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Closed-basin lakes are thought to be especially sen-
sitive to climate change due to the tight coupling be-
tween water level and chemistry, forced by changes in 
temperature and effective precipitation (Fritz, 1996; Bat-
tarbee, 2000). However, the time period covered by the 
freeze core at SS1371 was too short to include the ef-
fect of the lake level lowering inferred for the area from 
c. 1000 cal. year BP. Nevertheless, the presence of fossil 

shorelines around the lake indicate that this site has in-
deed been subject to lake-level lowering and solute con-
centration as well as expansion of purple sulfur bacteria 
around 1000 cal. year BP as observed in other lakes (e.g. 
SS4) in the region (McGowan et al., 2008).

An unquantified  but  possibly  important  component 
of changing m-flux in the Kangerlussuaq area is the in-
creased regional deposition of loess that accompanied 

Figure 6. Conceptual interpretation of the relative importance of energy (E) and mass (m) in controlling lake response (summa-
rized by PCA-axis 1 and BSi) to environmental change according to Leavitt et al. (2009). While direct influx of m through precip-
itation is inferred to exert a strong control on all lakes before c. 1000 cal year BP (a), direct influx of E is inferred to have a greater 
influence in closed-basin systems (SS1371 and SS86 after c. 1000 cal year BP)(b). SS49 has not been included in the plot due to no 
change in the main controlling factor during the investigated time period. Supplementary paleolimnological proxies have been in-
cluded for comparison; the temperature reconstruction from the Greenland GRIP and Dye-3 ice cores (Dahl-Jensen et al., 1998), re-
gional lake-levels (Aebly & Fritz, 2009), and diatom-inferred conductivity from SS4 (McGowan et al., 2003).
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increased aeolian activity during the neoglacial cool-
ing (Willemse et al., 2003). The area between SS1371 and 
the present ice sheet margin (Figure 1) is subject to con-
siderable  aeolian  input,  sufficient  to  dilute  the  organic 
content of lake sediments particularly during the Lit-
tle Ice Age (Anderson et al., 2012). The ecological effects 
of dust loading on remote lakes are well known due to 
their high nutrient content (Field et al., 2010). The input 
of loess in the Kangerlussuaq area has been shown to 
have had considerable impact on the biological commu-
nities of these lakes (Perren et al., 2012).

Mass flux: Nutrient influx

The coastal and dilute lake (SS49) showed few changes 
in algal community composition prior to c. 1900 AD 
(50 cal. year BP) when pigment concentration increased 
(Figure 4). Primary production in oligotrophic arctic 
lakes is dominated by relatively stable benthic commu-
nities, which can contribute substantially (80–98%) to 
the primary production (Vadeboncoeur et al., 2003). The 
inference of a substantial benthic community at SS49 is 
supported by the stratigraphic record with high concen-
trations of both chromophyte-algal pigments and BSi 
(the latter an order of magnitude higher than the other 
lakes, Figure 4), indicating the importance of diatoms. 
Pigment indicators of green algae, higher plants and 
cyanobacteria also most likely originate from a benthic 
community, based on contemporary regional lake sur-
veys. Michelutti et al. (2005) reported increased produc-
tion in a number of arctic lakes, which they attributed 
primarily to recent warming although increased nutri-
ent availability is implicit. Oligotrophic lakes are sensi-
tive to even small increases in nutrient input due to the 
very low initial content (Leavitt et al., 2009) and there is 
now increasing evidence of the ecological effects of N-
deposition at remote arctic and alpine lakes (Galloway 
et al., 2008; Holtgrieve et al., 2011). Deposition rates of 
NOx are not well prescribed for western Greenland, but 
are low (<0.5 kg N ha year−1) although loadings are pre-
sumably greater in coastal regions where precipitation 
is higher (Hasholt & Søgaard, 1978).

The δ15N data at SS49 represent a significant change 
in the N biogeochemistry of the lake initiated at the be-
ginning of the 20th Century (Figure 5). The trend to-
wards more depleted δ15N values is comparable with 
those observed in other arctic and northern hemisphere 
mountain lakes (e.g. Wolfe, Edwards & Aravena, 1999; 
Wolfe et al., 2003; Holtgrieve et al., 2011) and is con-
sistent with increased inputs of anthropogenic N aris-
ing from fossil fuel combustion. Such anthropogenic 
sources are generally isotopically depleted in 15N, and 

ice-core records from Greenland document a progres-
sive  change  from preindustrial δ15N values of c. 11‰ 
to ca. −1‰ in NO3

− concomitant with a doubling in ni-
trate concentration in deposition during the 20th Cen-
tury (Hastings et al., 2009; Figure 5). The agreement be-
tween δ15N, pigment PCA-1 and the increasing organic 
C content since c. 1880 is strongly supportive of a lin-
ear change in productivity in response to increased nu-
trient input.

Both the interpretation of δ15N and PCA-1 of the pig-
ments can be affected by diagenesis (Leavitt, 1993; Tal-
bot, 2001; Galman, Rydberg & Bigler, 2009). However, 
at SS49 the sediment data are inconsistent with a diage-
netic effect as the observed changes occurred over lon-
ger time frames (several decades) than expected with 
diagenesis. In general, pigments in the top 1–3 cm of 
lake sediments are interpreted as being affected by post-
depositional degradation (Leavitt, 1993). Moreover,  the 
anticipated isotopic effect of such processes would lead 
to an enrichment trend in δ15N (Galman et al., 2009), the 
converse of that observed. Climate change in recent de-
cades in combination with its effects on changes in the 
catchment could be posited as a cause for the observed 
δ15N record. However, following statistical analysis of 
the meteorological data (Simpson, unpublished; Figure 
5), no trend in 20th Century monthly mean temperature 
(at Nuuk) was observed, a local pattern that is consis-
tent with temperature trends throughout SW Greenland 
(Box, 2002). Furthermore, the timing of recent Arctic 
warming is inconsistent with the observed change in 
δ15N at this site.

Nitrogen accrual is an important process in arc-
tic ecosystems largely associated with terrestrial veg-
etation succession and  the  role of N-fixation by Dryas 
spp. and Alnus sp. (Engstrom et al., 2000). However, 
changes of the in-lake N pool can also result from N-
fixation  by  cyanobacteria, which  form  extensive  litto-
ral mats in oligotrophic arctic lakes. The soil microbial 
and hydrological processes that can result in N trans-
fer from land to water are complex and highly sea-
sonal due to the relationships between N-mineraliza-
tion, snow melt and plant uptake (Hobbie, Nadelhoffer 
& Hogberg,  2002). Moreover,  these  processes  are  hy-
pothesized to change with warming of the Arctic, but 
presumably this is not important in the Kangerlussuaq 
area given the relatively steady temperatures recorded 
for much of the 20th Century (Figure 5). The SS49 
catchment is sparsely vegetated with thin soils, in con-
trast to inland catchments with more extensive shrub 
tundra and thicker soils. The greater precipitation at 
the coast, coupled with thin soils suggests that the sed-
iment  δ15N profile  of  SS49  is  reflecting  direct  deposi-
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tion of NOx on to the lake. Interestingly, δ15N profiles 
from sediment cores from inland lakes do not show the 
characteristic depletion observed in many arctic lakes 
(Simpson, unpublished).

Energy flux

SS1371 showed considerable short-term variability 
but little directional changes in phototrophic commu-
nity composition over time (Figure 4). The pigment re-
cord indicates input from higher plants and green al-
gae, probably including input from the extensive Chara 
beds in the littoral zone, as well as chromophytes and 
the dominant phototrophic sulfur bacterial communi-
ties. The continuous dominance of phototrophic pur-
ple sulfur bacterial pigments suggests that the lake was 
meromictic or had prolonged periods of anoxic bottom 
water throughout the approximately 600-year period 
covered by the core. Indicators of phototrophic sulfur 
bacteria often are observed in both saline and fresh-
water lakes where light penetrates to anoxic waters 
and have previously been used to infer major shifts in 
lake status (Leavitt, Carpenter & Kitchell, 1989; Vine-
brooke et al., 1998; Pienitz et al., 2000; Squier, Hodgson 
& Keely, 2002; McGowan et al., 2008). The inference of 
meromictic conditions in the modern lake is supported 
by temperature thermistors deployed over 5 years at 
SS1371  (Anderson,  unpublished).  Strong  stratification 
and good light transparency could promote the high-
frequency variability in community structure, due 
to  tight  coupling  between  stratification  and  the  pho-
totrophic community (e.g. Pfennig, 1989; Vila et al., 
1998). While the continued negative precipitation bal-
ance and resulting decreasing lake level inferred from 
fossil shorelines (Aebly & Fritz, 2009) over the last 
c. 1000 years is the primary cause of the establishment 
of closed-basin systems in the area, it cannot explain 
the observed variability of the phototrophic commu-
nity. On the other hand, considerable change in tem-
perature has been inferred from the ice cores during 
this period (Dahl-Jensen et al.,  1998)  and direct E-flux 
is therefore inferred as the primary controlling mecha-
nism of the lake response (Figure 6).

At the nunatak lake (SS86), dominance of green sul-
fur bacterial pigments in the upper half of the sedi-
ment  core  (Figure  4)  also  indicate  chemical  stratifica-
tion and light penetration into an anoxic hypolimnion 
(Pfennig, 1989). The observed changes in the photo-
trophic community and geochemical markers sug-
gest a transition from a dilute, oligotrophic lake to one 
with  stronger  seasonal  chemical  stratification,  hypo-
limnic anoxia, and substantial phototrophic bacterial 

production over the last c. 1000 years. A change in the 
main controlling mechanism of this lake from direct 
mass (precipitation) to energy (Figure 6) is inferred in 
accordance with interpretations of trends at the other 
lakes in this study.

Synthesis

Changes in the phototrophic community in the south-
west Greenland lakes are driven by a combination of 
factors, including direct and indirect E and m forcing 
(e.g. radiative forcing, temperature, effective precipi-
tation, ice-free period), mediated by location, catch-
ment/lake  ratios,  and  in-lake  processes  (e.g.  stratifi-
cation). Although precipitation levels are low in much 
of the Arctic, with associated reduced hydrological 
fluxes from land to lake, catchment processes are still 
important and will mediate m-flux to the lake. For ex-
ample, Anderson et al. (2008) found significant effects 
on biological structure associated with the arrival of 
Betula nana in SW Greenland through sequestration of 
nutrients. Any assessment of ‘drivers’ of limnological 
change in the Arctic should include a terrestrial/veg-
etation component (Wookey et al., 2009) but concep-
tual models that have been developed to account for 
recent biological change at high latitudes have tended 
to downplay alternative hypotheses such as catchment 
processes  (Smol & Douglas,  2007). Moreover,  as well 
as changing E and m-fluxes, in-lake processes (altered 
trophic interactions, benthic-pelagic coupling) and 
other ontogenetic processes (long-term accumulation 
of salts, dissolved organic carbon) may have consid-
erable  influence  on  biological  structure  independent 
of climate (Anderson et al., 2004), therefore making it 
difficult  to  infer  climate unambiguously  from biolog-
ical remains in lake sediments (Lotter & Birks, 2003). 
The contrasting responses of the three lakes in this 
study to global environmental change processes over 
the last c. 1600 years highlights the need to consider 
greater regional variability as we attempt to disentan-
gle the ecological response of arctic lakes to multiple 
stressors. This is true even in a relatively small area 
(<150 km) such as the Kangerlussuaq lake district, 
which is reasonably homogenous in terms of geology 
and vegetation. As highlighted by Kaufman (2012), 
recognizing the spatial complexity of lake responses 
to regional climate forcing and the associated non-cli-
matic filters  is  critical  if  lake  sediment  records  are  to 
be used to reconstruct past-climate variability in the 
Arctic. There is clearly a need for greater replication at 
the regional scale to help identify signals of environ-
mental change.



702  r e u s s ,  a n d e r s o n ,  f r i t z ,  & s i m p s o n  i n  F r e s h w a t e r  B i o l o g y  58 (2013)

Acknowledgments — We are grateful to I. Renberg during 
coring and subsampling of the cores, B. Perren for help dur-
ing  subsampling,  and  B. Møller  for  assistance  in  the  labora-
tory. We also thank P. Appleby for conducting the 210Pb dat-
ing. A. Lami and R. Cox kindly provided standards of purple 
and green sulfur bacteria, respectively. L. Schlüter provided 
assistance for separation of bacterial pigments from culture. 
Funding for field collection of cores and dating was provided 
by  a  U.S.  NSF  grant  (ATM-0081226)  to  S.  Fritz.  Additional 
fieldwork and analysis were funded by grants from the Dan-
ish Natural Science Research Council (SNF 21-02-0390 and 
SNF 51-00-0288) to N. J. Anderson and a STENO-grant from 
The Danish Council for Independent Research – Natural Sci-
ences (FNU) to N. S. Reuss (09-064952).

References

Aebly F. A. & Fritz S. C. (2009) Palaeohydrology of Kangerlus-
suaq (Sondre Stromfjord), West Greenland during the last 
~8000 years. The Holocene, 19, 91–104. 

Anderson N. J., Brodersen K. P., Ryves D. B., McGowan S., Jo-
hansson L. S., Jeppesen E. et al. (2008) Climate versus in-
lake processes as controls on the development of commu-
nity structure in a low-arctic lake (South-West Greenland). 
Ecosystems, 11, 307–324. 

Anderson N. J., Harriman R., Ryves D. B. & Patrick S. T. (2001) 
Dominant factors controlling variability in the ionic com-
position of West Greenland Lakes. Arctic Antarctic and Al-
pine Research, 33, 418–425. 

Anderson N.  J.,  Liverside A. C., McGowan S. &  Jones M. D. 
(2012) Lake and catchment response to Holocene environ-
mental change: Spatial variability along a climate gradi-
ent in southwest Greenland. Journal of Paleolimnology, 48, 
209– 222. 

Anderson N. J., Ryves D. B., Grauert M. & McGowan S. (2004) 
Holocene paleolimnology of Greenland and the north At-
lantic islands (north of 60°N). In: Long-Term Environmen-
tal Change in Arctic and Antarctic Lakes  (eds. R. Pienitz, M. 
S. V. Douglas, & J. P. Smol), pp. 319–347. Springer, the 
Netherlands. 

Anderson N. J. & Stedmon C. A. (2007) The effect of evapo-
concentration on dissolved organic carbon concentration 
and quality in lakes of SW Greenland. Freshwater Biology, 
52, 280–289. 

Appleby P. G. (2001) Chronostratigraphic techniques in recent 
sediments. In: Tracking Environmental Change Using Lake 
Sediments, Basin Analysis, Coring, and Chronological Tech-
niques, vol. 1  (eds. W. M. Last &  J. P. Smol), pp. 171–203, 
Kluwer Academic Publishers, Dordrecht. 

Appleby P. G., Nolan P. J., Gifford D. W., Godfrey M. J., Old-
field F., Anderson N.  J. et al. (1986) Pb-210 dating by low 
background gamma-counting. Hydrobiologia, 143, 21–27. 

Appleby P. G. & Oldfield  F.  (1978)  The  calculation  of  210Pb 
dates assuming a constant rate of supply of unsupported 
210Pb to the sediment. Catena, 5, 1–8. 

Battarbee R. W. (2000) Palaeolimnological approaches to cli-
mate change, with special regard to the biological record. 
Quaternary Science Reviews, 19, 107–124. 

Bergström A. K., Blomqvist P. & Jansson M.  (2005) Effects of 
atmospheric nitrogen deposition on nutrient limitation 
and phytoplankton biomass in unproductive Swedish 
lakes. Limnology and Oceanography, 50, 987–994. 

Bindler R., Renberg I., Anderson N. J., Appleby P. G., Emteryd 
O. & Boyle J. (2001) Pb isotope ratios of lake sediments in 
West Greenland: Inferences on pollution sources. Atmo-
spheric Environment, 35, 4675–4685. 

Bonilla S., Villeneuve V. & Vincent W. F. (2005) Benthic and 
planktonic algal communities in a High Arctic Lake: Pig-
ment structure and contrasting responses to nutrient en-
richment. Journal of Phycology, 41, 1120–1130. 

Box J. E. (2002) Survey of Greenland instrumental temperature 
records: 1873-2001. International Journal of Climatology, 22, 
1829–1847. 

Burton H. R. (1981) Chemistry, physics and evolution of ant-
arctic saline lakes—A review. Hydrobiologia, 81, 339–362. 

Cappelen J. (2004) Yearly mean temperature for selected meteoro-
logical stations in Denmark, the Farroe Islands and Greenland; 
1873–2003.  Technical  report  0407.  Danish  Meteorological 
Institute, Copenhagen. 

Conley D. J. (1998) An interlaboratory comparison for the 
measurement of biogenic silica in sediments. Marine Chem-
istry, 63, 39–48. 

Conley D. J. & Schelske C. L. (2001) Biogenic silica. In: Tracking 
Environmental Change Using Lake Sediments. Volume 3: Ter-
restrial, Algal, and Siliceous Indicators (eds. J. P. Smol, H. J. B. 
Birks, & W. M. Last), pp. 281–293. Kluwer Academic Pub-
lishers, Dordrecht. 

Dahl-Jensen  D.,  Mosegaard  K.,  Gundestrup  N.,  Clow  G. 
D., Johnsen S. J., Hansen A. W. et al. (1998) Past temper-
atures directly from the Greenland Ice Sheet. Science, 282, 
268–271. 

D’Andrea W. J., Huang Y., Fritz S. C. & Anderson N. J. (2011) 
Abrupt Holocene climate change as an important factor for 
human migration in West Greenland. Proceedings of the Na-
tional Academy of Sciences of the USA, 108, 9765–9769. 

DeMaster D. J. (1981) The supply and accumulation of silica in 
the marine environment. Geochimica et Cosmochimica Acta, 
45, 1715–1732. 

Engstrom D. R., Fritz S. C., Almendinger J. E. & Juggins S. 
(2000) Chemical and biological trends during lake evolu-
tion in recently deglaciated terrain. Nature, 408, 161–166. 

Field J. P., Belnap J., Breshears D. D., Neff J. C., Okin G. S., 
Whicker J. J. et al. (2010) The ecology of dust. Frontiers in 
Ecology and the Environment, 8, 423–430.  

Frigaard N. U., Larsen K. L. & Cox R. P. (1996) Spectrochro-
matography  of  photosynthetic  pigments  as  a  fingerprint-
ing technique for microbial phototrophs. FEMS Microbiol-
ogy Ecology, 20, 69–77. 

Fritz S. C. (1996) Paleolimnological records of climatic change 
in North America. Limnology and Oceanography, 41, 882–889. 



L a t e -H o L o c e n e  e n v i r o n m e n t a L  f o r c i n g  o f  L a k e s  i n  s o u t H - w e s t  g r e e n L a n d   703

Galloway J. N., Townsend A. R., Erisman J. W., Bekunda M., 
Cai Z., Freney J. R. et al. (2008) Transformation of the ni-
trogen cycle: Recent trends, questions, and potential solu-
tions. Science, 320, 889–892. 

Galman V., Rydberg J. & Bigler C. (2009) Decadal diagenetic 
effects on δ13C and δ15N studied in varved lake sediment. 
Limnology and Oceanography, 54, 917–924. 

Hasholt B. & Søgaard H. (1978) Et forsøg på en klimatiskhy-
drologisk regionsinddeling af Holsteinsborg kommune (Si-
simiut). Geografisk Tidsskrift, 77, 72–92. 

Hastings M., Jarvis J. & Steig E. (2009) Anthropogenic Impacts 
on Nitrogen Isotopes of Ice-Core Nitrate. Science, 324, 1288. 

Heggen M. P., Birks H. H. & Anderson N.  (2010) Long-term 
ecosystem dynamics of a small lake and its catchment in 
west Greenland. Holocene, 20, 1207–1222. 

Hobbie S. E., Nadelhoffer K. J. & Hogberg P. (2002) A synthe-
sis: The role of nutrients as constraints on carbon balances 
in boreal and arctic regions. Plant and Soil, 242, 163–170. 

Holtgrieve G. W., Schindler D. E., Hobbs W. O., Leavitt P. R., 
Ward E. J., Bunting L. et al. (2011) A Coherent Signature 
of Anthropogenic Nitrogen Deposition to Remote Water-
sheds of the Northern Hemisphere. Science, 334, 1545–1548. 

Jeffrey S. W., Mantoura R. F. C. & Wright S. W. (1997) Phy-
toplankton Pigments in Oceanography. UNESCO Publish-
ing, Paris. 

Kane D. L., Hinzman L. D., Woo M. & Everett K. R. (1992) Arc-
tic hydrology and climate change. In: Arctic Ecosystems in 
A Changing Climate (eds. F. S. Chapin, R. L. Jefferies, J. F. 
Reynolds, G. R. Shaver, J. Svoboda & E. W. Chu), pp. 35–
57. Academic Press, Inc., San Diego, CA. 

Kaufman D. S. (2012) Introduction to the special issue, “Ho-
locene paleoenvironmental records from Arctic lake sedi-
ment.” Journal of Paleolimnology, 48, 1–7. 

Leavitt P. R. (1993) A review of factors that regulate carotenoid 
and chlorophyll deposition and fossil pigment abundance. 
Journal of Paleolimnology, 9, 109–127. 

Leavitt P. R., Carpenter S. R. & Kitchell J. F. (1989) Whole-lake 
experiments: The annual record of fossil pigments and 
zooplankton. Limnology and Oceanography, 34, 700–717. 

Leavitt P. R., Findlay D. L., Hall R. I. & Smol J. P. (1999) Algal 
responses to dissolved organic carbon loss and pH decline 
during whole-lake  acidification:  evidence  from  paleolim-
nology. Limnology and Oceanography, 44, 757–773. 

Leavitt P. R., Fritz S. C., Anderson N. J., Baker P. A., Blenckner 
T., Bunting L. et al. (2009) Paleolimnological evidence of the 
effects on lakes of energy and mass transfer from climate 
and humans. Limnology and Oceanography, 54, 2330–2348. 

Leavitt P. R. & Hodgson D. A. (2001) Sedimentary pigments. 
In: Tracking Environmental Change Using Lake Sediments. 
Volume 3: Terrestrial, Algal, and Siliceous Indicators (eds. J. P. 
Smol, H. J. B. Birks & W. M. Last), pp. 295–325. Kluwer Ac-
ademic Publishers, Dordrecht, The Netherlands. 

Lotter A. F. & Birks H. J. B. (2003) The Holocene palaeolimnol-
ogy of Sagistalsee and its environmental history—A syn-
thesis. Journal of Paleolimnology, 30, 333–342. 

McGowan  S.,  Juhler  R.  K. & Anderson N.  J.  (2008) Autotro-
phic response to lake age, conductivity and temperature 
in two West Greenland lakes. Journal of Paleolimnology, 39, 
301– 317. 

McGowan S., Ryves D. B. & Anderson N.  J.  (2003) Holocene 
records of effective precipitation in West Greenland. The 
Holocene, 13, 239–249. 

Michelutti N., Wolfe A. P., Vinebrooke R. D., Rivard B. & Bri-
ner J. P. (2005) Recent primary production increases in 
arctic lakes. Geophysical Research Letters, 32, L19715. doi: 
10.1029/2005GL023693. 

Ouellet M., Bisson M., Page P. & Dickman M. (1987) Physico-
chemical limnology of meromictic saline Lake Sophia, Ca-
nadian arctic archipelago. Arctic and Alpine Research, 19, 
305–312. 

Overpeck J., Hughen K., Hardy D., Bradley R., Case R., Doug-
las M. et al. (1997) Arctic environmental change of the last 
four centuries. Science, 278, 1251–1256. 

Perren B. B., Anderson N. J., Douglas M. S. V. & Fritz S. (2012) 
The influence of temperature, moisture, and eolian activity 
on Holocene lake development in West Greenland. Journal 
of Paleolimnology, 48, 223–239. 

Perren B. B., Douglas M. S. V. & Anderson N. J. (2009) Diatoms 
reveal complex spatial and temporal patterns of recent lim-
nological change in West Greenland. Journal of Paleolimnol-
ogy, 42, 233–247. 

Pfennig N. (1989) Ecology of phototrophic purple and green 
sulfur bacteria. In: Autotrophic Bacteria (eds. H. G. Schlegel 
& B. Bowien), pp. 97–116. Science Tech Publ., Madison, WI. 

Pienitz R., Smol J. P., Last W. M., Leavitt P. R. & Cumming B. 
F. (2000) Multi-proxy Holocene palaeoclimatic record from 
a saline lake in the Canadian Subarctic. The Holocene, 10, 
673– 686. 

Pla S. & Anderson N. J. (2005) Environmental factors corre-
lated with chrysophyte cyst assemblages in low arctic lakes 
of southwest Greenland. Journal of Phycology, 41, 957–974. 

Post E., Forchhammer M. C., Bret-Harte M. S., Callaghan T. V., 
Christensen T. R., Elberling B. et al. (2009) Ecological dy-
namics across the Arctic associated with recent climate 
change. Science, 325, 1355–1358. 

Quinlan  R.,  Douglas M.  S.  V.  &  Smol  J.  P.  (2005)  Food web 
changes in arctic ecosystems related to climate warming. 
Global Change Biology, 11, 1381–1386. 

Reuss N. & Conley D. J. (2005) Effects of sediment storage con-
ditions on pigment analyses. Limnology and Oceanography–
Methods, 3, 477–487.  

Reuss N., Hammarlund D., Rundgren M., Segerström U., Er-
iksson L. & Rosén P. (2010a) Lake Ecosystem Responses 
to Holocene Climate Change at the Subarctic Tree-Line in 
Northern Sweden. Ecosystems, 13, 393–409. 

Reuss N., Leavitt P., Hall R., Bigler C. & Hammarlund D. 
(2010b) Development and application of sedimentary pig-
ments for assessing effects of climatic and environmental 
changes on subarctic lakes in northern Sweden. Journal of 
Paleolimnology, 43, 149–169. 



704  r e u s s ,  a n d e r s o n ,  f r i t z ,  & s i m p s o n  i n  F r e s h w a t e r  B i o l o g y  58 (2013)

Smol J. P. & Douglas M. S. V. (2007) From controversy to con-
sensus: making the case for recent climate change in the 
Arctic using lake sediments. Frontiers in Ecology and the En-
vironment, 5, 466–474. 

Smol J. P., Wolfe A. P., Birks H. J. B., Douglas M. S. V., Jones 
V. J., Korhola A. et al. (2005) Climate-driven regime shifts 
in the biological communities of arctic lakes. Proceedings of 
the National Academy of Sciences of the United States of Amer-
ica, 102, 4397–4402. 

Squier A. H., Hodgson D. A. & Keely B. J. (2002) Sedimentary 
pigments as markers for environmental change in an Ant-
arctic lake. Organic Geochemistry, 33, 1655–1665. 

Talbot M. R. (2001) Nitrogen isotopes in palaeolimnology. In: 
Tracking Environmental Change Using Lake Sediments. Vol-
ume 2: Physical and Geochemical Methods  (eds. W. M.  Last 
& J. P. Smol), pp. 401–439, Kluwer Academic Publishers, 
Dordrecht, The Netherlands. 

Vadeboncoeur Y., Jeppesen E., Vander Zanden M. J., Schierup 
H. H., Christoffersen K. & Lodge D. M. (2003) From Green-
land to green lakes: Cultural eutrophication and the loss of 
benthic pathways in lakes. Limnology and Oceanography, 48, 
1408–1418. 

Vila X., Abella C. A., Figueras J. B. & Hurley J. P. (1998) Ver-
tical models of phototrophic bacterial distribution in the 
metalimnetic microbial communities of several freshwa-
ter North-American kettle lakes. FEMS Microbiology Ecol-
ogy, 25, 287–299. 

Vincent W. F., Hobbie J. E. & Laybourn-Parry J. (2008) Intro-
duction to the limnology of high-latitude lake and river 
ecosystems. In: Polar Lakes and Rivers (eds. W. F. Vincent 
& J. Laybourn-Parry), pp. 1–24. Oxford University Press, 
New York. 

Vinebrooke R. D., Hall R. I., Leavitt P. R. & Cumming B. F. 
(1998) Fossil pigments as indicators of phototrophic re-
sponse to salinity and climatic change in lakes of western 
Canada. Canadian Journal of Fisheries and Aquatic Sciences, 
55, 668–681. 

Willemse N. W., Koster E. A., Hoogakker B. & van Tatenhove 
F. G. M. (2003) A continuous record of Holocene eolian ac-
tivity in West Greenland. Quaternary Research, 59, 322–334. 

Willemse N. W., van Dam O., van Helvoort P. J., Dankers R., 
Brommer M., Schokker J. et al. (2004) Physical and chemi-
cal limnology of a subsaline athalassic lake in West Green-
land. Hydrobiologia, 524, 167–192. 

Williams W. D. (1991) Comments on the so-called salt lakes of 
Greenland. Hydrobiologia, 210, 67–74. 

Wolfe A. P., Cooke C. A. & Hobbs W. O. (2006) Are current 
rates of atmospheric nitrogen deposition influencing lakes 
in the Eastern Canadian Arctic? Arctic Antarctic and Alpine 
Research, 38, 465–476. 

Wolfe B. B., Edwards T. W. D. & Aravena R. (1999) Changes 
in carbon and nitrogen cycling during tree-line retreat re-
corded in the isotopic content of lacustrine organic mat-
ter, western Taimyr Peninsula, Russia. The Holocene, 9, 
215–222. 

Wolfe  B.  B.,  Edwards  T. W. D.,  Jiang H., MacDonald G. M., 
Gervais B. R. & Snyder J. A. (2003) Effect of varying oce-
anicity on early- to mid-Holocene palaeohydrology, Kola 
Peninsula, Russia: isotopic evidence from treeline lakes. 
The Holocene, 13, 153–160. 

Wookey P. A., Aerts R., Bardgett R. D., Baptist F., Brathen K. 
A., Cornelissen J. H. C. et al. (2009) Ecosystem feedbacks 
and cascade processes: Understanding their role in the re-
sponses of Arctic and alpine ecosystems to environmental 
change. Global Change Biology, 15, 1153–1172. 

Wright  S. W.,  Jeffrey  S. W., Mantoura R.  F. C.,  Llewellyn C. 
A., Bjørnland T., Repeta D. et al. (1991) Improved HPLC 
method for the analysis of chlorophylls and carotenoids 
from marine phytoplankton. Marine Ecology Progress Series, 
77, 183–196. 

Züllig H. (1985) Pigmente phototropher Bakterien in Seesed-
imenten und ihre Bedeutung für die Seenforschung. Sch-
weizerische Zeitschrift für Hydrologie, 47, 87–126. 


