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Andros1is the most northerly of the Cycladic2islands. 
While the island is home to three major well-watered 
and fertile valleys that cross the landscape roughly 
west to east, the Early Iron Age site of Zagora is situated 
some distance from these and at a height of 160m above 
sea level atop a rocky promontory on the central west 
coast.3 [Figure 1] The site contains no natural running 
water source. Successive fieldwork campaigns at 
Zagora, first by N. Zapheiropoulos in 1960,4 next by A. 
Cambitoglou between 1967-1974,5 and most recently by 
L. Beaumont, M. Miller and S. Paspalas of the University 
of Sydney and the Australian Archaeological Institute 
at Athens between 2012-2014,6 have demonstrated 
that the site was occupied between about 900-700 BC 
and was protected on its landward (east) side by a 
sturdy fortification wall.7 [Figure 2] On the north, west 
and south it was naturally defended by steep cliffs. 
While no settlement remains have been found beyond 
the defensive wall, fieldwork has shown that by the 
later eighth century BC the whole of the 7.8 hectares 
(78,000m2) expanse within the fortified area was 
densely settled.8 In view of the strongly fortified nature 
of the site, the apparent absence of a natural water 
supply within its settled boundaries is something of a 
conundrum, and is a matter to which we shall return. 
Nine springs are, however, located within a mostly 
short walking distance to north, east and south beyond 
the settlement limits. [Figure 2] Given that beginning 
about 700 BC the Zagora inhabitants abandoned their 
homes, not as a result of a destructive attack and not 
– to judge by their careful packing up of household 
goods – in an unseemly hurry, one possible reason that 
has previously been suggested for their departure is 

1  The University of Sydney
2  The authors are grateful to B. McLoughlin, M.C. Miller, S.A. Paspalas 
and A. Wilson for reading, discussing and providing valuable feedback 
on a draft of this paper. They also wish to thank A. Wilson for his 
assistance with Figures 2, 5 and 8. 
3  Cambitoglou et al 1971: 2 Map I.
4  Zapheiropoulos 1960.
5  Cambitoglou et al 1971 and 1988.
6  Beaumont et al 2012: 43-66; Beaumont et al 2014: 115-121.
7  The 2012-2014 fieldwork campaign conducted by the Zagora 
Archaeological Project was granted a permit by the Hellenic Ministry 
of Culture and was funded by an Australian Research Council 
Discovery Award [DP120102257], with additional support provided by 
the University of Sydney, the Australian Archaeological Institute at 
Athens and the Powerhouse Museum.
8  Beaumont et al 2012: 54-56.

the failure of the water supply due to drought.9 This 
paper therefore sets out to explore in detail what we 
can reconstruct about the hydrogeology of Zagora 
and to identify any diachronic changes that may have 
impacted on this. In order to address these questions, 
a multidisciplinary methodology is adopted in order 
to combine our present archaeological knowledge 
and understanding of the site with hydrogeological 
expertise. This paper is accordingly co-authored by 
Zagora Archaeological Project Co-Director Lesley 
Beaumont and Michael Knight, Emeritus Professor 
of Hydrogeology, University of Technology Sydney 
and now Honorary Research Associate in the Dept. of 
Archaeology at the University of Sydney.

First, therefore, let us begin by investigating the nine 
springs located in the Zagora hinterland. As can be seen 
from Figure 2, Springs 1 and 2 lie on the lower slopes of 
the cliffs on the north side of the settlement site, while 
Spring 3 is located in the corresponding ravine to south. 
Springs 4 and 5 are respectively situated approximately 
200m east and 370m north east of the fortification wall. 
Springs 6, 7 and 8 lie further to north, while Spring 9 is 
about 1.2km distant to east. All nine springs discharge 
from a fractured rock aquifer: they flow from fractures 
in the schist or marble bedrock that allow rain water 
to enter the rocks and then travel down gradient to 
discharge as springs where the fractures intersect 
the topographic surface. Since the springs formed 
as a result of the erosional processes that produced 
the Zagora peninsula, they would already have been 
present in the landscape when people occupied the 
settlement site between 900-700 BC.

Of these nine springs, the one closest to the Zagora site 
that has the largest groundwater catchment area of 
155,000m2 is Spring 5. Its water forms a perched swamp 
(groundwater dependent ecosystem) and it would have 
formed well before the settlement was established. It is 
located 180m above sea level near the boundary of mica 
schist and green schist rock units. Spring 5 is identified 
as the most likely main running water source for the 
Zagora inhabitants. The conceptual model for the 
fractured rock aquifer at and near Zagora on Andros 
is analogous to a connected pipe system that results in 
rapid outflows following rain events, with most of this 

9  Camp 1979.

Water supply and climate change at Zagora on Andros:
New approaches and perspectives on the  

Early Iron Age Cyclades
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Figure 1. Map of Andros showing the locations of Zagora, Hypsili and Palaiopolis. (After Televantou, Mediterranean Archaeology 25 (2012), Plate 10.1)

surface properties: slope, geology (eg. schist rock type), 
fractures (eg. joints and faults). At Zagora it has been 
possible to determine the landscape function (ie.  the 
probability of recharge or the proportion of rainfall 
entering the rock) by adapting the methods of Conrad 
and Adams.10 This method shows that the proportion 
of the mean monthly rainfall entering the aquifer is 
24.6% and that a similar amount could discharge from 
the springs. Flows for specific springs can then be 
determined by calculating the water volume for the 
particular catchment area, such as for Spring 5.

10  Conrad and Adams 2007.

volume flowing out over the month following the rain 
event and providing little long-term storage of water. 
Thus it may be assumed that recharge approximates 
to discharge. Modelling the spring flows revolves 
around the basic hydrogeological relationship: Spring 
Discharge = Aquifer Recharge ± Change in water stored 
in the rock. The conceptual model suggests that 
Storage Change can be taken as zero (0). The problem 
then depends on computing the recharge. Recharge 
can be determined by combining mean monthly 
rainfall with a probability function that combines land 
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Figure 2. Topographic (contour map) and geological map of Zagora and its hinterland, showing the settlement site (Z), Springs 1-9 with 
catchment areas (broken lines), groundwater flow directions (arrows), and potential routes (solid lines) of proposed built water channel from 
Spring 5 to the settlement site (SC: straight route, AC: Around the contour route, DW: Defence wall). Map created by R.C. Anderson, J.J. Coulton, 
M.J. Knight, M. McCallum and A. Wilson. Topographical data derived from Hellenic Military Geographical Service, Topographic diagram 
Cyclades: Andros: 6576/1-4 (1992). Geological data rescaled after Papanikolaou 1978: 1: 50,000 geological map of Greece-Andros island, prepared 

by the Institute of Geological and Mining Research Athens.
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Using published monthly average rainfall statistics for 
Andros for the period 2000-2012, it is therefore possible 
to calculate, on a monthly basis, the mean potential 
spring recharge (=discharge) in litres per day for 
Spring 5. [Figure 3] The critical months are seen to be 
June, July and August when little rain falls, resulting in 
diminishing flows:

These modelled Spring 5 flows are consistent with 
those measured for the same spring by Cambitoglou.11

Adequate human water intake requirements have 
been evaluated by Popkin.12 This study indicated that 
individuals need in the range 1.5 L/day (children) to 3.7 
L/day (adults) to survive. At Zagora a survival amount 
is likely to have been about 2.5 L/day per person plus 
an amount for cooking and other non-drinking uses. 
Working on this assumption that each person at Zagora 
would have needed an absolute minimum of 2.5 litres of 
water per day or, more reasonably, 5 litres per person 
per day, the figures presented in Figure 3 suggest that 
at the driest time of the year, Spring 5 could only have 
supplied in the range of 147-295 people. This, however, 
begs the question of the population size of Zagora at its 
height in the second half of the eighth century BC.

Reasonably estimating ancient population size is 
extremely difficult.13 However, at Zagora our task is 
somewhat facilitated by possession of three important 
pieces of information: (i) the habitable area inside the 
fortification wall covers an area of some 7.8 hectares 
(78,000m2), (ii) the whole of this space was occupied 
and built upon in the later eighth century BC, and (iii) 
settlement was apparently confined to this protected 
area. What therefore remains for us to do is to attempt 
to determine the population density across this known 
inhabited space. Two useful approaches to this task 
may be adopted: (i) to attempt to extrapolate from 
the currently excavated areas of Zagora the potential 
total number of houses that constituted the built 
environment of Zagora in the later eighth century 
BC, and by then estimating average family size 
based on ancient evidence and later pre-industrial 
ethnographic data, to calculate the approximate size 
of the Zagora population, and (ii) to review and apply 
to Zagora previous scholarly estimates of ancient Greek 

11  Cambitoglou et al 1971: 9.
12  Popkin et al 2010.
13  Schacht 1981; Zimmermann et al 2009; Rutishauser 2012: 37-40.

population densities. Such an approach to the problem 
should at least enable us to quantify an acceptable 
numerical range for the Late Geometric population of 
Zagora, which we can then apply to determining the 
reasonable magnitude of the site’s water consumption 
requirements.

By the end of the 2014 excavation season between 25-30 
houses, or parts thereof, had been excavated at Zagora. 
The lack of exactitude in this number results from 
the agglutinative nature of most of the architecture, 
making it often challenging to spatially define discrete 
household units. Given that to date only some 8.3% of 
this large site has been excavated, the total number of 
houses within the Late Geometric settlement can be 
estimated to have numbered between about 300-360. 
Scholarship attempting to determine mean household 
size in ancient Greece has been usefully reviewed by 
Gallant.14 Although, inevitably, the primary evidence on 
which this scholarship is based relates to fifth century 
Athens, it is reassuring that the calculated mean 
average Classical Athenian household size of between 
four to five persons accords with Laslett’s findings for 
many parts of the globe during the pre-industrial era.15 
However, Green’s exploration of the dramatic increase 
in covered domestic floor space at Zagora as an 
indicator of rapid population expansion in the second 
half of the eighth century BC, suggests that the ‘average 
minimal family’ at Zagora numbered six persons during 
the Late Geometric period.16 Working then with a range 
of 300-360 houses, and a mean household size of four to 
six individuals, we can calculate a population for Late 
Geometric Zagora that lies within the range of 1200-
2160 souls. This does not, however, take into account 
open or vacant spaces within the settlement, meaning 
that the population is unlikely to have ever reached the 
higher figure of 2160 people.

How does this compare to other scholarly attempts 
to estimate population size elsewhere in the ancient 
Greek world? Much of this work to date has been 
conducted on Classical Athens, and Morris presents 
a good overview of scholarly attempts to estimate 
Athenian population size in the fifth century BC.17 Here, 
where the city walls enclosed an area of 215 hectares, 

14  Gallant 1991: 22-27.
15  Laslett 1972.
16  Green 1990.
17  Morris 1987: 99-101.

Month Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec
Rainfall (mm) 70.5 43 39.5 16.3 10.5 0.9 7.1 0.6 10.8 38 58.6 74.5
Mean potential 
discharge L/day 86609 58485 48526 20692 12899 1143 8722 737 13710 46683 74390 91523

Figure 3. Mean monthly rainfall for Andros over period 2000-2012 (Data after World Weather Online 2015) and modelled mean potential water 
recharge in litres per day for Spring 5 catchment.
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of which about 120 were residential space, scholars 
generally agree that the population ranged between 
30,000-45,000.18 Calculated on a similar density basis 
across its 7.8 hectares, the Zagora population would 
thus range from a little over 1,000 to just under 3,000 
individuals. However, generating population figures 
for Late Geometric proto-urban Zagora based on the 
case of the Classical Athenian metropolis is problematic 
and the results should therefore be treated with great 
caution.

A limited number of population estimates more 
relevant to the case of Zagora have been attempted 
for Classical polis centres outside Athens. These, 
especially with reference to the Cyclades, are discussed 
by Whitelaw and Davis in their attempts to determine 
the Classical period population of Koressos on Keos.19 
They take note of field reconnaissance previously 
conducted on the walled polis centre of Classical Melos 
which covered an area of 15 hectares,20 and also of the 
density of about 31 houses per hectare within the urban 
area of Delos. Adding further the premise that each 
house would have been occupied by some five people, 
Whitelaw and Davis adopt for their own study of the 
Classical polis centre of Koressos a population density 
of 150 persons per hectare. This figure, when applied to 
the admittedly earlier case of Zagora, would produce a 
population estimate of 1170 inhabitants. 

Our two different approaches to estimating the number 
of people living at Zagora in the later eighth century BC 
thus allow us to assert that this figure most probably 
lay somewhere between 1170 - 2160 individuals. Most 
likely, however, based on the Zagora-specific excavated 
evidence considered above, the population would not 
have exceeded 2160 at its greatest height and may 
indeed never have reached this magnitude.  However, 
in order to cover all possibilities, in calculating the 
water consumption needs of Zagora we shall work with 
potential population figures of 1000, 1500, 2000 and 
2500 inhabitants.

As earlier noted in our discussion of Figure 3, Spring 5 
at present-day rainfall and spring recharge rates could 
only supply between 147-295 people at the driest time 
of the year. Even if Spring 5 flows were supplemented 

18  Travlos 1960: 71-72.
19  Whitelaw and Davis 1991: 279-80.
20  Cherry and Sparkes 1982.

by collection of water from Spring 4, the number of 
people who could reasonably access water still falls well 
below our lowest Late Geometric population estimate 
of a little over 1000 inhabitants for Zagora. Based on the 
previously stated individual water needs of 2.5-5 litres 
per person per day, a 1000-strong Zagoran community 
would have needed daily access to a total of 2500-5000 
litres of water. For a larger population the requirement 
is multiplied accordingly. [Figure 4]

What, then, made it possible for a flourishing Late 
Geometric period community numbering most likely 
somewhere between 1170-2160 people to survive 
at Zagora? A critical piece of information that has 
previously generally eluded the knowledge base of 
archaeologists, as a result of the disciplinary silos in 
which academic researchers often work, is that a major 
global climate change occurred between about 850-700 
BC.21 Aptly known as the Homeric Grand Solar Minimum 
(HGSM), this was caused by alterations in the earth-sun 
orbital position that resulted in lower heat energy, 
measured as Total Solar Irradiance (TSI), reaching 
the earth’s surface. TSI has been modelled from 1000 
BC to 2000 AD. This clearly shows the occurrence of 
the HGSM in the period 850±6 BC - 691±6 BC.22 It has 
also been noted by researchers using proxies such as 
detrended Δ C14 ‰ where the value rises during the 
HGSM due to overproduction of C14 arising from excess 
cosmic ray reactions with nitrogen isotopes during a 
solar minimum event.23

A review of time ranges for the HGSM using eight 
published physics models and environmental proxy 
results reveals mean and standard deviation statistical 
commencement dates of 849±19 BC and end dates of 
705±52 BC. The proxy data used are from van Geel, 
Mauquoy, Martin-Puertas and Neugebauer.24 The 
physics models used are Steinhilber and Vieria.25 
The actual minimum curve inflection point for TSI 
determined by physics models was in the range 765-
760 BC. This was when the TSI was 1364.7 w/m2 or 0.8 
w/m2 below 1986 (‘present-day’) levels.26 A reasonable 
consensus is currently converging on the HGSM 

21  See, however, Manning 2013: 112-115.
22  Vieria et al 2011: 16, Fig 11 (b).
23  Speranza et al 2002; Mauquoy et al 2004: 49, Fig 2.
24  Van Geel et al 1996, Mauquoy et al 2004, van Geel et al 1999 and 2004, 
Martin-Puertas et al 2012 and Neugebauer et al 2015.
25  Steinhilber et al 2009 and Vieria et al 2011.
26  Neugebauer et al 2015.

2.5 litres per person per day 5 litres per person per day
1000 people 2500 litres 5000 litres
1500 people 3750 litres 7500 litres
2000 people 5000 litres 10,000 litres
2500 people 6250 litres 12,500 litres

Figure 4. Daily water supply requirements for a Zagoran population of 1000, 1500, 2000 or 2500 people.



64

Cycladic Archaeology and Research: New approaches and discoveries

commencing at ~ 850 BC and ending at ~ 700 BC. This is 
broadly consistent with the conclusions of Manning.27 
His concerns about spatial variability of the climate 
during the HGSM period are allayed when potential 
rainfall modeling results showing variability across the 
region are viewed. [Figure 5]

During the HGSM the variations in solar radiation 
would have caused changes in atmospheric circulation, 
precipitation and temperature, utilizing the processes 
described in general by van Geel.28 These climate 
variations have been modeled by Martin-Puertas and 
the rainfall precipitation in particular has relevance 
for the region that includes Zagora.29 It can be 
observed that Zagora (latitude 37.80 N, longitude 34.86 
E) is located on the boundary of the NE - SW zone of 
increased rainfall over Europe and a drier more arid 
area to the south over North Africa and the Middle 
East. [Figure 5] This is consistent with the rainfall 
reductions of about 15% observed in Syria  at Tel Leilan 
near modern-day Kameshli, and of 11-13% in Israel.30 
To the north of the wetter European zone, modelling 
shows a NE-SW drier region that passes through parts 
of Ireland and Scotland. This pattern was confirmed 

27  Manning 2013: 112-114.
28  Van Geel et al 1999.
29  Martin-Puertas et al 2012.
30  Bryson and Bryson 1998: Bar-Matthews et al 1998.

by field observations of Plunkett and Swindles31 who 
demonstrated that Irish peat bogs dried out at 850 BC 
when other parts of Europe became wetter.

For our study of Zagora this means that it is likely that 
between about 850-700 BC Zagora  experienced a mean 
rainfall increase of 1mm per day, or about 30mm per 
month. As the following table shows [Figure 6], such 
an increase would have resulted in Spring 5 providing 
well in excess of the quantity of water needed to 
support through the driest months of the year even the 
most populous potential Zagoran community of 2160 
individuals, each consuming five litres of water per day.

Daily water collection visits 370m uphill from the 
settlement to the spring would have been a standard 
feature of life at Zagora and a special vessel, custom-
made for this purpose, is evidenced by its common 
occurrence among the ceramics recovered by the Zagora 
excavations. [Figure 7] The vessel type concerned is a 
coarseware burnished hydria with characteristic very 
thin walls (3-6mm), so designed to reduce the carrying 
weight of the vessel itself.32 Another commonly found 

31  Plunkett and Swindles 2008.
32  Figure 7 illustrates the largest hydria of this type found to date at 
Zagora (inv. 13-117). It has an estimated weight of ca 3.5kg, a capacity 
of ca 15 litres, with a carrying weight for water of ca 19kg. Compare 
the weight to capacity range of transport amphorae dating from the 
Classical to the Roman period in Macquarie University’s Museum 

Figure 5. Modelled precipitation changes (mm/day) during a solar minimum potentially similar to the rainfall patterns in the Homeric Grand 
Solar Minimum. The position of Zagora (Z) is located on the boundary of increased rainfall to the north and increased aridity to the south. 
Rainfall decreases also occur in parts of Scotland and Ireland. Modelled data reprinted by permission from Macmillan Publishers Ltd: Nature 

Geoscience, Martin-Puertas et al 2012. Copyright 2012.
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ceramic vessel at Zagora, the rope band pithos, was 
probably intended for water storage within the houses: 
possessing a capacity range of 40-110 litres (mean: 
60 litres), more than one rope band pithos has been 
identified in all of the houses excavated to date.33

It is also possible that the Zagorans were not completely 
dependent on direct collection of all their water from 
the spring source, but may perhaps have channelled 
water towards their settlement from Spring 5. This 
would have required the construction of a schist-lined 
channel to guide the water down the hill slope to the 
settlement below. That such technology was known 
in the wider Greek world in the later eighth century 
is evidenced by ancient Syracuse, where water was at 

of Ancient Cultures: weight range 9-18kg, capacity range 19-37 
litres, therefore carrying weight filled with water 30-48kg (Dodd 
2014: 39, Appendix 1). This information is provided by the Zagora 
Archaeological Project’s coarseware specialist, Beatrice McLoughlin, 
who is to publish her findings in Mediterranean Archaeology 29.
33  McLoughlin 2011.

this time being conveyed via channels and tunnels.34 
Modelling, based on fluid hydraulic theory and well 
established mathematical equations applying to 
channel flows, suggests that a small channel measuring 
10cm wide and 10cm deep could have delivered well 
in excess of 5000 litres of water per day to the Zagora 
settlement.35 For Spring 5 flows with an increase in 
rainfall of 30mm/month, the depth of flow in the 
channel would be 2-3cm deep in winter and 1cm deep 
in summer. The best route for the channel to follow, 
based on hydraulic principles and the evidence of other 
archaeological sites contemporaneous with, and also 
pre- and post-dating, Zagora, would have been around 
the contour of the spur in a south-westerly direction 
from Spring 5 to then follow a zig-zag route down to the 
town.36 [Figure 2] Measuring a total length of just over 
800m with a gradient of 0.0341, this route would have 
been hydraulically more efficient than the alternative 
steeper (gradient: 0.729), shorter (377m), and straight 
route from Spring 5 to the settlement. Interestingly, 
examination of Google Earth satellite images of the 
topography between Spring 5 and Zagora hints at subtle 
tonal differences in the landscape that accord with the 
possible presence of a now buried channel leading from 
Spring 5 and trending initially in a westward direction 
around the spur contour before then cross-cutting 
the slope to run down to the saddle that connects the 
Zagora promontory to its hinterland. If this is indeed 
the line of a buried channel, it may suggest that this 
route was chosen in order to add Spring 8 to the 
channel flow. However analysis of 2010 QuickBird 
multispectral satellite imagery, especially using the red 
and near infrared bands that respond to vegetation, do 
not give any indication of the proposed channel. The 
interpretation of the satellite imagery is constrained by 
substantial changes to the natural landscape resulting 
from agricultural terracing so more detailed imagery is 
required. To this end, an application is being submitted 
to the Greek Ministry of Culture to request permission 
to conduct infrared and thermal aerial photography of 
this area in 2017.

34  Crouch 2000: 53.
35  Vennard 1961.
36  Crouch 1993: 334; Angelakis et al 2006: 426; Mays 2010: 8.

Jan Feb Mar April May June July Aug Sept Oct Nov Dec
Present day 86609 58485 48526 20692 12899 1143 8722 737 13710 46683 74390 91523
Wetter by 
10mm/month 98894 72062 60811 33387 25186 13837 21007 13022 26405 58968 87084 103,808

Wetter by 
20mm/month 111,179 85688 73096 46081 37469 26532 33292 25307 39099 71253 99779 116,093

Wetter by 
30mm/month 123,464 99289 85381 58776 49754 39226 45577 37592 51794 83538 112,473 128,378

Figure 6. Modelled Spring 5 flow/mean potential discharge (litres/day) for each month with rainfalls varying from present day levels to 
increased amounts ranging from 10mm/month to 30mm/month.

Figure 7. Coarse ware thin-walled hydria from Room M3 at Zagora, 
inv. 13-117 (Photo: B. Miller)
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In this latter context, a find made in the 2014 Zagora 
excavation season provides proof that the Zagorans 
were certainly employing hydraulic systems within 
their settlement. Excavation in Trench 11, located only 
a few metres inside the fortification wall, uncovered a 
wide road running northeast-southwest and cut by a 

stone-lined channel, also roughly oriented northeast-
southwest. [Figures 8 and 9] While to date it has been 
possible to uncover a stretch of only just over 2m of 
this feature, we can observe that it has a width of about 
0.25m and a depth of about 0.13m. This channel may 
have been part of a more extensive hydraulic system 

Figure 8. Plan of Zagora with 2014 trench locations (R.C. Anderson, J.J. Coulton, M. McCallum and A. Wilson)
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but further excavation is now required to clarify its 
significance.

The strongly fortified and easily defensible character 
of the Zagora settlement suggests that its inhabitants 
felt threatened by the possibility of attack. The 
authors of Zagora 1 reasonably argue that this threat 
was from ‘pirates or raiding parties’ and would not 
have involved the need to ‘withstand long siege’.37 
Nevertheless, the Zagorans would without doubt 
have attempted to guarantee their security in times 
of attack by ensuring that they were not completely 
dependent on external water sources alone. How 
then could water be harvested within the settlement 
itself? Two methods of water collection were very 
likely employed. First, the flat roofs of the houses 
probably allowed for the channelling and collection 
of rainwater by individual households. Second, the 
predominantly marble rock surface of the Zagora 
promontory, underlain by alternating schist and 
marble bands, is characterised by its ability to become 
karstified, that is, ‘dissolved over time by atmospheric 
precipitation and groundwater’.38 This resulted in 

37  Cambitoglou et al 1971: 11.
38  Bassiakos in Beaumont et al 2012: 49.

the creation of observable dolines, or sink holes, of 
varying dimensions. In some cases our excavations 
have shown that the Zagorans attempted to fill these 
in order to level the ground: such, for example, was 
found to be the case in Trench 7, where substantial 
sub-floor packing was employed beneath Room D26, 
and also in Trenches 2, 3, 8 and 9 located just inside 
the ancient gate through the fortification wall where 
a doline extending 2.03m below present ground level 
had been filled with ancient occupation debris.39 
[Figure 8] This suggests that the sinkholes were 
dry at the time of infilling and not linked to a high 
watertable, which is consistent with the apparent 
absence of dug wells on the site. In other cases, 
however, the Zagoran residents left large dolines 
open: this can, for example, be seen in Figure 10 
which illustrates an approximately 10m long oval-
shaped doline with vertical walls, located towards 
the western edge of the Zagora plateau. Though it is 
now filled with large rocks and other natural debris, 
superficial investigation by the Cambitoglou team in 
the 1960s yielded no surviving evidence for it having 
been lined with a waterproof coating of clay or some 

39  Beaumont et al 2014: 116.

Figure 9. Zagora, Trench 11: part of a stone-lined water channel excavated in October 2014.
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other material that could have minimised seepage 
losses. Nevertheless, during heavy rainfall events, 
such dolines could have acted as natural cisterns for a 
limited time, allowing the Zagorans to collect as much 
water as possible from them before it drained away 
through the fractured rock.

Amply supplied with water until about 700 BC, the 
flourishing Zagoran community would consequently 
have been badly impacted by climactic reversion to 
drier and warmer conditions as the Homeric Grand 
Solar Minimum ended. No longer could the local 
springs have sustained the population, which had been 
exponentially growing throughout the Late Geometric 
period.40 It is not therefore surprising that at the end 
of the eighth century BC and into the seventh, the 
inhabitants began to pack up their households and 
leave. The archaeological evidence indicates that this 
did not happen at one moment en masse, but more 
gradually over a period of time: perhaps as numbers 
began to reduce, those left behind hoped that the 
available water would be sufficient for them or that 
the climate as they knew it would return to normal 
and enough rain would fall again, as it always had 
before.

At Hypsili, another settlement located further north 
along the west coast of Andros, the excavated remains 
tell a similar story. [Figure 1] During the second half 
of the eighth century BC population numbers here 
also increased so that the residential areas spilled 
out beyond the limits of the fortified acropolis which, 
covering approximately 10,000m2, was considerably 
smaller than the fortified area at Zagora.41 Then about 
700 BC, the houses of the lower town at Hypsili were 
abandoned and settlement contracted to occupy only 
the acropolis. Here, however, in contrast to Zagora, 
settlement continued throughout the Archaic period. 
Also by contrast to Zagora, Hypsili’s main water 
source appears to have been a well located within 
the acropolis at its northwest end. Perhaps here then 
while reduction in rainfall would have had a major 
impact, it remained possible to source a reduced 
quantity of water from the well, sufficient to sustain a 
smaller population.

Further afield in the Cyclades, Donoussa near Naxos 
and Koukounaries on Paros were also abandoned 
between the end of the eighth and the mid-seventh 
century BC, as also was Lefkandi on Euboia.42 On the 
mainland in the seventh century we also witness a 
drop in the number of known settlements in Attica 
and the Argive plain.43 By contrast, however, the 

40  Green 1990.
41  Televantou 2008.
42  Schilardi 1983; 2012.
43  Morris 1987: 161.

seventh century also saw the foundation and growth 
of Palaiopolis on Andros (perhaps as a result of the 
search for a better-watered home by the Zagorans and 
many Hypsilians), the continuing prosperity of Melos 
and also of the main settlement on Paros. How can the 
climate change that certainly occurred around 700 BC 
have had such a varied impact within the Cyclades and 
across central and southern Greece more generally? 
The explanation centres on the fact that the variability 
of local weather and topographical conditions can 
render large scale variations in rainfall and access to 
water supplies. Modelling at a regional scale is useful 
for general trends but may not readily depict all local 
weather conditions with high levels of precision. All 
rainfall contour maps have some statistical error 
bands associated but they are still useful, provided the 
interpreter is aware of these limitations.

Camp’s  hypothesis of a drought in the late eighth 
century BC, revolving around a study of wells in the 
Athenian Agora, has now been largely discounted 
by many scholars.44 The present authors offer a 
new understanding of the archaeological evidence, 
particularly as it relates to the fate of Zagora, based 
on the scientific evaluation of the effects of the global 
climate change that we now know to have taken place 
circa 700 BC. With the benefit of long-term historical 
oversight, we are now able to appreciate that it was 
the preceding 150 years that ushered in a wet and cool 
period to the Aegean region, a period in which as a 
result agricultural fertility and consequently human 
population increased. However, for the communities 
impacted by the return to the standard drier and 
warmer climate circa 700 BC, the environment as 
they knew it had been thrown into confusion by what 
was apparently prolonged drought. In this context, a 
number of ancient textual references to drought and/
or crop failure in the seventh century make perfect 
sense (Archilochos fr. 125; Herodotos IV.153; Strabo 
VI.1.6; Plutarch Moralia 733A-B). That climate change 
may therefore have played a part in the so-called 
‘Greek Renaissance of the eighth century BC’ and in the 
so-called Greek ‘colonisation’ of the Mediterranean  in 
the seventh century BC, should not be discounted: the 
settlement by Andrians of Sane, Akanthos and Stageira 
in the second quarter of the seventh century BC may 
well have had something to do  with the stresses of 
trying to support a large population in the face of 
prolonged decreased water supply.45

Earlier in this paper we commented on the sometimes 
inevitable tendency for scholars to work in disciplinary 
silos. It is therefore encouraging that in recent years 
a number of archaeologists and climatologists have 

44  Camp 1979; Snodgrass 1983; Morris 1987: 158-162; Tandy 1997: 24-
26.
45  Coldstream 1977; Hägg 1983; Manning 2013: 112-115.
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collaborated in investigating the possible impacts 
on Late Bronze Age society in the Aegean and wider 
Mediterranean of the climate change that occurred 
in the late second millennium BC.46 By contrast, the 
research of climatologists on the environmental 
changes wrought by the Homeric Grand Solar 
Minimum during the eighth century BC has not as yet 
received the attention it deserves from archaeologists 
and historians working on the Early Iron Age. 
Investigation is now therefore required in order to 
identify the effects of climate change traceable in the 
archaeological record of the Early Iron Age (eg. in 
excavated archaeobotanical evidence). Exploration 
of the resulting impacts on, and responses by, human 
society is also needed in order to probe further possible 
correlations between the archaeological record and 
changed environmental conditions during this pivotal 
period in the development of ancient Greek society. 
We hope, therefore, that this paper on ‘Water supply 
and climate change at Zagora’, and the new light 
it sheds onto the old and previously unanswered 
question of why such a flourishing settlement site 
was abandoned ca 700 BC, will help catalyse further 
interdisciplinary collaboration in the investigation 
of human interaction with the natural environment 
during the Early Iron Age period.

46  Weiss 1982; Kaniewski et al 2010; Drake 2012; Kaniewski et al 2013; 
Knapp and Manning 2016.

References

Angelakis, A. N., Savvakis, Y.M. and Charalampakis, G. 
2006. Minoan Aqueducts: A Pioneering Technology, 
in Proceedings. First IWA International Symposium 
on Water and Waste-Water Technologies in Ancient 
civilisations, Heraklion, Greece, 28-30 October 2006: 423-
429. London: IWA Publishing.

Bar-Matthews, M., Ayalon, A. and Kaufman, A. 
1998. Middle to late Holocene (6,500Yr period) 
Paleoclimate in the Eastern Mediterranean Region 
from Stable Isotopic Composition of Speleothems 
from Soreq Cave, Israel, in A.S. Issar and N. Brown 
(eds), Water Environment and Society in Times of Climate 
Change: 203-215. Dordrecht: Kluwer Academic 
Publishers.

Beaumont, L.A., Miller, M.C. and Paspalas, S.A. with 
contributions by Y. Bassiakos, G. Cantoro, S. 
Déderix, B. McLoughlin, N. Papadopoulos, A. Sarris 
and A. Wilson, 2012. New Investigations at Zagora 
(Andros): The Zagora Archaeological Project 2012. 
Mediterranean Archaeology , 25:  43-66.

Beaumont, L.A., McLoughlin, B., Miller, M.C. and 
Paspalas, S.A., 2014. Zagora Archaeological Project: 
The 2013 Field Season. Mediterranean Archaeology. 27: 
115-121.

Bryson R.U. and Bryson, R.A. 1998. Application of 
Global Volcanicity Time-Series on High-Resolution 
Paleoclimatic Modeling of the Eastern Mediterranean, 
in A.S. Issar and N. Brown (eds) Water Environment 

Figure 10. Doline/sinkhole of unknown depth located on the western edge of the Zagora settlement



70

Cycladic Archaeology and Research: New approaches and discoveries

and Society in Times of Climate Change: 1-19. Dordrecht: 
Kluwer Academic Publishers.

Cambitoglou, A., Coulton, J.J., Birmingham, J. and 
Green, J.R.,1971. Zagora 1. Excavation of a Geometric 
Town on the Island of Andros. Excavation Season 1967; 
Study Season 1968-1969. Australian Academy of the 
Humanities Monograph 2.

Cambitoglou, A., Birchall, A., Coulton, J.J. and Green, J.R., 
1988. Zagora 2. Excavation of a Geometric Town on the 
Island of Andros. Excavation Season 1969; Study Season 
1969-1970. Athens: Athens Archaeological Society.

Camp, J. McK. II, 1979.  A Drought in the late Eighth 
Century BC. Hesperia 48, 397-411.

Cherry, J.F. and Sparkes, B., 1982. A Note on the 
Topography of the Ancient Settlement of Melos, in 
C. Renfrew and M. Wagstaff (eds), An Island Polity: The 
Archaeology of Exploitation in Melos: 53-57. Cambridge: 
Cambridge University Press.

Coldstream, J.N. Geometric Greece. London: E. Benn.
Conrad, J. and Adams, S., 2007. GIS Based Assessment 

of Groundwater Recharge in Fractured Rocks of 
Namaqualand, South Africa, in J. Krásnỷ and J. Sharp 
(eds), Groundwater in Fractured Rocks. Selected Papers 
from the Groundwater in Fractured Rocks International 
Conference, Prague 2003. International Association of 
Hydrogeologists Selected Papers in Hydrogeology 9: 203-
216. London: Taylor and Francis.

Crouch, D.P. 1993. Water Management in Ancient Greek 
Cities. Oxford: Oxford University Press.

Crouch, D.P., 2000. The Geology and Settlement Project: 
Syracuse, a Case Study, in C.M. Jansen (ed) Cura Aquarum 
in Sicily. Proceedings of the 10 International Congress on the 
History of Water Management and Hydraulic Engineering 
in the Mediterranean Region, Syracuse May 16-22, 1998. 
(Babesch Supplement 6): 47-56.

Dodd, E. 2014. From Hispania to the Chalkidiki: A 
Detailed Study of Transport Amphorae from the 
Macquarie University Museum of Ancient Cultures, 
Chronika 4: 22-39.

Drake, B.L., 2012. The Influence of Climate change on 
the Late Bronze Age Collapse and the Greek Dark 
Ages. Journal of Archaeological Science, 39: 1862-1870.

Gallant, T.W., 1991. Risk and Survival in Ancient Greece: 
Reconstructing the Rural Domestic Economy. Stanford: 
Stanford University Press.

Green, J.R., 1990. Zagora – Population Increase and 
Society in the Later Eighth Century BC, in J.P. 
Descouedres (ed) EYMOUSIA. Ceramic and Iconographic 
Studies in Honour of Alexander Cambitoglou. (Meditarch 
Supplement 1): 41-46.

Hägg, R. (ed) 1983. The Greek Renaissance of the Eighth 
Century BC: Tradition and Innovation. Stockholm: 
Åströms.

Kaniewski, D., Paulissen, E., Van Campo, E., Weiss, 
H., Otto, T., Bretschneider, J. and Van Lerberghe, 
K., 2010. Late Second-Early First Millennium BC 
Abrupt Climate Changes in Coastal Syria and Their 

Possible Significance for the History of the Eastern 
Mediterranean.  Quaternary Research, 74:  207-215.

Kaniewski, D., Van Campo, E., Guiot, J., Le Burel, S. and 
Otto, T., 2013. Environmental Roots of the Late 
Bronze Age Crisis. PLoS ONE 8, e71004

Knapp, A. B. and Manning, S.W., 2016. Crisis in Context: 
The End of the Late Bronze Age in the Eastern 
Mediterranean. American Journal of Archaeology, 120: 
99-149.

Laslett, P., 1972. Introduction: The History of the Family, in 
P. Laslett and R. Wall (eds) Household and Family in Past 
Time: 1-89. Cambridge: Cambridge University Press.

Manning, S., 2013. The Roman World and Climate: 
Context, Relevance of Climate Change and Some 
Issues, in W.V. Harris (ed) The Ancient Mediterranean 
Environment Between Science and History: 103-170. 
Leiden: Brill.

Martin-Puertas, C., Matthes, K., Brauer, A., Muscheler, 
R., Hansen, F., Petrick, C., Aldahan, A., Possnert, 
G. and van Geel, B, 2012. Regional Atmospheric 
Circulation Shifts Induced by Grand Solar Minimum. 
Nature Geoscience 5: 397-401.

Mauquoy, D., van Geel, B., Blaauw, M., Speranza, A., and 
van der Plicht, J. 2004. Changes in Solar Activity and 
Holocene Climatic Shifts Derived from 14C Wiggle-
Match Dated Peat Deposits. The Holocene, 14(1): 45-52.

Mays, L.W., 2010. A Brief History of Water Technology 
During Antiquity: Before the Romans, in L.W. Mays 
(ed) Ancient Water Technologies: 1-28. Dordrecht: 
Springer.

McLoughlin, B., 2011. The Pithos Makers at Zagora: 
Ceramic Technology and Function in an Agricultural 
Settlement Context, in A. Mazarakis Ainian (ed) The 
‘Dark Ages’ Revisited. Acts of an International Symposium 
in Memory of William D.E. Coulson, University of Thessaly, 
Volos, 14-17 June 2007, Volume II:  914-923. Volos: 
University of Thessaly Press. 

Morris, I. 1987, Burial and Ancient Society. The Rise of the 
Greek City State. Cambridge: Cambridge University 
Press.

Neugebauer, I., Brauer, A., Schwab, M.J., Dulski, P., 
Frank, U., Hadzhiivanova, E. Kitagawa, H., Litt, T., 
Schiebel, V., Taha, N. and Waldmann, N.D., DSDOP 
Scientific Party 2015. Evidences for Centennial Dry 
Periods at ~3300 and ~2800 cal.yr. BP From Micro - 
Facies Analyses of Dead Sea Sediments. The Holocene, 
25 (8): 1358-1371.

Papanikolaou, D.T. 1978. Contribution to the Geology 
of the Aegean Sea: The Island of Andros. Annales 
geologiques des pays Helleniques, 29: 477-553.

Plunkett, G. and Swindles, G.T., 2008. Determining 
the Sun’s influence on Late-glacial and Holocene 
Climates: a Focus on Climate Response to Centennial-
Scale Solar Forcing at 2800 cal BP. Quaternary Science 
Reviews, 27: 175-184.

Popkin, B.M., D’Anci, K.E. and Rosenberg, J.A. 2010. 
Water, Hydration and Health. Nutrition Reviews 
68(8): 439-458.



71

Michael J. Knight and Lesley A. Beaumont: Water supply and climate change at Zagora on Andros

Rutishauser, B., 2012. Athens and the Cyclades: Economic 
Strategies 540-314 BC. Oxford: Oxford University Press.

Schacht, R.M., 1981. Estimating Past Population Trends. 
Annual Review of Anthropology, 10: 119-140.

Schilardi, D.U., 1983. The Decline of the Geometric 
Settlement of Koukounaries at Paros, in R. Hägg (ed) 
The Greek Renaissance of the Eighth Century BC: Tradition 
and Innovation: 173-183. Stockholm: Åströms.

Schilardi, D., 2012. Koukounaries of Paros and Zagora 
of Andros. Observations on the History of Two 
Contemporary Communities. Mediterranean 
Archaeology, 25: 89-105.

Snodgrass, A., 1983. Two Demographic Notes, in: R. 
Hägg (ed) The Greek Renaissance of the Eighth century 
BC: Tradition and Innovation: 167-171. Stockholm: 
Åströms.

Speranza, A., van Geel, B. and van der Plicht, J., 2002. 
Evidence for Solar Forcing of Climate Change at ca 
850 cal BC From a Czech Peat Sequence. Global and 
Planetary Change 35: 51-65.

Steinhilber, F., Beer, J. and Fröhlich, C. 2009. Total Solar 
Irradiance During the Holocene. Geophysical Research 
Letters 36, L 19704. DOI:1029/2009GL040142: 1-5.

Tandy, D.W., 1997. Warriors into Traders: The Power of 
the Market in Early Greece. Berkeley and London: 
University of California Press.

Televantou, Ch. A., 2008. Η αρχάια πόλη της Υψηλής. 
Athens: Ministry of Culture.

Travlos, 1960. Πολεοδομική εξέλιξις των Αθηνών. Athens: 
Konstantinidi and Mikhala.

van Geel, B., Buuman, J. and Waterbolk, H.T. 1996. 
Archaeological and Palaeoecological Indications 
of an Abrupt Climate Change in the Netherlands 
and Evidence for Climatological Teleconnections 
Around 2050 BP. Journal of Quaternary Science, 11(6): 
451-460.

van Geel, B., Raspov, O.M. van der Plicht, J., 
Dergachev,V.A. and Meijer, H.A.J. 1999. The Role 
of Solar Forcing upon Climate Change. Quaternary 
Science Reviews, 18: 331-338.

van Geel, B., Bokovenko, N.A., Burova, N.D., Chugunovkv, 
K.V., Dergachev, V.A., Dirkesen, V.G., Kilkova, M., 
Naler, A., Parzinger, H., van der Plicht, J., Vasilev, 
S.S. and Zaitseva, G.I. 2004. Climate Change and the 
Expansion of the Scythian Culture After 850BC: A 
Hypothesis. Journal of Archaeological Science, 31: 1735-
1742.

Vennard, J.K. 1961. Elementary Fluid Mechanics. 4 ed. New 
York: John Wiley and Sons.

Vieira, L.E.A., Solanki, S.K., Krivova, N.A. and Usoskin, 
I., 2011. Evolution of the Solar Irradiance During the 
Holocene. Astronomy and Astrophysics 531, A6. DOI: 
10.1051/0004-6361/201015843: 1-20.

Weiss, B., 1982. The Decline of the Late Bronze Age 
Civilization as a Possible Response to Climate 
Change. Climatic Change, 4: 173-198.

Whitelaw, T.M. and Davis, J.L., 1991. The Polis Center 
of Koressos, in J.F. Cherry, J.L. Davis and E. 
Mantzouranis (eds) Landscape Archaeology as Long-
Term History: 265-284. Los Angeles: University of 
California.

World Weather On-Line. 2015. Average Rainfall 
for Andros, Greece (2000 to 2012).  http://
us.worldweatheronline.com/v2/weather-averages.
aspx?q=andros,%20greece

Zapheiropoulos, N., 1960. Andros. Archaiologikon Deltion, 
16: 248-249.

Zimmermann, A., Hilpert, J. and Wendt, K.P., 2009. 
Estimations of Population Density for Selected 
Periods Between the Neolithic and AD 1800. Human 
Biology 81, Iss. 2-3, Article 13. Available at: http://
digitalcommons.wayne.edu/humbiol/vol81/iss2/13.


