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Wild birds of declining European species are dying from a thiamine deficiency syndrome Lennart Balka, 1, Per-Ake
Ha" gerrotha, Gun Akermana, Marsha Hansona, Ulla Tja' rnlunda, Tomas Hanssona, Gunnar Thor Hallgrimssonb,c,
Yngve Zebu hra, Dag Bromana, Torsten Mo’ rnerd, and Henrik Sundberga aDepartment of Applied Environmental
Science, Stockholm University, SE-106 91 Stockholm, Sweden; binstitute of Biology, University of Iceland, IS-101
Reykjavik, Iceland; cReykjanes Environmental Research Institute, 1S-245 Sandgerdi, Iceland; and dDepartment of
Wildlife, Fish, and Environment, National Veterinary Institute, SE-751 89 Uppsala, Sweden Edited by John E. Halver,
University of Washington, Seattle, WA, and approved May 29, 2009 (received for review March 22, 2009) Wild birds
of several species are dying in large numbers from an idiopathic paralytic disease in the Baltic Sea area. Here, we
demonstrate strong relationships between this disease, breeding failure, and thiamine (vitamin B1) deficiency in
eggs, pulli, and full-grown individuals. Thiamine is essential for vertebrates, and its diphosphorylated form functions
as a cofactor for several life sustaining enzymes, whereas the triphosphorylated form is necessary for the
functioning of neuronal membranes. Paralyzed individuals were remedied by thiamine treatment. Moreover,
thiamine deficiency and detrimental effects on thiamine-dependent enzymes were demonstrated in the yolk, liver,
and brain. We propose that the mortality and breeding failure are part of a thiamine deficiency syndrome, which
may have contributed significantly to declines in many bird populations during the last decades.

-ketoglutarate dehydrogenase avian extinction transketolase In recent years we and others have observed an
increasing number of wild birds dying from an idiopathic paralytic disease in different parts of northern Europe. The
general course of this disease in full-grown individuals is difficulty in keeping the wings folded along the side of the
body, inability to fly, inability to walk, and death. Other symptoms are tremor and seizures. By these main criteria,
the occurrence of the paralytic disease was obvious in 451 of 837 specimens (54%) found dying or dead in southern
Sweden, and affected specimens were found in 28 of 36 investigated species (78%; Table S1 in the S| Appendix). The
earliest report about an unknown paralytic disease in the Baltic Sea area, fitting this symptomology, dates back to
1982 (1). Hence, this disease may have been affecting birds for 25 years without any particular notice or
understanding of its importance. Standardized monitoring pro- grams have been tracking the development of bird
populations in Sweden since the late 1970s. A recent evaluation of the 3 major programs (2) established that many
Swedish bird populations have declined since 1980. Similar population declines have also occurred in other
European countries (3—-6). Here, we present observational and experimental data linking the paralytic disease to
thiamine deficiency. We also propose thiamine deficiency as a possible cause for observed bird population declines,
in addition to other proposed causes, such as habitat loss (7, 8) and climate change (9).

Thiamine (T), vitamin B1, is a water-soluble vitamin essential for vertebrates. Inside the cell, T is phosphorylated (10)
to thiamine diphosphate (TDP), which functions as a cofactor for at least 5 vital enzymes in the cellular metabolism:
transketolase (TK) in the hexose monophosphate shunt, pyruvate dehydrogenase in the glycolysis, -ketoglutarate
dehydrogenase (KGDH) in the citric acid cycle, branched-chain -keto acid dehydrogenase for the metabolism of
amino acids, and, as recently shown, 2-hydroxyacyl- CoA lyase 1 for the -oxidation of 3-methyl-branched and 2-hy-



droxy straight chain fatty acids (11, 12). Further phosphorylation produces thiamine triphosphate, which is
necessary for the proper functioning of neuronal membranes (13, 14).

Thiamine deficiency was demonstrated in several bird species by remediation of paralyzed individuals by thiamine
treatment, as well as by measurement of thiamine-dependent enzymes and thiamine concentrations. Three species,
belonging to different bird orders and differing in food and habitat preferences, breeding biology, and migration
patterns, were investigated in detail: the herring gull (Larus argentatus), the common starling (Sturnus vulgaris), and
the common eider (Somateria mollissima). For the herring gull and the common eider we also estimated the
potential effect of breeding failure and excess mortality on the population size. Samples were collected from 10
regions (labeled A-J in Fig. 1) in northern Europe. The Baltic Sea area was compared with Iceland, where no
outbreaks of the paralytic disease have been documented. Incipient thiamine deficiency was, however, indicated
also in Iceland by comparison with control domestic chicken (Gallus gallus) and literature data. The material
comprised a total of 829 specimens from 83 locations (Fig. S1 a—j in the SI Appendix), traditionally noted for their
rich bird life, often bird preservation areas.

Results and Discussion

Description of the Paralytic Disease. During the typical course of the paralytic disease in full-grown birds, the clinical
symptoms generally appear in the following order: (i) Difficulty in keeping the wings folded along the side of the
body (hanging wings) when resting. (ii) Loss of ability to fly, while still being able to walk and run. Complete loss of
voice. (iii) Loss of appetite, while still drinking and swal- lowing water without any problem. Labored breathing and
gradual loss of strength in the legs. The bird may try to crawl, using its wings and beak. (iv) Complete paralysis of the
wings and legs, loss of strength in the beak (Movie S1), and diarrhea. Force-feeding may result in vomiting. (v)
Opisthotonus (star-gazing) and tremor. (vi) Ataxia, catatonia, and seizures. (vii) Death. A symptom that seems to
occur independently of disease phase is pigmentation changes in the iris (Fig. S2 a—d in the SI Appendix).

The description so far is based mainly on observations of relatively large ( 0.5-1 kg) species (Table S2 in the SI
Appendix), but there are occasional observations of the same symptoms also in small ( 5-100 g) species (TextS1in
the SI Appendix). The time between losing the ability to fly and death varies between species and is generally
shorter for smaller species. In herring gull, which is a relatively large species, this time is often 10-20 days. The
paralytic disease has been observed in various bird species throughout the year (Tables S1 and S2 in the Sl
Appendix). The numerous observations of affected water birds in breeding colonies do not mean that the paralytic
disease is confined to water birds during the breeding season, but rather is likely an effect of a high discovery rate.
The herring gull, for example, is a large white bird, which is Author contributions: L.B. and P.-A.H. designed research;
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Fig. 1. The 10 investigated regions: A, Southwestern Iceland; B, Eastern Iceland; C, County of V&’ sterbotten; D,
County of S0 dra Finland; E, County of Va' rmland; F, County of Stockholm; G, County of So" dermanland; H, County
of Kalmar; I, County of Blekinge; and J, County of Skdne.
easily discovered in colonies. The symptoms of the paralytic disease have previously been produced in controlled
laboratory experi- ments with birds by thiamine depletion (15-17). Moreover, these symptoms differ in several ways
from those of botulism (Clostridium botulinum poisoning), that also causes paralysis. The differences are listed in
Table S3 in the SI Appendix.

Herring Gull (Larus argentatus). The herring gull is one of the most well known species affected by the paralytic
disease (18). Fig. 2A shows a specimen suffering from opisthotonus and hanging wings. In fact, this specimen is dying
while incubating.

A thiamine treatment experiment was performed with 16 para- lyzed full-grown specimens from the Swedish Baltic
Sea coast. These specimens received an injection in the breast muscle with either a T solution, at a dose of 50 mg T
per kg body weight, or a saline. They were then studied for up to 14 days, and during this time all but 1 of the
thiamine-treated specimens recovered completely, whereas none of the control specimens showed any sign of im-
provement. The difference in response between these 2 groups was highly significant (Fig. 2B; Fisher’s exact test, P
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0.00087). Specimens of other species were also possible to cure by similar thiamine treatment (Text S1 and Table S2
in the SI Appendix).
Another thiamine treatment experiment was performed with 20 newly hatched pulli from the County of
So'dermanland (region G in Fig. 1). Ten sibling pairs were divided into a saline control group and a pair-fed thiamine
treatment group, orally administered a T solution(1mL)atadoseof5mgTperspecimenondayland3. There was an
indisputable difference in behavior between these 2 groups. The thiamine-treated specimens were vigorous, active,
and always hungry, whereas the control specimens were lethargic, apathetic, and had reduced appetite, and on
days 4 and 5 they started to die.
In egg yolk the T concentration was 28-41% lower in the 5 investigated regions in the Baltic Sea area (regions D, E,
and G-I in Fig. 1) compared with the Icelandic control (regions A and B in Fig. 1; Table S4 in the S Appendix; P
0.005), and 34% lower in the Baltic Sea area as a whole (Fig. 2C; P 0.0001). The range of yolk T concentrations of
9.9-41.9 nmol/g (n  167) indicated that the herring gull is unable to produce eggs with a yolk T concen- tration
lower than 10 nmol/g. A possible consequence would be that thiamine deficiency results in fewer eggs per nest
than the normal 3 per nest (19). Support for such a relationship was obtained in 2 ways. First, in 1 randomly selected
colony in the County of V'armland (region E in Fig. 1) we found a positive relationship between the yolk T
concentration in the first laid egg and the final Fig. 2.
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Observations of thiamine deficiency in the herring gull (Larus argen- tatus). (A) A specimen in the County of
Stockholm (region F in Fig. 1) suffering from opisthotonus and difficulty in keeping the wings folded along the side of
the body. The specimen is dying while incubating, an abnormal situation. (B) Thiamine treatment of paralyzed full-
grown specimens from the Baltic Sea area had a highly significant effect on recovery. (C) Yolk T concentration was
34% lower in the Baltic Sea area (regions D, E, and G-I in Fig. 1) than in Iceland (regions A and B in Fig. 1). (D)
Relationship between mean yolk T concentra- tion in the first laid eggs and proportion of nests with 3 eggs in 10
colonies in the Baltic Sea area. Extrapolation to 95% nests with 3 eggs yielded a yolk T concentration of 34 nmol/g
wet weight. (E) Liver TK activity in pulli was 12% lower in the Swedish coastal regions together (regions F, G, and | in
Fig. 1) than in Iceland (region B in Fig. 1). (F) Liver TK latency (i.e., the proportion of apoenzyme) in pulli was
significantly higher in the Swedish coastal regions together (regions F, G, and I in Fig. 1) than in Iceland (region B in
Fig. 1). (G) Relationship between liver KGDH activity and latency in pulli. Extrapolation to 4.0% latency, assumed to
be normal in healthy individuals, yielded an activity of 36.5 nmol/min per mg protein. (H) Liver thiamine
concentrations in pulli. T, TMP, and T TMP TDP (SumT) concentrations were 34%, 13%, and 7% lower, respectively,
in the Swedish coastal regions together (regions F, G, and | in Fig. 1) than in Iceland (region B in Fig. 1). Error bars (C,
E, F, and H) indicate 95% confidence intervals of the mean. P-values are given only when significant. n number of
clutches. Blue, Iceland and red, Baltic Sea area.
number of eggs in the same nest (Spearman rank correlation, r - 0.61, P 0.025). Second, in 10 colonies in Sweden
there was a positive linear relationship between the mean yolk T concentration in the first laid eggs and the
proportion of 3 egg clutches in the colony (Fig. 2D; P 0.0001). Extrapolation of this relationship to 95% 3 egg
clutches, a proportion observed in healthy populations (19), yielded a yolk T concentration of 34 4.1 nmol/g [mean
95% confidence interval (Cl)] in fair agreement with the Icelandic control (regions A and B in Fig. 1) of 29 4.5
nmol/g (mean 95% Cl). In fact, these values were not significantly different (Z-test, P 0.14). There was no strong
correlation between yolk redness and yolk T concentration, and there was no indication of eggshell

thinning, a phenomenon previously related to certain classical persistent pollutants (Text S2 in the SI Appendix).

In pulli, the TK activity in the liver, an established biomarker of thiamine deficiency (20), was 21% lower in the
County of So'der- manland (region G in Fig. 1) compared with the Icelandic control (region B in Fig. 1; Table S5 in the
Sl Appendix; P 0.0001) and 12% lower in the Swedish coastal regions together (regions F, G, and | in Fig. 1; Fig. 2E;
P 0.011). The liver TK latency, i.e., the proportion of enzyme without the TDP cofactor (apoenzyme), was
significantly more dispersed in the County of So’dermanland (re- gion G in Fig. 1) and the County of Blekinge (region
lin Fig. 1) compared with the Icelandic control (region B in Fig. 1; Table S5 in the SI Appendix; P 0.05). The larger
dispersion in the 2 Swedish regions, combined with higher mean values, demonstrated a higher prevalence of
individual clutches with high liver TK latency in these regions. This kind of difference is typical when there is varying
degree of disease in a case group, while the control group is healthy. Also, liver TK latency was significantly higher in
the Swedish coastal regions together (regions F, G, and | in Fig. 1; Fig. 2F; P 0.0017). Neither liver TK activity nor
latency differed between the County of Varmland (region E in Fig. 1) and the Icelandic control (region B in Fig. 1;
Table S5 in the SI Appendix), despite a 34% lower yolk T concentration in the eggs in the County of V'armland (Table
S4 in the Sl Appendix; P 0.0001). A possible explanation may be higher food quality for the pulliin the inland than
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at the coast. For KGDH activity in the liver there was no significant difference among any of the investigated regions,
or the Baltic Sea area as a whole (regions E-G and | in Fig. 1), and the Icelandic control (region B in Fig. 1; Table S5 in
the SI Appendix). For liver KGDH latency, the only significant difference was a 28% higher latency in the County of
So'dermanland (region G in Fig. 1) compared with the Icelandic control (region B in Fig. 1; Table S5 in the Sl
Appendix; P 0.012). The liver KGDH latency was, however, 25% through- out (Table S5 in the S Appendix), i.e.,
strongly indicating thiamine deficiency (21, 22) in all investigated regions, including Iceland. Since reference values
for nonthiamine deficient birds were missing, we measured KGDH latency in the liver of 36 nonthiamine deficient
domestic chicken pulli, which yielded a value of 4.0 0.92% (mean 95% Cl). This is in fair agreement with
published values of liver KGDH latency in nonthiamine deficient rats: 6.5% (22), 5.4% (23), and 4.8% (24). We noted
that there was a negative linear relationship between liver KGDH activity and latency in the thiamine deficient rats
(22) (R2 0.88,P 0.00062), but no such relationship in nonthiamine deficient rats (22), or in the nonthia- mine
deficient domestic chicken pulli (Fig. S4 a—c in the Sl Appendix). Similar to the thiamine deficient rats, there was a
negative linear relationship between liver KGDH activity and latency in the herring gull pulli (Fig. 2G; P 0.0001).
Extrapolation of this relationship to 4.0% latency, observed in the nonthiamine deficient domestic chicken pulli,
yielded a liver KGDH activity of 36.5 2.62 nmol/min per mg protein (mean 95% Cl). The observed KGDH activities
in the regions of the Baltic Sea area and Iceland were 24-32% lower than this value (Table S5 in the SI Appendix).
The concentration of T, thiamine monophosphate (TMP), and T TMP TDP in the liver was 34%, 13%, and 7% lower,
respectively, in the Swedish coastal regions together (regions F, G, and | in Fig. 1) compared with the Icelandic
control (region BinFig.1;Fig.2H;P 0.0010,P 0.033,andP 0.015).The liver concentration of TDP was significantly
different from the Icelandic control (region B in Fig. 1) only in the County of S6'dermanland (region G in Fig. 1),
where it was 10% lower (Table S5 in the SI Appendix). This result agrees well with that of the liver KGDH latency. An
important indication that the results really reflect effects of thiamine deficiency was a salient covariation of the
effects between regions. The lowest liver TK and KGDH activities, the highest latencies of these enzymes, and the
lowest liver T, TMP, TDP, and T TMP TDP concentrations were all found in the County of So'dermanland (region G
in Fig. 1; Table S5 in the SI Appendix). Liver body index (LBI), the liver weight expressed as percentage of the body
weight, may be reduced because of thiamine deficiency in both the Baltic Sea area and in Iceland (Text S3 in the SI
Appendix). Excess mortality and breeding failure has probably contributed to the population decline in Sweden (Text
S4 in the SI Appendix).

A negative linear relationship between liver KGDH activity and latency was also found in full-grown specimens in
both the Baltic Sea area (regions G, |, and J in Fig. 1) and in Iceland (regions A and B in Fig. 1; Fig. S7 in the SI
Appendix; R2  0.81, P 0.0001). There was an extremely large range of latency values (8-96%), and the many high
values indicated advanced thiamine deficiency in these regions. Similar results were obtained also for 2 other gull
species (Text S1 in the SI Appendix).

Common Starling (Sturnus vulgaris). The common starling is a farmland passerine that feeds on invertebrates and
has declined in many countries in northern Europe during the last decades (25, 26). Two thiamine treatment
experiments were performed in the field, one with egg laying females in the County of So'dermanland (region G in
Fig. 1) and one with pulli in the County of Blekinge (region I in Fig. 1). In the first experiment, 4 females received an
injection in the breast muscle with a T solution, at a dose of 50 mg T per kg body weight, 19 —24 days before egg
laying. The newly laid eggs were then sampled. In the second experiment, 31 pulli from 7 clutches were orally
administered a T solution, at a dose of 50 mg T per kg body weight, and all but 1 specimen were sampled 11 days
later.

The eggs from Iceland (region A in Fig. 1), the County of V'asterbotten (region C in Fig. 1), and the thiamine-treated
females had similar T concentrations in the yolk with a mean of 22-23 nmol/g (Table S6 in the Sl Appendix). The
good agreement between these 3 groups was a strong indication that these values may, in fact, be normal for
nonthiamine deficient common starling eggs. The yolk T concentration was 18% lower in the County of Blekinge
(region | in Fig. 1) than in Iceland (region A in Fig. 1; Fig. 3A; P 0.013), and a gradient was indicated with decreasing
yolk T con- centrations from north to south in Sweden (regions C, G, and | in Fig. 1; Fig. 3A). The range of yolk T
concentrations of 10.8-33.6 nmol/g (n  93) indicated that the common starling is unable to produce eggs with a
yolk T concentration lower than 10 nmol/g, similar to the herring gull. There was no correlation between yolk
redness and yolk T concentration, and there was no indication of eggshell thinning (Text S2 in the SI Appendix).

In pulli, liver KGDH activity and latency followed the same gradient in Sweden as the yolk T concentration, with
increasing thiamine deficiency from north to south (Table S7 in the SI Appendix). The highest liver KGDH activities
were found in Iceland (region A in Fig. 1) and the County of V'asterbotten (region C in Fig. 1), which did not differ
significantly from each other (Table S7 in the SI Appendix). Southern Sweden as a whole (regions G and | in Fig. 1)
had 24% lower activity than Iceland (region A in Fig. 1; Fig. 3B; P 0.0017), and untreated clutches in the County of
Blekinge (region I in Fig. 1) had 16% lower activity than the thiamine-treated clutches (Fig. 3B; P 0.020). Iceland
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(region A in Fig. 1) and the County of Vasterbotten (region C in Fig. 1) also had the lowest liver KGDH latencies, and
did not differ significantly from each other (Table S7 in the S| Appendix). Southern Sweden as a whole (regions G and
|l in Fig. 1) had 36% higher latency than Iceland (region A in Fig. 1; Fig. 3C; P 0.0041), whereas the untreated
clutches in the County of Blekinge (region I in Fig. 1) did not differ significantly from the thiamine-treated clutches
(Fig. 3C; P 0.17). Investigations of thiamine-dependent enzymes have shown that low supply of T during early
development may cause chronically reduced activities, as well as chronically elevated laten- cies, which are not
always restored even if thiamine becomes available later (27-29). Hence, chronically reduced activity and elevated
latency, due to low yolk T concentration in the eggs in the County of Blekinge (region I in Fig. 1), may explain why
the liver Balketal.
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activities in the County of S6'dermanland (region G in Fig. 1) and the County of Blekinge (region I in Fig. 1) were 25%
and 36% lower, respectively, than this value (Table S7 in the S| Appendix). The concentration of T, TDP, and
T TMP TDP in the liver did not differ significantly between southern Sweden as a whole (re- gions G and | in Fig. 1)
and Iceland (region A in Fig. 1; Fig. 3E; interpreted below), whereas the TMP concentration was 20% higher in
southern Sweden as a whole than in Iceland (region A in Fig. 1; Fig. 3E; P 0.026). It has been demonstrated in
certain tissues that the concentration of TMP may initially increase during early thiamine deficiency, and eventually
decrease more than the concentrations of the other forms of thiamine during late stages of thiamine deficiency (30).
These observations, together with the existence of a TMPase, which is induced by thiamine deficiency (31), suggest
that tissues respond to thiamine deficiency by maxi- mizing the reuse of TMP, which is otherwise excreted. Hence,
the high liver TMP concentration in southern Sweden may be com- patible with thiamine deficiency. The TK activity
in the brain did not differ significantly between southern Sweden as a whole (regions G and | in Fig. 1) and Iceland
(region A in Fig. 1; Fig. 3F; P 0.84), whereas the activity in the County of Blekinge (region I in Fig. 1) was 12% lower
than in the thiamine-treated clutches (Fig. 3F; P 0.0001). In fact, brain TK activity was 12-17% lower in all regions
than in the thiamine-treated clutches, including Iceland (Table S7 in the SI Appendix; P 0.001). Decreases of this
size have also been observed in thiamine deficient rats (27, 32, 33). Brain TK latency was significantly higher in
southern Sweden as a whole (regions G and | in Fig. 1) compared with Iceland (region A in Fig. 1; Fig. 3G; P 0.0001)
as well as in untreated clutches in the County of Blekinge (region I in Fig. 1) compared with the thiamine- treated
clutches (Fig. 3G; P 0.00070). The observation that thiamine treatment reduced the brain TK latency to zero is
impor- tant and raises the question why the liver KGDH latency was not also restored to zero by thiamine treatment.
A possible explanation is that irreversible effects may occur earlier in the liver than in the brain because homeostasis
in the brain has priority over homeosta- sis in other organs (34), but differences between the 2 enzymes have also
been demonstrated (27, 35, 36). The mean concentration of T, TMP, TDP, and T TMP TDP in the brain did not differ
signif- icantly between southern Sweden as a whole (regions G and I in Fig. 1) and Iceland (region A in Fig. 1; Fig. 3H).
Also this result may be explained by permanent high priority to homeostasis in the brain. A very important
indication of thiamine deficiency, although, was found in the T TMP TDP concentration ratio between the liver and
brain. Studies of other vertebrates have shown that this ratio is 2—3 in nonthiamine deficient individuals, i.e., the
liver thiamine concentration is 2-3 times higher than that of the brain. When thiamine deficiency was induced in
these individuals, the liver thiamine concentration was reduced faster than the brain thiamine concentration, and
after 8-15 days the ratio was 1.2 or lower (34, 37, 38). In the common starling pulli this ratio was 1.2-1.4, including
Iceland. This indication of thiamine deficiency also in Iceland may explain why the concentration of T, TDP, and
T TMP TDP in the liver did not differ significantly between southern Sweden as a whole (regions G and | in Fig. 1)
and Iceland (region A in Fig. 1; Fig. 3E; described above). LBI may be reduced because of thiamine deficiency in both
the Baltic Sea area and in Iceland (Text S3 in the SI Appendix).
Common Eider (Somateria mollissima). The frequent occurrence of dying or dead pulli, and low breeding output
observed by us and others (39), led us to include the common eider in our investiga- tions. In recent years (2004-
2007) the abundance of common eider pulli in the County of S6'dermanland (region G in Fig. 1) a few days after
hatching, has been of the magnitude 1 pullus per 100 females.
The concentration of T in the egg yolk was 58-72% lower in 4 of 5 regions in the Baltic Sea area (regions D, F, G, and
lin Fig. 1) compared with Iceland (region A in Fig. 1; Table S8 in the Observations of thiamine deficiency in the
common starling (Sturnus vulgaris). (A) Yolk T concentration, indicating a decreasing gradient from north to south
(regions C, G, and | in Fig. 1) in Sweden. (B) Liver KGDH activity in pulli was 24% lower in southern Sweden (regions G
and | in Fig. 1) than in Iceland (region A in Fig. 1). Thiamine treatment resulted in 19% higher liver KGDH activity. (C)
Liver KGDH latency (i.e., the proportion of apoenzyme) in pulli was 36% higher in southern Sweden (regions G and |
in Fig. 1) than in Iceland (region A in Fig. 1). (D) Relationship between liver KGDH activity and latency in pulli.
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Extrapolation to 4.0% latency, assumed to be normal in healthy individuals, yielded an activity of 30.9 nmol/min per
mg protein. (E) Liver thiamine concentrations in pulli. TMP concentration was 20% higher in southern Sweden
(regions G and I in Fig. 1) than in Iceland (region A in Fig. 1). (F) Brain TK activity in pulli. Thiamine treatment resulted
in 14% higher brain TK activity. (G) Brain TK latency in pulli was significantly higher in southern Sweden (regions G
and | in Fig. 1) than in Iceland (region A in Fig. 1). Thiamine treatment resulted in significantly lower brain TK latency.
(H) Brain thiamine concentrations in pulli. Error bars (A—C and E-H) indicate 95% confidence intervals of the mean.
P-values are given only when significant. n  number of clutches. Blue, Iceland; red, Baltic Sea area; and black,
thiamine treatment.

KGDH activity and latency in the thiamine-treated clutches were not restored to similar values as those in Iceland
(region A in Fig. 1) and the County of V'asterbotten (region C in Fig. 1). The observation of a specimen in the County
of V'asterbotten (region C in Fig. 1) with a liver KGDH latency of 5.7% shows that such low latencies are possible.
Hence, the observed liver KGDH latencies in nonthiamine deficient domestic chicken and rat, described earlier, may
be extrapolated to nonthiamine deficient common starling. Similar to the herring gull, there was a negative linear
relationship between liver KGDH activity and latency in the common starling pulli (Fig. 3D; P 0.00079).
Extrapolation of this relationship to 4.0% latency, observed in the nonthiamine deficient domestic chicken pulli,
yielded a liver KGDH activity of 30.9 3.92 nmol/min per mg protein (mean 95% Cl). The observed KGDH
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between yolk redness and yolk T concentration, and there was no indication of eggshell thinning (Text S2 in the SI
Appendix).
In pulli, the activity and latency of TK and KGDH in the liver and brain had to be evaluated with nonparametric
statistical methods, since the samples from the Baltic Sea area were far from normally distributed. The typical
distribution was a cluster of values similar to control and a long narrow tail of values indicating varying degree of
thiamine deficiency. This pattern may be explained in the following general way: The cluster represented clutches
that were still able to maintain a reasonable degree of homeostasis, whereas the tail represented clutches that were
sampled during the presum- ably short period between the collapse of homeostasis and death. The median liver TK
activity was 32% lower in the County of Stockholm (region F in Fig. 1) compared with Iceland (region A in Fig. 1; Fig.
4B; P 0.0019), but not significantly different in the County of Blekinge (region I in Fig. 1), although 25% of the
clutches in the latter region had considerably lower activity com- pared with Iceland (Table S9 in the Sl Appendix).
Similarly, the median liver TK latency was significantly higher in the County of Stockholm (region F in Fig. 1)
compared with Iceland (region A in Fig. 1; Fig. 4C; P 0.0073), but not significantly different in the County of
Blekinge (region | in Fig. 1), although 25% of the clutches in the latter region had considerably higher latency com-
pared with Iceland (Table S9 in the SI Appendix). The median KGDH activity in the liver was 20% lower in the County
of Stockholm (region F in Fig. 1) and 21% lower in the County of Blekinge (region I in Fig. 1) compared with Iceland
(region A in Fig. 1; Table S9 in the SI Appendix; P 0.01). Similarly, the median liver KGDH latency was 14% higher in
the County of Stockholm (region F in Fig. 1) and 19% higher in the County of Blekinge (region | in Fig. 1) compared
with Iceland (region A in Fig. 1; Table S9 in the SI Appendix; P 0.05). Similar to the herring gull and common
starling, there was a significant negative linear relationship between liver KGDH activity and latency in the common
eider pulli (Fig. 4D; R2  0.89, P 0.0001). Extrapolation of this relationship to 4.0% latency, observed in the
nonthiamine deficient domestic chickens, yielded a liver KGDH activity of 31.9  1.53 nmol/min per mg protein
(mean 95% Cl). The median liver KGDH activities in Iceland (region A in Fig. 1), the County of Stockholm (region Fin
Fig. 1), and the County of Blekinge (region | in Fig. 1) were 29%, 43%, and 44% lower, respectively, than this value,
and the median liver KGDH latencies in these regions were 36%, 41%, and 43%, respectively (Table S9 in the Sl
Appendix). These observations demonstrate thiamine deficiency in all of the investigated regions, including Iceland.
The concentrations of TMP, TDP, and T TMP TDP in the liver were 48%, 33%, and 34% lower, respectively, in the
County of Stockholm (region F in Fig. 1) compared with Iceland (region A in Fig. 1; Table S9 in the SI Appendix; P
0.01), but not significantly different in the County of Blekinge (region I in Fig. 1; Table S9 in the Sl Appendix). The
concentrations of TDP and T TMP TDP were, however, signif- icantly more dispersed in both these regions (regions
Fand | in Fig. 1) compared with Iceland (region A in Fig. 1; Table S9 in the SI Appendix; P 0.005). This observation,
combined with the lower mean values, indicates varying degree of thiamine deficiency in the Baltic Sea area and a
less deteriorated thiamine status in Iceland. The median TK activity in the brain was 7% lower in the County of
Stockholm (region F in Fig. 1) and 26% lower in the County of Blekinge (region | in Fig. 1) compared with Iceland
(region A in Fig. 1; Fig. 4E; P 0.05). The median brain TK latency was significantly higher in the County of Blekinge
(region | in Fig. 1) compared with Iceland (region A in Fig. 1; Fig. 4F; P 0.00025), but not significantly different in the
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County of Stockholm (region F in Fig. 1). The median KGDH activity and latency in the brain did not differ significantly
between the County of Stockholm (region F in Fig. 1) or the County of Blekinge (region I in Fig. 1) and Iceland (region
Ain Fig. 1; Table S9 in the SI Appendix), although 10 —25% of the clutches in both regions in the Baltic Sea area
(regions F Observations of thiamine deficiency in the common eider (Somateria mollissima). (A) Yolk T concentration
was 58% lower in the Baltic Sea area (regions D and F-I in Fig. 1) than in Iceland (region A in Fig. 1). (B) Liver TK
activity in pulli was 32% lower in the County of Stockholm (region F in Fig. 1) than in Iceland (region A in Fig. 1). (C)
Liver TK latency (i.e., the proportion of apoenzyme) in pulli was significantly higher in the County of Stockholm
(region F in Fig. 1) than in Iceland (region A in Fig. 1). (D) Relationship between liver KGDH activity and latency in
pulli. Extrapolation to 4.0% latency, assumed to be normal in healthy individuals, yielded an activity of 31.9
nmol/min per mg protein. (E) Brain TK activity in pulli was 7% and 26% lower in the County of Stockholm (region F in
Fig. 1) and the County of Blekinge (region | in Fig. 1), respectively, than in Iceland (region A in Fig. 1). (F) Brain TK
latency in pulli was significantly higher in the County of Blekinge (region | in Fig. 1) than in Iceland (region A in fig. 1).
(G) Relationship between brain KGDH activity and latency in pulli. Extrapolation to 3.8% latency, assumed to be
normal in healthy individuals, yielded an activity of 11.9 nmol/min per mg protein. (H) Brain thiamine concentrations
in pulli. TMP, TDP, and SumT concentrations were 41%, 27%, and 28% lower, respectively, in Sweden (regions F and |
in Fig. 1) than in Iceland (region A in Fig. 1). Error bars (A-C, E, F, and H) indicate 95% CI of the mean (A and H) or
median (B, C, E, and F). P-values are given only when significant. n  number of clutches. Blue, Iceland and red, Baltic
Sea area.

Sl Appendix; P 0.0005), and 58% lower in the Baltic Sea area as a whole (Fig. 4A; P 0.0001). The range of yolk T
concentrations of 0.10 —27 nmol/g (n  179) indicated that the common eider is able to produce eggs essentially
devoid of thiamine. The possibility of very low yolk T concentrations may explain why the common eider pulli die so
soon after hatching, or already in the egg, whereas in the herring gull and common starling, which apparently do not
lay eggs with a yolk T concentration below 10 nmol/g, the fetuses and pulli survive longer. The County of
So'dermanland (region G in Fig. 1) had the lowest mean yolk T concentration of all investigated regions, 4.7 nmol/g.
This observation agrees well with the almost complete absence of pulli in this region. There was no correlation
Balketal.
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and | in Fig. 1) had considerably lower activity and higher latency than Iceland. Moreover, whereas the median brain
KGDH latency in the Baltic Sea area and Iceland was 9.3-13%, the corresponding mean latency in the 36
nonthiamine deficient domestic chicken pulli (same specimens as earlier) was 3.8 1.7% (mean  95% Cl). Similar to
KGDH in the liver, there was a negative linear relation- ship between KGDH activity and latency in the brain (Fig. 4G;
P 0.0001). Extrapolation of this relationship to 3.8% latency, observed in the nonthiamine deficient domestic
chicken pulli, yielded a brain KGDH activity of 11.9  0.477 nmol/min per mg protein (mean 95% ClI). This value was
quite close to the mean KGDH activities in all investigated regions, including Iceland, even though these regions had
latencies of 9.3-13% (Table S9 in the SI Appendix). These observations indicate high priority to homeostasis in the
brain. The concentrations of TMP, TDP, and T TMP TDP in the brain were 41%, 27%, and 28% lower, respectively, in
the Baltic Sea area (regions F and | in Fig. 1) compared with Iceland (region A in Fig. 1; Fig. 4H; P 0.005), whereas
the concentration of T did not differ significantly. The T TMP TDP concentration ratio between the liver and brain in
the investigated regions, including Iceland, was 0.71-0.82. This is extremely low compared with the assumed ratio of
2-3 in nonthiamine deficient individuals (34, 37, 38). There was a positive linear relationship between liver KGDH
activity and brain T TMP TDP concentration (Fig. S8 in the SI Appendix; P 0.0001), illustrating the systemic nature
of the thiamine deficiency. Excess mortality and breeding failure has probably contributed to the population decline
in Sweden (Text S4 in the SI Appendix).

Important Aspects and Conclusions. In the herring gull, we observed a reduced number of eggs per clutch in the
Baltic Sea area, and a correlation between the number of eggs per clutch and the yolk thiamine concentration. We
also observed a reduced thiamine 1. Roos G (1982) Falsterbo bird station: August 1981—June 1982. Anser 21:169 —
174.

2. Karlsson L, Ehnbom S, Walinder G (2005) A comparison between ringing totals at Falsterbo, SW Sweden, ringing
totals at Ottenby, SE Sweden, and point counts from the Swedish breeding bird census during 20 years (1980 -
1999). Ornis Svec 15:183-205.
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populations. Proc R Soc Lond B 268:25-29.
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Lond B 270:1293-1300.
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concentration ratio between the liver and brain in the common starling and the common eider, and elevated liver
KGDH latency throughout the investigated material. Our many observations of advanced thiamine deficiency in the
Baltic Sea area and incipient thiamine deficiency in Iceland strongly suggest that also varying degrees of sublethal
thiamine deficiency occur among the affected species. Well known effects of sublethal thiamine deficiency are
disturbed basal intermediary metabolism, loss of appetite, abnor- mal behavior, and increased risk of secondary
infections owing to immune suppression. Thiamine deficiency may be induced by a causative agent(s) acting directly
on the affected individual, and/or by insufficient transfer of thiamine between the trophic levels in the food web.
Further investigations focusing on causation are urgently needed. Text S5 in the SI Appendix contains a fuller
discussion of these aspects.

In this work, we describe a widespread idiopathic paralytic disease, which we link to thiamine deficiency. We also
provide an indication of the temporal and geographical distribution of this phenomenon that may be defined as a
thiamine deficiency syn- drome. Our observations of the paralytic disease in several wild bird species suggest that
many other bird species in northern Europe are also affected. Because the investigated species occupy a wide range
of ecological niches and positions in the food web, we are open to the possibility that other animal classes may
suffer from thiamine deficiency as well.

Methods

Detailed methods are provided in the SI Appendix as Materials and Methods.
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