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Brunifiering på norra halvklotet 

Norge (Hongve et al. 2004; De Wit et al. 2007; Haaland et al. 2010) 

Finland (Vuorenmaa et al. 2006; Lepisto et al. 2008) 

Storbritannien (Davies et al. 2005; Evans et al. 2006; Worrall et al. 2007) 

Centraleuropa (Hejzlar et al. 2003; Skjelskvåle et al. 2005) 

Nordamerika (Driscoll et al. 2003; Findlay 2003; Skjelskvåle et al. 2005) 
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Rekreationsvärdet sjunker 

G. semen avoided higher levels of radiation, with
75–95 lmol m)2 s)1 being the limiting range. Our
results from Lake 979 support the hypothesis that
G. semen thrives in low light environments below
100 lmol m)2 s)1. However, there were also sev-
eral other factors that contributed to the magni-
tude of the G. semen blooms in Lake 979.

Cronberg et al. (1988) concluded that increased
Gonyostomum abundance coincided in lakes with
high P concentrations and decreased pH as related
to acidic deposition in many Scandinavian lakes.
Salonen & Rosenberg (2000) postulated that G.
semen vertically migrated into anoxic and light
limited zones of lakes giving them a competitive

advantage over other algae because it allows them
to acquire essential nutrients by consumption of
DOC and bacteria as an alternative source of C
(Buchanan 1982). They suggest that vertical
migration of Gonyostomum was associated with
depletion of soluble reactive phosphorus from
bottom waters. The results from Lake 979 support
the hypothesis that elevated P concentrations
coupled with low light influence the growth of G.
semen. In Lake 979 G. semen increased in abun-
dance when total P > 30 lg l)1 and pH was
<6.0. This was further supported by our labora-
tory experiment where G. semen increased 21·
over the control under conditions of low light and
increased P > 30 lg l)1 at pH 5.6. In Lake 979 G.
semen biomass was not correlated with pH, be-
cause pH was driven by DOC concentrations,
which suggests that DOC maybe a driving vari-
able. In our lab experiment Gonyostomum biomass
decreased as DOC decreased but there was no
change in pH observed. The appearance of
Gonyostomum has been documented occurring
over a pH range of 4.4–7.7 (Rosén, 1981; Eloranta
& Räike, 1995). pH may have indirectly influenced
the presence of G. semen in Lake 979 because this
species can tolerate lower pH giving it a competi-
tive advantage over many other algae.

Hansson (1996) reported in the presence of
Daphnia, G. semen disappeared from the water
column taking refuge in the sediment. He postu-
lated that G. semen use the detection of chemicals
released by Daphnia as an avoidance mechanism
from grazers. In our experiment, the addition of
Daphnia to treatment containers impaired G. se-
men biomass compared to containers with no
Daphnia. In Lake 979, Gonyostomum blooms oc-
curred at times when total P, DOC, and light were
at optimum levels and Daphnia abundance was
low. In general, Gonyostomum was absent when
the number of Daphnia exceeded 10 animals l)1,
which supports Hansson’s hypothesis. Daphnia
egg ratios were inversely related to changes in
Daphnia abundance in Lake 979 and egg ratios
often remained high during periods of high G. se-
men densities. Because cladoceran egg ratios are an
indicator of per-capita food availability, this sug-
gests that declines in Daphnia abundance were the
result of shifts in mortality, most likely due to in-
creased grazing pressure by Chaoborus, and not
causally linked to changes in G. semen densities.

Figure 6. Log–log linear regressions of G. semen biomass and
(a) total P concentrations and (b) DOC, for Lake 979 from 1992
to 1997.
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Gonyostomum semen (gubbslem) 
ökar i svenska sjöar

• En växtplanktonart som blommar i 
bruna sjöar

• Klassas som skadlig av 
Naturvårdsverket

• Har slemtrådar som orsakar 
hudirritation och täpper igen filter

• Gonyostomumblomningar har blivit 
vanligare i hela Norden de senaste 2 
decennierna

Cronberg et al., 1988(Rengefors opublicerat)
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Effekter på ekosystemet 
Ljusklimatet à växtplankton och undervattensvegetation 

          à födosöksframgång  
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Inledning
Orsaker till försurning
Nedfall av svavel är den främsta orsaken till luftföroreningsrelaterad försurning 
av mark och vatten i Sverige och i Skandinavien. Försurningen har pågått 
en längre tid och ökade i samma takt som utsläppen av svaveloxider, främst 
SO2. Utsläppskällan är huvudsakligen förbränning av kol och andra fossila 
bränslen i Danmark, England, Tyskland, Polen, men även i Sverige och andra 
europeiska länder. Även utsläpp från sjöfart är en viktig källa. Utsläppen, 
och därmed nedfallet, tog fart efter andra världskriget och nådde toppnivån 
under 1970- och 1980-talen (www.emep.int). Tack vare stora satsningar på 
att begränsa utsläppen har nedfallet minskat och idag ligger nedfallet i Sverige 
på nivåer som är i genomsnitt drygt 80 % lägre än toppåret 1980 och är 
därmed lägre än vid nittonhundratalets början (Figur 1).

Yt- och grundvattenförsurning är till hög grad en konsekvens av mark-
försurningen, d v s förlusten av baskatjoner från marken. Att låta naturen 
återställa markens buffringsförmåga genom tillskott av baskatjoner från 
nedfallet och från vittring är en process som tar tid. Den processen försvåras 
av det kvarstående försurande nedfallet samt av skogsbruk som innebär att 
baskat joner försvinner med skörden. Det finns mycket forskning som visar att 
marken har en viss förmåga att lagra upp svavel under stigande svavelnedfall  

Figur 1. Svavelnedfall på ca 2000 sjöar som modellerades med MAGIC-modellen. Kurvan byg-
ger på mätningar eller uppskattningar av dagens nedfall samt historisk utveckling av emissioner i 
Europa omräknade till nedfall med hjälp av EMEP-modellen. Svavelnedfall med ursprung i havssalt 
är borträknat. Den mellersta linjen representerar genomsnittligt nedfall, de lägsta och högsta lin-
jerna 0.05 och 0.95 percentilerna. Den färgade arean representerar därmed nedfall på 90% av de 
modellerade målsjöarna.
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(part c of Figure 2). The effect of treatment on DOC concentra-
tion and abs420 was not so apparent in 2008, but in 2009 both
DOC and abs420 were lower in the HS than in the LS treatment
(parts d and e of Figure 2). The average difference between the
treatments in 2009 was greater for abs420 (58%) than for DOC
(42%).

DOM quality differed between the two treatments as verified
by the rbMANOVA (Wilks’ λ = 0.006, F6,2 = 52.070, p = 0.019).
The test of between-subject effects showed that all included
variables differed significantly between treatments (p < 0.005).
The blocking factor time was not significant (p = 0.556). DOM in
the HS treatment was less aromatic and hydrophobic, than DOM
in the LS treatment, as indicated by higher FI and lower SUVA260
(parts a and b of Figure 3), and had lower CSA420 (part c of
Figure 3). In the SEC analyses, the major peak eluted after an
average of 9.37 min in the HS treatment and after 9.24 min in the
LS treatment (SECtime, part d of Figure 3). This corresponds to a
MW of about 1950 and 2280 Da respectively relative to the PSS
standards. The average fraction of the total area accounted for by
the dominating peak (SECarea%) was smaller for HS (56%) than
for LS (64%, part e of Figure 3), indicating that the average MW
was smaller in HS than in LS. The selected window included
92.7!99.8% of the total area of the chromatograms. The
modeled net charge g!1 DOC was lower in the HS treatment
(part f of Figure 3) and a strong correlation between pH and net
charge g!1 DOC that could be observed (r = !0.984, n = 22,
p < 0.001, Figure 4).

’DISCUSSION

This field experiment with manipulation of sulfuric acid
addition demonstrates a clear effect on soil!water chemistry
and DOM dynamics and is in agreement with the prevailing
theory that reversed acidification is a significant mechanism
behind the brownification of surface waters.4 Although monitor-
ing data from many regions supports the notion that decreasing
sulfur deposition explains increasing DOC levels, a limitation of
the monitoring studies is that they tend to include only the
period of decreasing sulfur deposition.1!4 Moreover, correla-
tions found in monitoring studies can be coincidental, and may
not reflect causal relations. While monitoring studies are incon-
clusive with regard to pinpointing casual mechanisms, the
correlative evidence can be used to formulate hypotheses that
can be tested. In our study, higher sulfuric acid addition rapidly
increased the concentrations of SO4!S and base cations,
whereas pH in the soil!water was significantly lowered. Both
DOC concentration and abs420 were lower in the HS treatment
than in the LS treatment, in agreement with previous laboratory 10!12

and small-scale field experiments.13 Similarly, soil!water DOC
decreased in response to acidification in a whole-catchment experi-
ment (HUMEX),29 implying a reduction in mobility of the DOM
with higher acid load. The underlying mechanism for this reduction
inmobility of DOM is that a greater concentration of hydrogen ions
both increase the leakage of base cations through cation exchange
and reduce the net charge ofDOMthrough protonation of functional

Figure 2. Observed chemical characteristics of lysimeter soil!water from Oct 2007 ! Sep 2009, all replicates. A. SO4!S; B. pH; C. base cations;
D. dissolved organic carbon (DOC) and E. Absorbance at 420 nm (abs420). HS = high sulfuric acid treatment, LS = low sulfuric acid treatment. Error
bars (1 SD. No sampling was conducted during winter seasons.
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is a reduction in the proportion of annual precipitation arising in
summer that might explain the long-term trend in DOC release12.
The hypothesis is based on observations that decomposition is
accelerated under warmer, drier conditions and the assumption that
soluble carbon compounds would be mobilized following the
return to wetter conditions5,12. But there is also a further environ-
mental factor that has so far escaped consideration, and one that has
shown consistent increases over the period of these studies, namely
atmospheric CO2 (ref. 13). The last two mechanisms have received
insufficient consideration to be eliminated as drivers of the current
DOC trend, and so formed the basis of our investigations.
We have compared the impacts of both drought-associated

hydrological changes and elevated atmospheric CO2 on DOC
release from peatlands. To examine the impact of drought-
associated hydrological changes, we simulated repeated summer
droughts in a chain of peatlands inmid-Wales. A flowmanipulation
system was established (Fig. 1) with a control wetland, below which
a dam was constructed to allow diversion of waterflows around an
‘experimental’ wetland to simulate summer droughts. Over a three-
year period (1992–94) and then a further two-year period (1999–
2000) the wetland was subjected to simulated droughts of varying
duration (16–20 weeks) between late spring and early autumn. For
the hypothesized role of hydrological conditions associated with
reduced summer rainfall to remain tenable, a divergence in the
levels of DOC released from each wetland would be anticipated,
with the drought-affected wetland showing higher DOC release.
However, each drought revealed peat DOC concentrations substan-
tially lower than the control (averaging 44%, P , 0.01, in the early
droughts (1992–94), for example). Such declines are to be expected
as under the aerobic conditions associated with drought, gaseous
CO2, rather than dissolved organics, tends to be the major end
product of decomposition. And despite five simulations of the
drought-like hydrological changes, we found no evidence of DOC
release increasing above that of the control, either during the
manipulation or in the remainder of the year following each
manipulation (Fig. 2). The hypothesized role of reduced summer
precipitation in generating rising DOC trends therefore appears
untenable.
It seemed more unlikely that the remaining alternative, elevated

CO2, would influence the mobilization of stored carbon from a
peatland, at least not without indirect impacts such as warming2 or
modified rainfall patterns3. And yet in a comparison of the

responses of three Welsh peatlands to ambient and elevated
(þ235 p.p.m.) CO2 (Fig. 3), we have found significantly greater
DOC release from bog (14%, P ¼ 0.05), fen (49%, P , 0.05) and
riparian peatland (61%, P , 0.01) soils. The response is not a short-
term transient impact14; measurements from the last site show the
trend for risingDOC to persist for at least 3 years of exposure (Fig. 3,
inset). Moreover, the ranked DOC releases (bog , fen , riparian)
match rankings based on nutritional grounds15. Such responses
cannot easily be explained solely in terms of mobilization of existing
carbon stocks; decomposition is affected greatly by nutrient avail-
ability, but does not respond directly to elevated CO2 (ref. 16).

On the basis of studies of terrestrial systems17, we propose that the
nutrient dependence of this response to CO2 indicates that the DOC
increases were induced by increased primary production and DOC
exudation from plants. When compared with relatively nutrient-
rich wetlands (such as fens and riparian peatlands), bogs (as
nutrient-poor ecosystems) are more likely to be constrained by
nitrogen, phosphorus or certain other micronutrients18 than CO2.

Figure 2 Comparison of DOC mobilization from control and drought-treated wetlands.

Despite five simulations of the hydrological conditions associated with intense summer

drought, DOC release from the drought-affected system (dashed line) shows no evidence

of sustained rises above those of the control system (solid line).

Figure 3 Effects of elevated CO2 on DOC release. Under elevated CO2, DOC release from
three peatland sites of differing nutrient availability (Migneint bog, Cors Goch fen and

Plynlimon riparian peatland) all increased significantly. The greatest increases were found

in the sites with the highest nutrient status. Inset, monitoring temporal changes in DOC

release from the Plynlimon samples revealed no evidence to suggest that the increased

DOC release was a transient response. Error bars indicate standard errors.
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We have observed a 65% increase in
the dissolved organic carbon (DOC)
concentration in freshwater draining

from upland catchments in the United
Kingdom over the past 12 years. Here we
show that rising temperatures may drive this
process by stimulating the export of DOC
from peatlands. Our results indicate that the
flux of aged, riverine DOC of terrestrial 
origin, now recognized as a significant 
supplier of DOC to oceans1, may increase
substantially as a result of global warming.

DOC concentrations have increased 
significantly (P!0.05) at 20 of 22 sites in
the UK Acid Waters Monitoring Network2,
according to the Seasonal Kendall trend
analysis (Fig. 1a). These sites span a wide
range of acid-deposition levels, soils,
topographies, land uses and geographical
locations. Annual increases, averaging 5.4%,
are proportional to mean DOC concentra-
tion (R2"0.81, P!0.001). As freshwater
DOC concentrations are linked to storage of
carbon in catchment soil3, this indicates that
increases are driven by regionally consistent
processes within this carbon store, and that
they are greatest at sites with large stores of
soil carbon, such as peatlands (Fig. 2).

Although an inverse relationship has
been proposed between mineral acidity and
the generation of DOC4, we observed simi-
lar proportional increases in DOC at
remote, unacidified sites, as well as at those

recovering from anthropogenic acidifica-
tion. Changes in land use or river discharge
do not account for the observed increases.
However, the Central England Temperature
Record5 shows that mean temperatures
were 0.66 #C higher in the 1990s than in the
three preceding decades, and this factor
could have influenced all sites. 

The enzyme phenol oxidase has been
proposed to regulate carbon storage in peat-
lands6. We therefore studied the thermal
responses of peatland phenol oxidase in
relation to the export of DOC. We subjected
peat soil to a thermal gradient of 2–20 #C.
Phenol oxidase activity was greater at higher
temperatures, although this enzyme is
known to be highly constrained in these
waterlogged soils. An increase of 10 #C led 
to a 36% increase in activity (Q10"1.36).
This was accompanied by an equivalent
increase in DOC release (Q10"1.33) and an
even greater increase in release of phenolic
compounds (Q10"1.72) from the soil
matrix. This selective enrichment with phe-
nolic compounds (Fig. 1b) is noteworthy
because of the inhibitory character of these
compounds7. Under warmer conditions,
selective enrichment should impair the
metabolism of the remaining DOC8, allow-
ing even more DOC to reach the oceans. 

Pre-aged terrestrial sources of carbon are
important contributors to the oceanic car-
bon budget1. Peat-accumulating wetlands
have created a significant terrestrial store9 of
such highly aged organic matter, despite
exporting more organic carbon per unit area
than any other significant biogeographical
land type in the world10. We have shown that
a key terrestrial carbon store could currently
be being relocated to the oceans. The rate of
movement is likely to increase further if
global temperatures increase. Investigation
of the fate of that material in the recipient
ecosystem will be important.
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Export of organic carbon from peat soils
Warm er conditions m ay be to blam e for the exodus of peatland carbon to the oceans.

Figure 1 Changing concentrations of dissolved organic carbon
(DOC). a, Time series of median standardized DOC concentrations
determined from quarterly data for 11 lakes (thick line) and
monthly data for 11 streams (thin line) in the UK Acid Waters
Monitoring Network (standardized concentrations for each site
have a mean of zero and a standard deviation of one). b, Labora-
tory observations of increased concentrations of DOC and pheno-
lic compounds in peat soil in response to rising temperature.
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Resource availability

Ancient homes for 
hard-up hermit crabs 

Mollusc shells are a vital but some-
times scarce resource for hermit
crabs, protecting them from

mechanical damage and desiccation, but
they require continual replacement as the
crab grows. I have discovered that Coenobi-
ta rugosus, a large, tropical, semi-terrestrial
hermit crab, will resort to using fossil shells
when no other suitable casing is available.

These unlikely mobile homes fall out of
coastal limestone as it is eroded by the sea
in southwestern Madagascar, placing the
occupants alongside Homo sapiens as
resourceful exploiters of prehistoric animal
remains. 

Hermit crabs procure their protective
casing, typically a gastropod mollusc shell,
from other hermit crabs1,2, rather than
directly from living molluscs3. Reducing
predation is thought to be the most impor-
tant factor in determining shell selection by
tropical hermit crabs4, but adults of inter-
tidal species living above the high-water

Figure 2 Peatland bog: northern peatlands remove carbon dioxide
from the atmosphere faster than it is released, so they now contain
20–30% of the world’s soil carbon stock. But this may be changing
in response to warmer conditions.
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Discussion

Amounts and intensities of precipitation influence the 
direction of flow through the soil and also the soil water 
retention time before it enters streams and lakes. Given
enough time, reactions with soil minerals neutralise at-
mospheric acidic deposits and increase the ionic strength
of the discharge. Figure 7 shows that not only pH but also
Cl–, which originates mostly from precipitation, and Ca2+,
which comes from dissolution of soil minerals (Gorham,
1961), correlate negatively with the amount of precipita-
tion. Variability in the water quality among lakes is caused
by natural differences between catchments with respect to
soil thickness, vegetation, extension of mires, etc. The 
retention time of lake water also is important. Lakes with
long retention times respond slowly to changing environ-
mental influences and they maintain a stable water qual-
ity due to in-lake processes. Redox- and pH-dependent
metals like iron and aluminium settle out of the water
column, while sun-bleaching, microbial degradation and
coagulation effectively reduce water colour and NOM 
Reche et al., 1999).

The anthropogenic acidification process has been 
ascribed mainly to increased deposition of sulphuric 
acid. This culminated in the 1970s when successful 

measures were taken to reduce SO2 emissions. It is there-
fore noteworthy that the reduction in sulphate concentra-
tions in lake waters between 1983 and 2000 has not led 
to higher pH. On the other hand, the present data indicate
a strong connection between pH and amount of pre-
cipitation (Fig. 7). In 1997, a year much dryer than nor-
mal, the pH-values increased slightly, while in the wet
years 2000 and 2001 the pH values were significantly re-
duced (Fig. 3). Simultaneously, DOC concentrations
were reduced and increased in the dry and the wet years,
respectively. 

The most notable change during the later years has
been in water colour, which has doubled its values. In-
creases in colour, together with minor changes in DOC,
indicate changes in the chemical properties of NOM. Al-
kalinity, calculated as the difference between sum of 
base cations and sum of strong acid anions (ANC), were 
significantly higher (p < 0.01) for both 1996/1997 and
2000/2001 compared to 1983, suggesting that no inor-
ganic anions account for the decreased pH in 2000. An-
other variable that might contribute to decreased pH values
is increased values of pCO2. Assuming that the pCO2 val-
ues during the autumn circulation period are relatively
constant from year to year, we suggest that NOM is the
major factor that contributed to decreased pH values and

236 D. Hongve, G. Riise and J. F. Kristiansen Increased colour and organic acid concentrations

Figure 7. Physical and chemical water quality parameters versus accumulated precipitation since September the previous year; linear 
regression lines and 95% confidence limits. The points represent mean values from 24 lakes for 5 different years (n = 5). The last graph
shows annual values from Skullerud water treatment plant, n = 22.

Hongve et al. 2004 
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Figur 2. Sambandet visar att de testpunkter
som har en hög dräneringstäthet också har
en hög vattenfärg. 66 % av variationen i
vattenfärg kunde förklaras med
dräneringstäthet i skog och myr. 
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Figur 3. Sambandet visar att de testpunkter
som haft en stor ökning i vattenfärg under
perioden 1984-2005, också har en hög
dräneringstäthet i skog och myrmark.  

dräneringstäthet, desto kortare väg måste 
varje regndroppe rinna genom och över 
marken innan den når ett vattendrag eller 
dike.  Ju kortare väg vattnet rinner, desto 
högre upp i marklagren rinner vattnet. 
Eftersom humusinnehållet är som högst 
längst upp i marken kommer det vatten som 
rinner här ha högre humus innehåll än 
vatten som rinner längre ner i marken.   
 
Resultaten visar på att det finns en koppling 
mellan dräneringstätheten och vattenfärgen. 
För att få en ännu bättre förklaringsmodell 
togs i arbetet fram ett nytt mått på 
dräneringstäthet. Detta gjordes genom att 
endast räkna längden på de vattendrag som 
rinner genom skog/myrmark (d.v.s. marker 
med högt kolinnehåll).  Detta mått kan ses 
som en kombination mellan 
markanvändning och dräneringstäthet.  
 
Resultaten visar att det finns en stark 
koppling mellan vattenfärgen och 
dräneringstätheten i skog och myrmark. 
Hela 66 procent av den variation i 
vattenfärg som finns mellan de femton 
testpunkterna kunde förklaras med hjälp av 
detta mått (figur 2). 
 

 

Vidare undersöktes om det fanns någon 
koppling mellan dräneringstätheten i skog 
och myrmark och ökningen i vattenfärg 
under perioden 1984-2005. Resultatet 
visade att så var fallet. De testpunkter som 
haft en stor ökning har också en hög 
dräneringstäthet. Detta jämfördes sedan mot 
samma mått på dräneringstätheten.  
 
 
Resultatet visar att hela 82 % av variationen 
mellan de 15 tespunkterna kunde förklaras 
med hjälp av Dräneringstätheten i skog och 
myrmark (figur 3).  

 

Med hjälp av det nya mått på 
dräneringstäthet går det att med hjälp av 
kartparametrar uppskatta en sjö/vattendrags 
vattenfärg. De går också att peka ut 
vattendrag och sjöar som i framtiden 
riskerar att uppleva ännu högre vattenfärg.  
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