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Wild birds are an important nonpoint source of fecal contamination of surface waters, but their contribution
to fecal pollution is mostly difficult to estimate. Thus, to evaluate the relation between feces production and
input of fecal indicator bacteria (FIB) into aquatic environments by wild waterfowl, we introduced a new
holistic approach for evaluating the performance of FIB in six shallow saline habitats. For this, we monitored
bird abundance, fecal pellet production, and the abundance of FIB concomitantly with a set of environmental
variables over a 9-month period. For estimating fecal pellet production, a new protocol of fecal pellet counting
was introduced, which was called fecal taxation (FTX). We could show that, over the whole range of investigated
habitats, bird abundance, FTX values, and FIB abundance were highly significantly correlated and could
demonstrate the good applicability of the FTX as a meaningful surrogate parameter for recent bird abundances
and fecal contamination by birds in shallow aquatic ecosystems. Presumptive enterococci (ENT) were an
excellent surrogate parameter of recent fecal contamination in these saline environments for samples collected
at biweekly to monthly sampling intervals while presumptive Escherichia coli and fecal coliforms (FC) were
often undetectable. Significant negative correlations with salinity indicated that E. coli and FC survival was
hampered by osmotic stress. Statistical analyses further revealed that fecal pollution-associated parameters
represented one system component independent from other environmental variables and that, besides feces
production, rainfall, total suspended solids (direct), and trophy (indirect) had significant positive effects on
ENT concentrations. Our holistic approach of linking bird abundance, feces production, and FIB detection
with environmental variables may serve as a powerful model for application to other aquatic ecosystems.

Wild waterfowl are known to be an important nonpoint
source of fecal contamination of surface waters (1, 8, 15, 25,
30). Wild birds have been reported to excrete large amounts of
fecal indicator bacteria (FIB) (8, 25) and occasionally harbor
enteric pathogens (20, 21). Especially for public swimming
beaches, fecal contamination by wild birds can therefore im-
pose a severe problem for the persons in charge to meet the
legal limits for FIB. Locating the source of contamination,
however, is often a tricky business, and the contribution of wild
birds to the total contamination of surface waters is mostly
difficult to estimate. Thus, it would be considerably helpful to
better understand the relations between feces production by
wild waterfowl and their input of FIB into aquatic environ-
ments.

We therefore monitored, over a 9-month period, the rela-
tions between bird abundances, their fecal pellet production,
and three groups of FIB in six shallow, modestly saline aquatic
environments. As the investigated saline pools are nearly ex-
clusively visited by birds and no other animals and because they
exhibit a steep gradient in the average number of wild birds
present from single observations of a small number of individ-

uals to frequently observed large flocks of waterfowl popula-
tions, we considered them to be ideal environments for the
study of the relationship between these parameters. For esti-
mating fecal pellet production, a new approach was intro-
duced, quantifying the fecal pellets along the shoreline of the
water. The use of fecal pellets to trace the abundance of wild
animals has been used several times (11, 19, 33), but to our
knowledge, no attempt has been made to use this method for
birds. In addition, a set of environmental variables was moni-
tored to better understand the relationship between bird abun-
dance, fecal pellet production, and the abundance of FIB as
well as to clarify which group of FIB is best suited for indicat-
ing fecal pollution by waterfowl in these modestly saline envi-
ronments.

To our knowledge, this study is the first approach which
simultaneously surveys the relationship between animal abun-
dance, feces production, and the subsequent determination of
FIB in aquatic ecosystems and which links their indicator per-
formance with a set of important environmental variables.

MATERIALS AND METHODS

Study site and sampling. The study site, the national park Neusiedler See-
Seewinkel, is located in Eastern Austria and represents one of the most impor-
tant bird-protecting areas in middle Europe (Fig. 1). Large bird populations of
a variety of species visit the national park for breeding, molting, and resting at the
large number of ecologically different saltwater pools and the adjacent Lake
Neusiedler See. A detailed description of these pools can be found in the work
by Eiler et al. (7). Briefly, they are shallow (maximum depth, 0.70 m) hypertro-

* Corresponding author. Mailing address: Center for Anatomy and
Cell Biology, Research Group General Microbiology, Medical University
Vienna, Waehringer Strasse 10, 1090 Vienna, Austria. Phone: 43 1 4277
60633. Fax: 43 1 4277 9606. E-mail: alexander.kirschner@meduniwien
.ac.at.

7396



phic ecosystems without inlet or outlet, and they exhibit broad gradients in
salinity, in the concentration of total suspended solids (TSS), and in the abun-
dances of feeding, resting, and breeding birds. Because of their shallowness, the
water body is mostly mixed through the action of wind, and currents can be
observed at high wind speeds. Samples were collected from five saline pools
(Oberer Stinker [OS], Unterer Stinker [US], Zicklacke [ZL], Lange Lacke [LL],
and Wörthenlacke [WL]) and one site within the reed belt of Lake Neusiedler
See (NS) (Fig. 1) in biweekly intervals from May to September 2000 and once
every 6 weeks from October 2000 to January 2001. Because of the large size of
LL, two investigation sites were chosen for sampling (LL1 and LL2). Bird feces
represents the overwhelming fecal pollution source in these ecosystems with the
exception of WL, which has a significant input of cattle feces. Other sources of
fecal pollution are negligible. An overview of their most important chemophysi-
cal characteristics is provided in Table 1. To avoid an influence of the time of day

on our data set, the sampling sites were visited in rotating order on each sampling
date.

Estimation of bird abundance and feces input. At each site and sampling time,
the actual bird abundance of the whole area was estimated from 2 locations by
observation with field glasses within a 30-min interval (23). At LL, birds at the
two sampling sites were counted in areas of an approximate size of 0.25 km2. In
the reed belt of Lake Neusiedler See, the estimated bird abundances are most
probably underestimations, as mostly up-flying and shouting birds could be
identified. A new protocol was introduced, quantifying the fecal pellets along the
shore line of the water, which was called fecal taxation (FTX). Counting fecal
pellets is a common method for estimating the abundance of fleeing animals (11,
19, 33), but to our knowledge, it has not been applied to wild birds. Along the
current shore lines of the pools, fecal pellets were counted within a 100-m-long
and 1-m-wide strip. Accumulations of feces which obviously represented a single

FIG. 1. Outline of the geographical position of the national park Neusiedler See-Seewinkel in Austria and locations of the 7 sampling sites:
Neusiedler See (NS), Oberer Stinker (OS), Unterer Stinker (US), Zicklacke (ZL), Wörthenlacke (WL), and Lange Lacke 1 (LL1) and 2 (LL2).

TABLE 1. Basic environmental parameters of investigated saline watersa

Parameter
Result for b:

OS US ZL LL WL NS

Area (km2) 0.49 0.19 0.7 2.24 0.29 0.1
Temp (°C) 3.3–29.5 3.7–32.3 4.3–34.3 1.2–32.9 0.1–32.2 1.5–31.7
Salinity (g liter�1) 8.3 (4.2–39) 4.8 (2.8–17.4) 6.8 (2.7–17.8) 3.8 (2.4–10.4) 5.9 (2.4–30) 2.7 (2.3–4.2)
pH 9.8 (9.4–10.1) 9.7 (9.0–10.2) 10.0 (9.4–10.9) 9.5 (9.1–9.9) 9.3 (8.9–9.8) 8.9 (8.5–9.4)
DOC (mg liter�1) 72 (41–205) 54 (31–142) 66 (14–424) 40 (20–117) 43 (25–120) 23 (16–60)
TSS (g liter�1) 1.77 (0.32–7.0) 0.84 (0.02–3.7) 0.08 (0.02–0.5) 0.30 (0.08–2.1) 0.31 (0.04–2.4) 0.03 (0.02–0.1)
PTOT (mg liter�1) 3.3 (0.9–11.7) 1.1 (0.2–3.9) 0.5 (0.2–2.4) 1.2 (0.3–4.4) 1.3 (0.2–4.9) 0.3 (0.16–1.9)
CHLA (�g liter�1) 64 (4–133) 72 (3–402) 6.6 (0–48) 199 (21–1,100) 72 (0–135) 2.5 (0.6–16)
BN (109 liter�1) 72 (11–268) 28 (4–232) 10 (0.8–66) 37 (7–195) 22 (2.3–172) ND
BP (�g of C liter�1 h�1) 106 (2–738) 89 (3–434) 60 (5–348) 143 (3–626) 64 (1–376) ND

a Abbreviations: OS, Oberer Stinker; US, Unterer Stinker; ZL, Zicklacke; LL, Lange Lacke; WL, Wörthenlacke; NS, Lake Neusiedler See; PTOT, total phosphorus;
CHLA, chlorophyll a; BN, bacterial numbers; BP, heterotrophic bacterial production; ND, not determined.

b Values are medians and ranges for the period from May 2000 to June 2001.
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deposit from 1 bird were counted as 1. Fecal pellets of the four dominant bird
groups—ducks, geese, gulls, and peeps (Limicola)—were registered, which can
be crudely distinguished from each other. In preliminary investigations, when
fecal pellets were counted in fixed squares, no correlation could be found be-
tween bird abundance and fecal contamination because of the varying position of
the shore line.

Indicators of fecal pollution. The abundance of FIB was determined via the
membrane filtration technique. Cellulose nitrate membrane filters (45-mm di-
ameter, 0.45-�m pore size; Sartorius, Vienna, Austria) were used. Membrane
filtration has usually been considered impracticable in highly turbid environ-
ments, but preliminary experiments, comparing membrane filtration with the
most-probable-number method, showed that membrane filtration was appropri-
ate for quantifying FIB in our highly contaminated environments. Samples were
collected by using waders at a distance of about 10 m from the shore line at a
depth of about 20 cm in sterile 250-ml glass bottles fixed to a long pole. The
samples were brought to the laboratory in cooled plastic containers (�8°C). The
maximum time that passed from sampling to laboratory analysis was 16 h for the
samples taken in the early morning, the minimum time for the samples taken in
the late evening was 2 h (median, 8 h). Duplicate serial dilutions were used to
gain the optimal number of CFU (30 to 100) on the agar plates. mFC agar
(Biomerieux, Lyon, France) was used to detect fecal coliforms (FC) (16). The
agar plates were incubated for 24 h at 44.5°C in a water bath. No preincubation
at lower temperature to recover potentially damaged or fragile cells was per-
formed for two reasons. First, we wanted to follow the commonly used standard
procedure. Second, preliminary experiments and the data from this study showed
a nearly perfect correlation between Escherichia coli and FC for these ecosys-
tems, which makes it unlikely to assume a significant underestimation of FC due
to a high initial incubation temperature. For the detection of presumptive E. coli,
Chromocult coliform agar (Merck, Darmstadt, Germany) was used (3). The agar
plates were incubated for 48 h at 37°C. Presumptive enterococci (ENT) were
enumerated by using m-Enterococcus agar (Merck) according to the method of
the International Organisation of Standardisation (17). The plates were incu-
bated for 44 h at 37°C.

Environmental variables. Local precipitation data were provided by the gov-
ernment of the Province of Burgenland (Amt der burgenländischen Landes-
regierung, DI Sinowatz). The presented data represent the sum of precipitation
in the week before each sampling event. Water temperature and conductivity
were measured in situ with a LF 330 conductivimeter (WTW, Weilheim, Ger-
many), and pH was measured with a GHM pH meter (Kappl-Seibold, Vienna,
Austria) three times along 20-m transects toward the centers of the pools. Along
the transects, three 1-liter water samples were collected and integrated for
analysis of the other chemophysical variables. Ion concentrations were measured
by ion chromatography after 1:10 dilution with aqua dest. All columns and
chemicals were supplied by DIONEX (Sunnyvale, Calif.). For anions, AS-4A
columns (PN 46074) with AG-4A precolumns (PN 37041) were used, and for
cations, CS-12A columns (PN 46073) with CG-12A precolumns (PN 46074) were
used. Total salinity was calculated as the sum of all measured cations and anions
plus the estimated carbonate and bicarbonate concentrations (for details, see
reference 7). For the determination of TSS, a defined volume of sample water
was filtered through premuffled glass fiber filters (GF/C; Whatman, Springfield
Mill, England) and dried to constant weight. Total phosphorus was determined
photometrically after dissolution of the unfiltered sample with potassium per-
oxydisulfate by the molybdenum blue method as described by Strickland and
Parsons (32). Chlorophyll a was extracted with 90% ethanol (1 h at 80°C) and
was measured spectrophotometrically with a Hitachi U-2000 spectrophotometer
(INULA, Vienna, Austria) (24). For the determination of bacterial numbers,

15-ml samples were preserved with formalin (4% [vol/vol] final concentration)
for direct epifluorescence microscopy. Each sample consisted of three 5-ml
subsamples collected along the 20-m transects. Cells were stained with 4�,6�-
diamidino-2-phenylindole (DAPI, 0.01% [vol/vol] final concentration) as de-
scribed in detail by Eiler et al. (7). Bacterial numbers were counted with a Leitz
Diaplan microscope (UV excitation, 340 to 380 nm; barrier filter, 430 nm; Leica,
Solms, Germany). To measure bacterioplanktonic production, the [3H]leucine
incorporation method was used and a protocol adapted from Kirschner and
Velimirov (18) was followed (7). Briefly, four 1-ml samples and 2 blanks were
collected along the 20-m transects and incubated with 180 �M [3H]leucine
(ARC, St. Louis, Mo.). Proteins were precipitated with 5% trichloroacetic acid,
and radioactivity was counted with a 1900 TR Packard scintillation counter
(Canberra-Packard, Schwadorf, Austria). [3H]leucine incorporation rates were
converted to carbon production (heterotrophic bacterial production) according
to the method of Simon and Azam (28).

Statistical analysis. Data were analyzed according to the method of Zar (35).
For principal component analysis (varimax rotated with Kaiser normalization),
multiple linear stepwise regression, and Pearson correlation, all data not meeting
the requirements of homoscedasticity and normal distribution (Kolmogorov-
Smirnov test) were log10 transformed after adding 1 to the variable. Nonpara-
metric Spearman rank correlations were calculated for correlating median val-
ues. For all statistical analyses, SPSS, version 10.0, software for Windows was
used.

RESULTS

Correlation between bird abundance, feces input, and FIB.
Within the area of the national park, the bird populations were
unevenly distributed. Birds preferred LL and WL, where the
highest median bird abundances (1,650 and 350 individuals per
counting area, respectively) were observed (Table 2). The low-
est median abundances were found at NS. This distribution
pattern was also reflected by the median FTX values. The
highest median (300 fecal pellets per 100 m2) was observed at
LL2, and the lowest (11 fecal pellets per 100 m2) was observed
at NS (Table 2). Also, the highest median values for FC and E.
coli were found at LL2 (1,800 and 1,200 CFU 100 ml�1, re-
spectively), whereas the highest median ENT numbers were
observed at WL (2,650 CFU 100 ml�1). The lowest median
numbers of FC and E. coli were detected at Zicklacke, and the
lowest median ENT were detected at NS (Table 2). When
log-transformed data were subject to correlation analysis, all
investigated variables were significantly positively intercorre-
lated (Table 3). Bird abundance was highly significantly corre-
lated with FTX (P � 0.001) and still significantly correlated
with FC, E. coli, and ENT (P � 0.05). The FTX even showed
a highly significant correlation with all 3 investigated FIB (P �
0.001). To account for the special characteristics of each envi-
ronment, relations between the log-transformed median values
of bird abundance, FTX, and ENT, pooled for each ecosystem,

TABLE 2. Median and range (in parentheses) of bird abundance, feces input, and investigated FIB at the 7 sampling sitesa

Site
No. of

birds/surveillance
area

FTX (feces 100 m�2) FC (CFU 100 ml�1) E. coli (CFU 100 ml�1) ENT (CFU 100 ml�1)

OS 65 (0–250) 87 (0.0–297) 42 (0–2,300) 52 (0–1,900) 870 (20–17,000)
US 142 (44–490) 47 (0–600) 88 (0–18,000) 70 (0–13,000) 640 (0–60,000)
ZL 85 (34–1,290) 60 (2–167) 0 (0–1,040) 4 (0–620) 780 (28–10,000)
LL1 240 (50–1,800) 70 (12–378) 410 (0–2,400) 210 (10–1,760) 1,380 (290–6,100)
LL2 1,650 (120–5,000) 300 (90–600) 1,800 (100–12,000) 1,200 (50–3,900) 1,700 (250–20,000)
WL 350 (18–500) 123 (9–1,700) 1,150 (0–8,400) 1,000 (0–10,400) 2,650 (0–38,000)
NS 6 (0–70) 11 (0–300) 110 (0–720) 54 (4–900) 96 (4–340)

a Abbreviations: OS, Oberer Stinker; US, Unterer Stinker; ZL, Zicklacke; LL1 and LL2, two sampling stations at Lange Lacke; WL, Wörthenlacke; NS, Lake
Neusiedler See.
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were plotted (Fig. 2). All regressions were highly significant,
and their degrees of explanation, in all cases, were over 80%.
The median values from WL deviated significantly from the
regression lines of ENT on FTX and bird abundance (Fig. 2B
and C) and were thus not included in the calculation of the
regressions. ENT values were higher than predicted from the
regressions due to the fact that at WL feces from cattle are also
introduced to the water. Interestingly, all slopes were markedly
lower than 1, ranging from 0.4 to 0.7 and indicating an increas-
ing underestimation of FTX with increasing bird abundance
and of ENT to FTX and bird abundance. Regressions of E. coli
and FC were not appropriate to predict the abundance of these
FIB groups from FTX and bird abundance (r � 0.5; P � 0.05).

Among the FIB, the strongest correlation could be found
between FC and E. coli, with an r of 0.976; the correlation of
FC and E. coli to ENT was weaker, albeit still highly significant
(r � 0.729 and 0.739, respectively) (Table 3). Figure 3 shows
the plots of the correlations between the log-transformed FC,
E. coli, and ENT data. It becomes obvious that, in many cases,
FC and E. coli were not detected, whereas ENT were abun-
dantly present. In addition, from the 1:1 diagonal, nearly only
downward scatter towards lower y axis values is observed, in-
dicating the die-off of E. coli and FC in saline waters.

Dependence on environmental variables. The survival of E.
coli and FC is obviously hampered in saline environments (Fig.
3), whereas ENT seem to be better adapted to saline condi-
tions. We therefore plotted the median FC/ENT and E. coli/
ENT ratios against the median salinity values for each inves-
tigated environment (Fig. 4). Highly significant negative
relationships (P � 0.001) were found, where the ratios de-
creased exponentially with increasing salinity. When the ratios
were plotted against median conductivity values, similar curves
were obtained (data not shown). The data from WL were not
included in both regressions, as their FC/ENT and E. coli/ENT
ratios were much higher than expected from their salinity val-
ues, most probably due to the influence of cattle feces in this
pool.

Log-transformed FC and E. coli data showed weak but sig-
nificant negative correlation with salinity (r � �0.31 and
�0.30, respectively; P � 0.01; n � 72) and conductivity (r �
�0.24 and �0.22, respectively; P � 0.05; n � 72). Significant
negative correlations were also found with the major cations
(Na� and K�) and anions (SO4

2� and Cl�). ENT, on the other
hand, showed no negative correlation to any salinity-associated
variable. Interestingly, positive correlations to several variables
were found for ENT. Log-transformed ENT data showed

highly significant correlations with chlorophyll a (r � 0.476;
P � 0.001; n � 70), total phosphorus concentrations (r �
0.343; P � 0.01; n � 71), bacterial production (r � 0.389; P �
0.01; n � 62), pH (r � 0.306; P � 0.01; n � 71), carbonate (r
� 0.343; P � 0.01; n � 72), TSS (r � 0.436; P � 0.001; n � 72),
and rain (r � 0.471; P � 0.001; n � 84). A weak positive
correlation could be found with dissolved organic carbon
(DOC) (r � 0.243; P � 0.05; n � 62). With the exception of
rain, FC and E. coli did not show any significant positive cor-

FIG. 2. Regressions between bird abundance and FTX (A), FTX
and ENT (B), and bird abundance and ENT (C). Data represent
log-transformed median values for each ecosystem. Grey points rep-
resent the data from Wörthenlacke (WL), which were not included in
the calculation of the regressions in panels B and C.

TABLE 3. Pearson correlation between log-transformed data of
bird abundance, feces input, and investigated FIB

Parameter (n)
Correlation (r) with:

FTX FC E. coli ENT

Bird abundance (79) 0.569a 0.255b 0.317c 0.237d

FTX (80) 0.479a 0.481a 0.473a

FC (85) 0.976a 0.729a

E. coli (85) 0.739a

a P � 0.000.
b P � 0.024.
c P � 0.004.
d P � 0.035.
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relation with any of the investigated environmental variables.
FTX values (r � 0.290; P � 0.05; n � 68) showed significant
positive correlations only to chlorophyll a values.

By principal component analysis, it became obvious that the
fecal parameters represent one independent component in the
investigated saline ecosystems (Fig. 5). Component 2 consisted
of all feces-related parameters (FC, E. coli, ENT, and FTX)
and explained 22.7% of the total variance. Salinity-related vari-
ables described component 1 and explained 30.2% of the total
variance of the system. A third component, consisting of all
particulate parameters (bacterial numbers, chlorophyll a, total
phosphorus, and TSS) and explaining 12.1% of the total vari-
ance, and a fourth component, including temperature and bac-
terial production (8.8% of total variance), could also be ex-
tracted.

To predict the abundance of FIB, preferably ENT, in the
saline environments, we also tried to establish multiple linear
regression equations. Two combinations of factors were statis-
tically significant predictors of ENT abundance, although the
degree of explanation was only 46.7% for regression 1 (r �
0.683; P � 0.001) and 47.2% for regression 2 (r � 0.689; P �
0.001). In addition to the amount of feces (FTX), rain was
included in both regressions. In regression 1, chlorophyll a was
the third independent parameter explaining the variation of
ENT concentration, and TSS was the third independent pa-
rameter in regression 2.

DISCUSSION

Fecal contamination by waterfowl. Over the whole range of
investigated habitats, bird abundance and feces production
were highly significantly correlated to the abundance of FIB in
the water (Table 3). Wild birds, including gulls, geese, and
ducks, are well known to be important nonpoint sources of
fecal contamination of surface waters (1, 15, 25, 30). Feces of
gulls (1, 20, 25) and geese (15, 25) contain up to 107 and 104

CFU of FC per gram (wet weight) of feces, respectively. The
amount of ENT was reported to be lower (105 and 103 g�1 for
swans and geese, respectively) than that of FC and depended
on the diet of the birds (15). Because the bird populations
observed in this study consisted mainly of geese, ducks, and
gulls, similar high contamination with FIB can be assumed for
the fecal pellets in our investigated environments. Maximum
concentrations of the measured FIB in the water were rather
high, with values up to 1.3 � 104, 1.8 � 104, and 6 � 104 CFU
per 100 ml for E. coli, FC, and ENT, respectively (Table 2).
Bird-caused contaminations with FC of shallow aquatic envi-
ronments were reported to be in the range of 102 to 103 CFU
per 100 ml of surface water and 104 CFU per 100 ml of
sediment (15). This comparison shows that some of the shallow
saline pools are heavily contaminated with FIB by the bird
populations.

Integration of environmental variables to assess the indica-
tor performance of FIB. Which of the different types of FIB is
the best predictor of a recent fecal contamination in an aquatic
ecosystem depends to a large extent on the specific environ-
mental conditions. Thus, to evaluate the indicator performance
of the mainly used FIB groups, we linked the abundance of
FIB not only to feces input and abundance of feces-producing
animals but also to a variety of environmental variables. To our

FIG. 3. Plots of the correlations between log-transformed data of
E. coli and FC (A), ENT and FC (B), and ENT and E. coli (C). Dashed
areas denote situations where ENT were abundant while FC and E.
coli could not be detected.

7400 KIRSCHNER ET AL. APPL. ENVIRON. MICROBIOL.



knowledge, this is the first approach applying such an integral
strategy, as earlier investigations mostly focused on the influ-
ence of single environmental stressors on the survival of FIB.
Saltwater was shown to inhibit the survival of FC and E. coli in
several studies (5, 34) while ENT seem to be less sensitive to
osmotic stress (4, 13). In our saline ecosystems, the correla-
tions between FC, E. coli, and ENT were all statistically highly
significant (Table 3). However, when the individual correlation
plots are observed (Fig. 3), it became obvious that E. coli and
FC had a nearly perfect linear slope with an r value of 0.976,
whereas the correlations of these groups with ENT showed a
much higher scatter and r values of 0.739 and 0.729, respec-
tively. Moreover, from a thought 1:1 diagonal, scatter is only
observed towards lower values along the y axis. This is due to
the fact that, on many occasions, ENT were abundant when E.
coli and FC were reduced or could not be detected, suggesting
that ENT are better indicators of recent fecal contamination in
these saline environments when samples are collected at bi-
weekly to monthly intervals. A similar observation was made by
Rivilla and Gonzalez (26) for salty, alkaline environments in

Spain. In their study, fecal streptococci proved to be the best
FIB while total coliforms gave a false estimate of fecal pollu-
tion. We are aware that a long sample storage (up to 16 h)
increases the probability of a significant underestimation of
FIB, especially for E. coli and FC. However, on one hand, we
could minimize the possible influence of unequally long sample
storage on our data set due to the rotation used in sampling
design (see above). On the other hand, a significant reduction
for E. coli and FC, but not of ENT, again underlines the better
suitability of ENT as an indicator of fecal pollution in alkaline,
saline environments. E. coli and FC concentrations showed
weak but significant negative correlations with conductivity
and salinity values and with the major anions and cations while
such relationships were not observed for ENT. In addition,
highly significant negative exponential relationships between
FC/ENT and E. coli/ENT ratios and salinity were found (Fig.
4), decreasing from median values of �0.3 in the least saline
waters to median values of �0.05 in the most saline pools. The
significance of FC/ENT ratios has been subject to several spec-
ulations. According to Geldreich and Kenner (8), FC/ENT
ratios in fresh feces of �1.5 should indicate pollution by wa-
terfowl while ratios of �4 should be typical for anthropogenic
pollution. This concept was called into question by Hussong et
al. (15), who reported that the FC/ENT ratio depended largely
on the diet of the birds and that waterfowl feeding in the wild
have ratios similar to those of humans. The low ratios of �1
observed in this study indicate waterfowl pollution in the sense
of Geldreich and Kenner (8). However, we used these ratios to
show that E. coli and FC populations decline more rapidly than
ENT in the more saline pools due to osmotic stress. At WL,

FIG. 4. Correlation of the median FC/ENT (A) and E. coli/ENT
(B) ratios with median salinity values for each investigated environ-
ment. Grey points represent data from WL, which were not included in
the calculation of the regression. Abbreviations are defined in the
legend to Fig. 1.

FIG. 5. Two-dimensional plot of principal component analysis (va-
rimax rotation, Kaiser normalization). Circles enclose all variables
which are contained in the respective component. TEMP, tempera-
ture; BSP, bacterial production; CHLA, chlorophyll a; TURB, turbid-
ity; PTOT, total phosphorus; BN, bacterial numbers; COND, conduc-
tivity; SAL, salinity.

VOL. 70, 2004 FECAL INDICATOR PERFORMANCE IN SALINE INLAND WATERS 7401



higher ratios were found than predicted from the regressions
with salinity. This indicates that the ratios of the FIB in cattle
feces may be different from that in bird feces and that the
origin of the FIB may nevertheless have influenced the ratios
observed in WL. Rozen and Belkin (27) reported in their
review that the optimal survival of E. coli and FC was observed
at a salinity of around 0.85% and decreased toward more
saline conditions (seawater) as well as toward less saline con-
ditions (distilled water). The median salinity values in our
pools ranged from 0.83% down to 0.27%, and thus, more E.
coli and FC could be expected to occur in the more saline
waters. However, the opposite was observed in this study, with
decreasing FC/ENT and E. coli/ENT ratios with increasing
salinity and a significant negative correlation of FC and E. coli
to salinity. One likely explanation could be the difference in the
ion composition of seawater (predominantly NaCl) and the
water in the investigated pools (predominantly NaHCO3).

Principal component analysis revealed (Fig. 5) that all fecal
variables together represent one important component inde-
pendent from the other environmental variables. However,
ENT exhibited significant positive correlations with a series of
different environmental variables, including trophic indicators
like chlorophyll a, total phosphorus, and bacterial production,
with chemical variables like pH, carbonate concentration, TSS,
and rain. By multiple linear regression, we could show that
FTX and rain in combination with either chlorophyll a or TSS
explained 47% of the variation of ENT. Rain is included in
both regressions, most probably because rainfall leads to in-
creased surface runoff and transport of FIB from the fecal
pellets at the shore line into the pools. Also, Stanridge et al.
(30) reported that high counts of FC and ENT were always
associated with weather events. Chlorophyll a represents a
trophic component and is also positively correlated to bird
abundance (see above). Thus, more birds are attracted by
ecosystems with higher trophy where more food is available,
they are producing more fecal pellets, and thus, more ENT can
enter the ecosystem. TSS seem to have a positive effect on
ENT concentrations in several ways. First, at high TSS con-
centrations, more sediment is resuspended in the water body.
Sediments are more suitable environments for survival of FIB
than the water itself (2, 31). Because of the higher organic
content and the capability of glycine-betaine accumulation
against osmotic stress, survival times of FIB are longer in
marine sediments (9). Second, the extremely high TSS concen-
trations of some of the pools limits the penetration of solar
radiation through the water body. Solar radiation is known to
be a main factor for the removal of FIB in aquatic ecosystems
(22, 29), and in the investigated ecosystems, light could be
assumed to be a major regulator of the survival of FIB because
of the shallowness of the pools, especially in combination with
salinity (12). Thus, a reduction of radiation by high TSS con-
centrations may have a positive effect on the survival of FIB.
Third, a weak, yet insignificant intercorrelation of TSS with
rain (r � 0.19; P � 0.1) was observed. As during rainy weather
there is usually more wind, this leads to a higher concentration
of TSS of the water bodies of these flat saline environments,
concomitant with the wash-in of feces-associated FIB from the
shore into the pools. The positive correlation between ENT
and production rates most probably reflects the indirect tro-
phic influence on the abundance of FIB (see above). Because

of the high production rates and bacterial numbers, high pro-
tistan numbers and predation pressure on FIB can also be
assumed, especially on more sensitive species like E. coli (6). It
is well known that the elimination of FIB by grazing is one
major factor controlling the survival of FIB introduced to
aquatic environments (10, 14). The influence of grazing in
these ecosystems, however, is unclear, as no data exist on
protistan grazing activities.

Applicability of FTX and ENT for monitoring bird-caused
fecal contamination. Because of the highly significant correla-
tions among bird abundance, FTX values, and all investigated
FIB, the method of feces quantification proposed in this study
(FTX) and all FIB groups used seemed reasonable indicators
of fecal contamination in the investigated saline ecosystems
(Table 3). By going into more detail, it becomes obvious that
ENT are better at predicting fecal contamination than FC and
E. coli over the whole range of habitats for the sampling in-
tervals used. Highly significant regressions of ENT on FTX and
even on bird abundance were found when median values of
each habitat were plotted (Fig. 2) while E. coli and FC showed
no significant regressions. However, the slopes from all regres-
sions were �1, indicating increasing underestimations of ENT
concentrations with both increasing FTX values and bird abun-
dances. In our protocol, we counted all avian fecal pellets
irrespective of the time that had passed since defecation. When
a great portion of the fecal pellets are older at the time of
sampling and no fresh feces has entered the system, ENT
would be underestimated because of the natural and continu-
ous reduction of these organisms in water. Thus, a separation
of old and fresh feces in future investigations should therefore
be considered, which could be achieved by counting fecal pel-
lets along the same line on a daily scale. In addition, the
variable content of ENT concentrations in the feces of the
present bird species and the different resistance capacities of
the various ENT populations may influence the relation be-
tween FTX values and ENT concentrations in the water. Also,
feces from other animals can be of relevance. At WL, ENT
counts were significantly higher than predicted from the re-
gression curve because of the entry of cattle feces at this pool.
Even environmental factors have to be considered, e.g., differ-
ing weather situations may lead to variations of the transport of
FIB into the pools.

We also observed a highly significant regression of FTX on
bird abundance. As with ENT concentrations, the slope of the
regression was �1, indicating increasing underestimations of
the FTX values with increasing bird abundance. We counted
accumulations of feces which obviously represented a single
deposit as 1 pellet, as it seemed reasonable to assume that this
originated from one bird. But when dense bird populations are
present at the pools, FTX values may be underestimated be-
cause of the difficulty in separating the different deposits from
each other.

Despite these uncertainties and the high diversity of the
investigated systems, the highly significant correlations of FTX
values with bird abundance as well as with all FIB groups
demonstrate the good applicability of FTX as a meaningful
surrogate parameter for recent bird abundances and fecal con-
tamination by birds in shallow aquatic ecosystems. In addition,
our holistic approach of linking bird abundance, feces produc-
tion, and FIB detection with environmental key variables may
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serve as a powerful model for application to other aquatic
ecosystems.
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