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An approach for quantifying terrestrial
biomass production of floodplains was
developed.

Quantification of spatiotemporal devel-
opment of biomass production in flood-
plains along the Rhine River from 1997
to 2012.

Biomass production of floodplains de-
creased due to land use changes and
flood risk management.

Relevant management measures were
side channel construction, floodplain
lowering and vegetation removal.
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such as production of vegetative biomass. In order to determine the potential of harvesting vegetative riparian bio-
mass, the capacity of river systems to produce such biomass needs to be determined. We developed a method for
quantifying the spatiotemporal development of annual biomass production in river floodplains. Vegetation specific
growth rates were linked to a landscape classification system (i.e., the Ecotope System for National Waterways).
Biomass production was calculated for floodplains along the three Rhine River distributaries (i.e., the rivers
Waal, Nederrijn-Lek and IJssel) over a 15 year period (1997-2012). During this period several large scale river
management measures were undertaken to reduce flood risks and improve the spatial quality of the Rhine
River as part of the Room for the River program. Biomass production decreased by 12%-16% from 1997 to 2012
along the three distributaries, which may be a side effect of flood mitigation. Almost 90% of the biomass produced
was non-woody (e.g., grass/hay, reed, crops), which decreased along all three river distributaries due to the aban-
donment of production grasslands and the physical reconstruction of floodplains (e.g., creation of side channels).
Woody vegetation, however, showed a slight increase during the 15 year period likely owing to vegetation succes-
sion from shrubs to softwood forest.
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1. Introduction

At present, the depletion of Earth's natural mineral and fossil re-
sources is occurring at an alarming rate, highlighting the need for alter-
natives (Bentley, 2002; Sorrel et al., 2010; H66k and Tang, 2013). A
shift in focus towards a more sustainable use of resources is required.
River-floodplain systems are among the most important ecosystems to
mankind, as they provide a range of valuable ecosystem services, such
as water supply, flood mitigation, transport capacity and biomass
(Tockner and Stanford, 2002; Wang et al., 2010; Nedkov and Burkhard,
2012; Large and Gilvear, 2014). Biomass may be used as a resource of
carbon-rich materials (e.g., fibers and construction material) or as an al-
ternative to fossil fuels. For instance, timber from riparian forests can be
used to build houses or furniture, while reed from marsh lands can be
used for thatching and building insulation. Biomass used for building
also serves as a carbon sink, potentially storing carbon for many years
(Fang et al., 2001; Binkley et al., 2002). Other biomass applications that
may act as carbon sinks are biopolymers, bioplastics, textile and paper
(Pervaiz and Sain, 2003; Mohanty et al., 2005). In addition, vegetation
biomass of floodplains is important for nutrient retention (e.g., carbon,
nitrogen) in floodplains as well as water retention in upstream riverine
areas (Tufekcioglu et al., 2003; Van Stokkom et al., 2005).

A vital first step in quantifying ecosystem services is quantifying the
systems' capacity to deliver these services (De Groot et al., 2010;
Crossman et al., 2013; Villamagna et al., 2013; Schroter et al., 2014). So,
valuation of the potential harvest of vegetative biomass from river flood-
plain systems requires the quantification of their capacity for biomass
production. Once annual biomass increment values are established for
the system, sustainable harvesting approaches can be developed in
order to capitalize on biomass as a riverine ecosystem service. A river
system's capacity to produce biomass is highly dependent on the types
of vegetation present in the floodplain and their management (Baptist
et al., 2004; Olde Venterink et al., 2006). For instance, the biomass pro-
duced annually on natural grasslands is lower than that of actively man-
aged (e.g., fertilized) production grasslands (Aarts et al., 2005; Tolkamp
et al., 2006). Tall and dense riparian vegetation increases the hydraulic
roughness of the landscape, leading to increased flow resistance and po-
tential flooding (Hupp, 2000; Tabacchi et al., 2000; Nienhuis and Leuven,
2001; Straatsma et al., 2009). River management authorities are respon-
sible for ensuring flood safety, by, among other means, the management
of riparian vegetation. Ensuring flood safety has become increasingly de-
manding from a management perspective. This is because river dis-
charges are expected to increase in the near future, resulting in an
increased chance of flooding of densely populated and economically
valuable areas (Jansen et al., 1998; Van Stokkom et al., 2005; Straatsma
et al,, 2009). Floodplain reconstruction by means of dike relocation, the
construction of side channels, floodplain lowering, and the removal of
hydraulic obstructions is needed to increase the discharge capacity of
river systems (Jansen et al., 1998; Silva et al., 2001; Van Stokkom et al.,
2005; RVR, 2017). These measures in turn strongly affect the configura-
tion of the riverine landscape and its vegetation.

The Room for the River (RfR) program was initiated in the Nether-
lands with two goals in mind: 1) to give the Rhine River more space in
order to accommodate higher discharges, and 2) improve spatial quality.
This program consisted of multiple floodplain reconstruction measures
which caused major landscape changes in floodplains along the Rhine
River distributaries in the Netherlands (Waal River, Nederrijn-Lek River
and [Jssel River) (Jansen et al., 1998; Silva et al., 2001; Van Stokkom et
al., 2005; RVR, 2017). It was hypothesized that these landscape changes
likely also reduced the biomass production potentials of the floodplains.
For example, the construction of side channels reduces terrestrial flood-
plain surface area and thus the potential for production of vegetative bio-
mass. To date, however, the biomass production capacity, as well as the
spatiotemporal development of biomass production of these floodplains
have not been quantified due to a lack of suitable indicators, empirical
data and predictive models.

The goal of this study is to develop a method that will quantify the po-
tential for terrestrial biomass production in riverine ecosystems. The
aims are: 1) to develop an approach for quantification of various types
of biomass in riparian ecosystems; 2) to quantify biomass production
of riverine ecosystems by determining the yearly biomass increment
for nine alluvial vegetation types; and 3) to determine how the biomass
production changed across space and time in floodplains along the Rhine
River distributaries in the Netherlands while undergoing riverine man-
agement measures and natural succession over a period of 15 years
from 1997 to 2012.

2. Methods
2.1. Study area

The Rhine River enters the Netherlands at Lobith with a discharge
ranging from 574 to 12,600 m> s~! and an average discharge of
2300 m> s~ calculated over the years 1901-2009 (Uehlinger et al.,
2009). The Lower Rhine River bifurcates twice; the first bifurcation oc-
curs at Pannerden where the Lower Rhine River splits into the Waal
River and the Pannerdensch Kanaal. Following this, the Pannerdensch
Kanaal bifurcates into the Nederrijn-Lek River and the IJssel River (Fig.
1A). In total the three distributaries and their floodplains comprise an
area of circa 35,000 ha. During peak discharges in 1995 the risk of dike
breaches along the Rhine River in the Netherlands was very high, requir-
ing the evacuation of 250,000 people and causing an estimated US$ 1 bil-
lion economic damage to trade and industry (Silva et al., 2001; Van
Stokkom et al.,, 2005). It was apparent that mitigating measures had to
be taken in the light of expected future high discharge events
(Middelkoop et al.,, 2001; Rijke et al., 2012).

2.2. Ecotope System for National waterways (ESN)

Input data for the biomass quantification approach (see Section 2.5
and Fig. 2) consisted of ecotope maps of the Rhine River distributaries.
Since 1997, the river and adjacent floodplains in between the embank-
ments of the Rhine River distributaries have been mapped regularly ac-
cording to the Ecotope System for National waterways (ESN)
(Rijkswaterstaat, 1998; Houkes, 2008). The ESN has been developed by
the Directorate for Water Management of the Dutch Ministry of Infra-
structure and Environment (Dutch: Rijkswaterstaat) to classify and to
map riverine landscapes in the Netherlands. An ecotope is defined as:
‘a physically limited ecological unit, whose composition and develop-
ment are determined by abiotic, biotic and anthropogenic aspects to-
gether’ (Rijkswaterstaat, 1998; Van der Molen et al., 2003). Ecotopes
are homogeneous landscape units with specific geomorphological,
hydro-morphological, ecological and land-use characteristics. In total
82 different ecotopes are distinguished covering the aquatic, riparian
and terrestrial parts of the river-floodplain system. The area is mapped
at a 1:10,000 scale, with a minimum mapping unit (MMU) of 20 by
20 m. The delineation of ecotopes was carried out using visual interpre-
tation of false-color stereographic images and subsequent GIS overlay
with inundation duration, management, water depth, substrate and sa-
linity gradients (Van der Molen et al., 2000, 2003; Lorenz and Van der
Molen, 2001; Bergwerff et al.,, 2003; Willems et al., 2007). The ecotope
maps contain attributes, such as vegetation class, inundation frequency
and management style, which enables the linking of ecotopes to (poten-
tial) ecosystem services of riverine landscapes (Koopman et al., 2017).
Ecotope maps of the Dutch Rhine River distributaries are available from
Rijkswaterstaat (www.rijkswaterstaat.nl) for the years 1997, 2005,
2008 and 2012.

2.3. Woody biomass production

Potential annual woody biomass increment was calculated for differ-
ent types of riparian forests and shrubs. The increment was expressed in
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Fig. 1. Annual biomass production in 177 floodplains along the Rhine River distributaries. A) The biomass production per 0.04 ha (minimum mapping unit) in 1997. B) Differences in
annual biomass production between 1997 and 2012. C) The relative changes in annual biomass production (%) between 1997 and 2012. D) Bivariate distribution of biomass
production per hectare per floodplain. Linear regression analyses showed that the intercept was not significant (P = 0.57) whereas the slope was significant (P < 0.001).

tons of dry mass per hectare per year and calculated using the formula of
Tolkamp et al. (2006):

B=G+BEF+C#V (1)

where B is the annual woody biomass increment (tongm ha™'yr—1), Gis
the increase in spindle wood (the wood of the stem including the bark)
of the woody vegetation (m> ha=! yr—1), BEF is the biomass expansion
factor that accounts for the branching of woody vegetation having a
value of >1 (a mean BEF of 1.5 for deciduous tree species was used for
all riverine woody vegetation types; Tolkamp et al., 2006), C is the con-
version factor to dry matter (tongm m~>) (a mean conversion factor of
0.51 for deciduous tree species was used for all riverine woody vegeta-
tion types; Tolkamp et al., 2006), and V is the woody vegetation coverage
of the ecotope (V was 1 for most vegetation types except reed which had
a coverage of 0.75). Woody biomass consists of spindle wood, and top
and branch wood. To determine the annual woody biomass produced

by riparian forests and shrubs (tongm, yr—!), the increment is multiplied
with the surface area (S) over which the vegetation spans.

A distinction was made between the production of hardwood and
softwood biomass, which have different characteristics (e.g., growth
rates). Depending on vegetation type, different growth rates were
used to calculate annual biomass production (Jansen et al., 1996;
Stortelder et al.,, 2001; Probos, 2014). For shrubs, no distinction between
hardwood and softwood could be made since only generic growth rates
for riparian shrubs were available (see Supplementary Table SI1 for
growth rates).

2.4. Non-woody biomass production

Non-woody biomass production in riverine areas consists of reed
from marshes, herbaceous vegetation, and agricultural products
such as hay and crops grown on production grasslands and arable
land, respectively. The annual increment of non-woody biomass
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Fig. 2. Flowchart showing the approach for quantifying terrestrial biomass production of
floodplains.

per hectare was multiplied with the surface areas of the grasslands,
marshes, dry herbaceous vegetation and arable land (see Supple-
mentary Table SI1 for specific growth rates retreived from:
Anonymous, 1998; Aarts et al., 2005; Tolkamp et al., 2006; CBS,
2016). Maize is the most commonly grown crop on arable land in
floodplains along the Rhine River distributaries (Jansen, 2009).
Therefore, the average growth rate for maize was used to calculate
crop biomass production.

2.5. Biomass calculation for the Rhine River distributaries

The biomass was calculated in a spatially explicit manner using
the PCRaster-Python software (Schmitz et al., 2013). An overview
of the biomass quantification approach is given in Fig. 2. Preprocess-
ing consisted of aggregating ecotope classes into land cover classes
based on similarity with respect to vegetation structure (Van
Velzen et al., 2003). This was required because ecotope-specific bio-
mass growth information was lacking. Ecotopes that contained sim-
ilar vegetation structural characteristics were grouped into a single
land cover class. These land cover classes are similar to the rough-
ness classes used in hydraulic modelling since different vegetation
types have specific roughness values (Van Velzen et al., 2002, 2003;
Werner et al., 2005). The land cover classes represented the various
types of usable biomass (e.g., grass/hay, reed, hardwood and soft-
wood; Anonymous, 2015). Following this, annual woody and non-
woody growth data (see Supplementary Table SI1) were linked to
corresponding land cover classes and the biomass production per
square meter of each class was calculated (Fig. 2). We rasterized
the ESN shape files to a 20 m spatial resolution corresponding with
the minimum mapping unit of 20 x 20 m. The total floodplain area
was divided into 177 sections (i.e., floodplains), which are geograph-
ical units derived from the “Room for the River project”. Biomass
production values were calculated for the four ESN mapping years
(see Section 2.2), and subsequently aggregated over floodplain sec-
tions and river distributaries. A statistical analysis was performed
to determine the changes in biomass production of river distributar-
ies over the years using a one-way repeated measures ANOVA. A
Bonferroni correction was applied to reduce the chance of a type I
error. Independent variables were the four time steps (1997, 2005,
2008, 2012) and the dependent variable was annual biomass pro-
duction (in tongy, ha™!). In addition, a linear regression analysis
was performed to determine the relationship between changes in
biomass production of floodplain sections along the river distribu-
taries in 1997 and 2012.

2.6. Landscape changes along the Rhine River distributaries

In order to explain changes in biomass production during the 15 year
period, changes in land cover classes during this period were computed
in a transition matrix. The matrix contained the surface area in hectares
for each change in land cover between 1997 and 2012. Land cover classes
either remained the same, or changed to other land cover class types due
to either vegetation succession (Geerling et al., 2006; Makaske et al.,
2011) or management measures (Silva et al., 2001; Baptist et al., 2004;
Van Stokkom et al., 2005). The matrix's diagonal depicted the surface
area that remained the same, while the off-diagonal cells showed the
surface areas that changed.

2.7. Uncertainty in calculations

Vegetation growth rates are dependent on age and local abiotic fac-
tors (Jansen et al., 1996; Tolkamp et al., 2006). Specific data on these fac-
tors were lacking. Hence aggregated vegetation growth rate data were
used for the vegetation types (Supplementary Table SI1). The uncer-
tainty relating to the use of aggregated data was quantified by deter-
mining the standard deviation of the different vegetation growth rates
used in this study (Supplementary Table SI1). Following this, the
growth rate standard deviations were used as estimates for the mini-
mum (mean minus one standard deviation) and maximum (mean
plus one standard deviation) potential values of growth rate, which
were subsequently used for calculating maximum and minimum bio-
mass production. These maximum and minimum biomass values are
depicted by the error bars in Fig. 3 and represent the variability in pro-
duced biomass due to the variability in growth rate.

3. Results
3.1. Biomass production

The annual production of biomass in the study area showed
spatiotemporal variation (Figs. 1 and 3; Table 1; Supplementary
Table SI2). Over the period 1997-2012, biomass production
decreased in multiple floodplains (Fig. 1B, C and D). Decreases in
total biomass production per floodplain ranged between 0.6% and
100%. In total 95 floodplains (54%) showed decreases in biomass
production of between 0% and 25%, 34 floodplains had biomass pro-
duction decreases of between 25% and 50%, 10 floodplains had de-
creases in biomass production of between 50%-75%. In two
floodplains along the IJssel River and Nederrijn-Lek River biomass
production decreased by between 75% and 100%, due to the removal
of a softwood floodplain forest and reconstruction of a production
grassland to stone substrate, respectively. The remaining 36 flood-
plains showed an increase in total biomass production in the
15 year period. 31 Floodplains showed increases in biomass produc-
tion that ranged between 0 and 25%. Higher increases (>25%) were
only found in floodplains along the Waal and IJssel Rivers (two and
three floodplains, respectively). Four of the highest increases ranged
between 25% and 75% and one increased by 216% (Fig. 1C).

The average biomass produced per hectare per floodplain decreased
between 0 and 7.5 tong,, ha~! in some floodplains, but increased in
some other floodplain sections by 0 to 5 tongm ha=! (Fig. 1B, D). In 138
floodplains (78%) along the three distributaries the biomass production
decreased between 0 and 5 tong,, ha™! (Fig. 1D). The highest decreases
in biomass production (5 to 7.5 tong, ha~!) were found in one flood-
plain along the IJssel River and one floodplain along the Waal River. A
total of 36 floodplains showed an increased production of between 0
and 2.5 tongm, ha™ ! in 2012 compared to 1997. Only one floodplain sec-
tion along the IJssel River showed a higher increase in biomass produc-
tion (i.e., between 2.5 and 5 tongm, ha™!).

Across all three distributaries, the total biomass and non-woody bio-
mass production showed average decreases of 12-16% and 14-19%,
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represent the variability in biomass due to variability in growth rates (based on standard deviation).

respectively, during the 15 year period. This decrease was the highest in
floodplains along the Waal River. The average biomass produced per
hectare significantly decreased between 1997 and 2012 along all three
distributaries, with the highest decrease occurring along the Nederrijn-
Lek River (Table 1). Floodplains along the IJssel River produced the
highest amount of biomass of all distributaries in all four years investi-
gated (Figs. 1A and 3). These floodplains had the highest total surface
area of non-woody vegetation compared to the non-woody surface
areas in floodplains along the Waal River and Nederrijn-Lek River (Sup-
plementary Table SI3). Woody biomass production of the three distribu-
taries was low compared to non-woody biomass, but increased by 10—
37%between 1997 and 2012. The floodplains of the Waal River produced
the most woody biomass of all distributaries across all four years. Woody
biomass production along the Waal River increased from 1997 to 2005
but decreased slightly afterwards. Woody biomass production along
the Nederrijn-Lek River was the lowest of the three distributaries, but
showed an increase in production across the entire 15 year period. The
floodplains along the [Jssel River showed a marginal increase in woody
biomass production from 1997 to 2012 (Fig. 3; Supplementary Table
SI3). Most of the woody biomass production along the three distributar-
ies was softwood originating from softwood forests and to a smaller ex-
tent from softwood shrubs. Hardwood production was low compared to
softwood production (0.6-1.2% vs. 2.0-9.9% of the total production). The

Table 1

The average annual biomass production per hectare (tong, ha~') in 177 floodplains along
the three Rhine River distributaries. Letters indicate significant differences according to
one-way repeated measures ANOVA, oc = 0.05.

Distributary 1997 2005 2008 2012 1997-2012 (%)*
Waal River 9.2% 8.7° 8.5" 83" -9.7
Nederrijn-Lek River 10.12 9.2b 9.0° 9.1" —10.2

IJssel River 9.8? 9.3° 9.2° 8.8¢ -97

* Relative difference in biomass production per hectare over the period 1997-2012.

highest production of hardwood biomass was found in floodplains along
the [Jssel River (Supplementary Table SI2).

The production of grass/hay and crops accounted for >78% of the total
biomass production in each year and distributary, except for the Waal
River in 2012. The production of dry herbaceous vegetation and reed
was low compared to other non-woody biomass types (Supplementary
Table SI2).

3.2. Uncertainty of biomass calculations

Variability in growth rates of plants, shrubs and trees resulted in var-
iability in the calculated biomass production over 15 years that ranged
from +7.9-10° tongp, for the Nederrijn-Lek River in 1997, to +1.4-10*
tong, for the Waal River in 2012 (Fig. 3). The variability of woody bio-
mass production ranged from = 1.0-10° tong,, for the Nederrijn-Lek
River in 1997, to 4 3.8-10> tongy, for the Waal River in 2012. The variabil-
ity in woody biomass production was sometimes equal to, or even higher
than 50% of the average production. The variability of non-woody bio-
mass production ranged from 4 6.9-10% tongy, for the Nederrijn-Lek
River in 1997, to +1.0-10% tongy, for the Waal River in 2005 (Fig. 3).

3.3. Landscape changes along the Rhine River distributaries

During the 15 year period studied, land cover classes altered in sev-
eral floodplains due to vegetation succession or floodplain reconstruc-
tion measures. In total, 2.4-10° ha of vegetation land cover classes
altered as a result of vegetation succession. The land cover classes that
had the largest changes in surface area due to succession were produc-
tion grassland and natural grassland, which transformed into 6.1-10°
and 4.3-107 ha of dry herbaceous vegetation, respectively (Table 2).

Reconstruction measures transformed a total of 4.7-10% ha to other
land cover classes (13% of the total surface area of the Rhine River).
Most of these transformations concern small surface areas compared to
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Table 2
Transition matrix showing transitions of land cover classes into other land cover classes from 1997 to 2012 for the whole study area. Numbers indicate the surface transition in hectares.

Green boxes indicated transitions through vegetation succession. Red boxes indicate transitions due to management measures. Other transitions are caused by agricultural changes or
classification errors.
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the changes caused by vegetation succession, except for the conversion
of production grasslands to natural grasslands. This ‘grassland’ conver-
sion comprised almost 82% of the surface area affected by all reconstruc-
tion measures. The remaining conversions due to reconstruction
measures comprised 8.5-10? ha and included the digging of side chan-
nels and the removal of woody vegetation to increase discharge capacity
(conversion of woody vegetation into pioneer vegetation, grassland or
herbaceous vegetation; Table 2).

grassland into natural grassland (Table 3, Supplementary Fig. SI1). This
caused decreases in the production of crops and grass from production
grasslands. Biomass from natural grasslands increased slightly, but this
was not sufficient to replace the losses resulting from the reduction in
production grassland. While both softwood and hardwood shrubs in-
creased in surface area, floodplain forests were harvested causing an
overal decline in woody biomass production (Table 3, Supplementary
Fig. SI1). The total surface area of the ‘Stokebrandsweerd’ floodplain de-
creased by 19%, and the terrestrial surface area decreased by 27%, causing
3.4. Biomass production changes on a floodplain scale a decrease in total biomass production of 33%.
The ‘Stokebrandsweerd’ is a floodplain located along the IJssel River 4. Discussion
near the city of Zutphen. This floodplain underwent floodplain recon-
struction and management measures between 1997 and 2012. As part
of these measures, a side channel was excavated in a production grass-
land (increase in the side channel and lake/harbor land cover classes),
while management converted agricultural land and production

4.1. Relevance to ecosystem services assessment and river management

Annual biomass production potential of all floodplains along the
three Rhine River distributaries in the Netherlands was estimated for a

Table 3
Landscape changes in the ‘Stokebrandweerd’ floodplain along the [Jssel River from 1997 to 2012 and the resulting changes in biomass production. Surface areas of land cover classes are
given in hectares (ha) and the produced biomass in tons dry mass (tongm).

Land cover class surface area in ha 1997 2012 Biomass production in tongm, 1997 2012
Side channel - 0.7 - - -
Lake/harbor 53 8.0 - - -
Groyne field/sand bar - 03 - - -
Stone protection - 34 - - -
Builtup terrain 4.0 0.7 - - -
Agricultural land 39 Crops 74.0

Production grassland 78.6 52.9 Grass (production) 845.9 568.8
Natural grassland 15.0 17.3 Grass (natural) 93.3 108.0
Dry herbaceous vegetation 2.1 3.7 Dry herbaceous vegetation 13.0 229
Softwood shrubs 0.1 1.2 Softwood (shrubs) 0.2 1.9
Hardwood shrubs - 0.3 Hardwood (shrubs) 0.5
Hardwood forest 4.4 0.3 Hardwood (forest) 20.0 13
Softwood forest 32 28 Softwood (forest) 355 26.4
High stem orchard 0.5 - - - -
Pioneer vegetation - 3.2 - - -
75% reed, 25% water 0.5 0.2 Reed 2.1 1.1
Total surface area 117.7 95.1 Total biomass production 1083.8 730.8
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15 year period. During this period, Room for the River projects were im-
plemented to increase the discharge capacity of the river system and
improve its spatial quality (Jansen et al., 1998; Silva et al., 2001; Van
Stokkom et al., 2005; RVR, 2017). In this article we showed how these
river management measures affected the river system's potential for de-
livering biomass as an ecosystem service. At present, our method is the
most comprehensive approach for quantifying biomass production at a
large spatiotemporal scale, such as that of the Rhine River distributaries
over 15 years. Quantifying the system's capacity for producing biomass
is a necessary first step in determining the flow and eventual use of bio-
mass as an ecosystem service (De Groot et al., 2010; Crossman et al.,
2013; Villamagna et al., 2013; Schroter et al., 2014). Our results serve
as a valuable input for riverine ecosystem services assessment, or as
an input for life cycle analyses of biomass use for energy production
(Heller et al., 2003).

4.2. Uncertainties

In addition to the uncertainty in growth rates, the classification error
of the ESN maps is also a source of uncertainty. The accuracy of the 2005
ESN map was assessed at 69% for eight aggregated vegetation classes
(Knotters and Brus, 2013). Explanations for this relatively low accuracy
are difficulties in distinguishing certain vegetation types on the basis of
aerial photographs, distinguishing the growth and succession of vegeta-
tion during the time between taking the photographs and collecting
ground truth data, variability in river discharge (different water levels
during mapping), and errors made during fieldwork (Knotters and
Brus, 2013). In addition, the size of the MMU of the ESN did not match
the point observations used for validation. A random classification
error does not strongly affect the total biomass production at the scale
of a river reach because the low and high production classes cancel
each other out. However, a random error does affect the transition ma-
trix of the land cover classes because a misclassified polygon will display
as a change in land cover. Straatsma et al. (2013) showed that the uncer-
tainty in hydromorphological and ecological modelling due to land cover
classification errors in the Rhine branches has large local effect, but errors
are smaller when they are aggregated to river reach scale. For example,
the 68% confidence intervals of potential biodiversity scores, which are
also derived from the ecotope map, varied between 10 and 15%. The
ESN maps were still considered useful since they are the only landscape
classification maps that describe the entire river-floodplain area at a level
of detail of 20 x 20 m.

Modern satellite and airborne imagery allow biomass production es-
timates at finer spatial resolutions than 20 x 20 m across the globe (Kerr
and Ostrovksy, 2003; Ayanu et al.,, 2012). However, as yet, such images
do not contain the same information present in the ecotopes of the
ESN maps (e.g., flooding frequencies and management) (Van der
Molen et al., 2003). Moreover, the ESN maps are easily scalable and
allow back casting over a period of 15 years to 1997, a time when the cur-
rent imagery techniques were not available (Ayanu et al.,, 2012). These
attributes make the ESN maps suitable for use in linking and quantifying
highly divergent riverine ecosystem services and their potential trade-
offs (Koopman et al., 2017). In addition, the ESN is used for other policy
analyses and scientific research supporting integrated river management
(Van der Molen et al., 2003; De Nooij et al., 2004; Straatsma et al., 2009;
Straatsma et al., 2017).

The growth rate of trees and shrubs depends on age and growth form
classes which are determined by local abiotic factors (Jansen et al., 1996).
Unfortunately, the ESN does not include data on the age of ecotopes and
height of vegetation (used to determine growth classes), which limits
calculations of age and growth form class specific annual biomass pro-
duction. Hence, we used aggregated data from different riparian areas
for softwood vegetation and assumed that this data was representative
for vegetation along the three Rhine River distributaries. We were unable
to find similar data for hardwood vegetation, which forced us to use
highly aggregated data from different environments and age and growth

form classes. Only limited data was available for riparian shrubs growing
in floodplains across the Netherlands, which meant that no distinction
could be made between hardwood and softwood shrubs. Hence, the
growth rate of riparian shrubs in general was attributed to both soft-
wood and hardwood shrubs in order to estimate shrub biomass produc-
tion. Despite the variability, we believe the data used were valid as they
have also been used in other ecosystem services assessments for policy
making such as the European and National Atlases Natural Capital
(ANCs) and ECOPLAN (ANK, 2017; ECOPLAN, 2017; Remme et al.,
2017). The variability in biomass growth rates due to aggregation of
data from different locations and environments may be reduced if
more ecotope specific data becomes available.

4.3. Effects of land-use changes, riverine management measures and suc-
cession on biomass production in floodplains along the Dutch Rhine River
distributaries

Climate change and increased runoff due to urbanization are ex-
pected to increase the peak discharge of rivers in the future
(Middelkoop et al.,, 2001; Du et al., 2012). In view of this, flood mitiga-
tion will become increasingly important. The floodplain reconstructions
that occurred between 1997 and 2012 aimed to increase the peak dis-
charge capacity of the Rhine River from 15,000 to 16,000 m® s~ !, and
to enhance the spatial quality of the riverine area (Jansen et al., 1998).
Our hypothesis was confirmed, as the land use changes and manage-
ment measures that aimed to realize the 1000 m® s~ ! increase in dis-
charge capacity (Rijkswaterstaat, 2000; Van Stokkom et al., 2005)
during this period coincided with a decrease in total biomass produc-
tion by 12 to 16% in floodplains along all three Rhine River distributaries.
This assumes that the various river management measures applied
led to the removal or conversion of vegetation. Non-woody biomass
decreased by 3.6-10% tongm, yr~ ! in total for all three Rhine River dis-
tributaries. In contrast, the total woody biomass production for the
three distributaries slightly increased by 3.0-10> tongy, yr—! during
the 15 year period. Woody vegetation only covered 7 to 10% of the
area, and was not removed to the same degree as the non-woody veg-
etation during the implementation of river management measures.
This is beneficial to the production of woody biomass but could also
positively influence floodplain riparian biodiversity. Straatsma et al.
(2017), for instance, demonstrated an increase in biodiversity due to
floodplain reconstruction measures in the same area over the period
1997-2012.

In some floodplains the total biomass production decreased while
the biomass production per hectare increased. For example, the total
production in a floodplain along the IJssel River decreased by 2.6%
while the production per hectare increased by 0.1%. This was caused
by a reduction in surface area of 4%, while the relative surface area
of vegetation types with higher growth rates such as crops increased
by 4.3%.

Between 1997 and 2012 many privately owned production grass-
lands in floodplains along the Rhine River distributaries were sold to
various nature conservation organizations. In most cases, these organi-
zations abandoned intensive agricultural activities in favor of naturally
grazed grasslands which facilitated riverine biodiversity and landscape
quality and reduced maintenance costs (Tables 2, 3; Supplementary Fig-
ure SI1; Nienhuis et al., 2002). This resulted in a reduction of the bio-
mass production of these grasslands by a factor of almost two. Due to
succession, some production grasslands changed into dry herbaceous
vegetation, also causing a reduction in biomass production of almost
two (Supplementary Table SI1; Aarts et al., 2005; Tolkamp et al.,
2006). The succession driven changes of natural grasslands into dry her-
baceous vegetation did not affect biomass production, as biomass pro-
duction rates for these land cover classes are similar (Supplementary
Table SI1).

The lowering of floodplains increased water storage and conveyance
capacity in several of the studied floodplains (Van Stokkom et al., 2005).
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The required vegetation removal in these floodplain sections caused a
decrease in biomass production, e.g., softwood forests have a higher bio-
mass production than pioneer vegetation or grasslands (Table 2). Side
channels were dug in several floodplains such as the ‘Stokebrandsweerd’
floodplain along the IJssel River (Jansen et al., 1998; Van Rooij and Van
Wezel, 2003; Van Stokkom et al., 2005; Lambermont, 2005). In most
cases, production grassland was converted into side channels in these
floodplains (Tables 2, 3; Supplementary Figure SI1). Conversely, dike re-
location increased the surface area of some floodplains leading to local
increases in biomass production. In total, 486 ha of terrestrial biomass
producing surface area were transformed to aquatic surface area, while
elsewhere, terrestrial biomass producing surface area increased by
124 ha. Therefore, measures resulted in a net decrease in biomass pro-
ducing surface area leading to a lower overall biomass production
(Figs. 1 and 3).

Vegetation affects the roughness value of the floodplain and, there-
fore, the discharge capacity. Olde Venterink et al. (2006) showed that
willow woodland has a lower roughness than reed beds. However, de-
pending on its density, height, and water depth, woody vegetation can
feature a higher hydraulic roughness than non-woody vegetation (Van
Velzen et al.,, 2002; Werner et al.,, 2005). In order to reduce roughness
in some floodplains, vegetation was removed (Rijkswaterstaat, 2000).
This may have been visible in some floodplains where woody vegeta-
tion was converted to pioneer vegetation or grasslands (Table 2). In
other floodplains, vegetation succession was allowed to proceed,
which resulted in a net increase in woody biomass production (Fig. 3;
Table 2).

The results of this study show that land-use changes, river manage-
ment measures and succession affect the biomass production of flood-
plains. Depending on the targets set by riverine management, choices
have to be made that achieve the correct balance between functions,
such as discharge capacity, and biomass related ecosystem services
(e.g., CO, sequestration; Schulp et al., 2008; Nabuurs et al., 2013). Our
study provides input data for the quantification of vegetative biomass
related ecosystem services and the analysis of potential service trade-
offs (e.g., carbon sequestration (carbon credits; European Union,
2017) vs. flood mitigating services (flood damage costs; De Moel and
Aerts, 2011).

5. Conclusions and recommendations

This study quantified the annual biomass production capacity of
floodplains along the Rhine River distributaries at a large spatiotem-
poral scale. On average, the contribution of non-woody and woody
biomass to total biomass production across the 15 year (1997-
2012) time period amounted to 94% and 6%, respectively. The flood-
plains along the IJssel River showed the highest biomass production,
both in total and per hectare. Floodplains along the Nederrijn-Lek
River produced the least amount of total biomass, while floodplains
along the Waal River featured the lowest production per hectare.
Woody biomass production was highest in floodplains along the
Waal River.

Total and non-woody biomass production decreased along all three
distributaries from 1997 to 2012 (12-16% and 13-19%, respectively),
while woody biomass production increased by 10-37%. Multiple flood
protection measures carried out during this period led to the reconstruc-
tion of floodplains and the associated removal of vegetation or conver-
sion of semi-terrestrial areas to aquatic ecotopes. The switch from
intensively managed production grasslands to natural grasslands also
caused a reduction in biomass production.

Vegetation age and local environmental conditions were not incorpo-
rated into the woody biomass calculations due to lack of data. Therefore,
we recommend further research to determine species, age and height
specific growth rates of shrub and forest ecotopes under various environ-
mental conditions.

Our approach allows spatially explicit estimations of biomass produc-
tion in floodplains which can serve as input to life cycle analyses of sus-
tainable biomass use.

Acknowledgements

This research is part of the research program RiverCare, supported by
the Dutch Technology Foundation STW, which is part of the Netherlands
Organization for Scientific Research (NWO), and which is partly funded
by the Ministry of Economic Affairs under grant number P12-14 (Per-
spective Program). The study was conducted as part of the specific
STW research project: 13519 (RiverCare E2 Ecosystem services of flood-
plain rehabilitation) and co-financed by the Ministry of Infrastructure
and the Environment (Rijkswaterstaat), Dutch National Institute for Pub-
lic Health and the Environment (RIVM), Arcadis, Deltares and Bureau
Waardenburg. We thank three anonymous reviewers for their critical re-
marks and suggestions that improved our manuscript and Jon Matthews
for language editing.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2017.12.044.

References

Aarts, H.E.M., Daatselaar, C.H.G., Holshof, G., 2005. Bemesting en opbrengst van
productiegrasland in Nederland. Plant Research International B.V. Wageningen.
ANK, 2017. Atlas Natuurlijk Kapitaal. http://www.atlasnatuurlijkkapitaal.nl/, Accessed

date: 3 January 2017.

Anonymous, 1998. Vegetatie en biomassa in bermen van de Vlaamse Gemeenschap.
Natuurtechnische verwerking van bermmaaisel in Vlaanderen, pp. 17-53.

Anonymous, 2015. Biomassa 2030, Strategische visie voor de inzet van biomassa op weg
naar 2030. Ministry of Economic Affairs, The Hague.

Ayanu, Y.Z., Conrad, C., Nauss, T., Wegmann, M., Koellner, T., 2012. Quantifying and map-
ping of ecosystem services supplies and demands: a review of remote sensing applica-
tions. Environ. Sci. Technol. 46, 8529-8541.

Baptist, M.J., Penning, W.E., Duel, H., Smits, AJ.M., Geerling, G.W., Van der Lee, G.EM., Van
Alphen, ].S.L., 2004. Assessment of the effects of cyclic floodplain rejuvenation on flood
levels and biodiversity along the river Rhine. River Res. Appl. 20, 285-297.

Bentley, RW., 2002. Global oil & gas depletion: an overview. Energ. Policy. 30, 189-205.

Bergwerff, J., Knotters, A. Vreeken, M. Willems, D., 2003. Methodeherziening
ecotopenkartering Rep. AGI-GEA-2003, RWS-AG]I, Delft.

Binkley, C.S., Brand, D., Harkin, Z., Bull, G, Ravindranath, N.H., Obersteiner, M., Nilsson, S.,
Yamagata, Y., Krott, M., 2002. Carbon sink by the forest sector — options and needs
for implementation. Forest Policy Econ. 4, 65-77.

CBS, 2016. Centraal Bureau voor de Statistiek: Akkerbouwgewassen; productie naar regio.
http://statline.cbs.nl/StatWeb/publication/?PA=710000gs, Accessed date: 1 May
2017.

Crossman, N.D., Burkhard, B., Nedkov, S., Willemen, L., Petz, K., Palomo, I., Drakou, E.G.,
Martin-Lopez, B., McPhearson, T., Boyanova, K., Alkemade, R., Egoh, B., Dunbar, M.B.,
Maes, J., 2013. A blueprint for mapping and modelling ecosystem services. Ecosyst.
Serv. 4, 4-14.

De Groot, RS., Alkemade, R,, Braat, L., Hein, L., Willemen, L., 2010. Challenges in integrating
the concept of ecosystem services and values in landscape planning, management and
decision making. Ecol. Complex. 7, 260-272.

De Moel, H., Aerts, ].CJ.H., 2011. Effect of uncertainty in land use, damage models and inun-
dation depth on flood damage estimates. Nat. Hazards 58, 407-425.

De Nooij, RJ.W.,, Lenders, HJ.R,, Leuven, R.S.EW., De Blust, G., Geilen, N., Goldschmidet, B.,
Muller, S., Poudevigne, 1., Nienhuis, P.H., 2004. BIO-SAFE: assessing the impact of phys-
ical reconstruction on protected and endangered species. River Res. Appl. 20, 299-313.

Dy, J,, Qian, L., Rui, H,, Zuo, T,, Zheng, D., Xu, Y., Xu, C.-Y., 2012. Assessing the effects of ur-
banization on annual runoff and flood events using an integrated hydrological model-
ing system for Qinhuai River basin, China. ]. Hydrol. 464-465, 127-139.

ECOPLAN, 2017. Ecoplan monitor. http://www.ecosysteemdiensten.be/cms/nl/node/12,
Accessed date: 3 January 2017.

European Union, 2017. The EU Emissions Trading System (EU ETS). https://ec.europa.eu/
clima/policies/ets_en, Accessed date: 12 January 2017.

Fang, ]., Chen, A, Peng, C., Zhao, S., Ci, L., 2001. Changes in forest biomass carbon storage in
China between 1949 and 1998. Science 292, 2320-2322.

Geerling, G.W., Ragas, AMJ., Leuven, RS.EW.,, Van den Berg, ] H., Breedveld, M., Liethebber,
D., Smits, AJ.M., 2006. Succession and rejuvenation in floodplains along the river Allier
(France). Hydrobiologia 565, 71-86.

Heller, M.C,, Keoleian, G.A., Volk, T.A., 2003. Life cycle assessment of a willow bioenergy
cropping system. Biomass Bioenergy 25, 147-165.

Ho6k, M., Tang, X., 2013. Depletion of fossil fuels and anthropogenic climate change-a re-
view. Energ Policy 5, 797-809.

Houkes, G., 2008. Toelichting omzetting ecotopenkartering 1e cyclus. RWS-DID, Delft.


https://doi.org/10.1016/j.scitotenv.2017.12.044
https://doi.org/10.1016/j.scitotenv.2017.12.044
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0005
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0005
http://www.atlasnatuurlijkkapitaal.nl/
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0015
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0015
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0020
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0020
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0025
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0025
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0025
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0030
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0030
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0035
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0040
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0040
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0045
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0045
http://statline.cbs.nl/StatWeb/publication/?PA=7100oogs
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0055
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0055
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0060
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0060
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0060
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0065
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0065
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0070
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0070
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0075
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0075
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0075
http://www.ecosysteemdiensten.be/cms/nl/node/12
https://ec.europa.eu/clima/policies/ets_en
https://ec.europa.eu/clima/policies/ets_en
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0090
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0090
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0105
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0105
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0115
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0115
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0120
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0120
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0125

K.R. Koopman et al. / Science of the Total Environment 624 (2018) 1577-1585 1585

Hupp, C.R., 2000. Hydrology, geomorphology, and vegetation of coastal plain rivers in the
South-Eastern United States. Hydrol. Process. 14, 2991-3010.

Jansen, C., 2009. Uiterwaarden. http://www.geologievannederland.nl/landschap/
landschapsvormen/uiterwaarden, Accessed date: 15 February 2017.

Jansen, ]J., Sevenster, J., Faber, PJ., 1996. Opbrengst tabellen voor belangrijke boomsoorten
in Nederland. IBN rapport. 221. Instituut voor Bos- en Natuuronderzoek.

Jansen, J.H., Hendriksen, G., Stumpe, J., 1998. Ruimte voor de Rijntakken. Arnhem,
Directoraat-Generaal Rijkswaterstaat.

Kerr, J.T., Ostrovksy, M., 2003. From space to species: ecological applications for remote
sensing. Trends Ecol. Evol. 18, 299-305.

Knotters, M., Brus, DJ., 2013. Purposive versus random sampling for map validation: a case
study on ecotope maps of floodplains in the Netherlands. Ecohydrology 6, 425-434.

Koopman, K.R., Augustijn, D.C.M., Breure, A.M., Lenders, HJ.R,, Leuven, RS.EW., 2017. Land-
scape classification systems for quantifying spatiotemporal development of riverine
ecosystem services. Freshw. Sci. (in press).

Lambermont, R., 2005. Situatie rond Zutphen, Ruimte voor de Rivier. Bureau Bovenrivieren,
Arnhem, The Netherlands.

Large, AR.G., Gilvear, DJ.,, 2014. Using Google Earth, a virtual-globe imaging platform, for
ecosystem services-based river management. River Res. Appl. 31, 406-421.

Lorenz, C., Van der Molen, D.T., 2001. RWES oevers. Witteveen + Bos, Deventer.

Makaske, B., Maas, G.J., Van den Brink, C,, Wolfert, H.P., 2011. The influence of floodplain
vegetation succession on hydraulic roughness: is ecosystem rehabilitation in Dutch
embanked floodplains compatible with flood safety standards? Ambio 40, 370-376.

Middelkoop, H., Daamen, K., Gellens, D., Grabs, W., Kwadijk, J.C].,, Lang, H., Parmet, BW.A.
H., Schédler, B., Schulla, J., Wilke, K., 2001. Impact of climate change on hydrological re-
gimes and water resources management in the Rhine basin. Clim. Chang. 49, 105-128.

Mohanty, AK., Misra, M., Drzal, L.T., 2005. Natural Fibers, Biopolymers and Biocomposites.
CRC Press, Boca Raton.

Nabuurs, GJ., Lindner, M., Verkerk, P.J., Gunia, K., Deda, P., Michalak, R., Grassi, G., 2013. First
signs of carbon sink saturation in European forest biomass. Nat. Clim. Chang. 3,
792-796.

Nedkov, S., Burkhard, B., 2012. Flood regulating ecosystem services - mapping supply and
demand, in the Etropole municpality, Bulgaria. Ecol. Indic. 21, 67-79.

Nienhuis, P.H., Leuven, RS.E.W., 2001. River restoration and flood protection: controversy
or synergism. Hydrobiologia 444, 85-99.

Nienhuis, P.H., Buijse, A.D., Leuven, RS.EW., Smits, AJ.M., De Nooij, RJ.W., Samborska, E.M.,
2002. Ecological rehabilitation of the lowland basin of the river Rhine (NW Europe).
Hydrobiologia 478, 53-72.

Olde Venterink, H., Vermaat, J.E., Pronk, M., Wiegman, F., Van der Lee, G.E.M., Van der
Hoorn, M.W., Higler, LW.G., Verhoeven, ].T.A., 2006. Importance of sediment deposi-
tion and denitrification for nutrient retention in floodplain wetlands. Appl. Veg. Sci. 9,
163-174.

Pervaiz, M., Sain, M.M., 2003. Carbon storage potential in natural fiber composites. Resour.
Conserv. Recycl. 39, 325-340.

Probos, 2014. Database Zesde Nederlandse Bosinventarisatie 2006-2012. Probos,
Wageningen.

Remme, R, et al.,, 2017. The Netherlands natural capital model. Technical Documentation.
RIVM report. 0040. RIVM, Bilthoven.

Rijke, J., Van Herk, S., Zevenbergen, C., Ashley, R,, 2012. Room for the river: delivering inte-
grated river basin management in the Netherlands. Int. J. River Basin Manag. 10,
369-382.

Rijkswaterstaat, 1998. Toelichting bij de ecotopenkartering Rijktakken-Oost 1997. RIZA,
Lelystad.

Rijkswaterstaat, 2000. Factsheet Stroomlijn: Onderhoud van begroeiing in de
uiterwaarden. Ministry of Infrastructure and the Environment.

RVR, 2017. Ruimte voor de Rivier. https://www.ruimtevoorderivier.nl/, Accessed date: 6
August 2017.

Schmitz, 0., Karssenberg, D., De Jong, K., De Kok, ].-L., De Jong, S.M., 2013. Map algebra and
model algebra for integrated model building. Environ. Model. Softw. 48, 113-128.

Schréter, M., Barton, D.N., Remme, R.P., Hein, L., 2014. Accounting for capacity and flow of
ecosystem services: a conceptualmodel and a case study for Telemark, Norway. Ecol.
Indic. 36, 539-551.

Schulp, CJ.E., Nabuurs, GJ., Verburg, P.H., 2008. Future carbon sequestration in Europe—
effects of land use change. Agric. Ecosyst. Environ. 251-264.

Silva, W, Klijn, F., Dijkman, J., 2001. Room for the Rhine branches in The Netherlands. What
the research has taught us. RIZA report 2001.031. RIZA, Ministry of Transport, Public
Works and Water Management.

Sorrel, S., Speirs, J., Bentley, R., Brandt, A., Miller, R., 2010. Global oil depletion: a review of
the evidence. Energ Policy 38, 5290-5295.

Stortelder, A., De Waal, RW., Wolf, R., 2001. Ooibossen. KNNV, Zeist.

Straatsma, M., Schipper, A.M., Van der Perk, M., Van den Brink, C., Middelkoop, H., Leuven,
RS.EW., 2009. Impact of value-driven scenarios on the geomorphology and ecology of
lower Rhine floodplains under a changing climate. Landsc. Urban Plan. 92, 160-174.

Straatsma, M.W., van der Perk, M., Schipper, A.M., de Nooij, R.J.W., Leuven, RS.EW.,
Huthoff, F., Middelkoop, H., 2013. Uncertainty in hydromorphological and ecological
modelling of lowland river floodplains resulting from land cover classification errors.
Environ. Model. Softw. 42, 17-29.

Straatsma, M.W., Bloecker, A.M., Lenders, HJ.R,, Leuven, RS.E.W., Kleinhans, M.G., 2017.
Biodiversity recovery following delta-wide measures for flood risk reduction. Sci.
Adv. 3, e1602762.

Tabacchi, E., Lambs, L., Guilloy, H., Planty-Tabacchi, A.-M., Muller, E., Décamps, H., 2000. Im-
pacts of riparian vegetation on hydrological processes. Hydrol. Process. 14, 2959-2976.

Tockner, K., Stanford, ].A., 2002. Riverine flood plains: present state and future trends. En-
viron. Conserv. 29, 308-330.

Tolkamp, G.W., Van den Berg, C.A., Nabuurs, G,.M.M,, Olsthoorn, A.F.M., 2006. Kwantificering
van beschikbare biomassa voor bio-energie uit Staatsbosbeheerterreinen. Alterra-rap-
port 1380, Alterra. Wageningen.

Tufekcioglu, A., Raich, J.W., Isenhart, T.M., Schultz, R.C., 2003. Biomass, carbon and nitrogen
dynamics of multi-species riparian buffers within an agricultural watershed in lowa,
USA. Agrofor. Syst. 57, 187-198.

Uehlinger, U., Wantzen, K.M., Leuven, R.S.EW., Arndt, H., 2009. The Rhine River Basin. In:
Tockner, K., Robinson, C.T., Uehlinger, U. (Eds.), Rivers of Europe. Elsevier. Academic
Press, Oxford, pp. 199-245.

Van der Molen, D.T., Aarts, H.P.A,, Backx, ].].G.M,, Geilen, E.F.M., Platteeuw, M., 2000. RWES
aquatisch, RIZA Report 2000.0.38. RIZA, Lelystad.

Van der Molen, D.T., Geilen, N., Backx, ].J.G.M., Jansen, BJ.M., Wolfert, H.P., 2003. Water
ecotope classification for integrated water management in the Netherlands. Eur.
Water Manag. Online. 1-14.

Van Rooij, P., Van Wezel, H., 2003. Impending Floods, United we Stand! IRMA Makes all the
Difference. IRMA Program Secretary, The Hague.

Van Stokkom, H.T.C., Smits, AJ.M., Leuven, R.S.E.W., 2005. Flood defense in the Nether-
lands: a new era, a new approach. Water Int. 30, 76-87.

Van Velzen, E.H., Jesse, P., Cornelissen, P., Coops, H., 2002. Stromingsweerstand vegetatie in
uiterwaarden Deel I Handboek versie 1.0, RIZA report 2002.140x. RIZA, Lelystad.

Van Velzen, E.H., Jesse, P., Cornelissen, P., Coops, H., 2003. Stromingsweerstand vegetatie in
uiterwaarden. RIZA report 2003.028. RIZA, Arnhem.

Villamagna, A.M., Angermeier, P.L., Bennet, E., 2013. Capacity, pressure, demand, and flow:
a conceptual framework for analyzing ecosystem service provision and delivery. Ecol.
Complex. 15, 114-121.

Wang, G, Fang, Q,, Zhang, L., Chen, W., Chen, Z., Hong, H., 2010. Valuing the effects of hy-
dropower development on watershed ecosystem services: case studies in the Jiulong
River Watershed, Fujian Province, China. Estuar. Coast. Shelf Sci. 86, 363-368.

Werner, M.G.F., Hunter, N.M,, Bates, P.D., 2005. Identifiability of distributed floodplain
roughness values in flood extent estimation. J. Hydrol. 314, 139-157.

Willems, D., Bergwerff, J., Geilen, N., 2007. RWES Terrestrisch, RIZA rapport 2007.030. RIZA,
Lelystad.


http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0130
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0130
http://www.geologievannederland.nl/landschap/landschapsvormen/uiterwaarden
http://www.geologievannederland.nl/landschap/landschapsvormen/uiterwaarden
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0140
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0140
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0145
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0145
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0150
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0150
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0155
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0155
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0165
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0165
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0165
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0170
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0170
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0175
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0175
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0185
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0185
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0185
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0190
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0190
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0190
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0195
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0195
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0200
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0200
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0205
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0205
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0205
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0210
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0210
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0215
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0215
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0220
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0220
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0225
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0225
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0225
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0230
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0230
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0235
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0235
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0240
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0240
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0250
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0250
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0250
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0255
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0255
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0260
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0260
https://www.ruimtevoorderivier.nl/
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0275
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0275
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0280
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0280
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0280
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0285
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0285
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0290
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0290
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0290
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0295
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0295
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0300
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0310
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0310
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0315
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0315
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0315
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0320
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0320
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0325
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0325
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0330
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0330
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0335
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0335
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0335
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0340
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0340
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0340
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0345
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0345
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0345
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0355
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0355
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0360
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0360
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0360
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0365
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0365
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0370
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0370
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0375
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0375
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0380
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0380
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0385
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0385
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0385
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0390
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0390
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0390
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0400
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0400
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0405
http://refhub.elsevier.com/S0048-9697(17)33463-0/rf0405

	Quantifying biomass production for assessing ecosystem services of riverine landscapes
	1. Introduction
	2. Methods
	2.1. Study area
	2.2. Ecotope System for National waterways (ESN)
	2.3. Woody biomass production
	2.4. Non-woody biomass production
	2.5. Biomass calculation for the Rhine River distributaries
	2.6. Landscape changes along the Rhine River distributaries
	2.7. Uncertainty in calculations

	3. Results
	3.1. Biomass production
	3.2. Uncertainty of biomass calculations
	3.3. Landscape changes along the Rhine River distributaries
	3.4. Biomass production changes on a floodplain scale

	4. Discussion
	4.1. Relevance to ecosystem services assessment and river management
	4.2. Uncertainties
	4.3. Effects of land-use changes, riverine management measures and succession on biomass production in floodplains along th...

	5. Conclusions and recommendations
	Acknowledgements
	Appendix A. Supplementary data
	References


