zomer. De hoogste PARtc
waardes werden waargenomen bij gemiddelde waterstanden, die bereikt
werden op het moment dat de stijging van de Yangtze in het voorjaar het Dahuchi
meer uit haar troebele staat drukt. Het beheer van de drie kloven dam dat zal
leiden tot verhoging van de waterhoogte op de Yangtze in Mei en Juni zou het
Dahuchi meer daarom op een vroeger tijdstip uit haar troebele staat kunnen
forceren. Het beheer van de driekloven dam zou dus kunnen leiden tot een
toename van de lichtintensiteit en de productiviteit van V. spiralis en beïnvloed
mogelijk daarmee het voedselhabitat van de Siberische kraanvogels in Poyang
meer.
(6) Dit hoofdstuk introduceert een conceptueel raamwerk voor het integreren van
een biomassa simulatie model voor V. spiralis met aardobservatie en een
geografisch informatie systeem. Het geïmplementeerde systeem zou het bij
kunnen dragen aan het evalueren van de invloed van hydrologische
veranderingen op de groei en productie van V. spiralis, en het inschatten of
populaties van wortelknolletjes etende vogels beperkt worden door het
regionale voedselaanbod in het Poyang meer.
De resultaten van deze thesis vormen een basis voor verder onderzoek en levert
noodzakelijke informatie voor besluitvorming door verantwoordelijke autoriteiten
hoe dit unieke meer ecosysteem op rationele wijze te beheren.
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CHAPTER 1
INTRODUCTION
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1.1 Problem statement
Lakes are important for human development and preservation of ecosystems and
biodiversity (ILEC 2005), for they provide multiple goods and services in commerce,
aesthetics, tourism, recreation and biodiversity conservation (Jorgensen et al. 2005,
O'Sullivan and Reynolds 2005). Currently, however, many lakes are facing a number of
problems such as eutrophication, water-level change, increased erosion and sediment,
loss of biodiversity and habitat, human health risks, accumulation of litter and
garbage, and invasive species (ILEC&UNEP 2003). These problems may hamper the
sustainable developments of multiple lake functions.
Poyang Lake is the largest freshwater lake in China, and now it is suffering from a
series of problems, e.g., water and soil erosion, land desertification, land degradation
and environmental pollution (Huang 2006), which could influence the hydrological
conditions of Poyang Lake. Especially, recent reports (e.g. Zhong and Chen 2005, Fok
and Pang 2006) suggest that the sand dredging in the northern Poyang Lake, which
started around 2001 for construction purpose, reduces the water clarity and has a
negative impact on this ecosystem.
The hydrological conditions in Poyang Lake are not only influenced by the local
factors. They also could be modified by the changed hydrology of the Yangtze River
induced by ongoing and proposed engineering projects. For example, the Three
Gorges Dam in the Yangtze River, which is scheduled for completion by 2009 (Wang
2002), will change the discharge and water level of the Yangtze River (Liu and Xu 1994,
Jiang and Huang 1997, Kanai et al. 2002). Similarly, the South-to-North Water Transfer
Project will reduce the water level of the middle and lower Yangtze (Cai et al. 2002).
All these changes in water level in the Yangtze River will influence the water level of
Poyang Lake.
Poyang Lake is one of the biggest bird conservation areas in the world (Wu and Ji
2002). The lake is particularly important for the conservation of the endangered
Siberian crane (Li et al. 2005), as more than 95% of its world population winter here
(Wu and Ji 2002). During the wintering period, together with swans and the
endangered swan goose, Siberian crane forage on the tubers of Vallisneria spiralis L.
(Meine and Archibald 1996).
V. spiralis is a submerged aquatic macrophyte species widely distributed in Poyang
Lake (Wu and Ji 2002). It sprouts in April, flowers in June, reaches its maximum
aboveground biomass in mid-September and fills its tubers from mid-July until shoots
senesce in late October (Wu and Ji 2002). The production and biomass of the V. spiralis
mostly depend on the local hydrological conditions such as light intensity, water level,
water clarity, chemical properties and water temperature (Wu and Ji 2002). Among
these, light availability is likely of primary importance due to the highly fluctuating
water depth and turbidity in Poyang Lake.
The changes of hydrological conditions induced by human activities in Poyang Lake
or the Yangtze River thus could influence the light intensity reaching the vegetation
canopy, and thus have impact on the growth and production of V. spiralis and further
on the food habitats of tuber-feeding bird species, including Siberian crane. The
relevant research was, however, rarely carried out. It thus remains interesting to
explore the potential impact of these human activities on the hydrological conditions,
the growth and productivity of V. spiralis and the Siberian crane in Poyang Lake.
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1.2 Study objective and questions
This study aimed to explore how the dredging activities and the Three Gorges Dam
change the water turbidity and water level, to analyze how these hydrological
changes influence the underwater light climate, and to discuss its potential impacts on
the growth and productivity of V. spiralis and further on the Siberian crane in Poyang
Lake. The study questions are as follows:
(1) To compare moderate resolution imaging spectroradiometer (MODIS) and
Landsat thematic mapper (TM) images for mapping tempo-spatial dynamics of
water clarity;
(2) To analyze the performance of Landsat TM bands for dredging ship detection in
turbid water;
(3) To investigate the possibility of corroborating the impact of dredging on water
turbidity, while simultaneously monitoring the number and distribution of
vessels and water turbidity using time-series Landsat TM and MODIS images;
(4) To compare extrapolation and interpolation methods for estimating daily
photosynthetically active radiation (PAR);
(5) To explore if the Three Gorges Dam positively affect the underwater light climate
of V. spiralis and the food habitat of Siberian crane;
(6) To propose a conceptual framework for integrating a biomass simulation model
for V. spiralis with remote sensing techniques and a geographical information
system.
1.3 Study area
Considering the characteristic of individual research and the availability of material,
the study was implemented at various spatial scales, from whole Poyang Lake, to the
northern Poyang Lake, the Poyang Lake national nature reserve and Lake Dahuchi
within the nature reserve.
Poyang Lake (Figure 1.1) is located between 115°47´-116°45´E, 28°22´-29°45´N at the
southern bank of the Yangtze River. Its size fluctuates from less than 1000 km2 in the
dry season to approximately 4000 km2 in the flood season. Its water level is
determined by five confluent rivers (Raohe, Xinjiang, Fuhe, Ganjiang and Xiushui) and
the Yangtze River together, with high water levels in summer and low in winter (Min
1995, Xu et al. 2001, Shankman et al. 2006). Poyang Lake plays significant roles in
ecological conservation, and economic and social development (Huang 2006). Poyang
Lake is an important international wetland, and has a rich biodiversity, with 102
species of aquatic plants and 122 species of fish (Chen et al. 2006b). It is one of the
biggest bird conservation areas in the world, hosting millions of birds from over 300
species (Wu and Ji 2002).
Poyang Lake national nature reserve (Figure 1.2) is located between 115º55´ 116º03´E, 29º05´ - 29º 15´N in the northwest of Poyang Lake (Wu and Ji 2002), and it
was established in 1988 to conserve the endangered Siberian crane. The nature
reserve includes nine lakes which are connected to the Poyang Lake during high
water levels in summer but disconnect when water levels are low in spring, autumn
and winter. Lake Dahuchi with area of about 30 km2 plays crucial role for providing
habitat for wintering Siberian crane.
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Figure 1.1. Location of Poyang Lake, northern Poyang Lake, Poyang Lake
national nature reserve (Nature Reserve) and Lake Dahuchi.

Figure 1.2. Landsat thematic
mapper (TM) image (15
December 2004 when water
level is low) of the nature
reserve showing the lakes: 1,
Changhuchi; 2, Zhonghuchi;
3, Xianghu; 4, Meixihu; 5,
Zhushihu; 6, Sixiahu; 7,
Dahuchi and 8, Shahu.
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1.4 Thesis outline
Each chapter of this thesis, except for the introduction and the synthesis, has been
prepared as an individual paper. These papers have been published or submitted to
peer-reviewed journals or edited book. To maintain a consistent style through the
thesis, the used abbreviations, units, graphs, tables, citations and referencing styles
were unified, and they may be different from those of the original papers or book
chapter. The structure of this thesis is as follows:
Chapter 1 states the research background, defines the study objectives, describes the
study area and outlines the structure of the thesis.
In Chapter 2, two remote sensing data sources, MODIS and Landsat TM, are compared
for estimating water clarity in the nature reserve.
Chapter 3 analyzes the performance of Landsat TM bands for ship detection in turbid
water in northern Poyang Lake.
Chapter 4 explores the possibility to corroborate the strength of inferring dredging
impact on water turbidity through simultaneously monitoring the number and
distribution of vessels and water turbidity using time-series Landsat TM and MODIS
images in the northern Poyang Lake.
Chapter 5 compares three extrapolation and interpolation methods for predicting
daily photosynthetically active radiation within the nature reserve.
Chapter 6 presents a model simulating the photosynthetically active radiation
reaching the top of canopy of V. spiralis and discusses how this could be affected by
the change of water level in the Yangtze River induced by the Three Gorges Dam.
In Chapter 7, a conceptual framework for the integration of a simulation model of
plant biomass of V. spiralis with remote sensing and a geographical information
system is introduced.
Chapter 8 summarizes the results of Chapter 2 to 7, and discusses the interrelations of
these chapters and the works in the future.
The literature used in each chapter shows some overlap, and is therefore combined in
common literature list, which is placed after the last chapter.
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CHAPTER 2
COMPARISON OF MODIS AND LANDSAT TM5 IMAGES FOR MAPPING
TEMPO-SPATIAL DYNAMICS OF SECCHI DISK DEPTHS
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Abstract
Landsat has successfully been applied to map Secchi disk depth of inland water
bodies. Operational use for monitoring a dynamic variable like Secchi disk depth is
however limited by the 16-day overpass cycle of the Landsat system and cloud cover.
Low spatial resolution moderate resolution imaging spectroradiometer (MODIS)
image captured twice a day could potentially overcome these problems. However, its
potential for mapping Secchi disk depth of inland water bodies has so far rarely been
explored. This study compared two image sources, MODIS and Landsat thematic
mapper (TM), for mapping the tempo-spatial dynamics of Secchi disk depth in
Poyang Lake national nature reserve, China. Secchi disk depths recorded at weekly
intervals from April till October in 2004 and 2005 were related to 5 Landsat TM and 22
MODIS images respectively. Two multiple regression models including the blue and
red bands of Landsat TM and MODIS respectively explained 83% and 88% of the
variance of the natural logarithm of Secchi disk depth. The standard errors of the
predictions were 0.20 and 0.37 m for Landsat TM and MODIS-based models. A high
correlation (r = 0.94) between the predicted Secchi disk depth derived from the two
models was observed. A discussion of advantages and contras of both sensors leads
to the conclusion that MODIS offers the possibility to monitor water transparency
more regularly and cheaply in relatively big and frequently cloud covered lakes as is
with Poyang Lake.

Published as:
Guofeng Wu, Jan de Leeuw, Andrew K. Skidmore, Herbert H. T. Prins, and Yaolin Liu.
Comparison of MODIS and Landsat TM5 images for mapping tempo-spatial dynamics of
Secchi disk depths in Poyang Lake national nature reserve, China. International Journal
of Remote Sensing, 2008, in press.
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2.1 Introduction
Lake ecosystems provide multiple goods and services to society in commerce,
aesthetics, tourism, recreation and biodiversity conservation (Jorgensen et al. 2005).
The provisions of these benefits are to a great extent influenced by water quality,
which is commonly monitored to assess the health of lake ecosystems.
Water clarity has often been used as an indicator of a lake's overall water quality for it
correlates well with water quality (Li and Li 2004, Shaw et al. 2004). The Secchi disk is
one of the most commonly used tools to measure water clarity (Duane Nellis et al.
1998, Kloiber et al. 2002a, Gan et al. 2004). However, this method may be costly for
intensive sampling within water bodies in which water clarity fluctuates highly in time
and space scale (Brezonik et al. 2002, Kloiber et al. 2002b, Hakanson and Boulion
2003).
Remote sensing offers possibility to infer water clarity from captured reflectance
(Harma et al. 2001, Liu et al. 2003b, Li and Li 2004). This is because lake clarity is
affected by algae, suspended sediment and dissolved organic matter within water
column (Liu et al. 2003b, Swift et al. 2006). These components interact with photons of
light and alter the spectral composition of down- and upwelling light which results in
a flux emerging from the water surface that contains information on the composition
of the water column (Li and Li 2004, Ma and Dai 2005, Pozdnyakov et al. 2005).
This potential of remote sensing was explored following the launch of the Landsat
satellites in the 1970s, and Landsat images have frequently been used to assess water
clarity, including Secchi disk depth. Lathrop and Lillesand (1986), for example, used
the Landsat thematic mapper (TM) green band to estimate Secchi disk depth in
southern Green Bay, WI, and central Lake Michigan, USA. Lathrop (1992) compared
Secchi disk depth derived from Landsat TM images in Green Bay, Lake Michigan,
Yellowstone Lake and Jackson Lake, WY. Giardino et al. (2001) used blue/green ratio
of Landsat TM image to estimate Secchi disk depth in Lake Iseo, Italy. Kloiber et al.
(2002a, 2002b) employed 13 Landsat Multispectral Scanner (MSS) and TM images over
the period 1973–1998 to assess spatial patterns and temporal trends of Secchi disk
depth in more than 500 lakes with surface areas >10 ha in Minneapolis and St. Paul,
MN, USA. Nelson et al. (2003) developed a regression model between Secchi disk
depth and Landsat TM blue/red ratio to estimate Secchi disk depth in 93 lakes in
Michigan, U.S.A. Hellweger et al. (2004) applied Landsat TM red band to predict
Secchi disk depth in New York Harbour. Zhang (2005) utilized a linear regression
model and neural network respectively to predict Secchi disk depth from Landsat TM
image in the Gulf and archipelago sea of Finland.
Landsat has thus successfully been applied to the mapping of Secchi disk depth, but
has its limitations in operational use for regular monitoring. This is because water
clarity is a highly dynamic variable, and its variability may not effectively be captured
by a satellite with an about biweekly overpass. In many parts of the world frequent
cloud cover further reduces the actual availability of cloud-free images to a level
which makes Landsat unsuitable for monitoring purposes of a highly dynamic
variable, like Secchi disk depth.
Moderate resolution imaging spectroradiometer (MODIS), with its medium spatial
resolution, daily coverage, high sensitivity and cost-free distribution (Li and Li 2004,
Miller and McKee 2004), would be more suitable to monitor such dynamics. However,
this potential has rarely been explored in inland water bodies. For example, Lillesand
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and Chipman (2001) mentioned using MODIS data to estimate Secchi disk depth of
large lakes on a regional basis. The Secchi disk depths of Green Bay, Lake Michigan
and eleven other lakes were estimated weekly to biweekly using MODIS blue/red
spectral radiance ratio from July of 2001 (Lillesand 2004).
Although Landsat TM data has limitation of low temporal resolution and MODIS
images hold potential in assessing water clarity, so far no reference was found
comparing these two different data sources in detail. This study aims to develop
models regressing the Secchi disk depths measured in the field with MODIS and
Landsat TM5 images respectively, to compare the results from these two different
image sources and to explore the possibility of MODIS for mapping tempo-spatial
dynamics of Secchi disk depth as a substitute of Landsat TM in the Poyang Lake
national nature reserve, China.
2.2 Materials and methods
2.2.1 Study area

Figure 2.1. Map showing the locations of Poyang Lake and Poyang Lake
national nature reserve (Nature Reserve).
Poyang Lake national nature reserve (Figure 2.1) is located between 115º55´116º03´E, 29º05´-29º15´N in the northwest of Poyang Lake (Wu and Ji 2002). The
reserve was established in 1988 to conserve the endangered Siberian crane which
winters almost uniquely in this area. The water level fluctuates seasonally from low in
winter to high in July and August. The extent of Poyang Lake varies accordingly from
10

about 4000 km2 in summer to less than 1000 km2 in winter. The nature reserve
includes nine lakes which are connected to the Poyang Lake during high water levels
in summer but disconnect when water levels are low in spring, autumn and winter
(see Figure 2.2).

Figure 2.2. Landsat thematic mapper (TM) image (15 December 2004 when
water level is low) of the nature reserve showing the lakes and locations of
Secchi disk depth recording. Lakes: 1: Changhuchi; 2: Zhonghuchi; 3: Xianghu;
4: Meixihu; 5: Zhushihu; 6: Sixiahu; 7: Dahuchi; 8: Shahu. : Boundary of the
nature reserve;
: Buffer of 500 meters from lake shore. Secchi disk recording
location located >500 ( ) and < 500 m ( ) from the lakeshore.
2.2.2 Secchi disk depth
In 2004 and 2005, Secchi disk depth was recorded by the Bureau of Jiangxi Poyang
Lake National Nature Reserve and the International Crane Foundation in three lakes
(Dahuchi, Shahu and Meixihu) within and one (Sixiahu) adjacent to the nature reserve.
Sampling date, global positioning system (GPS) position and Secchi disk depth
measured using a standard 20 cm Secchi disk were recorded at five locations (Figure
2.2) in each lake with about weekly intervals from April till October.
2.2.3 MODIS data
At present, two MODIS instruments onboard the US National Aeronautics and Space
Administration (NASA) Terra and Aqua spacecraft platforms are operational for global
remote sensing of the land, ocean, and atmosphere. MOD09/MYD09 is a seven-band
surface reflectance product computed from MODIS-Terra/MODIS-Aqua level 1B
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bands 1 to 7, centred at 645, 858, 470, 555, 1240, 1640 and 2130 nm respectively. The
data have been corrected for the effect of atmospheric gases, aerosols and thin cirrus
clouds and thus provide an estimate of the spectral reflectance as it would be
measured at ground level in the absence of atmospheric scattering or absorption.
MOD09GQK/MYD09GQK contains MODIS bands 1 and 2 at 250 m spatial resolution,
while MOD09GHK/MYD09GHK stores MODIS bands 1 to 7 at 500 m spatial resolution
(http://modis-land.gsfc.nasa.gov/surfrad.htm, accessed 20 September 2006).
Each of the spectroradiometers on the Terra and Aqua spacecrafts captures the whole
earth twice a day. The potential number of daytime images between 1 April to 31
October (214 days) in 2004 and 2005 was 856. Most images were, however, of poor
quality due to cloud cover or atmospheric conditions. We adopted the following
procedure to select good quality images. First, we downloaded all the
MOD09A1/MYD09A1, an eight-day composite of the 250 m surface reflectance data,
of April till October during 2004-2005 from NASA’s Earth Observing System (EOS)
data gateway (http://edcimswww.cr.usgs.gov/pub/imswelcome, accessed 16th
February 2006) and visually inspected their quality. Next, the MOD09A1/MYD09A1s
represented by poor quality were discarded, assuming no better images were
available for that period, and 44 MOD09A1 or MYD09A1s having moderate to good
quality were retained. Then, for each MOD09A1 or MYD09A1, we consulted the online
MODIS L1B 250 m quick looks to check the qualities of daytime images over our study
area and selected the images with good quality. Finally, the corresponding
MOD09GQK or MYD09GQK and MOD09GHK or MYD09GHK for the selected 22
images with good quality were downloaded from NASA’s EOS data gateway.
The following pre-processing was implemented successively to each image. First,
every image was projected into WGS 84/UTM zone 50N using nearest-neighbour
resampling to preserve the original reflectance values. Then, a sub-image of the study
area was clipped from the larger original image. Next, bands 3 and 4 were re-sampled
from 500 to 250 m using nearest-neighbour interpolation and bands 1 to 4 were
stacked into one image. Finally, land areas and small water bodies were removed
using a binary mask derived from the Normalized Difference Water Index (NDWI),
which effectively discriminates soil and vegetation from open water (McFeeters 1996).
2.2.4 Landsat TM images
From 1 April to 31 October in 2004 and 2005, in total 28 Landsat TM5 images covering
the study area were captured, 19 of which were of moderate and good quality. Five
good quality Landsat TM images of 5 May, 22 June, 24 July, 9 August and 28 October
2004 were obtained from the Chinese Remote Sensing Satellite Ground Station. Each
image was pre-processed as follows: Atmospheric correction was carried out
according to the cosine approximation model (COST) described by Chavez (1988,
1996), Chen et al. (2004), Chander and Markham (2003) and Chander et al. (2004).
Topographic maps at scale 1:50,000 were used to register the atmospherically
corrected image to the Beijing 54/Gauss-Kruger projection using a first-order
polynomial and nearest-neighbour resampling. The root mean square error (RMSE)
for positional accuracy was within half a pixel. The projected image was re-projected
to WGS 84/UTM zone 50N also applied to the MODIS data. Land areas and small water
bodies were removed using a binary mask created through visual interpretation of an
unsupervised classification of the TM image.
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2.2.5 Selection of sampling points
These sampling and selection procedures resulted in a dataset of MODIS, Landsat TM
data and Secchi disk depth recordings schematically shown in Figure 2.3. Above it
was explained that Secchi disk depth was recorded at 20 locations. Figure 2.2 shows
that, during low water level, the four lakes were disconnected and several Secchi disk
depth locations came within a few hundred meters from the shore. Investigating the
relation between MODIS data and Secchi disk depth assumes that MODIS pixels
consist of open water only. Inclusion of upshore lands in a MODIS pixel would
contaminate the spectral signature. This is a realistic risk given that the spatial
resolutions of blue and green bands are 500 m. To reduce the risk of contamination,
we used the boundaries of lakes at low water level derived from the TM image of 15
December 2004 and removed all Secchi disk sampling locations within 500 m offshore
from further analysis. This reduced the number of sampling locations used in the
analysis of the MODIS data from 20 to five, two in Sixiahu and three in Dahuchi. For the
analysis of the relation between Secchi disk depth and Landsat TM we selected all ten
sampling locations in the same lakes.

Figure 2.3. Summary of the quality of the available moderate resolution
imaging spectroradiometer (MODIS) data (poor: ; moderate: ; good: ), and
the dates of the selected MODIS ( ) and Landsat thematic mapper (TM) ( ) data,
as well as the dates of Secchi disk depth records used ( ) and not used ( ) in this
analysis.
Table 2.1. Statistics describing variability in Secchi disk depth (SDD, m)
measurements and reflectance values (%) of the blue, green and red bands of 22
moderate resolution imaging spectroradiometer (MODIS) and 5 Landsat
thematic mapper (TM) images.

Maximum
Minimum
Average

SDD
2.84
0.06
0.97

MODIS (n = 71)
Blue
Green
0.1229 0.2091
0.0074 0.0311
0.0525 0.0964

Red
0.2341
0.0090
0.0800

SDD
2.16
0.32
1.17

Landsat TM (n = 25)
Blue
Green
Red
0.0598 0.0957 0.1525
0.0195 0.0292 0.0228
0.0362 0.0470 0.0547

We next related the Secchi disk depth records to the spectral information of MODIS
and Landsat TM images respectively. The measurements of Secchi disk depths did not
always concur with the overpasses of the available images and a difference of up to
six days was accepted. The MODIS and Landsat TM pixel values of these locations
could still be affected by floating aquatic vegetation. We used NDWI to identify
suspect pixels and retained only the data with NDWI values > 0, corresponding to
open water (Fraser 1998b). Table 2.1 shows the statistics of Secchi disk depth and
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visible bands of MODIS and Landsat TM images.
2.2.6 Statistical analysis
Graphical display of the relation between Secchi disk depth and the individual
MODIS and Landsat TM bands revealed non-linear relationships which could be
overcome through logarithmically transforming Secchi disk depth. We next searched
simple and multiple regression models best fitting the relation between the natural
logarithm of Secchi disk depth and the individual bands or band ratios while
exploring linear, logarithmic, inverse, quadratic, cubic, power, compound, S-curve,
growth and exponential regression models.
The selected best fitting regression models were inverted and applied to four pairs of
MODIS and Landsat TM images with concurrent or close to concurrent overpass dates
to create distribution maps of Secchi disk depth. We used the following process to
investigate as to how well the predictions from two satellite systems agreed for each
pair of images: First, we obtained Secchi disk depths and green and infrared (IR)
band values of 59 randomly selected sampling points from maps derived from MODIS
and Landsat TM images respectively. Then, we removed the sampling points with
NDWI ≤ 0 from the following analysis. Finally, the correlation between Secchi disk
depths of the two maps for the remaining sampling points was calculated.
2.3 Results
Figure 2.4 depicts the fluctuations of field-measured Secchi disk depths at central
positions of Dahuchi and Sixiahu from 1 April (Julian day 92 respectively 91) to 31
October (Julian day 305 respectively 304) in 2004 and 2005. Generally, Secchi disk
depth was low (several centimetres) in winter and early spring, increased in late
spring, maintained higher values (up to 3 metres) in summer, and declined in autumn.
These seasonal trends appear to be regular, turbid water between October and May
of next year, and transparent water from June till September.
3.0
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Figure 2.4. Secchi disk depth (SDD) recorded in Dahuchi (
(
) in 2004 (A) and 2005 (B).

) and Sixiahu

Figure 2.5 shows the relation between individual visible bands of MODIS and Landsat
TM and the natural logarithm of Secchi disk depth (ln(SDD)). All bands correlate
negatively with ln(SDD). The red and green bands had better correlations with ln(SDD)
than the blue band. The variance of ln(SDD) was best explained by the red band for

14

MODIS images and the green band in case of the Landsat TM images.
Table 2.2 lists the best fitting multiple regression models describing the relation
between the natural logarithm of Secchi disk depth and MODIS and Landsat TM bands.
The forward selection procedure included in both cases the red and blue bands in the
model. The red band had a negative sign for both MODIS and Landsat TM. The blue
band had a negative sign in case of Landsat TM but was positively related in case of
MODIS. The two models explained 88% and 83% of the variation of the natural
logarithm of Secchi disk depth with estimated standard error (s.e.) of 0.37 and 0.20 m
respectively. F-tests showed that the two regression models both were statistically
significant at P = 0.001. The multiple correlation coefficients derived from the two
models, RMODIS = 0.94 and RTM = 0.91, were not significantly different (z-test for two
correlation coefficients, z = 0.11, P = 0.91). A variance ratio test revealed that the
MODIS-based model had a significantly higher variance than the Landsat TM-based
model (F = 3.42; d.f. = 70, 24; P < 0.002). Figure 2.6 describes the relation of the
natural logarithm of measured Secchi disk depth against the predicted one from the
best fitting models.
Table 2.2. Selected best fitting regression models between the natural logarithm
of Secchi disk depth (ln(SDD)) and the blue and red bands of moderate
resolution imaging spectroradiometer (MODIS) and Landsat thematic mapper
(TM) images (s.e.: standard error).
Image

Regression model
ln(SDD) = 0.474 + 15.240
MODIS
* blue – 21.130 * red
ln(SDD) = 1.133 – 10.533
Landsat TM
* blue – 13.805 * red

R2

s.e.

0.88

0.37

249.0

<0.001

71

0.83

0.20

60.51

<0.001

25

15

F

P

n
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Figure 2.5. Scatter plots and regressions describing the relation between the natural logarithm of Secchi disk depth
(ln(SDD)) and the reflectance of three visible bands of moderate resolution imaging spectroradiometer (MODIS) and
Landsat thematic mapper (TM).
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Figure 2.6. Scatter plots describing the natural logarithm of measured and
predicted Secchi disk depth for moderate resolution imaging spectroradiometer
(MODIS) (A) and Landsat thematic mapper (TM) (B).
We inverted the two selected best fitting regression models and applied them to four
pairs of MODIS and Landsat TM images with concurrent or close to concurrent
overpass dates. The resulting distribution maps of Secchi disk depth were shown in
Figure 2.7.
Figure 2.8 compares the Secchi disk depth of sampling points from both maps to
investigate how well the predictions by two satellite systems agreed. The selection
procedure of sampling points from original 59 ones using NDWI method resulted in
different sample sizes for the four pairs of MODIS and Landsat TM images. The
agreement of the predictions made by the MODIS and Landsat TM data differed
considerably between the four periods. The correlation (Figure 2.8), which was high
when both satellites overpassed on the same day (r = 0.94), declined significantly
(regression: F= 52.82; d.f. = 1, 2; P = 0.018) with increased time difference between
overpasses of the satellites (Figure 2.9).
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Figure 2.7. Comparisons of predicted Secchi disk depths from four pairs of moderate resolution imaging
spectroradiometer (MODIS) and Landsat thematic mapper (TM) images with concurrent or close to concurrent overpass
dates.
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Figure 2.8. Scatter plots revealing the agreement of Secchi disk depths (m)
predicted from Landsat thematic mapper (TM) and moderate resolution
imaging spectroradiometer (MODIS) images with concurrent or close to
concurrent overpass dates. Interrupted lines indicate 95% confidence intervals.
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Poyang Lake is in the humid sub-tropical zone. We summarized the quality of Landsat
TM images covering Poyang Lake national nature reserve from 2000 to 2005 (Figure
19

2.10) and found that the quality of 40% (55 scenes) of the total potential images (137
scenes) was good or moderate, 49% (67 scenes) poor and 11% (15 scenes) missing.
The yearly average number of images with good or moderate quality was nine.
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Figure 2.10. Statistics of the quality of Landsat thematic mapper (TM) image
over Poyang Lake national nature reserve (good: ; moderate: ; poor: ; no
data:
)
from
2000
to
2005
(Summarized
from
http://www.rsgs.ac.cn/english.html). The region between two vertical broken
lines indicates the time period from April to October.
2.4 Discussion
This study demonstrated that water clarity could be mapped reliably using time
series of Landsat TM and MODIS images. We reported that Landsat TM blue and red
bands explained 83% of the variance of the natural logarithm of Secchi disk depth.
This level of explained variance fits within the range of R2 values of 0.72 to 0.98
reported in previous studies on the relation between Landsat TM image and Secchi
disk depth or its natural logarithm and the estimated standard error is lower than the
reported values (See Figure 2.3). However, all of these investigators, except Lillesand
(2004), employed a single image, Secchi disk depth from one water body and with
maximum two-day time difference between Secchi disk measurement and satellite
overpass. Lillesand (2004) obtained an R2 of 0.85 when using multiple images with
concurring satellite overpass and Secchi disk depth recording. The R2 declined from
0.85 to 0.82 and 0.75 when enlarging the maximum time difference between satellite
overpass and Secchi disk depth recording from zero to three and seven days
respectively. The result reported in this study thus stands out very well when
considering that they were based on multiple (five) Landsat TM scenes which did not
concur with the dates of Secchi disk depth recording. Moreover, our results confirm
that reliable monitoring of Secchi disk depth is possible, not only for single date
images but also for time series of Landsat TM data.
The red band was negatively related to ln(SDD) both for MODIS and Landsat TM data.
The blue band was surprisingly related positively in case of MODIS and negatively for
the Landsat TM. Others have related ln(SDD) to the green band (Lathrop and Lillesand
1986) or ratio of the blue and red band (Lillesand 2004). The red band was the single
best predictor in our case. This could be the result of the fact that light attenuation in
our study area appears to be primarily determined by sediment, which is
resuspended between October and May at low water level due to wind action.
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ln(SDD) = a + b * (B/R)
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B/R
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0.85

-0.192

SDD = 8.01 * (B/G) – 8.27

0.85

SDD = (1.6 – 0.62) * R + 1.27 * R2 – 0.87 * R3 0.96

SDD = 0.74 – 0.05 * R + 1.80 * (B/R)

ln(SDD) = – 1.71 – 2.90 * ln(R)

0.98
0.91

0.72~
0.93
0.85
0.82
0.75
0.79

0.83
0.88

R2
s.e.

4

30

-

21

9
6

Many
lakes

Many
lakes

1
1

One
estuary
One
reservoir

1

-

1

Many
Many
Many
One

1

-

0.45 One lake

-

0.40

-

1.05
One lake
1.12

0.28~
0.34
50 0.33
20

5
22

Sampling Satellite
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n

Same Day
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-
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Max 3 days
Max 7 days
-

Max 1 days

Max 3 days
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Δ day

G/B = 0.687 * SDD
0.82
R/B = 0.443 * SDD-0.411
0.83
One lake
1
Lathrop (1992)
TM
Same day
G/B = 0.842 * SDD-0.202
0.94
-0.450
R/B = 0.654 * SDD
0.94
-: no data; ETM+: Landsat enhanced thematic mapper; MODIS: moderate resolution imaging spectroradiometer; s.e.: standard
error; and TM: Landsat thematic mapper
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TM

ln(SDD) = a* (B/R) + b * B + c

TM

Kloiber et al.
(2002a, 2002b)

Allee & Johnson
(1999)
Giardino et al.
(2001)

ln(SDD) = 1.133 – 10.533 * B – 13.805 * R
ln(SDD) = 0.474 + 15.240 * B – 21.130 * R

TM
MODIS

Wu et al.

ln(SDD) = – 8.38 – 6.00 * ln(G)
ln(SDD) = – 5.36 – 4.75 * ln(G)

Model

Sensor

Author(s)

Table 2.3. Description of our model and some published regression models relating Secchi disk depth (SDD) to satellite
image bands: B = blue, G = green, R = red and Δ day means the time lapse between satellite overpass and SDD recording.

We also reported that a combination of the red and blue MODIS bands explained 88%
of the variance of the natural logarithm of Secchi disk depth, while the red band alone
explained 85% of this variance. So far, few studies explored the relation between
MODIS and Secchi disk depth in freshwater lakes, apart from Lillesand (2004) who
reported that the blue over red band ratio of MODIS explained 79% of the variance of
Secchi disk depth in Green Bay, Lake Michigan and eleven other lakes. The limited
application of MODIS so far is probably related to the relatively large pixel size, which
makes it suitable only for relatively large lakes. Our best model had a pixel size of 500
m since it also used the blue band. The model using the red band alone could be an
alternative to be considered for somewhat smaller lakes, since its performance was
almost as good as the model including the red and blue bands.
In this study we also reported that the multiple correlation coefficients derived from
the models were not statistically significant different. It is tempting to use this statistic
to compare and draw conclusions on the performance of the MODIS- and Landsat TMbased model. We argue, however, that such comparison cannot be used to draw
conclusions on the performance of methods or sensors, because the results were
obtained from different data sets. In this study, for instance, the results reported for
Landsat TM was obtained using a dataset of five images while the MODIS analysis
included 22 images. The range of the dependent variable (Secchi disk depth) differed
between the two analyses; it was larger in case of MODIS (0.06 – 2.84 m) than Landsat
TM (0.32 – 2.16 m).
Using the variance ratio test is an interesting way to compare the standard errors of
the developed models based on MODIS and Landsat TM images. Similarly it does not
allow, however, inferring that Landsat TM is performing better than MODIS, because
the two regression models were obtained from two different data sets. The higher
variance of the MODIS-based model could thus be the result of having another
dataset, rather than pointing at a weaker performance of the MODIS.
Although the two models predicted Secchi disk depth well from MODIS and Landsat
TM images respectively, there is still room for improvement. While we used the COST
method, other methods for atmospheric correction of the Landsat TM images might
improve modelling. Additionally, only 25 and 71 sampling points were used for
developing Landsat TM- and MODIS-based model respectively. Increased sampling
size might result in more accurate and robust models.
An advantage of Landsat over MODIS is its 30 m pixel size, which allows detection of
water quality parameters over relatively smaller freshwater systems than the 250 m
pixel size of MODIS. An important benefit of using Landsat TM and MSS images to
assess water clarity is their ability of providing historical information, for Landsat data
have been collected regularly since the early 1970s. Although the Landsat TM satellite
has been successfully used for water clarity assessment, it also has limitations. First,
lakes with higher Secchi disk depth return less signal reflectance from the water
column to the Landsat TM sensor, thus, Secchi disk depth could not be well estimated
(Li and Li 2004). A second important constraint is its 16-day orbital repeat cycle which
limits the frequency of coverage over any given location. This frequency might be too
low for a rapidly changeable variable such as water transparency. This limitation
becomes even more significant over areas with frequent cloud cover (Lillesand 2004).
In our study area, we found that the yearly average number of Landsat TM images with
good or moderate quality over 2000 to 2005 was only nine. Landsat TM may thus not
be very suitable for monitoring short term trends in water clarity in frequently cloud
covered regions (Kloiber et al. 2002a). MODIS onboard the US NASA Terra and Aqua
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spacecraft platforms has several advantages over Landsat TM, such as its daily and
near-daily coverage (Lillesand 2004), its better spectral sensitivity (Li and Li 2004),
and its cost-free distribution. Its relatively low spatial resolution (250 m for red and IR
bands, and 500 m for blue and green bands) restricts its application to larger water
bodies.
On the basis of the comparison of Secchi disk depth predicted from Landsat TM and
MODIS data as well as a discussion of advantages and contras of both sensors,
considering the areas of lakes and the frequent cloud cover occurring within the
nature reserve, we concluded that MODIS is the better choice and could be
considered as a substitute for Landsat TM for mapping the tempo-spatial dynamics of
Secchi disk depth within Poyang Lake national nature reserve, China.
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CHAPTER 3
PERFORMANCE ANALYSIS OF LANDSAT TM BANDS FOR DREDGING SHIP
DETECTION IN TURBID WATER
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Abstract
The visible and near infrared bands of Landsat have limitation for detecting ships,
especially in turbid water. The potential of TM middle infrared bands for ship
detection has so far not been investigated. This study analyzed the performance of the
various Landsat TM bands for detecting dredging ships in the turbid water of the
northern Poyang Lake, China. A colour composite of principle components 3, 2 and 1
of TM image was used to visually identify 81 dredging ships. The reflectance ratio of
each ship and its adjacent water was calculated for every band. A z-score and related
p value were used to assess the ship detection performance of the six Landsat TM
bands. The reflectance ratio was related to water turbidity to analyze how water
turbidity affected the capability of ship identification. The results revealed that the TM
bands 1 to 4 showed limitation especially in turbid water, while bands 5 and 7 hold
great potential in ship detection. The significant correlations between reflectance
ratio and water turbidity in bands 1 to 4 could explain the limitations of bands 1 to 4;
while water turbidity has no significant impact on the reflectance of bands 5 and 7,
which could explain why the bands 5 and 7 provided stronger capacity compared
with bands 1 to 4 in ship detection.

Submitted as:
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Performance analysis of Landsat TM bands in dredging ship detection in turbid water. In
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3.1 Introduction
Dredging is an important economic activity with significant impacts on the
environment. The potential of remote sensing for monitoring dredging impact on
water turbidity has been long recognized. Dredging impacts are typically inferred
from the increased water turbidity patterns revealed by remote sensing images (e.g.,
Merry et al. 1988, Jorgensen and Edelvang 2000). Wu et al. (2007b), however, argued
that it remained difficult to infer dredging impacts from remotely sensed water
turbidity patterns alone, because the increased water turbidity could result from
natural variation. They suggested that the plausibility of inference of dredging impact
would be corroborated when the observed water turbidity patterns could be
associated to the presence of ships. Thus, ideally a remotely sensed dredging impact
assessment system would combine water turbidity assessment and ship detection.
Basically two remote sensing techniques have been employed for ship detection.
Firstly, the potential of optical remote sensing has been explored since the launch of
Landsat in the 1970s. McDonnel and Lewis (1978) demonstrated the possibility to
detect ships of 100 m length using Landsat MSS. Burgess (1993) applied Landsat
thematic mapper (TM) and SPOT data to identify smaller ships. McDonnel and Lewis
(1978) suggested that water turbidity might complicate and possibly inhibited ship
detection while decreasing the signal-to-noise ratios of the visible and near infrared
bands of Landsat MSS. In addition, optical remote sensing has a limited potential in
operational monitoring since it does not work at night and in the presence of clouds.
As a consequence, a second technique, Synthetic Aperture Radar (SAR) with capacity
to image day and night under most meteorological conditions (Winokur 2000), is the
state of the art technique for ship detection (Crisp 2004). For example, Liu et al.
(2003a) used ERS SAR to monitor illegal fishing ships, Tunaley (2004) employed
RADARSAT-2 SAR to detect ships, and Tello et al. (2006) applied spaceborne SAR to
assist authorities in monitoring ship traffic. However, Zhang et al. (2006a) reported
limitations of SAR in identifying smaller ships in inland waters.
Dredging impact assessment based on the association between ships and water
turbidity patterns requires the simultaneous monitoring of ships and water turbidity.
Simultaneity is necessary because both the location of ships and water turbidity
patterns might change rapidly. Which remote sensing system(s) would be the most
appropriate to achieve this simultaneous monitoring of ships and water turbidity?
Greidanus (2006) concluded that SAR was most suitable for ship detections. However,
SAR has no capability in water turbidity assessment due to its strong absorption by
water. Optical remote sensing has been employed successfully to map water turbidity
(e.g., Fraser 1998a, Gan et al. 2004, Vignolo et al. 2006). However, it is difficult to
combine SAR with optical remote sensing simultaneously, because the overpass time
of the platforms carrying these sensors is not synchronous. Simultaneity would be
achieved easily when deriving the information of ships and water turbidity from the
same sensor system. In this view, it is interesting to reconsider the capability of
traditional optical remote sensing systems for ship detection.
Landsat TM has two additional bands in the middle infrared, which are probably less
influenced by water turbidity. The potential of these middle infrared bands for ship
detection has so far not been investigated. This paper analyzes the performance of
the six Landsat TM bands and explores how the water turbidity influences their
performance for detecting dredging ships in the northern Poyang Lake, China.
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3.2 Materials and methods
3.2.1 Study area
Poyang Lake (Figure 3.1), the largest freshwater lake in China, is located between
115°47´-116°45´E, 28°22´-29°45´N at the southern bank of the Yangtze River. Intensive
sand dredging for construction purpose started around 2001 (Zhong and Chen 2005).
Recent reports (e.g., Zhong and Chen 2005, Fok and Pang 2006) suggest that dredging
has a negative impact on this ecosystem. Since 2003 hundreds of dredging ships have
been found between Hukou and Sand Hill in the northern Poyang Lake. Due to these
intensive dredging activities, the water turbidity in this region decreased from Secchi
disk depths of 1.5 m in the past to less than 0.5 m at present (Wu et al. 2007b).

Figure 3.1. Map showing Poyang Lake and the study area – the northern Poyang
Lake.
3.2.2 Landsat TM image
One Landsat TM image (path 121/row 40) of 30 July 2006 was obtained from the
Chinese Remote Sensing Satellite Ground Station. The cosine approximation model
(COST) described by Chavez (1988, 1996) and Chen et al. (2004) was applied to
atmospherically correct the image. Topographic maps of 1:50,000 were employed to
register the image to the Beijing 54/Gauss-Kruger projection using a first-order
polynomial and nearest neighbour approach. The root mean square error (RMSE) for
positional accuracy was within half a pixel. Land areas and small water bodies were
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removed using a binary mask created through visual interpretation of an
unsupervised classification of image. Only bands 1 to 5 and 7 with 30 m resolution
were used in this study.
3.2.3 Sampling

Figure 3.2. A: Colour composite of principal components 3, 2 and 1 of Landsat
TM image showing the location of selected ship ( ) in Ganjiang River and the
northern Poyang Lake; B: Sixteen water pixels ( ) around each selected ship
used to represent the adjacent water.
During field visit to Poyang Lake we noted that barges transporting sand passed by in
regular order, the one following the other with one to few hundred meters between
individual ships. In order to enhance the visibility of such eventual objects, we
subjected the water areas of the northern Poyang Lake and Ganjiang River to a
principal component analysis. A colour composite of components 3, 2 and 1 of part of
study area (Figure 3.2 A) reveals around 180 regular spaced linearly arranged
objects, which we believe to represent ships. We selected randomly 81 of these
objects, and used the brightest pixel of each object to represent one ship. Then we
selected sixteen pixels (Figure 3.2 B) around each selected ship to represent the
adjacent water while avoiding selection of other ships or land. Finally, the reflectance
rates of these ship and their adjacent water pixels were extracted from the image for
further analyses.
3.2.4 Secchi disk depth
Wu et al. (2007a) developed a regression model describing the relation between the
natural logarithm of Secchi disk depth and the blue and red bands of a time-series of
five Landsat TM images of 2004. The model explained 83% of the variance of the
natural logarithm of Secchi disk depth. We applied this model to calculate the Secchi
disk depth of water in the northern Poyang Lake and Ganjiang River.
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3.2.5 Statistical analysis
The potential of Landsat TM bands for ship detection is related to the contrast in
reflectance of the pixels with ships and their adjacent water. We used the reflectance
ratio of ship and its adjacent water as the variable to quantify this contrast.
The reflectance ratio of ship to its adjacent water was calculated using the reflectance
of ship and the average reflectance of its corresponding sixteen water pixels for each
band. Multivariate analysis of covariance (MANCOVA) was used to test for significant
differences in reflectance ratios among the six bands while considering water
turbidity (Secchi disk depth) as a covariate.
Following rejection of the null hypothesis of equal reflectance ratio for the various
bands, MANCOVA post-hoc Bonferroni t-test was used to test the significant mean
difference of reflectance ratios for all pairs of Landsat TM bands. Next, to each band,
we calculated the z-score of ratio mean from one. The z-score describes the
divergence of reflectance ratios from one. The magnitude of the z-score thus
expresses how well a band contrasts the ships from their surrounding water. The p
value derived from the z-score can be interpreted as the probability of not identifying
a ship when using a ratio greater than one as the classification rule. Therefore it was
used to assess the ship detection performance of the six Landsat TM bands.
We then returned to the MANCOVA to test for the homogeneity of slopes of the
regression between reflectance ratio and water turbidity. Following rejection of the
hypothesis of equal slope we performed t-test of the slope of regression to test
whether slope deviated from zero in order to analyze how water turbidity influenced
the performance of ship detection in each band. All statistical analyses were
performed in Statistica 6.0 or Microsoft Office Excel 2003.
3.3 Results
Table 3.1 describes the mean and standard deviation of the reflectance for 81
selected ships and their adjacent water pixels for the six Landsat TM bands. The
reflectance of water is low with low variability in the middle infrared bands 5 and 7,
while it is higher with relatively high standard errors in other bands, especially in the
visible bands. The difference in reflectance between the bands for pixels with ships is
less pronounced. The difference in reflectance between pixels with and without ship
increases from the visible towards the near and middle infrared bands.
Table 3.1. Statistics describing the means and standard deviations of the
reflectance (%) of ships and their adjacent waters for the six Landsat TM bands
(n = 81).
Band
TM 1
TM 2
TM 3
TM 4
TM 5
TM 7

Water
Mean
0.0677
0.0869
0.0920
0.0460
0.0264
0.0249

Ship
s.d.
0.0140
0.0197
0.0308
0.0199
0.0099
0.0081

Mean
0.0721
0.0930
0.1110
0.0877
0.0920
0.0796

s.d.
0.0133
0.0185
0.0263
0.0263
0.0255
0.0199

The ships we studied did not occupy a whole pixel; such pixels as a consequence are
mixtures of signals from ships and water. Significant linear relationships between

30

ships and their adjacent water (Figure 3.3) were observed for bands 1 (R2 = 0.90), 2
(R2 = 0.89), 3 (R2 = 0.89), 4 (R2 = 0.53), 5 (R2 = 0.26) and 7 (R2 = 0.26) at a significant
level of 0.001.
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Figure 3.3. Scatter plots describing the reflectance correlations between ship
and water for the six Landsat TM bands (n = 81).
The results in Table 3.1 thus suggest that the contrasts between ships and their
adjacent waters differ for the various bands. The MANCOVA results in Table 3.2
reveal that the reflectance ratio of pixels with and without ships is significantly related
to the TM bands, the Secchi disk depth of the waters and the interaction between
these two variables.
Figure 3.4 shows the histograms and derived normal frequency distributions of the
reflectance ratios of pixels with and without ship for the six TM bands. MANCOVA
post-hoc Bonferroni corrected t-tests reveal that the means of these ratios differ
significantly at α = 0.01 for all pairs of bands apart from the combinations of visible
bands 1, 2 and 3.
Table 3.2. MANCOVA table describing the relation of Landsat TM band, Secchi
disk depth (SDD) and the interaction between these two with the reflectance
ratio of pixels with and without ship.
Term
TM Band
SDD
Interaction

d.f.
5
1
5

F
119.076
7.751
12.800

P
<0.01
<0.01
<0.01

A reflectance ratio of one indicates lack of contrast between pixels with and without
ships. The results in Figure 3.4 reveal that the frequency distribution of reflectance
ratios for bands 1 to 3 almost centres on one; while that a ratio of one is located in the
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tails of the frequency distributions for bands 5 and 7 by contrast. The z-scores in Table
3.3 confirm the results in Figure 3.4. The p values reveal that the ratios below one
occur frequently in the visible and near infrared bands 1 to 4, and that the middle
infrared bands 5 and 7 by contrast have extremely low probabilities of ratios below
one. These results indicate that the middle infrared bands discriminate ships better
than the visible and near infrared bands.
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Figure 3.4. Histograms and normal frequency distributions of the reflectance
ratios of pixels with and without ship for the six TM bands (n = 81).
The results of MANCOVA test for homogeneity of slopes in Table 3.4 reveal a general
slope of 0.2625 for the relation between reflectance ratio and water turbidity. This
slope holds for band 7. The slopes of bands 1 to 3 do not significantly differ from this
general slope. Bands 4 and 5, however, have significantly higher and lower slope
respectively.
Table 3.3. Statistics describing reflectance ratios of ships and adjacent waters
for the six Landsat TM bands (n = 81).
Band
TM 1
TM 2
TM 3
TM 4
TM 5
TM 7

Mean
1.0722
1.0797
1.2573
2.0792
3.6147
3.3010

s.d.
0.0720
0.0889
0.2035
0.6071
0.8772
0.7304

z-score
-1.0028
-0.8965
-1.2644
-1.7776
-2.9807
-3.1503

P
0.1587
0.1841
0.1038
0.0375
0.0014
0.0008

Figure 3.5 displays positive relation between reflectance ratio and water turbidity in
bands 1 to 4, and negative one in bands 5 and 7. The results of null hypothesis in
Table 3.4 reveal that the relation is significant in bands 1 to 4, but not significant in
bands 5 and 7. These results indicate that the performance of ship detection for bands
1 to 4 is significantly influenced by water turbidity, but not for bands 5 and 7.
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Table 3.4. MANCOVA coefficients for Landsat TM band, Secchi disk depth (SDD)
and their interaction term.
Variable
Intercept
TM 1
TM 2
TM 3
TM 4
TM 5
SDD
TM 1*SDD
TM 2*SDD
TM 3*SDD
TM 4*SDD
TM 5*SDD

Coefficient
1.9376
-0.9244
-0.9488
-0.9994
-0.6869
1.9498
0.2625
-0.1432
-0.0786
0.3830
1.4140
-0.8143

s.e.
0.0519
0.1160
0.1160
0.1160
0.1160
0.1160
0.0943
0.2109
0.2109
0.2109
0.2109
0.2109

t
37.3419
-7.9673
-8.1776
-8.6132
-5.9201
16.8044
2.7841
-0.6792
-0.3826
1.8164
6.7057
-3.8618

P
<0.0005
<0.0005
<0.0005
<0.0005
<0.0005
<0.0005
<0.01
0.4973
0.7096
0.0699
<0.0005
<0.0005

Table 3.5. Statistics describing two sided t-tests for the slope of the regression
between reflectance ratio and water turbidity (Secchi disk depth) for the six
Landsat TM bands (H0: β = 0, n = 81).
Band
TM 1
TM 2
TM 3
TM 4
TM 5
TM 7

slope
0.1193
0.1840
0.6456
1.6765
-0.5518
-0.4984

s.e.
0.0305
0.0354
0.0597
0.2077
0.4006
0.3328

t
3.9170
5.1908
10.8098
8.0734
-1.3774
-1.4973

P
<0.0005
<0.0005
<0.0005
<0.0005
0.1723
0.1383
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Figure 3.5. Relation of the reflectance ratio of ship and the adjacent water
against water turbidity (Secchi disk depth) for the six Landsat TM bands (n = 81).
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We used one reflectance ratio threshold of 1.5 to automatically identify ships from
bands 5 and 7 of Landsat TM image. One small region with high ship density in our
study area is displayed in Figure 3.6. From this figure highly consistent results are
observed through the comparison of ship information from the colour composite of
principal components 3, 2 and 1, bands 5 and 7 of Landsat TM image.

Figure 3.6. Comparison of ship information from the colour composite (A) of
principal components 3, 2 and 1, bands 5 (B) and 7 (C) of Landsat TM image.
3.4 Discussion
In this study, we have shown that the middle infrared bands 5 and 7 of Landsat TM
effectively discriminated dredging ships from the surrounding water, while the visible
and near infrared bands 1 to 4 poorly discriminated the ships. These results differ
from those of Burgess (1993) who concluded that Landsat TM red (band 3) and near
infrared (band 4) bands were the most useful for ship detection in marine clear water
environments. To our knowledge, this is the first evidence that the Landsat TM middle
infrared bands hold potential for ship detection in turbid water.
Why do the middle infrared bands discriminate ships from turbid water, while the
visible and near infrared bands are not effective? It is well known that the reflectance
of water, irrespective of turbidity, is extremely low in the middle infrared bands 5 and
7, since these bands are located close to the strong water absorption peaks at
approximately 1.4 and 1.9 um (Richards and Jia 2006). Turbid water, however, has
higher reflectance in the visible and near infrared bands compared with middle
infrared bands due to multiple scattering of radiation by suspended silt (Gupta 2003).
We observed that the ships, which may or may not hold sands, have a much higher
reflectance in the middle infrared bands. The reflectance of dry or wet sand is high in
the middle infrared bands, and becomes low in the near infrared bands, even
approaching that of turbid water (Sabins 1997). This results in a lower reflectance ratio
for the visible and near infrared bands of the spectrum, but higher reflectance ratio
for the middle infrared bands.
Our results revealed that water turbidity influenced the detectability of ship in the
visible and near infrared bands, but not in the middle infrared bands. This
observation is consistent with the result of McDonnel and Lewis (1978) who argued
that the capacities of visible and infrared bands of Landsat MSS image in detecting
ships were limited by turbid water.
Strong positive relationships between water turbidity and Landsat TM visible or near
infrared band values have been reported by many studies (Lathrop and Lillesand
1986, Lathrop 1992, Zhao et al. 2003, e.g., Hellweger et al. 2004). We observed that the
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reflectance of ships was significantly and positively related to those of their adjacent
water in these bands (Figure 3.3). Thus we infer that the reflectance ratio between
ships and their adjacent waters would reduce with the increasing water turbidity. This
may explain why the potential of ship detection in the visible and near infrared bands
is influenced by water turbidity. Although there are significant relations between
ships and their adjacent waters in the middle infrared bands, these relations are really
weak. Most importantly, the middle infrared bands have no clear relations with water
turbidity due to strong absorption by water. Thus, water turbidity has no impact on the
performance of ship detection in the middle infrared bands of Landsat TM.
3.5 Conclusion
In this study, we analyzed the performance of the Landsat TM visible, near and middle
infrared bands for detecting dredging ships in the turbid water of the northern
Poyang Lake, China. The principal results obtained can be summarized as: the Landsat
TM visible and near infrared bands showed limitation especially in turbid water, while
the middle infrared bands hold great potential in ship detection; and that water
turbidity has no significant impact on the reflectance of the middle infrared bands
could explain why the middle infrared bands provided stronger capacity compared
with the visible and near infrared bands in ship detection.
SAR has been frequently and successfully applied to detect ships because it can be
applied day and night under most meteorological conditions. However, SAR does not
allow simultaneous ship detection and water turbidity assessment. Although Landsat
TM images are often hampered by cloud cover, it is possible to detect ships, even in
turbid waters. We thus recommend using the middle infrared bands of Landsat TM for
operational ship monitoring in turbid water.
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CHAPTER 4
CONCURRENT MONITORING OF VESSELS AND WATER TURBIDITY
ENHANCES STRENGTH OF EVIDENCE IN REMOTELY SENSED DREDGING
IMPACT ASSESSMENT
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Abstract
Remotely sensed assessment of dredging impacts on water turbidity is
straightforward when turbidity plumes show up in clear water. However, it is more
complicated in turbid waters as the spatial or temporal changes in turbidity might be
of natural origin. The plausibility of attributing turbidity patterns to dredging
activities would be greatly enhanced when demonstrating association between
dredging infrastructure and water turbidity. This study investigated the possibility to
strengthen inference of dredging impact while simultaneously monitoring vessels and
water turbidity in the northern Poyang Lake, China, where dredging was first
introduced in 2001 and rapidly extended onwards. Time-series of Landsat TM and
MODIS images of 2000-2005 were used to estimate the distribution and number of
vessels as well as water turbidity. MODIS images revealed a significant increase in
water turbidity from 2001 onwards. Landsat TM image analysis indicated a
simultaneous increase in the number of vessels. Regression analysis further showed a
highly significant positive relationship (R2 = 0.92) between water turbidity and vessel
number. Visual interpretation of ship locations led to the conclusion that clear
upstream waters developed turbidity plumes while passing the first cluster of vessels.
We concluded that dredging caused the increase in water turbidity, and
simultaneously monitoring the water turbidity and vessels enhanced the strength of
evidence in remotely sensed dredging impact assessments.

Published as:
Guofeng Wu, Jan de Leeuw, Andrew K. Skidmore, Herbert H. T. Prins, and Yaolin Liu.
Concurrent monitoring of vessels and water turbidity enhances the strength of evidence
in remotely sensed dredging impact assessment. Water Research, 2007. 41(15): 32713280.
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4.1 Introduction
Poyang Lake is the largest freshwater lake in China. Its high water quality makes it an
important international wetland, allowing its ecosystem to provide significant benefits
to society (Chen et al. 2006b). Intensive dredging and supplying this sand to the
Chinese construction industry started around 2001 (Zhong and Chen 2005). Recent
reports (Zhong and Chen 2005, Fok and Pang 2006) suggest that the dredging has had
negative impacts on the local ecosystem. Thus far, it remains unclear for the
responsible authorities how widespread the dredging is and how intensively it affects
the lake environment.
Dredging is an economic activity with pronounced environmental impacts
(Pennekamp et al. 1996). It stirs up sediment, releases solutes and thus alters the
physical, chemical and biological properties of the aquatic environment (e.g., Wildish
and Thomas 1985, Nayar et al. 2003, Hossain et al. 2004). Dredging also removes the
sediment and changes the topography of the bottom of the lake. These may negatively
affect the products and services delivered by aquatic ecosystems, including
submerged aquatic vegetation, fish, good-quality water, recreation and the potential
for nature conservation.
Awareness about the side effects of dredging resulted in a demand to monitor its
impacts. Dredging increases water turbidity. Therefore, turbidity is one of the general
predictors used to assess the impact of dredging (e.g., Lewis et al. 2001, Spencer et al.
2006). Traditionally, in situ measurements are used to assess dredging impact by
detecting the spatial patterns and comparing the states before and during or after the
dredging operation of water turbidity (e.g., Bonvicini Pagliai et al. 1985, Munawar et al.
1989). However, this method is costly when it is required to assess the spatial or
temporal extent of impacts.
Remote sensing offers a possibility to assess the dredging impact on water turbidity
over spatial or temporal scales. However, such impacts cannot be detected directly
but are inferred from remotely sensed turbidity patterns (e.g., Merry et al. 1988).
Jorgensen and Edelvang (2000), for example, used CASI data to estimate suspended
matter concentration in a dredging-related sediment plume. Sipelgas et al. (2006)
mentioned that near-real-time moderate resolution imaging spectroradiometer
(MODIS) was appropriate for monitoring suspended particulate matter distributions
whilst dredging in the Paldiski South Harbour.
Indeed, it is easy to infer dredging from remotely sensed turbidity patterns when a
plume of turbid water appears in a clear water environment, because the plume
describes the impacted area while the tip localizes the dredging vessel. However, in
turbid waters, it is much more difficult to assess the impact of dredging, as sediment
plumes (if detectable) are not as easily recognizable as in clear water. Moreover,
highly turbid waters do not necessarily imply dredging impacts, because the high
turbidity could reflect natural variability as well.
Thus, it would be a challenge to improve the ability to discern dredging impacts in
waters with high and variable turbidity. Osenberg et al. (1994) exploring techniques
to assess environmental impacts from field assessments, remarked that it was
challenging to isolate effect from the noise introduced by natural variability in a
system. Schmitt et al. (1996) argued that it was difficult to demonstrate the effects of
environmental impacts with traditional scientific approaches, which rely solely on
experiments with replicated treatments. In order to overcome these problems, an
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alternative before-after (BA) design approach that compares the states of the
environment before and after an impact, or before-after control-impact (BACI) design,
comparing control and impact sites, was used. So far, such study designs have, to our
knowledge, not been employed to infer the dredging impacts from remote sensing
images.
Dredging impact assessment may be difficult when using remote sensing-based
water turbidity products alone, because the evidence of increased turbidity does not
necessarily imply that it was caused by dredging. The presence of dredging vessels
forms an additional piece of evidence, and thus may enhance the strength of the
argument that remotely sensed patterns of increased water turbidity are attributable
to dredging activities.
Information on vessel location typically is obtained from in situ observations. However,
vessels may also be detected by remote sensing. Traditional dredging typically
involves a cluster of vessels, including at least one dredging platform and several
barges used for transporting the sand or dredge spills. We are not aware of the
applications where remote sensing has been used specifically to map dredging
vessels, but several techniques have been explored for ship detection. Mediumresolution optical satellite imagery has been used to localize vessels. For example,
McDonnel and Lewis (1978) demonstrated the possibility to detect vessels of
approximately 100 m length from Landsat MSS imagery (75 m spatial resolution), and
Burgess (1993) used Landsat TM (30 m spatial resolution) and SPOT (20 m spatial
resolution) to identify vessels of smaller sizes. These applications mainly focussed on
marine clear water. However, McDonnel and Lewis (1978) suggested that high water
turbidity complicated and possibly inhibited ship detection. In addition, radar has
been successfully applied to identify and localize vessels (e.g., Van Genderen et al.
1998, Greidanus et al. 2004, Tunaley 2004) by virtue of its ability to image day and
night under most meteorological conditions (Winokur 2000).
This paper investigates the possibility to corroborate the strength of inferring
dredging impact on water turbidity, while simultaneously monitoring the number and
distribution of vessels and water turbidity using time-series Landsat TM and MODIS
images in the northern Poyang Lake.
4.2 Materials and methods
4.2.1 Study area
Poyang Lake (115°47´-116°45´E, 28°22´-29°45´N) is located on the southern bank of
the Yangtze River (Figure 4.1). Its size fluctuates from less than 1000 km2 in the dry
season to approximately 4000 km2 in the flood season. The lake receives water from
five rivers (Raohe, Xinjiang, Fuhe, Ganjiang and Xiushui) and drains into the Yangtze
through a channel in the north.
Poyang Lake is an important international wetland, and delivers significant
environmental services such as floodwater storage. The lake has a rich biodiversity,
with 102 species of aquatic plants and 122 species of fish (Chen et al. 2006b). It is one
of the biggest bird conservation areas in the world, hosting millions of birds from
over 300 species. The lake is particularly important to the conservation of the
endangered Siberian crane (Li et al. 2005), as more than 95% of its world population
congregate here during the winter (Wu and Ji 2002).
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Figure 4.1. Map showing Poyang Lake and the study area – the northern Poyang
Lake.
4.2.2 Dredging activities in the northern Poyang Lake

Figure 4.2. Clusters of dredging platforms and barges in the northern Poyang
Lake (Data source: http://www.cjstbc.com/caisha/index.asp, accessed 16
October 2006).
Zhong and Chen (2005) attributed the intensification of dredging in Poyang Lake to a
combination of factors. Firstly, dredging moved into Poyang Lake after it was banned
from the Yangtze in 2001. Secondly, dredging further increased due to the rapidly
rising demand for sand in order to support construction in the lower Yangtze River
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economic zone. Finally, benefits to the local economy are likely to have persuaded the
local government to allow and possibly promote dredging in this lake. Nowadays,
hundreds of vessels (Figure 4.2) are found between Hukou and Sand Hill in the
northern Poyang Lake.
4.2.3 MODIS images
Time-series of good-quality MODIS products (MOD09GQK or MYD09GQK and
MOD09GHK or MYD09GHK) from June to October of 2000-2005 were downloaded
from NASA’s EOS data gateway (http://edcimswww.cr.usgs.gov/pub/imswelcome,
accessed 16 October 2006). Images were projected into the WGS 84/UTM zone 50N
using nearest-neighbour resampling in order to preserve the original reflectance
values. A sub-image of the study area was cut from the larger original. Next, bands 3
and 4 were resampled from 500 to 250 m using nearest-neighbour resampling and
bands 1-4 were stacked into one image. Finally, land areas and small water bodies
were removed using a binary mask created through visual interpretation of the
unsupervised classification of the MODIS image of 4 October 2004.
4.2.4 Landsat images
Seven good-quality Landsat TM scenes (path 121/row 40) of 2 September 2001, 20
August 2002, 23 August 2003, 9 August 2004, 28 October 2004, 12 August 2005 and 31
October 2005 were obtained from the Chinese Remote Sensing Satellite Ground
Station. Atmospheric correction was carried out according to the cosine
approximation model (COST) described by Chavez (1988, 1996) and Chen et al.
(2004). Topographic maps of 1:50,000 were used to register the atmospherically
corrected image to the Beijing 54/Gauss-Kruger projection using a first-order
polynomial and the nearest neighbour approach. The root mean square error (RMSE)
for positional accuracy was within half a pixel. The projected image was re-projected
to the WGS 84/UTM zone 50N in order to remain consistent with the projection of
MODIS images. The sub-image covering the study area was cut from the re-projected
image. Considering the difference in water levels between summer and autumn, two
mask layers created through visual interpretation of unsupervised classification of two
TM images (captured on 23 August 2003 and 28 October 2004) were used to remove
land areas and small water bodies. In addition, one Landsat ETM+ image taken on 23
September 2000 covering the study area was downloaded from the Earth Science
Data Interface (http://glcfapp.umiacs.umd.edu/index.shtml, accessed 16 October
2006).
4.2.5 Predicting Secchi disk depth using MODIS images
Wu et al. (2007a) developed a regression model describing the relationship between
the natural logarithm of Secchi disk depth and the MODIS red and blue bands. This
model explained 88% of the variance of the logarithm of Secchi disk depth. We
inverted this model to predict Secchi disk depth from MODIS images from June to
October of 2000-2005. We then used the MODIS image of 24 July 2001 to create one
region (Figure 4.3) covering the main channel, and obtained all the Secchi disk
depth values within this region from the developed maps. For each image, these
values were averaged to obtain an average Secchi disk depth estimate for the
northern Poyang Lake.
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Figure 4.3. MODIS image (24 July 2001) showing
the region selected for calculating average Secchi
disk depth in the northern Poyang Lake.

4.2.6 Detecting Secchi disk depth and vessels using Landsat TM images
Wu et al. (2007a) developed a regression model describing the relation between the
natural logarithm of Secchi disk depth and the Landsat TM blue and red bands. This
model explained 83% of the variance of the natural logarithm of Secchi disk depth.
We applied this model to the seven aforementioned pre-processed Landsat TM
images in order to produce maps describing the spatial variation of Secchi disk depth.
During a field visit to Poyang Lake, we noted that barges transporting the sand passed
by in regular order (i.e. one following the other, separated by a distance of one to a
few hundred metres). Vessels were easily recognizable in Landsat TM imagery, as they
manifested themselves as a sequence of linearly arranged dots. While exploring six
Landsat TM bands, we noted that the barges were well discriminated by band 7, a
short wave infrared band (2.08 - 2.35 um) with strong water absorption and strong
reflectance of soil and rock (http://web.pdx.edu/~emch/ip1/bandcombinations.html,
accessed 16 October 2006). The following processes were used to detect and count
vessels from each Landsat TM image. We used unsupervised classification to classify
band 7 into ten classes. A visually established threshold was used to discriminate
platforms and barges from water. The resulting binary image was transformed into
polygons with vector format, and the number of polygons was considered to
represent the number of vessels.
4.2.7 Analyzing concurrence of change in water turbidity and number of vessels
An increase in water turbidity does not necessarily imply dredging, because it could
be caused by other factors such as wave, wind or rainfall. Dredging would become a
much more likely cause when the increase in water turbidity would concur with the
increase in the number of vessels. To investigate this we used regression analysis to
test the relationship between the number of vessels estimated from the Landsat TM
images and the seasonal average of Secchi disk depth within the selected region from
2000 to 2005.
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Figure 4.4. Maps showing Secchi disk depth predicted from MODIS imagery from June to October in 2000, prior to
the arrival of dredging, and from 2001 to 2005 when dredging activities intensified.

4.3 Results
The time-series maps in Figure 4.4 derived from MODIS images show a declining
trend of Secchi disk depth in the period between June and October from 2000 to 2005.
Secchi disk depth fluctuated between 0.5 and 1.5 m in 2000. In 2001 and 2002, the
average value declined below 1 m, while during 2003-2005, it dropped below 0.5 m.
Figure 4.5 displays the variation of Secchi disk depth in the northern Poyang Lake
from 2000 to 2005. The following regression model explained 56% of the variation of
Secchi disk depth:

SDD = 1.7/(1 + e−0.9098+ 0.0014*D )
where SDD represents Secchi disk depth and D the day number since 1 January 2000.
The slope of this regression equation differs significantly from zero (b = 0.0014, s.e. =
0.00029, d.f. = 29, t = 4.79, P < 0.001). Hence we rejected the null hypothesis which
states that there is no change, and accepted the alternative, namely a significant
decline in Secchi disk depth.
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The maps in Figure 4.6 depict the spatial and temporal variation of Secchi disk depth
and dredging infrastructure derived from Landsat TM images from 2001 to 2005.
Comparing these maps, we noted that the distribution of vessels was restricted to the
main channel from Ganjiang River to Hukou in the first two years (2001-245 and 2002232), while from 2003 onwards (2003-235, 2004-222 and 2005-224) vessels were also
concentrated in the region north of Sand Hill. A seasonal pattern of vessel distribution
becomes apparent when comparing the maps in summer (2004-222 and 2005-224)
with those in autumn (2004-302 and 2005-304). The maps show that dredging was
restricted to the deeper main channel of the northern Poyang Lake in autumn,
presumably because low water prohibited dredging in the shallow waters north of
Sand Hill. The maps from 2001 to 2005 confirm the aforementioned increasing trend in
water turbidity, by virtue of the MODIS images. Finally, the maps also show that
dredging occurred in the lower part of Ganjiang. The discharge of sediment from here
undoubtedly contributed to water turbidity in the northern Poyang Lake.
Figure 4.7 displays two more detailed pictures of the distribution of water turbidity
and vessels in the lower Ganjiang and the area north of Sand Hill in the summer of
2003 and 2004. Poyang Lake drained into the Yangtze during these two dates, and the
flow of water was from the southeast to the northwest. The figure revealed that the
clear waters flowing from the southeast developed turbid plumes when passing the
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first cluster of vessels in the region north of Sand Hill.

Figure 4.6. Time-series maps showing the distribution of Secchi disk depth and
vessels during summer and autumn from 2001 to 2005 in the northern Poyang
Lake and Ganjiang.

Figure 4.7. Maps showing the association between water turbidity and
distribution of dredging vessels in the region north of Sand Hill.
Figure 4.8 shows the number of vessels estimated from Landsat TM images in the
northern Poyang Lake and Ganjiang. From the Landsat ETM+ image of 23 September
2000, very few vessels were detected. The vessel number grew to about 140 in 2001,
and it reached about 230, 430 and 450 in 2002, 2003 and 2004, respectively. About 380
vessels were estimated in 2005, a little less than that in 2004.
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The regression (Figure 4.9) between the average annual Secchi disk depth estimated
from MODIS images and the number of vessels derived from Landsat TM images was
highly significant (R2 = 0.92, F (1, 4) = 60.38, P < 0.005).
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Figure 4.9. Relation between the
average annual Secchi disk depth
and number of vessels for six
consecutive years (2000 to 2005),
including 95% confidence interval
with dashed lines.
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The Landsat TM image of 15 December 2004 taken at low water level (Figure 4.10)
shows the dented main channels in Ganjiang and the region north of Sand Hill. We
note that the distribution of these irregular patterns coincided with the location of the
cluster of dredging vessels displayed in Figure 4.7.
4.4 Discussion
In this study, the results based on time-series of MODIS images indicated a significant
increase in water turbidity of the northern Poyang Lake. Remote sensing has
frequently been employed to map dredging-related water turbidity patterns (e.g.,
Merry et al. 1988, Jorgensen and Edelvang 2000, Sipelgas et al. 2006). Thus far, it has
rarely been applied to monitoring dredging-induced change in water turbidity in
inland waters over long time spans. Our results indicated that multi-temporal MODIS
data offer potential for operational monitoring of change in turbidity of inland waters.
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Figure 4.10. Landsat TM image of 15 December 2004 showing irregular dented
pattern in the main channels (illustrated by black arrows) of Ganjiang River and
the region north of Sand Hill. Note that the black areas represent open water.
Secchi disk depth prediction based on the visible part of the spectrum revealed the
changed water turbidity, but did not reveal its cause. Therefore, how can we ascertain
whether dredging rather than other processes caused the increase in turbidity?
Arguments for this rely on the remotely sensed detection of vessels, for which Landsat
TM band 7 was used. Wu et al. (Chapter 2) concluded that the middle infrared bands 5
and 7 of Landsat TM better discriminated vessels from their surrounding waters than
the visible and near infrared bands.
Did the procedures used in this study reliably count the number of vessels? While
counting the number of vessels, we assumed that every vessel would be reflected by
at least one distinct pixel. This assumption would be no longer tenable when vessels
were too small to be detected by Landsat TM. The length and width of barges are in
the order of 30 and 10 m and above, and the size of dredging platforms is around 60
by 20 m (estimated by Jan de Leeuw during a field visit in July 2006 and corroborated
by local people). We consider it unlikely to miss vessels due to their size, because
McDonnel and Lewis (1978) reported good detection of ships having a width with
one-third of the size of an MSS pixel. A more likely occurrence is the underestimation
of the number of vessels, which might occur when vessels were close to each other
and they could not be separated as individual objects. We consider it likely that the
vessel count reported in this study underestimated rather than overestimated the true
number of vessels.
What arguments did the results offer to support the claim that water turbidity
increased because of dredging? We firstly reported that the increase in number of
vessels coincided with and was significantly related to the increase in water turbidity.
A strong and significant relation does however not prove causation. The negative
relation between number of vessels and water turbidity could be the result of boats
whirling up sediment in shallow waters. Such ship-related resuspension would
particularly occur in shallow lakes, like Poyang. Figure 4.7 reveals lines of vessels
moving through turbid water. These follow the deeper central channel of Poyang Lake
and Ganjiang, and most likely represent vessels loaded with cargo. Another line of
vessels passes through clear water above shallower part of the lake. If ship-related
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resuspension played a role, we would expect increased water turbidity in the
shallower part of the lake. Such effect is, however, not apparent in Figure 4.7. We
therefore conclude that vessel related resuspension does not explain the increased
turbidity in the northern Poyang Lake.
Rejecting the significant relation between number of dredging-related vessels and
water turbidity as evidence of dredging impact rises the question of whether other
reasons could explain the strong increase in the number of vessels revealed by the
Landsat TM images. It is, in this context, remarkable that the vessels did not travel
further to the south than Sand Hill and the lower part of Ganjiang, which appear to be
their final destinations. There is no reason apart from dredging as to why vessels
would commute to and from these places. We identified this pattern in all images and
therefore argue that the recorded increase in the number of vessels corresponds to
platforms and barges associated with dredging activities, rather than boats travelling
to and from ports along Poyang Lake and its tributaries.
One argument indicating the presence of dredging was the fact that the areas where
vessels clustered during high water coincided with the areas where scars were visible
in the sediments exposed during low water. Such scars do not naturally occur, and
dredging is the only process that logically explains their presence. As such, these
scars provide convincing proof of dredging occurring north of Sand Hill and in
Ganjiang. However, dredge scars can only be detected in lakes where sediments are
occasionally dry.
Another argument was the observation that clear waters upstream turned turbid when
passing the first cluster of ships. This observation provided the most direct and
convincing argument that the recorded vessels cause changes in water turbidity. This
technique, which contrary to dredge scar detection can be used in wider range of
environments, relies on the concurrent mapping of vessels and water turbidity.
Together, observations on the spatial and temporal association of vessels with
turbidity corroborate the statement that dredging caused an increase in water
turbidity. The evidence extracted from the MODIS and Landsat TM images thus
complement and confirm each other. MODIS images provided more detailed
information on water turbidity, and reported the increasing trend after 2000, while
Landsat TM images revealed information on vessels and more details on the
association between these and water turbidity. Together, these two remote sensing
platforms strengthened the argument that the increased water turbidity resulted from
dredging. When taken alone, Landsat and MODIS images would not have yielded such
results, because MODIS imagery does not allow for the detection of vessels due to its
low spatial resolution, whereas Landsat TM cannot regularly monitor water turbidity
due to frequent cloud cover in this region (Wu et al. 2007a).
The argument in favour of dredging impact was based on the detection of vessels.
Why use Landsat TM imagery when SAR is the state-of-the-art technique in vessel
detection? SAR has the virtue of being able to be applied day and night under all
meteorological conditions. However, in the case of dredging impact monitoring, one
may wish to use synchronic information on vessel location and water turbidity. A
single Landsat TM scene offers the possibility to map vessels and water turbidity
concurrently. This would be much harder to realize when combining SAR and optical
remote sensing from two separate platforms, because the location of ships and water
turbidity patterns might change rapidly, and it is not easy to obtain simultaneously
captured SAR and Landsat TM images. Landsat TM imagery has the possibility to
concurrently monitor vessels and water turbidity, and it is for this reason that we
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advocate the use of Landsat TM images for dredging impact assessment.
Many studies (Lubke et al. 1984, Nayar et al. 2003, e.g., Hossain et al. 2004, Zhong and
Chen 2005, Spencer et al. 2006) have reported the impacts of dredging on aquatic
ecosystems, including the effects of increased water turbidity, for instance, on aquatic
plants and animals, and also noise, pollution, etc. Poyang Lake is an important base of
aquatic products. Zhong and Chen (2005) expressed that the noise, oil pollution,
turbidity and decreased habitat caused by dredging could seriously affect the
propagation, growth and subsistence of fish in the lake. Poyang Lake is also one
significant habitat of several rare animal species, such as the Baiji, the Chinese
sturgeon, the White sturgeon and the Yangtze finless porpoise. Fok and Pang (2006)
reported that the populations of the Yangtze finless porpoise and Baiji have rapidly
decreased with the rapid growth of fisheries boating, traffic and dredging activities in
Poyang Lake.
Poyang Lake is reputed as the most important habitat of wintering waterfowl in East
Asia. More than 95% of total Siberian crane population winter here, and their main
food are the tubers of the submerged aquatic vegetation species, Vallisneria spiralis L.
(Wu and Ji 2002). The increased water turbidity may decrease the available light for
photosynthesis of V. spiralis, and consequently cause a decrease or disappearance of
the food source of Siberian cranes.
In addition, the dredging activities close to Poyang Lake national nature reserve,
which was established in 1988 to conserve the Siberian cranes (Wu and Ji 2002),
resulted in partial collapse of the banks of Ganjiang (cited from Chinese newspaper),
which has grasslands important to grazing waterfowl. All these resultant
consequences could decrease the habitat of wintering Siberian cranes and other
waterfowl. We also found that the toothed main channels in Ganjiang and regions to
the north of Sand Hill (Figure 4.10), and their distribution are consistent with that of
intensive dredging vessels. Therefore, we conclude that dredging modified the
topography of the lake or river bottom, which provided us with another piece of
valuable evidence of the dredging impact on this lake.
4.5 Conclusion
In this study, we investigated the possibility to corroborate the strength of inferring
dredging impact on water turbidity while simultaneously monitoring the number and
distribution of vessels and water turbidity using time-series Landsat TM and MODIS
images. The principal results obtained can be summarized as follows:
(1) Time-series MODIS images revealed a significant increase in water turbidity from
2001 onwards.
(2) Time-series Landsat TM images described a simultaneous increase in the
number of vessels with increasing water turbidity.
(3) Regression showed a highly significant positive relation between the number of
vessels and water turbidity.
(4) We discussed the ship-related resuspension, final destinations of vessels and
coincidence of vessel clusters with irregular dented patterns of turbid plume
development when clear waters upstream passed the first vessel cluster; hence
we confirmed that dredging caused the increase in water turbidity.
(5) Simultaneously monitoring water turbidity and vessels enhances the strength of
evidence in remotely sensed dredging impact assessment.
We argue that there is reason for concern about the possible environmental impacts
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on the ecology of Poyang Lake given the experiences on dredging impacts from
abroad and recent concerns expressed in the Chinese media. So far, the nature and
magnitude of these ecological impacts remain unknown. We suggest that it would be
worthwhile to explore these possible impacts in order to develop scientific
knowledge to support the decisions that need to be made by the responsible
authorities, as they need to balance the pros and cons of dredging when deciding
how to rationally manage this unique lake ecosystem.
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CHAPTER 5
COMPARISON OF THREE EXTRAPOLATION AND INTERPOLATION
METHODS FOR PREDICTING DAILY PHOTOSYNTHETICALLY ACTIVE
RADIATION (PAR)
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Abstract
Photosynthetically active radiation (PAR) is an important factor determining the
growth and productivity of plants, and the accurate information of PAR is
indispensable for simulating the growth and productivity of plants. This study aimed
to compare three extrapolation and interpolation methods for predicting daily PAR
reaching the earth surface over the Poyang Lake national nature reserve, China. The
daily global solar radiation records at Nanchang meteorological station and daily
sunshine duration measurements at nine meteorological stations around Poyang Lake
were obtained for achieving the objective. Extrapolation methods of PAR derived from
measured and predicted global solar radiation at Nanchang station and three stations
(Yongxiu, Xingzi and Duchang) nearby the nature reserve were carried out,
respectively. Meanwhile, the triangulated irregular network (TIN) and inverse
distance weighted (IDW)-based interpolation method were implemented as well. The
validation result using the PAR measured at Dahuchi Conservation Station (n = 105)
revealed that: (1) the interpolation method achieved the best prediction of PAR (R2 =
0.89, s.e. = 1.02, F = 830.02, P < 0.001) in all tested methods; (2) the extrapolation
method from Nanchang station got moderate result (R2 = 0.88, s.e. = 1.07, F = 745.29, P
< 0.001); (3) the extrapolation method from Yongxiu station also produced acceptable
prediction (R2 = 0.87, s.e. = 1.14, F = 669.76, P < 0.001); however, (4) the extrapolation
methods from Xingzi and Duchang station were not suitable for this specific site for
their biased predictions. Considering the assumptions and principles supporting the
extrapolation and interpolation methods, we concluded that the interpolation method
produce more reliable result than the extrapolation methods and hold the greatest
potential in all tested methods to be applied over the whole nature reserve.
Submitted as:
Guofeng Wu, Jan de Leeuw, Andrew K. Skidmore, Yaolin Liu and Herbert H. T. Prins.
Comparison of three extrapolation and interpolation methods for predicting daily
photosynthetically active radiation (PAR) over the Poyang Lake national nature reserve,
China. In reviewing.
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5.1 Introduction
Photosynthetically active radiation (PAR) is an important factor determining the
growth and productivity of plants. It has been used frequently as an input variable in
models for simulating the growth and productivity of plants (Yang et al. 2004, Wilson
and Meyers 2007, e.g., Kobayashi and Iwabuchi 2008). Long-term and accurate
records of PAR are required to implement these models. Such records, however, are
not commonly available as PAR is not measured routinely.
In the absence of PAR record, a variety of methods have been explored to predict PAR.
One of the commonly used approaches is to derive PAR from global solar radiation at
sites with solar radiation records, while assuming that PAR is a fraction of global solar
radiation. According to Doorenbos and Pruitt (1984), Zhang and Qin (2002), Mottus et
al.(2001) and Moon (Cited by Zhang and Qin 2002), the proportion of PAR in global
solar radiation varied between 35 to 50% depending on weather and climatic
conditions. However, accurate records of global solar radiation reaching the earth
surface are only available for a few sites because the cost of required instruments or
maintenance and calibration of solar radiation sensors are high (Hunt et al. 1998).
Therefore, various physical, statistical or stochastic methods are employed to predict
global solar radiation at sites without radiation records.
Physical methods comprise radiative transfer models, and take the physical
interaction between solar radiation and atmosphere into account, such as Rayleigh
scattering, radiative absorption by ozone and water vapour, and aerosol extinction
(Wong and Chow 2001, Muneer et al. 2007). For their complexities, such methods are
difficult to use by non-experts (Tymvios et al. 2005). Statistical methods are based on
empirical relations between the transmittance of incident solar radiation and
meteorological variables (Liu and Scott 2001). They derive radiation from
meteorological variables including sunshine duration (Wong and Chow 2001,
Almorox and Hontoria 2004), cloud cover (Hunt et al. 1998, Muneer and Gul 2000),
temperature (Rivington et al. 2005, Paulescu et al. 2006), precipitation (Liu and Scott
2001, Rivington et al. 2005), air humidity (Yang and Koike 2002) or their combination
(El-Metwally 2004, Trnka et al. 2005). Some researchers (e.g. Rivington et al. 2005,
Trnka et al. 2005) obtained highest precision while using sunshine duration.
Stochastic methods (Cooter and Dhakhwa 1996, Hansen 1999) incorporate the aspects
of physical and statistical methods, and are more flexible in combining stochastic
processes such as cloud movement (Craggs et al. 1999). They could be helpful in
exploring possible or theoretical model scenarios over a long time period (Iziomon
and Mayer 2002), but cannot generate data matching the actual weather condition at
particular time period (Liu and Scott 2001).
Two methods are generally applied to predict the radiation at unobserved locations
from those at observed locations, such as meteorological stations. The extrapolation
method uses the recorded or calculated radiation at a nearby site as the value at a
unobserved site if the distance between the two sites falls below a certain value
(Suckling 1985, Hunt et al. 1998). When a network of meteorological stations is existent,
spatial interpolation methods, such as geometric interpolation and geostatistics, could
be applied. For example, Barr et al. (1996) used inverse-distance-squared weighting
(a geometric interpolation method) and Kriging (a geostatistics method) method to
predict solar radiation on the Canadian prairies, and Rehman and Ghori (2000) and
Tiba (2001) applied Kriging to derive spatial distribution of radiation in Saudi Arabia
and Brazilian Northeast.
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Increasingly, there is an interest to model productivity of aquatic ecosystems. The
availability of PAR or associated records is, however, even sparser in this environment.
Moreover, aquatic ecosystems might have weather conditions differing from those of
the surrounding terrestrial ecosystems. It remains questionable, therefore, whether
extra- or interpolation from nearby land-based climate stations results in accurate
prediction of PAR over lake environments.
This study aims to compare three extrapolation and interpolation methods for
predicting daily PAR over lakes from global solar radiation or sunshine duration
recorded at nearby meteorological stations.
5.2 Materials and methods
5.2.1 Study area

Figure 5.1. Locations of Poyang Lake, Poyang Lake national nature reserve,
Lake Dahuchi, Dahuchi Conservation Station ( ) where PAR was measured, and
nine meteorological stations ( ) around Poyang Lake. The triangulated
irregular network (TIN) of nine meteorological stations was used to predict
daily PAR over the nature reserve.
The research was carried out in Poyang Lake national nature reserve (Figure 5.1).
The reserve is located between 115º55′-116º03′E, 29º05′-29º 15′N in the
northwest of Poyang Lake, and generally it is a flat terrain with several hills of around
50 m high (Wu and Ji 2002). It was established in 1988 to conserve the Siberian cranes,
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and is one of the most important areas in the world for wintering waterfowl species,
including 95%, 60% and 50% of the world population of Siberian crane, White-naped
crane and Swan Goose, respectively (Wu and Ji 2002, Li et al. 2005).
5.2.2 Meteorological data
Daily global solar radiation is only recorded at Nanchang among the nine
meteorological stations around Poyang Lake (Figure 5.1). We obtained daily sunshine
duration from 2000-2006 at these stations. Meanwhile, daily global radiation at
Nanchang meteorological station for the same period was acquired.
In addition, PAR at the top of Dahuchi Conservation Station (Figure 5.1), which just
lies at the edge of Lake Dahuchi, was recorded with five minute interval from 6 July to
12 August and from 6 September to 10 November 2006 using a LI-190SA quantum
sensor and a LI-1400 data logger (http://www.licor.com) for validating the results
derived from the methods described below.
5.2.3 Extrapolation and interpolation methods
We predicted daily PAR over the nature reserve using the following three methods:
(1) Extrapolating from measured global solar radiation
The nature reserve is located around 55~75 km from the Nanchang meteorological
station, which is the closest station with global solar radiation records to the nature
reserve. Given this distance and the contrast between lake and urban environment,
we considered that the radiation record at Nanchang might not reflect the radiation
variation over the nature reserve. For validating this assumption, we supposed a
fraction of 45% of PAR in global solar radiation according to Doorenbos and Pruitt
(1984), Zhang and Qin (2002) and Moon (Cited by Zhang and Qin 2002), and used this
proportion to predict daily PAR from daily global solar radiation at Nanchang station
(Eq. 1). Then the predicted daily PAR was extrapolated to test its application potential
over the nature reserve.
PAR = R * 0.45

(1)

where PAR and R represent the daily PAR and global solar radiation on the earth
surface, respectively.
(2) Extrapolating from predicted global solar radiation
Three meteorological stations (Xingzi, Yongxiu and Duchang) are closer to the nature
reserve than Nanchang station (Figure 5.1). Solar radiation at these stations might
more reasonably reflect that over the nature reserve. However, radiation
measurements are lacking at these stations. Chen et al. (2006a) described a solar
radiation model (Eq. 2), which explained 92% of the variation of radiation using
sunshine duration at 86 meteorological stations in China.
R = Rext * (0.001 * Φ + 2.41 * 10 −5 * Η + 0.109 + 1.029 *

S
S 2
S 3
) + 0.787 * (
) ) (2)
− 1.216 * (
S ext
S ext
S ext

where S represents the daily sunshine duration on the earth surface, Φ and Η
represent the latitude and altitude of meteorological station, respectively, and Rext and
Sext are extra atmosphere global solar radiation and potential sunshine duration,
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which were calculated according to Wang (1999), considering the earth-sun distance,
solar declination and latitude. We first validated the model using sunshine duration
and solar radiation records from 2001 to 2006 at Nanchang station, and the result
revealed a highly significant relation between the predicted and measured radiations
(R2 = 0.92, F = 26959.28, n = 2191, P < 0.0001). The model was then applied to predict
daily global solar radiation from sunshine duration, and further calculated daily PAR
using Eq. 1 in the three stations. Finally the derived daily PAR at these meteorological
stations was extrapolated to the nature reserve, respectively.
(3) Interpolating from predicted global solar radiations
Spatial interpolation derives spatially continuous prediction of meteorological data
from spatially discrete locations within a network of meteorological stations (Dobesch
et al. 2007), We thus explored whether this method could provide more accurate result
compared with the extrapolation methods. We first predicted the daily global solar
radiations and PARs at the meteorological station using Eq. 2 and 1, respectively. Then,
a triangulated irregular network (TIN) (Longley et al. 2001) with nine meteorological
stations as TIN nodes was created, and TIN-based inverse distance weighted (IDW)
method (Lancaster and Salkauskas 1986) (Eq. 3) was applied to interpolate the
predicted PARs at the meteorological stations.
PARi = (

1
1
1
PAR1 PAR2 PAR3
) /( 2 +
)
+
+
+
disi12
disi22
disi23
disi1 disi22 disi23

(3)

where PARi is the PAR on the earth surface at location i, PAR1, PAR2 and PAR3 are the
PARs at nodes (meteorological stations) 1, 2 and 3 forming a face of the TIN, and disi1,
disi2 and disi3 are distances from location i to the three nodes, respectively.
We then used the daily PAR measured at the Dahuchi Conservation Station to validate
the results derived from the above-mentioned methods. Agreement between the
predicted and measured values was described by the intercept, slope and coefficient
of determination (R2) of the regression line of the predicted against measured values,
and standard error (s.e.) of the prediction. The differences of correlation coefficients
for all pair of regressions were tested, the null hypothesis tests of intercept equal to
zero and slope equal to one were carried out, and the standard errors of the
predictions were compared. Based on these tests and comparisons, we evaluated the
performances of these methods and further determined the optimal method for
predicting daily PAR over the nature reserve.
Finally, the daily PAR over Lake Dahuchi within the nature reserve was predicted
using the optimal method and its seasonal pattern was summarized briefly.
5.3 Results
The TIN of nine meteorological stations around Poyang Lake is shown in Figure 5.1,
and it covers the whole nature reserve.
The scatter plots of the measured PAR at Dahuchi Conservation Station against
predicted PAR derived through all tested methods (Figure 5.2) show good
agreements.
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Figure 5.2. Scatter plots of daily PAR (MJ m -2 day -1) measured at Dahuchi
Conservation Station against predicted PAR derived through extrapolation of
global solar radiation measured at Nanchang (A) and predicted at Xingzi (B),
Yongxiu (C) and Duchang (D), and interpolation of PARs predicted at these three
meteorological stations (E) (n = 105).
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The statistics describing the regression between measured and predicted PAR for all
methods are listed in Table 5.1. Little difference was observed except that the
extrapolation of radiation from Xingzi (B) showed somewhat poorer performance.
Table 5.1. Statistics describing the regression of measured PAR at Dahuchi
Conservation Station against predicted PAR derived through extrapolation of
global solar radiation measured at Nanchang (A) and predicted at Xingzi (B),
Yongxiu (C) and Duchang (D), and interpolation of PARs predicted at these three
meteorological stations (E) (n = 105).
R2
0.88
0.80
0.87
0.89
0.89

(A)
(B)
(C)
(D)
(E)

s.e.
1.07
1.28
1.14
1.06
1.02

F
745.29
429.32
669.76
868.43
830.02

P
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

Table 5.2 shows the result of difference tests of correlation coefficients for all pair of
regressions. We found that only the correlation coefficient of the extrapolation
method from Xingzi (B) was significantly different from those of other methods at
significant level of 0.1 or 0.05, which confirmed the above observation that the
extrapolation of radiation from Xingzi (B) showed somewhat poorer performance. This
means that, from the point of view of R2, all methods got similar results except (B).
Table 5.2. Difference tests (P value) of correlation coefficients for all pair of
regressions. (A), (B), (C), (D) and (E) denote the extrapolation and interpolation
methods same as in Table 5.1.
(A)
(B)
(C)
(D)

(B)
0.0471
-

(C)
0.7750
0.0886
-

(D)
0.7573
0.0221
0.5521
-

(E)
0.7573
0.0221
0.5521
1

The result of null hypothesis tests of intercept equal to zero and slope equal to one for
the regression lines (Table 5.3) revealed that the intercepts of all methods were not
significantly different from zero, while the slopes of extrapolation methods from
Xingzi (B) and Duchang (D) were significantly different from one at significant level of
0.1 and 0.05, respectively. This indicates that both extrapolations of solar radiation
from Xingzi and Duchang station got biased predictions.
Table 5.3. Null hypothesis tests of intercept equal to zero and slope equal to one
for regressions between the predicted and measured PARs. (A), (B), (C), (D) and
(E) denote the extrapolation and interpolation methods same as in Table 5.1.

(A)
(B)
(C)
(D)
(E)

a±s.e.
0.23±0.26
0.20±0.30
0.02±0.27
-0.19±0.25
0.01±0.24

Intercept
t
0.9085
0.6493
0.0620
0.7528
0.0258

P
> 0.1
> 0.1
> 0.1
> 0.1
> 0.1

b±s.e.
1.02±0.04
0.92±0.04
1.03±0.04
1.09±0.04
1.01±0.04

Slope
t
0.5350
1.7926
0.7678
2.3416
0.7616

P
> 0.1
< 0.1
> 0.1
< 0.05
> 0.1

Considering the standard error of prediction for the methods without prediction bias,
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we found that interpolation method (E) got a smaller standard error, while
extrapolation methods from Nanchang (A) and Yongxiu (C) with the moderate and
larger one, respectively (Table 5.1).
Synthetically comparing and analyzing the intercept, slope, coefficient of
determination and standard error of all predictions, we considered that the spatial
interpolation method (E) got the best prediction of PAR at Dahuchi Conservation
Station in all tested methods, while the extrapolation of global solar radiation
measured at Nanchang (A) achieved moderate result and the extrapolation of global
solar radiation predicted at Yongxiu station (C) obtained unbiased result as well.
However, the extrapolation of global solar radiation predicted at Xingzi (B) and
Duchang (D) station were less appropriate for their biased predictions.

Daily PAR
(MJ m -2 day -1)

The daily PAR over Lake Dahuchi from 2001 to 2006 (Figure 5.3) was predicted using
the interpolation method (E). The seasonal pattern of daily PAR was higher in summer
and lower in winter. Meanwhile, its daily variation was observed clearly for different
weather conditions.
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Figure 5.3. Daily PAR predicted using spatial interpolation method over Lake
Dahuchi.
5.4 Discussion
In this study, we reported that the extrapolation of solar radiation measured at
Nanchang station could explain 88% of variation of PAR at Dahuchi Conservation
Station. The relatively short distance between Nanchang and the nature reserve
possibly contributes to their similarity in solar radiation. This result is contrary to our
assumption that the radiation record at Nanchang might not realistically reflect the
variation of radiation over the nature reserve. It corresponds to the result of Hunt et al.
(1998) who reported that it would be preferable to use the measured data from the
neighbouring station if the distance between sites was less than 390 km. However, this
does not mean that the other parts in the nature reserve could also get the similar
result, because the Dahuchi Conservation Station is closer to Nanchang station
compared with other parts. The prediction accuracy might decline with the increasing
distance to the monitoring station (Suckling 1985, Gallegos and Lopardo 1988, Trnka
et al. 2005).
We supposed that extrapolation of PAR from the metrological stations closer to the
nature reserve might achieve better prediction of PAR compared with that from
Nanchang station. However, we found that extrapolation from Xingzi, Yongxiu and
Duchang did not result in better predictions than from Nanchang. Moreover, the
extrapolating results from different stations showed relatively high differences. We
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argue, however, that such comparison cannot be used to draw conclusions that the
PAR at Nanchang station could better describe the solar condition in our study area
than that at Xingzi, Yongxiu or Duchang station. We thus considered that the accuracy
of the solar radiation model (Eq. 2) might affect the predictions of PAR at these
stations, which further influence the accuracy of extrapolation methods. Meanwhile,
the difference of solar radiations in our study area and these stations induced by the
local environments could also contribute to these relatively lower accuracies.
We also found the extrapolated daily PAR from Yongxiu station could better explain
the variation of solar radiation at Dahuchi Conservation Station compared with that
from Xingzi and Duchang station. Such result could be explained by the fact that the
distance of the Dahuchi Conservation Station to Yongxiu station is close than to Xingzi
and Duchang station. This indicates that the PARs at Xingzi and Duchang station could
also describe more accurately the PAR variation over the places more close to them.
So the validation should be carried out for determining which station could be more
suitable for a given position.
The TIN and IDW-based spatial interpolation method got the best predictions of PAR
in all tested methods. TIN restricts which three meteorological stations might mainly
affect the radiation at a given point considering the distribution of all stations; while
IDW is based on the spatial correlation of variables and predicts the values of
variables at unobserved locations from those at observed locations. The combination
of TIN and IDW thus could derive more accurate prediction of PAR compared with the
extrapolation method, which only uses the data from one station. Therefore, from the
angle of the assumptions and principles supporting these methods, we consider that
the interpolation methods could produce more reliable results than the extrapolation
methods over the nature reserve.
5.5 Conclusion
In this study, we compared three extrapolation and interpolation methods for
predicting daily PAR over the Poyang Lake national nature reserve. The principal
results obtained can be summarized as follows:
(1) The extrapolation method from directly measured solar radiation at Nanchang
station could explain 88% of variation of daily PAR at Dahuchi Conservation
Station, and achieved moderate result. However, the prediction accuracy for other
parts within the nature reserve might decline with the increasing distance to
Nanchang station;
(2) Although the extrapolation method from predicted solar radiation at Yongxiu
station got relatively low prediction, it still could explain 87% of variation of daily
PAR at Dahuchi Conservation Station. Its application over other parts within the
nature reserve should be validated;
(3) The extrapolation methods from predicted solar radiation at Xingxi and Duchang
station could not be applicable directly at Dahuchi Conservation Station for their
biased predictions. But they could potentially describe the PAR variation in the
places more close to them;
(4) The spatial interpolation method got the best prediction of daily PAR at Dahuchi
Conservation Station, and held the greatest potential in all tested methods to be
applied over the whole nature reserve.

62

CHAPTER 6
WILL THE THREE GORGES DAM POSITIVELY AFFECT THE UNDERWATER
LIGHT CLIMATE OF VALLISNERIA SPIRALIS L. AND FOOD HABITAT OF
SIBERIAN CRANE IN POYANG LAKE?
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Abstract
Almost 95% of the entire population of the Siberian crane (Grus leucogeranus) winter
in Poyang Lake, China, where they forage on the tubers of the submerged aquatic
macrophyte, Vallisneria spiralis L. Three Gorges Dam on the Yangtze River may
possibly affect the food source of the Siberian crane by affecting the light availability
reaching the top of the V. spiralis canopy. In this study, the photosynthetically active
radiation at the top of the V. spiralis canopy (PARtc) in Lake Dahuchi was modelled from
1998 to 2006, and the potential impacts of changes in water level and turbidity on the
underwater light climate of V. spiralis and on the habitat of the Siberian crane were
analyzed. PARtc was calculated from incident irradiance while the losses due to
reflection at the water surface, absorption and scattering within the water column
were taken into consideration. The results indicated significant differences in PARtc
between years. Six years of water level and Secchi disk depth records revealed a
seasonal switching of the lake from a turbid state at a low water levels in autumn,
winter and spring to a clear state at a high water levels in summer. The highest PARtc
occurred at intermediate water levels, which were reached when the Yangtze River
forces Lake Dahuchi out of its turbid state in spring and the water becomes clear. The
intended operation of the Three Gorges Dam, which will increase water levels in May
and June, may advance the moment when Lake Dahuchi switches from turbid to clear.
We suggest that this might increase production of V. spiralis and possibly improve the
food habitat conditions for wintering Siberian crane in Poyang Lake.
Submitted as:
Guofeng Wu, Jan de Leeuw, Andrew K. Skidmore, Herbert H. T. Prins, Elly P. H. Best,
Yaolin Liu. Will the Three Gorges Dam positively affect the underwater light climate of
Vallisneria spiralis L. and food habitat of Siberian crane in Poyang Lake? In reviewing.
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6.1 Introduction
Endemic species are vulnerable to extinction when environmental change affects
their habitat. Thus, areas with high diversity of endemic species deserve attention in
case of environmental change. Poyang Lake, a lake system connected to the Yangtze
River of China, hosts significant proportions of the Yangtze finless porpoise
(Neophocaena phocaenoides asiaeorientalis), swan goose (Anser cygnoides) and
almost 95% of the entire world population of the endangered Siberian crane (Grus
leucogeranus). The Siberian crane winter at this lake and forage on the tubers of the
submerged aquatic macrophyte, Vallisneria spiralis L. (Wu and Ji 2002, Li et al. 2005).
The environmental conditions of Poyang Lake are rapidly changing due to economic
development and hydro-engineering projects in the watershed within which it is
situated. For example, dredging increased the water turbidity in the northern Poyang
Lake (Wu et al. 2007b). The environmental conditions might also be influenced by
operation of the Three Gorges Dam in the Yangtze River, which is scheduled for
completion by 2009 (Wang 2002). These changes might affect the habitat of the
Siberian crane (Liu and Xu 1994, Jiang and Huang 1997, Kanai et al. 2002, Wu et al.
2007b). However, these studies did not explore how the Three Gorges Dam might
influence the food habitat of Siberian crane. We suggest that the Three Gorges Dam
might affect the habitat of the Siberian crane as follows: (1) the Three Gorges Dam
may affect the hydrology of Poyang Lake, (2) the changed hydrology may influence
the tuber production of V. spiralis in Poyang Lake and (3) the changed tuber
production may impact the foraging by the wintering Siberian crane. So far, however,
there is no direct evidence to support this expectation, as little research has been
reported on the ecology of the tuber-feeder food chain of Poyang Lake.
Is there evidence to support the premise that a changed tuber production would
affect the foraging of tuber-feeders? Jonzen et al. (2002), Nolet et al. (2006) and
Raymond et al. (2006) reported that tuber density of sago pondweed (Potamogeton
pectinatus) affected the foraging of tundra swan (Cygnus columbianus bewickii) in
Lake Lauwersmeer in the north of the Netherlands, and Sponberg & Lodge (2005)
found that waterfowl in Lake Mattamuskeet, North Carolina, USA, gave up foraging
when tuber density of wildcelery (Vallisneria americana) was below a certain
threshold.
How would hydrology influence the photosynthesis and tuber production of V. spiralis?
The growth and production of submerged vegetation is regulated by light intensity
reaching its canopy, water temperature, CO2 and nutrient availability (Best and Boyd
2001a, Best et al. 2001, Van Nes 2002). Light availability likely controls the growth and
production of V. spiralis as it is highly variable in the waters with fluctuating water
depth and clarity of Poyang Lake. The light response of V. spiralis has not been studied,
but a light compensation point of 20-25 and 10 mol m-2 sec-1 was found respectively
for the related V. americana (Madsen et al. 1991, Blanch et al. 1998). This corresponds
to 1-2% of surface irradiance during sunshine, and agrees with the observation that V.
americana maintains photosynthesis above 0.5% of surface irradiance (Korschgen
and Green 1988). Tuber production requires a higher light intensity. Kimber et al.
(1995) reported a threshold of 5-9% of surface irradiance for tuber production under
temperate climatological conditions, which forms the lower limit of the 9% surface
irradiance threshold cited for V. americana occurrence in temperate North-Florida
(Dobberfuhl 2007).
How would the hydrology of the Yangtze River affect the hydrological conditions in
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Poyang Lake, and, thus, indirectly, the tuber production of V. spiralis? The Yangtze River
with five confluent rivers together control the water level in Poyang Lake (Min 1995,
Xu et al. 2001, Shankman et al. 2006). The Siberian crane forage in lakes in deltas at
the periphery of Poyang Lake. So far, no analysis has been made to investigate
whether the Yangtze River influences the water level and clarity of these peripheral
lakes.
A crucial question is whether the Three Gorges Dam will affect the hydrology in
Poyang Lake. Addressing this question requires insight into the consequence of
operating the Three Gorges Dam and its impact on the dynamics of the Yangtze River.
Such an analysis has recently been reported by Wang et al. (2005). The Three Gorges
Dam will be operated for flood control, power generation and navigation. The water
level of the reservoir will alternate between 175 and 145 m in winter and summer,
respectively. The discharge will be increased from January to April for power
generation, while from May to June the water level of the reservoir will be lowered to
create capacity for flood control. The discharge will be reduced from October to
November to recharge the reservoir. Above we argued that the water level change of
the Yangtze River might affect the production of V. spiralis while influencing the light
regime. So far, it is not understood how the reported operation of the Three Gorges
Dam and the induced water level change in the Yangtze River might influence the light
regime of V. Spiralis in Poyang Lake.
This study presents a model simulating the photosynthetically active radiation (PAR)
reaching the top of V. spiralis canopy and discusses how the changes in water level of
the Yangtze River induced by operation of the Three Gorges Dam may affect the PAR
in Lake Dahuchi.
6.2 Materials and methods
6.2.1 Study area
Poyang Lake, the largest freshwater lake in China, is located between 115°47´116°45´E, 28°22´-29°45´N at the southern bank of the Yangtze River (Figure 6.1). It is
receives runoff water from five river watersheds of Raohe, Xinjiang, Fuhe, Ganjiang
and Xiushui, meanwhile connects to Yangtze River at Hukou, which serves as the only
outlet for the lake. The Poyang Lake national nature reserve (115º55′-116º03′E,
29º05′-29º15′N) lies in the northwest corner of Poyang Lake, and was established in
1988 to conserve the Siberian crane (Wu and Ji 2002, Li et al. 2005). The current study
was carried out in Lake Dahuchi within the nature reserve, which is connected to
Poyang Lake during high water in summer, but is disconnected when water levels are
low in spring, autumn and winter.
6.2.2 Water level and Secchi disk depth
Lake Dahuchi is surrounded by creek banks of 14 to 15 m. Its water level is controlled
from September to April by a sluice gate, connecting Lake Dahuchi with the Xiushui
River. During high water levels, Lake Dahuchi connects with Poyang Lake, and its
water level is, thus, affected by the Yangtze River and the five confluent rivers. To
evaluate how the water levels of the Xiushui River, Poyang Lake (Ganjiang station) and
the Yangtze River (Hukou station) affect the water level in Lake Dahuchi, we explored
tentative relationships between gage data.
Water level and Secchi disk depth have been measured in Lake Dahuchi by the
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Bureau of Jiangxi Poyang Lake National Nature Reserve and by the International
Crane Foundation since 1999. Daily water level was recorded using a water level
gauge. Secchi disk depth was measured using a standard 20 cm Secchi disk at five
locations at weekly intervals from April until October. Daily Secchi disk depths were
derived through linear interpolation from the recorded values.
The water level and Secchi disk depth records in Lake Dahuchi were incomplete for
1998-2000 and 2002, and, therefore, the water level data from the nearby station in the
Xiushi River were used to replace the missing water level data for Lake Dahuchi. A
non-linear relation between Secchi disk depth (SDD) and water level (WL) was
observed while exploring the recorded water level and clarity data, which was
described by a Huisman-Olff-Fresco (HOF) model (Eq. 1) (Huisman et al. 1993):
SDD = c1 /(1 + e c −c *WL )
2

(1)

3

where c1, c2 and c3 are constants. Eq. 1 was then used to predict Secchi disk depth to
complete the gaps in the Secchi disk time series from 1998 to 2006.

Figure 6.1. Location of Poyang Lake national nature reserve (Nature Reserve),
) in which daily
Lake Dahuchi and Dahuchi Conservation Station (
photosynthetically active radiation (PAR) was measured.
6.2.3 Modelling photosynthetically active radiation (PAR)
The PAR reaching the top of V. spiralis canopy was estimated as follows. PAR at the
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water surface (PAR+0) was calculated from the global solar radiation recorded at
Nanchang meteorological station (approximately 55 km from Lake Dahuchi),
assuming that PAR accounts for 45% of the total global solar radiation (based on
values of 50, 38 and 44% according to Doorenbos and Pruitt (1984), Zhang & Qin
(2002) and Moon (Cited by Zhang et al. 2006b)). PAR at the top of the Dahuchi
Conservation Station recorded from 6 July to 12 August and from 6 September to 10
November 2006 using a LI-190SA quantum sensor and a LI-1400 data logger
(http://www.licor.com) served as a validation data set.
Subsurface PAR (PAR-0) was calculated with Eq. 2, assuming a reflectance rate (kr) of
4% according to Campbell & Aarup (1989) and Joshi (2005):
PAR − 0 = PAR + 0 * (1− k r )

(2)

Then the PAR at water depth d (PARd) was calculated according to Lambert-Beer’s law
(Eq. 3):
PARd = PAR−0 * e − k

PAR

*d

(3)

where the attenuation coefficient, kPAR (m-1), was derived from Secchi disk depth (SDD)
records according to Eq. 4 (Poole and Atkins 1929):
k PAR = a / SDD

(4)

where a is a constant, which may vary from case to case for different water types (Kirk
1994, Scheffer 1998). The value of a was determined using a LI-192SA quantum sensor
and a LI-250A light meter (http://www.licor.com) to measure underwater PAR at
various depths at 32 locations in Lake Dahuchi on 12 August and 16 October 2005. At
the same time, the Secchi disk depth at each location was measured using a standard
20 cm Secchi disk. Then kPAR was calculated according to Lambert-Beer’s law (Eq. 5):
k PAR = (ln(PARwd ) − ln( PARwd )) /( wd 1 − wd 2 )
1

(5)

2

where PARwd and PARwd are PARs at water depths wd 1 and wd 2 (m) with wd 2 > wd 1 .
1

2

We estimated a while regressing KPAR against SDD (Figure 6.2) according to Eq. 4
(kPAR = 1.133/SDD, R2 = 0.98, F = 1836.495, n = 32, P < 0.005). The standard error of the
constant was 0.026, or 2% of the estimate.
Finally, PAR at water depth d and on the top of V. spiralis canopy (PARtc) was
calculated according to Eq. 6 and 7 respectively, which integrate Eq. 2, 3 and 4:
PARd = PAR+ 0 * (1 − k r ) * e − ( a / SDD )*d
PARtc = PAR+0 * (1 − k r ) * e − ( a / SDD )*( e

(6)
w

− eb − l )

(7)

where ew and eb are water level and lake bottom elevation (m, National Vertical Datum
1985), respectively, and l is the height of the V. spiralis, which increases with the
number of days since the first day of May (nd) according to a regression equation (Eq.
8) published by Wu & Ji (2002).

l = 9.94 * nd 0.39

(8)
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6.2.4 Modelling PAR variation against water level
PARtc depends on the lake bottom elevation into which V. spiralis was rooted. In this
study, the Eq. 7 and 8 were combined to simulate the temporal variation of PARtc for V.
spiralis rooted at elevations of 12 and 12.8 m in Lake Dahuchi, respectively, which
correspond to the least and most elevated boundaries of V. spiralis in this lake. Since
V. spiralis forms tubers from July to September (Wu and Ji 2002), ANOVA was used to
explore whether PARtc in this period differed between years.
The stepwise relation between water level and water turbidity might induce nonlinearity in the relation between the PAR at a selected elevation and water level. Thus,
by integrating the Eq. 1, 2, 3 and 4 into a new Eq. 9, PAR at a selected elevation ele
(PARele) in the lake can be calculated as a function of water level for exploring such
non-linearity:
PARele = PAR+ 0 * (1 − k r ) * e − ( a /( c /(1+ e

c 2 − c 3 *WL

)))*d

= PAR+ 0 * (1 − k r ) * e −( a /( c /(1+ e

c 2 − c 3 *WL

)))*(WL − ele )

1

1

(9)

6.3 Results
The seasonal variations of water levels of the Lake Dahuchi, Xiushui River, Poyang
Lake (Ganjiang station) and Yangtze River (Huhou station) in 2004 and 2005 are shown
in Figure 6.3. From mid-September to mid-May, the water levels in Lake Dahuchi
were independent of those of the Xiushui River, Poyang Lake and the Yangtze River,
and generally remained below about 14 m. More pronounced fluctuations of Lake
Dahuchi between May and September showed a good correlation with the
fluctuations in water levels of the Xiushui River (r = 0.84 and 0.94 in 2004 and 2005),
Poyang Lake (r = 0.83 and 0.93 in 2004 and 2005) and the Yangtze River (r = 0.81 and
0.93 in 2004 and 2005). The water levels of the Yangtze River, Poyang Lake and the
Xiushui River receded in September in both years, when the level of Lake Dahuchi
deviated from those of the other systems. The Lake Dahuchi water level was slowly
drawn down via a sluice to gradually expose shallow water food habitat to the
foraging waterfowl from September onwards.
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Figure 6.3. Water levels in Lake Dahuchi (
), Xiushui River (
), Poyang
Lake at Ganjiang (
) and the Yangtze River at Hukou (
) in 2004 (A) and
2005 (B). Vertical lines mark the onsets of water level in Lake Dahuchi being
dependent and independent to that of Xiushui River in spring (about 14 May)
and autumn (about 22 September) respectively.
The water level of Lake Dahuchi was linearly related to that of the Yangtze River at
Hukou when the Yangtze River water level was higher than 14 m (Figure 6.4), but
there was no relationship when the Yangtze River water level at Hukou was less than
14 m. In other words, Lake Dahuchi water levels below 14 m thus appears to be
independent from that of the Yangtze River, while it is related above 14 m.
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Figure 6.4. Relation between the
water level of Lake Dahuchi and
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Figure 6.5. (A): estimated daily PAR at Nanchang station, (B): recorded daily
water level in Lake Dahuchi (
) or Xiushui River (
), (C): recorded ( ),
interpolated (
) or predicted (
) Secchi disk depth, and (D) and (E):
estimated daily PAR (averaged over two week periods) reaching the top of
canopy of V. spiralis rooted at 12 and 12.8 m. Horizontal lines in (D) and (E)
represent a limit of 9% surface radiation during sunshine period (Kimber et al.
1995, Dobberfuhl 2007) as being the threshold for tuber production in V.
americana.
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The daily PAR recorded in Nanchang meteorological station varied seasonally with
the inclination of the sun and the variation in atmospheric conditions (Figure 6.5 (A)).
One-way ANOVA revealed that the PAR did not differ significantly between years (F =
1.728, d.f. = 8, P = 0.08). Daily PAR extrapolated from Nanchang station predicted 88%
of the variation of PAR at Dahuchi Conservation Station (F = 745.29, n = 105, P < 0.001).
The prediction was unbiased as the intercept and slope of the regression did not
differ significantly from zero (a = 0.23, s.e. = 0.26, t = 0.909, d.f. = 104, P = 0.39) and
one (b = 1.02, s.e. = 0.04, t = 0.535, d.f. = 104, P = 0.59) respectively.
The water level from 1998 to 2006 (Figure 6.5 (B)) revealed a seasonal pattern, from
high in summer to low in winter. Summer water levels were high in 1998 and 1999 and
low in 2001, 2004 and 2006.
The Secchi disk depth in Lake Dahuchi changed from almost or close to zero (turbid)
at a water level below 13.5 m to around 1.1 m (clear) at a water level of 14.5 m
(Figure 6.6). Water level (WL) explained 60% of the variation in Secchi disk depth
(SDD) with the HOF model (SDD = 1.125/(1+e46.837 – 3.352*WL, F = 247.990, n = 155, P <
0.005). The low Secchi disk depth at a water level less than 13.5 m coincided with the
period of lake recession between September - October and April - May of the
following year (Figure 6.5 (B)). From Figs. 5 and 6, it can be concluded that Lake
Dahuchi switches from a turbid state between autumn and spring to a clear state in
summer. The regression equation derived from the data shown in Figure 6.6 was
used to complete the Secchi disk depth record from 1998 to 2006 (called ‘predicted’)
in Figure 6.5 (C).
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Figure 6.6. Relation between water
turbidity (Secchi disk depth) and
water level in Lake Dahuchi ( =
measured in the field, = estimated
from MODIS images (Wu et al.
2007a)).
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Daily PAR (averaged over two week periods) reaching the top of the V. spiralis
canopy rooted at an elevation of 12 m was generally low in spring and increased in
summer and autumn (Figure 6.5 (D)), while radiation reaching the top of the V.
spiralis canopy rooted at an elevation of 12.8 m was considerably higher (Figure 6.5
(E)). One-way ANOVA revealed that the annual PARtc from July to September differed
significantly between years for plants rooted at elevations of 12 m (F = 92.07, d.f. = 8,
P < 0.001) and 12.8 m (F = 112.19, d.f. = 8, P < 0.001), respectively. PAR levels at 12.8 m
over this period remained continuously below the 9% irradiance threshold required
for tuber production in the related species V. americana in 1998, 1999 and 2006, while
for plants rooted at 12 m, this threshold was exceeded in 2001, 2003 and 2004 only.
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The water level in Lake Dahuchi was extremely high from July to September in 1998
and 1999 (Figure 6.5 (B)). PARtc was also reduced in both years Figure 6.5 (D) and
(E)), despite the fact that water was very clear in 1999 (Figure 6.5 (C)). PARtc
remained low as well when water levels were extremely low in 2005 and 2006.
The relationship between water level and water turbidity in Lake Dahuchi in Figure
6.6 indicates that an increase in water level might increase rather than decrease the
light availability at a certain elevation in the water column. Eq. 9 was thus used to
calculate the PAR at various elevations as a function of water level (Figure 6.7). It
turned out that for any elevation between 12 and 13 m, the available light intensity
increased when the water level increased above 13.5 m, and peaked around 14.5 -15
m. For submerged vegetation with canopy at an elevation of 13 m, the PAR at a water
level of 16 m is similar to that at water level of 13.5 m (about 5% of incident radiation);
however, the available light intensity at an a water level of 14.5 m (about 17% of
incident radiation) is three times higher. Thus, submerged aquatic vegetation
canopies at elevations between 12 and 13 m receive less light than the requirement
for tuber formation in the related V. americana at water levels less than 13.5 m.
Increasing the water level increases the light intensity to levels surpassing the
threshold for tuber production of V. americana.

Figure 6.7. Percentage of
surface irradiance reaching a
lake bottom at a certain
elevation as a function of water
level. Light compensation point
(1% surface irradiance, (A)) and
threshold for tuber production
(9% surface irradiance, (B))
reported for V. americana
indicated by thick lines.

6.4 Discussion
This study revealed a strong seasonal and inter-annual fluctuation in PAR reaching the
top of a V. spiralis canopy. These fluctuations were caused by variations in irradiance
reaching the water surface, water level, attenuation within the water column, and
height of the V. spiralis vegetation. Irradiance at the water surface varied strongly from
day to day, but ANOVA revealed that it did not vary significantly between years. To
what extent does the length of leaves influence the year to year variation in PARtc?
Aquatic plant species elongate their leaves in response to low light intensities (Bowes
et al. 1977, Cooling et al. 2001). The model used here (Eq. 8) does not account for such
flexibility in leaf elongation, as it was based on observations from two years (1998 and
1999) with extremely high water levels. The predicted inter-annual variation in PAR
reaching the top of canopy as shown in Figure 6.5 can thus not be attributed to year
to year variation in height of the V. spiralis vegetation, as we used the same model to
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simulate the height for all years. We, thus, argue that the predicted inter-annual
fluctuations in PAR reaching the canopy depend on fluctuations in water level and
light attenuation within the water column. As light attenuation appeared in turn
determined by water level, we conclude that water level exerts an overriding impact
on the PAR reaching the canopy of V. spiralis.
We also reported a non-linear relation between water level and PAR at a given
elevation in the lake water column. This non-linearity was caused by the sigmoid
relation between water level and Secchi disk depth. Water with a high turbidity at a
water level less than 13.5 m switched to a great clarity at a level above 14.5 m. The
high turbidity at low water levels (below 13.5 m) is attributed to wave-induced
sediment resuspension at the lake periphery, as is common in shallow lakes (Scheffer
1998). The increased clarity at elevated water levels above 14.5 m can be explained
by reduced sediment resuspension since the lake fringe then overlays perennial
grassland.
How would the combination of changes in water level and transparency influence the
production of V. spiralis? Our results revealed that at water levels below an elevation of
13 m V. spiralis is exposed to light intensities below the compensation point reported
for the related V. americana. We presume that this reflects the threshold of V. spiralis, as
most submerged aquatic plants have compensation points close to 1 % of surface
irradiance (e.g., Korschgen and Green 1988, Madsen et al. 1991, Blanch et al. 1998).
The model presented here further suggests that water levels surpassing an elevation
of 14 m are required to create the light conditions permitting tuber production. This
suggestion is based on the assumption that the light requirement of V. spiralis for tuber
formation is the same as that of the related V. americana, i.e., 9% of surface irradiance.
Indeed we propose to further study the light requirements of V. spiralis regarding
photosynthesis and reproduction.
We demonstrated that the water level of Lake Dahuchi tracked that of the Xiushui River,
Poyang Lake and the Yangtze River at high water levels from May to September, which
is the growing season of V. spiralis. We, thus, suggest that the levels of the Yangtze River
and the inflows from the confluent rivers influence the production of V. spiralis through
their impact on water level, clarity and light regime in Lake Dahuchi. Because the
wintering Siberian crane forage on the tuber of V. spiralis, we, therefore, expect that
the water regimes of the Yangtze River and the confluent rivers would be crucial for
the productivity of the food source for the wintering Siberian crane.
Wang et al. (2005) reported that the Three Gorges Dam will change the water level of
the Yangtze River in May and June. An advancement of the rise of the water level of the
Yangtze River during the growth season of V. spiralis may force Lake Dahuchi out of its
turbid state earlier and increase the light intensity reaching the canopy and the
production of V. spiralis. On the other hand, a water level surpassing 14.5 m elevation
would decrease the light intensity reaching the plant canopy. We anticipate, however,
that the first possibility would occur more frequently than the second possibility, and
conclude that the operation of the Three Gorges Dam is more likely to increase than
decrease the light availability and productivity of V. spiralis on the short term. It
remains difficult to assess the consequences of this for the Siberian crane, as we do
not have accurate models to predict tuber biomass of V. spiralis, and do not know to
what extent crane populations are limited by tuber biomass. However, as our results
suggest that Three Gorges Dam is likely to improve the light conditions for biomass
production we conclude that there is no reason to support the concerns that the Three
Gorges Dam would negatively affect the production of food of Siberian crane.
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Wang et al. (2005) also reported that the Three Gorges Dam will lower the bed of the
Yangtze River due to increased erosion. Water levels in Shashi and Wuhan city are
expected to recede by about 3 and 0.75 m, respectively, at a discharge of 30,000 m3 s-1
in the next 40 years. Such receding water levels may negatively impact the light
availability and production of V. spiralis, but their impact would be difficult to assess
since no prediction of the magnitude of such a water level recession on the Poyang
Lake system exists.
The main finding of this research is the new insight that optimal light conditions for
submerged vegetation are attained when water levels are pushed up by the Yangtze
and other rivers. We suggest that this insight is crucial when aiming to predict the
response of tuber forming macrophytes to hydrological change. In this respect it is
interesting to note that hydrology will not only be affected by the Three Gorges Dam.
A range of other large scale planning or ongoing engineering projects could
influence the water levels of the Yangtze River and the confluent rivers of the Poyang
Lake system as well. The South-to-North Water Transfer Project will reduce the
discharge, and, thus, reduce the water level of the middle and lower Yangtze River
(Cai et al. 2002). The hydrology of Poyang Lake will also be affected by reservoirs in
its confluents (Song and Jin 2001). Water levels will be strongly influenced by the
proposed Poyang Lake Control Project which aims to manage the lake level for
multiple purposes (Xiong and Hu 2003). All these hydro-engineering projects might
change the hydrology of Lake Dahuchi. We suggest that conservation of these
wetlands and their fauna should be based on sound insights in their hydro-ecology.
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CHAPTER 7
A CONCEPTUAL FRAMEWORK TO INTEGRATE A SIMULATION MODEL OF
PLANT BIOMASS FOR VALLISNERIA SPIRALIS L. WITH REMOTE SENSING AND
A GEOGRAPHICAL INFORMATION SYSTEM
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Abstract
More than 95% of the world population of the endangered Siberian crane winter at
Poyang Lake, China. They forage on the tubers of the submerged aquatic species,
Vallisneria spiralis L.. The production of V. spiralis tubers depends on the local
hydrological conditions. Ongoing and proposed engineering projects in the
catchments of Poyang Lake and the Yangtze River might change the hydrology of the
lake. It has been suggested that this might impact the production of V. spiralis tubers
and thus affect the feeding habitat of Siberian cranes. In this paper, we propose a
conceptual framework to integrate a simulation model of plant biomass for V. spiralis
with remote sensing and a geographical information system. We discuss the
possibility to employ VALLA, a plant growth model developed for the closely related
Vallisneria americana to simulate the growth and biomass of V. spiralis tubers under
various scenarios of water level and transparency. We also discuss the potential
applications of remote sensing and geographical information system to measure
hydrological variables required to drive the simulation model. We expect that the
system, once implemented, could contribute to (i) evaluate the impact of possible
hydrological changes in the future on submerged aquatic vegetation which attracts
Siberian cranes (ii) enhance the ability to assess the impact of ongoing engineering
projects and (iii) assess whether tuber feeding bird populations are constrained by
the regional availability of food resources.
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Guofeng Wu, Jan de Leeuw, Elly P. H. Best, Jeb Barzen, Valentijn Venus, James Burnham,
Yaolin Liu and Weitao Ji. A conceptual framework for integrating a simulation model of
plant biomass for Vallisneria spiralis L. with remote sensing and a geographical
information system. In Wetland and Water Resource Modeling and Assessment: A
Watershed Perspective (Wei Ji, Editor), CRC Press / Taylor & Francis, USA, 13
December 2007.
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7.1 Introduction
Submerged aquatic vegetation (SAV) forms a significant component of shallow lake
and river ecosystems. It cycles nutrients, stabilizes flow, enhances water clarity,
influences primary production, and protects the shores from erosion (Carr et al. 1997,
Van Nes et al. 2003). Moreover, it provides an important food source for migratory
birds. Bewick’s swans (Cygnus columbianus bewickii), for instance, feed on the tubers
of Potamogeton pectinatus in autumn in the Netherlands (Jonzen et al. 2002), while in
Canada Trumpeter swans (Cygnus buccinator) forage on the tubers of Potamogeton
pectinatus during spring (LaMontagne et al. 2003). Migratory North American
waterfowl species in the tribe Athyini depend heavily upon tubers produced by a
variety of SAV species (Korschgen 1989), and Siberian cranes (Grus leucogeranus)
rely on the tubers of Vallisneria spiralis L. throughout the winter at Poyang lake, China
(Wu and Ji 2002). Careful management of lake and river systems with SAV are
therefore indispensable not only from the perspective of ecosystem health, but also
for the conservation of migratory bird species.
Protected lake areas and backwater areas of rivers are not isolated water bodies, but
are parts of larger watersheds. Natural or anthropogenic changes may influence these
water bodies and, in turn, impact the growing conditions of SAV along with the
availability of food for waterfowl. These changes can often be subtle. Van Vierssen et
al. (1994), for example, described that SAV declined during the 1960s and 1970s in
Lake Veluwe, the Netherlands, due to eutrophication caused by wastewater, and
recovered following significant water quality improvement since the late 1980s.
Harwell and Havens (2003) mentioned that elevated water levels and low water
transparency during the late 1970s caused a decline in SAV density in Lake
Okeechobee in south Florida. Similar changes in SAV abundance have also occurred
in the Upper Mississippi River over fifty years (Jahn and Anderson 1986).
Poyang Lake (Figure 7.1), China, hosts an extremely high density of wintering birds,
many of whom feed on V. spiralis tubers (Wu and Ji 2002). Large numbers of swans and
virtually the entire world’s population of Siberian cranes rely exclusively on this food
source (Meine and Archibald 1996). V. spiralis tubers are also an important part of the
diet of the endangered Swan Goose (Wu and Ji 2002). The production and availability
of V. spiralis tubers depend on the local prevailing environmental conditions in both
summer and winter. The environmental conditions, in turn, are not only influenced by
the vegetation, birds, and activities of the local human community inside the
protected areas, but also by the surrounding hydrological conditions. The Poyang
Lake ecosystem is full of feedback systems operating among various biotic and
abiotic factors (Figure 7.2). The hydrological conditions might also be changed due
to ongoing and proposed engineering projects in the catchments of both Poyang Lake
and the Yangtze River, as well as dredging as reported by Wu et al. (2007b).
Poyang Lake national nature reserve, designated with the highest conservation
category in China, is the oldest protected area in Poyang Lake. It was established in
1988 to conserve the Siberian cranes, and places 5% of the total area of Poyang Lake
under protected status. Proper management of this nature reserve requires the ability
to forecast the impact of engineering projects on the productivity of V. spiralis. More
importantly, the use of the nature reserve by tuber-feeding birds varies greatly
among, as well as within, years (Kanai et al. 2002). Given the spatial scale of the entire
Poyang Lake, models would be the only possible tool that could be used for
predicting future impacts of multiple development projects over such a large and
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heterogeneous landscape. In contrast, models required to develop this management
tool are currently lacking in this region. Process-based shallow lake ecosystem
models that incorporate hydrological variables and simulate SAV biomass would be
ideally suited for such a purpose.

Figure 7.1. Landsat TM images of Poyang Lake. In dry season the water level is
relatively low and numerous shallow lakes are disconnected from the main
water body of Poyang Lake (Left image captured on 28 October 2004), while in
summer all these lakes compose one large water body (Right image captured
on 15 July 1989).
The nature reserve is composed of nine lakes encompassing approximately 224 km2
(Wu and Ji 2002), while the entire Poyang Lake basin encompasses 4,500 km2. It would
be costly and difficult to measure the onsite environmental conditions in every lake
within the reserve, much less among the various regions of the entire lake that cranes
use (Kanai et al. 2002). Remote sensing (RS) techniques and geographic information
system (GIS) might provide the means to quantify some of the variables required to
drive the above-mentioned SAV biomass simulation models. In addition, a GIS could
be used as a tool for the input, storage, retrieval, manipulation, analysis and output of
these spatial data, and also serve as an intermediary for implementing the SAV
biomass simulation models.
The objective of this paper is to propose a conceptual framework for the integration of
a SAV biomass simulation model for V. spiralis with RS techniques and a GIS. After
implementation, the system could be used to study the response of the growth of V.
spiralis to changes in environmental conditions, and predict the density and mass of V.
spiralis tubers in space and time. The potential roles of GIS and RS in this endeavour
will be emphasized. The questions to be addressed and potential user communities
will be outlined and discussed.
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Figure 7.2. Hypothesized and important cause and effect interactions among environment, submerged aquatic vegetation
and tuber-feeding birds in the Poyang Lake ecosystem, China. Solid lines: material flow; interrupted lines: activities and
information flows; RS: remote sensing; GIS: geographical information system; SAV: submerged aquatic vegetation.

7.2 Ecology and production of V. spiralis
The production ecology of V. spiralis in Poyang Lake has been studied by Wu and Ji
(2002). V. spiralis winters as tubers and seeds. It sprouts in April, flowers in June,
reaches its maximum aboveground biomass in mid-September and fills its tubers
from mid-July until shoots senesce in late October. Field measurements in 1999
indicated that aboveground plant biomass decreased from the shore to the centre of
the lakes. The average shoot density close to the shore was about 50 to 70 stems/m2,
and individual fresh weight of each green shoot at maximum extent averaged about
12 g/stem. In areas with high tuber abundance, tuber density reached 10 to 70
tubers/m2 with a biomass range of 6 to 45 g fresh weight/m2. Wu and Ji (2002)
concluded that water level, light intensity, temperature and chemical properties of the
water influenced growth and production of V. spiralis most. The importance of water
level was demonstrated by the observation that the V. spiralis population collapsed
during the flood of 1998, when water levels were more than four meters higher than in
normal years (Wu and Ji 2002).
7.3 SAV simulation models
Relationships between environmental variables and the biomass of SAV have been
included in a variety of plant growth simulation models (Collins and Wlosinski (1989),
Scheffer et al. (1993), Calado and Duarte (2000), Best and Boyd (2001b), Van Nes et
al .(2003), Herb and Stefan (2003), Giusti and Marsili-Libelli (2005)). Some of these
models are generic, such as Charisma (Van Nes et al. 2003), while others focus on one
species, for example MEGAPLANT for Potamogeton pectinatus L. (Scheffer et al. 1993,
Hootsmans 1994) and VALLA for Vallisneria americana Michx. (Best and Boyd 2001a).
All these models include descriptions of the seasonal growth cycle. The modelled
plants may survive the winter as shoots or as wintering structures (tubers or seeds).
Growth is initiated at a preset day, and from that moment onwards, each wintering
structure transforms a fixed daily percent of its remaining biomass into the sprout. At
a later preset day, aboveground biomass is transformed into belowground structures
that survive the winter.
Environmental factors and vegetation characteristics influence growth. The
macrophyte characteristics were modelled with different degrees of complexity. For
example, Best and Boyd (2001a) considered different vertical layers within the shoot
biomass, plant organs, and >1 tuber cohort sprouting per year, while Hootsmans (1994)
took the formation of a second shoot into account.
Of particular relevance for our current case is VALLA (Best and Boyd 2001a), a model
that has been developed for V. americana, a species closely related to V. spiralis, and
can be run at climates varying from temperate to tropical. This model has been used
to evaluate the feasibility for V. americana to recolonize rehabilitated navigation pools
of the Illinois River, USA (Best et al. 2004). It has also been used for ecological risk
assessment of planned changes in commercial navigation on the Upper Mississippi
River (UMR) (Bartell et al. 2000). After recalibration for fast-flowing river conditions
(Best et al. 2005), the model is currently being used to evaluate the tentative effects of
changes in water level management in navigation pools of the UMR, USA, on the tuber
availability for wintering waterfowl (including Tundra swans). The latter UMR case is
similar to the current Poyang Lake case, in which a major goal is to evaluate the tuber
availability for the Siberian cranes and other tuber-grazing waterfowl.
Field data published by Wu and Ji (2002) suggest that the species of V. spiralis
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occurring in Poyang Lake is unclear. Wu and Ji (2002) also described the development
cycle and showed the prevalent Poyang Lake V. spiralis species produces relatively
small shoots and large tubers compared to the default V. americana species used for
the latest recalibration of VALLA for the UMR. A clearer description of the Poyang Lake
V. spiralis has been provided now, and new seeds are currently available, so the
identification of the Poyang Lake V. spiralis species should be possible. Once VALLA is
recalibrated for the Poyang Lake V. spiralis species, various scenarios of water level
and transparency changes expected from development projects could be modelled
and the impacts on the tuber production in Poyang Lake might be predicted. Other
research on use of tubers by birds could then be incorporated into this model to
predict changes to the carrying capacity of wintering waterfowl that feed on tubers.
7.4 Conceptual framework integrating SAV simulation model with RS and GIS
Typically models have been used to simulate the impact of changing environmental
conditions on SAV, and it would be tempting to combine these growth simulation
models with GIS to make predictions across spatially heterogeneous environments.
Huang and Jiang (2002) distinguished three approaches to integrate environmental
models with GIS: loose, tight and full coupling. Loose coupling relies on the transfers
of data files between stand-alone GIS and environmental models. For tight coupling,
the environmental models are usually embedded within a GIS, and the interactions
between them depend on the parameter transfers. Full coupling is a full integration of
environmental models within GIS, generally using an advanced programming
language or GIS macro language.
We propose a conceptual framework (Figure 7.3) of loosely integrating VALLA with
RS and a GIS for simulating the plant and tuber biomass of V. spiralis. This framework
consists of three main components: GIS, RS and the SAV simulation model. RS and GIS
will be used to estimate spatial distributions of important environmental variables
that vary frequently and have not been recorded in the field, such as solar radiation
reaching the water surface and water temperature. Additionally, the GIS is also used
to input, store, retrieve, manipulate, analyze and output spatial variables and other
spatial data, such as solar radiation, digital elevation model (DEM), light attenuation
and spatial distribution of tuber biomass. The SAV simulation model imports the
environmental variables from GIS, simulates the plant and tuber production of V.
spiralis, and exports the results to GIS for analysis and visualization.
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Figure 7.3. A conceptual framework integrating a SAV simulation model of Vallisneria spiralis L. with RS and a GIS.
Solar radiation represents the global solar radiation reaching the water surface, and light intensity represents the
light intensity reaching the canopy of SAV.

85

Figure 7.4. Model to calculate the light intensity reaching the canopy of SAV. Rext: extra atmosphere global solar
radiation; Sext: extra atmosphere or potential sunshine hours; R+0: global solar radiation reaching the earth or water
surface; S+0: measured or estimated sunshine hours on the earth or water sutface; PAR+0: PAR reaching the earth or
water surface; PAR-0: PAR entering water body; PARtc: PAR reaching the canopy of SAV; kr: reflection coefficient on
water surface; k: light (PAR) attenuation coefficient in water column; dwb: water depth; hc: height of SAV; dwc: height of
water column above canopy.

7.5 Environmental variables and their measurements in Poyang Lake
SAV simulation models require input data such as light intensity reaching the canopy
of the vegetation, water temperature and the concentrations of nutrients and CO2. The
spatial distribution of none of these variables has been measured in Poyang Lake.
However, a number of associated variables which could be used to derive light
intensity reaching the canopy, such as water level and Secchi disk depth (SDD), have
been measured. These in situ measurements, however, have been collected for a few
lakes only. Confronted with such problems the geoinformation technologies could be
correlated with limited in situ sampling and be used to measure or infer
environmental variables for large areas without in situ sampling.
The light intensity reaching the canopy of the V. spiralis is probably the most important
variable to be measured since the availability of light is the primary factor controlling
photosynthesis of SAV, a primary plant function that drives biomass growth, in most
aquatic systems (Carr et al. 1997). Light at the canopy level is determined by the
radiation reaching the water surface, reflection by the water surface, and penetration
of the light through the water column to the canopy of SAV (Figure 7.4). Presently no
reliable solar radiation estimates exist for Poyang Lake, and the closest station with
such data, Nanchang is 65 kilometres away.
Measurements of sunshine hours (S+0) are available for eight stations around Poyang
Lake. We combined these data with a triangulated irregular network (TIN) and inverse
distance weighting (IDW) interpolation method to interpolate sunshine hours over the
lake. Chen et al. (2006a), analyzing the daily global radiation data and sunshine hours
from 1994 to 1998 at 86 stations in China, reported that 92% of the daily global
radiation could be explained by daily sunshine hours. We applied this model
combined with sunshine hours derived through interpolation to estimate daily global
solar radiation (R+0) within the nature reserve. A possible alternative could be using
the duration of cloud cover derived from low resolution satellite images to predict
daily solar radiation (Kandirmaz et al. 2004). We are currently studying the possibility
to predict solar radiation over Poyang Lake from hourly records of cloud cover
recorded by the Chinese Fengyun-2C (FY-2C) geostationary meteorological satellite.
The radiation reaching the canopy depends on the light attenuation and depth of the
water column (dwc) above the canopy of SAV. The dwc can be derived while using the
DEM, measured water levels and vegetation height. Light attenuation (k) is related to
SDD (Figure 7.5), a variable that has been recorded in three lakes within the nature
reserve and one lake immediately adjacent to it since 1999. Lillesand and Chipman
(2001) mentioned the potential of using low-resolution MODIS satellite data to
estimate SDD of large lakes. Lillesand (2004) reported that 79% of variation of weekly
to biweekly SDD of eleven inland lakes in Wisconsin could be explained by the ratio
of the blue and red MODIS bands. Using the in situ SDD measurements collected in
2004 and 2005 within nature reserve, we developed a regression model between the
natural logarithm of SDD and the blue and red bands of MODIS, and it also explained
88% of the SDD variation (Wu et al. 2007a). The SDD predicted from MODIS imagery
could thus be used to complement information on water transparency for those lakes
where measurements have not been taken. Moreover, it provides a synoptic overview
of the variability in transparency within lakes.
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Figure 7.5. Relation between the
attenuation of photosynthetically
active radiation (KPAR) and Secchi
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We implemented the combination of radiation estimates over the lake and SDD with
other field based measurements to calculate the radiation reaching the canopy of
vegetation, which could then be used as an input to a SAV simulation model coupled
to a GIS.
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Figure 7.6. CO2 assimilation
capacity at light saturation (AMAX),
based on data published by Best
and Boyd (2001a).

0.008

0.004

0.000
0

10

20

30

40

50

Temperature (°C)

Another important required variable is water temperature, as it has a pronounced
influence on photosynthesis. Photosynthesis over the whole canopy is integrated from
instantaneous CO2 gross assimilation rates, and it is a function of absorbed light
energy and the photosynthesis light response of individual shoots. As only a small
portion of the total incoming solar radiation is used in photosynthesis, growth rates of
individual shoots largely depend on the maximum rate of assimilation (AMAX). AMAX
is the actual CO2 assimilation rate at light saturation for individual shoots, which
responds dynamically to varying water temperatures at different water depths. For the
related species, V. americana, AMAX-to-temperature relations are given in Figure 7.6.
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Figure 7.7. Average diurnal water temperature from August to September 2005
at water depths 0.5 (A) and 1 (B) m respectively in Poyang Lake.
Water temperatures show a diurnal progression, and its amplitude varies with
different water depths, as can also be seen from Figure 7.7. Combining AMAX-totemperature (Figure 7.6) and diurnal temperatures as observed over Poyang Lake
(Figure 7.7), it is evident that neither daily average water temperatures from synoptic
observations nor observations from polar-orbiting satellites capture diurnal CO2
gross assimilation rates well. So it is necessary to obtain radiation and temperature
data with higher temporal resolution (hourly).
At present, no record of seasonal variation of water temperature within the nature
reserve exists. RS offers the possibility to measure surface water temperature. For
example, Fox et al. (2005) employed SeaWiFS and AVHRR to estimate the spatial and
temporal distributions of water temperature, while Handcock et al. (2006) studied the
accuracy and uncertainty of water temperature estimates from the thermal-infrared
band of ASTER, MODIS and Landsat ETM+ images.
Despite authors have successfully been able to use imagery from polar-orbiting
satellites to estimate water temperatures, too few clear sky observations remain to
satisfy our strict model requirements. This gap is due to the relatively low temporal
resolution of the images. A challenge lies in the use of geo-stationary satellite data to
estimate water temperature and insolation commensurate with the temporal and
radiometric requirements of our objective. Fengyun-2C (FY-2C), a geo-stationary
meteorological satellite operated by the General National Satellite Meteorological
Center (NSMC) of China, observes a large part of Asia centred at 105 degrees east.
Future work is focusing on the development of algorithms for estimating water (skin)
temperature and solar irradiance from this relatively new sensor. Theoretically,
temperature and radiation can be determined 24 times per day from FY-2C, but in
practice fewer observations are available due to cloud cover. Based on these
estimates, an attempt will be made to model underwater temperature and light
conditions using an inductive modelling approach as the optimum water depth for the
growth of V. spiralis is at 2 to 3 meters depth, and not at the surface (Chambers and
Kalff 1987).
The temporal or spatial distribution of other environmental variables, such as total
phosphorus and total nitrogen, have also been studied through RS by several
researchers (Dewidar and Khedr 2001, Wang and Ma 2001), and their implementation
possibilities in Poyang Lake could be explored in the future.
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7.6 Questions to be addressed
A SAV simulation model coupled to a GIS as described above could be used to
address important environmental questions, of which three major ones are
summarized here.
First, plans are underway to change the hydrology of the Poyang Lake and the Yangtze
River. Concern has been expressed that those hydrological changes could negatively
affect V. spiralis production and therefore the feeding habitat of wintering Siberian
cranes or other tuber-feeding waterfowl. To hydrological engineers and resource
planners it would be useful to quantitatively evaluate the impact of future hydrological
changes on biota, especially where endangered species are involved, as is the case at
Poyang Lake (Wu and Ji 2002). Development plans could then be redesigned and
expensive alterations, once infrastructure has been built, can be avoided.
Second, once engineering projects have been completed, it is important to evaluate
the impacts of hydrological changes on the ecosystem in which the SAV plays an
important role. With the Three Gorges Dam approaching completion, it is not yet
understood how various potential water management scenarios from the dam may (or
may not) affect SAV production at Poyang Lake, located downstream of the Three
Gorges Dam. Predicting impacts from the Three Gorges Dam is difficult because there
is a tremendous seasonal and year-to-year hydrological variability. Dredging is
another activity changing the hydrology of Poyang Lake (Wu et al. 2007b). It has been
suggested that it might influence the production of V. spiralis, but the exact impacts
remain to be assessed. SAV-dominated ecosystems of Poyang Lake likewise respond
to hydrological variability (International crane Foundation and Bureau of Poyang Lake
national nature reserve, unpublished data). SAV simulation models, like VALLA, might
augment our understanding of the system behaviour and allow us to assess the most
important variables to monitor. A calibrated model predicting tuber biomass
production, as affected by hydrology, will also enable us to distinguish between future
changes in tuber biomass attributed to natural seasonal and year-to-year variations
versus man-made hydrological changes.
A third application of a SAV simulation model could be to evaluate whether tuber
feeding bird populations are constrained by the available food sources and in what
years. Such an analysis can only be undertaken at the level of the catchments within
which the birds reside. Application of GIS-based SAV models might ultimately enable
conservationists to address such questions.
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CHAPTER 8
SYNTHESIS
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8.1 Introduction
Almost 95% of the world’s population of Siberian crane (Grus leucogeranus) winter in
Poyang Lake, where they forage on the tubers of the submerged aquatic macrophyte
Vallisneria spiralis L. The growth and production of V. spiralis are regulated by the local
hydrological conditions, which might not only be influenced by the local factors, but
also be modified by the changed hydrology of the Yangtze River induced by the
ongoing and proposed engineering projects. This study investigated the impact of the
dredging activities in the northern Poyang Lake and the Three Gorges Dam in the
Yangtze River on the water turbidity and water level of Poyang Lake, analyzed how
these hydrological changes influenced the underwater light climate of V. spiralis, and
discussed their potential impacts on the growth and productivity of V. spiralis and
further on the food habitat of Siberian crane in Poyang Lake.
This chapter summarizes the main results and their interrelationships in this study,
and addresses future works.
8.2 Main results and their interrelationships
(1) MODIS offers possibility to monitor water clarity regularly and cheaply in
relatively big and frequently cloud covered lakes
The potential of remote sensing to assess the dynamics of water clarity has been
explored since the launch of the Landsat satellites in the 1970s. Regular monitoring is,
however, hampered by frequent cloud cover and low revisit time repeat. Moderate
resolution imaging spectroradiometer (MODIS) could be more suitable to monitor
such dynamics. However, this potential has rarely been explored in inland water
bodies.
Chapter 2 compared two image sources, MODIS and Landsat thematic mapper (TM),
for mapping the tempo-spatial dynamics of water clarity. Time-series in situ records of
water clarity (Secchi disk depth) were related to five Landsat TM and twenty two
MODIS images respectively. Two multiple regression models including the blue and
red bands of Landsat TM and MODIS respectively explained 83% and 88% of the
variation of the natural logarithm of Secchi disk depth. The standard errors of the
predictions were 0.20 and 0.37 m for Landsat TM and MODIS-based models.
Compared with MODIS, Landsat TM provides finer spatial resolution and more
historical information of water clarity; it has less signal reflectance from the water
column and lower orbital repeat cycle. MODIS has several advantages over Landsat
TM, such as its daily and near-daily coverage, better spectral sensitivity and cost-free
distribution. On the basis of the comparison of water clarity predicted from Landsat
TM and MODIS data as well as the advantages and contras of both sensors, it is
concluded that MODIS could offer the possibility to monitor the dynamics of water
clarity more regularly and cheaply in relatively big and frequently cloud covered
lakes like Poyang Lake.
(2) Landsat TM mid-infrared bands hold potential in ship detection in turbid water
Simultaneous information of ship and water turbidity could improve the strength pf
evidence of dredging impact assessments. Synthetic aperture radar (SAR) has been
frequently and successfully applied to detect ships because it can be applied day and
night under most meteorological conditions. It, however, does not allow synchronic
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detection of vessels and water turbidity. The visible and near infrared bands of
Landsat have limitation for detecting ships, especially in turbid water. Therefore, it is
interesting to explore the capability of mid-infrared bands of traditional optical
remote sensing systems for ship detection.
Chapter 3 analyzed the performance of the various Landsat TM bands for detecting
dredging ships in the turbid water of the northern Poyang Lake, China. The result
revealed that the TM bands 1 to 4 had limitation especially in turbid water, while
bands 5 and 7 held great potential in ship detection. The significant correlations
between reflectance ratio and water turbidity in bands 1 to 4 could explain the
limitations of bands 1 to 4; while water turbidity has no significant impact on the
reflectance of bands 5 and 7, which could explain why the bands 5 and 7 provided
stronger capacity compared with bands 1 to 4 in ship detection. Therefore, it is
recommended using the mid-infrared bands of Landsat TM for operational ship
monitoring in turbid water.
(3) Simultaneously monitoring the water turbidity and vessels enhanced the strength
of evidence in remotely sensed dredging impact assessments
Dredging is an economic activity with pronounced environmental impacts. Remotely
sensed assessment of dredging impacts on water turbidity is straightforward when
turbidity plumes show up in clear water. It is, however, more complicated in turbid
waters as the spatial or temporal changes in turbidity might be of natural origin. The
plausibility of attributing turbidity patterns to dredging activities would be greatly
enhanced when demonstrating the association between dredging infrastructure and
water turbidity.
Chapter 4 investigated the possibility to strengthen inference of dredging impact
while simultaneously monitoring vessels and water turbidity in the northern Poyang
Lake, China. One MODIS-based water clarity model was developed in Chapter 2, and
it was applied to derive the historical change of water clarity from 2000 to 2005 in
northern Poyang Lake. Chapter 3 reported that the mid-infrared bands of Landsat TM
5 images hold potential in ship detection in turbid water. Therefore, time-series
Landsat TM images were used to estimate ship from 2000 to 2005. MODIS images
revealed a significant increase in water turbidity from 2001 onwards, while Landsat
TM image analysis indicated a simultaneous increase in the number of vessels.
Regression analysis further showed a highly significant positive relationship (R2 = 0.92)
between water turbidity and vessel number.
On the basis of discussion of ship-related resuspension, final destinations of vessels
and coincidence of vessel clusters with irregular dented patterns and turbid plume
development when clear waters upstream passing the first vessel cluster, it is
confirmed that dredging caused the increase in water turbidity. Therefore, the study
revealed that simultaneously monitoring water turbidity and vessels enhanced the
strength of evidence in remotely sensed dredging impact assessments.
The increased water turbidity caused by dredging may decrease the available light
for photosynthesis of V. spiralis, and consequently may cause a decrease or
disappearance of the food source of Siberian cranes.
Chapter 2 and 3 provided necessary methods for deriving historical information of
water clarity and ships, which contributed to the conclusion that the dredging
resulted in the decline of water clarity in the northern Poyang Lake.
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(4) Spatial interpolation method hold more potential in predicting the spatial
distribution of solar radiation than extrapolation methods
Photosynthetically active radiation (PAR) is an important factor determining the
growth and productivity of plants, and the accurate information of PAR is
indispensable for simulating the growth and productivity of plants.
Chapter 5 compared three extrapolation and interpolation methods for predicting
daily PAR reaching the earth surface over the Poyang Lake national nature reserve,
China. The result revealed that: (1) the triangulated irregular network (TIN) and
inverse distance weighted (IDW)-based interpolation method achieved the best
prediction of PAR (R2 = 0.89, s.e. = 1.02, F = 830.02, P < 0.001) in all tested methods; (2)
the extrapolation method from Nanchang station got moderate result (R2 = 0.88, s.e. =
1.07, F = 745.29, P < 0.001); (3) the extrapolation method from Yongxiu station also
produced acceptable prediction (R2 = 0.87, s.e. = 1.14, F = 669.76, P < 0.001); however,
(4) the extrapolation methods from Xingzi and Duchang station were not suitable for
this specific site for their biased predictions.
Considering the assumptions and principles supporting the extrapolation and
interpolation methods, it is concluded that the interpolation method produce more
reliable result than the extrapolation methods and hold the greatest potential in all
tested methods to be applied over the whole nature reserve.
(5) Water level induced by the Three Gorges Dam affects the radiation regime of V.
spiralis and may affect the food habitat of Siberian crane
The growth and production of submerged vegetation are controlled primarily by light
intensity reaching its canopy, water temperature, CO2 and nutrient concentration.
Light intensity likely controls the growth and production of V. spiralis as it is highly
variable in waters with fluctuating water depth and clarity such as Poyang Lake.
Chapter 6 modelled the photosynthetically active radiation reaching the top of V.
spiralis (PARtc) in Lake Dahuchi from 1998 to 2006. PARtc was calculated from incident
radiation while considering losses due to surface reflectance, absorption and scatter
within the water column. The results revealed significant between year differences in
PARtc, which was determined primarily by fluctuation in water level. Six years of
Secchi disk depth records revealed seasonal switching of the lake from turbid at low
water level in autumn, winter and spring to clear at high water level in summer. The
highest PARtc occurred at intermediate water levels, which were reached when the
Yangtze River forces Lake Dahuchi out of its turbid state in spring.
The operation of the Three Gorges Dam, which will increass water level of Yangtze
River from May to June may force Lake Dahuchi out of its turbid state earlier and
increase the Light intensity reaching the canopy and the production of V. spiralis. The
impact on light regime would become negative when forcing Lake Dahuchi to water
levels above 14.5 m. However, it is anticipated that the first would be more frequent
than the second. It is concluded that the operation of the Three Gorges Dam will at the
short term increase the light regime and productivity of V. spiralis and possibly affect
the food habitat of Siberian crane in Poyang Lake.
The solar radiation on the top of canopy of V. spiralis is determined by that reaching
the earth surface, water level, light attenuation and vegetation length (Chapter 6).
Chapter 5 compared the extrapolation and interpolation methods for predicting the
solar radiation reaching the earth surface within the Poyang Lake national nature
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reserve, and established the foundation for estimating the radiation reaching the top
of canopy of V. spiralis.
Light attenuation in the water column affects the solar radiation reaching the top of
canopy of V. spiralis. This study revealed that the light (photosynthetically active
radiation) attenuation coefficient (Chapter 6) was significantly related to water clarity
recorded in the field and derived from MODIS images (Chapter 2).
In addition, the Secchi disk depth demonstrated a remarkable seasonal pattern of
water clarity (Chapter 6) in Lake Dahuchi, namely, water clarity was low in winter and
spring, increased in April or May to reach the highest values in summer, upon which it
gradually declined from September onward. The similar seasonal pattern was
observed in other lakes with the nature reserve, even in Poyang Lake from remote
sensing image analysis. The dredging activities not only change the seasonal pattern
of water clarity in the northern Poyang Lake (Chapter 4), but could decline the water
clarity in central and southern Poyang Lake, even within the nature reserve when the
backflow from Yangtze River to Poyang Lake happened from July to September
(unpublished result). Therefore, we suggested that the dredging activities could
decrease the light regime and productivity of V. spiralis and negatively affect the food
habitat of Siberian crane in Poyang Lake.
(6) Integration of a simulation model of plant biomass with remote sensing and a
geographical information system could contribute to evaluate the impact of
possible hydrological changes on V. spiralis.
A conceptual framework to integrate a simulation model of plant biomass for V. spiralis
with remote sensing and a geographical information system was introduced in
Chapter 7. It is expected that the system, once implemented, could contribute to (i)
evaluate the impact of possible hydrological changes in the future on submerged
aquatic vegetation which attracts Siberian cranes (ii) enhance the ability to assess the
impact of ongoing engineering projects and (iii) assess whether tuber feeding bird
populations are constrained by the regional availability of food resources in Lake
Poyang.
The model needs several important inputs such as light intensity reaching its canopy,
water temperature, CO2 and nutrient concentration. Chapter 6 estimated the light
intensity reaching the top of canopy of vegetation, and made necessary preparation
for implementing the model.
8.3 Future works
For assessing the food habitat of Siberian crane, several interrelated issues were
addressed in this study. However, this study did not cover all aspects related to the
food habitat of Siberian crane. There are some important issues that need to be
investigated, and some of the aspects dealt with in this study need further exploration
for achieving this objective. The future works relevant to this study are as follow:
(1) Assessing dredging impact
Dredging is an economic activity with pronounced environmental impacts. The
dredging activities in northern Poyang Lake increased the water turbidity, and may
negatively affect this ecosystem. There is reason for concern about the possible
environmental impacts on the ecology of Poyang Lake. So far, the nature and
magnitude of these ecological impacts remain unknown. It would be worthwhile to
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explore these possible impacts in order to develop scientific knowledge to support
the decisions that need to be made by the responsible authorities
(2) Simulating the growth of V. spiralis
Plant growth models have been applied in many cases for predicting or
understanding the growth of submerged aquatic vegetation. However, such model has
not been tested in Poyang Lake. The implementation of simulation model of V. spiralis
in Poyang Lake will contribute to understand how the environmental factor changes
affect the growth and biomass of V. spiralis.
(3) Integrating growth simulation of V. spiralis with remote sensing and geographical
information system
So far, no growth simulation model of submerged aquatic vegetation was found to
successfully integrate with remote sensing and a geographical information system,
which could be important techniques to derive variables required by the simulation
model. The integrated system, once implemented, could predict the spatial
distribution, and contribute to evaluate the impact of possible hydrological changes
on V. spiralis.
(4) Predicting the food habitat of Siberian crane
It is also possible to integrate the food habitat model of Siberian crane with the
simulation model of V. spiralis. Such integrated system could be used to predict the
habitat of Siberian crane, considering the food availability, water level and human
disturbance. The system could also be employed to analyze the impact of dredging,
Three Gorges Dam or other ongoing engineering projects on the habitat of Siberian
crane.
8.4 Conclusion
In this chapter, various investigations undertaken in this study were summarized,
relations among these investigations were analyzed, and the several future works
relevant to this study were highlighted. It is anticipant that these results would provide
the basis for the future works, and the implementation of future works would support
the decisions that need to be made by the responsible authorities, as they need to
balance the pros and cons of dredging when deciding how to rationally manage this
unique lake ecosystem.
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