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ABSTRACT

This study is one of the first attempts to assess global environmental flow requirements (EFR), taking into
account the effect of disturbance. Shinozaki et al. (2018) proposed the global fluvial biomass model to estimate
EFR based on the primary productivity and aquatic plant biomass. Though, like other global models, the model
output is a monthly basis and does not consider extreme flow events or disturbance. However, disturbance such
as floods plays a critical role in maintaining the functions and diversity of river ecosystems. Therefore, we
improved the model by considering disturbance as an increase in shear stress that causes loss of plant biomass.
In this model, daily river flow and the river gradient determine the timing and frequency of disturbance.
According to Biggs (1996), where the river gradient is steeper than 0.5%, five times the preceding 14 days mean
flow was set as the disturbance threshold and 2.5 times in other areas, which causes a 100% loss of plant biomass.
The total global amount of aquatic plant biomass was estimated to be 1.06x10%. For verifying the model results,
we compared calculated biomass with observed values in 15 rivers around the world. We confirmed that the
results followed the trend of seasonal fluctuations, and 70% of calculated values fell within the range of the
observation sites.
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1. INTRODUCTION

Environmental flows describe the quantity, timing, and quality of freshwater flows and levels necessary to
sustain aquatic ecosystems which, in turn, support human cultures, economies, sustainable livelihoods, and well-
being (Arthington et al., 2018). Water resources are now frequently being exchanged across catchments, and
they may also be longitudinal disproportionalities in its availability. In order to assess where enough water is
available for withdrawals and meeting other human demands, it is necessary to estimate how much water is
needed to sustain freshwater ecosystems at a global scale (Pastor et al., 2014). Several global EFR models have
been proposed to this end. As a first attempt, Smakhtin et al. (2004) proposed a global EFR as a percentage of
mean annual discharge with a combination of high flow and low flow requirements based on simple hydrological
statistics. Hanasaki et al. (2008) estimated annual global EFR depending on the climatic classifications. Pastor
et al. (2014) proposed monthly EFR for the first time as global assessment using flow statistics such as Qg and
Qso. Shinozaki et al. (2018) proposed a global fluvial biomass model using primary productivity (NPP) and
longitudinal transportation of plant biomass. The novel point of this model was that the EFR thresholds were
set according to the ecological parameters (productivity and vulnerability) which cannot be evaluated by
hydrological statistics. However, global EFR methods are still based on simple hydrological methods, forced
by a lack of global ecohydrological data to limit themselves to mean annual discharge and some flow
variabilities. Therefore, they do not consider the effects of flood disturbance. Flood disturbance plays a crucial
role in improving water quality, creating a new habitat for wildlife, longitudinal and lateral transportation of
organic matters and nutrients, and reduce exotic species.

The purpose of this study is to improve the global fluvial biomass model to be able to describe one of the effects
of flood disturbance; the loss of plant biomass caused by increase of shear stress. According to the daily flow
variations, timing and the number of critical disturbances were determined to reset the biomass accumulation
within the channel. We compared the results calculated by the conventional model and the improved model to
check the effect of disturbance. We then verified the accuracy of the improved model by comparing with
observed values of 15 points in different climatic regions of the world.



2. MODEL
2.1 The global fluvial biomass model

This is a model that calculates the amount of aquatic biomass in the river (Shinozaki et al., 2018). This model
focuses on Net Primary Productivity (NPP) to assess the regional characteristics of fluvial ecosystems. NPP is
the amount of plant biomass available to support the consumer organisms. Gross primary productivity (GPP) is
the rate at which primary producers store energy through photosynthesis, a part of which is consumed for
respiration and the remainder accumulated as biomass; the rate describing the latter process is referred to as
NPP. Biomass are calculated by the equations below;
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where B is aquatic plant biomass [g/m?] , NPP is net primary production [g/m*/day], V is flow velocity [m/s], d
is the decrease rate by plant death, p is the decrease rate by grazing, f is the rate of inflow from land, f'is the
rate of biomass that flow down. In this model, d, p, and f are set as 0.1, 0.0, and 1.0 based on Shinozaki et al.
(2018). The first term on the right of the equation is the growth of plants by photosynthesis, the second term is
decrease of biomass due to respiration, decomposition and mineralization. The third term is decrease due to
predation, and the fourth term is inflow of plant biomass from terrestrial area. U is obtained by multiplying V
by the coefficient /. fis determined by exfoliation of attached algae and reduction of the flux rate according to
topography and waterworks structures. The aquatic plant (autochthonous) biomass produced within a given area
includes attached algae, herbal plankton and detritus which are regarded to have potential as food resources for
consumer organisms. Riparian plants and terrestrial woody debris, litter falls, as well as particles of aquatic
plant biomass from upstream make up allochothonous biomass. Vegetation rate f is set as 3% of river width is
set as riverbank. The model concept is shown in Figure. 1. A grid setup is used to model the river channel
network and adjacent terrestrial areas. Flow direction is indicated in each grid cell. In each cell, NPP is given.
Since NPP of aquatic vegetation is dependent on channel habitat size, channel habitat size is set using river
width and length. River width is calculated from mean monthly discharge and riverbed gradient, assuming that
the water course has a triangular cross-section. River length is derived by multiplying grid cell length (4x) and
coefficient of meander () (Figure. 1 (a)). Primary production is the main source of plant biomass, in addition
to a certain amount (S B) supplied from terrestrial vegetation. A portion of biomass enters the cell from upstream
and leaves downstream. To simplify the model, we assumed that the amount of biomass flowing out of the cell
corresponds to flow velocity (V) and is defined it as the biomass amount passing along the river length in a
specific period. In addition to these processes, a portion of biomass disappears through decomposition and
mineralization (Figure 1 (b)). Theoretically, these processes occur simultaneously.
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Figure 1. A grid layout used in the model. (a) Grid parameters. 4x: cell length; w: stream width; V: flow velocity. (b)
Inputs and outputs of a grid cell. B: biomass, NPP is net primary production, d, p, 5, f are coefficients.

3. DISTURBANCE CONSIDERED IN THIS MODEL

Disturbance is a natural event which causes a large change in wildlife habitat. In riverine ecosystem, Increase
the flow velocity and shear stress during a flood is considered as one of the major disturbances. Increase the
flow velocity and shear stress trigger the exfoliation of attached algae and transportation of plant biomass
including algae, CPOM (coarse particle organic matters) and plankton to downstream. Usually, physical
removal of attached algae begins when the average velocity exceeds 1m/s (Nakadoi et al., 2012). For example,
according to Suetsugi (2002), the flood occurred in Chikuma river in 1998 and 1999 resulted in decrease of
plant biomass by 60 percent, after the flood. Aquatic plants and attached algae also be removed from the riverbed
and flow down when the shear stress increase. Such disturbance contributes to algae growth promotion and
organic matter supply to the downstream.



3.1 Thresholds of disturbance

The disturbance dealt with this paper is flood disturbance which causes the loss of plant biomass by the increase
of shear stress. To calculate the shear stress in global scale, we used the river discharge and terrain slope to
determine the timing and frequency of disturbance. According to Biggs (1996), where the river gradient
typically 0.5%, 5 times the normal flow (preceding 7 day mean flow) causes 0-100% loss of plant biomass.
Furthermore, at lower gradient streams, 2.5 times the normal flow can cause some loss of plant biomass (Biggs,
1996). From the above, 5 times the normal flow was set as the disturbance threshold where the river gradient is
steeper than 0.5%, and 2.5 times in other areas, which causes a 100% loss of plant biomass. Figure 2 shows the
diagram of the new global fluvial biomass model including the effect of disturbance. This model distinguishes
two types of biomass; attached biomass and floating biomass. 10% of biomass is set as attached biomass and
90% as planktonic biomass. The flow down rate (f'in the equation(2))is not applied to attached biomass because
it is fixed and grow in the same cell. In addition, every 14 days, 20% of attached biomass is removed and be a
part of floating biomass. As long as the discharge exceeds the threshold, the disturbance continues. The
maximum duration of a disturbance is ten days which is based on flood experience with the aim of causing
artificial disturbance to improve the river environment at Colorado River on March, 1996 (Collier et al., 1997).
Figure 3 shows an example of determination of a disturbance. Q’ represents the preceding N day mean flow of
Di. When the threshold is n times the normal flow (Q’), since river flow at D; exceeds the threshold, it is
determined that disturbance occurs in D;. As the river flow exceeds the threshold during Di~Ds, disturbance
continues until Ds.

In this model, the occurrence of disturbance is determined from daily river flow statistics of ten years. Since
disturbance is an uncertain event, it does not happen at the same date every year. In order to identify the
approximate timing of disturbance, each month were divided into 3 terms, first (1*' - 10™), middle (11" — 20™)
and the end (21°- last day). Frequency and duration were calculated for each term. If disturbance occurs more
than 5 times in 10 years, it is determined that it occurs at standard year.

3.2 Used data

The model was established based on a global river channel network and catchment data from the 30" global
drainage map (DDM30) by Dall et al. (2002), with a spatial resolution of 0.5°x0.5° (360 x 720 grid cells
worldwide). River velocity, depth, and width were calculated using the manning's equation and the discharge.
The discharge is calculated by the HO8 model (Hanasaki et al., 2008). Average annual daily river flow of 2001-
2010 was used for simulation. River flow is calculated from the WFDEI meteorological forcing data set
(Weedon et al., 2011). The average monthly terrestrial NPP from 2001 to 2010 was used as aquatic NPP. NPP
and vegetation cover data are obtained from NASA Earth Observatory. Aquatic NPP is usually affected by
nutrient concentration and turbidity, though since solar radiation is the controlling factor of both land and aquatic
NPP, the terrestrial NPP was used as aquatic NPP. The Harmonized World Soil Database v1.2 by the Food
Agriculture Organization (2012) was used as global slope data.
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Figure 3. Disturbance Setting in this Model



4. VERIFICATION OF THE DISTURBANCE THRESHOLDS

Although Biggs determined normal flow as preceding 7-day mean flow, in this model, preceding 14-day mean
flow was used as the normal flow. Because the model resolution is 0.5 degrees, multiple river channels in a grid
are combined into one channel to calculate discharge. For this reason, the representative hydrograph is gentler
than the individual hydrographs of each river in the grid. Thus, it is hard to capture a sharp increase in the
calculation. Therefore, a 7-day mean flow cannot capture the disturbance at a global scale. Instead of this, we
used the preceding 14-day mean flow, after the following validation with an actual river, which is the growth
cycle of algal.

The occurrence of disturbance was verified using calculated and observed river flow. As observed data, the
daily river flow of 2010 at Fuji River in Japan was used (MLIT, 2010). Figure 4 shows the observed daily
discharge of Kitamatsuno Station at Fuji River and the threshold of disturbance, which is 2.5 times the preceding
7-day mean flow (hereinafter, “threshold A”). Figure 5 shows the calculated daily river flow and threshold. In
addition to threshold A, 2.5 times the preceding 14-day mean flow (hereinafter, “threshold B”) is shown in the
Figure. The peak flow calculated by HOS8 tends to be overestimated, however, it captures the general trends of
seasonal flow variabilities. Table 1 shows the number of disturbances determined by calculation and observation
flow. As a result, the estimate using the threshold B is closer to the observed outcome. Therefore, normal flow
is defined as preceding 14 days mean flow in this model.
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Figure 4. Observed daily river flow of Fuji River and threshold of disturbance.
The threshold is 2.5 times the preceding 7-day mean flow (Threshold A).
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Figure 5. Calculated daily river flow of Fuji River and threshold of disturbance.
Threshold A is 2.5 times the preceding 7 day mean flow. B is 2.5 times the preceding 14-day mean flow.

Table 1. Number of disturbances

Observation Calculation
Threshold
A A B
Jan 0 0 0
Feb 2 2 2
Mar 1 0 0
Apr 1 2 2
ay 1 1 1
Jun 2 1 2
Jul 1 0 1
Aug 0 0 0
Sep 3 1 1
Oct 3 2 2
Nov 1 1 1
Dec 2 2 2
Sum 17 12 14




5. RESULTS
5.1 Number of Disturbances

The calculated disturbance in this model is shown in Figure 6. It represents for the number of times of
disturbance that occurred during a year. The most frequent disturbance occurs in Ecuador (1° 257S, 77°25”W)
and is 25 times a year. Disturbance tends to occur frequently at low latitude area especially tropical savanna
climate zone. At South Asia such as India and Nepal, disturbance occurs in summer which is the main monsoon
season. At countries in Southeast Asia, disturbance occurs frequently in the wet seasons, roughly June to
November. European countries such as England and Ireland are also disturbance-prone area, which occurs in
relatively wet season in winter.

5.2 Global fluvial biomass
5.2.1 Result of calculation

Using the disturbance calculated above, global biomass was estimated. Figure 7 shows the distribution of annual
average biomass. The global annual average amount of biomass was 1.06x10® t. The calculated result without
considering disturbance was 1.07x10°® t. This falls within the range of estimates from the previous studies which
is 0.40x10° t~1.45x10°t (Shinozaki et al., 2018). The global average amount of biomass decreased by 0.93% if
considering disturbance. Though we attempted to describe the effect of disturbance in the model, there was
small difference in the global total.
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Figure 6. Number of occurrences of disturbance
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Figure 7. Annual average amount of biomass



However, at the regional scale, the results of the biomass differed depending on whether or not disturbance was
considered. Figure 8 displays the reduction rate of annual average calculated biomass after considering
disturbance. In areas belong to tropical savanna climate zone such as Northern Australia, Mid Africa, and places
where are affected by monsoon and cyclones such as Indonesia and Madagascar, biomass decreased by more
than 5%. Comparing Figure 8 and Figure 6, despite that disturbance occurred in high latitude area such as
Greenland and northern Russia, there is no difference in biomass, because the NPP itself is small in such regions.

5.2.2Verification

To confirm how the disturbance affects the amount of biomass in this model, the annual biomass fluctuation is
illustrated. Figure 9 shows the annual change of biomass of Mogami River. From the graph it is confirmed that
the new model succeeded in demonstrating the effect of disturbance. The disturbance occurs in February, June
and September. Each disturbance represents snowmelt, heavy rains during rainy season, and floods by typhoon
respectively. The graph shows that all plant biomass is washed away at the time of disturbance. Though plant
biomass become zero immediately after the disturbance, it quickly recovers the same level of the case without
considering the disturbance. On average, biomass takes 22 days to be to same value of the conventional model.
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Figure 9. Annual change of biomass

6. DISCUSSIONS

Calculated results were compared with the observed value of 15 rivers of the world (Figure 10). References are
shown in Table 2. The amount of plant biomass in a river varies greatly depending on the flow condition, season,
and measurement method even at the same point. The difference may become 10? times, as can be seen from
the observation range in Figure. 10. The reason is that aquatic plants are easily washed away by flooding, that
the generation shift is fast (weeks or months), and that the biomass changes significantly due to slight
environmental changes. Even without disturbance, biomass in successive years can vary by as much as twice
(Mulholland, 1981). As it can be seen from the fluctuation range of Yangtze River, plant biomass has a hundred-
time difference even if it is the same point. Therefore, if the calculated value fit in this range it indicates the
model value is acceptable. From Figure 10, biomass calculated by the new model of 11 points fits in this range.
On the whole, it tends to be overestimated compared to the observed value, especially in small streams such as
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Bear Brook, White Clay Creek, and Logan River. HO8 overestimates the results in small basins because the
calculated flow equals to the total flow of all river channels in the grid. This is the performance limit of the
global model.

Table 3 shows the rate of reduction by disturbance of annual average amount of plant biomass for each
observation point. The reduction rate of [lha Grande and Bear Brook are 2.99% and 5.28% respectively, which
are greater than the global average rate (0.93%). Since the simulation resolution is 0.5°x0.5°, these small streams
are represented in one grid cell. Therefore, inflow from upstream are not calculated and only decrement by
disturbance is reflected in calculation.
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Figure 10. Ratio of calculated value of annual average biomass to observed value.

Table 2. References of the observation value

Observation point Reference
Amazon Brazil Costa (2005)
Yangtze tl)liver China
Danube Germany
Mississippi US.A. Humborg (1997)
Congo River =~ Cong
Upper Mississippi ~ U.S.A. Webster et al. (1997)
Segura River Spain Velasco et al. (2003)
Amami Japan Abe et al. (2008)
Tama River Japan Aizaki (1980)
Chikuma River Japan Yagi (1983)
A ala(]:3hicoll(a [CJaélina Behzad et al. (2000)
ear Broo S.A.
White clay creek  U.S.A. Pennak et al. (1979)
Ilha grande Brazil Moulton et al. (2015)

Table 3. Comparison of calculated results and reduction rate
Calculated Value (t/haly)

Basin Observation point  qywih disturbance @Without disturbance Reduction rateD/@ (%)
Yangtze 26.49 26.60 0.39
Danube 22.44 22.46 0.08
Ilha Grande 0.59 0.61 2.99
Estuary Mississippi 20.07 20.13 0.28
Congo 25.36 25.44 0.28
Apalachicola 2.84 2.84 0.00
White clay creek 2.54 2.54 0.00
Downstream Amazon 27.65 27.71 0.22
Segura 3.16 3.17 0.46
Tama 2.02 2.02 0.00
) Chikuma 2.87 2.87 0.00
Middlestream vy, Mississippi 281 281 0.00
Bear Brook 5.13 541 5.28
Upper stream Logan 1.80 1.80 0.00




7. CONCLUSIONS

The conventional global fluvial biomass model was improved and become able to consider the effect of increase
in shear stress. Our model represents for flood disturbance mainly occurs in low latitude areas and calculate
amount of aquatic plant biomass considering disturbances. Globally, annual average amount of biomass
decreased by only 0.93% due to disturbance. In regional scale, more than 5% of biomass decreased at areas near
the equator, while there were almost no changes at high latitude area despite of disturbance. In this paper, we
also compared the calculated results with the observed value of 15 rivers. Overall the calculation value are
slightly above the observation value, and 70% fall within the observation range. We still have following
challenge to overcome: to describe the other effect of disturbance which is the inflow from the floodplain.
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