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Sea level rose rapidly from the Last 
Glacial Maximum (LGM, ~18,000 years 
ago) until it stabilized about 7000 years 
ago. A millennium later, the rudiments 
of early civilizations appeared. However, 
the factors that might have spurred the 
fi rst civilizations are a subject of debate, 
with proposals ranging across many pos-
sibilities from drought to the infl uence of 
individual rulers. 

We hypothesize that sea level stabi-
lization contributed signifi cantly to the 
rapid advent of civilizations. Evidence 
from regions around the world shows 
that societies with class distinctions fi rst 
emerged near coastal margins [e.g., Day 

et al., 2004; Kennett and Kennett, 2006], but 
there is little understanding of this pro-
cess on a global scale. We show that the 
stabilization of sea level and the conse-
quent dramatic increase in coastal mar-

gin productivity (CMP)—which resulted 
in increased availability of the high-qual-
ity food necessary for the development of 
urban lifestyles—provide an explanation 
for the timing and location of emerging 
civilizations, and their varying regional 
characters. The coastal margin includes 
the continental shelf, nearshore upwell-
ing zones, estuaries, and lower river 
fl oodplains affected by coastal water 
levels.

Coastal Margin Productivity 

Since the end of the LGM, maximum sea 

level has risen about 120 meters in regions 

distant from the major ice sheets. Before sea 

level stabilized, coastlines moved rapidly 

across continental shelves. For a 100-kilo-

meter-wide shelf, the shoreline advanced at 

a rate of about 1 kilometer per century, and 

depth increased at the rate of 1–2 meters per 

century, a rate that is too rapid for coastal 

margin habitats to mature. Shelf slope gradi-

ents generally range from 1:1000 to 1:20,000 

(i.e., the Persian Gulf) compared with 1:200 

for continental slopes. Thus, a typical estua-

rine depth change of 10 meters covers 2 kilo-

meters on the slope versus 10–200 kilome-

ters on the shelf. Observations [Alley et al., 

2005] and simulations [Milne et al., 2005] 

indicate that a period of relative sea level 

stability began approximately 7000 years 

ago, after which time sea level changed only 

a few meters. 

As more shelf regions became inundated 

by the encroaching ocean, more shallow 

water areas were created in the coastal 

margin. Further, global average tempera-

ture increased by 6°C in the 10,000 years 

after the LGM. Because biological activ-

ity increases nonlinearly with temperature, 

biological activity would have increased 

signifi cantly. Light conditions in shallow 

coastal waters are favorable to aquatic pri-

mary production, and light decreases expo-

nentially with depth, and thus expanded 

shallow-water coastal margin ecosystems 

would have resulted in enhanced aquatic 

productivity. Overall, CMP likely increased 

by an order of magnitude or more, proba-

bly changing from less than 300 grams dry 

weight per square meter per year to between 

1000 and 2000 grams dry weight per square 

meter per year. 

Oceanic primary productivity is currently 

approximately 125 grams dry weight per 

square meter per year, compared with about 

500 for upwellings, 300 for shelves, 2000 for 

estuaries, and 1000 for fl oodplains. Coastal 

margin food chains are supported by sev-

eral productive plant communities (e.g., wet-

lands, sea grasses, phytoplankton, algae, 

fl oodplain forests). Moreover, most oce-

anic planktonic primary productivity is con-

sumed in the microbial food web, whereas 

much more production in estuaries is chan-

neled into large organisms that are available 

for human exploitation, such as fi sh. Cur-

rently, estuarine fi sh production can reach 

1000 kilograms per hectare per year, com-

pared with 100–500 for shelves and less than 

100 for open oceans (Figure 1). The relative 

abundance in coastal ecosystems of organ-

isms available for human exploitation was 

signifi cant for early urban societies. Among 

the advantages they offer, coastal margin 

habitats are often productive at different 

times of the year, especially in tropics and 

subtropics, providing a more constant food 

supply throughout the year. Also, coastal 

resources are easily accessible to humans, 

ensuring ample supplies of high-quality 

food year-round, including polyunsaturated 

omega-3 fatty acids, which are abundant in 

fi sh and essential for human fetal develop-

ment and adult maintenance. Especially in 

arid and semiarid environments, the con-

trast in productivity between coastal eco-

systems and nearby land ecosystems is pro-

found. Thus, societies with nascent urban 

characteristics appeared soon after sea level 

stabilization and earlier among farming 

communities located near coastal margins 

than in those in continental interiors. 

Rivers further enhance CMP by supply-

ing soil, nutrients, and organic matter. As 

sea level stabilized, coastal habitats, such 

as deltas, wetlands, and reefs, developed to 

their fullest [Stanley and Warne, 1997] and 

freshwater residence time increased. Nitro-

gen retention in coastal systems is related to 

freshwater residence time, so more nitrogen 

was retained in the coastal margins [Nixon 

et al., 1986]. Nitrogen generally puts limits 

on CMP, so increased residence time led to 

Emergence of Complex Societies 
After Sea Level Stabilized 

More than 99% of the known matter in 

the universe is ionized into the plasma state. 

This cosmical plasma is generally permeated 

by magnetic fi elds. Hence, magnetic fi elds, 

and the concepts of magnetic fi eld lines and 

magnetic fi eld line motion, are of fundamen-

tal interest in the physics of space plasmas, 

including those that constitute the near envi-

ronment of the Earth and other planets. 

W. Belcher discussed the concept of mag-

netic fi eld line motion as a useful tool in 

teaching electromagnetic theory in an arti-

cle in Eos [Belcher, 2005]. However, there 

are some important limitations and pitfalls 

to this concept, none of which is mentioned 

in the article by Belcher. 

The common defi nition of magnetic fi eld 

line velocity, used also by Belcher [2005], is 

        v = E×B/B2.  (1)

This construct is a useful tool for visual-

izing the temporal evolution of a magnetic 

fi eld confi guration under conditions where 

this approach produces the same answer as 

does Maxwell’s equations. However, it has 

been shown [Newcomb, 1958; Longmire, 1963; 

Mozer, 2005] that the same answer is obtained 

only when the fi elds satisfy the requirement

        B × curl [B(E×B/B2)] = 0.  (2)

This equation is most easily satisfi ed 

when the parallel electric fi eld (the electric 

fi eld component parallel to the magnetic 

fi eld line) is zero.

The purpose of these comments is to urge 

caution in using the moving magnetic fi eld 

line construct because two kinds of prob-

lems have arisen from its misuse.

The fi rst kind of problem is that the construct 

of moving fi eld lines is sometimes used to pro-

duce the incorrect magnetic fi eld evolution in 

cases where equation (2) is not satisfi ed. In 

fact, the most interesting plasma physics occurs 

precisely where and because this equation is 

not satisfi ed, such as the auroral acceleration 

region, magnetic fi eld reconnection, turbu-

lence, shocks, and many wave modes.

The second concern is that the construct 

of moving fi eld lines is sometimes confused 

with the concept of moving fl ux tubes. A 

fl ux tube can be thought of as an ensemble 

of fi eld lines that are identifi ed by their low-

energy plasma, which moves at the E×B/B2 

velocity. Some researchers have asserted 

that as the plasma moves from region A to 

region B at this velocity, the fi eld lines that 

were at A are later at B, so the magnetic fi eld 

lines moved together with the plasma. 

This conclusion is wrong for two rea-

sons. First, it is meaningless to assert that a 

fi eld line that was at A is now at B, because 

there is no way to identify or distinguish one 

magnetic fi eld line from another. Second, 

the concept of moving magnetic fi eld lines 

is reasonable if it is used only for visualiz-

ing the temporal evolution of the magnetic 

fi eld, and then, only if equation (2) is satis-

fi ed. This point is emphasized by the fact 

that there are an infi nite number of fi eld line 

velocities that produce the correct temporal 

evolution of the fi eld when equation (2) is 

satisfi ed [Vasyliunas, 1972]. 

Belcher [2005] gives a number of exam-

ples where the concept of moving magnetic 

fi eld lines gives a correct representation of 

the evolution of the real fi eld line pattern 

because his examples all satisfy equation (2). 

The following two examples illustrate what 

happens when this equation is not satisfi ed.

Consider a time-independent magnetic 

dipole fi eld in the presence of a homoge-

neous electric fi eld parallel to the dipole 

axis, as in Figure 1. Below the equatorial 

plane, E×B/B2 points into the plane of the 

paper, as indicated, while above the plane, 

E×B/B2 points out of the plane. Thus, fi eld 

lines that move with this velocity will contin-

ually twist out of a meridional plane while, 

in reality, the fi eld lines remain undistorted 

and confi ned to the meridional plane. The 

reason for the difference between reality 

and the results obtained from equation (1) is 

that equation (2) is not satisfi ed in this case. 

Another example of how the concept of 

moving magnetic fi eld lines can be decep-

tive is that of a homogeneously magnetized 

conducting sphere surrounded by vacuum 

and rotating around its axis. For someone 

thinking of magnetic fi eld lines as entities 

that can ‘move,’ it is a not an uncommon fal-

lacy to believe that the magnetic fi eld lines 

outside the spherical magnet ‘rotate with the 

magnet’ and that this rotating fi eld is capa-

ble of exerting a force on a test charge at rest, 

due to the percieved ‘relative’ motion bet-

ween the test charge and the magnetic fi eld. 

What really happens is very different. 

As the spherical magnet is conducting, a 

charge on its surface will be subject to a 

magnetic force. This causes a redistribution 

of charges until the electric fi eld from these 

charges gives a force that precisely balances 

the magnetic force. The result is an electro-

static potential on the surface of the sphere 

with the equator having a potential oppo-

site to that of the poles. This establishes a 

quadrupolar electrostatic potential throug-

hout the surrounding vacuum. 

On the Concept of Moving 
Magnetic Field Lines        
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Fig. 1. Relationship between aquatic primary 
productivity and fisheries for estuarine and 
marine systems (modified from Nixon [1982]). 
Primary production is related to fisheries yield 
with post–Last Glacial Maximum estuaries 
being 10 times more productive than open 
marine systems.

Fig. 2. Distribution of early urban societies. The distribution of coastal mangroves and salt marsh-
es is indicated by dark and light shades. 
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higher CMP. Nutrients in coastal waters were 

also elevated by increased river discharge 

due to higher rainfall. 

As a result of all these factors, large 

organisms were able to fl ourish in coastal 

margins, presenting emerging coastal com-

munities a source of sustenance, and reason 

to congregate and organize.

Archaeological Analysis 

Given the relatively narrow time and loca-

tion during which vast coastal margin food 

resources appeared, we analyzed locations 

in coastal margins to ascertain if there was 

a link to the origins of civilization (Figure 

2). ‘Civilization’ broadly includes urban, 

state-governed societies beyond the scope 

of Neolithic agricultural villages. We also 

included complex social organizations that 

could mobilize large labor forces, such as 

the Olmec in Mexico and Poverty Point in 

the lower Mississippi valley of the United 

States. Urbanization was manifested as 

monumental architecture (e.g., pyramids, 

platforms, mounds, monoliths). Although 

regional archaeologists have not considered 

the worldwide scope of CMP increase and 

that the development of civilizations was a 

synchronized, worldwide phenomenon, they 

have understood for some time that the ori-

gin of more complex regional societies was 

often related to the availability of coastal 

margin resources, [e.g., Kennett and Kennett, 

2006; Stanley and Warne, 1997]. 

Two conclusions arise from our study. 

First, the appearance of early civilizations, 

initially as villages with ranked societies, 

occurred near estuaries and lower fl ood-

plains of large rivers in tropical to temperate 

locales and within a relatively narrow time 

window postdating sea level stabilization. 

Second, following sea level stabilization, a 

typical trajectory led from coastal villages 

with nascent social classes to urban societ-

ies more distant from shore. For example, 

Zhengzhou, China, and Ur-by-the-Sea, Iraq, 

were originally class-based coastal soci-

eties. These societies were moved a mil-

lennium or two later to more strategically 

advantageous inland locations at Xi’an, 

China, and Uruk, Iraq. These urban popula-

tions appeared suddenly in a ‘supernova-

like’ fashion representing a phase transition 

in human social organization [Yoffee, 2005]. 

Recognizing sea level stabilization as a 

factor in the origin of civilization divides 

the post-LGM period into two broad epochs 

(Figure 3). During the Neolithic (~12,000 

to 7000 years ago), atmospheric moisture 

increased and important segments of the 

world’s human population abandoned 

mobile hunting and gathering for village 

lives tending plants and animals. Buri-

als normally lacked goods that can indi-

cate social classes. Settlements generally 

focused in foothills and mountains. Within 

500 years of sea level stabilization, however, 

Neolithic populations refocused on coastal 

margins [Stanley and Warne, 1997]. The Neo-

lithic way of life does not seem to have sup-

ported urban aggregates except for trade 

centers such as Jericho, a city currently in 

the disputed West Bank on the Jordan River. 

The ‘Urbanic’ epoch, which began about 

7000 years ago, marks the transition to city 

life. Our study shows that, generally, urban 

communities (>2500 persons) emerged 

about 1100 years following sea level stabili-

zation, allowing suffi cient time for coastal 

margin resources to become fully estab-

lished. As human settlement shifted to the 

coasts, the initial signs of ‘urban transition’ 

were a threefold to fourfold increase in vil-

lage populations [e.g., Possehl, 1998], fol-

lowed by indications of social classes in 

burials. The urban transition lasted approx-

imately 1600 years, culminating in urban 

governments whose signature undertakings 

included monumental architecture, which 

indicated that societies had developed 

social skills to mobilize large labor forces. 

The increase in the size of the Neolithic pop-

ulation and the later appearance of monu-

mental architecture bookended the hun-

dreds-of-years-long transition to the Urbanic 

epoch. We suggest that the great increase in 

CMP following sea level stabilization under-

wrote the considerable social costs of creat-

ing these class societies, thus establishing 

the key element of urban lifestyles. 

Data show that high-quality food from 

the coasts was an important part of diets in 

both early and late stages of urban transi-

tions, signifi cantly augmenting agricultural 

crops. Near La Venta, an Olmec capital, 

early farmers inhabited newly established 

barrier islands consuming estuarine and 

freshwater shellfi sh, fi shes, turtles, and man-

atees. In addition, they were raising the 

earliest detected corn in the world by 7100 

years ago. At Caral, Peru, in the Supe River 

valley, clams, mussels, anchovies, and sar-

dines were being eaten by 5000 years ago. 

In the lower Mississippi valley, bone assem-

blages consist of 50–90% fi sh, again around 

5000 year ago. As these new coastal societ-

ies extended their reach inland, they contin-

ued to rely on estuarine resources. Mesopo-

tamian documents report the transportation 

of 13,000 fi sh inland from Lagash near the 

sea to Nippur 200 kilometers inland [Trig-

ger, 2003]. 

In interior habitats, other food sources 

comparable in scale to that of estuaries 

were developed to support the new urban 

societies, including fi sh farming and inten-

sifying the cultivation of Neolithic agricul-

tural species. Public works such as irrigation 

canals raised agricultural productivity of the 

interior toward that of the coastal margins. 

Sea level stabilization and enhanced CMP 

opened the gates to civilization. Human 

ingenuity provided a range of social designs 

to address these needs. Some failed; others 

continue to this day.
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The force on a test particle is purely elec-

trostatic. The corresponding magnetic fi eld 

line velocity calculated from (1) would twist 

the magnetic fi eld lines, whereas in reality, 

they remain undistorted and confi ned to 

meridional planes.

Historically, the concept of moving fi eld 

lines dates to Hannes Alfvén who, in an 

early paper [Alfvén, 1942] noted that in an 

infi nitely conducting medium ”the matter of 

the liquid is fastened to the lines of force.” 

This phenomenon became known as ’fro-

zen-in magnetic fi eld lines’ and is a con-

sequence of equation (2) being satisfi ed 

because the magnetic fi eld aligned or paral-

lel electric fi eld is zero in an infi nitely con-

ducting medium. 

The nonexistence of parallel electric fi elds 

was later challenged by Alfvén, who sug-

gested that auroral primary electrons may 

gain their energy from falling through a paral-

lel potential drop above the ionosphere and 

described how parallel electric fi elds can 

’cut’ magnetic fi eld lines. Alfvén’s idea was 

contrary to contemporary beliefs and was 

almost universally disregarded, but when 

in situ measurements in space became pos-

sible, they brought the fi rst indications that 

Alfvén might be right. Since then, an over-

whelming amount of empirical data have 

proven that magnetic fi eld aligned electric 

fi elds exist and are of key importance in the 

physics of auroras [Fälthammar, 2004], in 

magnetic fi eld reconnection [Mozer, 2005], 

in shocks [Mozer et al., 2006], and in plasma 

turbulance and many wave modes. 

Alfvén, who had introduced the concept, 

became a strong critic of ’moving’ mag-

netic fi eld lines [Alfvén, 1976], especially 

in his later years. He warned against use 

of the concepts of ’frozen-in’ and ’moving’ 

magnetic fi eld lines for the reasons that are 

emphasized above.

The basic reason for these diffi culties 

with ’moving’ magnetic fi eld lines is, of 

course, that motion of magnetic fi eld lines is 

inherently meaningless. The magnetic fi eld 

B is a vector fi eld defi ned as a function of 

space coordinates and time. At a fi xed time, 

one may trace a fi eld line from any given 

point in space. But that fi eld line has no 

identity, and in a time-dependent magnetic 

fi eld it cannot be identifi ed with any fi eld 

line at a different time, except by one con-

vention or another. As we have seen, such 

conventions are fraught with pitfalls and 

should only be used with utmost care lest 

they lead to erroneous conclusions. To para-

phrase Ralph Nader, moving magnetic fi eld 

lines are “unsafe at any speed.”
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Fig. 1. Dipole magnetic field in the presence of 
a uniform electric field parallel to the dipole 
axis. Note that the ‘field line velocity’ E×B/B2 
would twist the magnetic field lines.

Fig. 3. The urban transition period was 
bounded by the Neolithic population inflection 
approximately 1100 years after sea level stabi-
lization and construction of monumental archi-
tecture, which followed approximately 1600 
years later. Local initiation times and overall 
means are shown for both.




