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Introduction

Chapter 1

Introduction
Tanapipat Walalite

1.1 The need for knowledge on floodplain ecosystems in tropical regions

Although river-floodplain ecosystems have been recognized as highly productive compared to 
terrestrial or aquatic ecosystems, they are severely threatened. Most river floodplains in developed 
countries, such as in Europe and in North America, are already altered by human activity. In 
developing countries, especially in Southeast Asia, the remaining natural floodplains disappear 
quickly. There is thus an urgent need for conservation actions that preserve natural floodplains to 
prevent further loss of ecological services of these ecosystems (Tockner and Stanford 2002). 

Effective conservation strategies require an understanding of the floodplain’s ecological function 
and functioning. While the ecological functioning of river floodplains in the temperate climate zone 
is well studied, floodplains situated in a tropical climate, especially in the monsoon region of 
Southeast Asia, are less studied. Moreover, each river floodplain can exhibit different characteristics 
and ecological processes. Therefore, the knowledge body regarding rivers and floodplain ecosystems 
in tropical regions needs to be further developed in order to support conservation actions. In the 
following of this introduction, I will discuss in sections 1.2) the river ecological concepts and their 
suitability for understanding ecohydrological floodplain functioning, 1.3) the influences of climate 
on river-floodplain ecological functions, 1.4) the nutrient cycling in river floodplains. Finally, in 
section 1.5) the structure of this thesis will be presented, including the objectives and the research 
questions of each chapter, and in section 1.6) the study areas will be presented. 

1.2 The conceptualization of riverine ecosystems

The development of ecological concepts relevant to river and floodplain ecosystems can be traced 
back to the late 1970s to the early 1980s. One of the most well-known concepts developed in the 
early ’80s is the River Continuum Concept (RCC), proposed by Vannote et al. (1980). The concept 
emphasizes ecological processes along longitudinal gradients of streams and rivers. The RCC 
assumes that physical gradients in the river from upstream to downstream are responsible for a 
continuum of changes in ecological processes along the river. The input of nutrients to the river is 
mainly via organic material, which originates from 1) local inputs from terrestrial vegetation 
(allochthonous inputs), 2) primary production within the stream (autochthonous production), and 
3) transport from upstream. The share of each source is expected to vary from upstream to 
downstream along a river. Because varied sources and forms of input, shading and turbidity affect 
the penetration of solar radiation into the water column, the functional groups of the biotic 
community adapt in response to that: with shredders and collectors dominating in the upstream 
aquatic community, grazers and collectors in the middle reach and collectors in the downstream 
river (Fig. 1.1). The RCC has been very useful in explaining ecological functions and processes in 
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Fig. 1.1 Illustration of the River Continuum Concept (from Vannote et al., 1980) that assumes a change of biotic commu-
nities in response to the physical gradient of the river from upstream (top of the figure) to downstream. Relative channel 
width and the stream size increase downstream in relation to the stream order. Because of varied sources and forms of 
input material (fine and coarse particulate organic matter (FPOM and CPOM)) shading, and turbidity, the functional 
groups of the biotic community adapt in response to that, with shredders and collectors dominating in the upstream 
aquatic community, grazers, and collectors in the middle reach and collectors in the downstream trajectory of the river. 
P/R is the ratio of aquatic production and respiration in the river channel. 
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the main river channel but did not pay very much attention to rivers with extended floodplains, 
especially those in the tropics, such as the Amazon, where the floodplain is immense and serves 
many ecological functions that cannot be seen apart from the river (Sedell et al., 1989; Johnson et 
al., 1995). In addition, a river network may not always exhibit continuous gradients of physical and 
biotic conditions, as the concept assumes. Instead, as demonstrated by Statzner and Higler (1986, 
1985), conditions in rivers may change abruptly in space depending on the geomorphology and 
landscape setting of the catchment. Furthermore, Townsend (1989) questioned if the RCC 
downstream continuous pattern can be generalized worldwide.

A second influential ecological concept for large river floodplains in tropical and temperate 
areas called the ‘Flood Pulse Concept’ was later presented by Junk et al. (1989). The Flood Pulse 
Concept (FPC) emphasizes the ecological processes that occur in rivers and floodplains. It states 
that a predictable (annual) flood pulse is an essential hydrological feature of a large river extending 
onto the floodplain. The floodplain receives fresh sediment from the river during floods, and 
nutrients and organic matter produced in the floodplain are exported and returned to the river 
during flood recession (Fig. 1.2.). In this view, organic matter from upstream has negligible effects 
on production compared to the locally produced organic matter on the floodplain. Predictable flood 
pulses of moderate duration allow aquatic and terrestrial organisms to adapt to the pulse. A regular 
flooding regime and associated sediment deposition help maintain high biotic diversity in 
floodplain forests. In the original concept, the FPC focused on nutrient cycling processes that were 
assumed to occur homogeneously over the floodplain and transversal exchange processes between 
the floodplain and river. Later, the FPC extension (Junk and Wantzen, 2004) included the 
longitudinal transport of organic matter in the river from upstream to downstream and from the 
river to the floodplain. Although the RCC and the FPC have served well as major ecological 
concepts for river and floodplain ecosystems, they have their limitations. Neither the RCC nor the 
FPC concepts fully explain river and floodplain processes (Johnson et al., 1995; Tockner et al., 2000; 
Thorp et al., 2006; Keizer et al., 2014). Especially when climatically different rivers are taken into 
consideration. 

A third ecological concept also stresses that rivers and floodplains are closely interacting but 
acknowledges the impact of climate on how rivers and their floodplains might interact. During the 
flood, floodplains receive material transported by water from their parent river, and in return, 
floodplain-produced material is exported to the river. As floodplains and rivers are closely related 
spatially, Wiens (2002) suggested the Riverine Landscape Concept. This concept views the river 
from a landscape ecological angle that considers; 1) rivers as elements of a landscape mosaic, 2) 
rivers linked with their surroundings by boundary dynamics, and 3) rivers as internally 
heterogeneous landscapes. Wiens (2002) added: “Rivers exhibit longitudinal characteristics in the 
landscape and can be viewed as a landscape in itself.” Later in 2006, Thorp et al. developed the 
Riverine Ecosystem Synthesis model (RES), which integrates longitudinal processes and patch-scale 
dynamics (Townsend, 1989). Although it acknowledges the longitudinal pattern of the river 
network, the concept does not view the river network as a simple continuous longitudinal gradient, 
neither physically nor as a biotic community (sensu Vannote et al., 1980). Instead, the RES views the 
river network as downstream arrays of large hydrogeomorphic patches formed by catchment 
geomorphology and flow characteristics. River and floodplain are complex in a multitude of spatial 
dimensions and are therefore composed of various subsystems, e.g., main channel, slack water 
habitat, sub-bank full area, supra-bank full area, and floodplain area. Hydrogeomorphology causes 
habitats to differ in physical and chemical conditions and bio-complexity. This creates a “Functional 
Process Zone” (FPZ), a habitat for various biotic communities. Different FPZs are present from 
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Annual 
terrestrial grasses

 Terrestrial shrubs

Flood-tolerant trees

River

The rising of river water brings fresh sediment 
and nutrients to the �oodplain.   

River

Floodplain

Floodplain

Floodplain

Floodplain

Floodplain

Aquatic vegetation develop and produce 
biomass during an aquatic stage of the �oodplain.

Nutrients from decomposition and 
organic matter produced in the �oodplain 
�ow to the river during the �ood retreat. 

River

River

River

The �oodplain returned to its terrestrial habitat. 
Aquatic biomass decomposes, and nutrients are 
recycled for terrestrial vegetation.    

Fig. 1.2 Illustration of the Flood Pulse Concept shows the aquatic/terrestrial transition zone for river floodplains (adap-
ted from Junk et al., 1989). A) During the terrestrial stage, floodplains are suitable for annual terrestrial grasses, ter-
restrial shrubs, and flood-tolerant trees. B) Floodplains receive fresh sediment and nutrients from the river during 
the rising stage of the flood. C) When terrestrial habitat turns to aquatic, biomass in floodplains decomposes. Aquatic 
vegetation develops and produces biomass. Organic matter is produced in the floodplain during the flood. D) Nutrients 
from decomposition and organic matter produced in the floodplain flow to the river during the flood retreat. And E) 
The floodplain returned to its terrestrial habitat. Aquatic biomass decomposes, and nutrients are recycled for terrestrial 
vegetation. 
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upstream to downstream, and the same type of FPZ may be found more than once and arranged in 
a way that is not always predictable (Fig. 1.3). The same type of FPZ should exhibit a more similar 
biotic community than belonging to a different FPZ. Furthermore, climatic conditions are an 
important factor influencing these patches by steering runoff (of water, sediment, organic matter, 
and nutrients), riparian/floodplain vegetation, and aquatic vegetation. From this third conceptual 
view on rivers and floodplains (RES and FPZs), we may expect riverine functional process zones 
situated in different climate zones to exhibit different ecological processes and patterns. 

1.3 Effects of climate on flood patterns and vegetation growth in floodplains

Temperature is a fundamental environmental factor that regulates plant growth and the length of 
the growing season. River floodplains in different climatic zones may experience different 
temperature and precipitation patterns that impact ecological processes. Tockner et al. (2000) 
showed that due to the high and relatively constant temperature in a tropical river (e.g., the Jong 
River in Sierra Leone), the flood pulse is a dominant ecological process in the floodplain. In 
contrast, as river water temperatures in the temperate zone show higher annual variability than the 
relatively stable temperature in tropical systems, the flood pulse can be asynchronous to the growing 
season in the floodplain. For instance, Fig. 1.4 shows clear differences in synchrony of temperature, 
discharge, flood period, and growing season of a temperate and a tropical river. In the temperate 
Polish river, the flood peak is at the end of winter/beginning of spring when temperatures are low. 
This while vegetation grows in summer when temperatures are high and the flood has receded. In 

unconstrained headwater FPZ

unconstrained lowland FPZ constrained headwater FPZ

constrained lowland FPZ

anabranched FPZ

Fig. 1.3 Schematic view of a river by the Riverine Ecosystem Synthesis model (from Thorp et al., 2006). (A) shows 
different ecological Functional Process Zones (FPZ) from upstream to downstream. Hydrogeomorphology causes diffe-
rences in habitats. Differing in physical and chemical conditions and bio-complexity creates a FPZ, a habitat for various 
biotic communities. (B) shows similar types of FPZ can be present at one or more river sections, and their occurrence 
cannot always be predictable in their arrangement. 
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the tropical Thailand monsoon river, temperatures are relatively stable and high throughout the 
year, and the growing season is longer. From here, it is clear that the flood regime for a tropical 
floodplain is a very important process in determining habitat patterns and explaining biological 
diversity (Junk and Piedade, 1993; Junk and Wantzen, 2004). For temperate floodplains, Tockner et 
al. (2000) suggest that nutrients and temperature are important factors that determine the 
floodplain ecology. 

Vegetation in floodplains adapts to and benefits from flooding. River floodplain ecosystems 
receive water and material from floods that may be beneficial but may also pose stress for 
organisms. Different environmental factors together determine the spatial pattern of ecosystems 
across the floodplain. These factors are flooding depth, water velocity, oxygen and light stress during 
long-term inundations, and nutrient and sediment inputs. Floodplain vegetation responds to these 
environmental factors resulting in spatial differentiation in productivity and species, as shown for 
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Fig. 1.4 Synchrony between the temperature and discharge pattern of the Polish temperate river (the Narew River) and 
the tropical monsoon river in Thailand (the Songkhram River). The peak discharge in Poland follows snowmelt in late 
winter and rainfall in early spring, whereas, in Thailand, the peak coincides with the monsoon season. The growing 
season is limited to summer in Poland, whereas in Thailand, the main growing season starts at the beginning of the 
monsoon season (around May.) and continues until the flood begins. Although the temperature in the tropics is optimal 
for growing all year round, lack of water during the dry season inhibits vegetation growth. So interesting is that for 
Poland, the growing season starts after the flood period, while for Thailand, the growing season is followed by a flood 
period.
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temperate river floodplains (Keizer et al., 2014; Wassen et al., 2003; Wassen and Joosten 1996; Wu 
and Blodau 2015). Similarly, clear vegetation zonation along flooding gradients are observed for 
large tropical floodplains, i.e., the Amazon basin, the Okavango Delta, the Mekong Tonle Sap, and 
the tropical Northern Australia wet-dry system (Parolin and Wittmann 2010; Parolin et al., 2016). 
Spatial patterns of vegetation in these tropical floodplains are the result of their adaptation and 
response to seasonal flooding characteristics, especially inundation depth and duration (Arias et al., 
2016; Parolin et al., 2016). In addition, nutrient availability in floodplains is an important factor as it 
determines the productivity of the floodplains. Spatial patterns of nutrient availability can directly 
cause vegetation zonation but can also influence seedling establishment strategies which also result 
in spatial patterns of vegetation in floodplains (Parolin, 2002).

1.4 Nutrient retention and recycling functions of river floodplains

River floodplains are highly productive compared to many terrestrial or aquatic ecosystems (Junk et 
al., 1989). The most important factor that promotes the high productivity of river floodplains is the 
regular re-wetting process that takes place (Baldwin and Mitchell 2000), which causes a high rate of 
nutrient cycling. Second, additional dissolved and particulate materials transported by the river into 
the floodplains potentially deliver nutrient input and increase nutrient recycling. 

Nutrient retention and recycling will vary during the three hydrological stages; 1) base flow 
stage, 2) rising stage, and 3) falling stage, as described in the River Wave Concept (Humphries et al., 
2014) and the Flood Pulse Concept (Junk et al., 1989; Junk and Wantzen 2004). In the stage of 
rising, water from the river inundates the floodplain. The material transported by the inundation 
water locally adds sediments. The productivity of the floodplain system during the inundated 
aquatic phase is represented by the biomass of aquatic vegetation and phytoplankton in the water 
column. This aquatic vegetation’s biomass and phytoplankton are a function of nutrient availability, 
temperature, oxygen, and turbidity in the water column. The latter may result from suspended 
sediment brought in but also from algal growth and may act as a limiting factor hampering the 
photosynthesis of submerged leaves(Basu and Pick 1996; Zohary et al., 2010; Bhat et al., 2015). 
During the flooded stage of the floodplain, one of the well-recognized ecological functions of the 
river floodplain is its nutrient removal capability (e.g., Gordon et al., 2020; Mcjannet et al., 2012). 
However, this process varies depending on the nutrient types (e.g., nitrogen and phosphorus) and 
forms (dissolved and particulate). For example, floodplains in a temperate climate (North America 
and Europe) demonstrated their capability to remove dissolved inorganic nitrogen (NO3-) and total 
or particulate phosphorus from floodwater (Gordon et al., 2020). In the tropical Zambezi River, 
Zuijdgeest et al. (2015) reported that the floodplain retains and breaks down particulate organic 
carbon and nitrogen, then exports dissolved organic and inorganic carbon and nitrogen to the 
downstream river. Since the ecological function of each floodplain can be different, studying 
individual floodplains is crucial to better understanding the ecological processes of floodplains.

1.5 Objectives and outline of this thesis

This thesis aims to further develop the knowledge body regarding rivers and floodplain ecosystems 
in a tropical region and compare it to those in a temperate climate, which will support management 
strategies and conservation actions. The two main objectives of this thesis are 1) to understand the 
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ecological functioning of a river floodplain in a tropical climate and 2) to compare this with a 
temperate river floodplain to understand their similarities and differences in ecological functioning. 
As the ecological functioning of river floodplains in different climate zones could be similar or 
different, effective management and conservation strategies must understand the biogeochemical 
processes of the floodplain as an integral part of the whole river system. Fig. 1.5 demonstrates the 
links between the research chapters to the thesis’s main objectives and aims. 

Following the first objective, a pioneer study of the hydrochemical functioning of the tropical 
monsoon River Songkhram’s floodplain is presented in Chapter 2. Next, in Chapter 3, the ecological 
functioning of the Songkhram River floodplain was analyzed in detail using data on nutrient status 
in soil, water, and vegetation. Chapter 2 and Chapter 3 together provide an understanding of the 
eco-hydrological function of the tropical river floodplain based on an example from Thailand’s 
tropical monsoon river floodplain. For the second objective, Chapter 4 presents an ecohydrological 
analysis of the Narew River floodplain as an example of the ecological functioning of a relatively 
pristine river floodplain in temperate European. This is to be able to compare it with the tropical 
monsoon river. Then, in Chapter 5, the ecological functioning of the Narew River and the 
Songkhram River floodplains are compared in terms of hydrology, hydrochemistry, nutrient budget, 
and nutrient balance of floodplain vegetation. In Chapter 6, a synthesis is given with respect to 
research questions, research objectives, and implications for management strategies and 
conservation actions. 

 Thesis aims:
 

to develop further the knowledge body regarding rivers
and floodplain ecosystems in tropical regions,

to understand similarities and differences with the
ecological functioning of river floodplains situated 

in a temperate climate, 

and to support management strategies 
and conservation action  

Chapter 2

An exploratory study 
of the hydrological functioning 

of the monsoon 
Songkhram River floodplain

Objective 2 

To compare the ecological
 functioning of a river floodplain in 
a tropical climate with a temperate 

river floodplain.

Chapter 3 

The ecological functions of the
 Songkhram River floodplain 

were analyzed in detail using data on 
nutrient status in soil, water, 

and vegetation. 

Chapter 4

An ecohydrological analysis of 
the Narew River floodplain as a 

representative of a relatively 
undisturbed temperate 

river floodplain

Objective 1

To understand the ecological 
functioning of a river floodplain 

in a tropical monsoon climate.

Chapter 5 

The ecological functioning of the 
Narew River and the Songkhram River

 floodplains are compared in terms
 of hydrology, hydrochemistry, and 

nutrient budget and balance 
of the floodplain vegetation.

Fig. 1.5 Structure of this thesis shows the aims, the main objectives, and their links to each research chapter. 
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In chapter 2, following the first objective of the thesis, this chapter aims to explore the floodplain 
functioning of a tropical monsoon river system by studying the longitudinal and transverse 
floodwater hydrochemical characteristics in the Songkhram river (Thailand) and its floodplains. 
Also, the relationship between the hydrochemical status and the land use in the floodplain is 
analyzed. Hydrochemical characteristics are monitored during a flood event in the Songkhram 
River. The research questions of this study are 1) What are the longitudinal (upstream-downstream) 
and transverse (river–floodplain) trends in hydrochemistry and nutrient availability during the 
flood period in the monsoon river system? 2) Do nutrient availability and water chemistry differ 
significantly between the main river channel and the floodplain during the flood period? 3) Are 
these differences related to land cover on the floodplain? 

In chapter 3, again, following the first objective of the thesis, we further investigate the ecological 
functioning of the Songkhram River floodplain and its floodplain vegetation. Two distinct 
vegetation zones in the floodplain (bamboo and grass) are studied in detail to explore spatial 
differences in the nutrient distribution in water, soil, and vegetation. Interaction between the flood 
characteristics and the vegetation with respect to nutrient fluxes and storage are analyzed for the 
two different vegetation zones. During the fieldwork, we observed that the highly productive 
flooded bamboo was found near the river, while the flooded grass vegetation was found next to the 
bamboo and extended upwards to the floodplain edge. The bamboo leaves and the grass biomass 
were harvested, estimated for annual production, and analyzed for nutrient concentration. We also 
investigated nutrients in the floodplain soil before and after the flood and analyzed the floodwater 
chemistry. The research questions of this study are 1) Are there spatial differences in the nutrient 
distribution in water, soil, and vegetation for two distinct vegetation zones (bamboo and grass) in 
the floodplain? And 2) What are the interactions between the flood characteristics and the 
vegetation concerning nutrient fluxes and storage?

Chapter 4, following the second objective of this thesis, presents the ecohydrological analysis of 
the Narew River floodplain in Poland. This study aims to understand the ecological characteristics 
of a relatively undisturbed river floodplain in a temperate climate. The understanding of the 
ecological character of a temperate floodplain in this study is a crucial part of a comparison with a 
tropical monsoon floodplain’s ecological functioning. We analyze field observation data, including 
vegetation communities, soil, nutrient availability, and the chemistry of surface water and 
groundwater. We investigate three floodplain sites situated upstream, mid-lower, and downstream 
of the river. The research questions of this study are 1) Do the vegetation types that are laterally and 
longitudinally distributed over different locations along the floodplain differ in community 
structure? And 2) What environmental factors could explain the differences in the community 
structure of the vegetation?

In Chapter 5, to achieve the second main objective of this thesis, a comparison study of 
ecological functions between the floodplains in a temperate and a tropical monsoon system is 
conducted. The study aims to provide an understanding of similarities and differences in the 
ecological functioning of river floodplains in the two climate zones, which will provide basic 
knowledge to further effective management plans and conservation strategies for the river 
floodplains. This chapter presents a comparison of the hydrology, hydrochemistry, and nutrient 
status of the vegetation of the two river floodplains. Furthermore, a simple model for the nutrient 
(N and P) budget and balance of the floodplain vegetation of the two floodplains is developed and 
compared. We also evaluate the importance of nutrient input by floodwater and how this 
contributes to the nutrient budget and balance. The research questions of this chapter are 1) How do 
the seasonal patterns of river discharge influence nutrient concentration and nutrient loads of the 
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Fig. 1.6 Maps show the study area of the Narew River basin of Poland, situated in eastern Europe, and the Songkhram 
River basin of Thailand, situated in southeast Asia. Spatial scales are equal, showing comparable areas of the two basins. 
Note that elevation scales are different between the two basins. The distribution of the Temperate, Tropical Rain Forest, 
and Tropical Monsoon and Savanna areas in the upper map adapted from Beck et al. (2018).

rivers situated in temperate and tropical climates? 2) Is the eco-hydrological functioning (N and P 
budgets and balance) of the floodplains in the temperate and tropical monsoon climate systems 
comparable? 3)Are the Narew and the Songkhram floodplains a sink or a source of nutrients? 

In Chapter 6, the main findings of this thesis are synthesized and discussed in light of the main 
objectives and aims and the research questions of the studies. The relevance of the acquired 
knowledge for river floodplain management is discussed, which aims at maintaining the studied 
rivers’ relatively pristine ecological functioning in terms of nutrient transport, storage, and recycling 
as an integral part of the whole river system. Some suggestions for future research will be given. 

1.6 The Study sites

The floodplain of the temperate Narew River, Poland (22°12’ to 24°27’ E and 52°36’ to 54°16’ N), 
and the floodplain of the tropical monsoon Songkhram River, Thailand (103°12’ to 104°35’ E and 
16°55’ to 18°23’ N) were studied (Fig. 1.6). 
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The Narew River is a tributary of Poland’s Vistula River. It originates in Belarus and flows 
through northeast Poland. The river’s total length is ca. 484 km, and the total drainage area is ca. 
28,000 km2 before the confluence with the Bug River (Gielczewski et al., 2011). The study area in 
this thesis focuses on the upper part of the Narew River upstream from the gauge station located at 
Lomza (Fig. 1.6). At this station, the drainage area of the basin is ca. 15,300 km2, and the upstream 
length of the river course is ca. 310 km. The basin is in a temperate climate zone with a yearly 
average temperature of 7.2 °C and gross precipitation of 617 mm (Gielczewski 2003). The upper part 
of the river runs through the middle Pleistocene plateaus before entering the Vistulian Glaciation 
area with loamy moraine plateaus or sandy glaciofluvial plains in the lower area (Górniak 2018). 
The width of the flood terrace of Narew is up to 10 km. Most land cover in the basin is agriculture 
and forest, which account for 55% and 32 %, respectively; around 10% of the catchment is a nature 
protection area (Gielczewski 2003). Regular and predictable flooding is a characteristic of the Narew 
River floodplains. The river is defined as a temperate snowmelt-fed river system characterized by 
increasing discharges and water levels after snowmelt that reaches a maximum level during spring 
in March and April. Water level and discharge decrease in summer and autumn until the mostly 
frosty winter period start. 

The Songkhram River is a tributary of the Mekong River, located in north-eastern Thailand. The 
river is approximately 495 km long, and the drained area of this river basin is around 13,000 km2. 
This river is a tropical monsoon rain-fed river. The monsoon season lasts from May to September 
and is followed by a cool, dry season from October to February that is succeeded by a hot, dry 
season from March to April. During the monsoon season, the average precipitation is 1690 mm 
(range 906 – 2420 mm); this compares with an average precipitation of 270 mm (range 80 – 490 
mm) during the dry season. Flooding in the Songkhram River floodplain occurs following the 
monsoon season, begins in May, and ends in October. The peak flood generally occurs in late 
August, and the water level gradually decreases to the base flow level in the dry season in November. 
This area’s mean annual temperature is 26 °C and the warmest month is April (35 °C). The 
minimum temperature is around 15 °C from December to January. The river’s discharge behavior is 
quite natural, as no large dams regulate water flow in the main channel. Extensive floodplains are 
found in the lower part of the basin. These inundate yearly due to high river discharges during the 
monsoon season (Blake et al., 2011). The average area flooded annually in the lower basin, estimated 
using Landsat images from 2000 to 2006, is 760 km2 (Thiha et al., 2012). The land uses in the 
Songkhram river catchment are agriculture (65% of the area), forest (20%), settlement (5%), surface 
water (5%), and other (5%) (Land Development Department 2014).

Floodplains of these two rivers share the characteristic of a relatively natural flood pulse. Natural 
patterns of floodplains’ vegetation communities and productivity are found in both floodplains, 
although the Narew River floodplain soil is dominated by organic peat soil, while the Songkhram 
River floodplain soil is dominated by mineral soil.
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Flood water hydrochemistry patterns suggest 
sink function of the Songkhram River monsoon 
floodplains (Thailand)
Tanapipat Walalite, Stefan C. Dekker, Floris M. Keizer, Ignacy Kardel, Paul P. Schot, 
Steven M. de Jong & Martin J. Wassen 
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Abstract: Although important for the eco-hydrological functioning of the floodplain, the 
interactions between river and floodplain are not well understood, especially for rivers in the 
tropical monsoon region. To explore the floodplain functioning of a tropical monsoon river system 
the longitudinal and transverse floodwater hydrochemical characteristics were studied in the 
Songkhram river (Thailand) and its floodplains. Water samples were taken during the monsoon 
period from 61 locations in the river and on its floodplain. Analysis of floodwater hydrochemistry 
revealed a significant decreasing longitudinal trend for most dissolved solids, attributable to 
geological differences. We also observed a significant decreasing transverse trend from the river to 
the floodplain. Nutrient concentrations revealed lower dissolved nitrogen, phosphate, and 
potassium concentrations on the floodplain than in the river channel, which suggests the floodplain 
functions as a sink for nutrients and chemical species in the river floodwater. This sink function 
may be related to the presence of a belt of bamboo separating the river from the floodplain, which 
seems to act as a sediment trap and nutrient filter, but this needs to be verified by additional 
dedicated research.

Keywords: ecological function, bamboo, spatial pattern, South-east Asia, flood pulse concept, river 
continuum concept

2.1 Introduction

River floodplains are key elements in the landscape. Their numerous and diverse natural functions 
and ecosystem services include providing a refuge for many species (Ward et al., 1999; Ward et al., 
2002; Tockner and Stanford 2002) river water purification (Costanza et al., 1998; Keddy et al., 2009), 
and flood storage and control (Banerjee et al., 2013; Grygoruk et al., 2013). The hydrology and 
ecosystem function of floodplains are highly dynamic (Junk et al., 1989; Bayley, 1995; Ward et al., 
1999; Ward & Tockner, 2001). The extent, depth, and duration of inundation depend on the 
hydrology and local topography (Steiger and Gurnell 2003; Southwell and Thoms 2011; Langhans et 
al., 2013), while the chemistry of floodplain water is a function of exchange processes between 
groundwater and surface water and the influence of precipitation (Boulton et al., 1998; Doering et 
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al., 2013; Keizer et al., 2014). Nutrient transport in the river–floodplain system is important for the 
productivity and species richness of floodplain vegetation.

The interactions and exchanges between the river and the floodplain during the inundation, 
when water, sediment, and nutrients move across the floodplain, can be described by the flood pulse 
concept (FPC), which was originally proposed by Junk et al. (1989) and Junk & Wantzen (2004). 
The re-wetting of dry sediment mobilizes nutrients and (in)organic matter from locally mineralized 
and decomposed organic matter (Baldwin and Mitchell 2000; McClain et al., 2003). In accordance 
with the FPC, it is assumed that river water covers the entire floodplain during the inundation, 
producing a homogeneous hydrochemistry over the inundated floodplain. However, it has been 
shown for several floodplains that the water quality is not homogeneous across the floodplain. 
Distinct spatial patterns in inundation water quality have been observed for temperate river 
floodplains in Poland (Chormanski et al., 2011; Keizer et al., 2014) and Austria (Tockner et al., 
1999). Large river floodplains located from the Arctic to the Amazon also demonstrate a zone of 
mixing between the sediment-rich river water and the local water (groundwater and/or 
precipitation), defined as the “perirheic zone” (Mertes 1997). The spatial heterogeneity in the 
floodplains is thought to result from the presence of different water sources and the impact of 
antecedent moisture conditions; in turn, these may cause various processes over time, such as 
decomposition of organic matter, solute transport, and absorption/desorption to/from soil (Wassen 
and Joosten 1996; Lewis et al., 2000; Beumer et al., 2008). 

The transverse transport of material across floodplains is not the only process relevant for river–
floodplain ecosystems: also important is longitudinal transport. The water quality can be altered 
downstream along the river channel by spatial differences in geological substrates that result in 
varying dissolved material input to the river channel. In turn, the concentrations of dissolved 
material, such as nutrients, may be increased or decreased when river water spreads over the 
floodplain, affecting the floodplain ecosystems (Lewis et al., 2000). The longitudinal patterns can be 
explained by using the river continuum concept (RCC)(Vannote et al., 1980), which assumes that 
physical gradients in the river from upstream to downstream are responsible for a continuum of 
change in ecological processes along the river. According to the RCC, nutrient input is mainly from 
organic material and is expected to vary downstream along the river because sources and forms of 
input vary, shading and turbidity affect the penetration of solar radiation into the water column, and 
the biotic community adapts in response. The physico-chemical variables that most influence the 
longitudinal patterns in the river channel are watershed area, phosphate concentration, total 
dissolved solids, solar radiation, annual precipitation, the ratio of stream length to the watershed 
area, and terrestrial litter input (Cushing et al., 1983). However, the RCC does not describe 
ecological processes for rivers and floodplains combined but mainly predicts ecological processes in 
river channels. Also, the hydrochemistry can vary along the river due to discontinued 
geomorphological characteristics (Sedell et al., 1989; Tockner et al., 2003).

Recently, Humphries et al. (2014) proposed a new concept to merge the longitudinal and the 
transverse processes in rivers and their floodplains, called the “river wave concept”. This concept 
sees river flow characteristics as waveforms and characterizes them according to positions on the 
ascending or descending discharge limb, trough, and crest. These positions correspond to stages of 
water level in the river and floodplain. Longitudinal and transverse processes of the river and the 
floodplain ecosystems are a function of these positions, temporally and spatially.

To the best of our knowledge, unifying concepts that describe the hydrochemistry and 
ecological functioning of floodplains have not been tested for tropical monsoon rivers. Such rivers 
provide important environmental, economic, and social benefits to local communities, including 
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Fig.2.1 Location of the Songkhram river catchment in north-eastern Thailand (left) and surface water network and 
elevation (right). Sample locations in the main river channel and the locations of each transect across the floodplains are 
shown in red dots. Transects J and K are located in the upper course of the Songkhram river. Transects C, D, and H are 
located in the lower courses of the Songkhram, Nam-Yam, and Nam-Uun rivers, respectively. The elevation is in meters 
relative to mean sea level, based on a Digital Elevation Model (USGS, 2006).

biodiversity hotspots, agricultural land, and freshwater. However, existing knowledge of tropical 
monsoon river–floodplain systems is insufficient for their efficient conservation and management 
(Bayley 1995; Arthington et al., 2010). To improve our understanding of the river–floodplain 
function in a tropical monsoon region, we examined the longitudinal and transverse spatial patterns 
of hydrochemistry, nutrient availability, and land cover along the Songkhram river, its tributaries, 
and floodplain in north-eastern Thailand. The Songkhram monsoon river is characterized by a 
relatively natural flow and can thus serve as a reference for tropical monsoon systems. In this 
research, the following three questions were central: 1) What are the longitudinal (upstream-
downstream) and transverse (river–floodplain) trends in hydrochemistry and nutrient availability 
during the flood period in the monsoon river system? 2) Do nutrient availability and water 
chemistry differ significantly between the main river channel and the floodplain during the flood 
period? 3) Are these differences related to land cover on the floodplain?

2.2 Study area

The Songkhram river, a tributary of the Mekong River, is located in north-eastern Thailand 
(Fig.2.1). It is approximately 495 km long, drains an area of 13,000 km2, and its average discharge is 
226 m3 s-1 during the monsoon season and 2.3 m3 s-1 during the dry season. Precipitation records 
from 1980 to 2010 at Ban Tha Kok Deang, centrally located in the catchment, show that annual 
precipitation averages 1960 mm and ranges from 1090 to 2880 mm. The monsoon season lasts from 
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May to September and is followed by a cool-dry season from October to February that is succeeded 
by a hot-dry season from March to April. During the monsoon season, the average precipitation is 
1690 mm (range 906 – 2420 mm); this compares with an average precipitation of 270 mm (range 80 
– 490 mm) during the dry season (figures compiled from daily data from the Department of Water 
Resources, Thailand). Mean annual temperature is 26 °C and the warmest month is April (35 °C). 
The minimum temperature is around 15 °C from December to January.

Extensive floodplains are found in the lower part of the basin as well as along the upper part of 
the river. These inundate yearly due to high river discharges during the monsoon season and water 
backing up from the Mekong River (Blake et al., 2011). There are two major tributaries: the Nam-
Yam and Nam-Uun. These join the main river in the lower basin. The river’s discharge behavior is 
quite natural, as there are no large dams that regulate water flow in the main channel. The average 
area flooded annually in the lower basin, estimated using Landsat images from the period 2000 to 
2006, is 760 km2 (Thiha et al., 2012).

The land uses in the Songkhram river catchment are agriculture (65% of the area), forest (20%), 
settlement (5%), surface water (5%), and other (5%) (Land development Department, 2014). The 
floodplain vegetation community is known as “Pa Bung Pa Taam” and is dominated by a dense 
thorny bamboo: Bambusa flexuosa (Blake et al., 2011; Khammongkol et al., 2013).

The geology of the catchment is characterized by sedimentary rocks, dominated by sandstone, 
siltstone, mudstone, and claystone of the Phu Thok formation (KTpt) of the Cretaceous and Tertiary 
age. In the upstream area of the catchment, the Maha Sarakham formation (KTms) from the mid-
Cretaceous is found, containing a layer of readily soluble rock salt, gypsum, anhydrite, and potash. 
Alluvial deposits and terrace deposits are found on the floodplain, along the river channel: see 
Fig.2.2 (Department of mineral resources, 2012).

2.3 Methods

2.3.1 Floodwater sampling
During the monsoon season from 10 to 26 September 2013, we conducted a field campaign in the 
Songkhram river catchment to sample floodwater from the main river channel and along transects 
across the inundated floodplain. Samples were taken during the falling limb of the yearly flood 
curve: in September 2013, the average discharge of the Songkhram river was 1220 m3 s-1, whereas, in 
August, the average discharge was 1660 m3 s-1 (Royal Irrigation Department, 2016).

We visited a total of 107 locations distributed along the entire length of the river. Accessibility 
was important, and therefore, most were at or near a bridge. Some locations in the Nam-Yam 
tributary were chosen because they could easily be reached by boat. The locations of the transects 
across the river floodplain were selected based on the classification of floodwater zones from a 
Landsat 8 image acquired on 13 August 2013, one month before the field campaign. Five transects 
were visited during the field campaign, three of which were in the lower basin: one across the 
Songkhram river (TR-C), one across the Nam-Yam river (TR-D), and one across the Nam-Uun 
river (TR-H). Two transects (TR-J and TR-K) were positioned across the Songkhram river in the 
upper basin (Fig. 2.1).

To select locations for water sampling, we measured electrical conductivity (EC), total dissolved 
solids (TDS), temperature, dissolved oxygen, and pH in situ using a YSI 556MPS Multi-parameter 
Instrument (YSI Environmental, 2009) that had undergone maintenance service just prior to use. 
Everyday pH and oxygen were calibrated before being measured. Along each transect, water 
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samples were taken in the river and at several locations across the inundated floodplain. In the 
floodplain zone, sampling locations were chosen in light of the EC measurements and the observed 
vegetation communities so that the sampling sites captured the variation in the EC and vegetation 
communities.

In total, 73 water samples were taken from 61 of the 107 locations in the rivers and floodplains. 
Not all 107 locations were sampled because some locations were close to each other, and the on-site 
EC measurement did not show notable differences. We used a Kemmerer-type water sampler 10 cm 
in diameter and 30 cm long, with a rope attached to open the lid for underwater sample collection, 
and a stainless steel rod 20 cm long extending from the base of the bottle. At each sampling location, 
2000 ml of water was collected at ca. 30 cm below the water surface to avoid floating debris. Samples 
were taken from 33 locations in the river and 28 locations on the floodplain. In addition, to obtain 
insight into possible stratification in the water column, a second sample was collected at ca. 20 cm 
from the bottom at 12 locations (4 in the river; 8 on the floodplain). The vegetation and land use 
types around each sampling location were described.

Fig.2.2 The geology of the Songkhram River catchment is dominated by sedimentary rock (Geological map of Thailand 
scale 1:250,000, Department of Mineral Resources, Thailand, 2012).
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The water samples were collected in a high-density polyethylene water container and stored 
immediately under dark conditions in a cooler on ice. The container was pre-washed on site, with 
the water to be sampled before being filled with the sample. Within the same day of collection, the 
samples were transported to the laboratory of the Aquaculture Research Institute, Department of 
Fisheries, Ministry of Agriculture and Cooperatives in Sakon Nakhon, for filtration and treatment.

In the laboratory, within 24 hours of the sampling, alkalinity was measured on a 5 ml aliquot 
using a chemical test kit (Merck KGaA, 2013). A 250 ml unfiltered water sample had been stored in 
a wide-mouthed Nalgene PE bottle (250 ml) and treated with 2 ml 0.05 M sulfuric acid. These 
samples were analyzed for total phosphorus (TP) using persulfate oxidation digestion and 
spectrophotometry (Spectronic Genesys 20, Laboratory of Environmental Studies, Faculty of 
Environmental and Resource Studies, Maha Sarakham University, Thailand).

From each water sample, 500 – 1000 ml (depending on filtration speed) was filtered through a 
1.2 micron Whatman GF/C glass fiber filter. The filtrate was refiltered through a 0.45 micron 
Whatman cellulose acetate membrane filter, and an aliquot comprising the first 125 ml of filtrate 
was then stored in a wide-mouth PE bottle (125 ml), and 1 ml of 65% nitric acid was added. An 
aliquot comprising the second 125 ml of the filtrate was also stored in a wide-mouth PE bottle but 
was not acidified. Most samples were filtered on the day they were sampled; all samples were filtered 
within 48 hours of collection in the field. The first and second aliquots of the filtrate were kept under 
dark and cool conditions (approximately 4 oC) for approximately 2 days until they were transported 
to the GEO lab of Utrecht University, the Netherlands. The samples were in transit for 8 days. Using 
inductively coupled plasma optical emission spectrometry (ICP-OES), the first aliquots were 
analyzed for the following major cations, trace elements, and metals: aluminum (Al3+), barium Ba2+, 
calcium (Ca2+), iron (Fe2+/3+), potassium (K+), magnesium (Mg2+), manganese (Mn2+), sodium (Na+), 
silica (Si+), strontium (Sr2+), and zinc (Zn2+). The second aliquots were analyzed for chloride (Cl-), 
nitrate (NO3-), nitrite (NO2-), and sulfate (SO4

2-) using ion chromatography. Ammonium (NH4
+) 

and phosphate (PO4
3-) were analyzed by a continuous segment flow analyzer (Seal Analytical, 2000). 

2.3.2 Statistical characterization of floodwater hydrochemistry
To ascertain the variance of the hydrochemical parameters analyzed, a statistical overview was 
created showing the number, mean, minimum, maximum, range, standard deviation, and 
coefficient of variation of each parameter. To understand which combination of parameters 
accounted for the largest portion of the variance, we used principal component analysis (PCA) with 
the varimax rotation method performed on the standardized data. Next, the factor scores of each 
sample were determined by means of regression analysis. This reduced the chemical variables to 
three main factors, which were determined by a parallel analysis method (Franklin et al., 1995; 
Peres-Neto et al., 2005). Total dissolved nitrogen (TDN) was calculated by the summation of 
nitrogen in NH4

+, NO2-, and NO3- . There were some missing values in the NO3- dataset because 
concentrations were below the detection limit for some samples and some errors occurred when 
preparing samples. As PCA does not allow missing values, we first assumed that there were no NO2- 
and NO3- for the samples in question. Then we tested this assumption by only using NH4

+ as 
nitrogen and using the half values of the lowest detection limits for NO3- and NO2-. The subsequent 
PCA analysis did not reveal any significant differences. We did not include total dissolved solids 
(TDS) in the PCA since TDS is directly proportional to the measured EC.
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2.3.3 Determining longitudinal and transverse trends
Longitudinal (upstream–downstream) trends in hydrochemistry were analyzed by plotting the 
scores of the three principal components against the distance to the river catchment outlet for 
samples taken in the river channel. The scores of the first principal component were also plotted on 
a map of the catchment to analyze their spatial distribution in the Songkhram river and its 
tributaries. Transverse hydrochemical trends in the river–floodplain system were analyzed by 
plotting the scores of the three principal components against the distance of the floodplain sampling 
location from the main river channel. This was done for all transects together and also for each 
individual transect. 

Differences between river channel and floodplain concentrations of the nutrients phosphorus, 
potassium, and nitrogen in floodwater were analyzed by comparing box plots for all river channel 
samples with box plots for all floodplain samples.

2.3. 4 Relationship between floodplain land cover and hydrochemistry
To ascertain the relationship between floodwater hydrochemistry and land cover, the land cover 
under the flooded areas was analyzed by first estimating flood extent and then determining the land 
cover for that area.

To estimate the inundated area of the floodplain, we used satellite images of Landsat 7 ETM+ 
from 17 August 2000. Interpretation of the image of the upper part of the basin was hampered by 
cloud cover. Therefore the floodplain area we report on in this study refers to the lower part of the 
catchment only. The image, which has a spatial resolution of 30 m, was visually interpreted, and the 
flooded area was delineated using the ENVI 5.0 software package (Exelis Visual Information 
Solutions, 2014). The date on which it was acquired, 17 August 2000, is in the third quartile of the 
highest precipitation records in the period 1980-2010. Thus we consider this image to be 
representative of average to high floods.

The land cover classification for the lower river basin was produced using a Landsat 8 OLI scene 
acquired on 3 January 2014 during the dry season. This image also has a spatial resolution of 30 m. 
It was radiometrically corrected to the top-of-atmosphere reflectance image following the USGS 
guidelines (USGS, 2013). Land cover was determined using a supervised classification approach 
with the maximum likelihood classifier (Lillesand et al., 2008). This approach utilizes representative 
samples of particular land cover classes of interest as training regions. The training region is an area 
of known land cover from ground truth data assigned to the corresponding pixel(s) in the image, 
which the software uses as a guideline when assigning land cover classes to similar image pixels. 
When selecting training regions, we relied on information and experience acquired on the ground 
during fieldwork in February 2013.

The classification accuracy was estimated by randomly taking 330 locations in the classified 
image and comparing them with the land cover derived by visually interpreting a high-resolution 
satellite image available in Google Earth acquired on 10 January 2014. To estimate the accuracy of 
the supervised classification, a confusion matrix was computed; the matrix compares the 
classification result class with the actual class of land cover as determined by visual interpretation 
from Google Earth.

To determine the land cover characteristics of the lower basin floodplain area, we superimposed 
the map of the inundated area on the land cover class map.
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2.4 Results

2.4.1 Statistical characterization of flood water hydrochemistry
Hydrochemical statistics of the sampled surface waters are summarized in table 2.1. The chemistry 
of the water is dominated by alkalinity, Cl-, Na+, Ca2+, and Si+. On average, the coefficient of variance 
(CV) is 67% over the area, indicating general great variability between the samples. The most 
variability was found for NH4

+ and Mn2+, although concentrations were low. Low variability (CV 
less than 40%) was found for temperature, pH, dissolved oxygen, and some ions (Ba2+, Fe2+/3+, Si+, 
Zn2+).

PCA revealed that the three main principal components explain 62% of the overall variance in 
water chemistry (Table 2.2). The first PCA component (accounting for 44% variance) contains most 
of the chemical variables, with factor scores above 0.7 for EC, Ca2+, Mg2+, HCO3-, Na+, Cl-, K+, SO4

2-, 
Si+, and Sr2+. We interpret this principal component as the enrichment of water with major ions 
resulting from weathering and dissolution of minerals.

The second PCA component (accounting for 10% variance) contains the variables Zn2+, TP, and 
PO4

3-, which correlate negatively with dissolved oxygen levels. The presence of high TP and PO4
3- 

concentrations when dissolved oxygen is low indicates anaerobic and/or chemical reduction 

Variables Units (n) Mean Min Max Range SD CV 

EC µS/cm 118 73.19 12 309 297 51.11 0.7 

TEMP °C 116 31.09 24.16 40.86 16.7 2.05 0.07 

pH pH units 118 5.97 3.2 7.13 3.93 0.48 0.08 

DO mg/L 112 4.87 0.01 9.97 9.96 1.62 0.33 

TDS mg/L 116 46.97 8 201 193 32.96 0.7 

Alkalinity mg/L 72 21.02 4.25 131.75 127.5 15.38 0.73 

TP mg/L 73 0.05 0.01 0.16 0.15 0.03 0.63 

PO4
3- mg/L 73 0.02 0.004 0.15 0.15 0.02 0.93 

Cl- mg/L 73 15.32 0.56 74.09 73.53 12.63 0.82 

NH4
+ mg/L 73 0.06 0.01 0.61 0.6 0.07 1.13 

NO2
- mg/L 2 0.17 0.07 0.28 0.22 0.15 0.87 

NO3
- mg/L 10 0.58 0.11 1.43 1.32 0.46 0.79 

SO4
2- mg/L 73 1.93 0.37 15.91 15.54 2.09 1.09 

Al3+ mg/L 73 0.6 0.17 2.66 2.49 0.66 1.11 

Ba2+ mg/L 73 0.05 0.02 0.16 0.14 0.02 0.38 

Ca2+ mg/L 73 4.31 0.52 27.88 27.36 3.29 0.76 

Fe2+,3+ mg/L 73 0.7 0.31 1.97 1.66 0.23 0.33 

K+ mg/L 73 1.74 0.27 10.9 10.63 1.23 0.7 

Mg2+ mg/L 73 1.27 0.15 4.51 4.36 0.6 0.47 

Mn2+ mg/L 73 0.07 0 0.44 0.44 0.09 1.33 

Na+ mg/L 73 9.91 1.17 42.8 41.63 7.33 0.74 

Si+ mg/L 73 2.24 0.44 6.63 6.19 0.88 0.39 

Sr2+ mg/L 73 0.02 0 0.12 0.12 0.02 0.78 

Zn2+ mg/L 73 0.02 0.01 0.05 0.04 0.01 0.27 

 

Table 2.1. Statistical summary of flood water hydrochemical variables measured in the field (above line) and from 
flood water sample laboratory analyses. SD is standard deviation, CV is coefficient of variation.
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conditions during which PO4
3- is released to the water. Thus, we interpret this principal component 

as low redox conditions enhancing the dissolution of phosphorus. It is notable that this condition 
was observed deeper in the water column, where dissolved oxygen is lower than at the surface.

The third PCA component (accounting for 8% variance) is associated with Al3+ and Fe2+/3+, 
which we interpret as the dissolution of aluminum and iron compounds from the soil.

2.4.2 Longitudinal and transverse hydrochemical trends
Longitudinal trends in hydrochemistry were analyzed by plotting the scores of river samples on 
each principal component arranged from upstream to downstream (Fig.2.3). Only the first 
component correlated significantly with the relative distance to the river outlet (r = -0.59, p < 0.05), 
indicating that the dissolved solids decreased in the downstream direction. The spatial distribution 
also shows higher scores in the upstream part of the Songkhram river and its tributaries, with lower 
scores in the downstream part (Fig.2.4). This longitudinal trend is related to the geological substrate 
of the catchment (see Fig.2.2). In the upstream area the river channel is cut into bedrock: the KTms 
formation that consists of rock salt, gypsum, anhydrite, and potash, while the main geological 
substrate of the floodplain is alluvium. The correlation between the smallest distances of the sample 
location to the KTms formation and the PC1 score was significant, with r = -0.43 (p < 0.05). This 
implies that the concentration of dissolved material in the water is related to the distance from its 
geological origin.

Variables PC 1 PC 2 PC 3 
EC 0.933 -0.064 0.023 
pH 0.442 -0.365 -0.065 
DO 0.013 -0.546 -0.177 
Alkalinity 0.753 -0.047 -0.304 
Al3+ -0.103 -0.1 0.853 
Ba2+ 0.608 0.201 0.197 
Ca2+ 0.945 0.061 -0.146 
Fe2+,3+ 0.335 0.267 0.593 
K+ 0.824 0.119 -0.151 
Mg2+ 0.908 0.026 -0.089 
Mn2+ 0.589 0.336 -0.205 
Na+ 0.88 -0.099 0.088 
Si+ 0.758 0.03 0.193 
Sr2+ 0.858 0.125 0.008 
Zn2+ -0.23 0.701 0.067 
TP 0.306 0.637 -0.243 

PO4
3- 0.357 0.546 -0.328 

Cl- 0.84 -0.156 0.089 

SO4
2- 0.716 0.196 -0.308 

TDN 0.493 0.033 0.081 
% of Variance 43.5 9.9 8.3 

 

Table 2.2 Principal component scores of flood water hydrochemical variables on the three main principal component 
axes (n=73). Scores higher than |0.5| are in bold.
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For the transverse trends across the floodplains using all transects (Fig.2.5), a significantly 
decreasing trend was observed for the first component. The scores of this component correlated 
significantly with the distance of each sampling location to the main river channel, with r = -0.32 (p 
< 0.05). This means the concentration of major dissolved solids in the floodplain inundation water 
is inversely related to the distance from the main river channel. In contrast, we found no significant 
longitudinal or transverse trends in principal components 2 and 3, nor did we find a correlation 
with the distance from the geological substrate.

The nutrient concentrations, expressed by the variables TP and PO4
3-, total dissolved nitrogen 

(TDN), and potassium (K+), of samples from the main river channel were compared with those 

Fig.2.3. Longitudinal (upstream-downstream) trends in PCA scores of river channel sampling locations. Only the first 
PCA component scores are significantly correlated with the distance between the sampling location and the Songkhram 
catchment outlet (r = -0.59, p < 0.05). Surface samples were taken at 30 cm below the water surface, bottom samples at 
20 cm above the bottom. 
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from the floodplain to better understand the spatial patterns of these ecologically important 
elements. The concentrations of PO4

3-, TDN, and K+ were significantly higher in the main river 
channel than in the floodplains (t-test, p < 0.05), but the concentrations of TP did not have 
significantly higher values in the river channel (see box plots in Figure 2.6). This indicates that the 
floodplain generally functions as a sink for nutrients.

2.4.3 Relationship between hydrochemistry and floodplain land cover
The inundated area estimated from the Landsat 7 ETM+ image (17 August 2000) was ca. 855 km2. 
Its shape is influenced by the topography: in low-lying areas, it extends further inland (see Figs 2.1 
and 2.7), and flooded areas link up with permanent water bodies in depressions (see Fig.2.8).

Ten land cover types were distinguished in the lower floodplain of the Songkhram river 
catchment (derived from Landsat 8 OLI data, Fig.2.8). The major land cover type in the floodplain is 
agriculture, which is reflected in the classes rice paddy culture (both rain-fed and irrigated), 
plantations, and bare soil. Bare soil is usually the result of rice paddy field preparation or land that 
has recently been cleared for a new plantation of rubber (Hevea brasiliensis). These agricultural land 
cover types are highly dynamic during the year due to anthropogenic activities. The overall map 
accuracy was 72%, as validated by randomly generating locations for each mapping class (330 
locations in total) and comparing them with ground cover assigned by eye on the basis of the high-
resolution Google Earth images (see Table 2.3). The classification with the greatest uncertainty 
concerns rice paddy (45 %), which is mostly confused with the grass and herbaceous and shrub 
class or with the class “water”. The settlement class also shows low accuracy (50%) as it can be 
confused with a similarly reflecting surface of the “bare soil” class and the “grass and herbaceous 
and shrubs” class. The bamboo vegetation class had high classification accuracy (90 %).

Fig.2.4. Spatial distribution of river water scores on the first principal component shows higher scores in the upstream 
part of the Songkhram river and its tributaries, with lower scores in the downstream part
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Superimposing the vegetation and land cover classes on the map of inundated areas (Fig.2.8) 
revealed that the land cover accounting for the largest proportion of flooded land was agricultural: 
52% of the flooded area was comprised of bare soil, irrigated and rain-fed rice paddies, and 
plantations. The class containing grass, herbaceous vegetation, and shrubs together occupied 20 % 
of the flooded area. The remaining categories were open water (9%), marsh (8%), deciduous forest 
(6%), bamboo vegetation (4%), and settlements (1%).

It is clear from Fig.2.8 that bamboo vegetation is found along the river channels and, in most 
places, consists of a belt of a few hundred meters wide, with a maximum width of 1,200 m. Behind 

Fig.2.5. Transverse trends in PCA scores of floodplain samples taken in the transects, arranged from the main river 
channel out into the floodplain. Only the first principal component scores (PC1) are significantly correlated with the 
distance of the sampling location from the main river channel (r = -0.32, p < 0.05). 
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the bamboo belt, the class of grass, herbaceous, and shrubs is generally present. In the field, a 
narrow strip of a native thorny shrub was often observed growing next to the bamboo belt, with a 
gradual transition to grass and herbaceous vegetation. The irrigated rice paddy class was observed 
nearby water bodies that do not dry up in the dry season, such as lakes, oxbow lakes, and the main 
river channel. Rain-fed rice paddies were generally found further away from the river channel. 

Fig.2.6. Box plots of major nutrients (TP, PO4
3-, K+, TDN) compare floodplains and the main river channel. PO4

3-, TDN, 
and K+ are significantly higher in the main river channel than in the floodplains (t-test, p < 0.05). Each box plot repre-
sents the minimum, first quartile, median (thick horizontal line), third quartile, and maximum. Dots depict outliers.

Bamboo Bare soil Urban Irrigated rice 
paddy

Rain fed rice 
paddy Forest Grass, shrubs Marsh Plantation water  Total N. correct 

Bamboo 27 0 0 7 0 0 0 0 0 0 34 27

Bare soil 0 26 4 0 0 0 2 0 0 0 32 26

Urban 0 0 15 0 0 0 1 0 0 0 16 15

Irrigated rice paddy 0 0 2 27 0 0 1 6 0 0 28 18

Rain fed rice paddy 0 1 2 1 27 0 1 0 0 0 32 27

Forest 1 0 1 1 0 24 2 1 1 0 31 24

Grass, shrub 2 3 4 9 3 5 21 0 6 0 53 21

Marsh 0 0 0 2 0 0 0 19 0 0 21 19

Plantation 0 0 0 1 0 1 0 1 23 0 26 23

Water 0 0 0 7 0 0 0 1 0 30 38 30

mixed 0 0 2 5 0 0 2 2 0 0 11 0

Grand Total 30 30 30 30 30 30 30 30 30 30 330 238

Accuracy 90% 87% 50% 45% 90% 80% 70% 63% 77% 100% 72%

verified class
Map class

Table 2.3. Confusion matrix for the vegetation and land cover map accuracy assessment.



25

Flood water hydrochemistry patterns suggest sink function of the Songkhram river monsoon floodplains

Fi
g.

2.
7.

 Th
e 

ex
te

nt
 o

f t
he

 fl
oo

de
d 

ar
ea

 in
 th

e 
lo

w
er

 b
as

in
 o

f t
he

 S
on

gk
hr

am
 R

iv
er

 w
as

 d
er

iv
ed

 fr
om

 a
 L

an
ds

at
 7

 E
TM

+ 
im

ag
e 

of
 1

7 
Au

gu
st

 2
00

0.



26

Chapter 2

Fi
g.

2.
8.

 L
an

d 
co

ve
r c

la
ss

es
 fo

r t
he

 fl
oo

de
d 

ar
ea

 in
 th

e 
lo

w
er

 b
as

in
 o

f t
he

 S
on

gk
ra

n 
Ri

ve
r (

se
e 

Fi
g.

 7
). 

Th
e 

re
su

lts
 w

er
e 

ob
ta

in
ed

 b
y 

a 
su

pe
rv

ise
d 

cl
as

sifi
ca

tio
n 

w
ith

 th
e 

m
ax

im
um

 li
ke

lih
oo

d 
m

et
ho

d 
of

 th
e 

La
nd

sa
t 8

 O
LI

 im
ag

e 
fo

r t
he

 d
ry

 se
as

on
 in

 Ja
nu

ar
y 

20
14

.



27

Flood water hydrochemistry patterns suggest sink function of the Songkhram river monsoon floodplains

2.5 Discussion

2.5.1 Longitudinal and transverse hydrochemical trends
Our sampling strategy was designed to capture the maximum spatial variability of floodwater 
chemistry in the river channel and floodplain. We sampled along the main river channel as well as 
its tributaries. The transect locations were selected to represent variability in the floodplains in the 
upper and lower parts of the river basin. Water chemistry is influenced by the origin of the water 
and by certain natural and anthropogenic factors. The following factors are relevant: the occurrence 
of highly soluble or easily weathered minerals; the distance from the marine environment, which 
controls the exponential decrease of ocean aerosols that are input to the bordering land; the aridity 
(precipitation/runoff ratio), which determines the concentration of dissolved substances; terrestrial 
primary productivity (which controls the release of nutrients); and ambient temperature. Our 
hydrochemical data on the Songkhram monsoon river revealed that concentrations in the river and 
floodplain inundation water were low. The water was poor in dissolved solids and nutrients and 
slightly acid. The dominant ion concentrations were Na+, Cl-, Ca2+, and alkalinity (HCO3-), which 
are related to the weathering products of the Songkhram river catchment geology, especially the 
KTms formation which is the likely source of river water sodium and chloride from rock salt, 
calcium and sulfate from gypsum and anhydrite, and potassium from potash. The relatively soft 
sandstone is a source of silica.

The EC, which is a good indicator of dissolved materials in the water, was on average 73 µS/cm. 
This is much lower than the EC of the 3 groundwater samples we took during the fieldwork (EC 
average 414 µS/cm). This difference can be attributed to the river water being greatly diluted during 
the monsoon season by the large amounts of rainfall, which has a low EC (Meybeck & Helmer, 
1989). Decreased solute concentrations during the monsoon have indeed been reported in a 
previous study of the Songkhram river (Satrawaha et al., 2009) as well as for monsoon rivers in 
India (Mehto & Chakrapani, 2013; Kumarasamy et al., 2014; Thomas et al., 2014).

The relatively high average coefficient of variation indicates that the hydrochemistry of the 
floodwater of the Songkhram monsoon river and its floodplain is very variable. The longitudinal 
variability of hydrochemical concentrations in the Songkran River showed a decreasing trend from 
upstream to downstream. We relate this trend to the upstream occurrence of the geological KTMms 
formation with highly soluble minerals, as substantiated by the significant correlation between the 
PC1 score and the smallest distances of the sample location from the KTms formation.

The transverse hydrochemical trend revealed solute concentrations decreasing from the 
Songkhram river channel to its floodplain. This was evident both from the PC1 scores, which 
reflected the concentrations of most elements, and from the box plots, which showed significantly 
higher concentrations in the river channel than on the floodplain for PO4

3-, TDN, and K+. We, 
therefore, conclude our hydrochemical floodwater pattern suggests a sink function of the monsoon 
floodplains for dissolved solids from the Songkhram river in Thailand.

2.5.2 Bamboo as a sediment and nutrient filter
The water column on inundated floodplains is shallower than it is in the main river channel. This 
allows more light to penetrate the floodplain water column, leading to higher temperatures. These 
conditions favor the growth of green algae and of aquatic vascular plants in the floodplain, leading 
to higher productivity than in the river channel. Thus the decrease in nutrients in floodwater on the 
floodplain might be attributed to uptake by aquatic vegetation growing in the floodwater (Lewis et 
al., 2000). However, this might partly be only a temporary sink since nutrients taken up by algae will 
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be largely released when algae die, and only the portion of the nutrients taken up by bamboo and 
other vascular plants may be stored in a sink for a longer time. 

During the classification of land cover in the flooded areas, it was noted that bamboo vegetation 
is found in a zone immediately adjacent to the river channels. The bamboo vegetation is generally 
very dense, and during fieldwork, sedimentation and algae growths were observed around the 
bamboo stems (see Fig.2.9). The clumps of bamboo along the Songkhram river reduce the velocity 
of floodwater, which may enable sediments in the water to settle. The bamboo is also highly 
productive, as evidenced by its large standing biomass. This suggests it is efficient in taking up 
nutrients, either directly from the floodwater or, in the dry season, from the sediment remaining 
after the flood. We did not find any clear data on these processes in the literature or in the field. 
Nonetheless, we would argue that the floodplain functions as a net sink of nutrients, mediated by 
highly productive bamboo. And this indicates that the river is a source of nutrients and sediment for 
the floodplain. 

Although our results show how the river and its floodplain interact in terms of hydrochemistry, 
we still lack a clear pattern of transport of sediment, nutrients, and organic material. Candidate 
topics for future research could therefore be the pathways and transformation of particulate material 
in the river and floodplain, as well as the temporal variation in processes affecting transport and 
transformation. In addition, dedicated research should test our hypothesis that the sink function of 
the Songkhram monsoon floodplain is primarily related to the presence of a bamboo strip in the 
floodplain, which seems to act as a sediment trap and solute filter. We suggest future analyses on 
sediment characteristics in the river and floodplain, as this may also be important for nutrient 
cycling in the aquatic system, and such analyses may explain the source of Fe2+, 3+ and Al3+ and the 
processes steering their dissolution.

2.5.3 Ecological and hydrological concepts for monsoon river systems
The decreasing longitudinal trend of hydrochemical concentrations in the river during flooding, as 
observed in our study, corresponds to the physical gradient from upstream to downstream as 
described in the river continuum concept (Vannote et al., 1980). The limited information we 
gathered indicates this concept may be applied to explain the ecological functioning of our river 
system. The observed decreasing trend of EC from upstream to downstream may indicate a shift in 
the biotic community along the river, as suggested by Jiang et al. (2011). However, in order to draw 

Fig.2.9. Clump of bamboo with sediment accumulated around it (left: red arrow) as observed in the dry season, and 
occurrence of algae around bamboo as observed in wet season floodwater
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conclusions about the longitudinal ecological functioning of the monsoon river system, research 
needs to be done on the response of the biotic community to the hydrochemistry gradient.

The river/floodplain system we studied is also subject to transverse processes affecting the 
chemistry of the floodwater on the floodplain. The flood pulse concept (Junk et al., 1989), explains 
the ecological functioning of large river floodplain systems in terms of the lateral exchange of water, 
sediment, and nutrients between the river and the floodplain. In our study, the river functions as a 
transportation route and source of dissolved material for the floodplain, including nutrients PO4

3-, 
TDN, and K+ as postulated by the flood pulse concept. It is, therefore, likely that both concepts are 
applicable to explain the ecological functioning of our river system during the flood period. This is 
in line with the suggestion of Humphries et al. (2014), who propose the river wave concept that 
merges the RCC and FPC and combines it with the riverine productivity model (RPM) proposed by 
Thorp & Delong, 1994. The RPM postulates that the river bank vegetation is highly productive due 
to nutrient input from the river, which may be applicable to the bamboo zone we described.

Although some general observations can be made based on our data for one monsoon river, 
there is a need for further data collection in monsoonal river systems to verify to what extent 
different river concepts also hold for river systems of this type.

2.6 Acknowledgments

Many people contributed to this study during the preparation stage, fieldwork, laboratory analysis, 
and data processing. We thank Pinploi Sirivarikul for her fieldwork assistance in Thailand. Rojchai 
Satrawaha, Rachanee Nam-martra, and Panida Laotongsan from Walai Rukhavej Botanical 
Research Institute, Mahasarakham University, Thailand are acknowledged for the fieldwork and 
laboratory facilities and Sathaporn Kavinate from the Department of Mineral Resources, Thailand 
for reviewing the geological map. We also wish to thank the Inland Aquaculture Research Institute, 
Department of Fisheries, Ministry of Agriculture and Cooperatives, Sakon Nakhon, Thailand, for 
providing laboratory facilities and accommodation during the fieldwork. This research was partly 
supported by a grant from the Thai Government Science and Technology Scholarship Students 
program. Joy Burrough was the professional language editor of a near-final draft of the paper.



30

Chapter 3

Chapter 3 

Unraveling the ecological functioning of the 
monsoonal Songkhram River floodplain in 
Thailand by integrating data on soil, water, 
and vegetation
Tanapipat Walalite, Stefan C. Dekker, Paul P. Schot, Martin J. Wassen 
 
Ecohydrology & Hydrobiology (2018) 18:10-21

Abstract: Although the functioning of river floodplains as sinka or sources of nutrients has been 
studied extensively for temperate regions, similar studies in tropical regions are less abundant, and 
studies integrating data about floodplain soil, vegetation, and water are scarce. We examined and 
compared nutrient contents in soil, water, and vegetation tissue in two different vegetation zones 
(bamboo and grass) on the monsoon Songkhram river floodplain (Thailand). Significant differences 
were found between the bamboo and grass zones. The soil in the bamboo zone is more fertile than 
the soil in the grass zone, as indicated by the lower C/N ratio, and has significantly higher organic 
matter and higher total N and K. Bamboo leaf tissue had significantly higher concentrations of 
nutrients than grass biomass. The growth of the bamboo is P-limited, but the grass is N-limited. In 
both zones, the soil-available P and organic carbons after flooding were significantly lower than 
before flooding. Floodwater in both zones had low dissolved solid concentrations. After the flood 
peak, most concentrations tended to increase, especially organic carbon and dissolved nitrogen but 
phosphorus decreased. The results suggest a significant loss of organic carbon from the soil after 
flooding, indicating that the floodplain acts as a source of carbon that is exported downstream. 
Nonetheless it is also evident that the floodwater brings in sediment and nutrients. Based on rough 
estimations of nutrient budgets, we conclude that the highly productive bamboo zone adjacent to 
the river filters out the nutrients before they reach the grass zone.

Keywords: floodplain functioning; vegetation zonation; nutrient limitation; ephemeral wetlands; 
Mekong River

3.1 Introduction

River floodplains have been studied by wetland scientists for decades since they represent 
ecosystems with valuable services to mankind. Understanding their hydrological and ecological 
functioning adds insight into their key processes and how to preserve and protect them. The 
relevance of preservation of floodplains goes beyond the actual floodplain itself since floodplains are 
typical connecting elements in the landscape between the hinterland and the river and also connect 
upstream areas with downstream areas. Due to this landscape connectivity, river floodplains harbor 
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longitudinal and lateral gradients (Humphries et al., 2014; Junk and Wantzen, 2004; Vannote et al., 
1980), and both vegetation productivity in floodplains and nutrient processes are related to the size 
of the parent river and its water quality (Spink et al., 1998; Thorp and Delong, 1994). It is therefore 
important to study floodplain processes further to understand how these processes are linked to 
spatial zonation in the floodplain, upstream areas, and their distance from the river.

The hydrology and topography of floodplains largely determine their water flow, the 
development of gradients, and the existence of zones with different biological communities. Two 
other important factors that determine nutrient cycling in these communities are temperature and 
hydrochemistry. Floodplain hydrochemistry depends on the sources of inundation water: the 
principal sources are river water, groundwater, and precipitation, or mixtures of these. River 
floodwater is generally a source of nutrients (suspended and dissolved) (Mertes, 1997; Olde 
Venterink et al., 2006; Wassen et al., 2003). Gradients in flood stress (e.g., depth, current velocity 
and oxygen stress during long-term inundations) and different magnitudes of nutrient and sediment 
inputs bring about spatial differentiation in productivity which, together with nutrient cycling 
processes, result in distinct vegetation patterns in temperate floodplains (Keizer et al., 2014; Wassen 
et al., 2003; Wassen and Joosten, 1996; Wu and Blodau, 2015). Similar to the temperate floodplains, 
clear vegetation zonation along flooding gradients is observed in large tropical floodplains around 
the world i.e., the Amazon basin, the Okavango delta, the Mekong Tonle Sap, and the tropical 
Northern Australia wet-dry system (Parolin et al., 2016; Parolin and Wittmann, 2010). Spatial 
patterns of vegetation in these tropical floodplains are the result of their adaptation and response to 
seasonally flooding characteristics, especially depth and duration (Arias et al., 2016; Parolin et al., 
2016). Although each individual floodplain can have additional factors that influence the 
development of zonation, such as interactions between soil, surface water, and groundwater 
affecting the salinity in the Okavango floodplain (Ellery et al., 1993; Ellery and Tacheba,2013), the 
effect on soil moisture due to disturbances from humans and fire in the Mekong Tonle Sap (Arias et 
al., 2013) and changing stream velocities during a flood in the Northern Australia wet-dry tropics 
(Finlayson, 2005; Finlayson et al., 1990). In addition, nutrient availability in floodplains is an 
important factor as it determines the productivity of the floodplains. Spatial patterns of nutrient 
availability can directly cause vegetation zonation but can also influence seedling establishment 
strategies which result in spatial patterns of vegetation in floodplains (Parolin, 2002)

Crucial factors that determine nutrient dynamics and floodplain productivities are the 
hydrological regimes and geochemical characteristics of the catchment (Spink et al., 1998). The 
hydrological regime may be characterized by three main river discharge stages; 1) a base flow stage , 
2) a rising stage, and 3) the falling stage, as described in the river wave concept (Humphries et al., 
2014) and flood pulse concept (Junk and Wantzen, 2004). During the base flow stage, the river and 
the floodplain are in a stage of low connectivity. During intense rainfall, the resulting terrestrial 
runoff not only causes water levels in the river channel to rise (the rising stage), but also transports 
dissolved and particulate nutrients. When the river overtops its banks, water from the river channel 
will inundate the floodplain, importing nutrients. At that moment, an aquatic system establishes on 
the floodplain, and the floodwater transports suspended matter, dissolved solids, and propagules. 
The transport distance and the sedimentation rate are both a function of water velocity and 
floodplain topography, and they lead to the spatial redistribution of matter and organisms (Ward et 
al., 2002; Wiens, 2002; Zuijdgeest et al., 2015). Floodplain productivity is determined by the biomass 
production of phytoplankton, macroalgae, aquatic plants, and helophytes. The major source of 
nutrients for aquatic production during the inundation phase is thought to be floodwater, with the 
floodplain soil playing a minor role; thus when water stops overtopping the river banks, the supply 
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of nutrients diminishes, as do nutrient concentrations in the floodwater (Lewis et al., 2000). In turn, 
floodplains can be an important source of organic carbon exported downstream via the river after 
the floods retreat (Junk and Wantzen, 2004; Zuijdgeest et al., 2015).

To date, most of the studies on the nutrient cycling processes occurring in floodplains have been 
on temperate systems (e.g., Baldwin and Mitchell, 2000; Olde Venterink et al., 2003, 2002; Wassen et 
al., 2003). They have shown that river floodplains can function as a sink for nutrients such as N and 
P, and for sediment. Since both biomass production and organic matter decomposition depend 
greatly on temperature (Baldwin and Mitchell, 2000), it can be expected that there will be a clear 
difference in these processes between temperate catchments and tropical catchments. River 
floodplains in tropical regions may therefore be very different from temperate regions. McJannet et 
al. (2012) showed that a tropical floodplain was a sink for phosphorus but found no evidence for a 
nitrogen sink. Most studies in tropical river floodplains have analyzed the relationship between soil 
characteristics, hydrology, and vegetation structure and composition (e.g., Arias et al., 2013; 
Finlayson, 2005; Murray-Hudson et al., 2011; Wittmann et al., 2008), and to some extent the 
hydrochemistry, e.g., Ellery et al. (1993). Vegetation community patterns in tropical floodplains 
show clear correlations with flood characteristics such as flood duration and flood depth. Arias et al. 
(2016) demonstrated in their recent hydrogeological concept for vegetation distribution in tropical 
floodplains that lower species diversity was found with longer flood duration and larger flood depth. 
Beside the relationship between flooding and vegetation types, flood characteristics also influence 
soil properties and nutrient contents (e.g., Arias et al., 2013).

However, little is known about the rate of nutrient cycling in tropical floodplains and how this 
relates to seasonal dynamics. Tropical monsoon rivers, in particular, exhibit a strong seasonal 
dynamic hydrologic pattern. The large amounts of rain characteristic of the monsoon period lead to 
low concentrations of dissolved matter and nutrients in river water during floodplain inundation 
(Walalite et al., 2016). However, similar to temperate floodplains, monsoon floodplains may show a 
distinct zonation of more productive and less productive vegetation (Arias et al., 2016; Walalite et 
al., 2016; Zuijdgeest et al., 2015). In the present study, we contribute to the sparse knowledge on 
tropical monsoon floodplain ecological functioning by presenting data on the Songkhram river in 
Thailand. Our two aims are: to explore spatial differences in the nutrient distribution in water, soil, 
and vegetation for two distinct vegetation zones in the floodplain (bamboo and grass) and to 
understand the interaction between the flood characteristics and the vegetation with respect to 
nutrient fluxes and stores. In a previous study (Walalite et al., 2016), we identified two major 
vegetation communities that dominate in the floodplain: a bamboo zone that is widespread 
throughout the floodplain in a belt close to the river and a grassland type behind the bamboo zone 
and thus further away from the river. In our earlier paper, we hypothesized that the high annual 
biomass production of the bamboo zone is driven by the floods importing nutrients and sediment 
We urged further research to analyze nutrient input and uptake in the grass and the bamboo zone. 
The present paper aims to verify this hypothesis and test if the less productive grassland zone 
behind the bamboo does indeed receive less input of nutrients from the river.

3.2 Study area

The Songkhram river catchment is situated in the monsoon climate region of north-eastern 
Thailand (Fig.3.1). It is approximately 495 km long, drains an area of 13,000 km2, and its average 
discharge is 226 m3 s-1 during the monsoon season and 2.3 m3 s-1 during the dry season. Annual 
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precipitation averages 1960 mm and ranges from 1090 to 2880 mm. The monsoon season lasts from 
May to September and is followed by a cool-dry season from October to February that is succeeded 
by a hot-dry season from March to April. During the monsoon season, the average precipitation is 
1690 mm (range 906 – 2420 mm); this compares with an average precipitation of 270 mm (range 80 
– 490 mm) during the dry season (figures compiled from daily data from the Department of Water 
Resources, Thailand). Mean annual daily temperature is 26 °C and the warmest month is April 
(monthly mean of 35 °C). From December to January, the minimum night temperature is around 15 
°C.

The floodplain we studied lies in the lower catchment of the Songkharam river (Fig.3.1) and is 
inundated yearly due to the high river discharges during the monsoon season. The average flooded 
area of this floodplain is estimated to be 760-855 km2 (Thiha et al., 2012; Walalite et al., 2016). The 
land uses of the flood-prone area in the non-flood season are agriculture (52 %), grassland, 
herbaceous vegetation and shrubs (together 20 %), open water (9%), marsh (8%), deciduous forest 
(6%), native riparian bamboo (4%) and buildings (1%).

The native floodplain vegetation community, which is known as “Pa Bung Pa Taam” (Fig.3.2), 
comprises a distinct strip of dense thorny bamboo (Bambusa flexuosa) next to the river channel, 
behind which is a zone of grassland communities dominated by Miscanthus fuscus (Walalite et al., 
2016; Blake et al., 2011). Figure 3.3 presents a conceptual cross-section from the river across the 
floodplain to the higher non-flooded land on the side of the river valley, showing the zonation of 
bamboo and grass communities.

Fig.3.1 Location of the study area in the lower basin of the Songkhram river where the Nam-Yam tributary joins the 
main river.
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3.3 Methods

3.3.1 Sampling locations and time line of fieldwork campaign
We established four transects in the monsoon floodplain of the Songkhram river (Fig.3.1). Each 
transect started on the river bank and extended over the vegetation gradient of the bamboo thicket 
on the river bank and the grass communities behind (both of which are inundated during the 
monsoon), as far as the higher-lying non-flooded forest zone (See Fig.3.2 and 3.3). Vegetation, soil, 
and floodwater were sampled during different periods in 2015: Figure 3.4 depicts them in relation to 
rainfall and river water levels.

3.3.2 Vegetation sampling and analysis
The bamboo fresh mature leaves were sampled in February 2015 in order to determine nutrient 
concentrations (see below): we took samples from 15 different locations distributed over the 
seasonally flooded bamboo zone. Aboveground standing crop was harvested as a proxy for annual 
plant production. As the bamboo produces fresh shoots and leaves all year round, we counted the 
newly formed shoots per m2 and ignored the shoots from previous years. Shoots were dried and 
weighed in order to estimate the annual aboveground production (g dry wt/m2).

For the grass zone, we harvested aboveground living biomass from 9 locations in August 2015, 
which was when grass growt peaked following monsoon rainwater input. At each location, three 50 
x 50 cm plots were harvested. The bamboo leaves and the grass biomass were dried at 105 °C for 4 
hr., and the standing crop was expressed as g dry wt/m2. The three replicates were averaged.

The dry plant material was ground and analyzed for nitrogen (N) and carbon (C) using a C/N 
analyzer. Part of the ground sample was digested by nitric acid (65% HNO3) and analyzed for 
phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), zinc (Zn), aluminum (Al), silica 
(Si), iron (Fe), sulfur (S), and manganese (Mn) using Inductively Coupled Plasma Optical Emission 
Spectrometry (ICP-OES).

3.3.3 Soil sampling and analysis
Soil samples were collected during two field campaigns – before the flood (June-July 2015) and after 
the flood (November 2015) – at the same locations. Seven of the sites were in the bamboo zone, and 
6 were in the grassland zone. The soil samples were taken using a stainless steel soil corer (5.2 cm 
long, 5 cm diameter). Three cores were collected at each site (in an area of ca.10 m2).

Fig.3.2 Dense bamboo thicket close to the river (left) appears adjacent to the river channel and the grass zone next to 
the bamboo (right). 
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Fig. 3.4 Rainfall (red line) and water level (blue line) of the Songkhram river in 2015, with indication of sampling mo-
ments of soil, water, and vegetation. 

Fig.3.3 Conceptual cross-section of the Songkhram monsoon river floodplain, showing characteristic vegetation zona-
tion and hydrological system. At the start of the monsoon season: (1) rainfall is intense, and (2) overland and under-
ground flow of water and transport of dissolved solids from the floodplain increase. During this period, bamboo and 
grass grow rapidly until the river overflows (3), and the floodplain enters the aquatic phase.
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Soil samples were air dried at room temperature for 2 weeks. After drying, the soil was ground 
and sieved through a 0.5 mm sieve for further chemical analysis. Soil pH was measured from a 
solution of 10 g soil sample with 10 ml of demineralized water. The available phosphorus (P) in the 
soil sample was determined from 5 g of soil, using Bray 2 solution as extractant. The concentration 
of the extractable phosphorus was determined by colorimetric and spectrophotometric methods. 
Ammonium exchangeable potassium (K) in the soil sample was also determined from 5 g of soil, 
using 1 M ammonium acetate as extractant. The K concentration in the extracted solution was 
determined using a flame photometer. Total organic carbon (TOC) and total nitrogen (TN) were 
determined by the Walkley-Black and macro Kjeldahl digestion methods, respectively.

3.3.4 Floodwater sampling and analysis
In total, 33 samples of floodwater were collected at two stages of the flood. The first (17 samples) 
were obtained during the peak flood (10-15 August 2015), and the second (16 samples) were 
obtained while the flood was subsiding (27-28 August 2015). Along each transect, the sampling sites 
were in the main river channel, bamboo zone, and grass zone.

At each site, four liters of water were collected from approximately 30 cm below the level of the 
floodwater using a polyethylene (PE) bottle, which was pre-washed by the water to be sampled 
on-site. To collect a sample, the bottle was dipped into the floodwater. As soon as a sample had been 
taken, its EC, temperature, dissolved oxygen, and pH were determined. The sample was then stored 
in a cooler at approximately 4 °C. The depth of floodwater at each site was measured using a 
measuring tape weighted at one end.

The water samples were delivered to a laboratory for preparation and treatment within 24 hr. of 
collection. Each sample was mixed thoroughly and then divided into three subsamples. The first 
subsample was filtered through 0.45 micron cellulose acetate membrane filter and divided into two 
aliquots of 50 ml. To the first, 1 ml of nitric acid (65% concentration) was added and analyzed for 
ions by means of ICP-OES. The second was not acidified and prepared to analyze dissolved organic 
carbon (DOC) and total dissolved nitrogen (TDN).

The second subsample was prepared for unfiltered water analysis. Aliquots of 250 and 125 ml 
from this unfiltered subsample were stored in wide-mouth PE bottles. The first 250 ml was acidified 
by adding 2 ml of 65% concentrated nitric acid for total phosphorus (TP) analysis. The 125 ml was 
not acidified prior to analyses for TOC and total nitrogen (TN). Prior to analysis, all samples were 
kept in cool (ca. 4 °C) and dark conditions. Additionally, within 24 hr. of collection, a 5 ml aliquot 
was taken, and its alkalinity was measured using a HI-3811-100 chemical test kit (Hanna 
instruments, 2016).

The third subsample was prepared to determine total suspended solid (TSS) and organic matter 
(OM). Between 500 and 1000 ml (depending on filtration speed) was filtered through 0.7 micron 
Whatman GF/F glass fiber filter of known weight. The filter with its residual suspended solid was 
then dried at 105°C for 24 hr., cooled in a desiccator, and weighed. Subsequently, the filter was 
combusted at 400 °C for 16 hr., and the weight after combustion was used to determine the amount 
of OM lost during combustion.

3.3.5 Determination of nutrient limitation in vegetation
To determine the type of nutrient limitation, we followed Olde Venterink et al. (2003), who used a 
method based on critical values of N: P, N: K, and K: P ratios in aboveground plant material. 
N-limited sites were those with N: P ratio < 14.5 and N: K ratio < 2.1, whereas P-limited sites and 
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sites limited in both P and N were those with N: P ratio > 14.5 and K: P ratio> 3.4. Sites limited in K 
or in K+N were those with N: K ratio > 2.1 and K: P ratio < 3.4.

3.3.6 Estimation of nutrient storage in soil and vegetation and input from floodwater and 
atmosphere

The total N and available P and K in the soil were determined by analyzing the top 5 cm of each soil 
core. Concentrations of total N, available P, and K in mg per gram soil were multiplied by the soil 
bulk density (g soil per m3 volume) and the volume of the top 5 cm soil in 1 m2.

To obtain an indication of the annual aboveground nutrient storage (g nutrient/m2) in the 
bamboo zone, we multiplied the dry weight/m2 by the nutrient (N, P, and K) concentrations 
measured in the fresh leaves (mg nutrient/g dry wt), assuming this to be a reasonable estimate for 
the whole shoot. For the grass zone, we used the sampled aboveground biomass of grass (g/m2) and 
multiplied it by the nutrient concentrations (mg nutrient/g dry wt) in the grass biomass sample of 
each site.

To estimate the potential amount of nutrients imported by floodwater to a certain area, we 
averaged the concentrations of nutrients and the depth of floodwater for the 2 flood stages from 
each site. The volume of standing water (l/m2) was calculated from the average depth of each site. 
Then the average nutrient concentration was multiplied by the volume of the standing water (l/m2). 
By using the above method, we assumed that the system works with a peak discharge in the 
floodplains, after which no new water enters the floodplain anymore, and only water outflow takes 
place after the peak. If this is the case, it is justified to use our calculation. An alternative would be to 
consider every time step a new inflow and probably also outflow, but we did not observe any 
indication of this in the field.

Total N and K from atmospheric deposition in Thailand were extracted from World Data Centre 
for Precipitation Chemistry (Vet et al., 2014).

3.4 Results

We found significant differences between the bamboo and grass zones (Table 3.1). Both before and 
after the flood, the soil in the bamboo zone had significantly higher OM contents, higher total N 
and K contents, and lower bulk density. Before the flood, the soil in the bamboo zone had higher 
organic carbon (TOC) and available phosphorus (P) and a lower C/N ratio than the grass zone. 
These results indicate that the bamboo soil is more fertile than the grass soil. However, the high C/N 
ratios in both zones (bamboo ≥ 52, grass ≥ 48; Table 3.1) indicate that both soils have poor N 
fertility. After the floods, a significant decrease in organic carbon from the soil in both zones is 
found, and further, the drop in the C/N ratio shows that the floods export organic carbon from the 
floodplain and fertilize both zones.

A comparison of the water samples taken at the peak of the flood and during its recession 
reveals that, after the peak, sedimentation of suspended matter occured and the concentration of 
dissolved solid increased, possibly due to high evapotranspiration caused by the high tropical 
temperatures (30+ °C) (Table 3.2). This is reflected in decreases in TSS and increases in EC, Cl, and 
other major ions. During the subsidence of the flood, dissolved oxygen (DO), TP, and PO4

3- also 
decreased significantly in the floodwater, and alkalinity increased (Table 3.2), probably because of 
the algal blooms we observed during the second sampling.
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 Before flood After flood % change Before flood After flood % change
pH 4.41 ± 0.04 a 4.73 ± 0.03 b 7 4.46 ± 0.03 a 4.86 ± 0.04 c 9*
Bulk density (g/cm3 ) 0.27 ± 0.01 a 0.26 ± 0.01 a -4 0.33 ± 0.01 b  0.34 ± 0.01 b 3
Organic matter (g/kg) 56.6 ± 3.7 a 54.9 ± 3.5 a -3 27.0 ± 2.3 b 25.7 ± 2.5 b -5
Organic carbon (g/kg) 118.7 ± 10.7 a 88.0 ± 18.1 bc -26* 86.2 ± 8.1 b 48.5 ± 8.2 c -44*
Total N (g/kg) 1.67 ± 0.11 a 1.75 ± 0.11 a 4 0.91 ± 0.08 b 0.95 ± 0.09 b 3
Available P (mg/kg) 11.9 ± 1.1 a 8.8 ± 1.8 bc -26* 8.6 ± 0.8 b 4.9 ± 0.8 c -44*
K (mg/kg) 127.0 ± 12.8 a 114.3 ± 10.0 a -10 70.8 ± 7.5 b 48.0 ± 5.8 c -32*
C/N ratio 74 ± 6 a 52 ± 9 b -30* 95 ± 19 c 48 ± 5 b -49*

Variable (Soil)
Bamboo (n samples = 21) Grass (n samples = 18)

Table3.1. Soil characteristics and soil nutrient concentrations before and after flooding for the bamboo and grass zones: 
comparison of means (± standard error of the mean). Values with different letters (a, b, and c) indicate significant dif-
ferences (p<0.05; Paired t-test for within zone and independent t-test for between zone). * indicates variable changed 
significantly after flooding (p<0.05; Paired t-test).

Temperature °C 32.2 ± 0.3 33.3± 0.3 3*
Depth meter 4.1 ± 0.1 1.6 ± 0.3 -61**
EC µS/cm 41.3 ± 2.3 88.4 ± 9.4 114*
DO mg/l 4.8 ± 0.4 1.9 ± 0.2 -60**
pH - 6.8 ± 0.04 6.5 ± 0.02 -4**
Alkalinity mg/l 17 ± 0.7 20 ± 0.7 18**
TSS mg/l 4.72 ± 0.26 2.60 ± 0.29 -45**
OM mg/l 1.30 ± 0.06 1.34 ± 0.08 3
TOC mg/l 4.35 ± 0.12 5.00 ± 0.17 15**
DOC mg/l 3.62 ± 0.10 4.80 ± 0.08 33**
TN mg/l 0.68 ± 0.03 0.64 ± 0.03 -6
TDN mg/l 0.50 ± 0.02 0.53 ± 0.01 6*
TP mg/l 0.05 ± 0.01 0.04 ± 0 -20*
PO4

3- mg/l 0.04 ± 0 NA NA

K+ mg/l 1.64 ± 0.02 2.38 ± 0.15 45**

Mg2+ mg/l 0.73 ± 0.03 1.24 ± 0.05 70**

Mn2+ mg/l 0.02 ± 0 0.06 ± 0.01 200**

Ca2+ mg/l 2.12 ± 0.1 3.63 ± 0.17 71**

Cl- mg/l 13.59 ± 1.64 24.67 ± 3.46 82**

Fe2+/3+ mg/l 0.29 ± 0.02 0.53 ± 0.03 83**

Na+ mg/l 6.67 ± 0.52 15.07 ± 1.74 126**

S- mg/l 0.59 ±0.08 0.61 ± 0.03 3

Si+ mg/l 1.50 ± 0.04 1.89 ± 0.07 26**

% changeSecond sampling  
(n samples =16)

First sampling     
(n samples =17)

Variables (Water) Units
Mean ± SE

Table 3.2. Floodwater chemistry from Songkhram river floodplain: comparison of the mean (± standard error of the 
mean (SE)) nutrient concentration from the first sampling during flood peak periods and the second sampling sample 
during subsidence of the flood (two weeks after the first sampling). Asterisked values indicate a variable with a signifi-
cant difference (* p<0.05, ** p<0.01, paired t-test). NA indicates values below the method’s detection threshold. 
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The productivity of the bamboo vegetation is high: estimated to be ca. 5 tons dry wt/ha/yr of 
aboveground biomass. The grass zone is also productive, though less so: it averaged >3.5 tons dry 
wt/ha/yr (Table 3.3). Analysis of aboveground plant tissue indicates that concentrations of all three 
major nutrients (N, P, and K) are significantly higher in the bamboo vegetation zone than in the 
grass zone. Nutrient ratios indicate that bamboo growth is limited by P, whereas the vegetation of 
the grass zone is limited by N. We did not find any indications of K co-limitation (Table 3.3).

3.5 Discussion

3.5.1 Similarities and differences in ecological functioning between temperate and tropical 
floodplains

Integration of our data on soil, water, and vegetation led to the emergence of a coherent pattern of 
flood-related nutrient and carbon fluxes that are spatially and temporarily differentiated. First, the 
significant loss of organic carbon from the soil after the flood indicates that the floodplain is a 
source of carbon, and this carbon is probably exported downstream. This is also illustrated by the 
DOC and TOC in the floodwater, which increases significantly after the floodplain becomes an 

Bamboo Grass 
(n samples = 15) (n samples = 27)

C mg/g-dry wt 408.7 ± 4.5 425.2 ± 2.6
N mg/g-dry wt 18.7 ± 0.8* 6.31 ± 0.30 
P mg/g-dry wt 1.26 ± 0.08* 0.68 ± 0.05
K mg/g-dry wt 10.5 ± 0.5* 7.45 ± 0.30
Al mg/g-dry wt 0.64 ± 0.04* 0.37 ±0.04
Ca mg/g-dry wt 4.32 ± 0.25* 1.60 ± 0.09
Fe mg/g-dry wt 0.41 ± 0.02* 0.25 ± 0.03
Mg mg/g-dry wt 1.11 ± 0.07 0.97 ± 0.05
Mn mg/g-dry wt 0.42 ± 0.04* 0.25 ± 0.02
S mg/g-dry wt 2.03 ± 0.09* 1.06 ± 0.04 
Si mg/g-dry wt 1.25 ± 0.04* 0.97 ± 0.04

C/N - 22.2 ± 0.9 70.4 ± 2.6*
C/P - 340 ± 19 726 ± 61*
N/P - 15.4 ± 0.7* 10.7 ± 1.0
K/P - 8.5 ± 0.4 12.6 ± 1.1*
N/K - 1. 83 ± 0.09* 0.91 ± 0.08
C/K - 40.4 ± 2.3 60.1 ± 3.2*

Above-ground 
production g/m2 521 ± ? (n = 1) 386 ± 58 (n = 6)

Variables (Plant) Unit
Mean ± SE

Table 3.3. Comparison of mean and standard error (SE) of the vegetation tissue nutrient constituents of bamboo leaves 
and grass aboveground biomass (units in mg element per g of biomass dry weight). * Indicates a variable that is signifi-
cantly higher (independent t-test, p<0.05). 
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aquatic system while inundated. This implies that organic carbon produced in the floodplain is 
exported via the retreating floodwater. This was also reported by Zuijdgeest et al. (2015) for the 
floodplain along the Zambezi in Southern Africa, where OM that had been produced upstream was 
transported downstream and exported. This illustrates how large floodplain systems act as large 
biogeochemical reactors that behave distinctly different from the rest of the catchment (Zuijdgeest 
et al., 2015). In our case, the part of the floodplain we sampled seems to be a source of carbon for 
the river and downstream areas.

Second, we clearly observed the role of the vegetation zonation in floodplain functioning. In the 
Songkhram floodplain, clear zonations of bamboo and grass are present. It was found earlier that for 
tropical floodplains vegetation patterns in structure and community are determined by the duration 
and the depth of the flood (Arias et al., 2016; Parolin et al., 2016). In addition to these main factors, 
the hydrochemistry of inundated water, the soil, and topography can cause stress in vegetation 
functioning and therefore cause patterns in vegetation. In the tropics, where vegetation production 
is optimal around the year, adaptation to flood stress seems to be the key mechanism of spatial 
heterogeneity in species communities (Parolin and Wittmann, 2010). Further Arias et al. (2013) 
showed that the mean annual flood duration and soil properties determined canopy height, canopy 
cover, and aboveground biomass of the Tonle Sap floodplain forest in Cambodia.In our Songkhram 
river floodplain, the zones of bamboo and grass experience different stresses, i) a higher flood stress, 
higher nutrient input, and higher productivity in the bamboo zone and ii) a lower flood stress, lower 
nutrient input, and lower productivity in the grassland.

The bamboo experiences higher flood depth and duration, forcing bamboo to take up available 
nutrients quickly and have fast shoot growth to escape the flooding. The higher productivity is 
supported by additional nutrient uptake from the flood water. As a result, OM production is much 
higher in the bamboo zone than in the grassland, leading to higher OM content in the soil of the 
bamboo zone. This difference is attributable not only to the vigorous growth of the bamboo but also, 
at least partly, to the prominent algal blooms in this zone. After the floods have receded, these algae 
remain on the ground and start to decompose rapidly in warm and still moist conditions. A 
comparison of the temperatures in our tropical catchment with the temperature ranges of seven 
large floodplains in North America and Europe reported in Spink et al. (1998) shows that the 
temperatures in Songkhram are very different: they are consistently very high.

The grassland zone is usually found next to the bamboo zone. Although the flood depth and 
duration in this zone are lower than the bamboo zone due to its topography, vegetation in this zone 
is fully submerged. Limited nutrients in this zone lead to lower productivity. Therefore the 
combination of flood stress and nutrient limitation determines the vegetation in this zone.

Interestingly, we found the Songkhram is very similar to the river Shannon in Ireland in terms 
of catchment size, discharge, and soil and vegetation nutrient contents (data on the Shannon 
reported by Spink et al., 1998). The Shannon is a typical example of a predominantly rainwater-fed 
river poor in solutes, as is the case for the Songkhram river and also for the Siberian river Ob, which 
is fed mainly by snow melt (Schipper et al., 2007). In the floodplains of these three rivers with very 
different climates, vegetation production is driven more by sedimentation and mineralization of 
OM than by dissolved nutrients brought in by floodwater.

Although the Songkhram floodwater exports OM from the floodplain, it is also evident that the 
floods import sediment and nutrients. The water samples taken and flooding depths measured at 
the peak and at the end of the flood period illustrate this. At the peak of the flood, the floodwater is 
very deep: on average 4 m; after the monsoon rains had ceased, the concentration of TSS in the 
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sampled water was only half of the peak flood’s TSS concentration (Table 3.2). Visual observations 
also revealed that the water at the second sampling was much more transparent.

3.5.2 Nutrient budgets
We roughly estimated the nutrient budgets for the bamboo and the grass zone (see Methods: 
Estimation of nutrient storage in soil and vegetation and input from floodwater and atmosphere) 
and were able to further differentiate between N, P, and K fluxes and reserves (Fig.3.5), although it 
must be noted that our estimates are only rough, approximating indicators.

Nitrogen: Although atmospheric deposition of N in the Songkhram catchment is significant (6.5 
kg N/ha/yr) it is moderate compared to the deposition in other areas in S.E Asia (Vet et al., 2014), 
and the floods bring in twice as much N into the grass zone and three times as much into the 
bamboo zone than is deposited from the atmosphere (Fig. 3.5a). Most of the N stored annually in 
the aboveground biomass must thus be obtained from the soil. This is especially evident for the 
bamboo zone since the N from atmospheric N deposition plus the estimated N input via the flood 
adds up to far less than the N in biomass. Additional N input to the system can also relate to large 
particulate organic matter (POM) from flood water. N from the floodwater is rather not (only) 
originating from dissolved organic matter but also relates to POM. This POM in flood water would 
also be an important source of N input to the floodplains. This is also demonstrated by our data, 
showing that water OM did not change, but TOC and DOC increased in the second sampling. This 
indicates that organic matter is also a source of nutrients during the flood. N from the POM is then 
filtered by the bamboo, deposited on the soil, and becomes quickly part of the soil through 
bioturbation (Mermillod-Blondin, 2011).

Our schematic cross-section in Fig.3.5 also reveals that the bamboo zone may function as a 
filter, trapping most of the N from the floodwater before the water reaches the grass zone further 
away from the river.

Phosphorus: Atmospheric deposition of P is probably negligible unless dust storms occur, which 
to our knowledge, has not been the case. It appears that compared with the amount of P that could 
hypothetically be imported from the atmosphere and the floods, the amount of P stored annually in 
aboveground biomass is four times higher in the bamboo zone and two to three times higher in the 
grass zone. So, as was the case for N, the soil must also be an important source of P. Remarkably, the 
soil in both zones contains only minor amounts of P, which implies that most of the available P is 
taken up rapidly, as is also observed in tropical forests, where almost all nutrients are sequestered in 
standing vegetation (Vitousek and Sanford, 1986). The bamboo zone may – as was the case for N – 
also filter out P, taking up P from the floodwater before it reaches the grass zone further away from 
the river.

Potassium: It is very clear that the flood is the major source. Compared to the amount of K 
available in the soil and the amount of K deposited from the atmosphere, the potential input of K 
from the floods is important. Again, we speculate that the bamboo zone may function as a filter, 
taking up K from the floodwater before it reaches the grass zone more distant from the river. As 
illustrated in figure 3, which shows (i) some depression within the bamboo zone and (ii) the 
bamboo zone is wider than the grass zone in the higher ‘flooding littoral’, it should not be surprising 
that the bamboo is the dominant filtering vegetation unit, especially regarding the height above the 
mean and the bank full water levels.

A comparison of our very roughly estimated nutrient flows with the flows reported by other 
studies in river floodplains reveals some general patterns. Our findings are similar to those of Olde 
Venterink et al. (2002) for temperate European river systems. These authors also found most of the 
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Fig. 3.5 Estimated N, P, and K storage in soil and above-ground biomass (AGB) of vegetation and the contribution of 
floodwater and atmospheric deposition. The numbers represent Mean ± SE (g/m2). 
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N in aboveground vegetation was obtained from turnover in the soil, but they also concluded that 
the input of P and K from the river must have been substantial. In another study performed in the 
floodplain of the European river Rhine, Olde Venterink et al. (2006) reported similar findings to 
ours: sediment deposition was an important mechanism of retention of nutrients, especially of P, 
and nutrient retention was much greater in reed-beds – comparable to our bamboo zone – than in 
grasslands. The authors postulated that the high sediment deposition rate in their floodplain reed-
bed was the result of the roughness of the vegetation structure, which reduced the water velocity, 
facilitating sedimentation and trapping nutrients. In contrast to this, McJannet et al. (2012) argue 
that in tropical riverine wetlands where there is strong seasonality in flows and short residence time 
during the periods of maximum sediment and nutrient loads, there is likely to be limited overall 
filtering potential. This aspect certainly needs further study, although our results support the 
hypothesis we put forward in our previous study (Walalite et al., 2016), that the high annual biomass 
production of the bamboo zone is driven by the floods, which import nutrients and sediments 
filtered out by this zone. The less productive grassland zone located behind the bamboo receives less 
input of nutrients from the river.

If we focus on the type of nutrient limitation, we notice that, in contrast to what we found for 
Songkhram, Olde Venterink et al. (2006) found low N:P ratios in their reed vegetation along the 
river Rhine, indicating N limitation; our bamboo zone is clearly P-limited, as can be inferred from 
the N:P ratios we found. A comparison of our data with the data from the floodplain of the river 
Biebrza in Poland (Olde Venterink et al., 2009) reveals that in the Biebrza floodplain vegetation, 
both N and P are lower, whereas K is slightly higher. Nevertheless, there are also indications for the 
Biebrza floodplain to be P-limited, as is our bamboo zone. When Spink et al. (1998) experimentally 
tested nutrient limitation by conducting fertilization experiments in seven floodplains, they found 
that only in one floodplain – the Irish river Shannon – plant growth was nutrient-limited (in their 
case, N and P co-limitation). In the other six floodplains, climatic factors (temperature, latitude) 
seemed to be the dominant drivers of productivity. Thus it seems that most river floodplains do not 
face nutrient limitations. In cases where nutrient limitation has been found, both the monsoon river 
Songkhram and the temperate rivers Biebrza and Shannon differ from the river Rhine in that their 
vegetation is limited or co-limited by P. The absence of P limitation in the Rhine floodplain is 
probably attributable to the large input of P by the river Rhine, the water of which contains 
wastewater discharge and runoff from farmland in the human-dominated catchment of the Rhine 
(Billen G., 2011). This has also been observed in other human-impacted rivers in Europe and North 
America (Caraco and Cole, 1999; Sjodin et al., 1997). Perakis and Hedin (2002) sampled rivers from 
100 unpolluted primary forests in temperate South America and compared them to streams in 
polluted regions in temperate North America, concluding that in unpolluted regions, the stream 
water nitrate concentrations were low and dissolved organic nitrogen was responsible for most of 
the nitrogen losses from these forests. It is, however, unclear if this also holds for tropical rivers in 
unpolluted areas. Putting the scarce information about N and P cycling and fluxes in tropical rivers 
and the role floodplains play into perspective, it is clear that we are only beginning to understand 
how N and P cycling is driven by climate, river characteristics, and human interference, and how 
important floodplain processes are in nutrient cycling and retention.
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Abstract: The floodplain of the Narew River is a relatively pristine wetland area in Central Europe. 
The hydrology of the river is relatively undisturbed compared to other European river systems. 
Fundamental knowledge about how European river floodplains ecologically function under pristine 
conditions is of importance for the restoration of degraded systems. We analyzed floodplain 
vegetation communities, soil, nutrient availability, and the chemistry of surface water and 
groundwater. Vegetation was found to be grouped into 3 types: 1) a distinct forest understory 
community with Urtica dioica and Ribes nigrum dominance, 2) a relatively species-rich tussock 
sedge community dominated by Carex elata, and 3) a tall sedge community with Carex acuta and/or 
Glyceria maxima dominance. The distribution of these plant communities on the floodplain was 
related to the local flood characteristics and site physical characteristics. In all communities, plant 
productivity was limited by nitrogen. Chemical characteristics differed in water from different 
sources. River water had significantly higher concentrations of NO3

-, Cl- and K+ than groundwater 
and floodplain water from puddles and an oxbow lake, whereas floodplain water stood out by high 
organic carbon. The occurrence of water quality and vegetation gradients in the floodplain suggest a 
relatively undisturbed floodplain compared to many other European rivers where polluted river 
water dominates floodplain water chemistry and overrules natural vegetation gradients. This study 
contributes to our understanding of how relatively undisturbed European rivers and river 
floodplains may ecologically function. Such rivers and floodplains are valuable for their intrinsic 
value and as a source of scientific information.

Keywords: Ecological gradient, ecohydrology, hydrochemistry, nutrients, plant communities, soil.

4.1 Introduction

River floodplains are among the most complex and dynamic ecosystems. Ecological gradients of 
river floodplains exhibit longitudinal and lateral gradients. The former is driven by upstream-
downstream connections and the latter between landscape connectivity between the river and the 
adjacent hinterland (Vannote et al.,1980; Ward et al., 1999; Junk and Wantzen, 2004; Batzer et al., 
2018). Plant species and vegetation types are distributed along such environmental gradients 
primarily because of underlying ecologically steering factors such as soil characteristics and water 
and nutrient availability (Wassen et al., 1990, Olde Venterink et al., 2002), but also because of 
differences in tolerance to flooding stress (Parolin, 2002; Beumer et al., 2008; Junk et al., 2012). In 
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floodplains, in particular, flood regime and water chemistry play an important role as determining 
factors for plant distribution and vegetation zonation (Beumer et al., 2008). However, most studies 
on European rivers have been carried out in floodplains of regulated rivers in which the discharge 
regime of the river is heavily influenced by dam construction and embankment enforcement 
(Tockner and Stanford 2002). Moreover, most European rivers are polluted. During the last decade, 
river rehabilitation programs have remediated point pollution sources and created more room for 
the river during high discharges, for instance, in the Rhine and its tributaries (Admiraal et al., 1993), 
the Oder (Marszelewski and Piasecki, 2020), the Elbe (Meyerhoff and Dehnhardt, 2007), the Loire 
(Bergerot et al., 2008), the Meuse (Admiraal et al., 1993) and the Danube (Tockner et al., 1998; 
ICPDR, 2009). 

Since these rivers went through a deterioration and rehabilitation process, and monitoring 
programs were usually only installed after the deterioration started, there is a fundamental gap in 
knowledge of how rivers and river floodplains ecologically function under more pristine conditions 
(Brierley and Fryirs, 2008). It is important to investigate ecological processes in relatively 
undisturbed European rivers and floodplains in order to have a reference for the restoration of 
deteriorated systems. Here we present an ecohydrological analysis of such a river: The Narew river 
in Poland.

Several studies regarding the environmental and ecological characteristics of the Narew river 
and its floodplain have been conducted from various disciplinary angles. These include hydro-
ecological characteristics of the river and floodplains (e.g., Gielczewski, 2003; Miroslaw-Swiatek et 
al., 2007), chemical characteristics of the river water, and ecological functioning of the river 
(Zielinski et al., 2003; Górniak, 2018), the role of vegetation in the development of the anastomosing 
system (Gradziński et al., 2003), changes in riparian plant communities in response to changing 
flood regime (Szewczyk et al., 2003) and the relation between aquatic vegetation in the river channel 
and environmental variables (Barendregt and Gielczewski, 1998). These studies provide insight into 
the ecological functioning, and the hydrological and hydrochemical aspects, notably the river itself. 
However, the vegetation and ecological functioning of the river floodplain has not been studied so 
far. A study of aquatic vegetation by Barendregt and Gielczewski (1998) demonstrated that a 
longitudinal gradient of in-stream plant communities was related to physical gradients in the river 
(discharge, flow velocity, width, and depth) and to water chemistry. Additionally, a detailed study of 
the upper Narew riparian vegetation communities by Szewczyk et al. (2003) demonstrated 
transversal vegetation patterns related to groundwater and flood regime. However, no analysis of 
floodplain plant communities in relation to environmental conditions and nutrients and their 
spatial location has been undertaken for the Narew floodplain. 

We aim to describe vegetation communities of the Narew river floodplain, link them to 
environmental conditions, and discuss if the floodplain can still be interpreted as a pristine system 
that can be used as a reference site for European floodplains. We present vegetation community data 
and nutrients in vegetation, as well as soil nutrient and hydrochemical data of each community.

4.2 Study area
 
The Narew River originates in Belarus and flows through northeast Poland (Fig. 4.1). It is the largest 
lowland right-bank tributary of the Vistula River, with a total length of ca. 484 km and a total 
drainage area of ca. 75,000 km2 (Gielczewski et al., 2011). The basin is situated in a temperate 
climate zone with a yearly average temperature of 7.2 °C and gross precipitation of 617 mm 
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(Gielczewski 2003). The upper part of the river runs through the middle Pleistocene plateaus before 
entering the Vistulian Glaciation area with loamy moraine plateaus or sandy glaciofluvial plains in 
the lower area (Górniak 2018). The width of the flood terrace of Narew is up to 10 km. Inter-
channel areas and floodplains are mostly covered by a thick layer of peat. Most land cover in the 
basin is agriculture and forest, which account for 55% and 32%, respectively; around 10% of the 
catchment is a nature protection area (Gielczewski 2003). Regular and predictable flooding is a 
characteristic of the Narew River floodplains. The river is defined as a temperate snowmelt-fed river 
system that is characterized by increasing discharges and water levels after snowmelt reaches a 
maximum during spring in March and April. Water level and discharge then decrease in summer 
and autumn until the mostly frosty winter period starts (Fig. 4.2).
 The floodplains of the Narew River (N.E. Poland) form a relatively pristine wetland area in 
Central Europe. Due to their importance as a natural and biodiversity reservoir for many species, 
parts of the Narew floodplains are under national and European protection. In the absence of heavy 
industry, big cities, and intensive irrigation, the hydrological system of the river basin is relatively 
undisturbed compared to many other European river systems. 
 The anastomosing multi-channel reach in the Narew National Park downstream from Suraz is 
globally well known. The meandering reaches of the river between Tykocin and Nowogrod where 
the Narew joins the Bug River, are nice examples of relatively undisturbed lowland European river 
stretches. However, since the economic boom in Poland started, agricultural practices are becoming 
more intense and of a larger scale with a concomitant increase in fertilizer utilization. Ecosystem 

Fig.4.1. Location of the Narew River basin in north-east Poland (inset) and topographic features of the study area. Grey 
color indicates river valleys, and green colors indicate elevation in the catchment (darker = higher). Red strips indicate 
transects where soil and vegetation were examined. The river water was sampled at the gauge stations. 
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functions and services of the Narew floodplain may come under pressure, and with expected 
climate change, this may further increase in the future (Okruszko et al., 2011; Piniewski et al., 2014; 
Moomaw et al., 2018). Furthermore, the Siemianówka Reservoir, situated in the upper part of the 
river and constructed in 1992, has significant effects on the hydrological regime of downstream 
river sections (Marcinkowski and Grygoruk 2017). 

This study focuses on the upper part of the Narew River upstream from the gauge station 
located at Lomza (Fig. 4.1). At this station, the drainage area of the basin is ca. 15,300 km2, and the 
upstream length of the river course is ca. 310 km. Daily discharge measurements for the period of 
1964 – 2019 showed that mean low discharge and mean high discharge at this gauge station are 16.7 
m3/s and 246.2 m3/s, respectively (Institute of Meteorology and Water Management – National 
Research Institute (IMGW-PIB)). 

4.3 Methods

4.3.1 Sampling locations
Since this paper aims to describe possible variations in floodplain habitats present in the upper 
Narew floodplains while considering accessibility, we carefully selected three sites. At these 3 sites 
(Fig.4.1) we installed 7 sampling plots encompassing various floodplain vegetation communities. 
The first site was located furthest upstream near Suraz and contained two sampling plots (UP1 and 
UP2). The plots were aligned perpendicular to the river channel at a distance to the river of 
approximately 700 and 430 m for UP1 and UP2, respectively (Fig.4.3A). At this site, the river 
channel was relatively narrow (ca.20 m), and the extent of the floodplain was ca. 1- 1.5 km wide.

The second site’s location was at a so-called mid-downstream area near Strekowa Gora just after 
the tributary river Biebrza joins Narew. This site is lined between the villages named Krzewo and 
Gac. Here, the main channel has expanded to ca. 40 m width, and the lateral extent of the floodplain 
at this location is about 4 – 6 km. At this site, a floodplain forest appeared at the floodplain edge and 
expanded into the floodplain area before the vegetation changed to a floodplain fen-meadow type. 
Three sampling plots were established at this floodplain site. The first (ML1) and the second (ML2) 

Fig. 4.2. The average monthly discharge of the selected gauge stations of the Narew River was calculated for the period 
1986 to 2015 on the basis of daily measurements (Institute of Meteorology and Water Management – National Research 
Institute (IMGW-PIB), Poland).
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were in the fen-meadow vegetation near the forest edge and the rich fen vegetation near the main 
river channel, respectively, while the third plot (ML3) was in the forest (Fig.4.3B).

The third site was located further downstream near Lomza, where the floodplain was 
constrained by the post-glacial moraines surrounding the valley, and its width had decreased to ca.2 
km. The width of the river channel was ca. 40 m. At this site, we established two sampling plots: 
LW1 at ca. 50 m from the floodplain edge close to the moraine and LW2 near the main river channel 
(Fig.4.3C).

Fig. 4.3. Cross-sections across the valley at locations UP (A), ML (B), and LW (C) with the water level at the 10th, 50th, 
70th, 90th percentile, and terrain elevation. The line of the 90th percentile indicates the water level that encompasses 
90% of the observations, so 90% of the observations have a water level that is lower than this line, whereas the 10th 
percentile line indicates that only 10% of the observations have a lower level than this line
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4.3.2 Flood characteristics of each floodplain site
Water level statistics of each floodplain site were obtained from the Mike11 hydrological model 
developed within the framework of the Polish governmental project ‘Review and analysis of flood 
risk’ (IMGW-PIB and ARCADIS 2020). The model established relationships between river water 
levels at each of our floodplain sites and the nearest water gauge station. The relationships were 
verified by field measurements carried out with the GPS-RTK technique. Based on the relationships, 
we determined the daily water level at each particular floodplain site for the period 1964 – 2019. 
Water level statistics representing the 10th, 50th, 70th, and 90th percentile were related to the elevation 
along the cross-section of each floodplain site, as shown in Fig.3. Thus, the line of, e.g., the 70th 
percentile indicates the water level that encompasses 70% of the observations, so 70% of the 
observations have a water level that is lower than this line, whereas the 10th percentile line indicates 
that only 10% of the observations have a lower level than this line. The occurrence of inundation at 
each sampling plot was then calculated per day for the period 1964 to 2019 by subtracting the daily 
water level with the site’s elevation. Each resulting inundation level at a particular sampling plot that 
was higher than zero was counted as a river inundated event. These were used to determine average 
inundation depths and the average number of inundated days per year in the period 1964 – 2019 
(shown in Table 4.1). Statistics for seasons were based on the assumption that a flood counted as a 
flood event if it occurred more than 5 days per season (with a maximum of 1 flooding event per 
season and 4 per year).

4.3.3 Vegetation sampling and analysis
Vegetation sampling was conducted between 29 May and 3 June 2015. This period is considered 
representative of the recognition of fully grown and flowering plants and the harvesting of biomass 
as a proxy for above-ground productivity. A square plot of 10 m2 (3.3 X 3.3 m) was established at 
each sampling plot. Plant species were recorded following the Braun-Blanquet approach, and cover-
abundance values were later transferred into a semi-decimal scale following van der Maarel (1979). 
In the forested plot (ML3), we recorded trees and shrubs in two additional plots of 100 m2 (10 X 10 
m) to have a better description of the species composition of the shrub and tree canopy layer.

In each of the 7 sampling plots, above-ground biomass was harvested by clipping living 
herbaceous plant material down to the ground surface and collecting litter in a square of 50 X 50 cm 
(three replicates for each plot). Litter and dead standing biomass were separated from the living 
plant material. The dry weight of dead and living biomass was determined by weighing after drying 
for 48 hours at 70 °C.

Subsequently, the dried plant biomass was grounded and analyzed for nitrogen (N) and carbon 
(C) using a C/N analyzer. Part of the ground sample was digested by nitric acid (65% HNO3) and 
analyzed for phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), zinc (Zn), aluminum 
(Al), silica (Si), iron (Fe), sulfur (S), and manganese (Mn) using Inductively Coupled Plasma 
Optical Emission Spectrometry (ICP-OES). Analyzes were performed at the chemical lab of the 
Faculty of Geosciences, Utrecht University, The Netherlands.

4.3.4 Soil sampling and analysis
Soil samples were collected at the same sites as where vegetation samples were taken. In April 2015, 
three soil cores (10 cm depth, 5 cm diameter) were taken using PVC tubes at each plot. The soil 
samples were analyzed for soil water content, bulk density, pH, and extractable nutrients (N, P, K) in 
the laboratory of SGGW, Warsaw University of Life Sciences, Poland.
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First, the volume and wet weight of fresh soil of each core were determined. Next, the soil was 
mixed homogeneously, and three sub-samples of approximately 10 g. were taken from each sample 
and weighed. Next, these were oven-dried at 105 °C for 48 hours. Subsequently, the dry weight of 
each sub-sample was determined. The water content of the sub-sample was calculated from the 
difference between wet and dry weight and expressed as % of wet weight. The water content of the 
sample was then calculated by using the wet weight of the sample and the average percentage of 
water of the 3 sub-samples. Next, the water percentage of each sample was used to calculate the dry 
weight of each sample. Bulk density was determined for each sample by dividing the soil’s dry 
weight by the core volume. Another three sub-samples of 10 grams of wet soil were taken from the 
homogenously mixed soil from each core to determine available nutrient concentrations.

Available nitrogen in the soil as present in the forms of nitrate (NO3
-) and ammonium (NH4

+) 
was determined. For this, we used 49 ml of 1 M of KCL solution to extract available nitrogen from 
10 grams of wet soil. The sample was shaken for 15 minutes at room temperature (ca.25°C) and then 
centrifuged. The supernatant was used for analyzing concentrations of nitrate (NO3

-) and 
ammonium (NH4

+) by using a continuous segment flow analyzer (Seal Analytical, 2000). We also 
measured pH from this supernatant.

For P and K, we used a mixed solution of 0.1 mol/L ammonia (NH3) + 0.4 mol/L acetic acids + 
0.1 mol/L lactic acids (following Olde Venterink et al., 2002). We used 49 ml of this solution to 
extract 10 grams of wet soil. The samples were shaken for 15 minutes at room temperature (ca.25°C) 
and then centrifuged. The supernatant was analyzed by ICP-OES to determine the concentration of 
P and K in the extractant.

4.3.5 Water sampling and analysis
We took 17 river water samples, 3 samples of floodplain surface water, and 4 samples of 
groundwater. River water samples were collected from 3 locations, i.e., Suraz, Strekowa-Gora, and 
Piatnica-Lomza gauge stations (Fig.4.1). We sampled these stations in five periods: sampling periods 
were 19 – 24 December 2014, 14 – 18 January 2015, 25 February – 1 March 2015, 29 March – 3 
April 2015, and 10-14 April 2015. We applied an integrated sampling approach for river water 
collection, which implies that three equal sub-samples were taken at each location, one in the 
middle of the river and one at the river edge ca. 2 m from each levee. The sub-samples were carefully 
put together, stirred gently, and divided into three parts. The first part was stored in a 12ml PP bottle 
and filtered directly in the field through a polytetrafluoroethylene (PTFE) membrane syringe filter 
with 0.45 µm pore size and frozen for nutrients and major ion concentrations. The second part was 
stored in 50 ml glass bottles and frozen until analyzed for total nitrogen and carbon. The third part 
was stored in a 2000 ml bottle, kept cool in the dark (basement conditions during winter in Poland), 
and later analyzed for total suspended solids.

In the Surface Water Monitoring Laboratory, Water Centre of the Warsaw University of Life 
Sciences, Poland, the first part of the river water sample was analyzed for major ions, i.e., chloride 
(Cl-), nitrate (NO3

-), nitrite (NO2
-), sulfate (SO4

2-), ammonium (NH4
+), sodium (Na+), potassium 

(K+) and calcium (Ca2+) using an ion chromatography method. The sample was also analyzed for 
orthophosphate (PO4

3-) using a spectrophotometer method. Total phosphorus (TP) was determined 
using an acid-persulfate digestion method applied to an un-filtered part of the water sample. This 
method turns particulate phosphorus into PO4

3- after which the concentration of PO4
3- was 

determined by a spectrophotometer.
The second part of the water sample (50ml bottle) was used to determine total organic carbon 

(TOC) and total nitrogen (TN) in the unfiltered sample by high-temperature catalytic oxidation 
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method at 850 °C using Skalar Formacs HT/TN device (compliance next methods respectively: ISO 
8245, EPA 415.1 and ISO 11905-2, DIN ENV 12260, DIN 38409 H27). Similarly, the filtered sample 
was analyzed for dissolved organic carbon (DOC) and total dissolved nitrogen (TDN).

The third part of the water sample (2000 ml bottles) was used to determine total suspended 
solids (TSS) and organic matter (OM). From this, a known amount of the water (1000 – 1500 mL) 
was filtered through a GF/F filter (0.7 µm pore size). The filters were pre-dried and weighed to know 
the initial weight before use. The filters with the residual suspended solids were then dried at 105 °C 
for 4 hours and weighed to determine the TSS after allowing them to cool down in a desiccator. 
Subsequently, the filters were ignited at 400 °C for 16 hours. Weight loss in the ignition process is 
considered to be organic matter.

Floodplain surface water samples were collected in April 2015 from 3 plots: LW1, LW2, and 
UP2. Two of the floodplain water samples were collected from small puddles near LW1 and LW2, 
while one sample near UP2 was collected from an oxbow lake. Groundwater samples were collected 
from four piezometers with filter depths of ca.100 cm below the surface. One piezometer was 
installed in the upstream site near plot UP2. Three piezometers were installed in the mid-
downstream locations: two were situated near plots ML3 and ML1, and one was close to the lower 
floodplain (LW) site.

Floodplain water samples were treated similarly to the river water samples and analyzed for 
hydrochemical variables the same way as river water. Groundwater samples were treated similarly to 
the river water and floodplain water samples and analyzed for hydrochemical variables except for 
TSS, TOC, TN, and OM.

4.3.6 Data Analysis
Cover-abundance values for plant species in the vegetation recordings were first transformed for 
each plot to a scale number ranging from 0 – 9, according to van der Maarel (1979). The species 
data were then ordered using hierarchical clustering to explore the degree of similarity in plant 
species composition. Plant species from each plot were then grouped based on the similarity 
between the community structure of the clustering. Furthermore, the species data were square root 
transformed to down-weigh potential influences of species-poor sites or rare species in the data set. 
Subsequently, detrended correspondence analysis (DCA) was applied to explore the variability of 
vegetation communities’ structure in our data set.

Variability of biomass and nutrients in biomass among plots was analyzed using one-way 
ANOVA and HSD post-hoc. Variability of soil variables and extractable nutrients among sampling 
plots were analyzed using Kruskal-Wallis analysis of variance and Dunn’s test. Differences in the 
mean of nutrient concentrations in living biomass as well as extractable soil nutrients of different 
plant communities were tested using an independent samples t-test.

The nutrient ratio of the living biomass was used as a proxy for nutrient limitation of vegetation 
in which nitrogen limitation is indicated by a value of N/P ratio lower than 14.5 and N/K ratio lower 
than 2.1. N-K co-limitation is indicated by a value of N/P ratio lower than 14.5 and N/K ratio higher 
than 2.1 (Olde Venterink et al., 2003). 

A linear regression model was used to analyze trends of change in water chemical characteristics 
over the winter to spring period. The differences in variabilities of water chemistry from river water, 
groundwater, and floodplain water were analyzed using Kruskal-Wallis one-way analysis of 
variance. This analysis was also applied to variabilities of water chemistry from different gauge 
stations.
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The differences among the samples were tested by Wilcoxon signed-rank test for water 
chemistry from river water, groundwater, and floodplain water. Wilcoxon pairwise post-hoc test was 
applied for river water chemistry from different gauge stations.

4.4 Results

4.4.1 Flood characteristics
Long-term water level probability statistics show that plot UP1 in the upper floodplain site was most 
frequently inundated (Table 4.1). The second most frequently flooded plot was LW2 in the lower 
floodplain site. The plots in the mid-lower site were the least frequently inundated. Especially, plot 
ML3 in the forest was an outlier that had only one single day of inundation by the river. Plots that 
were located closer to the river tend to be more frequently flooded and experience deeper floods 
than plots situated further away from the river.

The average (± standard deviation) inundation depth of the plots of the upper floodplain site 
were 0.37 ± 0.13 m and 0.27 ± 0.11 m for UP1 and UP2, respectively. In general, the inundation 
depths increase downstream. Remarkably, the average inundation depth of plot ML1 in the mid-
lower site was lower than on the two upper site plots. The plots LW1 and LW2 of the lower 
floodplain site had the largest average inundation depths (Table 4.1).

4.4.2 Vegetation community
In total, 53 plant species were recorded in the 7 studied plots. The number of recorded species 
varied between 4 and 27 species per plot. The most common species were Phalaris arundinacea and 
Galium palustre, which were found in 6 and 5 plots, respectively (Table 4.2).

At the upstream plots UP1 and UP2, approximately 580 and 350m located from the main river 
channel, 17 species were recorded, of which 11 species at UP1 and 12 species at UP2. Dominant 
species common to both plots were Carex elata, Galium palustre, Ranunculus repens, and Phalaris 
arundinacea. Species like Carex acuta, Caltha palustris, and Stellaria uliginosa were found to be 
(sub)dominant in UP1 but absent in UP2.

UP1 UP2 ML1 ML2 LW1 LW2 ML3

Distance to Narew river (m) 430 700 1670 720 880 360 3730

Elevation (M S.A.L) 120.32 120.72 100.21 99.27 98.75 98.3 101.6

Number of flooded year 56 56 25 54 55 56 1

Average depth  (m) 0.37 ± 0.13 0.27 ± 0.11 0.15 ± 0.14 0.45  ± 0.24 0.62 ± 0.43 0.85 ± 0.49 0.12

Average events per  winter* 1 0.9 0.1 0.7 0.8 0.9 0

Average events per  spring* 0.9 0.3 0 0.2 0.3 0.4 0

Average events per  summer* 1 1 0.3 0.8 0.9 0.9 0

Average events per  autumn* 0.9 0.3 0 0.2 0.2 0.4 0

Average events per  year* 3.8 2.5 0.5 1.9 2.1 2.7 0

Average duration day/year 292.4 121.4 9.4 91.8 106.5 153.1 0

Flood characteristic
Site name

Table 4.1. Summary of sampling site characteristics showing the distance to the river, elevation, average inundation 
depth (mean ± SD), and average flood events per season: averaged over a period of 56 years (1964-2019). *Flood event 
counted if it occurs more than 5 days per season (there can be a maximum of 1 flooding event per season and 4 per year).
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Distance to the river (m) 430 700 1670 720 880 360 3730

Number of species 11 12 27 4 7 14 17

Litter Biomass (dw-g/m2) 317 ± 133 304 ± 189 10 ± 5 504 ± 192 935 ± 131 99 ± 16 89 ± 38

Living Biomass (dw-g/m2) 215 ± 67 269 ± 38 195 ± 35 292 ± 144 147 ± 75 353 ± 86 162 ± 27

Phalaris arundinacea 5 r 2 r 2 r 2 r 3 I 6

Galium palustre r 4 r 4 r 2 r 2 5

Ranunculus repens r 4 I 5 5 r 1

Carex acuta II 6 r 4 II 6 II 7

Caltha palustris r 4 r 2 r 1 r 4

Cardamine pratensis r 2 r 2 r 2 r 2

Lychnis flos-cuculi r 2 r 2 r 4

Agrostis stolonifera r 2 r 2 r 1

Calamagrostis canescens r 2 r 2 r 4

Carex elata I 6 III 8 II 7

Glyceria maxima r 2 II 7 II 6

Rorippa amphibia r 2 r 4 5

Glechoma hederacea r 2 r 2

Taraxacum officinale r 4 r 1

Agrostis canina r 4 r 4

Lathyrus palustris r 2 r 2

Myosotis palustris r 2 r 2

Stellaria uliginosa r 4 r 2

Alnus glatinosa II 6

Corylus avellana r 1

Dryopteris carthusiana r 3

Filipendula ulmaria r 3

Fraxinus excelsior r 1

Iris pseudacorus r 4

Prunus padus r 2

Ribes nigrum I 5

Scirpus sylvaticus r 2

Scutellaria galericulata r 2

Urtica dioica II 7

Alopecurus geniculatus r 4

Alopecurus pratensis r 2

Anthoxanthum odoratum r 4

Calamagrostis stricta I 6

Carex appropinquata r 4

Carex disticha r 3

Carex nigara r 4

Carex vesicaria r 1

Galium uliginosum r 2

Glyceria fluitans r 4

Lysimachia nummularia r 4

Lysimachia thyrsiflora r 1

Mentha aquatica r 2

Plantago major r 4

Poa palustris r 2

Polygonum amphibium r 1

Potentilla anserina r 2

Stachys palustris r 2

Stellaria palustris r 2

Succisa pratensis r 2

Symphytum officinale r 2

Thalictrum flavum r 1

Trifolium repens r 4

Valeriana officinalis r 1

ML3ML1Site Name UP1 UP2 ML2 LW1 LW2

Table 4.2. Species diversity, above ground biomass, and cover-abundance values of plant communities of the Narew Ri-
ver floodplains, Poland. The first symbol given for species indicates cover (after Wassen et al. (1990): r covering less than 
5% of the plot surface; + 5 - 10% cover; I 11 – 20 % cover; II 21 - 40 % cover; III 41 – 60% cover). The second symbol 
indicates a combined cover-abundance value calculated after Van der Maarel (1979). This scale is a 9-point scale with 
increasing numbers indicating increasing cover and abundance. 
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The vegetation recordings in the mid-downstream site were very different from each other. Plot 
ML1 showed very species-rich vegetation (27 recorded plant species). This plot was located ca. 1720 
m. from the main river channel at the edge of the open floodplain in a fen-meadow before the 
floodplain forest. The most dominant and sub-dominant species at this plot were Carex elata, 
Calamagrostis stricta and Ranunculus repens. Fourteen out of the 27 species found were not found in 
any other plot. Plot ML2 was closest to the river channel (c. 620 m) and had the lowest number of 
species, with only 4 species recorded. The vegetation at this plot was dominated by Glyceria 
maxima, and sub-dominant species were Rorippa amphibia and Carex acuta. Lastly, plot ML3 in the 
floodplain forest, situated at the valley edge at c. 3530 m. from the main river channel, was covered 
by black alder trees (Alnus glutinosa) and contained 13 herbaceous or shrub species. Seven of these 
species were not found in any of the non-forested plots (Table 4.2). The other 8 species were 
restricted to this forest floor plot and included blackcurrant (Ribes nigrum), a faithful species of 
black alder forests, as well as stinging nettle (Urtica dioica).

In the most downstream site, we recorded 18 species, of which 7 species were found in LW1 and 
14 species in LW2. Plot LW1 at c. 600m from the river is dominated by Carex acuta, whereas LW2 at 
120 m from the river is dominated and co-dominated by species such as Carex acuta, Glyceria 
maxima, Phalaris arundinacea, Galium palustre, and Rorippa amphibia.

The hierarchical clustering revealed that the 7 plots could be classified into 3 groups based on 
their species composition (Fig.4.4). Table 4.3 presents a summary of the dominant species of each 
plot. The three clusters were: 1) a distinct forest plot (ML3) with Urtica dioica and Ribes nigrum 

Fig. 4.4. Dendrogram of the hierarchical clustering showing two clusters of 3 plots each and plot ML3 separated from 
the other plots on a high dissimilarity level. The vertical axis indicates dissimilarity.
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dominance in the understory, which, as expected, is separated from the other plots on a high 
dissimilarity level; 2) a relatively species-rich tussock sedge community dominated by Carex elata 
consisting of plots ML1 near the floodplain-forest edge and the two plots in the upper floodplain 
(UP1 and UP2) and 3) a tall sedge community with Carex acuta and/or Glyceria maxima 
dominance consisting of two lower floodplain plots (LW1 and LW2) and the mid-lower floodplain 
plot ML2.

To explore the variability of vegetation community structure, a detrended correspondence 
analysis (DCA) was applied to the plant species data. The DCA bi-plot of the first two axes (Fig. 4.5) 
revealed that the forest plot ML3 is indeed different since it is positioned far from the other plots. 
Species-rich plot ML1 is located quite centrally in the bi-plot, where many species are plotted. Fig. 5 
also shows that the 3 plots of the tussock sedge community are aligned along the first axis and are 
positioned from the center to the negative side. Plot LW1 of the tall sedge community is located 
very close to UP1 of the tussock sedge community, illustrating the species composition of these two 
plots has similarities. The other two plots of the tall sedge community (ML2 and LW2) are located 
further down (negative) on axis 2, illustrating that in these plots, some species occur which are not 
found in any of the other communities. The species associated with plots situated relatively close 
(120m-620 m) to the main river channel (ML2, LW1, LW2, UP1, and UP2) are restricted to the 
negative side of the first axis of the bi-plot, while plots ML1 and ML3 plot on the positive side of the 
axis are located further from the river (resp. 1720 and 3530 m).

Fig. 4.5. Bi-plot of the first two axes of a detrended correspondence analysis showing species and plots. 
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4.4.3 Biomass and nutrients in biomass
Living biomass, as well as litter biomass, were highest in the tall sedge community (Table 4.3). 
Nutrient plant concentration (N, P, and K) in the living biomass varied among plots (Table 4.3). N 
concentration ranged from 16.26 ± 0.27 mg/g-dw in the lowest diversity ML2 plot to 27.33 ± 4.09 
mg/g-dw in the forest plot. P concentration ranged from 2.02 ± 0.23 mg/g-dw to 4.81 ± 0.68 mg/g-
dw. The concentration of P in plant tissue was significantly higher in the forest plot than those in the 
sedge communities. K concentration ranged from 8.60 ± 1.74 mg/g-dw in the tussock sedge plot 
UP2 in the upper part of the river valley to 19.57 ± 4.17 mg/g-dw in the tall sedge plot LW1 in the 
lower part.

We further compared nutrients in the living biomass between the communities. It appeared that 
N and P concentration in the herbaceous layer of the forest plot was significantly higher than in 
samples from both sedge communities (one-way ANOVA and HSD post-hoc; Fig.4.6). K 
concentration tended to be higher in the forest plot and in the tall sedge community than in the 
tussock sedge community.

We compared nutrient ratios with the ratios that indicate nutrient limitation. N:P ratio in all 
plots was well below 10, and N:K ratio was lower than 2.1 indicating that vegetation in our study 
area was limited in growth by N (Table 4.3). One site (UP2) showed co-limitation by N and K. There 
was no indication for P limitation in any plot.

Fig.4. 6. Boxplot compares nutrient concentrations in living biomass and soil available nutrients of the three plant 
communities.
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4.4.4 Soil nutrients
Soil extractable nutrients (N, P, K) varied among the studied plots, comparable to nutrients in 
biomass (Table 4.3). Soil extractable N (sum of N-NO3

- and N-NH4
+) was dominated by N-NH4

+, 
which has a much higher concentration than N-NO3

-, except for one of the tall sedge plot (LW2) 
and the forest plot (ML3). The concentration of N-NH4

+ ranged from 6.0 ± 4.5 mg/kg in one of the 
tall sedge plots (LW2, also having the highest bulk density) to 44.5 ± 10.3 mg/kg in the tussock 
sedge plot UP1.

Extractable P varied in a similar way ranging from 8.3 ± 1.5 mg/kg in plot LW2 to 63.5 ± 15.1 
mg/kg in plot ML3. Extractable K showed the lowest concentration (23.1 ± 8.1 mg/kg) in plot LW2 
and the highest concentration (92.8 ± 25.0) in plot UP1. The fact that soil extractable nutrients (N, 
P, K) were lowest in LW2 can be explained by the high bulk density: apparently, in this site, the 
mineral content of the soil is higher, and the organic matter content is lower, resulting in less 
extractable nutrients.

Analysis of differences in extractable soil nutrients between the vegetation communities (one-
way ANOVA and HSD post-hoc; Fig.4.6) revealed that soil extractable N and P were significantly 
higher in the forest plot than in the sedge community plots. No significant differences were found 
for extractable K among the communities.

River water Floodplains Groundwater 
units mean mean mean

EC µS/cm 403 ± 40ab 272 ± 114a 596 ± 254b
pH pH unit 7.9 ± 0.2b 6.9 ± 0.4a 6.9 ± 0.3a
HCO3- mg/L 230 ± 40 146 ± 85 418 ± 220
NO3

- mg/L 4.22 ± 1.12b 0.12 ± 0.04a 0.17 ± 0.11a

NH4
+ mg/L 0.40 ± 0.24b 0.05 ± 0.05a 0.72 ± 0.66 ab

PO4
3- mg/L 0.08 ± 0.05 0.04 ± 0.03 0.40 ± 0.74

K+ mg/L 3.69 ± 0.71b 1.07 ± 1.29a 0.88 ± 0.97a

Cl- mg/L 11.10 ± 1.30b 2.83 ± 1.57a 7.67 ± 2.10a
SO4

2- mg/L 23.14 ± 3.57 23.03 ± 8.23 44.95 ± 29.97 

Na+ mg/L 13.50 ± 2.27b 8.59 ± 2.08a 14.57 ± 8.40ab

F- mg/L 0.12 ± 0.02a 0.13 ± 0.05ab 0.29 ± 0.19b
Ca2+ mg/L 95.31 ± 10.18 77.41 ± 37.29 163.64 ± 74.82
TDN mg/L 2.05 ± 0.38b 1.41 ± 0.09a 1.62 ± 0.20ab 
DOC mg/L 18.11 ± 1.85a 26.23 ± 2.80b 28.55 ± 4.32b
TOC mg/L 19.85 ± 1.97a 28.17 ± 1.51b NA
TN mg/L 2.34 ± 0.42b 1.62 ± 0.14a NA
TSS mg/L 9.56 ± 3.95 8.47 ± 2.15 NA
OM mg/L 4.65 ± 2.24 6.38 ± 2.46 NA
OM (%) % 48.27 ± 16.32 77.21 ± 27.67 NA
TP mg/L 0.19 ± 0.11 0.08 ± 0.04 1.097

Water variables

Variables in bold indicate a significant difference between the columns (Kruskal-Wallis, 
P<0.05). Numbers sharing the same letter indicate no statistical difference (Wilcoxon signed 
rank test, P<0.05). NA indicates variables with no measurements.

Table 4.4. Summary of water chemistry variables showing mean concentration and standard deviation of surface water 
from the Narew River and its floodplains and groundwater collected from piezometers installed next to the plots. Num-
ber of samples: floodplains = 3, groundwater = 4 except for TP = 1, river water = 17.
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4.4.5 Hydrology and water chemistry of the Narew river
The Narew river is a lowland river in a temperate climate system. High discharge generally occurs 
during spring floods between March and May due to the melting of accumulated snow during the 
winter period. The long-term average annual discharges measured at Lomza, Strekowa Gora, and 
Suraz gauge stations are 2287 x 106 m3, 974 x 106 m3, and 454 x 106 m3, respectively (Institute of 
Meteorology and Water Management – National Research Institute (IMGW-PIB)). The peak 
discharge occurs in mid-April, and the lowest flow is in mid-August (Fig. 4.2). However, there was 
no flood event in the period that we conducted the field campaign (autumn 2014 – summer 2015). 

Therefore, we sampled the main river channel, the surface water on the floodplain that we found in 
an oxbow and in shallow pools, and groundwater. River water and groundwater had the highest 
values of EC, reflecting high concentrations of inorganic substances dissolved in the water (Table 
4.4). River water also had high concentrations of nitrate (NO3

-), potassium (K+), and chloride (Cl-), 
whereas groundwater had the highest concentrations of phosphate (PO4

3-), alkalinity (HCO3
-), 

sulfate (SO4
2-), and calcium (Ca2+). The floodplain water showed the lowest ion concentrations in 

general but differed from river water and groundwater by high organic matter and carbon (DOC, 
TOC, and OM).

The spatial pattern of river water chemistry was analyzed by comparing the average 
concentrations in the river water between the gauge stations (Table 4.5). Increases in concentration 
in the downstream direction were observed for EC, K+, SO4

2-, and F- Surprisingly, Cl- and Na+ were 
higher in the middle location.

EC µS/cm 388 ± 16b 395 ± 58ab 433 ± 16a
pH pH unit 7.9 ± 0.2 8.0 ± 0.3 7.9 ± 0.2
HCO3- mg/L 223 ± 25 230 ± 59 239 ± 32

NO3
- mg/L 4.07 ± 1.17 4.47 ± 1.32 4.12 ± 0.97

NH4
+ mg/L 0.44 ± 0.25 0.37 ± 0.28 0.38 ± 0.22

PO4
3- mg/L 0.06 ± 0.04 0.09 ± 0.06 0.09 ± 0.07

K+ mg/L 2.98 ± 0.44b 3.88 ± 0.44a 4.3 ± 0.48a

Cl- mg/L 10.2 ± 1.3b 12.1 ± 1.0a 10.9 ± 0.9ab
SO4

2- mg/L 19.8 ± 2.8b 24.2 ± 1.6a 26.0 ± 3.1a

Na+ mg/L 11.7 ± 2.0b 15.0 ± 1.9a 13.9 ± 1.6ab

F- mg/L 0.10 ± 0.01b 0.13 ± 0.02a 0.13 ± 0.02a

Ca2+ mg/L 93.3 ± 8.1 96.8 ± 11.7 95.9 ± 12.3
TDN mg/L 2.11 ± 0.40 2.03 ± 0.47 2.01 ± 0.27
DOC mg/L 19.4 ± 1.8b 16.9 ± 1.8a 18.0 ± 1.1ab
TOC mg/L 20.8 ± 1.3b 19.5 ± 2.8ab 19.1 ± 1.1a
TN mg/L 2.29 ± 0.36 2.43 ± 0.55 2.28 ± 0.39
TSS mg/L 9.0 ± 2.5 10.3 ± 3.6 9.4 ± 6.1
OM mg/L 4.63 ± 3.19 5.18 ± 1.60 4.04 ± 1.81
OM (%) % 47 ± 27 51 ± 6 47 ± 8
TP mg/L 0.15 ± 0.05 0.21 ± 0.14 0.19 ± 0.14

Variables in bold indicate differences between the columns (different letters indicate 
significant differences; Kruskal-Wallis one-way analysis of variance and Wilcoxon 
pairwise post-hoc; p-value < 0.05). 

Water 
variables units Suraz (upper, n = 6) Strekowa Gora 

(middle, n = 6) Lomza (lower, n = 5)

Table 4.5. Mean concentration (± standard deviation) of the water chemistry of the Narew river comparing three diffe-
rent gauge stations (see Fig. 1). The values were calculated from 5 or 6 samplings taken in the period December 2014 to 
April 2015 (see Methods). 
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The temporal pattern of water chemistry over the sampling moments was analyzed by 
calculating a linear regression model (y = ax + b) between water variables (y) and time steps (x) 
(Table 4.6). The correlation coefficients showed a significant (p<0.05) increasing trend of 
concentrations of HCO3

-, Ca2+, and pH values from winter to spring. In contrast, concentrations of 
NO3

-, NH4
+, PO4

3-, TDN, and TN significantly decreased from winter to spring. From Fig. 4.7 it 
became clear that organic carbon (TOC and DOC) showed a pattern of decreasing concentrations 
from December 2014 to February 2015 and then increased in March and April 2015. Similarly, TSS 
and organic matter showed a pattern of a swift drop in January 2015 before gradually increasing 
over the next period. Dissolved nutrients, i.e., PO4

3-, NO3
-, NH4

+, and K+ tend to decrease when 
water level and discharge increase over the spring period (Fig.4.8).

4.5 Discussion

To explain plant species occurrence in river floodplains, environmental factors such as floodwater 
chemistry and flood characteristics should be taken into account (e.g., Bufkova and Prach, 2006; 
Beumer et al., 2008). We analyzed these factors in order to understand the ecological functioning of 
the relatively undisturbed Narew river in Poland as a reference for the restoration of deteriorated 
European rivers and floodplains.

In our study, plant communities were categorized into 3 types, i.e., 1) a distinct forest understory 
community with shrubs, herbs, and grasses; 2) a relatively species-rich tussock sedge community 

Slope Intercept Adjusted 
(a) (b) R-squared

EC µS/cm 10 373 0.39 0.1 0.12
pH pH unit 0.07 7.7 0.48 0.18 <0.05
HCO3- mg/L 19 174 0.72 0.48 <0.01
NO3

- mg/L -0.4 5.4 -0.55 0.25 0.02  
NH4

+ mg/L -0.15 0.84 -0.95 0.89 <0.01
PO4

3- mg/L -0.02 0.15 -0.64 0.38 <0.01

K+ mg/L -0.16 4.2 -0.34 0.06 0.18

Cl- mg/L 0.23 10 0.27 0.01 0.3

SO4
2- mg/L -0.61 25 -0.26 0.01 0.31

Na+ mg/L 0.3 13 0.21 -0.02 0.43

F- mg/L 0.006 0.1 0.44 0.14 0.08

Ca2+ mg/L 4 83 0.61 0.33 <0.01
TDN mg/L -0.12 2.4 -0.5 0.2 0.04
DOC mg/L 0.1 18 0.08 -0.06 0.75
TOC mg/L -0.07 20 -0.06 -0.06 0.83
TN mg/L -0.16 2.8 -0.6 0.31 0.01
TSS mg/L -0.69 12 -0.27 0.01 0.3
OM mg/L -0.38 5.8 -0.26 0.005 0.32
OM (%) % 0.006 48 0.001 -0.07 1
TP mg/L -0.027 0.27 -0.36 0.07 0.15

Water 
variables units Correlation 

coefficient p-value

Variables in bold indicate significant linear relationship between concentration 
and time (p-value < 0.05).

Table 4.6. Correlation coefficient, adjusted R-squared, p-value and slope (a) and intercept (b) of general linear model (y 
= ax + b) calculated between the values of the water variables (y) measured at 5 different moments in time (x) between 
November 2014 and April 2015. A weak correlation indicates strong variation between values measured at different 
sampling moments and a negative or positive slope indicates a decrease (-) or an increase (+) over time. For values see 
Fig. 4.7 and Fig.4.8. 
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dominated by Carex elata and 3) a tall sedge community dominated by Carex acuta and/or Glyceria 
maxima. The distribution of these communities was related to the position within the floodplain, 
flood frequency and depth, site physical characteristics, and soil available nutrients. The forest 
community that experienced no influence from the river was clearly different from the other two 
types. This was related to differences in physical factors (no inundation, upward groundwater flow, 
less light availability in the understory) and soil nutrient characteristics: soil available nutrients 
(both N and P) were higher in the forest. The other two communities were the tussock sedge and 
tall sedge communities that were influenced by floodwater. We found no significant differences in 
soil characteristics and nutrient availability between these two communities, but indeed the 
different position in the floodplain was prominent.

The communities’ differentiation was linked to the longitudinal and transversal position of the 
plots over the river floodplain gradient and the inundation characteristic. For instance, the tussock 
sedge community that was found in plot ML1, which is located far away from the river channel near 
the floodplain-forest edge, was, as may be expected, inundated to a minor degree, whereas the two 
plots in the upper floodplain site (UP1 and UP2) were experiencing more inundation since located 
closer to the river although this may not be expected on their longitudinal position (upstream). The 
river influences the latter two plots more than plot ML1, which, although at a large distance from 
the river, experiences irregular floods in the wide valley in the mid-lower floodplain. The tall sedge 
community was found in two plots (LW1 and LW2) of the lower floodplain site and the plot ML2 of 

Fig.4.7. Boxplot of concentrations of particulate nutrients measured in the river water in five sampling campaigns bet-
ween December 2014 to April 2015 (1 = 19 – 24 December 2014; 2 = 14 – 18 January 2015, 3 = 25 February – 1 March 
2015, 4 = 29 March – 3 April 2015 and 5 = 10-14 April 2015).
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the mid-lower floodplain site. These plots experienced major river influences as discharges 
increased downstream, and the locations of the plots were near the main river channel. These 
floodplain sites had a deeper average flood depth than the tussock sedge community sites. It 
appeared that the tussock sedge was distributed in the upstream floodplain and further away from 
the main river channel in the mid-lower floodplain site. In contrast, the tall sedge community was 
found closer to the river in the mid-lower floodplain and in the lower floodplain. These distribution 
patterns demonstrate that both longitudinal and transversal gradients of vegetation communities 
exist on the floodplain.

The topography of a floodplain is an important feature that controls hydrological and 
hydrochemical processes, which relate to plant species distributions in the floodplain (e.g., Loeb et 
al., 2006; Antheunisse and Verhoeven, 2008). Although the number of our sampling plots was low, 
the plant communities were distributed non-randomly longitudinally and laterally over the river 
floodplain, demonstrating the distribution of vegetation communities over the Narew river 
floodplain related to the topographic position.

Interestingly, aquatic vegetation in the Narew river channel was also found to differ from 
upstream to downstream (Barendregt and Gielczewski, 1998). This was related to the physical 
gradient of the river characteristic (discharge, flow velocity, width, and depth) and water chemistry.

A comparison of extractable soil nutrients from our study with the adjacent pristine floodplain 
of the Biebrza river (Olde Venterink et al., 2009) showed that the Narew river floodplain had higher 

Fig.4.8. Boxplot of concentrations of dissolved nutrients measured in the river water in five sampling campaigns bet-
ween December 2014 to April 2015 (1 = 19 – 24 December 2014; 2 = 14 – 18 January 2015, 3 = 25 February – 1 March 
2015, 4 = 29 March – 3 April 2015 and 5 = 10-14 April 2015).
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soil nitrogen and potassium concentrations but lower extractable P than the Biebrza river 
floodplain. Concentrations of extractable soil nitrogen, specifically N-NH4

+ in the Narew tussock 
sedge community and the tall sedge community, were 37.74 ± 2.00 and 24.30 ± 3.19 mg/kg, 
respectively, which is 2 to 5 times higher than the N-NH4

+ concentration found in the floodplain tall 
sedge community of Biebrza (6.8 ± 0.7 and 10.4 ± 1.8 mg/kg for unmown and mown floodplain tall 
sedge sites). High concentrations of soil N-NH4

+ suggest high rates of N mineralization. N 
mineralization in floodplain systems can increase strongly with decreasing water tables that 
facilitate mineralization (Olde Venterink et al., 2009). This is also in line with our observation that 
no flood occurred during the year of our field campaign, which could have facilitated mineralization 
and may explain the high ammonium concentrations. Furthermore, the Narew river is experiencing 
a shortening of spring floods due to dam construction in the upstream section and decreasing 
summer flood durations, which are related to a changing climate (Marcinkowski and Grygoruk, 
2017). Drying up peat in summer may boost mineralization resulting in high concentrations of 
N-NH4

+ and a shift from a nitrogen-limited system to a non-limited floodplain system (Spink et al., 
1998).

Concentrations of extractable soil P in our tussock sedge and tall sedge communities appeared 
lower than in the nearby floodplain fen and tall sedge communities of the Biebrza floodplain (Olde 
Venterink et al., 2009). Soil extractable P concentrations in both Narew (in this study) and Biebrza 
(Wassen and Olde Venterink, 2006; Olde Venterink et al., 2009) were lower than those observed in 
disturbed floodplains like e.g. Steenwaard (the Netherlands) and the Dommel (the Netherlands and 
Belgium) (Wassen and Olde Venterink, 2006; Antheunisse and Verhoeven, 2008). 

Whether the Narew can be considered as a pristine floodplain is supported by two observations: 
(i) water with different water chemistry at different places in the floodplain and (ii) predominantly 
N limitation compared to anthropogenic disturbed European floodplains that are generally not 
limited by nutrients. Flooding is considered a natural disturbance factor that resets the system after 
every flood cycle (Beumer et al., 2008). The topography of the floodplain relative to the river water 
level determines flood frequency, length, and amplitude. It hereby also influences the input of 
nutrients to the soil, steering higher productivity and causing spatial patterns of plant communities 
(Wassen et al., 2003). The part of the floodplain near the river is supposed to have higher 
productivity caused by additional nutrient input from the river (Beltman et al., 2007; Chormanski et 
al., 2011; Keizer et al., 2014). However, our results show that extractable N and P in the soil of the 
floodplain where tussock sedge and tall sedge communities grew were lower compared to those in 
the forest soil. This suggests that the forest must receive additional nutrients from other sources. As 
the forest site was less influenced by flooding, more aeration and oxidation will lead to 
mineralization, as opposed to the waterlogged peat soil of the floodplain. This mineralization 
process potentially releases a significant amount of nutrients to the forest soil. Additionally, 
N-fixation by symbiotic fungal with Alder trees is a potential process that adds up nitrogen to the 
forest soil (Arnebrant et al., 1993; Walker et al., 2014).

Although topography and distance to the river, at first sight, served as an explanation for some 
patterns observed in our study, we think that the source of the flooded water is even more 
important. Clear distinctions in floodwater chemistry were found between different water sources, 
i.e., river water, groundwater, or rain/snowmelt (Chormanski et al., 2011; Keizer et al., 2014). This 
can also be observed in our results, which show that water from different sources, i.e., the river and 
groundwater had different water chemistry. The river water had high concentrations of nitrate (NO3

-

), potassium (K+), and chloride (Cl-), whereas groundwater had high concentrations of phosphate 
(PO4

3-), a high alkalinity (HCO3
-), and high sulfate (SO4

2-), manganese (Mn2+) and calcium (Ca2+) 
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concentrations. The water we sampled on the floodplain generally showed lower dissolved solids 
concentrations, as indicated by EC, than river and groundwater, indicating rainwater or snowmelt 
water influences. Also, high organic carbon (DOC, TOC) and organic matter (OM) were found in 
floodplain water, which suggests the floodplain itself is a source of carbon that probably gets 
mobilized from the floodplain by shear stress from flowing floodwaters. Floodplains being a source 
of organic carbon, have been demonstrated for tropical rivers (Junk and Wantzen, 2004; Walalite et 
al., 2018).

All plant communities in our study were N limited except one site where N and K co-limitation 
existed. N limitation commonly occurs in a wide range of wet and moist ecosystems, e.g., grassland, 
fen, and mire (Antheunisse et al., 2006; Wassen et al., 1998, 1995). Compared to anthropogenically 
impacted rivers in Europe, of which the floodplain generally shows an absence of limitation, 
nitrogen limitation can be potentially interpreted as an indicator for a well-functioning, relatively 
undisturbed floodplain (Antheunisse et al., 2006). However, nutrient ratios in plant material can 
serve only as a rough indicator for nutrient deficiency in a system (Wassen et al., 1998; Wassen et al., 
2021). We, therefore, suggest to further study in detail the nutrient cycling in the Narew river 
floodplain, especially in relation to water level dynamics, since seasonal nutrient boosts related to 
water level dynamics may well exist in the dynamic Narew floodplain.

Remarkably, in earlier studies in the adjacent floodplain of the Biebrza river, vegetation in the 
river-flooded zone showed no N limitation, whereas the fen vegetation in the non-river-flooded 
zone was limited by N or co-limited by N and P (Wassen et al., 1995; Wassen et al., 1998). We also 
observed a spatial pattern in nutrient limitation in the tropical monsoon Songkhram River, where 
high productivity bamboo vegetation occurring close to the river was N and P co-limited, while low 
productivity grassland experiencing less influence by the river was N-limited (Walalite et al., 2018). 
Apparently, different rivers may exhibit different nutrient limitation patterns, which is puzzling 
since flood duration and frequency are underlying factors determining nutrient availability and 
vegetation community in a floodplain ecosystem (Antheunisse et al., 2006). This provides even 
more reason to study nutrient dynamics in relation to river dynamics in different floodplains.

4.6 Conclusions

The Narew river floodplain appears to be a relatively pristine example of a European floodplain 
ecosystem. Our results showed that the distribution of plant communities in the river floodplain 
was related to the site’s longitudinal and traversal position on the floodplain, flood characteristics, 
and site physical characteristics. Although the observed high concentrations of soil extractable N 
may indicate less pristine conditions than expected, our study demonstrated a spatial variety of 
different water sources with different water chemistry at different places in the floodplain and a 
predominantly N-limited environment that is different from anthropogenically disturbed European 
floodplains. These characteristics underline the value of the Narew floodplain as a relatively pristine 
floodplain that may serve as a reference system for studying ecohydrological relationships.
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Abstract: Ecological processes in floodplains may function differently across climate regions. We 
compared the river discharge, water chemistry, and nutrient budget and balance of floodplain 
vegetation in a temperate climate (River Narew, Poland) with those in a tropical climate (River 
Songkhram, Thailand). Both rivers show a discharge regime with a flood pulse, following snowmelt 
(Narew) or monsoon rainfall (Songkhram), with peak discharges roughly 25 times higher in the 
River Songkhram. Electrical Conductivity (EC) values of both rivers are generally comparable, 
while nutrient concentrations are somewhat higher in the temperate River Narew (with total 
phosphorus (TP) approximately 1.5 and total inorganic nitrogen (TIN) approximately 2.2 times 
higher than in Songkhram). However, annual nutrient river loads are much higher in the River 
Songkhram due to its much higher peak discharges. Nutrient fluxes from the catchments are highest 
during the flood pulse. A comparison of the nutrient budget of floodplain vegetation suggests that 
soil is the most important source of nutrients for most vegetation types, i.e., Narew sedge (N), 
Narew forest floor (N and P), Songkhram bamboo (N and P), and Songkhram grass (P). 
Additionally, floodwater is the main input source of P for the Narew sedge and a secondary input 
source for Songkhram grass. We found a significantly higher nutrient concentration (N, P, K) in 
biomass from the Narew floodplains than in biomass from the Songkhram floodplains. Vegetation 
close to the river tends to have a higher productivity, emphasizing the nutrient-filtering function of 
floodplain vegetation. For both rivers, nutrient input into the floodplains by floodwater is higher 
than nutrient export from the floodplains, indicating that both floodplains have a nutrient sink 
function. These findings demonstrate that the floodwater pulse is a source of nutrient input for 
floodplain vegetation in both temperate and tropical climates, with the soil playing a vital role in the 
nutrient budgets and balance.

Keywords: Nutrient budget, Flood Pulse, Temperate river, Tropical monsoon river

5.1 Introduction

River floodplains are fertile landscape components that provide ecosystem services such as water 
retention, nutrient accumulation, carbon sequestration, and productive vegetation that can be 
harvested. The ecological functioning of river floodplains is complex, and it is thought that 
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variations in the ecological process of the floodplains are caused by the catchment’s hydrology, 
geology, water chemistry, vegetation, topography, and climate (Spink et al., 1998; Montgomery 1999; 
Tockner et al., 2000). Globally, undisturbed floodplains are becoming rare, and this is why it is of 
utmost importance to study the remaining relatively pristine rivers and their floodplains. 

For pristine river catchments, the vegetation in the floodplains benefits from the nutrient-rich 
floodwater, resulting in high productivity, which is observed in both temperate and tropical climates 
(e.g., Olde Venterink et al., 2002; Walalite et al., 2018). The growing season of vegetation depends on 
the regional climate, which determines the hydrological regimes and the temperature to grow 
vegetation. For instance, vegetation in boreal or arctic floodplains only grows during the short 
summer period (< 3 months), whereas in temperate floodplains, the growing season lasts longer, 
and in tropical areas, there is no distinct growing season because the temperature is suitable for 
vegetation growth all year round. Furthermore, vegetation directly benefits during or after a flood 
since the river brings nutrients. Therefore, the hydrological regime and temperature together 
determine nutrient dynamics and vegetation production in floodplain ecosystems (Spink et al., 
1998). 

Flood pulse is defined as a regular, predictable flooding characteristic of river floodplains. 
According to the Flood Pulse Concept (Junk et al., 1989), floodwater brings nutrients that drive 
nutrient cycles to the floodplain ecosystem. Based on this concept, floodplain ecosystems are seen as 
relatively high production systems because they import nutrients derived from the parent river and 
then convert and store nutrients in the floodplain’s vegetation. Transitions between wet and dry 
periods accelerate nutrient cycling processes. In particular, decomposition of organic material will 
release nutrients and can return these to the vegetation. The processes of storage and release of 
nutrients in the floodplain are influenced by this flood pulse characteristic and are thus crucial to 
understanding the growing cycle of the vegetation. However, these processes appear to be different 
for individual floodplains (e.g., Spink et al., 1998; Capon 2003; Parolin et al., 2016), urging the need 
to study river floodplains under different climatic conditions. 

Within floodplains, different zones in vegetation productivity are observed. The spatial pattern 
of vegetation and its nutrient cycling processes in floodplains is the effect of topography and flood 
pulse combined with various sources of floodwater, i.e., river water, atmospheric water, and 
groundwater. This leads to the zonation of vegetation type and production. It has been shown for 
some temperate floodplains that the transition zone at the edge of the floodplain shows lower 
productivity than vegetation near the river. The high productivity zone near the river is the result of 
additional nutrients from the river water (e.g., Keizer et al., 2018), while the transitional zonation is 
caused by the mixing of river water and groundwater with rain or snow, which has lower nutrient 
concentrations (Wassen et al., 2003; Olde Venterink et al., 2006). In tropical monsoon floodplains, a 
high productivity zone also benefits from floodwater (e.g., Walalite et al., 2018). Zonation of 
vegetation productivity in a tropical floodplain was shown to be caused by a filtration function of 
the vegetation closer to the river (e.g., Walalite et al., 2018, 2016) and dilution by monsoon rain 
further away from the river. 

Floodplains in the temperate climate are well studied, especially in North America and Europe. 
In the temperate Biebrza River in Poland, it was demonstrated how floodplains contribute to 
nutrient accumulation (Wassen 1995; Olde Venterink et al., 2002). Although floodplains can act as a 
sink for nutrients, they can also turn into a source, depending on their position in the catchment 
and the nutrient status of the river water (Spink et al., 1998). The functioning of floodplains in the 
tropics has been studied less, although notable exceptions are the floodplains of the Amazon (Junk 
1997; Wittmann et al., 2004), Orinoco (Lewis et al., 2000), Kafue (e.g., Rees 1978; Zurbruegg et al., 
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2012; Zuijdgeest et al., 2015) and Okavango (e.g., McCarthy and Ellery 2010; Arias et al., 2016). In 
earlier research, we demonstrated that the floodplains of a tropical monsoon river absorb nutrients, 
particularly N and P, from floodwater during the flood period while releasing soil organic carbon 
for downstream sections (Walalite et al., 2018). However, few studies have focused on comparing 
the functioning of floodplains in a tropical and temperate climates.

This paper tries to contribute to a further understanding of nutrient transport, nutrient 
accumulation, and nutrient release in tropical river floodplains and temperate river floodplains. In 
particular, we aim to understand the sink-source relations of nutrients in river floodplains. We 
compare the river discharge, hydrochemistry, and nutrient status of two rivers and their floodplains. 
We evaluate the importance of nutrient input by floodwater and its contribution to the nutrient 
budget of the floodplains. Although our study areas have completely different climate regimes, we 
found similar floodplain vegetation patterns. We seek to understand if these patterns are caused by 
similar processes, and we do so by analyzing the seasonal pattern of discharge, nutrient 
concentration, and nutrient loads of both rivers in relation to the floodplain. 

5.2 Study areas
 
The European Narew River basin is situated in north-eastern Poland (22°12’ to 24°27’ E and 52°36’ 
to 54°16’ N), and the Southeast Asian River Songkhram is situated in north-eastern Thailand 
(103°12’ to 104°35’ E and 16°55’ to 18°23’ N) (Fig. 5.1). 

Fig. 5.1 Location of the River Narew catchment in northeast Poland and the River Songkhram in northeast Thailand.
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The River Narew has a temperate climate with a yearly average temperature of 7.2°C and a mean 
annual precipitation of 617 mm (Gielczewski 2003). The drained area of the river basin at Lomza 
gauge station is around 15,000 km2. This river is defined as a temperate snowmelt-fed river system 
(Mirosław-Świątek and Okruszko 2011) characterized by the maximum flood during spring (in 
March and April). Water level and discharge decrease in summer and autumn, and remain low 
during the frosty winter. 

The River Songkhram has a tropical climate with a yearly average temperature of 26°C and a 
yearly average precipitation of 1960 mm (Walalite et al., 2016). The drainage area of this river basin 
is around 13,000 km2. This river is a tropical monsoon rain-fed river. The monsoon season occurs 
from May to October, and flooding in the Songkhram floodplain occurs following the monsoon 
season. The peak flood generally occurs in late August, after which water discharge and water level 
gradually decrease towards the dry season that lasts from November until April.

The floodplains of both rivers show a relatively natural flood pulse, as well as natural patterns of 
floodplain vegetation communities and productivity. In the Narew floodplain, the general pattern 
consists of tall sedge vegetation in a wide belt adjacent to the river, and swamp forests occur at the 
edge of the floodplain, where the floodplain meets the elevated hinterland. In the Songkhram 
floodplain, there are also two main vegetation zones: dense bamboo vegetation adjacent to the river 
and grass vegetation further away from the river (Walalite et al., 2016). The Narew floodplain is 
dominated by organic peat soil, and the Songkhram floodplain soil is dominated by mineral soil. 

5.3 Methods

5.3.1 Comparison of hydrochemistry and discharge patterns between the two rivers
To understand the seasonal pattern of flow characteristics and its relationship with hydrochemistry, 
we first analyzed the discharge and hydrochemical variables of the two rivers. We then compared 
discharge patterns and nutrient concentrations, which were mainly dissolved inorganic nitrogen 
and total phosphorus. To give a general view of the hydrochemistry, additional variables besides 
nutrients are also presented, i.e., electrical conductivity (EC), the potential of hydrogen (pH), 
dissolved oxygen (DO), and water temperature. 

 For the River Narew, the discharge and water chemistry variables, i.e., temperature, EC, pH, 
DO, TP, NO2

-, NO3
-, and NH4

+, were obtained from the Chief Inspectorate of Poland’s 
Environmental Protection. We selected data from four gauge stations distributed from upstream to 
downstream (Fig. 5.1), namely Bondary (BND), Suraz (SRZ), Strekowa Gora (St. Gora), and 
Nowogrod up to Pisa (NWP). The variables were measured on a monthly basis, and data were 
available from 1991 to 2017, except for Suraz; for this station, data were available from 2001 to 2016. 
A summary of the number of hydrochemical measurements can be found in Appendix 1. Daily 
discharge data were available from 1991 to 2018 for two stations, namely Strekowa Gora and 
Nowogrod up to Pisa. For Suraz, discharge data were available from 2015 to 2018 (Institute of 
Meteorology and Water Management – National Research Institute (IMGW-PIB)). 

For the River Songkhram in Thailand, the hydrochemistry variables, i.e., temperature, EC, pH, 
DO, TP, NO2

-, NO3
-, and NH3

+, were available for five stations. The stations, distributed from 
upstream to downstream (Fig. 5.1), were Ban Hui Songkhram (BHSK), Ban Tha Kok Dange 
(BTKD), Ban Tha Gon (BTG), Ban Pak Un (BPU), and Ban Chi Buri (BCBR). The hydrochemical 
data were available from 1996 to 2015, and these were provided by the Thai department of Pollution 
Control (unpublished data, personal communication). A summary of the number of measurements 
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for each station can be found in Appendix 1. This river’s daily discharge data were available only for 
Ban Tha Kok Dang from 1986 to 2010 and for Ban Pak Un station from 2013 to 2016 (Royal 
irrigation department of Thailand). 

To compare the total inorganic nitrogen concentrations of these rivers, we used total inorganic 
nitrogen (TIN), which was the sum of the nitrogen from NO2

-, NO3
-, and NH4

+ (for the River 
Narew), and NO2

-, NO3
-, and NH3

+ (for the River Songkhram). Samples were taken from the River 
Narew monthly, while this was done every three months for the River Songkhram. 

5.3.2 Nutrient loads and specific nutrient loads estimation
Nutrient load estimation: we assessed the outflow of nutrients from the catchments and the 
floodplain systems by estimating the rivers’ nutrient loads and specific nutrient loads. For the River 
Narew, we estimated nutrient loads at three stations, i.e., Suraz, Strekowa Gora, and Nowogrod/Pisa. 
We omitted the Bondary station because this station is situated close to a reservoir. As for the 
availability of discharge data for the River Songkhram, we estimated nutrient loads at Ban Tha Kok 
Dang and Ban Pak Un stations, situated upstream and downstream of the main floodplains in the 
River Songkhram. The nutrient loading rates were estimated using an averaging estimation 
approach (Quilbé et al., 2006; Górniak 2018). 

Monthly loads: we estimated the nutrient loads of each month using the average discharge and 
average concentration of nutrients measured in the month. The load of the month is given by: 

Lm = 𝐶𝐶𝑚𝑚  ×  𝑄𝑄𝑚𝑚  × 𝑛𝑛 × 𝑘𝑘        (1) 

Where Lm = the month load (tons/month)  

𝐶𝐶𝑚𝑚   = average nutrient concentration of the month (mg/l) 

𝑄𝑄𝑚𝑚  = average discharge of the month (m3/s)  

𝑛𝑛  = number of days in the month to convert from day to month 

𝑘𝑘  = unit conversion coefficient (0.0864, to convert from gram per second to ton 

per day, so 86400 *10-6)  
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Seasonal loads: we calculated the seasonal loads in the two rivers for two seasons based on the 
flow characteristics of the rivers. The flow characteristics of both rivers demonstrate a clear pattern 
of distinct seasonal high and low flows. The high flow season of the temperate River Narew is the 
winter/spring flow season, which runs from December to May of the following year, and the low 
flow summer/autumn season runs from June to November. The high-flow season of the River 
Songkhram starts in June and ends in November, and then the low-flow season begins in December 
and ends in May of the following year. The concentrations measured in each seasonal six-month 
period were averaged and were then considered to be the average concentration of the season. The 
average concentrations were then multiplied by the average discharge of the season. The seasonal 
load was calculated by:

Annual loads: the annual load was the summation of the seasonal loads for both rivers.
Specific nutrient loads: specific nutrient load is the flux of nutrients from the upstream 

catchment area at a particular river outlet per unit area of the upstream watershed; this was 
calculated by dividing the annual nutrient load (in tons/year) by the area of the upstream watershed 
where the loads were estimated. The unit of the specific nutrient load is kg/km2/year

5.3.3 Nutrient budgets estimation
Nutrient budget and balance model: in our simple nutrient budget and balance model, we assume 
that the increase in nutrients in vegetation biomass (B) equals the inflow of nutrients (Ext and Soil) 
subtracted by the outflow of nutrients from the system (Fig. 5.2):

In which ∂B is the measured change in annual biomass expressed as Nitrogen (N) or 
Phosphorus (P), and Ext is the observed annual input of nutrients (N or P) from floodwater and the 
atmosphere. Following Wassen and Olde Venterink (2006), the input from groundwater is 
neglected. Soil is the amount of nutrients that vegetation takes up from the soil and is the only 
unknown in the equation. Outflow is the amount of nutrients leaving the floodplain by discharged 
water.

Ls = 𝐶𝐶𝑠𝑠  ×  𝑄𝑄𝑠𝑠  × 𝑛𝑛 × 𝑘𝑘        (2) 

Where Ls = the seasonal load (tons/season)  

𝐶𝐶𝑠𝑠   = average nutrient concentration of the season (mg/l) 

𝑄𝑄𝑠𝑠  = average discharge of the season (m3/s)  

𝑛𝑛  = number of days in the season period 

𝑘𝑘  = unit conversion coefficient (0.0864) 

 

𝜕𝜕𝐵𝐵𝑁𝑁,𝑃𝑃 = 𝐸𝐸𝐸𝐸𝐸𝐸𝑁𝑁,𝑃𝑃 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑁𝑁,𝑃𝑃 − 𝑂𝑂𝑂𝑂𝐸𝐸𝑂𝑂𝑆𝑆𝑆𝑆𝑂𝑂𝑁𝑁,𝑃𝑃  (3) 
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Observations for calculating the nutrient budget and balance model: change in biomass (∂B) 
was measured by multiplying plant tissue nutrient concentration with the annual aboveground 
biomass production. In both the Narew floodplain and the Songkhram floodplain, two types 
of vegetation were distinguished. In the River Narew, floodplain sedge and floodplain forest 
floor vegetation were found. The species that dominated the floodplain sedge community were 
Phalaris arundinacea, Carex acuta, Glyceria maxima, and Carex elata, whereas the forest floor was 
dominated by herbaceous plants such as Urtica dioica and diverse forbs, grasses, and sedges. In the 
River Songkhram, floodplain vegetation was identified as flooded bamboo and flooded grass types 
(Walalite et al., 2018). For the Narew vegetation, we harvested the aboveground living biomass at 
the peak of the growing season, which is a reliable estimate for aboveground annual production in 
herbaceous temperate plant communities (Wassen et al., 2005). We applied the same method for 
the grass vegetation at Songkhram, and for the bamboo, we followed the approach of Walalite et 
al. (2018), in which only the yearly increase in biomass was measured by sorting fresh shoots from 
shoots of previous years.

For the River Songkhram, the external inflow of N by atmospheric deposition was 650 kg/km2/
year, whereas floodwater provided 2,170 and 1,240 kg/km2/year to the flooded bamboo and grass 
zones, respectively, as was calculated by Walalite et al. (2016). The external inflow of atmospheric N 
deposition for Narew was estimated as 500-1000 kg/km2/year, and N import from floodwater as 
3,460 kg/km2/year, based on measurements in the nearby Biebrza River floodplains (Wassen and 
Olde Venterink 2006). This is an adjacent tributary of the Narew, for which we assume an equal 
amount of external nutrient fluxes as for the Narew.

The external inflow of P by atmospheric deposition had not been reported for the Songkhram 
area, which is why we used information from Tipping et al. (2014), who reported an average P 
deposition for Asia of 20 kg/km2/year. Floodwater provided 150 kg/km2/year and 100 kg/km2/year 
of P to the flooded bamboo and flooded grass zones, respectively (Walalite et al., 2016). For the 
River Narew, atmospheric P was 5 kg/km2/year (Wassen and Olde Venterink 2006). In addition, 
floodwater provided 740 kg/km2/year of P to the floodplain meadow at the Narew floodplain 
(Wassen and Olde Venterink 2006).

Outflow is calculated following equation (2) at a specific location in the river. 

Fig.5.2 Conceptual model of nutrient flows in the floodplains ecosystem. The assumption is that the change in vegetation 
biomass (B) equals the inflows of nutrients (Ext and Soil) subtracted with the outflows of nutrients from the system.
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Plant tissue nutrient concentrations: Nutrient concentration in plant tissues was measured from 
collected plant material. For the River Songkhram, this included 15 samples of bamboo leaves and 
27 samples of grass biomass (see Walalite et al., 2018), and for the River Narew, 18 samples of sedge 
biomass and 3 samples of forest floor vegetation biomass. The samples were dried at 70 °C for 48 
hours. Subsequently, the dry plant material was ground and analyzed for nitrogen (N) and carbon 
(C), using a C/N analyzer. Part of the ground sample was digested in nitric acid (65% HNO3) and 
analyzed for phosphorus (P) and potassium (K), using Inductively Coupled Plasma Optical 
Emission Spectrometry (ICP-OES). 

Following Olde Venterink et al. (2003), determining the type of nutrient limitation was based on 
critical values of N: P, N: K, and K: P ratios in aboveground plant material. N-limitation is indicated 
by N: P ratio < 14.5 and N: K ratio < 2.1, whereas P-limitation and co-limitation by both P and N 
was indicated by N: P ratios > 14.5 and K: P ratios > 3.4. K or in K+N co-limitation was indicated by 
N: K ratios > 2.1 and K: P ratios < 3.4. 

5.4 Results

5.4.1 Hydrology and Hydrochemistry
Discharge patterns of two rivers: the discharge patterns of both rivers show a seasonal flood pulse 
(Table 5.1). In the River Narew (Poland), the peak discharge occurs in spring, around March and 
April, and the minimum discharge occurs in late summer, around August. The highest discharge 
occurred in March and April for SRZ and St. Gora stations, with approximately 26 and 55 m3/s 
(Table 5.1). Thailand’s Songkhram River demonstrates a flood pulse and peak discharge during the 
tropical monsoon season around August and September (Fig. 5.3). The average monthly discharge 
at the upstream station (BTKD) ranged from 3.1 – 493 m3/s and the average monthly discharge at 
the downstream station (BPU) ranged from 2.5 – 1486 m3/s (Table 5.1). During the dry season, 
from December to April, discharge in the River Songkhram was minimal. Peak discharges were 
roughly 25 times higher in the River Songkhram than in the River Narew. As the catchment area of 
the River Songkhram is around 30 to 40% smaller than that of the River Narew (Table 5.1), the 
specific peak discharge difference is even larger.

Differences between water chemistry and nutrient concentration of the two rivers: to understand the 
difference between the water chemistry and nutrient concentrations of the two rivers, the average 
EC and nutrient concentration were calculated from 4 (River Narew) and 5 (River Songkhram) 
stations, which were distributed from upstream to downstream (Table 5.2). 

 The average EC from the four selected stations of the River Narew ranged from 301 to 450 μS/
cm and tended to increase downstream. The River Songkhram showed a higher range of average 
EC, from 345 to 952 μS/cm, and had the highest values midstream. In general, EC values were 
comparable for both rivers (ca. 300-450), except for stations 2 and 3 on the River Songkhram (EC 
ca. 800-950). The average total phosphorus (TP) concentration of the Narew River water was 
highest (0.31 mg/l) at the most upstream station at Bondary, and lowest (0.18 mg/l) at the most 
downstream station. A similar trend was observed in the River Songkhram, where the highest 
average TP concentration (0.23 mg/l) was at the most upstream Ban Hui Songkhram station, and 
the lowest TP concentration (0.12 mg/l) was at Ban Pak Un station (Table 5.3). The average annual 
nitrate-nitrogen (N-NO3

-) concentration (Table 5.2) of the River Narew was lowest (0.58 mg/l) at 
the most upstream station Bondary, and highest (1.26 mg/l) at St. Gora station. The N-NH4

+ 
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concentrations for the River Narew ranged from 0.11 mg/l at Suraz station to 0.48 mg/l at St. Gora 
station. The N-NO2

- concentrations (Table 5.2) appeared to be consistently low along the river from 
upstream to downstream (~0.02 mg/l), with the exception of the most upstream Bondary station 
(0.37 mg/l). For the River Songkhram, the average N-NO3

- concentration ranged from 0.38 to 0.57 
mg /l. Upstream stations tended to have a slightly lower concentration than downstream stations, 
and annual N-NO2

- concentrations were low along the whole river. In general, inorganic nutrient 
concentrations – both TP and TIN – were almost twice as high in the River Narew as in the River 
Songkhram (Table 5.2).

Combining hydrology and hydrochemistry: to elucidate the effect of seasonal flow characteristics and 
the dilution effect on nutrient concentration and EC, Fig. 5.3 shows the monthly dynamics for both 
rivers. For the River Narew, we found a decreasing trend of EC during peak discharge in April, with 
the highest ECs during winter. TP concentrations had the lowest values during peak discharge and 
the highest during the summer months (June-August). Interestingly, the dynamics in TIN align 
with the dynamics in the discharge pattern in the River Narew. The River Songkhram showed the 

River Station Name Water Temp. 
(°C) EC (μS/cm) pH O2 (mg/l) TP (mg-p/l) N-NO3

- (mg/l) N-NO2
- (mg/l)

N-NH4
+/N-

NH3 (mg/l)
TIN (mg/l)

Bondary  (BND) 9.79 301 7.9 9.4 0.31 0.58 0.37 0.25 1.08
Suraz (SRZ) 10.3 389 7.8 9.4 0.2 1.03 0.02 0.11 1.16
Strekowa Gora (St. Gora) 9.97 450 7.8 8.9 0.24 1.26 0.02 0.48 1.7
Nowogrod up to Pisa (NWP) 10.23 444 8 9.3 0.18 0.87 0.02 0.36 1.18
Ban Hui Songkhram (BHS) 27.92 441 7 6.2 0.23 0.38 0.04 0.17 0.46
Ban Tha Kok Dang (BTKD) 28.56 952 7.1 6.9 0.14 0.49 0.03 0.18 0.57
Ban Tha Ghon (BTG) 28.42 818 7.1 6.8 0.14 0.51 0.02 0.16 0.57
Ban Pak Un (BPU) 28.24 454 7 6.4 0.12 0.57 0.04 0.14 0.65
Ban Chai Buri (BCBR) 27.95 345 7.2 6 0.13 0.55 0.03 0.17 0.64

Annual average

Narew 

Sonkghram 

Table 5.2.Hydrochemical characteristics of the River Narew and the River Songkhram. Total inorganic nitrogen (TIN) 
was the sum of N-NO2

-
 , N-NO3

-, and N-NH4
+ (for the River Narew) and of N-NO2 

-, N-NO3
-, and N-NH3

+ (for the River 
Songkhram). Stations are listed from upstream to downstream. 

Suraz Strekowa Gora Nowogrod up to 
Pisa Ban Tha Kok Dang Ban Pak Un 

 (SRZ) (St. Gora)  (NWP) (BTKD) (BPU)
January 16.3 35.6 80.2 3.7 8.5

February 19.8 42.9 98.2 3.1 2.5
March 26.3 54.5 127.9 2.6 4.9
April 26.2 55.7 136.1 2.9 3.2
May 14.6 33 84.6 27.9 38.5
June 9.6 20.5 51.7 194 279.3
July 8.5 17.5 39.7 316.2 739.9

August 7.1 15.6 35 450.3 1485.9
September 8.2 18.2 39.8 493.4 1213

October 8.9 22 48.5 216.5 458.7
November 12.8 27.4 61.9 27.5 187.5
December 15 31.8 70.7 5.6 50.1
Average 14.4 31.2 72.9 145.3 372.7

Discharge area 
(km2)

3,377 7,181 20,106 5,089 12,328

Month 

River Narew River Sonkghram

Table 5.1. Mean monthly discharge (m3/s) of the temperate River Narew (Poland) and the tropical monsoon River Song-
khram (Thailand). The numbers in bold indicate each station’s two highest discharges. 
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lowest EC, TP, and TIN values during peak discharge. In contrast to the River Narew, the TIN values 
do not align with the discharge dynamics. Here, TP fluctuated before and at the start of the rainy 
season (April-July), whereas TIN concentrations were clearly highest after the peak discharge (Fig. 
5.3).

5.4.2 Nutrient loads
Seasonal loads for P and N were integrated from the observed monthly loads (Appendixes 5.2 and 
5.3). For the River Narew, between 77-79% of TIN was exported during winter (Table 5.3). For the 
River Songkhram, 97% of the TIN load was exported during the peak flow (Jun-Nov). Total annual 
TIN load and specific loads in the River Songkhram were twice as high as in the River Narew (Table 
5.4). Clearly, for both rivers, the downstream stations exported more TIN due to higher discharges. 

Fig. 5.3 Annual patterns of discharge (lines), EC, TP, and TIN (bars) of the River Narew (St. Gora station) and the River 
Songkhram (Ban Tha Kok Dang stations). The plots present average monthly values. 
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In contrast, there was almost no difference in the TP load between summer and winter in the 
River Narew (Table 5.3), while for the River Songkhram, 98% of all P load was exported during the 
peak flow, comparable to the TIN dynamics. Total annual TP and specific loads were around six 
times larger for the River Songkhram than for the River Narew. Moreover, downstream stations 
exported a higher annual TP load. 

5.4.3 Nutrient budget for biomass
We found a significantly higher nutrient concentration (N, P, K) in the biomass from the Narew 
floodplains compared to the nutrient concentrations in the biomass from the Songkhram floodplain 
(t-test, p<0.05; Table 5.5.). In the Narew floodplain, the herbaceous plants in the forest where no 
flooding occurs showed significantly higher N and P concentrations than in the floodplain sedge 
vegetation. In the River Songkhram, the bamboo, which is affected by flooding more than the 
flooded grass zone, had a higher nutrient concentration in biomass tissues and was the only 
vegetation type having P-limitation.

Nutrient accumulation in the aboveground biomass, calculated as the product of nutrient 
concentration and aboveground production, showed that vegetation zones with flooding had 

TIN TP TIN TP
Suraz (SRZ) 3,420 507.5 76.1 148.4 22.3
Strekowa Gora (St. Gora) 7,167 1814.7 213.4 253.2 29.8
Nowogrod up to Pisa (NWP) 20,106 2958.4 366.5 147.1 18.2

Ban Tha Kok Dang (BTKD) 5,089 2156.7 890 423.8 174.9

Ban Pak Un (BPU) 12,328 5806.9 1,671.0 471 135.5

Load 
 (tons/year)

Specific load 
(kg/km2/year)

Narew 

Songkhram 

River Station Name 
Discharge area 

(km2)

Table 5.4. Annual nutrients load and specific nutrient load of the River Narew and the River Songkhram. 

Period Suraz (SRZ)
Strekowa 
Gora (St. 

Gora)

Nowogrod 
up to Pisa 

(NWP)

Ban Tha 
Kok Dang 
(BTKD)

Ban Pak Un 
(BPU)

Dec.-May. 16.08 42.25 99.62 7.65 17.96

Jun. -Nov. 9.16 20.19 46.1 283 727.38

Dec.-May. 1.58 2.09 1.47 0.46 0.62

Jun. -Nov. 0.75 1.33 0.9 0.47 0.49

Dec.-May. 0.17 0.18 0.13 0.14 0.09

Jun. -Nov. 0.23 0.3 0.23 0.2 0.14

Dec.-May. 399.5 1390 2299.2 55.3 173.8

Jun. -Nov. 108.1 424.7 659.2 2101.4 5633.1

Dec.-May. 42.5 117.2 195.9 16.6 26.7

Jun. -Nov. 33.6 96.3 170.6 873.4 1644.2

Dec.-May. 79% 77% 78% 3% 3%

Jun. -Nov. 21% 23% 22% 97% 97%

Dec.-May. 56% 55% 53% 2% 2%

Jun. -Nov. 44% 45% 47% 98% 98%

TP load (tons)

TIN load (%)

TP load (%)

River Narew River Songkhram 

Avareage Q (m3/s)

Average TIN 
concentration (mg/l)

Average TP 
concentration (mg/l)

TIN load (tons)

Table 5.3 Average discharge, nutrient concentrations, and nutrient loads of the River Narew and the River Songkhram. 
The table shows values for winter/spring (Dec.-May.) and summer/autumn (Jun.-Nov.) of the River Narew and dry 
season (Dec.-May.) and rain season (Jun.-Nov.) for the River Songkhram. 
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accumulated higher amounts of nutrients in aboveground biomass (Table 5.5). The amount of 
nitrogen in the Narew floodplain sedge community and the Songkhram bamboo was comparable, 
9,894 and 9,743 kg/km2/year, respectively (Table 5.5). In contrast, the amount of nitrogen in the 
aboveground production of the herbaceous vegetation in the forest floor of the Narew floodplain 
and the flooded grass in the Songkhram floodplain were much lower, 4,428 and 2,436 kg/km2/year, 
respectively. Phosphorus storage in the aboveground biomass of the Narew floodplain sedge 
community and the forest floor was 1149 and 779 kg/km2/year, respectively. In comparison, this was 
higher than P in aboveground production in the Songkhram River bamboo and grass vegetation, 
both flooded, which was 657 and 263 kg/km2/year.

Potassium storage in the aboveground biomass of the Narew floodplain sedge and forest floor 
were 6,720 and 2,900 kg/km2/year, respectively. For the River Songkhram, potassium stored in the 
aboveground bamboo and flooded grass was 5,471 and 2,876 kg/km2/year, respectively. 

5.4.4 Integrated Nitrogen and Phosphorus Budget and Balance Model
Based on Equation (3), we calculated all annual N and P flows for the different vegetation types in 
both rivers. The SoilN,P was the only unknown in the equation. In Table 5.6 and Figures 5.4 and 5.5, 
all flows are listed for all four vegetation types, both in kg/km2/year and in percentages. 

In the Narew floodplain, nitrogen input from the soil was the main source for both floodplain 
sedge (56%) and forest floor community (79%), and nitrogen outflow from the Narew floodplain 
was low, 2% and 5%, respectively. On the Songkhram floodplain, the soil was the major N source for 
flooded bamboo (72%), while the soil provided only 35% of the N for flooded grass. As a result, the 
external input flow (atmosphere and flooded water) was important in the flooded grass and 
provided 65%. The outflow of N from the Songkhram floodplain was about twice as high as the 

Sedge (n= 18) Forest floor (n = 3) Bamboo (n = 15) Grass (n = 27)
C mg/g-dw 426.3 ± 5.1a 391.7 ± 7.98b 408.7 ± 4.5b 425.2 ± 2.6a
N mg/g-dw 21.01 ± 0.71b 27.33 ± 2.36a 18.7 ± 0.8c 6.31 ± 0.30d
P mg/g-dw 2.44 ± 0.07b 4.81 ± 0.39a 1.26 ± 0.08c 0.68 ± 0.05d
K mg/g-dw 14.27 ± 0.96a 17.9 ± 1.74a 10.5 ± 0.5b 7.45 ± 0.30c
N/P - 6.68 ± 0.27N-limited 5.71 ± 0.47 N-limited 15.4 ± 0.7 P-limited 10.7 ± 1.0 N-limited

K/P - 5.95 ± 0.42 3.72 ± 0.01 8.5 ± 0.4 12.6 ± 1.1
N/K - 1.59 ± 0.13 1.53 ± 0.1 1. 83 ± 0.09 0.91 ± 0.08

471 ± 78 162 ± 15 521 ±?                  386 ± 58         
(n sample  = 5) (n sample = 3) (n sample = 1) (n sample = 18)

Sedge Forest floor              Bamboo            Grass            

(n site = 5)  (n site = 1)   (n site = 1)  (n site = 6)

N kg/km2/year 9894.2 4427.5 9742.7 2435.7
P kg/km2/year 1149.1 779.2 656.5 262.5
K kg/km2/year 6720.2 2899.8 5470.5 2875.7
The same letters per row indicate no significant difference (t-test, P<0.05) 

Aboveground 
production
Nutrient accumulation 
in aboveground 
biomass 

Mean ± SE

Plant tissue 
concentration Unit

Poland Thailand 

g/m2/year

Table 5.5. Nutrient concentrations in aboveground vegetation, aboveground production (dry weight), and the estimated 
nutrient storage in aboveground biomass of the River Songkhram floodplain and the River Narew floodplain. The data 
of the Songkhram floodplain was compiled from (Walalite et al., 2018), and data of the Narew floodplain was compiled 
from Walalite et al. (submitted to Wetlands Ecology and Management). 



79

Nutrients in tropical and temperate rivers and floodplains – comparison of the Rivers Songkhram and Narew 

outflow from the Narew floodplain, 471 and 253 kg/km2/year, respectively. In both river floodplains, 
the outflow of N was much lower than the inflow. 

Clear differences were found in the P budget and balance. In the River Narew, floodwater was 
the major source of P for the sedge community; thus, it is more important than the input from the 
soil, and this is in clear contrast to the findings for N. In the Narew forest, P was only derived from 
the soil, as P from the atmosphere was extremely low and no input from floodwater was registered 
for the forest. The outflow of P from the Narew floodplain was low compared to the input from soil 
and floodwater. In the River Songkhram, as in the Narew forest, the soil was the main source of P, 
but here this was comparable for both vegetation types (79% and 70%). The outflow proportion of P 
from the Songkhram floodplain accounted for 17% and 34% of the total inflow budget for flooded 
bamboo and grass, respectively. This proportion was much higher than the N exported from the 
flooded bamboo and grass (5% and 17%). The exported amount of P was much higher (by a factor 
of 7.5) than in the Narew floodplain. It appears that the flooded grass vegetation type exported more 
P (136 kg/km2/year) than it received from floodwater (100 kg/km2/year). For the flooded bamboo, 
the exported amount (136 kg/km2/year) was slightly lower than the input from floodwater (150 kg/
km2/year). 

Floodplain 
sedge Forest-floor Bamboo Grass Floodplain 

sedge Forest-floor Bamboo Grass

N from Atmospheric  500 - 1000b 500 - 1000b 650a 650a 10% 21% 6% 22%

N from Floodwater 3460b - 2170a 1240a 34% 0% 21% 43%

Sub-total 4460 1000 2820 1890 44% 21% 28% 65%

Soil (B+OutFlow)-Ext 5687 3681 7394 1017 56% 79% 72% 35%

Total Inflow Ext+Soil 10147 4681 10214 2907 100% 100% 100% 100%

 B N in Vegetation 9894 4428 9743 2436 98% 95% 95% 84%

OutFlow N River specific load 253 253 471 471 2% 5% 5% 16%

Floodplain 
sedge Forest-floor Bamboo Grass Floodplain 

sedge Forest-floor Bamboo Grass

P from Atmospheric  5c 5c 20d 20d 0.40% 0.60% 3% 5%

P from Floodwater 740 - 150 100 63.40% 0% 19% 25%

Sub-total 745 5 170 120 64% 0.60% 21% 30%

Soil (B+OutFlow)-Ext 422 792 622 278 36% 99% 79% 70%

Total Inflow Ext+Soil 1167 797 792 398 100% 100% 100% 100%

 B P in Vegetation 1149 779 657 263 98% 98% 83% 66%

OutFlow P River specific load 18 18 136 136 2% 2% 17% 34%

Narew Songkhram 

Ext

Nitrogen 
Narew Songkhram Narew Songkhram 

Ext

a: data from Walalite et.al, 2016-Songkhram river floodplains 

b: data from Wassen &Venterink, 2006 -Biebraza river floodplain

c: data from Venterink et.al, 2002 -European floodplain high productive meadows

d: data from Tipping et. al, 2014 - Average atmospherics deposition of P in Asia 

Phosphorus
Narew Songkhram 

Table 5.6. Nitrogen and Phosphorus balance of floodplain vegetation in River Songkhram and River Narew floodplains 
in kg/km2/year (left) and in percentage (right). The percentage of the inflow from different sources was compared to 
the total inflow (Ext+Soil), which was considered as 100%. Also, the percentage of the nutrients in vegetation and the 
outflow were compared to the total inflow. Blue indicates the inflow of nutrients from different sources, grey is the total 
inflow, and green indicates nutrients stored in aboveground vegetation and the outflow from the floodplains.
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Fig. 5.4. Estimated N budgets and balance of floodplain vegetation in the River Narew (sedge and forest floor; A) and the 
River Songkhram (bamboo and grass; B). The percentage of the inflows from different sources was compared to the total 
inflow (Ext+Soil), which was 100%. Also, the percentage of the nutrients in vegetation and the outflow were compared 
to the total inflow. 

Fig. 5.5. Estimated P budgets and balance of floodplain vegetation in the River Narew (sedge and forest floor; A) and the 
River Songkhram (bamboo and grass; B). The percentage of the inflows from different sources was compared to the total 
inflow (Ext+Soil), which was 100%. Also, the percentage of the nutrients in vegetation and the outflow were compared 
to the total inflow. 
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5.5 Discussion

The aim of our paper was to better understand the relationship between riverine nutrient transport 
and nutrient accumulation and release in floodplains, for a tropical monsoon river and a temperate 
snowmelt river. Furthermore, we tried to shed light on the question of whether the comparable 
vegetation patterns in the two floodplains stem from similar processes, by analyzing the seasonal 
patterns of discharge, nutrient concentration, and nutrient loads of both rivers in relation to the 
floodplain.

5.5.1 The rivers
Both rivers show a clear flood pulse, with the discharge of the tropical monsoon River Songkhram 
showing far more seasonal variation in discharge than the temperate River Narew. Songkhram peak 
discharges are more than 25 times higher than those of the Narew, reflecting the much higher 
tropical monsoon rainfall compared to the temperate, mainly snowmelt-driven Narew peak 
discharges. 

The River Narew shows a typical discharge pattern for a lowland river with a snowmelt water 
regime (Dingman 2015). In winter, snow accumulates with freezing temperatures, resulting in low 
flows and discharge mainly being fed by groundwater. In late winter and early spring (February and 
March), discharge increases to reach a maximum in April, reflecting significant snowmelt and 
rainfall feeding the river. The River Songkhram displays the typical flow characteristic of the 
monsoon river, with the discharge steeply increasing during and after the intense rainy season, 
which generally starts in May. During the dry season discharge is extremely low and almost stops 
completely. This flow pattern is generally observed in monsoon rivers (e.g., Sarma et al., 2009).

 Surface runoff is the main mechanism that transports particulate and dissolved material to the 
river. It may be expected that concentrations of these materials increase during and shortly after the 
peak discharge, but our observations for EC, TP, and TIN from the two rivers show inconsistent 
variation patterns. Dissolved inorganic material, represented by EC, decreased during peak 
discharge in both river systems, reflecting dilution due to a large amount of atmospheric water input 
(rain, snow). Increasing EC during the summer (Narew) and dry season (Songkhram) also reflects 
that the rivers are fed by exfiltrating groundwater. TP, which includes particulate and dissolved 
phosphorus, also shows low concentrations during peak discharge in both rivers. The highest 
concentration of TP occurs during the lowest discharge of the River Narew, while the TP 
concentration of the River Songkhram fluctuates in the rising limb of the peak discharge. A similar 
dynamic pattern of phosphorus concentration was also reported in earlier research in the upper 
Narew by Banaszuk and Wysocka-Czubaszek (2005), who found that soluble reactive phosphorus 
(SRP) and TP concentrations generally decrease with increasing discharge. They also found that 
particulate phosphorus concentrations were higher during peak discharge after high rainfall events 
in summer, and during the elevated autumn flow. This was also the case in the tropical monsoon 
river Songkhram, where TP concentrations increased after heavy rainfall at the beginning of the 
rainy season. This may be explained by the resuspension of the bottom material from the river bed 
due to turbulence (Van der Grift et al., 2018) as well as runoff of particulate and dissolved 
phosphorus accumulated in the catchment soil during the dry period. It is likely that the decreasing 
TP concentration during peak discharges is caused by dilution. 

In contrast to TP, the dynamics of TIN concentration in the River Narew showed a pattern that 
aligned with the discharge dynamic. The concentration of TIN was high during winter (highest in 
February) before it dropped in April when the discharge reached the maximum level. This suggests 
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that dissolved inorganic nitrogen was transported from the catchment by snow-melted water and 
rainwater to the river during the rising stage of the flow. At the peak discharge in April, overbank 
flow occurred, with the floodplain receiving water from the river. Floodplain vegetation and other 
aquatic organisms consume nitrogen, resulting in decreased TIN concentration until the river 
discharge reaches its minimum in August. Subsequently, TIN concentration increased again, 
following higher river discharge, probably due to autumn rains. This suggests that TIN is 
transported by water (surface runoff and groundwater) from the catchment area to the river. 
However, this was not the case for TIN in the monsoon River Songkhram. Increasing TIN 
concentrations were observed in the rising stage of the discharge, and the decrease during peak 
discharge was similar to the TP concentration dynamic pattern in this river. EC and TP 
concentrations for both rivers tend to decrease downstream. It should also be noted that nitrogen 
concentrations are lower in the River Songkhram than in the River Narew, while a downstream 
increase was found for the River Narew. The average annual TP concentration of the River Narew 
was around 1.5 times higher than of the River Songkhram, and the average TIN concentration was 
2.2 times higher. This might reflect differences in agricultural land use, with high intensity farming 
in the Narew catchment and less intense agricultural land use in the Songkhram catchment. 

More natural land cover typically releases lower nutrients than agricultural land use (e.g., Weller 
et al., 2003; Ngoye and Machiwa, 2004). However, the land use of the River Narew and the River 
Songkhram basin was not much different regarding the proportion of agricultural land use. Most 
land of the Narew River basin is used for agriculture and forest, which account for 55% and 32%, 
respectively (Gielczewski 2003). In the Songkhram River basin, agricultural land use and forest/
planted trees cover 50% and 33% of the basin area, respectively (Shrestha et al., 2020). The main 
agricultural land use of the Songkhram River basin is rice paddy, which covers 45% of the basin 
area. The rice paddy land used in northeast Thailand has the characteristic of retaining rainwater 
during the monsoon rain season to support rice growth. The retention capability of the rice paddy 
possibly reduces erosion and keeps nutrients in the catchment. The higher concentration of TP and 
TIN in the River Narew than in the River Songkhram may result from differences in agricultural 
practices and soil nutrient status in the catchments. Typically, in the Narew catchment, the prevalent 
agriculture is arable farming, in which the fields are plowed in autumn and then left bare until 
spring, thus making them vulnerable to erosion. Soil total nitrogen in the Narew floodplain was 
reported to be around 6g/kg dry weight (Antheunisse et al., 2006), which is around 3 times higher 
than the total nitrogen in the Songkhram floodplain (1.7g/kg dry weight) (Walalite et al., 2018). 
Similarly, extractable P in the Narew floodplain soil was higher than in the Songkhram floodplain 
soil, ranging from 8-20 mg/kg dry weight for Narew (Walalite et al., n.d., submitted to Wetlands 
Ecology and Management) and around 8-11 mg/kg dry weight for Songkhram (Walalite et al., 
2018). 

In contrast to the concentration of TP and TIN, the River Narew has much lower nutrient loads 
than the River Songkhram, which is explained by the much higher discharges in Songkhram. Total 
annual nitrogen loads and specific loads are twice as high for Songkhram as for Narew, with 
increased values downstream for both rivers. This emphasizes the considerable influence of high 
monsoonal precipitation on the nutrient loads in the River Songkhram. 

5.5.2 The floodplains
We roughly estimated nutrient budgets and balances for the vegetation following earlier work by 
Wassen and Olde Venterink (2006). This approach allowed us to differentiate between various 
nutrient fluxes and storage in the floodplain systems. However, in the Narew floodplains, we did not 
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have a direct measurement for nutrient concentration in floodwater due to an extreme drought that 
resulted in no flooding during our field campaign. For this reason, we hypothesized that nutrient 
input from floodwater would have been in the same range as for its tributary, the Biebrza, which has 
been investigated intensively (e.g., Wassen 1995; Olde Venterink et al., 2002). Furthermore, we did 
not measure nutrient release from the soil but estimated this part of the budget from the unknown 
in Equation (3). For these reasons, the numbers in the budget calculations should be treated with 
caution as these are only rough estimates and are partly based on assumptions and data obtained 
from other areas. Still, it seems safe to conclude that the results of our simple nutrient budget and 
balance model suggest that in both floodplains, the soil is an important nutrient source for the 
vegetation. However, the extent to which the soil adds to the nutrient budget is different for the 
vegetation zones. 

For the bamboo vegetation adjacent to the river (Songkhram River) and forest floor vegetation 
(Narew River) far away from the river, the soil is the most important source of both nitrogen and 
phosphorus. This is not fully the case for the grass vegetation (Songkhram; further away from the 
river) and sedge (Narew; next to the river) vegetation, where the soil seems most important only for 
P in the Songkhram grass vegetation and for N in the Narew sedge vegetation. As expected, besides 
soil, floodwater also plays a key role as a source of N for floodplain vegetation. Nitrogen from 
floodwater contributed 34% of the N input for the Narew floodplain sedge vegetation, and 21% and 
43% for the River Songkhram flooded bamboo and grasses, respectively. Floodwater was the main 
source of P, contributing 63% to the P budget of the Narew floodplain sedge vegetation, while it was 
less important for the Songkhram floodplain bamboo and grass (contribution of 19% and 25%, 
respectively). It is noteworthy that in the Narew floodplain there is a distinct difference in river 
influence with a dominance of river water in the tall sedge vegetation and no river flooding in the 
forest, whereas in the Songkhram floodplain, the difference in river dominance is less extreme as 
river floods occur in both the bamboo and the grass vegetation. The outflow of N and P in both the 
Narew floodplain sedge and the Songkhram floodplain bamboo vegetation were lower than the 
inflow by floodwater, suggesting a sink function of these vegetation types for N and P. Interestingly, 
nutrient concentration in the biomass is higher for the Narew floodplain sedge than for the 
Songkhram flooded bamboo and grass, which might be related to interspecific differences in growth 
traits (Roeling et al., 2018). Nitrogen and potassium storage in plant biomass is higher for the Narew 
sedge and Songkhram bamboo vegetation than for the non-flooded forest and less flooded grass 
vegetation. The fact that P does not follow this pattern with generally low storage in Songkhram 
compared to Narew is probably related to differences in the sediment. The repeated glaciations 
during the Quaternary in northern Eurasia left substantial amounts of P-rich unweathered 
sediments exposed, providing ecosystems with a steady supply of P compared to aged and 
weathered soils in the tropics (Reich and Oleksyn 2004; Hopper 2009). 

5.5.3 Synthesis
Generally, when vegetation is flooded, higher amounts of nutrients are stored in the vegetation than 
in non-flooded or rarely flooded vegetation (Tockner and Stanford, 2002; Wassen et al., 2003b; Olde 
Venterink et al., 2006; Keizer et al., 2018). Vegetation in a flood zone closer to the main river 
channel clearly receives more nutrients than vegetation in zones further away. Our results 
emphasize the capacity of nutrient filtering and the nutrient retention function of floodplain 
vegetation. The above observations imply that the floodplains of both rivers tend to act as a sink for 
nutrients that are stored in both vegetation biomass and soil. This implies that the floodplains of 
both rivers absorb nutrients and retain them in the biomass and soil produced. Literature provides 
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evidence for the processes that might be involved. Gordon et al. (2020) reviewed North American 
and European floodplains and concluded that floodplains in temperate climates remove N and P 
from river water. Prolonged contact with the parent river can decrease the concentration of NO3

- 

and increase dissolved organic forms of N and P during a flood pulse. The floodplain can also 
increase NH4

+, particulate N, and P, and dissolved reactive P (Tockner et al., 1999; Tockner et al., 
2002; Hein et al., 2003). Increased particulate nutrients are even thought to be the key to the high 
productivity of vegetation in the floodplain (e.g., Keizer et al., 2018). Apparently, it is likely that in 
temperate floodplains, dissolved nutrients brought to the floodplain are transformed into particulate 
form and accumulate in soil and vegetation. 

Similarly, in tropical river floodplains, as for example demonstrated by Zuijdgeest et al. (2015) 
for the pristine floodplain of the Zambezi River, the floodplain may act as a sink for particulate 
nutrients and a source of dissolved organic carbon during the flood. This was also found in previous 
studies in the Songkhram floodplain, which acts as a sink for dissolved nutrients and sediment and 
exports organic carbon during the flood (Walalite et al., 2018, 2016). 

The growing season of floodplain vegetation is aligned with the flood pattern for the Narew 
floodplain. The vegetation starts to grow after the spring flood (Feb-Mar), allowing vegetation to 
benefit from the nutrient input from floodwater. In contrast, the bamboo and grass in the 
Songkhram floodplain may not directly benefit from the floodwater since the magnitude of the 
flood is exceedingly high and prohibits the growth of the floodplain vegetation during the flood 
(authors’ personal observations). However, this prolonged period of water on the floodplain does 
allow the aquatic vegetation and algae to grow (Walalite et al., 2016). After the flood recedes, these 
aquatic organisms decay, and the bamboo and grasses benefit from this nutrient source later in the 
growing season.

Our analysis demonstrates that the seasonal flood pulse is an important mechanism that brings 
in additional nutrients for floodplain vegetation in both rivers. Although the floodplain vegetation 
benefits from nutrient input from floodwater, nutrients stored in the soil are seen to be important 
too. In our view, this works as follows: the floodplain vegetation consumes the nutrients brought in 
by the flood, then produces biomass and build up the soil organic matter leading to the retainment 
of nutrients in the floodplain. The floodplains of both rivers function as a sink for N and P, although 
this capability differed in extent, depending on the type of nutrient and the vegetation zone. We 
recommend further research into the processes and forms of nutrients in both river floodplains; 
such research should focus on disentangling the most important hydrogeochemical processes, e.g., 
nutrient cycling in both the floodplain soil and the vegetation, and how this nutrient cycling is 
related to the river dynamics.
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Suraz 
(SRZ))

Strekowa  
Gora 

(St.Gora)

Nowogrod 
up to Pisa 

(NWP)

Ban Tha 
Kok Dang 
(BTKD)

Ban Pak Un 
(BPU)

Jan 1.94 2.46 1.83 0.41 0.46
Feb 2.39 2.52 1.96 0.62 0.97
Mar 2.11 2.41 1.5 0.14 0.31
Apr 1.17 1.74 1.15 - -
May 0.61 1.34 0.85 0.46 0.58
Jun 0.57 1.26 0.77 0.7 0.88
Jul 0.32 1.14 0.72 0.1 0.18

Aug 0.51 1.1 0.73 0.28 0.3
Sep 0.67 1.2 0.96 0.08 0.05
Oct 0.84 1.45 0.97 - -
Nov 1.57 1.84 1.29 1.18 1.04
Dec 1.27 2.08 1.52 0.66 0.76

average 1.16 1.71 1.19 - -

Month

River Narew River Sonkghram 

Appendix 5.3. Monthly average TIN concentration (mg/l)  

Suraz 
(SRZ))

Strekowa  
Gora 

(St.Gora)

Nowogrod 
up to Pisa 

(NWP)

Ban Tha 
Kok Dang 
(BTKD)

Ban Pak Un 
(BPU)

Jan 0.16 0.19 0.12 0.03 0.05
Feb 0.14 0.17 0.12 0.13 0.16
Mar 0.18 0.14 0.11 0.02 0.05
Apr 0.13 0.18 0.13 0.46 -
May 0.17 0.2 0.13 0.1 0.07
Jun 0.21 0.34 0.26 0.61 0.42
Jul 0.28 0.36 0.25 0.11 0.14

Aug 0.29 0.37 0.23 0.06 0.06
Sep 0.23 0.29 0.26 0.02 0.01
Oct 0.18 0.22 0.18 - -
Nov 0.21 0.24 0.22 0.18 0.09
Dec 0.22 0.17 0.13 0.09 0.14

average 0.2 0.24 0.18 - -

Month

River Narew River Sonkghram

Appendix 5.2. Monthly average TP concentration (mg/l)  
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Synthesis and perspective
Tanapipat Walalite 

6.1 Introduction

This thesis aimed to understand the ecological functioning of a tropical river floodplain in a tropical 
monsoon climate and compare this with a temperate river floodplain to find similarities and 
differences in the ecological functioning of river floodplains. Understanding ecological functioning 
is necessary for effective conservation and management strategies of floodplains to sustain the 
biogeochemical processes in the whole river system. I am especially interested in the role of 
vegetation in different zones in those floodplains that steer the nutrient flow, storage, and recycling. 
In order to achieve the aim, the floodplains of two rivers were studied, the Narew River in Poland, 
located in a temperate climate, and the Songkhram River in Thailand, located in a tropical monsoon 
climate. 

Firstly, in section 6.2, the main findings of this thesis are summarized and discussed in light of 
the objectives and research questions. Next, in section 6.3, the ecological concepts introduced in 
chapter 1 are discussed for their relevance in explaining this thesis’s findings. Furthermore, section 
6.4 discusses the management perspective for river floodplains. Lastly, perspectives for future 
research are provided in section 6.5. 

6.2 Summary of the findings

River floodplains located across the globe are experiencing different climates in which temperature 
and precipitation patterns influence river dynamics and ecological processes. Understanding the 
ecological functioning of river floodplains is crucial for efficient management strategies to protect or 
restore their complex ecosystems. Since individual floodplains may function differently, in this 
thesis, I addressed the central question: How do river floodplains situated in temperate and tropical 
climates differ in ecohydrological functioning? To answer this question, I studied the floodplains of 
two rivers in detail; one is the Narew River in Poland, located in a temperate climate. The other is 
the Songkhram River in Thailand, located in a tropical monsoon climate. 

Chapter 2, a pioneer study of the hydrochemical functioning of the monsoon Songkhram River 
floodplain, reveals that water in the Songkhram river is poor in dissolved solids and nutrients 
during the flood. Water chemical concentrations decrease from upstream to downstream and from 
the river to the floodplain edge. The longitudinal trend is related to the weathering products of the 
catchment geology, which leads to sources of dissolved solids, especially in the upstream trajectory. 
During the monsoon season, a large amount of rainwater causes a dilution effect that results in 
decreased concentrations downstream. Meanwhile, the decreased concentrations of dissolved solids 
and nutrients from the river to the floodplain edge appear to be related to the vegetation pattern in 
the floodplain. Dense and highly productive bamboo vegetation occurring adjacent to the river 
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channels acts as a filter that absorbs sediment and dissolved material from the river water before 
this is further distributed over the floodplain. These findings suggest that the river is a source of 
nutrients for the floodplain. In turn, the floodplain is a sink for nutrients. This study is the first that 
collected scientific data, which revealed the Songkhram river floodplain acts as a sink for dissolved 
nutrients during the flood.

In chapter 3, the Songkhram River floodplain’s ecological functioning was investigated by 
integrating soil, water, and vegetation data. The floodplain vegetation consists of a distinct zone of 
highly productive bamboo vegetation adjacent to the river channel and grass-type vegetation 
behind the bamboo. Significant differences are observed between the bamboo and the grass zone in 
terms of nutrient concentration in soil, floodwater, and plant tissues. The total nitrogen, potassium, 
and organic matter concentration are higher in the bamboo soil than in the grass soil. The dense 
and highly productive bamboo demonstrated its ability to filter sediment and dissolved nutrients 
brought in by floodwater. The bamboo distributed closer to the river, where flooding is more 
prolonged and deeper, receives a higher nutrient input and shows higher productivity. In contrast, 
the grass zone distributed further away from the river, where flooding is shorter and shallower, 
receives a lower nutrient input and shows lower productivity. Both floodplain vegetation types show 
more nutrients (N and P) stored in their biomass than the nutrients that were potentially imported 
yearly by floodwater. The N and P stored in bamboo in above-ground biomass were resp. ca 9.76 g/
m2 and 0.66 g/m2, which is 4.5 and 4.4 times higher than the nutrients imported yearly by 
floodwater. For the grass, N and P stored in the above-ground biomass were 2.12 g/m2 and 0.26 g/
m2, which is 1.7 and 2.6 times higher than nutrients imported yearly by floodwater. This finding 
suggests that vegetation production is not primarily determined by dissolved nutrients brought in 
by floodwater but, to a larger extent, driven by particulate nutrients brought in by organic sediments 
in floodwater, which after sedimentation and subsequent mineralization, are a nutrient source for 
vegetation. Another important finding was that while the floodplain received nutrients from the 
river, it exported organic carbon to the river during the flood. The floodplain apparently retains 
(particulate) nutrients during the flood and stores the nutrients in the vegetation biomass. 
Additionally, during the flood, the receding floodwater exports the remaining organic carbon that is 
accumulated in the soil during the dry period and serves as a source of organic carbon for the 
downstream river course. The research in this chapter provides a further understanding of the 
ecological functioning of the tropical monsoonal Songkhram River floodplain. 

Chapters 2 and 3 demonstrate the floodplain ecological functioning of the Songkhram River as 
an example of a tropical monsoon river. The floodplain acts as a sink for sediment and dissolved 
material and, in turn, produces organic carbon, which is exported to the river during the flood. 
Floodplain vegetation plays an important role in trapping and storing nutrients on the floodplain. 
The nutrient input from the river is high in the zone adjacent to the river, which leads to highly 
productive vegetation. This productive vegetation leads to dense vegetation structure, which slows 
down flow velocity and promotes the trapping of sediment.

In chapter 4, I presented an integration of data on hydrology, soil nutrients, water chemistry, 
and vegetation communities of the relatively undisturbed floodplain of the Narew River, Poland, as 
an example of the ecological functioning of a river in a temperate climate region. Three floodplain 
sites were investigated, situated upstream, mid-lower course, and downstream in the catchment. The 
research revealed that vegetation communities of the river floodplain are distributed over 
longitudinal and transversal gradients of the floodplain and related to flood characteristics, site 
physical characteristics, and available soil nutrients. Three types of vegetation communities were 
recognized longitudinal and transversal distributed 1) a distinct forest understory community with 
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shrubs, herbs, and grasses, 2) a relatively species-rich tussock sedge community dominated by 
Carex elata, and 3) a tall sedge community dominated by Carex acuta and/or Glyceria maxima. The 
forest floor community was found at a location that was not influenced by river floodwater and was 
the most far away from the river. The tussock sedge was found distributed in the upstream 
floodplain sites, which were close to the river. This sedge was also found farther away from the main 
river channel in the mid-lower floodplain site. In contrast, the tall sedge community was found 
closer to the river in the mid-lower and lower floodplains, where the flood was deeper. The pattern 
of changing vegetation from upstream to downstream and near the river to farther away 
demonstrates longitudinal and transversal gradients of vegetation communities on the floodplain. 
Furthermore, this study found that the growth of all these floodplain vegetation was limited by 
nitrogen.

The study also demonstrated a spatial variation of water chemistry at different places within the 
floodplain. The water from the river had significantly higher concentrations of NO3

-, Cl-, and K+ 
than water from puddles, an oxbow lake, and groundwater. The surface water found on the 
floodplain had significantly higher organic carbon than the river water. 

The occurrence of water quality variation, vegetation gradients, and the nitrogen limitation 
environment in the floodplain suggests a relatively undisturbed floodplain compared to many other 
European rivers where polluted river water dominates floodplain water chemistry and overrules 
natural vegetation gradients. These characteristics underline the value of the Narew floodplain as a 
relatively pristine floodplain that may serve as a reference system for studying ecohydrological 
relationships. 

This study contributes to our understanding of how relatively undisturbed temperate river 
floodplains ecologically function and can be used as a reference for future management of such river 
floodplains. Additionally, the understanding of the ecological functioning of this river floodplain 
allows a comparison with the tropical monsoon river floodplain described in chapters 2 and 3 in 
order to understand similarities and differences in the ecological functioning of river floodplains 
situated in different climate zones.

In chapter 5, I compared the hydrology, water chemistry, and nutrient (N and P) status of 
vegetation in the floodplains of the Narew River and the Songkhram River. This research provides 
an understanding of similarities and differences in the ecological functioning of these two river 
floodplains, situated in different climate zones (temperate and tropical monsoon). The results show 
that both rivers show flood pulse characteristics which is an important mechanism that brings in 
additional nutrients for floodplain vegetation. The discharge of the Narew River was relatively 
constant over the year, in comparison to the monsoonal Songkhram River showing highly variable 
discharges, with higher peaks during the flood period and very low discharges in the dry season. 
Although the nutrient (N, P) annual average concentrations of the Narew River water were higher 
than those of the Songkhram River, the nutrient loads of the Songkhram River were higher than the 
Narew River due to the higher peak discharge of the Songkhram River. The analysis of the nutrient 
budgets for the floodplain vegetation showed that both river floodplains during the flood period 
and on a yearly basis exported fewer nutrients (N and P) than the nutrients input by floodwater. The 
floodwater imported nutrients that accumulate in the floodplain soil and in above-ground 
floodplain vegetation biomass. These results indicate that both river floodplains act as a sink for 
nutrients and emphasize that the flood pulse is an important mechanism for transporting nutrients 
to floodplains for vegetation in these temperate and tropical rivers. Although both river floodplains 
were similar in flood pulse characteristics and acted as a sink for nutrients, nutrient input from 
floodwater and soil to the nutrient budget for vegetation differed between nutrient species and 
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vegetation types. Nitrogen input from soil was the main source for the Narew floodplain sedge 
(56%) and forest floor community (79%). On the Songkhram floodplain, the soil was the major N 
source for the flooded bamboo (72%), while for flooded grass, this was only 35%. The differences in 
the phosphorus budget were even more clear. In the Narew floodplain, floodwater was the major 
source of P for the sedge community and more important than the input from the soil, in contrast 
to N. In the Songkhram floodplain, in contrast, the main source of P was from the soil for both 
vegetation types (79% and 70 %). This research demonstrated similarities in flood pulse 
characteristics but differences in nutrient budget, and therefore in the ecological functioning of the 
river floodplains in temperate and tropical climates. Vegetation in both floodplains benefits from 
nutrients (N, P) brought in by the floodwater pulse and acts as a sink for the nutrients (N, P). At the 
same time, the capability to absorb nutrients by the vegetation varied among the floodplains and 
vegetation types. The finding contributes to our understanding of how rivers and river floodplains, 
which are relatively undisturbed in the temperate and tropical monsoon, may be similar and 
different in terms of ecological function. 

6.3 Relevance of ecological river concepts

In chapter 1 (introduction), I introduced 3 major ecological concepts for rivers and floodplains: 1) 
the river continuum concept (RCC) (Vannote et al., 1980), 2) the flood pulse concept (FPC) (Junk et 
al., 1989; Junk and Wantzen, 2004), and the riverine ecosystem synthesis model (RES) (Thorp et al., 
2006). In this section, I will discuss whether these concepts can be applied to the finding of this 
thesis. 

The RCC is a classic ecological concept for river ecological functioning, which focuses on the 
longitudinal gradient of the physical and biological in the river channel. In chapter 2, the 
Songkhram River exhibited the decreasing longitudinal trend of hydro-chemical concentrations in 
the river during the flood. This phenomenon corresponds to the physical gradient from upstream to 
downstream, as described in the RCC. The limited information gathered from the river indicates 
that this concept may be applied to explain the ecological functioning of the tropical monsoon river 
system. The observed decreasing trend of EC from upstream to downstream can be used as an 
indicator for the longitudinal gradient of the river environmental parameters, and this gradient is 
responded to by a shift in the biotic community along the river, as suggested by Jiang et al. (2011). 
In chapter 4, the river exhibits a longitudinal gradient of hydro-chemical concentrations from 
upstream to downstream of the temperate Narew River. The concentration of river water increased 
downstream, especially EC. Although opposed to the Songkhram river, this trend also corresponds 
to the physical gradient from upstream to downstream described in the RCC. Moreover, vegetation 
communities in the Narew River floodplain also demonstrated longitudinal differences in the 
upstream and downstream floodplain. 

Besides longitudinal processes affecting water chemistry, the Narew River and the Songkhram 
River systems were also subject to transversal processes involving floodplain inundation water 
chemistry and its vegetation patterns. In this aspect, the RCC only explains the longitudinal pattern 
of the rivers and floodplain systems. The Flood Pulse Concept (Junk et al., 1989) explains the 
ecological functioning of large river-floodplain systems and includes lateral exchanges of water, 
sediment, and nutrients between the river and the floodplain. Both rivers in this thesis function as a 
transportation route and source for dissolved material, including nutrients for the floodplains, as 
postulated by the Flood Pulse Concept. Floodwater pulse is an important mechanism for 
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transporting material to both rivers’ floodplains. However, the vegetation in the temperate Narew 
River floodplains relies more on dissolved nutrients imported by floodwater, while vegetation in the 
Songkhram River floodplain seems to rely more on the recycling process of organic material that 
accumulated in the floodplain. 

With respect to the riverine ecosystem synthesis model (RES) the floodplains exhibit a mosaic 
pattern of vegetation zonation. In the Songkhram River floodplain, clear zonation of bamboo and 
grass was identified in Chapters 2 and 3, while in the Narew River floodplain, different floodplain 
sedge communities were described in chapter 4. Although these vegetation patterns are influenced 
by the longitudinal and transversal gradients in hydrological and hydrochemistry, the observed 
vegetation zones in the floodplain are in line with the ‘functional process zone’ described in the 
riverine ecosystem synthesis model (RES). 

6.4 Management perspective

Lowland rivers such as the Narew River and the Songkhram River are characterized by spatial and 
temporal connectivity between the main channel and the floodplain, although situated in different 
climates. The flow regime of the rivers exhibits a seasonal flood pulse, which is demonstrated to be 
an essential mechanism to transport nutrients and sediment to the floodplains and determine the 
ecological functioning of the systems. Thus, any interference that may alter the flow regime of the 
river may cause a change in the ecological functioning of the floodplains. Any conservation and 
management plan that aims to conserve or improve the ecological functioning of river floodplains 
should consider the relationship between the hydrological characteristics and spatial characteristics 
of the vegetation in the floodplains and the biogeochemical process therein. 

River-floodplain conservation plans should consider the key factors that maintain the spatial 
pattern of the floodplain vegetation. The flood and flow regime of the floodplain is important for the 
zonation of floodplain vegetation. It has been demonstrated in chapter 3 for the monsoon River 
Songkhram and chapter 4 for the temperate River Narew that spatial patterns of vegetation in the 
floodplains developed in response to flood characteristics (duration, depth, and frequency). In the 
Songkhram River, the transversal zonation of floodplain vegetation is clear. The flooded bamboo is 
found adjacent to the river channel and experiences longer flood duration, higher depth, and higher 
frequency than the grass found further away. In the Narew River, the longitudinal and transversal 
patterns of vegetation were observed. Tussock sedge was found in the upstream part close to the 
river channel while in the mid-lower floodplain far from the river channel. In the mid-lower 
floodplain, the tussock sedge undergoes a shallower flood than the tall sedge that was found in the 
mid-lower floodplain. The floodplain vegetation takes up nutrients from the soil that originates 
from floodwater, resulting in the removal of dissolved nutrients (N and P) from the floodwater. 
Additionally, the physical structure of floodplain vegetation reduces flow velocity and promotes 
sedimentation, which leads to trapping particulate nutrients in the vegetation zone. Also, the 
vegetation takes up the nutrients in those sediments and stores them in their biomass. The 
mechanisms of uptake of soil’s nutrients that originate from floodwater or nutrients from sediments 
that are transported by the floodwater lead to the capability of the floodplain to act as a sink for 
nutrients. 

As demonstrated in chapter 5, the vegetation in both studied river floodplains shows their 
potential to act as a sink for nutrients (N, P). However, the capability to uptake and store nutrients 
by the vegetation varied among the floodplains and vegetation types. Managing floodplains should 



92

Chapter 6

thus consider how the vegetation type interacts with the hydrological processes and their ecological 
function (sink or source for nutrients). Those interactions differ across the floodplains of each river.

The priority of restoration plans for deteriorated rivers and floodplains is to reconnect the 
floodplain to its parent river to manage nutrient transport, storage, and recycling in an integral way. 
Spatial variation of flood characteristics in floodplains should be designed to create spatial patterns 
or zonation of vegetation types which could function differently in removing particular nutrients 
from floodwater. This is because the capability to uptake and store nutrients of floodplain vegetation 
varies among types and forms of nutrients, types of vegetation, and hydrological regimes. Restoring 
hydrological characteristics that lead to certain spatial patterns in vegetation within the floodplain 
will enhance the capability to act as a sink for nutrients of the floodplain on a large scale. 

Data collection and monitoring are important for making appropriate management plans. Good 
quality and quantity of available data are essential for understanding the functioning of rivers and 
floodplains and using this to design effective management strategies for nutrient transport, storage, 
and recycling. River floodplains should be considered as part of the river in a management plan. In 
general, river management plans mainly focus on monitoring water quality and quantity in the 
main river channel. Although being recognized for their ecological functions and services, river 
floodplains show scarce available data regarding their status and functions. Since the ecological 
processes on the floodplain are an interaction between soil, floodwater, and vegetation, the status of 
these floodplain ecosystem components should be monitored. Floodplain soil should be monitored 
for its nutrient status before and after flooding. Floodwater should be monitored for its 
characteristics in water quality, flow regime, depth, duration, and frequency. Vegetations in the 
floodplain should be monitored for their change in community pattern, nutrient status, and 
production. Lastly, changes in vegetation cover and land use in the floodplain, which may lead to a 
change in the ecological functions of the floodplain, should be assessed and evaluated (e.g., using 
remote sensing). 

The lack of good quality and quantity of available data, especially in tropical regions, are 
significant obstacles to managing rivers and floodplains. In the Songkhram River, water quality data 
is available from five stations distributed from upstream to downstream, which seem to be adequate 
from a spatial perspective. However, the sampling frequency of the water quality appears to be only 
four times per year, which hampers the understanding of the temporal patterns in water quality. 
Monthly sampling in the river will allow relating the water quality data to other variables, which 
have annual dynamic patterns and have already been monitored, such as precipitation, discharge, 
and land used/land cover of the catchment. This will lead to a better understanding of the factors 
that influence the water quality from temporal and spatial perspectives that will enhance the 
management plans. Therefore, it is recommended that the responsible government agency increase 
the sampling frequency to at least every month. This recommendation also applies to other rivers in 
Thailand. 

6.5 Perspectives for future research

This thesis contributes to fundamental knowledge of the functioning of a tropical monsoon and a 
temperate river floodplain. It extends our understanding of the ecological functioning of both rivers 
by demonstrating that the river continuum concept, the flood pulse concept, and the riverine 
ecosystem serve as a basis for explanation. However, the body of knowledge about the river and its 
floodplains, particularly those situated in tropical climate, is still incomplete. Since the ecological 
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functioning of rivers and floodplains is determined by climate, hydrology, and geomorphology, 
these factors together drive biogeochemical processes and the response of ecosystems, which may 
vary considerably among individual rivers and floodplains. To obtain a comprehensive 
understanding of especially the scarce studied tropical river floodplains, research into the response 
of the biotic community with regard to those underlying factors in different rivers would be 
necessary.

Since the RCC and the FPC were published in 1980 and 1989, respectively, more ecological 
concepts have been developed concerning the spatial and temporal complexity of the riverine 
ecosystem. Ecological concepts, e.g., the riverine Productivity Model (RPM) (Thorp and Delong 
1994), the riverine ecosystem synthesis model (RES) (Thorp et al., 2006), and the river wave concept 
(RWC) (Humphries et al., 2014), do consider spatial and temporal dynamics of the river landscape 
and view the river and floodplain as patches of mosaic in a landscape. This research has contributed 
further to these concepts, especially through the interaction between hydrology and the 
biogeochemical process in different vegetation zones. The role of the hydrology and biogeochemical 
interactions in different vegetation zones provides a framework to extend our understanding of the 
ecological functioning and process of river and river-floodplains and to understand how biotic 
communities respond to spatial and temporal dynamics of the river and river floodplains landscape. 
However, empirical studies in various floodplains across climate zones are needed. 

It has been demonstrated in this thesis how river floodplains situated in different climates can 
exhibit similar ecological functions with different mechanisms therein. Future studies of floodplains 
across different climate regions will need to show to what extent they are similar and/or different in 
terms of ecological functioning.
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Summary

Ecohydrological Functioning of a Tropical Monsoon and a Temperate River 
Floodplain

River floodplains are highly productive, especially when compared to many other terrestrial or 
aquatic ecosystems. Most river floodplains in Europe and North America have been heavily 
modified by human activities. Also, in Southeast Asia, the remaining undisturbed floodplains are 
rapidly disappearing. In order to maintain these valuable systems, control measures are necessary to 
prevent their further loss and, thus also, the loss of their valuable ecosystem services for humans. 
Effective control measures require insight into the ecological functioning of the floodplains. 
Although their ecological functioning in the temperate climate zone is fairly well known, the 
processes in tropical floodplains in tropical climates, particularly in the monsoon region of 
Southeast Asia, have been much less studied. Knowledge of these rivers and ecosystems in tropical 
areas is important in order to provide targeted support for management measures there as well. This 
thesis aims to contribute to this knowledge, in particular, knowledge about the role of 
biogeochemical processes in relation to vegetation.

This thesis contains six chapters. Chapter 1 introduces three river concepts that can be helpful in the 
study of rivers and river ecosystems. The discharge hydrology and the vegetation and nutrient 
dynamics of tropical rivers and rivers in a temperate climate are also discussed. Subsequently, the 
aims and research questions of the various chapters are presented, and finally, the study areas are 
introduced: the Songkhram River in Thailand and the Narew River in Poland. Chapter 2 presents a 
pioneering study of the tropical monsoon river Songkhram. Subsequently, in chapter 3, the 
ecological functioning of the Songkhram floodplain is analyzed in detail using data on the nutrient 
status of soil, water, and vegetation. Chapter 2 and chapter 3 together provide insight into the 
ecohydrological functioning of a tropical river floodplain in Thailand. For comparison, Chapter 4 
presents an ecohydrological analysis of the Narew River as an example of the ecological functioning 
of a relatively pristine riverplain in Europe’s temperate climate. Subsequently, in chapter 5, the 
ecological functioning of the Narew and the Songkhram is compared in terms of hydrology, 
hydrochemistry, nutrient budget, and nutrient balance of the vegetation.

Chapter 2, a study of the hydrochemical functioning of the Songkhram river and floodplain, shows 
that the water in the Songkhram river during the flood is poor in dissolved substances and nutrients 
and that the concentrations decrease downstream. This longitudinal trend is related to the 
weathering products of the basin’s geological deposits and a dilution effect of a large amount of 
rainwater during the monsoon season. A transverse trend of decreasing solute and nutrient 
concentrations from the river to the edge of the floodplain has also been identified. This is related to 
the dense and highly productive bamboo vegetation found along the river and its tributaries. 
Bamboo acts as a filter that removes dissolved material and captures sediment from the river before 
it can spread further across the river plain. This study suggests that the river is a source of nutrients 
for the river plain itself. It is the first study to collect scientific data showing that the Songkhram 
river plain acts as a sink for dissolved nutrients during flooding.
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In chapter 3, the ecological functioning of the Songkhram floodplain and its vegetation is further 
investigated. The vegetation consists of a clearly spatially marked zone of highly productive bamboo 
vegetation along the river and grassy vegetation behind it. The dense and highly productive bamboo 
was able to filter sediment and dissolved nutrients from the floodwaters brought in from the river. 
In the bamboo zone along the river, the floods are longer and deeper, and the increased supply of 
nutrients leads to high productivity. The grass zone, on the other hand, which is further from the 
river and where the floods are shorter and shallower, receives less nutrients and has lower 
productivity. Both types of vegetation store more nutrients (N and P) in their biomass than the 
nutrients that can be supplied annually by the floodwater. In addition, it was found that while the 
river floodplain receives nutrients from the river, it exports organic carbon to the river during the 
flood. The floodplain is thus a source of organic carbon for the downstream part of the river course. 
The Songkhram floodplain thus acts as a reservoir for sediment and dissolved material and in turn 
produces organic carbon, which is exported to the river during flooding. Vegetation plays an 
important role in retaining and storing nutrients.

In Chapter 4, an integration of hydrology, soil nutrients, water chemistry, and plant community data 
from the relatively undisturbed riverplain of the Narew river in Poland is presented as an example of 
river ecological functioning in a temperate climate. This study showed that plant community 
distribution is distributed over longitudinal and transverse gradients, which are related to flood 
characteristics and available soil nutrients. Plant growth is limited by nitrogen in all communities. 
In addition, this study also reveals a spatial variation of water chemistry in the floodplain that is not 
only related to the flooding with river water but also to the presence of upwelling groundwater and 
rainwater. The variation in water quality, vegetation gradients, and the fact that there is nitrogen 
limitation in the floodplain indicates a relatively undisturbed riverplain compared to many other 
European rivers where polluted river water dominates the water chemistry and dominates the 
natural vegetation gradients in their floodplains. This study contributes to our understanding of 
how relatively undisturbed river floodplains of temperate rivers function ecologically and may be 
useful as a reference and source of inspiration for future floodplain management and restoration of 
deteriorated floodplains. In addition, the understanding of ecological functioning gained here 
allows a comparison with the tropical monsoon riverplain, listing similarities and differences 
between floodplains in different climate zones.

Chapter 5 is done for the hydrology, water chemistry, and nutrient status (N and P) of the vegetation 
in the Narew and Songkhram. This analysis provides insight into the ecological functioning of these 
two systems. Both rivers show a discharge regime with a flood pulse. It occurs in the Narew after the 
snow melts in spring and in the Songkhram after the monsoon rains. The peak discharge in the 
Songkhram is roughly 25 times higher than in the Narew. Nutrient concentrations are slightly 
higher in the Narew river water. The flood pulse is an external source of nutrients for the vegetation 
in the floodplain in both the tropical river and the temperate river, with soil appearing to play an 
essential role in nutrient budgets and balance. The vegetation in both floodplains benefits from 
nutrients (N, P) supplied by the flood pulse and acts as a sink for the nutrients. However, the 
nutrient-absorbing capacity of the vegetation differs in both areas per vegetation type.

In Chapter 6, the findings are integrated, the results are discussed in relation to the three river 
concepts, and management recommendations and recommendations for further research are made. 
The flow regime of the rivers exhibits a seasonal flood pulse, which has been shown to be an 
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essential mechanism for the transport of nutrients and sediment to the riverplain and determines 
the ecological functioning of the systems. The flood and flow regime is important for vegetation 
zoning, and the spatial patterns of vegetation in the Narew and Songkhram have evolved in 
response to flood characteristics (duration, depth, and frequency). These vegetations absorb 
nutrients from the soil that come from the flood water, removing dissolved nutrients (N and P) 
from the flood water. In addition, the physical structure of the vegetation reduces the flow rate and 
promotes sedimentation, causing nutrients to sediment in the vegetation zones, which the 
vegetation reabsorbs and stores in biomass. Although a number of important processes that occur 
in the soil and vegetation of floodplains have not been investigated, this research makes it clear that 
the floodplain acts as a sink for nutrients. While both floodplains are similar in the sense that the 
annual runoff peak causes the flooding and the floodplains act as a nutrient sinks, there are also 
distinct differences.
.
The discharge of the Narew is relatively constant throughout the year, compared to the monsoon 
river Songkhram which showed highly variable discharges, with higher peaks during the flooding 
period after the monsoon rains and very low discharges in the dry season. In the Narew, snow melt 
and spring rains cause the discharge peak, but the differences between peak discharge and low 
discharge periods in the summer are much smaller. Although the annual average concentrations of 
the nutrients N and P in the water of the Narew River are higher than those of the Songkhram River, 
the nutrient load of the Songkhram River is higher than that of the Narew River due to the higher 
peak discharge of the Songkhram River.
.
Also, the supply of nutrients from flood water and the supply of nutrients from the soil to the 
vegetation differed between the areas, the vegetation types, and also between the nutrients N and P. 
Soil nitrogen supply was the main source for the sedge vegetation and the swamp forest vegetation 
in the Narew. In the Songkhram, the soil was also the main N source for the bamboo vegetation 
(roughly 70%), while for the grassy vegetation, it was only 35%. Even clearer was the differences in 
the phosphorus budget. In the Narew, flood water was the main source of P for the sedge 
community and more important than the supply from the soil, unlike N. In contrast, in the 
Songkhram, the soil was the main source of P for both bamboo and grassy vegetation (roughly 70 
-80%). There are thus similarities and differences in flood characteristics and nutrient budget, and 
thus in the ecological functioning of the floodplains of these rivers in temperate and tropical 
climates.
.
Thus, floodplain conservation, management and restoration plans must take into account the river’s 
discharge regime, the nutrient load of the river and floodwaters, and site-specific conditions, such as 
the morphology of the riverplain, the geology, and hydrology of the adjacent landscape and the 
catchment, vegetation zoning and the interaction between these factors. In order to make specific 
recommendations for the management of rivers and their floodplains, it is therefore recommended 
to perform empirical studies per area similar to the ecohydrological studies in this thesis. Sufficient 
attention to the interaction between the river, groundwater hydrology, and vegetation is essential. 
The highly dynamic situation in floodplains and the hydrogeochemical interactions taking place in 
floodplains make this kind of research very labor intensive. Comparative analyzes based on such 
studies will eventually also make it possible to further develop the various river concepts into an 
integrative vision of the functioning of rivers with their floodplains in different climate zones.
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Samenvatting

Ecohydrologie van de overstromingsvlaktes van een tropische moesson rivier en 
een gematigd klimaat rivier 
 
De overstromingsvlaktes van rivieren zijn zeer productief, zeker in vergelijking met veel andere 
terrestrische of aquatische ecosystemen. De meeste rivier-overstromingsvlaktes in Europa en 
Noord-Amerika zijn sterk veranderd door menselijke activiteiten. Ook in Zuidoost-Azië, 
verdwijnen de resterende ongestoorde overstromingsvlaktes snel. Om deze waardevolle systemen in 
stand te houden zijn beheersmaatregelen nodig om het verdere verlies ervan en daarmee ook verlies 
van hun voor de mens waardevolle ecosysteemdiensten te voorkomen. Doeltreffende 
beheersmaatregelen vereisen inzicht in het ecologisch functioneren van de overstromingsvlaktes. 
Hoewel hun ecologisch functioneren in de gematigde klimaatzone redelijk goed bekend is, zijn de 
processen in overstromingsvlaktes van rivieren in een tropisch klimaat, met name in de 
moessonregio van Zuidoost-Azië, veel minder bestudeerd. Kennis van deze rivieren en ecosystemen 
in tropische gebieden is belangrijk om ook daar gerichte ondersteuning van beheersmaatregelen te 
kunnen leveren. Dit proefschrift beoogt een bijdrage te leveren aan deze kennis, met name kennis 
over de rol van biogeochemische processen in relatie tot de vegetatie. 

Dit proefschrift bevat zes hoofdstukken. In hoofdstuk 1 worden een drietal rivierconcepten 
geïntroduceerd die behulpzaam kunnen zijn bij de bestudering van rivieren en rivier-begeleidende 
ecosystemen. Tevens worden de afvoerhydrologie en de vegetatie- en nutriënten-dynamiek 
besproken van tropische rivieren en rivieren in een gematigd klimaat. Vervolgens worden de doelen 
en onderzoeksvragen van de diverse hoofdstukken gepresenteerd en tot slot worden de 
studiegebieden geïntroduceerd: de Songkhram rivier in Thailand en de Narew rivier in Polen. 
Hoofdstuk 2 presenteert een pioniersstudie van de tropische moessonrivier Songkhram. Vervolgens 
wordt in hoofdstuk 3 het ecologisch functioneren van de Songkhram overstromingsvlakte in detail 
geanalyseerd aan de hand van gegevens over de nutriëntenstatus van bodem, water en vegetatie. 
Hoofdstuk 2 en hoofdstuk 3 geven samen inzicht in het ecohydrologisch functioneren van een 
tropische rivier-overstromingsvlakte in Thailand. Ter vergelijking geeft hoofdstuk 4 een 
ecohydrologische analyse van de Narew rivier, als voorbeeld van het ecologisch functioneren van 
een relatief ongerepte riviervlakte in het gematigde klimaat van Europa. Vervolgens wordt in 
hoofdstuk 5 het ecologisch functioneren van de Narew en de Songkhram vergeleken in termen van 
hydrologie, hydrochemie, nutriëntenbudget en nutriëntenbalans van de vegetatie. 

Uit hoofdstuk 2, een onderzoek naar het hydrochemisch functioneren van de Songkhram 
riviervlakte, blijkt dat het water in de Songkhram rivier tijdens de overstroming arm is aan 
opgeloste stoffen en voedingsstoffen en dat de concentraties stroomafwaarts afnemen. Deze 
longitudinale trend houdt verband met de verweringsproducten van de geologische afzettingen van 
het stroomgebied en een verdunningseffect van een grote hoeveelheid regenwater tijdens het 
moessonseizoen. Tevens is een transversale trend van afnemende concentraties opgeloste stoffen en 
nutriënten van de rivier naar de rand van de overstromingsvlakte geïdentificeerd. Deze hangt samen 
met de dichte en zeer productieve bamboevegetatie die is aangetroffen langs de rivier en haar 
nevengeulen. Bamboe werkt als een filter dat opgelost materiaal verwijdert en sediment uit de rivier 
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opvangt voordat het zich verder over de riviervlakte kan verspreiden. Deze studie suggereert dat de 
rivier een bron van voedingsstoffen is voor de riviervlakte zelf. Het is de eerste studie die 
wetenschappelijke gegevens heeft verzameld waaruit blijkt dat de Songkhram riviervlakte tijdens 
overstroming fungeert als een put voor opgeloste voedingsstoffen.

In hoofdstuk 3 wordt het ecologisch functioneren van de Songkhram overstromingsvlakte en de 
vegetatie verder onderzocht. De vegetatie bestaat uit een duidelijk ruimtelijk gemarkeerde zone van 
zeer productieve bamboevegetatie langs de rivier en daarachter een grasachtige vegetatie. De dichte 
en zeer productieve bamboe bleek in staat om sediment en opgeloste voedingsstoffen te filteren uit 
het overstromingswater dat uit de rivier aanvoerde. In de bamboezone langs de rivier zijn de 
overstromingen langer van duur en dieper en leidt de grotere toevoer van voedingsstoffen tot een 
hoge productiviteit. De graszone daarentegen, die verder van de rivier af ligt en waar de 
overstromingen korter en ondieper zijn, ontvangt minder voedingsstoffen en heeft een lagere 
productiviteit. Beide types vegetatie slaan meer nutriënten (N en P) op in hun biomassa dan de 
nutriënten die jaarlijks door het overstromingswater kunnen worden aangevoerd. Bovendien bleek 
dat de riviervlakte weliswaar voedingsstoffen van de rivier ontvangt, maar organische koolstof naar 
de rivier exporteerde tijdens de overstroming. De overstromingsvlakte is dus een bron van 
organische koolstof voor het de stroomafwaarts gelegen deel van de rivierloop. De Songkhram 
overstromingsvlakte fungeert dus als reservoir voor sediment en opgelost materiaal en produceert 
op zijn beurt organische koolstof, die tijdens de overstroming naar de rivier wordt geëxporteerd. De 
vegetatie speelt een belangrijke rol bij het vasthouden en opslaan van nutriënten. 

In hoofdstuk 4 wordt een integratie van gegevens over hydrologie, bodemnutriënten, waterchemie 
en plantengemeenschappen van de relatief ongestoorde riviervlakte van de Narew in Polen 
gepresenteerd, als voorbeeld van het ecologisch functioneren van een rivier in een gematigd 
klimaat. Uit dit onderzoek bleek dat de verspreiding van plantengemeenschappen verdeeld is over 
longitudinale en transversale gradiënten, die gerelateerd zijn aan overstromingskenmerken en 
beschikbare bodemvoedingsstoffen. De plantengroei wordt in alle gemeenschappen beperkt door 
stikstof. Daarnaast legt deze studie ook een ruimtelijke variatie aan waterchemie bloot in de 
overstromingsvlakte die niet alleen samenhangt met de overstroming met rivierwater, maar ook 
met de aanwezigheid van opwellend grondwater en regenwater. De aanwezige variatie in 
waterkwaliteit, vegetatiegradiënten en het feit dat er stikstofbeperking heerst in de riviervlakte 
wijzen op een relatief ongestoorde riviervlakte in vergelijking met veel andere Europese rivieren 
waar vervuild rivierwater de waterchemie domineert en de natuurlijke vegetatiegradiënten 
overheerst. Deze studie draagt bij aan ons begrip van hoe relatief ongestoorde rivier-
overstromingsvlaktes en uiterwaarden van gematigde rivieren ecologisch functioneren en kan 
nuttig zijn als referentie en inspiratiebron voor toekomstig beheer van uiterwaarden. Bovendien 
maakt het hier verworven inzicht in het ecologisch functioneren een vergelijking mogelijk met de 
tropische moesson-riviervlakte, waarbij overeenkomsten en verschillen tussen overstromingsvlaktes 
in verschillende klimaatzones op een rijtje worden gezet.

In hoofdstuk 5 wordt dit gedaan voor de hydrologie, de waterchemie en de nutriëntenstatus (N en 
P) van de vegetatie in de Narew en de Songkhram. Deze analyse geeft inzicht in het ecologisch 
functioneren van deze twee systemen. Beide rivieren vertonen een afvoerregime met een 
overstromingspuls. Deze treedt in de Narew op na de sneeuwsmelt in het voorjaar en in de 
Songkhram na de moessonregens. De piekafvoer is in de Songkhram ruwweg 25 maal zo hoog als 
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in de Narew. De nutriëntenconcentraties zijn iets hoger in het rivierwater van de Narew. De 
hoogwaterpuls is een externe bron van voedingsstoffen voor de vegetatie in de overstromingsvlakte 
in zowel de tropische rivier als de gematigde klimaat rivier, waarbij de bodem een essentiële rol lijkt 
de spelen in de voedingsstoffenbudgetten en -balans. De vegetatie in beide overstromingsvlaktes 
profiteert van nutriënten (N, P) die door de hoogwaterpuls worden aangevoerd en fungeert als een 
put voor deze nutriënten. Het nutriënten-opnemend vermogen van de vegetatie verschilt echter in 
beide gebieden per vegetatietype. 

In Hoofdstuk 6 worden de bevindingen geïntegreerd, worden de resultaten bediscussieerd in relatie 
tot de drie rivierconcepten en worden beheers-aanbevelingen gedaan en aanbevelingen voor verder 
onderzoek.

Het stroomregime van de rivieren vertoont een seizoensgebonden overstromingspuls, waarvan is 
aangetoond dat het een essentieel mechanisme is voor het transport van voedingsstoffen en 
sediment naar de riviervlakte en bepalend is voor het ecologisch functioneren van de systemen. Het 
overstromings- en stroomregime is belangrijk voor de zonering van de vegetatie en de ruimtelijke 
patronen van de vegetatie in de Narew en de Songkhram hebben zich ontwikkeld als respons op 
overstromingskenmerken (duur, diepte en frequentie). Deze vegetaties nemen voedingsstoffen op 
uit de bodem die afkomstig zijn van het overstromingswater, waardoor opgeloste voedingsstoffen 
(N en P) uit het overstromingswater worden verwijderd. Bovendien vermindert de fysieke structuur 
van de vegetatie de stroomsnelheid en bevordert het de sedimentatie, waardoor voedingsstoffen 
sedimenteren in de vegetatiezones, die de vegetatie weer opneemt en opslaat in biomassa. Alhoewel 
een aantal belangrijke processen die optreden in de bodem en de vegetatie van overstromingsvlaktes 
niet zijn onderzocht, maakt dit onderzoek wel duidelijk dat de overstromingsvlakte fungeert als een 
put voor nutriënten.

Hoewel beide overstromingsvlaktes vergelijkbaar zijn in de zin dat de jaarlijkse afvoerpiek de 
overstroming veroorzaakt en de overstromingsvlaktes fungeren als een put voor voedingsstoffen 
zijn er ook duidelijke verschillen. 

De afvoer van de Narew is gedurende het jaar relatief constant, in vergelijking met de moessonrivier 
de Songkhram die zeer variabele afvoeren vertoonde, met hogere pieken tijdens de 
overstromingsperiode na de moessonregens en zeer lage afvoeren in het droge seizoen. In de Narew 
veroorzaken sneeuwsmelt en voorjaarregens de afvoerpiek, maar de verschillen tussen piekafvoer 
en lage afvoerperiodes in de zomer zijn veel minder groot. Hoewel de jaargemiddelde concentraties 
van de nutriënten N en P in het water van de Narew rivier hoger zijn dan die van de Songkhram 
rivier, is de nutriëntenvracht van de Songkhram hoger dan die van de Narew vanwege de hogere 
piekafvoer van de Songkhram rivier.

Ook verschilde de toevoer van nutriënten uit overstromingswater en de levering van nutriënten uit 
de bodem aan de vegetatie tussen de gebieden, tussen de vegetatietypen en ook tussen de nutriënten 
N en P. Stikstoflevering uit de bodem was de belangrijkste bron voor de zeggevegetatie en de 
moerasbos-vegetatie in de Narew. In de Songkhram was de bodem eveneens de belangrijkste 
N-bron voor de bamboe vegetatie (ruwweg 70%), terwijl dit voor de grasachtige vegetatie slechts 
35% was. Nog duidelijker waren de verschillen in het fosforbudget. In de Narew was 
overstromingswater de belangrijkste bron van P voor de zeggegemeenschap en belangrijker dan de 
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aanvoer vanuit de bodem, in tegenstelling tot N. In de Songkhram daarentegen was de bodem de 
belangrijkste bron van P voor zowel de bamboe als de grasachtige vegetatie (ruwweg 70-80%). Er 
zijn dus overeenkomsten en verschillen in overstromingskarakteristieken en nutriëntenbudget, en 
dus in het ecologisch functioneren van de overstromingsvlaktes van deze rivieren in gematigd en 
tropisch klimaat.

In plannen voor behoud, beheer en herstel van overstromingsvlaktes moet dus rekening worden 
gehouden met het afvoerregime van de rivier, de nutriëntenbelasting van de rivier en het 
overstromingswater en locatie-specifieke omstandigheden, zoals de morfologie van de riviervlakte, 
de geologie en hydrologie van het aangrenzende landschap en het stroomgebied, de 
vegetatiezonering in de overstromingsvlakte en de interactie tussen deze factoren. Om specifieke 
aanbevelingen te kunnen doen voor het beheer van rivieren en hun overstromingsvlaktes wordt 
derhalve aanbevolen om per gebied empirische studies uit te voeren vergelijkbaar met de 
ecohydrologische studies in dit proefschrift. Voldoende aandacht voor de interactie tussen de rivier, 
de grondwaterhydrologie en de vegetatie is daarbij essentieel. De hoog-dynamische situatie in 
overstromingsvlaktes en de hydrogeochemische interacties maken dit soort onderzoek zeer 
arbeidsintensief. Vergelijkende analyses op basis van dergelijke studies zal het op termijn ook 
mogelijk maken om de verschillende rivierconcepten door te ontwikkelen tot een integrerende visie 
op het functioneren van rivieren met hun overstromingsvlaktes in verschillende klimaatzones. 
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บทสรปุภาษาไทย 

กลไกการท�างานทางนิเวศอุทกวทิยา ของทีร่าบลุ่มแม่น�า้-น�า้ทว่มถงึ ในภมูอิากาศมรสุมเขตร้อน และภมูิ
อากาศเขตอบอุ่น
 
ระบบนิเวศท่ีราบลุม่แมน่�า้-น�า้ทว่มถงึเป็นระบบนิเวศท่ีมีความอดุมสมบรูณส์งูเม่ือเทียบกบัระบบนิเวศบนบก หรอืระบบนิเวศน�า้
ทั่วไป พืน้ท่ีท่ีราบลุม่แมน่�า้-น�า้ทว่มถงึสว่นมากในประเทศท่ีพฒันาแลว้ เชน่ในยโุรป และอเมรกิาเหนือ ไดถ้กูแปลงสภาพจากเดมิไป
แลว้โดยกิจกรรมของมนษุย ์ และในเอเชียตะวนัออกเฉียงใตก็้เชน่เดียวกนั ท่ีราบลุม่แมน่�า้-น�า้ทว่มถงึตามธรรมชาตท่ีิเหลืออยูก่ �าลงั
สญูหายไปอยา่งรวดเรว็ เพ่ือท่ีจะรกัษาระบบนิเวศท่ีมีคณุคา่นี ้ มาตรการอนรุกัษเ์ป็นสิ่งจ�าเป็นส�าหรบัการปอ้งกนัไมใ่หมี้การสญู
เสียเพ่ิมเตมิ และลดการสญูเสียนิเวศบรกิารท่ีมีคา่ส �าหรบัมนษุยไ์ป มาตรการอนรุกัษท่ี์มีประสทิธิภาพจ�าเป็นตอ้งมีขอ้มลูเชิงลกึ
เก่ียวกบัการท�างานของระบบนิเวศในท่ีราบลุม่แมน่�า้-น�า้ทว่มถงึเหลา่นี ้ ส �าหรบัระบบนิเวศท่ีราบลุม่แมน่�า้-น�า้ทว่มถงึท่ีตัง้อยูเ่ขตภมิู
อากาศอบอุน่นัน้ องคค์วามรูเ้ก่ียวกบักลไกการท�างานของระบบนิเวศนัน้มีการศกึษาและเป็นท่ีเขา้ใจกนัอยา่งกวา้งขวาง   สวนทาง
กบัการศกึษาท่ีราบลุม่แมน่�า้-น�า้ทว่มถงึท่ีอยูใ่นเขตภมิูอากาศแบบรอ้นชืน้โดยเฉพาะอยา่งย่ิงในเขตมรสมุของเอเชียตะวนัออกเฉียง
ใตท่ี้พบวา่มีงานศกึษาท่ีนอ้ยกวา่ นอกจากนีท่ี้ราบลุม่แมน่�า้-น�า้ทว่มถงึแตล่ะแหง่ยงัแสดงลกัษณะและกระบวนการทางนิเวศวิทยา
ท่ีแตกตา่งกนั ดงันัน้องคค์วามรูเ้ก่ียวกบัแมน่�า้และระบบนิเวศท่ีราบน�า้ทว่มถงึในเขตรอ้นจงึจ�าเป็นตอ้งไดร้บัการพฒันาเพ่ิมเตมิเพ่ือ
สนบัสนนุการด�าเนินการอนรุกัษท่ี์มีประสทิธิภาพ

วิทยานิพนธนี์มี้วตัถปุระสงคเ์พ่ือพฒันา เพ่ิมเติมองคค์วามรูเ้ก่ียวกบัระบบนิเวศท่ีราบลุม่แมน่�า้และท่ีราบน�า้ทว่มถงึในเขตรอ้น และ
เปรยีบเทียบกบัระบบนิเวศแบบเดียวกนันีใ้นเขตอบอุน่ ซึง่จะเป็นการสนบัสนนุการออกแบบวางแผนกลยทุธส์ �าหรบัการจดัการและ
การด�าเนินการอนรุกัษใ์หมี้ประสทิธิภาพ เน่ืองจากการท�างานทางนิเวศวิทยาของท่ีราบลุม่แมน่�า้-ท่ีราบน�า้ทว่มถงึในเขตภมิูอากาศ
ท่ีแตกตา่งกนัอาจเหมือนหรอืแตกตา่งกนั กลยทุธก์ารจดัการและการอนรุกัษท่ี์มีประสทิธิภาพจะตอ้งเขา้ใจกระบวนการทางชีวธรณี
เคมีของท่ีราบน�า้ทว่มถงึซึง่เป็นสว่นส�าคญัของระบบแมน่�า้ทัง้หมด

วิทยานิพนธนี์มี้องคป์ระกอบหลกั 6 บทดงัตอ่ไปนี ้ บทท่ี 1  ในบทท่ี 2 ไดน้ �าเสนองานศกึษาบกุเบกิของพืน้ท่ีราบน�า้ทว่มถงึในลุม่
แมน่�า้สงครามท่ีอยูใ่นพืน้ท่ีมรสมุเขตรอ้น จากนัน้ในบทท่ี 3 ไดน้ �าเสนอการวิเคราะหก์ารท�างานเชิงนิเวศวิทยาของท่ีราบลุม่แมน่�า้
สงครามโดยละเอียดโดยใชข้อ้มลูสถานะธาตอุาหารในดนิ น�า้ และพืชพรรณ โดยบทท่ี 2 และบทท่ี 3 รวมกนั ไดส้รา้งความเขา้ใจ
เก่ียวกบัอทุกนิเวศวิทยาของท่ีราบลุม่แมน่�า้-น�า้ทว่มถงึในเขตรอ้น โดยมีพืน้ฐานตวัอยา่งมาจากท่ีราบน�า้ทว่มถงึของแมน่�า้ในพืน้ท่ี
มรสมุเขตรอ้นของประเทศไทย ในบทท่ี 4 ไดน้ �าเสนอการวิเคราะหท์างอทุกนิเวศวิทยาของแมน่�า้ และท่ีราบน�า้ทว่มถงึของแมน่�า้นา
เรฟ (River Narew) ในเขตอบอุน่ ประเทศโปแลนด ์เป็นตวัอยา่งของการท�างานทางนิเวศวิทยาของท่ีราบลุม่แมน่�า้ท่ีคอ่นขา้งเก่าแก่
ในเขตอบอุน่ของยโุรป จากนัน้ในบทท่ี 5 จะเปรยีบเทียบการท�างานของระบบนิเวศของแมน่�า้ และท่ีราบน�า้ทว่มถงึแมน่�า้นาเรฟ 
และท่ีราบลุม่แมน่�า้-น�า้ทว่มถงึแมน่�า้สงคราม ในดา้นอทุกวิทยา อทุกเคมี ปรมิาณธาตอุาหาร และความสมดลุของธาตอุาหารของ
พืชในท่ีราบลุม่น�า้ทว่มถงึ

ในบทท่ี 2 ไดน้ �าเสนอการศกึษาเก่ียวกบัการท�างานดา้นอทุกเคมี (hydrochemistry) ในพืน้ท่ีราบลุม่-น�า้ทว่มถงึของแมน่�า้สงครามท่ี
อยูใ่นพืน้ท่ีมรสมุเขตรอ้นของประเทศไทย โดยการศกึษาเผยใหเ้หน็วา่ ปรมิาณวสัดลุะลายน�า้ (Dissolved solid) และธาตอุาหาร
ละลายน�า้ ในน�า้ของแมน่�า้สงครามในชว่งน�า้ทว่มนัน้มีความเขม้ขน้ไมม่ากนกั และมีแนวโนม้ท่ีลดลงของความเขม้ขน้จากตน้แมน่�า้
ถงึปลายน�า้และจากแมน่�า้ถงึขอบท่ีราบน�า้ทว่มถงึ รูปแบบแนวโนม้ตามแนวยาวนัน้เก่ียวขอ้งกบัผลจากสภาพดนิฟา้อากาศ และ
ลกัษณะทางธรณีวิทยาของลุม่แมน่�า้ และผลกระทบจากการเจือจางจากน�า้ฝนจ�านวนมากในชว่งฤดมูรสมุ สว่นรูปแบบแนวโนม้
ตามขวางของการลดลงของของแข็งท่ีละลายน�า้และความเขม้ขน้ของสารอาหารจากแมน่�า้ถงึขอบท่ีราบน�า้ทว่มถงึเก่ียวขอ้งกบัตน้
ไผท่ี่ขึน้หนาแนน่รมิขอบแมน่�า้ กอไผท่ �าหนา้ท่ีเป็นตวักรองและท่ีขจดัของแข็งละลายน�า้ และดกัจบัตะกอนจากแมน่�า้ก่อนท่ีจะ
กระจายลงสูท่ี่ราบน�า้ทว่มถงึตอ่ไป การศกึษานีชี้ใ้หเ้หน็วา่แมน่�า้เป็นแหลง่ของธาตอุาหารส�าหรบัระบบนิเวศท่ีราบลุม่น�า้ทว่มถงึ 
และท่ีราบน�า้ทว่มถงึนีเ้ป็นแหลง่กกัเก็บธาตอุาหารเหลา่นัน้ นบัเป็นการศกึษาแรกท่ีรวบรวมขอ้มลูทางวิทยาศาสตร ์ และพบวา่ท่ี
ราบลุม่แมน่�า้-น�า้ทว่มถงึแมน่�า้สงครามท�าหนา้ท่ีเป็นแหลง่กกัเก็บธาตอุาหารท่ีละลายน�า้ท่ีมากบัน�า้หลากในชว่งน�า้ทว่ม
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ในบทท่ี 3 ขา้พเจา้ศกึษาเพ่ิมเตมิเก่ียวกบัการท�างานของระบบนิเวศ และพืชพรรณตา่งๆ ของท่ีราบลุม่แมน่�า้-น�า้ทว่มถงึของแมน่�า้
สงคราม และผลการศกึษาแสดงใหเ้หน็วา่พืชพรรณในท่ีราบน�า้ทว่มถงึประกอบดว้ยโซนของชมุชนพืชท่ีแตกตา่งกนั โดยมีชมุชน
ของไผท่ี่ใหผ้ลผลติสงูและอยูต่ดิรมิขอบของแมน่�า้และชมุชนพืชประเภทหญา้ท่ีอยูถ่ดัมาดา้นหลงัแนวไผ ่ กอไผท่ี่หนาแนน่และให้
ผลผลติสงูไดแ้สดงใหเ้หน็ถงึความสามารถในการกรองตะกอนและสารอาหารท่ีละลายในน�า้ท่ีทว่มมาจากแมน่�า้ ไผท่ี่กระจายอยู่
ใกลแ้มน่�า้ ซึง่น�า้ทว่มนานกวา่และลกึกวา่ ไดร้บัสารอาหารสงูกวา่และแสดงถงึผลผลติท่ีสงูขึน้ ในทางตรงกนัขา้ม พืน้ท่ีหญา้ท่ีพบ
กระจายหา่งจากแมน่�า้มากกวา่ ระยะเวลาน�า้ทว่มจะสัน้กวา่และระดบัน�า้ทว่มตืน้กวา่ ไดร้บัสารอาหารนอ้ยกวา่และแสดงถงึ
ผลผลติท่ีต�่ากวา่ ชมุชนพืชในท่ีราบน�า้ทว่มถงึทัง้สองประเภทกกัเก็บสารอาหาร (N และ P) ไวใ้นมวลชีวภาพมากกวา่ปรมิาณท่ีพืช
ท่ีอาจไดร้บัจากการน�าเขา้มาโดยน�า้หลากทว่มในแตล่ะปี ในขณะท่ีพืชพรรณในพืน้ท่ีน�า้ทว่มไดร้บัสารอาหารจากแมน่�า้ การศกึษา
ยงัพบวา่ท่ีราบน�า้ทว่มถงึนี ้ เป็นแหลง่สง่ออกของสารอินทรยีค์ารบ์อนไปยงัแมน่�า้ในชว่งน�า้ทว่ม และท�าหนา้ท่ีเป็นแหลง่ท่ีมาของ
คารบ์อนอินทรยีส์ �าหรบัระบบนิเวศทา้ยน�า้ การศกึษานีไ้ดเ้พ่ิมเตมิค�าอธิบายเก่ียวกบัการท�างานทางนิเวศวิทยาของท่ีราบน�า้ทว่มถงึ
ของแมน่�า้สงครามท่ีอยูใ่นพืน้ท่ีมรสมุเขตรอ้น

บทท่ี 2 และ 3 รวมกนัไดแ้สดงใหเ้หน็ถงึการท�างานของระบบนิเวศของท่ีราบลุม่แมน่�า้-น�า้ทว่มถงึ ของแมน่�า้สงครามและเป็น
ตวัอยา่งของแมน่�า้มรสมุเขตรอ้น ท่ีราบน�า้ทว่มถงึท�าหนา้ท่ีเป็นแหลง่ซบัเก็บตะกอนและวสัดท่ีุละลายน�า้ และในทางกลบักนั จะ
ผลติสารอินทรยีค์ารบ์อนและสง่ออกไปยงัแมน่�า้ในชว่งน�า้ทว่ม พืชพรรณในท่ีราบลุม่น�า้ทว่มถงึมีบทบาทส�าคญัในการดกัจบัและ
กกัเก็บสารอาหารในท่ีราบน�า้ทว่มถงึนี ้

ในบทท่ี 4 ขา้พเจา้ไดน้ �าเสนอการบรูณาการของขอ้มลูเก่ียวกบัอทุกวิทยา ธาตอุาหารในดนิ เคมีของน�า้ และชมุชนพืชพรรณของ
ท่ีราบน�า้ทว่มถงึท่ีคอ่นขา้งไมถ่กูรบกวนของแมน่�า้นาเรฟ ประเทศโปแลนดซ์ึง่เป็นการแสดงตวัอยา่งกลไกการท�างานทางนิเวศวิทยา
ของแมน่�า้และท่ีราบน�า้ทว่มถงึในเขตภมิูอากาศอบอุน่ การวิจยัพบวา่ชมุชนพืชในท่ีราบน�า้ทว่มถงึมีลกัษณะการเปลี่ยนแปลงไป
ตามแนวยาวของตน้น�า้ถงึปลายน�า้ และตามแนวขวางจากรมิแมน่�า้ไปยงัขอบของท่ีราบน�า้ทว่มถงึ การเปลี่ยนแปลงการกระจายนี้
เก่ียวขอ้งกบัลกัษณะของน�า้ทว่ม ลกัษณะทางกายภาพของพืน้ท่ี และธาตอุาหารในดนิท่ีมีอยู ่ การเตบิโตของชมุชนพืชพรรณ
ทัง้หมดถกูจ�ากดัโดยธาตอุาหารไนโตรเจน นอกจากนีก้ารศกึษายงัแสดงใหเ้หน็การเปลี่ยนแปลงเชิงพืน้ท่ีของเคมีของน�า้ในสถานท่ี
ตา่งๆ ภายในท่ีราบน�า้ทว่มถงึ การเกิดขึน้ของการเปลี่ยนแปลงคณุภาพน�า้ การไลร่ะดบัการเปลี่ยนแปลงของสงัคมพืช และสภาพ
แวดลอ้มท่ีจ�ากดัของไนโตรเจนในท่ีราบน�า้ทว่มถงึแสดงใหเ้หน็ถงึระบบนิเวศพืน้ท่ีน�า้ทว่มถงึท่ีคอ่นขา้งไมถ่กูรบกวนเม่ือเทียบกบัแม่
น�า้อ่ืนๆ ในยโุรป ซึง่มีน�า้ในแมน่�า้ท่ีเป็นมลพิษและสง่ผลตอ่เคมีของน�า้ในท่ีราบน�า้ทว่มถงึและท�าใหก้ารรูปแบบการกระจายของพืช
พรรณตามธรรมชาตหิายไป การศกึษานีช้ว่ยใหเ้ราเขา้ใจถงึการท�างานของท่ีราบน�า้ทว่มถงึในแมน่�า้เขตอบอุน่ท่ีหา่งไกลจากการถกู
รบกวน และสามารถใชเ้ป็นขอ้มลูอา้งอิงส�าหรบัการจดัการท่ีราบน�า้ทว่มถงึในอนาคตได ้ นอกจากนีก้ารท�าความเขา้ใจเก่ียวกบัการ
ท�างานทางนิเวศวิทยาของท่ีราบลุม่แมน่�า้นีช้ว่ยใหส้ามารถเปรยีบเทียบกบัระบบนิเวศท่ีราบน�า้ทว่มถงึแมน่�า้มรสมุเขตรอ้นท่ีได้
อธิบายไวใ้นบทท่ี 2 และ 3 เพ่ือท�าความเขา้ใจความเหมือนและความแตกตา่งของการท�างานทางนิเวศวิทยาของท่ีราบลุม่แมน่�า้ท่ี
ตัง้อยูใ่นเขตภมิูอากาศท่ีแตกตา่งกนั  

ในบทท่ี 5 ขา้พเจา้ไดศ้กึษาเปรยีบเทียบสถานะอทุกวิทยา อทุกเคมี และธาตอุาหาร (N และ P) ของพืชพรรณในระบบนิเวศท่ีราบ
น�า้ทว่มถงึของแมน่�า้นาเรฟในประเทศโปแลนด ์ และแมน่�า้สงครามในประเทศไทย งานวิจยันีใ้หค้วามเขา้ใจเก่ียวกบัความเหมือน
และความแตกตา่งในการท�างานของระบบนิเวศของท่ีราบลุม่แมน่�า้-น�า้ทว่มถงึทัง้สอง ซึง่ตัง้อยูใ่นเขตภมิูอากาศท่ีแตกตา่งกนั (เขต
อบอุน่ และเขตมรสมุเขตรอ้น) แมน่�า้ทัง้สองแสดงลกัษณะของชีพจรน�า้ทว่ม (Flood Pulse) หลงัจากหิมะละลายในแมน่�า้นาเรฟ 
หรอืหลงัฝนมรสมุในแมน่�า้สงคราม โดยในแมน่�า้สงครามมีปรมิาณน�า้ทา่สงูสดุประมาณ 25 เทา่ของปรมิาณน�า้ทา่ของแมน่�า้นาเรฟ 
ในขณะท่ีความเขม้ขน้ของธาตอุาหารในน�า้ของแมน่�า้นาเรฟ จะคอ่นขา้งสงูกวา่น�า้ในแมน่�า้สง่คราม น�า้ท่ีหลากทว่มท่ีราบน�า้ทว่ม
ถงึเป็นแหลง่ภายนอกของธาตอุาหารส�าหรบัพืชพรรณในท่ีราบน�า้ทว่มถงึทัง้ในเขตอบอุน่และเขตมรสมุเขตรอ้น โดยดนิมีบทบาท
ส�าคญัท่ีสดุในการเป็นแหลง่ธาตอุาหารส�าหรบัพืชพรรณในท่ีราบน�า้ทว่มถงึ นอกจากนีพื้ชพรรณยงัไดร้บัประโยชนจ์ากธาตอุาหาร 
(N, P) ท่ีมากบักระแสน�า้หลากทว่มและท�าหนา้ท่ีเป็นแหลง่กกัเก็บธาตอุาหาร (N, P) เหลา่นี ้ในขณะเดียวกนัความสามารถในการ
ดดูซบัธาตอุาหารของพืชนัน้ แตกตา่งกนัไปตามพืน้ท่ีของท่ีราบน�า้ทว่มถงึและชนิดของสงัคมพืชพรรณ การคน้พบนีช้ว่ยใหเ้รา
เขา้ใจวา่แมน่�า้และท่ีราบน�า้ทว่มถงึ ซึง่คอ่นขา้งไมถ่กูรบกวนในเขตอบอุน่ และมรสมุเขตเขตรอ้น มีความคลา้ยคลงึและแตกตา่งกนั
ในแงข่องการท�างานของระบบนิเวศอยา่งไร
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บทสรุปเป็นภาษาไทย

วิทยานิพนธนี์ก่้อใหเ้กิดความรูพื้น้ฐานเก่ียวกบัการท�างานทางนิเวศวิทยาของท่ีราบลุม่แมน่�า้-น�า้ทว่มถงึในเขตอบอุน่ และเขตมรสมุ
เขตรอ้น พืน้ท่ีราบลุม่แมน่�า้-ทุง่น�า้ทว่มถงึของแมน่�า้ท่ีอยูใ่นพืน้ท่ีลุม่ต �่าอยา่งแมน่�า้นาเรฟ และแมน่�า้สงคราม มีลกัษณะส�าคญัคือ
การเป็นระบบท่ีมีการเช่ือมตอ่ระหวา่งแมน่�า้และท่ีราบน�า้ทว่มถงึ แมจ้ะตัง้อยูใ่นภมิูอากาศท่ีแตกตา่งกนั ระบบการไหลของแมน่�า้
แสดงรูปแบบชีพจรของน�า้ทว่มตามฤดกูาลซึง่เป็นกลไกส�าคญัในการขนสง่ธาตอุาหารและตะกอนไปยงัท่ีราบน�า้ทว่มถงึและ
ก�าหนดการท�างานของระบบนิเวศท่ีราบน�า้ทว่มถงึ รูปแบบการไหลของน�า้ในท่ีราบน�า้ทว่มถงึมีความส�าคญัตอ่การก�าหนดรูปแบบ
การกระจายบองสงัคมพืชพรรณในท่ีราบน�า้ทว่มถงึ วิทยานิพนธฉ์บบันีไ้ดแ้สดงใหเ้หน็แลว้วา่รูปแบบเชิงพืน้ท่ีของพืชพรรณในท่ีราบ
ลุม่แมน่�า้นาเรฟ และแมน่�า้สงครามนัน้พฒันาขึน้ตามลกัษณะของน�า้ทว่ม (ระยะเวลา ความลกึ และความถ่ี) พืชในท่ีราบน�า้ทว่มถงึ
นีใ้ชธ้าตอุาหารจากดนิท่ีไดร้บัมาจากน�า้ท่ีทว่ม โดยท่ีสารอาหารท่ีละลายน�า้ (N และ P) ถกูดงึออกจากน�า้ท่ีหลากเขา้มาทว่ม 
นอกจากนี ้ โครงสรา้งทางกายภาพของพืชในท่ีราบน�า้ทว่มถงึยงัลดความเรว็การไหลของน�า้และเพ่ิมการตกตะกอน ซึง่น�าไปสูก่าร
ดกัจบัอนภุาคของธาตอุาหารของพืชพรรณแตล่ะสงัคม และใชส้ารอาหารในตะกอนเหลา่นีแ้ละเก็บไวใ้นมวลชีวภาพ กลไกการดดู
ซบัธาตอุาหารของดนิท่ีมาจากน�า้หลากหรอืสารอาหารจากตะกอนท่ีน�า้หลากพดัพามาท�าใหท่ี้ราบน�า้ทว่มถงึสามารถท�าหนา้ท่ีเป็น
แหลง่กกัเก็บธาตอุาหารได ้ ซึง่แตกตา่งกนัไปตามเขตพืชพรรณทั่วท่ีราบลุม่แมน่�า้แตล่ะสาย แผนการอนรุกัษ ์ การจดัการ และการ
ฟ้ืนฟขูองท่ีราบน�า้ทว่มถงึควรพิจารณาวา่ชนิดของพืชมีปฏิสมัพนัธอ์ยา่งไรกบักระบวนการทางอทุกวิทยาและหนา้ท่ีทางนิเวศของ
พวกมนั (เป็นแหลง่น�าเขา้สะสมหรอืแหลง่ผลติและสง่ออกธาตอุาหาร)
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