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these platforms and much of this information is
being made online to students around the world, in
addition to the scientists that use the data.

Summary

Offshore structures are concentrated in areas of oil
and gas development off most coastal countries of
the world. Platforms will be a common sight along
the world’s coastlines for as long as hydrocarbon
resources are present. Although the industry pro-
vides the energy to fuel the world, the presence of
offshore structures has both positive and negative
impacts concerning pollution, navigation, and
fisheries production. Current development and re-
search is being implemented for the best use of
offshore structures concerning these issues. Offshore
structures are the result of remarkable feats of en-
gineering, and engineers are continually challenged
in the design and in the removal guidelines within
the constraints of current technology.

See also

Acoustic Scattering by Marine Organisms. Coral
Reef Fishes. Coral Reefs. Demersal Fishes. Metal
Pollution. Oil Pollution. Pelagic Fishes.
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Introduction

Rivers represent the major link between land and the
ocean. Presently rivers annually discharge about
35000 km’ of freshwater and 20-22 x 10° tonnes of
solid and dissolved sediment to the global ocean. The
freshwater discharge compensates for most of the net
evaporation loss over the ocean surface, ground-
water and ice-melt discharge accounting for the re-
mainder. As such, rivers can play a major role in de-
fining the physical, chemical, and geological character
of the estuaries and coastal areas into which they flow.

Historically many oceanographers have con-
sidered the land-ocean boundary to lie at the mouth
of an estuary, and some view it as being at the head
of an estuary (or, said another way, at the mouth of
the river). A more holistic view of the land-ocean
interface, however, might include the river basins
that drain into the estuary. This rather unconven-
tional view of the land-sea interface is particularly
important when considering the impact of short- and
medium-term changes in land use and climate, and
how they may affect the coastal and global ocean.

Uneven Global Database

A major hurdle in assessing and quantifying fluvial
discharge to the global ocean is the uneven quantity
and quality of river data. Because they are more
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likely to be utilized for transportation, irrigation,
and damming, large rivers are generally better
documented than smaller rivers, even though, as
will be seen below, the many thousands of small
rivers collectively play an important role in the
transfer of terrigenous sediment to the global ocean.
Moreover, while the database for many North
American and European rivers spans 50 years or
longer, many rivers in Central and South America,
Africa and Asia are poorly documented, despite the
fact that many of these rivers have large water and
sediment inputs and are particularly susceptible to
natural and anthropogenic changes.

The problem of data quality is magnified by the
fact that the available database spans the latter half
of the twentieth century, some of the data having
been collected > 20-40 years ago, when flow pat-
terns may have been considerably different to
present-day patterns. In many cases, more recent
data can reflect anthropogenically influenced condi-
tions, often augmented by natural change. The Yel-
low River in northern China, for example, is
considered to have one of the highest sediment loads
in the world, 1.1 billion tonnes y~'. In recent years,
however, its load has averaged < 100 million tons,
in response to drought and increased human re-
moval of river water. How, then, should the average

Table 1 Basin area, runoff, and discharge for various global
rivers

River Basin area Runoff Discharge
(x10°km?)  (mmy~?) (km?y—%)

Amazon 6300 1000 6300
Congo 3800 360 1350
Ganges/Bramaputra 1650 680 1120
Orinoco 1100 1000 1100
Yangtze (Changjiang) 1800 510 910
Parana/Uruguay 2800 240 670
Yenisei 2600 240 620
Mekong 800 690 550
Lena 2500 210 520
Mississippi 3300 150 490
Choshui (Taiwan) 3.1 1970 6.1
James (USA) 20 310 6.2
Cunene (Angola) 100 68 6.8
Limpopo (Mozambique) 380 14 5.3

The first 10 rivers represent the highest discharge of all world
rivers, the Amazon having discharge equal to the combined
discharge of the next seven largest rivers. Basin areas of these
rivers vary from 6300 (Amazon) to 800 (Mekong) x 10°km?, and
runoffs vary from 1000 (Amazon) to 150mmy~* (Mississippi).
The great variation in runoff can be seen in the example of the
last four rivers, each of which has roughly the same mean
annual discharge (5.3-6.8km®y %), but whose basin areas and
runoffs vary by roughly two orders of magnitude.

sediment load of the Yellow River be reported - as
a long-term average or in its presently reduced
state?

Finally, mean discharge values for rivers cannot
reflect short-term events, nor do they necessarily
reflect the flux for a given year. Floods (often related
to the El Nind/La Nifia events) can have particularly
large impacts on smaller and/or arid rivers, such
that mean discharges or sediment loads may have
little relevance to short-term values. Despite these
caveats, mean values can offer sedimentologists and
geochemists considerable insight into the fluxes (and
fates) from land to the sea.

Because of the uneven database (and the often
difficult access to many of the data), only in recent
years has it been possible to gather a sufficient
quantity and diversity of data to permit a quantitat-
ive understanding of the factors controlling fluvial
fluxes to the ocean. Recent efforts by Meybeck and
Ragu (1996) and Milliman and Farnsworth (2002)
collectively have resulted in a database for about
1500 rivers, whose drainage basin areas collectively
represent about 85% of the land area emptying into
the global ocean. It is on this database that much of
the following discussion is based.

Quantity and Quality of Fluvial
Discharge

Freshwater Discharge

River discharge is a function of meteorological
runoff (precipitation minus evaporation) and drain-
age basin area. River basins with high runoff but
small drainage area (e.g., rivers draining Indonesia,
the Philippines, and Taiwan) can have discharges as
great as rivers with much larger basin areas but low
runoff (Table 1). In contrast, some rivers with low
runoff (such as the Lena and Yenisei) have high
discharges by virtue of their large drainage basin
areas. The Amazon River has both a large basin
(comprising 35% of South America) and a high
runoff; as such its freshwater discharge equals the
combined discharge of the next seven largest rivers
(Table 1). Not only are the coastal waters along
north-eastern South America affected by this enor-
mous discharge, but the Amazon influence can be
seen as far north as the Caribbean > 2000km
away. The influence of basin area and runoff in
controlling discharge is particularly evident in the
bottom four rivers listed in Table 1, all of which
have similar discharges (5.3-6.2km’y~') even
though their drainage basin areas and discharges
can vary by two orders of magnitude.



Sediment Discharge

A river’s sediment load consists of both suspended
sediment and bed load. The latter, which moves by
traction or saltation along the river bed, is generally
assumed to represent 10% (or less) of the total
sediment load. Suspended sediment includes both
wash load (mostly clay and silt that is more or less
continually in suspension) and bed material load
(which is suspended only during higher flow); bed
material includes coarse silt and sand that may
move as bed load during lower flow. A sediment-
rating curve is used to calculate suspended sediment
concentration (or load), which relates measured
concentrations (or loads) with river flow. Sediment
load generally increases exponentially with flow, so
that a two-order of magnitude increase in flow may
result in three to four orders of magnitude greater
suspended sediment concentration.

In contrast to water discharge, which is mainly
a function of runoff and basin area, the quantity
and character of a river’s sediment load also depend
on the topography and geology of the drainage
basin, land use, and climate (which influences veg-
etation as well as the impact of episodic floods).
Mountainous rivers tend to have higher loads than
rivers draining lower elevations, and sediment loads
in rivers eroding young, soft rock (e.g., siltstone) are
greater than rivers flowing over old, hard rock (e.g.,
granite) (Figure 1). Areas with high rainfall gener-
ally have higher rates of erosion, although heavy
floods in arid climates periodically can carry huge
amounts of sediment.

The size of the drainage basin also plays an
important role. Small rivers can have one to two
orders of magnitude greater sediment load per unit
basin area (commonly termed sediment yield) (Fig-
ure 1) than larger rivers because they have less flood
plain area on which sediment can be stored, which
means a greater possibility of eroded sediment being
discharged directly downstream. Stated another
way, a considerable amount of the sediment eroded
in the headwaters of a large river may be stored
along the river course, whereas most of the sediment
eroded along a small river can be discharged directly
to the sea, with little or no storage.

Small rivers are also more susceptible to floods,
during which large volumes of sediment can be
transported. Large river basins, in contrast, tend to
be self-modulating, peak floods in one part of the
basin are often offset by normal or dry conditions in
another part of the basin. The impact of a flood on
a small, arid river can be illustrated by two 1-day
floods on the Santa Clara River (north of Los
Angeles) in January and February 1969, during
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Figure 1 Suspended sediment discharge from rivers with vari-
ous sized basins draining wet mountains in south-east Asia with
young (assumed to be easily erodable) rocks (dots); wet moun-
tains in south Asia, north-eastern South America, and west
Africa with old (assumed to be less erodable) rocks (open
diamonds); and semi-arid to humid mountainous and upland
rivers in the Eurasian Arctic. Sediment loads generally increase
with basin size, and are one to two orders of magnitude greater
for south-east Asian rivers than for rivers with equal rainfall but
old rocks, which in turn are greater than for rivers with old rocks
but less precipitation (A). Sediment yields for smallest south-
east Asian rivers are as much as two orders of magnitude
greater than for the largest, whereas the yield for Eurasian
Arctic rivers shows little change with basin size (B).

which more sediment was transported than the
river’s cumulative sediment load for the preceding
25 years! The combined effect of high sediment
yields from small rivers can be seen in New Guinea,
whose more than 250 rivers collectively discharge
more sediment to the ocean than the Amazon River,
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Table 2 Basin area, TSS (mgl~%), annual sediment load, and sediment yield (tkm?per year) for various global rivers

River Basin area 7SS Sediment load Sediment yield
(x10° knm?) (9/7%) (x10°ty—1) (t km=2 y=1)

Amazon 6300 0.19 1200 190

Yellow (Huanghe) 750 25 1100 1500

Ganges/Bramaputra 1650 0.95 1060 640

Yangtze (Changjiang) 1800 0.51 470 260

Mississippi 3300 0.82 400 (150) 120 (45)

Irrawaddy 430 0.6 260 600

Indus 980 2.8 250 (100) 250 (100)

Orinoco 1100 0.19 210 190

Copper 63 14 130(?) 2100

Magdalena 260 0.61 140 540

Fitzroy-East (Australia) 140 0.31 2.2 16

Arno (Italy) 8.2 0.69 2.2 270

Santa Ynez (USA) 2 23 2.3 1100

Mad (USA) 1.2 17 2.2 1800

Loads and yields in parentheses represent present-day values, the result of river damming and diversion. The first 10 rivers
represent the highest sediment loads of all world rivers, the Amazon, Ganges/Brahmaputra and Yellow rivers all having
approximately equal loads of about 1100 x 10°ty~*. No other river has an average sediment load greater than 470 x 10°ty~1).
Discharges for these rivers vary from 6300 (Amazon) to 43 xkm®y~* (Yellow), and basin areas from 6300 (Amazon) to

63 x 10°km2?y~" (Copper). Corresponding average suspended matter concentrations and yields vary from 0.19 to 25 and 190 to
2100, respectively. The great variation in values can be seen in the example of the last four rivers, which have similar annual
sediment loads (2.2-2.3 x 10°ty %), but whose average sediment concentrations and yields vary by several orders of magnitude.

whose basin area is seven times larger than the
entire island.

Our expanded database allows us to group river
basins on the basis of geology, climate, and basin
area, thereby providing a better understanding of
how these factors individually and collectively influ-
ence sediment load. Rivers draining the young, easily
eroded rocks in the wet mountains of south-east
Asia, for instance, have one to two orders of magni-
tude greater sediment loads (and sediment yields)
than similar-sized rivers draining older rocks in wet
Asian mountains (e.g., in India or Malaysia), which
in turn have higher loads and yields than the rivers
from the older, drier mountains in the Eurasian
Arctic (Figure 1).

Because of the many variables that determine
a river’s sediment load, it is extremely difficult to
calculate the cumulative sediment load discharged
from a land mass without knowing the area, mor-
phology, geology, and climate for every river drain-
ing that land mass. This problem can be seen in the
last four rivers listed in Table 2. The Fitzroy-East
drains a seasonally arid, low-lying, older terrain in
north-eastern Australia, whereas the Mad River in
northern California (with a much smaller drainage
basin), drains rainy, young mountains. Although the
mean annual loads of the two rivers are equal, the
Mad has 112-fold greater sediment vyield than
the Fitzroy-East. The Santa Ynez, located just north
of Santa Barbara, California, has a similar load and

yield, but because it has much less runoff, its aver-
age suspended sediment concentration is 13 times
greater than the Mad’s.

Dissolved Solid Discharge

The amount of dissolved material discharged from
a river depends on the concentration of dissolved
ions and the quantity of water flow. Because dis-
solved concentrations often vary inversely with flow,
a river’s dissolved load often is more constant
throughout the year than its suspended load.

Dissolved solid concentrations in river water
reflect the nature of the rock over which the water
flows, but the character of the dissolved ions is
controlled by climate as well as lithology. Rivers
with different climates but draining similar litholo-
gies can have similar total dissolved loads compared
with rivers with similar climates but draining differ-
ent rock types. For example, high-latitude rivers,
such as those draining the Eurasian Arctic, have
similar dissolved solid concentrations to rivers
draining older lithologies in southern Asia, north-
eastern South America and west Africa, but lower
concentrations than rivers draining young, wet
mountains in south-east Asia (Figure 2).

The concentration of dissolved solids shows
little variation with basin area, small rivers often
having concentrations as high as large rivers (Figure
2B). At first this seems surprising, since it might be
assumed that small rivers would have low dissolved



RIVER INPUTS 2423

10 000

1000

=
o
o
|
[ ]

‘>\
g
s 104 o ° %
g ) Qo x)ﬁ*
: ., ode
8 17 oo Do X X
S <,
g &0 °
= (o
o 0.1
8 ° ° O 0
fa)
L]
0.01+ .' o
0.001 T T T T T
0.01 0.1 1 10 100 1000 10000
GV Drainage basin area (x10° km’)
1000 _
® SE Asia
& Asia/ Africa/S Amer.
¥ Eurasian Arctic
) °5
g g
(2] L] ° o & x
o °
S 100 °° ° e x,
o ° S xx X
2 x ®
Q O e
3 Jo . °
° < % x
*
o 4]
< o
[
10 \ \ O \ \
0.01 0.1 11 0 100 1000 10000
(B) Drainage basin area (xlO3 kmz)

Figure 2. Dissolved solid load versus basin area for rivers
draining south-east Asian rivers (solid dots), south Asia, west
Africa, north-east South America (open diamonds - high rainfall,
old rocks), and the Canadian-Eurasian Arctic (asterisks - low
precipitation, old rocks). Note that while the dissolved loads
relative to basin size are much closer than they are for sus-
pended load, the difference seems to increase with decreasing
basin area (A). The lack of correlation between dissolved con-
centrations and basin area (B) suggests that residence time of
a river’s surface water may play less of a role than ground water
in determining the quantity and character of the dissolved solid
fraction.

concentrations, given the short residence time of
flowing water. This suggests an important role of
ground water in both the dissolution and storage of
river water, allowing even rivers draining small
basins to discharge relatively high concentrations of
dissolved ions.

Four of the 10 rivers with highest dissolved solid
discharge (Salween, MacKenzie, St Lawrence, and
Rhine) in Table 3 are not among the world leaders
in terms of either water or sediment discharge
(Tables 1 and 2). The prominence of the Rhine,
which globally can be considered a second-order
river in terms of basin area, discharge, and sediment
load, stems from the very high dissolved ionic con-
centrations (19 times greater than the Amazon),
largely the result of anthropogenic influence in its
watershed (see below).

The last four rivers in Table 3 reflect the diversity
of rivers with similar dissolved solid discharges. The
Cunene, in Angola, is an arid river that discharges
about as much water as the Citandy in Indonesia,
but drains more than 20 times the watershed area.
As such, total dissolved solid (TDS) values for the
two rivers are similar (51vs 62mgl™"), but the
dissolved yield (TDS divided by basin area) of the
Cunene is < 1% that of the Citandy. In contrast,
the Ems River, in Germany, has a similar dissolved
load to the Citandy, but concentrations are roughly
three times greater.

Fluvial Discharge to the Global Ocean

Collectively, the world rivers annually discharge
about 35000 km? of fresh water to the ocean. More
than half of this comes from the two areas with
highest precipitation, south-east Asia/Oceania and
north-eastern South America, even though these two
areas collectively account for somewhat less than
20% of the total land area draining into the global
ocean. Rivers from areas with little precipitation,
such as the Canadian and Eurasian Arctic, have
little discharge (4800 km®) relative to the large land
area that they drain ( > 20 x 10°km?).

A total of about 20-22x10°ty~' of solid
and dissolved sediment is discharged annually.
Our estimate for suspended sediment discharge
(18 x 10’ ty ") is less accurate than our estimate for
dissolved sediment (3.9 x 10°ty~") because of the
difficulty in factoring in both basin area (see above)
and human impact (see below). Given the young,
wet mountains and the large anthropogenic influ-
ence in south-east Asia, it is perhaps not surprising
that this region accounts for 75% of the suspended
sediment discharged to the global ocean. In fact, the
six high-standing islands in the East Indies (Su-
matra, Java, Celebes, Borneo, Timor, and New
Guinea) collectively may discharge as much sedi-
ment (4.1x10°ty~") as all non-Asian rivers com-
bined. Southeast Asia rivers are also the leading
exporters of dissolved solids to the global ocean,
1.4x10°ty ! (35% of the global total), but Europe
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Table 3 Basin area, TDS (mgl~?%), annual dissolved load, and dissolved yield (t/km? per year) for various global rivers

River Basin area DS Dissolved load Dissolved yield
(x10° km?) (mgl=*) (x10°ty™%) (tkm=2y 1)
Amazon 6300 43 270 43
Yangtze (Changjiang) 1800 200 180 100
Ganges/Bramaputra 1650 130 150 91
Mississippi 3300 280 140 42
Irrawaddy 430 230 98 230
Salween 320 310 65 200
MacKenzie 1800 210 64 35
Parana/Uruguay 2800 92 62 22
St Lawrence 1200 180 62 52
Rhine 220 810 60 270
Cunene (Angola) 110 51 0.35 3
Torne (Norway) 39 30 0.37 9
Ems (Germany) 8 180 0.34 42
Citandy (Indonesia) 4.8 62 0.38 79

The first 10 rivers represent the highest dissolved loads of all world rivers, only the Amazon, Yangtze, Ganges/Brahmaputra, and
Mississippi rivers having annual loads > 100 x 10°ty~*. Discharges vary from 6300 (Amazon) to 74 xkm®y~* (Rhine), and basin
areas from 6300 (Amazon) to 220 x 10°km? (Rhine). Corresponding average dissolved concentrations and yields vary from 43 to
810 and 43 to 270, respectively. The bottom rivers have similar annual dissolved loads (0.34-0.38 x 10°ty %), but their average
sediment concentrations and yields vary by factors of 6-26 (respectively), reflecting both natural and anthropogenic influences.

and eastern North America are also important, ac-
counting for another 25%.

Another way to view river fluxes is to consider
the ocean basins into which they empty. While the
Arctic Ocean occupies < 5% of the global ocean
basin area (17 x10°km?), the total watershed
draining into the Arctic is 21 x 10°km? meaning
a land/ocean ratio of 1.2. In contrast, the South
Pacific accounts for one-quarter of the global ocean
area, but its land/ocean ratio is only 0.05 (Table 4).
The greatest fresh water input occurs in the North
Atlantic (largely because of the Amazon and, to
a lesser extent, the Orinoco and Mississippi), but
the greatest input per unit basin area is in the Arctic

(28cmy ™! if evenly distributed over the entire

basin). The least discharge per unit area of ocean
basin is the South Pacific (4.5cmy~" distributed
over the entire basin). In terms of suspended sedi-
ment load, the major sinks are the Pacific and In-
dian oceans (11.1 and 4 x10°ty~!, respectively),
whereas the North Atlantic is the major sink for
dissolved solids (1.35x10°ty~"; Table 4), largely
due to the high dissolved loads of European and
eastern North American rivers.

This is not to say, of course, that the fresh water
or its suspended and dissolved loads are evenly dis-
tributed throughout the ocean basins. In fact, most
fluvial identity is lost soon after the river discharges

Table 4 Cumulative oceanic areas, drainage basin areas, and discharge of water, suspended and dissolved solids of rivers

draining into various areas of the global ocean

Oceanic Basin area Drainage basin Water discharge Sediment load Dissolved load
area (x10° km?) (x10° km?) (km?y~") (x10°ty™%) (x10°ty™Y)
North Atlantic 44 30 12800 2500 1350

South Atlantic 46 12 3300 400 240

North Pacific 83 15 6000 7200 660

South Pacific 94 5 4300 3900 650

Indian 74 14 4000 4000 520

Arctic 17 21 4800 350 480

Total 358 98 35200 18000 3900

For this compilation, it is assumed that Sumatra and Java empty into the Indian Ocean, and that the other high-standing islands in
Indonesia discharge into the Pacific Ocean. Rivers discharging into the Black Sea and Mediterranean area are assumed to be part
of the North Atlantic drainage system. (Data from Milliman and Farnsworth, 2001.)
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into the ocean due to mixing, flocculation, and
chemical uptake. In many rivers, much of the sedi-
ment is sequestered on deltas or in the coastal zone.
In most broad, passive margins, in fact, little sedi-
ment presently escapes the inner shelf, and very little
reaches the outer continental margin. During low
stands of sea level, on the other hand, most fluvial
sediment is discharged directly to the deep sea,
where it can be redistributed far from its source(s)
via mass wasting (e.g., slumping and turbidity cur-
rents). This contrast between sediment discharge
from passive margins during high and low stands of
sea level is the underlying basis for sequence strati-
graphy. However, in narrow active margins, often
bordered by young mountains, many rivers are
relatively small (e.g., the western Americas, East
Indies) and therefore often more responsive to
episodic events. As such, sediment can escape the
relatively narrow continental shelves, although the
ultimate fate of this sediment is still not well
documented.

Changes in Fluvial Processes and
Fluxes -— Natural and Anthropogenic

The preceding discussion is based mostly on data
collected in the past 50 years. In most cases it
reflects neither natural conditions nor long-term
conditions representing the geological past. While
the subject is still being actively debated, there
seems little question that river discharge during the
last glacial maximum (LGM), 15000-20000 years
ago, differed greatly from present-day patterns.
Northern rivers were either seasonal or did not flow
except during periodic ice melts. Humid and sub-
humid tropical watersheds, on the other hand, may
have experienced far less precipitation than they do
at present.

With the post-LGM climatic warming and ensu-
ing ice melt, river flow increased. Scattered terres-
trial and marine data suggest that during the latest
Pleistocene and earliest Holocene, erosion rates and
sediment delivery increased dramatically as glacially
eroded debris was transported by increased river
flow. As vegetation became more firmly established
in the mid-Holocene, however, erosion rates appar-
ently decreased, and perhaps would have remained
relatively low except for human interference.

Few terrestrial environments have been as affec-
ted by man’s activities as have river basins, which is
not surprising considering the variety of uses that
humans have for rivers and their drainage basins:
agriculture and irrigation, navigation, hydroelectric
power, flood control, industry, etc. Few, if any,
modern rivers have escaped human impact, and

with exception of the Amazon and a few northern
rivers, it is difficult to imagine a river whose flow
has not been strongly affected by anthropogenic
activities. Natural ground cover helps the landscape
resist erosion, whereas deforestation, road construc-
tion, agriculture, and urbanization all can result in
channelized flow and increased erosion. Erosion
rates and corresponding sediment discharge of rivers
draining much of southern Asia and Oceania have
increased substantially because of human activities,
locally as much as 10-fold. While land erosion in
some areas of the world recently has been decreas-
ing (e.g., Italy, France, and Spain) due to decreased
farming and increased reforestation, deforestation
and poor land conservation practices elsewhere, par-
ticularly in the developing world, have led to accel-
erated increases in both land erosion and fluvial
sediment loads.

While increased river basin management has led
to very low suspended loads for most northern
European rivers, mining and industrial activities
have resulted in greatly elevated dissolved concen-
trations. Compared to south-east Asian rivers,
whose waters generally contain 100-200mgl™"
dissolved solids, some European rivers, such as
the Elbe, can have concentrations greater than
1000mgl™" (Figure 3), in large part due to the
mining of salt deposits for potassium. Since the fall
of the Soviet empire, attempts have been made to
clean up many European rivers, but as of the late
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Figure 3 Dissolved solid concentration for south-east Asian
rivers (also shown in Figure 2) compared with the much higher
concentrations seen in northern European rivers (excluding
those in Scandinavia). The markedly higher levels of dissolved
solids in northern European rivers almost certainly reflects
greater mining and industrial activity.
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1990s, they still had the highest dissolved concentra-
tions in the world.

Interestingly, while sediment loads of rivers may
be increasing, sediment flux to the ocean may be
decreasing because of increased river diversion (e.g.,
irrigation and flood protection through levees) and
stoppage (dams). As of the late 1990s there were
> 24000 major dams in operation around the
world. The nearly 200 dams along the Mississippi
River, for example, have reduced sediment dis-
charge to the Gulf of Mexico by > 60%. In the
Indus River, construction of irrigation barrages in
the late 1940s led to an 80% reduction in the
river’s sediment load. Even more impressive is the
almost complete cessation of sediment discharge
from the Colorado and Nile rivers in response to
dam construction. Not only have water discharge
and sediment flux decreased, but high and low flows
have been greatly modulated; the effect of this
modulated flow, in contrast to strong seasonal sig-
nals, on the health of estuaries is still not clear.

Decreased freshwater discharge can affect the cir-
culation of shelf waters. Many of the nutrients util-
ized in coastal primary production are derived from
upwelled outer shelf and slope waters as they are
advected landward to offset offshore flow of surface
waters. Decreased river discharge from the Yangtze
River resulting from construction of the Three
Gorges Dam might decrease the shoreward flow of
nutrient-rich bottom shelf waters in the East China
Sea, which could decrease primary production in an
area that is highly dependent on its rich fisheries.

Retaining river water within man-made reservoirs
also can affect water quality. For example, reservoir
retention of silicate-rich river water can lead to
diatom blooms within the man-made lakes and thus
depletion of silicate within the river water. One
result is that increased ratios of dissolved nitrate
and phosphate to dissolved silica may have helped
change primary production in coastal areas from
diatom-based to dinoflagellates and coccolitho-
phorids. One result of this altered production may
be increased hypoxia in coastal and shelf waters in
the north-western Black Sea and other areas off
large rivers.

Taken in total, negative human impact on river
systems seems to be increasing, and these anthropo-
genic changes are occurring faster in the developing
world than in Europe or North America. Increased
land degradation (partly the result of increased
population pressures) in northern Africa, for in-
stance, contrasts strongly with decreased erosion in
neighboring southern Europe. Dam construction in
Europe and North America has slackened in recent
years, both in response to environmental concerns

and the lack of further sites of dam construction,
but dams continue to be built in Africa and Asia.

Considering increased water management and
usage, together with increased land degradation, the
coastal ocean almost certainly will look different
100 years from now. One can only hope that the
engineers and planners in the future have the fore-
sight to understand potential impacts of drainage
basin change and to minimize their effects.

See also

Estuarine Circulation. Flows in Straits and Chan-
nels. Ocean Circulation.
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Introduction

Intertidal rocky shores have been described as ‘su-
perb natural laboratories’ and a ‘cauldron of scient-
ific ferment’ because a rich array of concepts has
arisen from their study. Because intertidal shores
form a narrow band fringing the coast, the gradient
between marine and terrestrial conditions is sharp,
with abrupt changes in physical conditions. This
intensifies patterns of distribution and abundance,
making them readily observable. Most of the organ-
isms are easily visible, occur at high densities, and
are relatively small and sessile or sedentary. Because
of these features, experimental tests of concepts
have become a feature of rocky-shore studies, and
the critical approach encouraged by scientists such
as Tony Underwood has fostered rigor in marine
research as a whole.

Rocky shores are a strong contrast with sandy
beaches. On sandy shores, the substrate is shifting
and unstable. Organisms can burrow to escape
physical stresses and predation, but experience con-
tinual turnover of the substrate by waves. Most of
the fauna relies on imported food because macro-
algae cannot attach in the shifting sands, and pri-
mary production is low. Physical conditions are
relatively uniform because waves shape the substrate.
On rocky shores, by contrast, the physical substrate
is by definition hard and stable. Escape by burrowing
may not be impossible, but is limited to a small suite
of creatures capable of drilling into rock. Macroalgae
are prominent and iz situ primary production is high.
Rocks alter the impacts of wave action, leading to
small-scale variability in physical conditions.

Research on rocky shores began with a phase
describing patterns of distribution and abundance.
Later work attempted to explain these patterns
- initially focusing on physical factors before shift-
ing to biological interactions. Integration of these
focuses is relatively recent, and has concentrated on
three issues: the relative roles of larval recruitment
versus adult survival; the impact of productivity;
and the effects of stress or disturbance on the struc-
ture and function of rocky shores.

Zonation

The most obvious pattern on rocky shores is an
up-shore change in plant and animal life. This often
creates distinctive bands of organisms. The species
making up these bands vary, but the high-shore
zone is frequently dominated by littorinid gastro-
pods, the upper midshore prevalently occupied by
barnacles, and the lower section by a mix of lim-
pets, barnacles, and seaweeds. The low-shore zone
commonly supports mussel beds or mats of algae.
Such patterns of zonation were of central interest to
Jack Lewis in Britain, and to Stephenson, who pion-
eered descriptive research on zonation, first in South
Africa and then worldwide.

In general, physical stresses ameliorate progres-
sively down the shore. In parallel, biomass and
species richness increase downshore. Three factors
powerfully influence zonation: the initial settlement
of larvae and spores; the effects of physical factors
on the survival or movement of subsequent stages;
and biotic interactions between species.

Settlement of Larvae or Spores

Many rocky-shore species have adults that are
sessile, including barnacles, zoanthids, tubicolous
polychaete worms, ascidians, and macroalgae.
Many others, such as starfish, anemones, mussels,



