
The	ancient	Macedonians,	climate,	and	the	landscape’s	response:	A	fragile	
system	

	
Soils	are	one	of	our	most	important	resources	to	feed	the	world’s	growing	population.	At	the	same	
time,	soils	play	an	 important	role	 in	 landscape–atmosphere	 interactions,	and	are	 thus	an	essential	
part	 of	 our	 global	 climate	 system.	 Landscape	 evolution	 can	 have	 major	 controls	 on	 albedo	 and	
terrestrial	carbon	dioxide	sinks.	Negative	feedbacks	between	soils,	climate,	and	land	use	have	been	
shown	to	have	severe	impact	on	ancient	civilisations.		
	
Current	rapid	climate	change	and	intensive	land	use	place	an	immense	pressure	on	soils,	particularly	
in	densely	populate	areas	such	as	the	Mediterranean.	Soil	erosion	—	along	with	nutrient	depletion	
and	 salinization	 due	 to	 improper	 irrigation	 practices	—	 is	 the	 largest	 tread	 to	 our	 soil	 resources.	
Sparsely	 vegetated	 hillslopes	 are	 most	 prone	 to	 soil	 erosion.	 Natural	 and/or	 anthropogenic	
deforestation	 can	 thus	 make	 landscapes	 more	 susceptible	 to	 erosion,	 as	 frequently	 observed	 at	
modern	time	scales.		
	
However,	 we	 still	 lack	 appropriate	 analytical	 techniques	 to	 quantify	 catchment	 erosion	 in	 the	
geological	past,	which	can	provide	crucial	 insights	in	the	soil’s	response	to	millennial	scale	climate	
variability	 and	 pre-historic	 land	 use.	 Such	 information	 can	 help	 to	 better	 understand	 the	 soil	
system’s	resilience	to	external	perturbations,	detect	potential	tipping	points	in	soil	preservation,	and	
define	the	time	needed	until	soils	can	recover	from	catastrophic	erosion	events.	
	
The	sediment	grain’s	journey	in	the	catchment:	From	source	to	sink	
	
Soils	 are	 formed	 by	 physical	 and	 chemical	
destruction	 of	 bedrock	 into	 sand,	 silt,	 and	
clay-sized	 particles,	 and	 by	 bio-geochemical	
cycling	 of	 organics	 and	 nutrients.	 After	
storage	 on	 the	 hillslopes,	 detrital	 grains	 are	
eventually	 mobilised	 by	 erosion	 (such	 as	
gully	or	sheet	wash	erosion)	and	transported	
by	fluvial	systems	to	a	sedimentary	sink,	such	
as	a	lake	(Fig.	1).		
	
Therefore,	 one	 approach	 to	 better	
understand	 catchment	erosion	 is	 to	quantify	
the	 time	 elapsed	 between	 formation	 of	 fine	
detrital	grains	on	the	hillslopes	and	their	final	
deposition	 in	 the	 sink.	 If	 this	 so-called	
sediment	residence	time	 can	be	estimated	 for	
a	 continuous	 sedimentary	 succession	
covering	 several	millennia	 or	more	 (e.g.	 the	
Late	 Glacial	 to	 Holocene),	 and	 the	 obtained	
information	 is	 directly	 compared	 to	 independent	 climate	 proxy	 data,	 about	 the	 history	 of	 human	
occupation,	 and	of	 the	past	vegetation	patterns,	 it	would	allow	directly	 studying	 the	 link	between	
soil	erosion,	climate,	vegetation	and	land	use.	
	
Uranium	 isotopes	 ((234U/238U)	 activity	 ratios)	 allow	 quantifying	 the	 time	 elapsed	 since	 sediment	
grains	<63µm	(clay	and	silt)	were	formed	by	physical	and	chemical	destruction	of	bedrock.	This	is	
because	the	daughter	nuclide	234U	is	continuously	ejected	from	detrital	grains	<63µm	during	decay	
of	the	mother	nuclide	238U.	So,	if	applied	to	a	sedimentary	archive	recovered	from	the	depo-centre	of	
a	 lake	 (Fig.	 2),	 and	 the	 time	 since	 final	 deposition	 in	 the	 sedimentary	 sink	 is	 excluded,	 uranium	
isotopes	allow	us	to	quantify	sediment	residence	times	in	the	geological	past.		

Fig.	 1:	 Lake	 Ohrid	 and	 its	 catchment:	 The	
sediment’s	 journey	 from	 the	 hillslopes	 at	 high	
elevation	 to	 the	 lake	 mainly	 depends	 on	 the	
expansion	of	dense	woodland	vegetation.		



Timber	demand	and	farming	leaves	its	traces	at	the	UNESCO	world	heritage	site	Lake	Ohrid	
	
Lake	Ohrid	(Figs.	1,2),	located	at	the	Balkan	Peninsula	on	
the	 border	 between	 North	 Macedonia	 and	 Albania,	 is	
~1.3	million	years	old	and	considered	 the	oldest	 lake	 in	
Europe.	 However,	 to	 study	 the	 controls	 on	 erosion	 by	
climate,	vegetation,	and	anthropogenic	land	use,	research	
at	much	shorter	time	scales	is	required.		
	
Lake	 Ohrid	 is	 a	 particularly	 interesting	 site	 to	 study	
human-landscape	 interaction,	 since	 archaeological	
evidence	(pile	dwellings)	and	historical	data	confirm	very	
early	 human	 occupation	 of	 Lake	 Ohrid’s	 catchment.	
Pollen	 grains	 trapped	 in	 the	 sediments	 of	 Lake	 Ohrid	
reveal	human	activities	in	Lake	Ohrid’s	catchment	started	
as	early	as	~4,200	cal	years	ago,	indicated	by	decreasing	
woodland	and	increasing	cultivated	taxa.	The	decrease	in	
woody	 pollen	 is	 explained	 by	 a	 higher	 timber	 demand	
during	 Greek,	 Roman,	 and	 Byzantine	 occupation	 of	 the	
region.		
	
Geochemical	analyses	of	Lake	Ohrid’s	deposits,	including	uranium	isotope	analyses,	indicate	a	highly	
sensitive	response	of	catchment	erosion	to	these	human	perturbations.	The	data	implies	enhanced	
erosion	 at	 high	 elevations	 started	 ~4,200	 cal	 years	 ago,	 when	 logging	 of	 woodland	 vegetation	
promoted	 deep	 erosion	 of	 thin	 soils.	 Lowland	 areas	 near	 the	 lake	 were	 simultaneously	 used	 for	
farming	and	pasturing,	resulting	in	the	destruction	of	fertile	soils	that	formed	during	the	preceding	
~8,000	 years	 in	 response	 to	 Holocene	 warming.	 The	 soils	 in	 Lake	 Ohrid’s	 catchment	 have	 not	
recovered	 to	 pre-human	 occupation	 conditions	 since	 the	 early	 anthropogenic	 perturbations.	 This	
underpins	the	high	fragility	of	the	vegetation	–	soil	system	–	climate	system	at	Lake	Ohrid.	
	
Prior	to	human	impact:	The	natural	controls	on	catchment	erosion	
	
Prior	to	human	interventions,	woodland	vegetation	density	was	mainly	controlled	by	local	climate.	
Between	 ~16,000	 and	 8,000	 cal	 years	 ago	 open	 grassland	 vegetation	 covered	 wide	 parts	 of	 the	
catchment.	 However,	 climate	 amelioration	 over	 the	 same	 time	 period	 resulted	 in	 a	 slow	 upward	
migration	of	dense	woodland	vegetation	towards	higher	altitudes	cumulating	at	8,000	cal	years	ago.	
Since	 then,	 the	 majority	 of	 the	 catchment	 was	 likely	 covered	 by	 dense	 woodland	 vegetation.	
Sediment	 residence	 times	 inferred	 from	 the	 sediments	 of	 Lake	 Ohrid	 reveal	 that	 catchment-wide	
erosion	processes	are	highly	sensitive	to	climate,	 i.e.	the	amount	of	rainfall,	until	~	8,000	cal	years	
ago.	Until	 this	 time,	 the	open	grassland	vegetation	 in	wide	parts	of	 the	 catchment	promoted	deep	
erosion	of	thin	soil	during	wetter	intervals,	as	indicated	by	short	sediment	residence	times	during	the	
Bølling/Allerød	and	the	Early	Holocene.		
	
Between	9,000	cal	years	and	the	onset	of	human	perturbations	(~4,200	cal	years	ago),	almost	 the	
entire	catchment	was	covered	by	dense	woodland	vegetation	controlling	a	threshold	being	crossed	
in	 catchment-wide	 erosion.	 Since	 ~9,000	 cal	 years	 ago,	 the	 dense	 woodland	 vegetation	 reduces	
erosion	at	all	altitudes,	even	during	wetter	intervals.	Shallow	(sheet	wash)	erosion	prevailed	in	the	
catchment	of	lake	Ohrid,	as	indicated	by	long	sediment	residence	times.		
	
Both	 findings	pre-	 and	post-	human	 intervention	 thus	highlight	 that	 expansion	and	 contraction	of	
woodland	vegetation	can	control	tipping	points	in	catchment-wide	erosion	at	Lake	Ohrid,	changing	
the	landscape	for	several	millennia.	

Fig.	 2:	 Recovering	 sediment	 cores	 from	
the	 depo-centre	 of	 Lake	 Ohrid	 and	 their	
geochemical	 and	 biological	 analyses	 can	
provide	 crucial	 insights	 into	 landscape	
evolution	in	the	geological	past.	


