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Silicon Retention in River Basins: Far-reaching
Effects on Biogeochemistry and Aquatic Food
Webs in Coastal Marine Environments
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Regulation of rivers by damming as well L SR [ % o ;
as eutrophication in river basins has j . J s - :
substantially reduced dissolved silicon
(DSi) loads to the Black Sea and the
Baltic Sea. Whereas removal of N and P
in lakes and reservoirs can be compens-
ated for by anthropogenic inputs in the
drainage basins, no such compensation

occurs for DSi. The resulting changes in \\ }/
the nutrient composition (DSi:N:P ratio) of A
river discharges seem to be responsible R

for dramatic shifts in phytoplankton spe- L

cies composition in the Black Sea. In the : N I
Baltic Sea, DSi concentrations and the RSN WO NS T Ay
DSi:N ratio have been decreasing since 60 AN A D T R -

the end of the 1960s, and there are indi-
cations that the proportion of diatoms in
the spring bloom has decreased while
flagellates have increased. The effects on
coastal biogeochemical cycles and food

web structure observed in the Black Sea 3 £.
and the Baltic Sea may be far reaching, .
because it appears that the reductions in 14

DSi delivery by rivers are probably oc-
curring worldwide with the ever increasing

. . 50°— ~
construction of dams for flow regulation.
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INTRODUCTON

The loads of nitrogen (N) and phosphorus (P) discharged to ithi@ an amorphous form known as biogenic silica (BSi) to con-
coastal zone have on a global scale increased by factors 2.5tmofct their cell walls (frustules). If concentrations of DSi are low
and 2.0, respectively (1); resulting from human activities suohn depleted, there should be fewer diatoms, allowing other
as the synthesis of fertilizer nitrogen and the mining of phgshytoplankton species to bloom in their place (6).
phate rock (2). By contrast, decreasing trends are being observédntil recently, there has been only speculation about the po-
in the load of dissolved silicon (DSi) (3, 4). These dramatiential effects of decreased DSi inputs from land for coastal eco-
changes in nutrient loads and composition (DSi:N:P ratios) eystems (3, 7). Harmful and nuisance phytoplankton blooms ob-
tering coastal seas will have far reaching effects on coastal esmved worldwide have been attributed mainly to marine
systems. eutrophication due to increased N and P inputs (2). In this pa-
Phytoplankton play a crucial role in marine ecosystems as tlhpsy, we will argue that the DSi fluxes are, to a large extent, al-
represent the base of the marine food web as primary prod@ady altered in rivers. Potential driving forces are eutrophication
ers. The availability of nutrients is essential for phytoplankt@nd damming, both factors enhancing the sedimentation and,
growth and the mixture of nutrients can greatly influence spius, retention of BSi and particles containing silicon in the river
cies composition of the phytoplankton community. Diatoms acatchments.
the most important group of planktonic algae in terms of biomass
in the majority of marine ecosystems accounting for 60% of tRATA SETS
world’s primary production (5). Beside N and P, DSi is also arhe data presented in this paper were derived from different
essential nutrient to diatoms. Diatoms take up DSi and depasiinitoring programs along the Baltic Sea and Black Sea shore-
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Figure 2. Satellite picture of the “Iron Gate” dam, located at the Yugoslavian/Romanian border (IRS—1C—WIFS, ground resolution 5 m).
Courtesy of H. Siegel.

lines, and at the river mouths of major rivers. Many of the mehange at this coastal station indicating that the Danube’s fresh-
jor rivers in the catchments of the Baltic Sea and the Black Seater discharges remained uninfluenced. Thus, both time inter-
drainage basins are dammed (Fig. 1). vals before and after damming are comparable with respect to
An international monitoring program, performed by all riparthe hydrological regime. For dissolved inorganic nitrogen and
ian countries, since the 1970s as well as time series data ftosphorus compounds no decrease has been observed, becaus
all rivers allows for an estimate of changes in ecological conditore N and P are emitted by man, compensating the reservoir
tions in the Baltic Sea due to changes in river catchments (8,
9). Data sets that include measurements of nutrients and 120 20
phytoplankton before and after a dam’s construction exist for ffgure 3. 1 . (a)
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the onset of dam operation. In contrast, the salinity did not 0 DS (UM)
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uptake. Thus, for the Danube nutrient discharges dissolved
organic nitrogen (DIN) and dissolved inorganic phosphor
(DIP) have been increasing within the last 20 years, whereas
decreased dramatically (10).
In the Romanian coastal waters, diatoms (Fig. 4a) have b
the most important phytoplankton group before the damming
the Danube River. The altered nutrient discharge patterns of
Danube caused an increase in algal blooms, in addition to
increased biomass a dramatic change in phytoplankton spe
composition was observed (13). A comparison between peri
preceding and following the dam construction (Table 1) clea
reveals that phytoplankton species are not dependent on DSi
as dinoflagellates (Fig. 4b) and that prymnesiophytes bec
more and more important. While diatom blooms increased b
factor of 2.5, blooms of non-diatoms such as dinoflagellates,
prymnesiophyte€miliania huxleyi(coccolithophore, Fig. 4c)
and the facultative toxic speci€romulinasp. as well as the
EuglenophyteEutreptia lanowiiincreased by a factor of 6. Be-
fore the construction of the dams, blooms of coccolithophorff
were only reported from far offshore regions, and later in t
season (14). The impact of the “lron Gate” dams on phyt
plankton assemblages in the Black Sea can be demonstrate|
the following calculations: The annual increase in DIN loa
of the Danube since the early 1970s is estimated to be al
500 000 t. Assuming a molar DSi:N ratio of 0.65 &keleto-
nema costatur(il5), the predominant diatom species in the arg
a DSi uptake of about 650 000 t would be required to remg
this nitrogen. Remarkably, this corresponds to the amountj#*y
DSi, which is being retained in the reservoir each year (abg§
600 000 t). This simple calculation implies that a large part
the increase in DIN load of the Danube, after damming of t
river, is being removed by non-diatom species. This example g
shows that the reduction of DSi by dams can be as importan
the increase in N concentrations for the changes in phytoplank
species composition in coastal seas.
It appears that the decreased DSi flux from the Danube has
resulted in decreased DSi concentrations in the surface la
throughout the sea. In Figure 3b, DSi concentrations meas
during a cruise by US scientists in 1969 (16, 17) are compa
with recent data (4). The DSi concentrations decreased drg
cally in the upper surface layer down to the pycnocline, a sh
density gradient that separates high salinity deep water fro
less saline upper surface layer that is influenced by freshwd
delivered by the river. The observed decrease amounts to al
1500 mmol 1t or 14.7 x 16tonnes for the entire central Black
Sea basin. Again, there is a correspondence to the DSi loss
to the Danube dam. Over the last 20 years there has been
tention of DSi of about 11.8 x i@onnes by the “Iron Gates”.
Therefore, 80% of the DSi decrease can be related to this d
Similar effects by dams on DSi discharge of the rivers are c(
ceivable also for the Dnepr and Dnestr (Fig. 1), which contri : Hansan | Bahla [10W)
ute abOUt 20% Of the freshwatel‘ |nput |nt0 the B|aCk Sea Thmre 4. Micrographs Showmg (a) a diatom Cyc/o[e//a sp.;
results show that by far the largest part of the DSi reduction(iha dinoflagellate Heterocapsa triquetra ; and (c) a prymnesiophyte

the central basin is caused by dam construction around the Bl [kania huxieyi (coccolithophore) observed in the Danube
Sea plume area in 1993.

Baltic Sea
. . . Table 1. Cell densities and bloom frequency of different
Larsson et al. (18) estimate a fourfold and eightfold increase e S g v GG 170 [P A5 11 o et

total nitrogen (TN) and total phosphorus (TP) loads, respectivg  Black Sea coastal waters (13), blooms are defined here as > 5 x
since the beginning of this century, with a major increase ¢ 10°cellsL ™.

curring since the 1950s. Recent trend studies during the last 1960-1970 1986-1990
ades (19) have shown that generally DIN, and to a lesser ex| [Cf(')'sdciﬂiit,i_?ﬁ ngmg;rsof [Cf(')'sdciﬂgitli_?ﬁ ngmg;rsof
DIP, have increased in the entire Baltic Sea. An annual incre
of roughly 5% for nitrate and 2—3% for phosphate is estimat Diatt%lms | 7-21 8 5-300 19

; H R ; Dinoflagellates 17-51 4 5-810 14
for the period 1970-1990 (19). During this period the san g gienaphytes z _ 2 108 A
trends are not found for the riverborne nutrient load (20), wh| Prymnesiophytes ~ — = 220-1000 3
the atmospheri_c load has increased monotonously since | total blooms 12 42
1950s (21). While the loads seem more or less constant du
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this period, the total amounts in the water mass are still increast -
ing, indicating a long time-scale of ecosystem adjustment in the,,, _'F;;-'-tj" e LE
Baltic Sea (8). - i = 0.2 POy
Contrary to DIN and DIP, both the DSi concentration and the ' | ® et
DSi:N ratio have been decreasing since the end of the 19608 iys
the Baltic (22, 23). In fact, the latter ratio is approaching unity, 1%, @ b
i.e. one that corresponds to the diatom demand. There are n@ir'™ | g —
dications, as mentioned above, of a significant change in the BS sa @ b,
load by the rivers during that time. However, major dammiry . | s
operations in the Baltic Sea catchment took place long befgre = - N D
the monitoring program started, and occurred mainly in Scepfn- 10— O
dinavia. However, reliable data on nutrient concentrations &re ., B
difficult to find for that period. In Figure 5, the relation between : ~
the river DSi concentrationgs. reservoir live storage of 20
Swedish and Finnish rivers is given. The reservoir live storage az TS wuken
is expressed as the percentage of the mean annual discharge - Ry i
the river system that can be contained in reservoirs (24) and, thus * '
is a measure for the degree of damming of a river. The “live”
storage refers to the volume that can be withheld in, and subse-
quently released from, the reservoir. An inverse relationshipFigure 5. River dissolved silicon (DS) concentraions  vs.
apparent between the degree of damming and the DSi congefervoir live storage (see text) of 20 Swedish/Finnish
tration. Most of these rivers that have been dammed drain inters.
the Gulf of Bothnia. The damming effect can be seen in both
more eutrophied as well as in very oligotrophic rivers, which are
arbitrarily defined here by their mean phosphate concentration
(Fig. 5). The Lulealven, for example, which is the heavieattered nutrient inputs on the plankton community can not be
dammed river in Eurasia, with 72% recorded live storage (2dgmonstrated. The lack of measurable effects on the ecosystem
is a very oligotrophic river with a mean DSi concentration aftructure in the Baltic Sea is probably caused by the limited data
41 pM. By comparison, the oligotrophic rivers Ranedalven arsgt, which starts from 1979, long after perturbations began. How-
Kalixalven, which are not dammed and are situated near theer, during the last assessment period (1989-1993) in the
Lulealven, have mean DSi concentrations of 128 andvB8e- HELCOM analysis (29) of the Baltic Proper, it is reported that
spectively. The very low DSi concentration in the Luleélven catihe proportion of diatoms in the spring bloom has decreased
therefore, to a large extent, be caused by the damming effecivhile flagellates have increased. Up to now this was only at-
Assuming a “pristine” DSi concentration of about 11 tributed to mild winters (30).
(Fig. 5) the amount of DSi loads reduced by dam constructions
in 7 oligotrophic rivers in Sweden (Daldlven, LjunganpISCUSSION
Indalsalven, Angermanalven, Umeélven, Luleélven, Skellefte- ] o )
alven) can be estimated. These calculations reveal that af@ming and Eutrophication of Rivers
140 000 t yt* less DSi is transported by these rivers annuallWhat are the main processes governing the silicon cycle in the
For the more eutrophic Finnish rivers Oulujoki and Kokenmérainage areas? The main source of DSi to the coastal ocean is
enjoki a further reduction of 20 000 tcan be estimated. Thesefrom continental weathering (5, 31). The upper limits of DSi con-
numbers agree surprisingly well with estimates of changes in temntrations of natural waters are related to equilibrium reactions
rate of DSi depletion in the Bothnian Sea and Bothnian Bay (2&tween water and various silicon phases and can not be easily
25, 26) of about —4% ¥t which corresponds to aboutdetermined. DSi concentrations vary in relation to environmen-
140 000 t yr'. The falling trend in DSi concentrations is obtal factors such as rock type, relief, vegetation, and water resi-
served in the entire Baltic, but is most pronounced in the GdEnce times in the soil and river bed (32). In addition, the aver-
of Bothnia, where almost all discharging rivers are heavibge temperature of the drainage basin determines the DSi con-
dammed and primary production is generally low (25). centration (33). The mean global DSi concentration is about 150
In addition to the damming effect, which may be almost epM (5), which conforms with the one undammed “endmember”
tirely responsible for DSi reductions in the Gulf of Bothnia, thexs the Scandinavian rivers in Figure 5 as well as with our esti-
is evidence that DSi is also retained with eutrophication in theates of the “pre-dammed” Danube concentrations.
river basin. Examples of this are the Neva, which is the largesit is obvious from the data presented that reservoirs act as a
river discharging into the Baltic Sea, and the Gotaélv, both dragilicon trap, but it is not fully clear what the main processes re-
ing some of the largest European lakes (Ladoga in Russia apdnsible for the reservoir retention are. It appears that the “ar-
Vanern in Sweden). Both river/lake systems are dammed (réficial lake effect” (34) is present in all sizes of rivers ranging
ervoir live storage of 4 and > 54, respectively, (24), but alf@m small Swedish rivers up to major world rivers such as the
eutrophied (27, 28). These rivers have the lowest mean DSi cDanube, the Colorado River (35), or the Fly River (36). The most
centrations of all the major Baltic Sea rivers averaging ca. fifbnounced example might be the Nile River, where the DSi
MM (23). concentration dropped up to 200 after the Aswan High Dam
It appears, that much of the observed reduction in DSi stavas in operation (37).
age in the Gulf of Bothnia and the Baltic Proper, which is esti-Dams convert a river into a lake, increasing water residence
mated to be about 280 000 t'y{25), can be explained by dam-imes and often improving light conditions in the water column,
ming of lakes in the catchments of the Scandinavian rivers. lgising the preconditions for algal growth, including diatoms.
hypothesized that the major rivers draining into the southern pdih sedimentation rates of diatoms in the reservoir might pre-
of the Baltic play a minor role, as these rivers are far legsnt the return of DSi in the frustule to the water column. On
dammed and do not contain major lakes in their catchments cahe other hand, there is also a substantial sedimentation of inor-
pared to the boreal rivers and the Neva. ganic particles occurring in reservoirs. Large fractions of these
In most parts of the open Baltic Proper, coherent effectsaéy minerals are silicate minerals. The deposition and loss of

v} 20 Al 6 BD
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suspended clay sediments from the river system could allow foimp in the short term is determined by the relative abundance
additional retention of reactive forms of silicon in these artiféf the two species: diatoms appear to be more efficient in car-
cial deposition sites. bon sequestration than coccolithophores. In the open ocean, DSi

Eutrophication effects in rivers are likely to play a less intemand of diatoms is met by DSi-rich water reaching the sea
portant role, although diatoms are an important componentsafface by upwelling. In the coastal waters, diatom populations
phytoplankton composition in rivers (38). Primary production @re additionally sustained by DSi input by rivers. A direct rela-
rivers is often light-limited due to high turbidity and, furthermoreionship between freshwater injection during the monsoon sea-
the retention of DSi is limited to available deposition sites. Natsen and an increased flux of carbon and BSi to the deep ocean
ral deposition sites are, of course, lakes where eutwas shown for the receiving waters of the Ganges/Bramaputra
phication has definitely increased diatom production and €B3). Any changes in the river nutrient mix resulting from DSi
hanced the retention of DSi (39, 40). One of the best known casehiction can thus have significant impact on carbon cycling in
of this phenomenon is the Great Lakes (41). the coastal marine region.

Eutrophication and the increased sediment accumulation of
diatom silica occur not only in lakes (41) and behind dams, 52kiti ook
also in coastal marine environments (42). While some of the mbie retention of DSi in aquatic ecosystems has increased world-
significant perturbations of diatom assemblages in the Baltic,véisle and merits further investigation on land as well as in the
recorded in the sediment record, occurred ca. 1850 (43), sigraéia. We have to know what controls the biogeochemical cycle
cant increases in diatom abundance have been noted in surfadfiailicon in different aquatic systems along the aquatic con-
sediments from the northern Baltic Proper (44, 45). It is theteruum including natural lakes, reservoirs, rivers, and the coastal
fore likely that reductions in the storage of DSi reported in tseas up to the open ocean. Little is known about changes in the
Baltic (25), can also be influenced by enhanced deposition gmdduction of DSi with land use. The long-term effects of dis-

storage in Baltic sediments. turbance with agriculture or the more recent effect of acid rain
) i on weathering, and thus the production of DSi, is not known.
Biogeochemical and Food Web Effects The obviously significant physicochemiaal biological DSi re-

The importance of DSi in structuring phytoplankton commurtiention in reservoirs and lakes has to be further investigated.
ties has been well-established (6, 46). The resultant effects dfoday, about 36 000 dams are in operation (54), 20% of the
DSi depletion on biogeochemical element cycles and food-wglbbal river flow is dammed or diverted (55). The possible eco-
structure, however, are poorly known but potentially devastaigical effect in the sea might have important implications for
ing. Until now, we can only speculate about what a changeSE Asia, where fertilizer use is rapidly increasing (2) and ma-
diet means for zooplankton and the upper trophic levels inclyok rivers are being dammed at alarming rates. The Three Gorges
ing fish. A classical food chain in the coastal sea is dominag@nming of the Yangtzse River is one of the latest impressive
by diatoms, which are the usual food for zooplankton (copepodgamples. On the Yellow River low rainfall and the construc-
and contribute in a direct way to large fishable populationstion of dams have led to a nearly 50% drop in water and sedi-
the coastal zone. There is some evidence that the share of coasat discharge (56). However, societal benefits of dams and res-
diatom production and copepod abundance was lowered duertwirs are obvious, and include the modulation of river flow be-
reduced DSi river discharges (7, 47). Thus, a changing phytween wet and dry periods, irrigation for agriculture and the pro-
plankton species composition will have repercussions on the @aetion of hydroelectric power. Therefore, it might not be the
tire pelagic food web and might have enormous economic iquestion of whether a dam is built, but how a new dam can be
pacts. built to minimize undesirable side effects (56).

The occurrence of potential toxic flagellate blooms has becom®ur hypotheses on the potential effects on biogeochemical
more frequent in many coastal areas all over the world (46)cycles in the coastal seas are admittedly speculative and we are
similar increase of non-siliceous phytopankton species as taagre that it is a big jump from the results presented for the Bal-
described for the northwestern Black Sea waters has also heeBea and the Black Sea to tropical oceans. However, coastal
observed in the North Sea (48) or the Mississippi River sheldters account for about 30—50% of global oceanic “new” pro-
system (47, 49). There is evidence that an increased DSi rethrttion (57). It is hardly possible to overestimate the potential
tion in the Missisippi and Rhine catchments play an importegffects on the marine food web: reducing the diatom-to-
role for new coastal blooms (47, 50). However, noxious bloonzeoplankton-to-higher trophic level food webs, and increasing
for example, oPhaeocystis pouchetin the North Sea and thethe proportion of flagellate algae (7, 47). More harmful algal
toxic bloom ofChrysochromulina polylepighich caused mas- blooms, less fish, and changes in carbon sequestration might be
sive fish kills in the Skagerrak in 1988, occurred partially d@lditional possible effects.
to changes in the DSi:N ratios caused by marine eutrophication
(51). The Black Sea and Baltic Sea examples demonstrate Rff{erences and notes
ambiguously that increased DSi retention does not appear oh-l3{{"336’;?%kﬁaﬁgggﬁgwggggg%@fgfer group: a response to a growing global concern.
in the receiving waters, i.e. the coastal seas, there is a main comixon, S.w. 1995. Coastal marine eutrophication: A definition, social causes, and fu-
tribution taking place in the river basins. Until UOW* there ha\@ tggaﬁICe(;/erSrG.S{,Jpsréiléalsile,lgcg.fl:ﬁd Stoermer, E.F. 1993. Modification of the bio-
been few examples reported of river regulation and/or river geochemical cycle of silica with eutrophicatidfer. Ecol. Prog. Ser. 11179-192.
eutrophication affecting a marine ecosystem in this way. BUt thiS River gacn on Biack Sea bioguschemiaty and scotysem sinatree 566 388
IS SImply .due to the fact that there are pnly afew data sets avg!lﬁ'?gguer, P., Nelson, D. M. van Bennekom, A. J., DeMaster, D. J., Leynaert, A. and
able that include measurements of DSi before and after changesuéguiner, B. 1995. The silica balance in the world ocean: a reestSnigace 268
in river- and land-use practices far inland. As demonstrated, COH‘%%}%?K and Aksnes, D.L. 1992: Silicate as a regulating nutrient in Phytoplankton
paring the DSi concentration at the river mouths with fragmen- competitionMar. Ecol. Prog. Ser. §281-289. T _
tation and flow-regulation patterns in the catchment can partly Jjicel, G Ane RYEer St L9080, T, possible importance of siicon in marine
solve this problem. 8. Wulff, F., Stigebrandt, A. and Rahm, L. 1990. Nutrient dynamics in the Baltic Sea.

Siicon s also of interest because of ts link to the carbon cy: é?%?n'iclge,lf‘?‘léss‘%%. Notrntoads 0 the Balic Sek3ping Studes i Ars and Scr-
cle. DSi plays a crucial role in the biological uptake of car ence 146Ph.D. Thesis, Linkdping University Sweden. _
dioxide by the ocean, by the so called biological pump (52). G?Q'- fh%?{géz.é‘ 't'hg ggr%g?\’ia%"cggsr?govrv%te% 3?%5 "B‘Tiz:kkaéii%ubﬁ e ré"z gggloglcal
bally, diatoms and coccolithophores (calcareous species) areﬁI

. X X D, ; . h%gérgstrdm, S. and Carlsson, B. 1994. River runoff to the Baltic Sea: 1950Ah890.
major players in this process. The efficiency of the biological 23 80-287.
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