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Abstract Following decades of global extermina-

tion, the general population of the great cormorant

(Phalacrocorax carbo L.) is on the rise. The lack of

regular predators, highly skilled fish rapacity, rapid

metabolism, significant rate of excretion and ability to

form large nesting colonies on relatively small areas

lead to numerous environmental consequences of

cormorant presence. Here we comprehensively review

the occurrence and distribution of this species and, in

particular, its multi-faceted impact on terrestrial and

aquatic ecosystems and the main routes through which

these impacts are being manifested. The bird-induced

chemical loading and its biological and ecological

consequences, and the effects on microbial pollution

and pathogen dispersion are discussed in particular.

The need for further investigation to fully elucidate

particular effects is stressed throughout the paper. It is

concluded that the environmental effects of great

cormorants are rather complex, can lead to serious

ecosystem modifications and that the presence of these

birds should be taken into consideration in ecological

assessment and monitoring.

Keywords Cormorants � Nutrient cycling �
Microbial pollution � Eutrophication � Biodiversity

Introduction

Great cormorants (Phalacrocorax carbo L.) are avian

top-predators characterized by a global distribution

encompassing Asia, Africa, Australia and New Zealand,

North America and Europe (Fig. 1). Easily identified

due to their long bills, black plumage and webbed feet,

they forage on marine and freshwater ecosystems. Their

diet is almost exclusively composed of a wide range of

fish species varying in size, but usually reflecting the

seasonal availability of prey at a particular site. Recog-

nized for their highly skilled fish predation, they were

largely exterminated and their number remained low

over the decades (Ostman et al., 2012; Skov et al., 2014).

However, over the past 40 years, a great rise in the

population has been observed (van Eerden & Gregersen,

1995; Bzoma et al., 2003; White et al., 2011; Russell

et al., 2012; van Eerden et al., 2012). Several reasons

appear to be responsible for this phenomenon among
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which the most important include the decision to protect

these birds in numerous countries, their high degree of

ecological adaptation, lack of regular predators in the

environment, ability to forage on marine and freshwater

ecosystems, increase in fish biomass due to the

eutrophication of surface waters and global climate

changes (Cramp & Simmons, 1998; Skov, 2011; White

et al., 2011).

Changes in the population status of cormorants

have raised serious concerns as to the consequences of

their presence in the environment. As these birds are

generally gregarious, appear collectively, gather in

flocks, nest in colonies and can feed on a relatively

large area on various aquatic ecosystems simultane-

ously, they may constitute a very important biological

factor triggering environmental changes (Kolb et al.,

2010; Klimaszyk et al., 2015b). Therefore, the impact

of cormorants on various elements of both the

terrestrial and aquatic environment has been largely

addressed in different studies. The birds breed on land

but forage on water so they represent a very important

intermediate link in some food webs (Gwiazda et al.,

2010; Skov et al., 2014) and a factor facilitating the

relocation of matter and possibly also some microbial

agents between aquatic and terrestrial ecosystems

(Marion et al., 1994; Huang et al., 2014). A large

number of potential outcomes of cormorant presence

has been demonstrated, including soil fertilization,

eutrophication, changes in terrestrial and aquatic

vegetation, loss of biodiversity, dispersion of certain

pathogens and food web modifications. To date these

studies have rarely addressed more than one aspect of

the environmental activity of cormorants. However, in

order to attain a full assessment of the complex

influence and ecological risks exhibited by these birds,

a more multi-faceted approach and review should be

attempted.

The present review aims to comprehensively pre-

sent the potential effects of cormorants on different

aspects of environmental functionality. The main

characteristics of these birds, essential to understand

their impacts, are also summarized. The bird-induced

chemical and biological transformations of terrestrial

and aquatic ecosystems and routes through which they

are mediated are discussed. The emphasis is put

particularly on nutrients loading and its biological

consequences, and microbial dispersion. Finally, the

paper raises several unresolved issues which, if

addressed in future research, may help achieve an

understanding of the environmental role of cormorants

and develop a reasonable approach to the management

of these species.

Main characteristics of great cormorant

Sub-species of Phalacrocorax carbo

According to del Hoyo et al. (1992), six sub-species of

P. carbo can be distinguished: P. c. carbo L., P. c.

Fig. 1 World distribution (marked black) of great cormorant (Phalacrocorax carbo) (based upon del Hoyo et al., 1992)
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sinensis Blumenbach., P. c. novaehollandiae Ste-

phens, P. c. marocannus Hartert, P. c. hanedae

Staunton and P. c. lucidus Licht. It should, however,

be noted that the taxonomy of the Phalacrocorax is

currently subject to dynamic turnover and that cor-

morant sub-species should be separated only upon the

basis of phylogenetic analyses and not morphological

features (Kennedy & Spencer, 2014). In Europe, the

existence of two sub-species P.c. carbo and P. c.

sinensis characterized by small genetic distance was

confirmed using analyses of microsatellites (Goostrey

et al., 1996) and mitochondrial DNA (Marion & Le

Gentil, 2006). Moreover, there is some evidence for the

existence of a third sub-species P. c. norvegicus

Marion & Le Gentil on this continent whose colonies

were initially identified near the Baltic Sea in Norway,

France, Sweden, Denmark and Netherlands (Marion &

Le Gentil, 2006). Further studies are necessary to

elucidate the contribution of this sub-species to the

total European P. carbo population estimated at over

400,000 breeding pairs with circa 90% represented by

P. c. sinensis (Bregnballe et al., 2014).

Global status of Phalacrocorax carbo populations

The great cormorant has an extremely wide distribu-

tion and occurs on every continent with the exception

of South America and Antarctica (del Hoyo et al.,

1992). Colonies in North America are restricted to the

north-east part although some individuals may winter

further south as far as the tip of the Florida peninsula.

Breeding colonies are also found in Western Green-

land. In Europe, the great cormorant can be found along

most of the Atlantic coast as well as thorough the

Mediterranean, Central and Eastern Europe (Fig. 2). In

Africa, the bird winters on the northern coast as well as

along the River Nile, and breeds year-round on the

north-west coast, in pockets of Central-east and South

Africa. In Asia, summer breeding is noted in patches

through the central part of the continent up to Eastern

China, while wintering occurs in Southeastern Asia—

India and Southern China. Finally, the great cormorant

can also be found breeding in New Zealand and

throughout the Australian continent with the exception

of the central regions. The range of P. carbo sub-

species demonstrates geographical differentiation

although partially overlaps (del Hoyo et al., 1992;

Cramp & Simmons, 1998; BirdLife International,

2014; Bregnballe et al., 2014).

As obligatory fish predators, cormorants, perceived

as competitors with human fisheries, were largely

exterminated over the years. The bird colonies were

habitually destroyed and the birds were frightened so

as to avoid the devastation of flora, mainly tree

species—a consequence of building nests and drop-

pings deposition, discussed later in detail. Addition-

ally, the widespread use of DDT pesticide until the end

of 1970s could also have contributed to a decrease in

the reproductive success of cormorants (Boudewijn &

Dirksen, 1995). Altogether, these factors resulted in a

global decline in the great cormorant population

(Ostman et al., 2012) and this species was considered

to be extinct in many European countries (van Eerden

& van Rijn, 1997). However, over the last 40 years, a

steady and worldwide increase in the number of these

birds has been observed (van Eerden & Gregersen,

1995; Bzoma et al., 2003; White et al., 2011; Russell

et al., 2012; van Eerden et al., 2012) with almost 2.9

million individuals estimated at the beginning of the

twenty first century (Wetlands International, 2006).

From the early 1980s, the European population of P.

carbo sub-species was growing by 18% annually

(Winney et al., 2001) with several thousand breeding

pairs counted in 1980, through to 200,000 pairs

estimated in 2000 and more than 400,000 in 2013

(Trolliet, 1999; Bregnballe et al., 2014; Fig. 2).

However from the beginning of 2010s, the number

of cormorants in some European regions (Holand,

Belgium) stabilized or decreased (Norway, Sweden,

Poland, Croatia, Hungary, Danube delta region)

(Bregnballe et al. 2014). The population of the Asian

sub-species P. c. hanedae and African P. c. lucidus

rapidly started to grow in the late 1980s and stabilized

at the beginning of the twenty first century (Kameda

et al., 2003; Yesou & Triplet, 2003). The population of

P. c. lucidus was estimated at 40,000 individuals in

Coastal West Africa, 15,000 in Coastal South Africa

and 500,000 in Central and Eastern Africa (Delany

et al., 2007; van Roomen et al., 2014), while the

population of P. c. hanedae was estimated at 100,000

individuals (Brazil, 2009). In North America, the

population of P. carbo is stable unlike the double-

crested cormorant Phalacrocorax auritus Lesson,

whose number is rising (Hebert et al., 2014).

The increase in the number of P. carbo can be

observed in some regions despite a high mortality rate

among juvenile individuals estimated at 25–68% in

the first year of life, 13% in the second and an annual

Hydrobiologia (2016) 771:13–30 15
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12% death ratio in older birds (Frederiksen & Breg-

nballe, 2000; Stempniewicz et al., 2000). As cor-

morants are long-lived species, it is not easy to predict

the changes of their population although competition

for breeding space or food does not play a key role in

dynamics of their global population (Sæther et al.,

2005).

Increases in population sizes of P. carbo are most

likely to be a result of several concurrent reasons such

as

(i) the decision taken by the governments of

numerous countries to protect this species,

(ii) the discontinuation of the use of DDT and

other harmful chemicals (Dirksen et al.,

1995),

(iii) the increase in availability of food resources

resulting from cultural eutrophication and

intensive fishery, both leading to profound

changes in fish structure such as a prevalence

of small cyprinids over predators and large-

sized specimens (Psuty, 2010),

(iv) the high plasticity of cormorants leading to

ecological adaptation,

(v) lack of natural enemies, with the exception of

humans and very sporadically, white-tailed

eagles (van Eerden & Voslamber, 1995) and

(vi) global warming leading to more rapid decay

of the ice cover of freshwaters thereby

increasing the availability of feeding areas

and prolonging the chick rearing period

(White et al., 2011; Skov, 2011).

Colonies of Phalacrocorax carbo

Cormorants are considered as ‘‘central place for-

agers’’—they form roosting or breeding colonies and

forage up to distances of 10–15 km from it, flying

nearly 50 km daily back and forth (Paillisson et al.,

2004; Goc et al., 2005; van Eerden et al., 2012).

The breeding colonies are formed at peaceful

locations, far from direct human impacts. In coastal

regions, the birds nest on inshore islands, cliffs, stacks,

Fig. 2 Estimated number

of nesting pairs of great

cormorant (Phalacrocorax

carbo) in Europe (based

upon Bregnballe et al.,

2014)
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boulders and, occasionally, artificial structures. Inland

they occupy islands, peninsulas, river forks and areas

near lakes, and build nests on bushes and mainly

deciduous (e.g. willow, alder, birch) and coniferous

trees (e.g. pines), rarely on the ground. Up to 50 nests

may be found in one tree, depending on the tree

species. The colonized sites are often reused over the

years (del Hoyo et al., 1992; Bzoma, 2011; van Eerden

et al., 2012). Usually, after the colony has been

established, the number of nests increases annually

until their maximum is reached. The number of birds

that make up the breeding colonies can vary from a

few to several thousand. In Europe (Fig. 2), the largest

colonies can be found at Kąty Rybackie on the Baltic

Sea coast of Poland and at an islet near the Crimean

peninsula in Ukraine (Bzoma et al., 2003).

Roosting colonies are always situated on the banks

of aquatic environments and, particularly in wintering

periods, can be very numerous; bird densities may

even exceed those observed in breeding colonies

(Dirksen et al., 1995; Klimaszyk et al., 2015a).

The abundance of cormorants is particularly regu-

lated by the trophic state of aquatic ecosystems. The

lowest bird densities are found near oligotrophic (low

productivity and fish stock) and hypertrophic (low

transparency alters the predation) water bodies.

Eutrophic waters, on the other hand, offer large

numbers of fish (small-sized cyprinids, predomi-

nantly) and are often inhabited by cormorants (van

Eerden & Voslamber, 1995; Skov, 2011; van Eerden

et al., 2012).

The effect on terrestrial ecosystems

Soil chemistry

Considering their daily food intake (0.4 kg) and faeces

deposition (20–50 g per day), cormorants excrete

considerable loads of chemicals. Because they spent

only about 4 h daily on foraging, over 80% of faeces

are deposited beneath their roosts and nests (Marion

et al., 1994; Mukherjee & Board, 2001; Goc et al.,

2005). Various contents of N and P in cormorant

droppings are given in the literature ranging from

3.2–14.5 to 5.9–14%, respectively, with a mean N:P

ratio of 1.5:1 (Marion et al., 1994; Kameda et al.,

2000; Goc et al., 2005; Gwiazda et al., 2010;

Klimaszyk et al., 2015a). A single bird deposits over

4 g of N and 2.5 g of P daily beneath its roost or nest.

Depending on cormorant density, the reported loads of

deposited nutrients vary over a range of 181–1120 and

112–786 kg ha year-1 for N and P, respectively

(Kameda et al., 2000; Goc et al., 2005; Klimaszyk

et al., 2015b). These numbers are underestimated

because they do not consider the delayed loads which

are first accumulated on plants and then washed out

during rainfall. Moreover, a small quantity of nutrients

can be introduced with cormorant pellets, usually

swallowed fish which later decay on the ground and

release nutrients. Finally, significant nutrient enrich-

ment occurs through forest litter generated during

cormorant activity. Cormorants may be responsible

for the accumulation of as much as 2000 kg ha-1 of

forest litter per month (Hobara et al., 2001; Osono

et al., 2006). Such an extreme amount results from

over 12 kg of twigs and branches used by the birds to

build a single nest (Goc et al., 2005).

It is beyond any doubt that the abovementioned

activities must result in significant soil chemistry

alterations. The most significant changes include

nutrient enrichment and acidification. The chemical

properties of the top soil layer are extremely modified,

while the degree to which the deeper horizons are

altered depends on the density of the colony and the

time that has elapsed since it was established as well as

the properties of the deposited chemicals, microbial

activities and conditions of the ambient environment.

Long-lasting colonies may alter the soil chemistry up

to a depth of 1 m.

Over time cormorants, especially in dense colonies,

increase N and P content in soil layers to extreme

extents (Ligęza & Smal, 2003; Hobara et al., 2005;

Kolb et al., 2012; Rush et al., 2013; Litaor et al., 2014;

Klimaszyk et al., 2015b). However, even a small

cormorant flock can induce a short-term rise in their

concentrations, usually restricted to period the birds

are present (Klimaszyk et al., 2015b). In the case of

dense breeding or roosting colony areas, the levels of

nutrients in the top soil layer are very high all year

round, even when the birds are absent.

The faeces-originating N occurs primarily in the

form of uric acid, readily biochemically degraded to

ammonia—an initial substrate of nitrification. In this

form, N accumulates mainly in the surface soil layer

(Ligęza & Smal, 2003) and may undergo volatilization

(Mizutani & Wanda, 1988; Mulder & Keall, 2001;

Ligęza & Smal, 2003; Hobara et al., 2005). The
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intensity of this process depends, however, on vari-

ables such as pH, soil moisture and temperature (Loder

et al., 1996). As cormorant faeces also acidify soils,

volatilization is of lower importance (Kameda et al.,

2000; Breuning-Madsen et al., 2010) and transforma-

tion to nitrates occurs instead (Hobara et al., 2001).

The nitrates of faecal origin can accumulate not only

in the top layer but also at considerable depths (Ligęza

& Smal, 2003). Upper horizons are usually character-

ized by a prevalence of organic N (Ishida, 1996;

Ligęza & Smal, 2003). Generally, the content of N in

organic and inorganic form in soils beneath cormorant

colonies are increased 10-fold due to the birds’ activity

(Ligęza & Smal, 2003; Hobara et al., 2005; Breuning-

Madsen et al., 2010; Klimaszyk et al., 2015b).

Sporadically, the N content can be even higher, e.g.

one study reported over 140 times higher organic N

(10,000 vs. 70 mg kg-1) in the top soil horizon (up to

5 cm depth) than at a control site (Klimaszyk et al.,

2015a). The bird-originating P delivered to the ground

is less mobile in the soil horizon than N and usually

accumulates in the top layer (Ligęza & Smal, 2003;

Hobara et al., 2005; Breuning-Madsen et al., 2008).

The total P has been found to increase from 30 to

250-fold compared to control areas. The longer the

colony has been established, the more accumulation of

P in soils occurs (Ligęza & Smal, 2003; Breuning-

Madsen et al., 2008; Klimaszyk et al., 2015a).

Apart from N and P, the cormorant colonies deliver

significant amounts of carbon (Breuning-Madsen et al.,

2010; Klimaszyk & Joniak, 2011) and potassium (Ligęza

& Smal, 2003). Both elements are utilized by floral and

microbial communities in the upper layers but they may

also infiltrate and accumulate in the deeper soil horizons.

Cormorant activity may increase the potassium content

10–30-fold (Ligęza & Smal, 2003; Klimaszyk et al.,

2015a). Colonized areas are also usually characterized

by increased total (TOC) and dissolved (DOC) carbon

(Ishida, 1996; Osono et al., 2006). Soil enrichment in

DOC and TOC results from a high accumulation of plant

debris (Osono et al., 2006) and is usually observed after

long term and very intensive cormorant activity (Breun-

ing-Madsen et al., 2010).

Terrestrial ecosystems

Cormorants significantly affect the terrestrial vegeta-

tion overgrowing the areas they inhabit and colonize.

The impact is of dual origin:

(i) mechanical destruction and withering of trees;

(ii) the deposition of faeces and various kinds of

debris leading to chemical and physical alter-

ation of soils and groundwater.

During the first stages of colonization, the gradual

delivery of N, P and K, predominantly in faeces,

fertilizes soil and promotes primary production. This

may even be reflected in an increase in the number of

plant species ( _Zółkoś & Meissner, 2008). However, at

some point the chemical properties of soils begin to

greatly exceed tolerable levels and plant biodiversity

significantly decreases (Boutin et al., 2011). This is

mostly due to altered root absorption capacities in a

highly fertile habitat and as a result growth is

subsequently reduced. Deposition of uric acid and

increased NH4 concentration lead to soil acidification

(Pearson & Steward, 1993), the conditions under

which the uptake of cations is largely decreased

(VanDijk et al., 1989). Seed germination is also

usually affected under such conditions (Ishida, 1997;

Ellis et al., 2006; _Zółkoś & Meissner, 2008). Changes

of soil and groundwater have a particular impact on

herbs and shrubs with shallow root systems. Cor-

morants may also affect trees through direct deposi-

tion of faeces on leaves, effectively decreasing their

photosynthetic activity and respiration, and leading to

retarded growth. After long dry periods, up to 80% of

the vegetation in the colony area can be covered with

faeces. Finally the vegetation, mainly trees, receives

mechanical damage. One pair of cormorants uses

approximately 13 kg of twigs, leaves and needles. For

comparison, a single matured pine consists of

24–30 kg of needles and small twigs (Goc et al.,

2005). Therefore, colonization is usually followed by

heavy tree defoliation (Ishida, 1996). Coniferous trees

are generally more susceptible to cormorant activity

than deciduous species, which tolerate loss of

branches and leaves to some extent. Regardless of

the species, the colonized areas are, however, even-

tually subject to floral withering and decay. The

decreased health status of trees may induce pest

invasion and further exacerbate unfavourable changes

of vegetation within the colony (Goc et al., 2005).

Nest density and subsequent faeces deposition are

the most important factors affecting plant abundance

and biodiversity within sites colonized by cormorants.

The total number of plants, including herbs and

shrubs, may decrease up to as much as 70%, while

18 Hydrobiologia (2016) 771:13–30
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forest-specific floral communities may disappear

altogether. Instead, nitrophilous species such as Sam-

bucus nigra L. overgrow the area due to high N

deposition from bird droppings (Ishida, 1996; Kolb

et al., 2012; Klimaszyk et al., 2015b). Their dense

development may decrease light availability within

the floor zone and thereby limit the growth of

herbaceous species (Ishida, 1996; Hofmeister et al.,

2009; Klimaszyk et al., 2015c) which grow only

within shrub gaps and are usually represented by

highly nitrophilous grasses such as Calamagrostis

epigejos L., Poa nemoralis L. and Poa trivialis L.

(Goc et al., 2005). Importantly, the occurrence of alien

plant species has been recorded within former cor-

morant colonies (Klimaszyk et al., 2015b). In sum-

mary, the influence of bird activity on terrestrial

vegetation is complex and may lead to long-lasting

changes in biodiversity and species composition

(Fig. 3).

Changes in vegetation, decrease of primary

production and tree vitality together with an increase

of forest litter accumulation can also trigger changes

in the zoocenoses of the forest floor. The abundance

and diversity of herbivorous insects is reduced while

fungivorous, xylophagous species and scavengers

are usually promoted (Kolb et al., 2012). Fish

regurgitated by cormorants provide an additional

source of food. Cormorants do not re-collect regur-

gitated fish but herons become commensals and

exploit that food resource (Goc et al., 2005). Carrion

abundance at the colonies also attracts vertebrate

predators and scavengers. Counts show that the

density of foxes (Vulpes vulpes L.), raccoons

(Nyctereutes procyonoides Gray) and crows is

higher in the vicinity of cormorant colonies (Goc

et al., 2005). Standing defoliated trees in former

colonies are used by predatory birds as observation

points. Interestingly, some carnivorous birds may

treat cormorants as ‘‘food vending machines’’. As

observed in the field, two adult white-tailed eagles

(Haliaeetus albicilla L.) frightened socially fishing

cormorants, which regurgitated fish and flew away.

The eagles started to feed on the dozens of dead fish

floating on the lake surface. Similarly, a white stork

(Ciconia ciconia L.) was observed to vocally scare

nesting cormorants at the colony and feed upon

regurgitated food (personal observations).

Transport of nutrients from terrestrial to aquatic

environment

The chemical compounds deposited with cormorant

faeces and partially washed from accumulated litter,

being mobile to some extent, can partially enter nearby

aquatic ecosystems (Fig. 3). During dry periods, they

may additionally undergo chemical transformation,

particularly into mineral forms. Washing out, leaching

and transport, is promoted by precipitation and occurs

in two major ways: more rapidly through surface

runoff and more slowly with groundwater (Gwiazda

et al., 2010; Klimaszyk & Rzymski, 2013a). The

contribution of each depends mainly on the land

morphology, substrate permeability and vegetation.

Steep inclination and cormorant-induced deforestation

promote chemical wash-out, particularly with runoff

(Chang, 2012). The concentrations of chemicals in

runoff and groundwater are highly dependent on bird

density and the length of time that the colony or roosts

have been established (Klimaszyk et al., 2015a, b, c).

Surface runoff from cormorant colonies is usually

characterized by extremely high nutrient concentra-

tion, exceeding as much as 17 mg l-1 for total P and

300 mg l-1 for total N (Klimaszyk et al., 2015b). In

comparison with similar sites unaffected by birds, the

concentrations of ammonium can be increased 50-fold,

nitrates 30-fold, organic N more than 60-fold and total

P 45-fold. Additionally, the runoff from colonies may

increase DOC content and high electrical conductivity

as well as low and almost always acidic pH (Klimaszyk

& Joniak, 2011). Unsurprisingly, the highest levels of

chemical compounds are observed within breeding

season but, importantly, they may remain high even

during periods when the birds do not occupy the colony

area (Klimaszyk et al., 2015b).

Similarly to runoff, the chemical composition of

groundwater outflowing from colonized areas or sites

with cormorant roosts may be significantly enriched.

This is particularly important in flat areas where the

groundwater-table is located near the soil surface. In

such cases, the groundwater can contain as much as

over 25 mg l-1 of total P (with over 75% being

orthophosphates) and over 250 mg l-1 of total N

(Klimaszyk, 2012; Klimaszyk et al., 2015a). Contrary

to surface runoff, the nutrient concentrations of

groundwater are constantly increased throughout the

Hydrobiologia (2016) 771:13–30 19
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year, even in periods when birds are absent. Moreover,

few years after the birds have ceased to nest or roost at

such a site, the levels of chemical compounds in

groundwater may still remain elevated (Klimaszyk

et al., 2015c).

The effects on aquatic ecosystems

Quality of surface waters

Like other waterfowl, cormorant may affect surface

waters in a variety of ways (Fig. 3). Interestingly, in

the case of these birds, this impact may have a dual

role and promote eutrophication or, conversely, pre-

vent this process. The latter effect is, however,

observed at small ponds only. At such water bodies,

intensively foraging cormorants may drastically

decrease the number of fish and simultaneously

increase the density of zooplankton, which is followed

by limited phytoplankton development and an

improvement in water transparency (Gmitrzuk,

2004). Such a phenomenon may be called ‘‘cor-

morant-induced biomanipulation’’ but it can only

occur when birds do not nest or roost in proximity of

pond at which they forage. Otherwise, levels of

nutrient supply from colony area to the aquatic

ecosystem may exceed this excluded by foraging

birds (McCann et al., 2000).

Undoubtedly, cormorants may decrease the pool of

biogenic elements through fish consumption (Ligęza

& Smal, 2003). It has been calculated that eating 400 g

of fish daily, a single cormorant will extract 40 g of N

and 12 g of P from an aquatic ecosystem (Hahn et al.

2007). If one considers how abundant cormorant

flocks may be, such an exclusion of nutrients from the

entire ecosystem budget can be significant (Mukherjee

& Board, 2001). On the other hand, cormorants may

forage on various aquatic ecosystems (located within

30 km of the colony) but still deposit most of their

faeces over the relatively small area of the colony

(Cramp & Simmons, 1998). While some portion of

these loads is immobilized within the terrestrial

ecosystem through plant uptake, microbial degrada-

tion and soil fixing or may volatilize into the

atmosphere, significant quantities of chemical ele-

ments can be transferred with runoff and groundwater.

This eventually results in the inflow of high levels of

nutrients into surface waters, mostly littoral zones.

Even though the surface runoff from the colony area is

rather an episodic event, its impact on the chemistry of

an aquatic ecosystem cannot be ignored. As already

discussed in the previous section, the runoff delivers

significant loads of nutrients, particularly during the

vegetative season, and may therefore promote phyto-

plankton development. In some cases, the amount of

total N and P transported from a relatively small

colony area to a lake can be 50-fold higher than the

load from its natural catchment. Thus, 1.2 ha of colony

may deliver a load of nutrients equal to those delivered

from 60 ha of forested catchment. The input of

chemicals from some colonized areas can even

constitute up to 20% of the total nutrient balance of

a large lake (Klimaszyk et al., 2015a) and for small

and shallow reservoirs, up to 70% and over 35% of

total P and N content, respectively (McCann et al.,

1997; McCann et al., 2000). Large cormorant colonies

may play significant roles in the nutrient budgets of

nearby lakes (Klimaszyk et al., 2014, 2015a, b).

In surface waters, the chemical and biological

impacts of cormorant activity are revealed only within

the direct littoral area. The magnitude by which the

nutrient concentrations are increased is strictly asso-

ciated with the number of birds inhabiting the colony

(Nakamura et al., 2010a, b) although the maximum

peaks of some parameters, such as total P or chloro-

phyll, may be observed with some delay, usually a

month after the highest number of cormorants is

observed (Nakamura et al., 2010a). Changes in

nutrient chemistry can promote primary production

through algae growth, as well as changes in the

macrophyte community—discussed in detail in the

subsequent sub-section.

The morphological and biological complexity of

large and deep water reservoirs successfully prevent

aquatic biocoenoses from rapid changes induced by

cormorant colonies. Even though the littoral zone in

the proximity of bird-inhabited areas may reveal

increased concentrations of bioavailable nutrients

during the breeding or roosting season (Kolb et al.,

2010; Klimaszyk, 2012; Klimaszyk et al., 2014,

2015a), wave action and water currents dilute them

throughout the ecosystem to an extent which does not

exhibit any biological changes (Gwiazda et al., 2014).

Therefore, biological outcomes of cormorant activities

are more likely to be observed in smaller and shallow

reservoirs.
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Primary producer communities

The significant nutrient fluxes from the catchment area

may lead to increased concentrations and N and P

availability in littoral water, followed by a promotion

of primary production and significant shifts in the

phytoplankton community, including excessive devel-

opment of potentially harmful algae such as certain

species of cyanobacteria. As cormorant colonies have

been shown to enrich groundwater and surface runoff

with nutrients and their colonies can play a relevant

role in the total lake balance of N and P, it could be

anticipated that they may induce the abovementioned

processes. Littoral zones near colonies have been

found to contain increased concentrations of

orthophosphates, ammonium and nitrates—the nutri-

ent forms readily utilized by phytoplankton (Kli-

maszyk, 2012; Klimaszyk et al., 2014; Klimaszyk

et al., 2015a). The availability of N from cormorant

faeces for macro- and microalgae has also been

demonstrated using 15N signatures (Kolb et al., 2010).

Unfortunately, no studies on phytoplankton assem-

blages have been conducted for littoral zones under-

going the pressure of a breeding cormorant colony.

Incomplete conclusions can be drawn from direct

observations of a small roosting colony (\55 birds)

near which a significantly higher share of chlorophytes

was observed at a site in the vicinity of the cormorant

roost. Other groups cyanobacteria, diatoms, dino-

phytes, euglenophytes, chrysophytes cryptophytes and

conjugatophytes did not differ in terms of their

contribution to the phytoplankton community

(Gwiazda et al., 2010). Other investigations at a larger

roosting colony found a nearly sixfold increase in

chlorophyll-a content in a soft-water lake over a

10-year period (Klimaszyk et al., 2015a). During this

time, the number of roosting birds increased from 600

in 1998 to over 1000 in 2009. A high pigment level

was, inter alia, a result of blooming Microcystis

aeruginosa Kützing (Klimaszyk et al., 2015a)—a

species known to potentially produce microcystins,

compounds recognized for their toxicity in eukaryotes

(Rzymski et al., 2015). Further studies are necessary to

fully elucidate the relationship between cormorant

activities (particularly forming large colonies) and the

phytoplankton community.

The impact of cormorants on aquatic macrophytes

has been little studied. It was, however, demonstrated

that the establishment of a cormorant colony near a

shallow soft-water lake followed by a decade of

increase in bird abundance resulted in an increase of

nutrient concentrations in the littoral area and a

decrease of species characteristic for oligotrophic

reservoirs, Littorella uniflora (L.) Asch. and Myrio-

phyllum alterniflorum DC., largely replaced by

eutrophic Ceratophyllum demersum L. and Elodea

canadensis L. It is highly probable that these changes

were brought about by a simultaneous increase in

phytoplankton (as demonstrated by a several-fold

increase in chlorophyll-a content) leading to decreased

water transparency (Klimaszyk et al., 2015a).

Fish communities

Despite the fact that cormorants may enrich their diet

with crustaceans, amphibians and even polychaetes,

their primary prey is fish (Scott & Duncan, 1967; del

Hoyo et al., 1992; Boudewijn & Dirksen, 1998;

Leopold & van Damme, 2003). Cormorants are indeed

characterized by a high predation abilities resulting

from their swimming speed (over 1 m s-1), great

diving velocity (up to 4 m s-1) and depth (usually

2–5 m but occasionally even up to 20 m or more) as

well as the ability to hunt socially (van Eerden &

Voslamber, 1995; Ropert-Coudert et al., 2006). Water

turbidity appears to be one of the main factors

affecting hunting behaviour (solitary or social fishing)

and limiting the foraging activity of cormorants (van

Eerden & Voslamber, 1995; Strod et al., 2008). The

highly developed predatory skills of these birds have

led to the belief that they can effectively compete with

fishermen for resources—their food intake ranges

from 250 to 800 g day-1 (Dirksen et al., 1995;

Gremillet & Dey, 1996; Carss & Marquiss, 1997).

Numerous human-cormorant conflict cases have been

reported over the years at various fishery sites: rivers,

lakes, freshwater aquaculture ponds, coasts and

coastal aquaculture sites. Cyprinids and salmonids

are among the main group of fish over which these

conflicts have arisen although over 70 fish species

inhabiting various aquatic environments and of dif-

ferent body sizes (lengths from 30 mm to over

700 mm) have been reported to serve as food for

cormorants.

The conditions affecting preference of cormorants

to feed on particular fish species and the effects of

these birds on fish abundance and communities have

been widely investigated over the years and described
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in excellent review papers by Cowx (2003) and Van

Eerden et al. (2012) Some studies also addressed

economic damage induced by great cormorants for-

aging on fish farms and suggested several methods to

reduce cormorant-human conflicts (Opačak et al.,

2004; Gwiazda, 2010). An excellent guideline on

cormorant control is prepared by Russell et al. (2012).

Aquatic invertebrate communities

Very limited data are available on the potential effect

of P. carbo on benthic macroinvertebrates and

zooplankton. However, it is anticipated that to some

extent particularly larger breeding colonies may have

an impact on these communities. Firstly, the increase

in nutrient availability and subsequent promotion of

algae growth may stimulate zooplankton density and

abundance. Such an effect has already been demon-

strated experimentally in ponds fertilized with com-

mercially available bird guano corresponding to the

density of P. auritus of 10 birds per m2. Stimulated

growth of phytoplankton resulted in a time lag in

consumer response to increased resources despite

predation pressure (Butts et al., 2013). Since P. auritus

and P. carbo defecate comparable nutrient loads, these

effects can be, at least partially, extrapolated to the

situation at the littoral in the proximity of densely

populated colonies of great cormorants. In a study

conducted on the Baltic Sea, the abundance and total

biomass of such invertebrates as Jaera albifrons

Leach, chironomids and Gammarus sp. increased

significantly in areas with high cormorant nest densi-

ties (Kolb et al., 2010). As these species feed on micro-

and macroalgae, it is likely that cormorants promote

nutrient loading and subsequent phytoplankton bio-

mass in inhabited areas. On the other hand, one could

suggest that cormorant foraging may induce top-down

control in the aquatic food web. Cormorants could

theoretically promote large-sized zooplankton (Clado-

cera) growth through the consumption of fish species

or limit it through the elimination of predatory fish

populations. It should be, however, stressed that the

diet of P. carbo is very non-specific and that these

birds can prey far from the colony (up to 30 km radius)

and, simultaneously, on various aquatic ecosystems

(Marion et al., 1994; Kameda et al., 2006). Moreover,

food web relationships are subject to a complex

function of endogenous and exogenous factors and,

especially for larger water bodies, cannot be explained

by the single element of a bird presence (Sydeman

et al., 2010). Further field studies are necessary to fully

explain the influence of great cormorants on food web

relationships.

Role in pathogen dispersion

Birds, particularly migratory ones, represent an

important factor in the harbouring and dispersal of

microorganisms, including pathogens (Graczyk et al.,

1998). The microbiota of birds has been shown to be

Fig. 3 The complexity of

great cormorant

(Phalacrocorax carbo)

impact on terrestrial and

aquatic ecosystem
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affected by many different factors, such as infections

and general health status, diet and local microbial

communities in the environment (Gabriel et al., 2005;

Santos et al., 2012). The main route through which the

birds can take part in the dispersion of various

microorganisms, including bacteria, viruses and pro-

tozoa, is faeces excretion. As already discussed in the

previous sections, cormorants can deposit a large

amount of faeces within the colony area and partially,

directly into nearby surface waters. Therefore, they

may play a profound role in the dispersion of some

microorganisms including bacteria, viruses and para-

sites, and the further consequences of this dispersion

such as a decrease in the sanitary quality of water,

animal diseases and potential threat to human health.

So far, several studies have investigated whether

cormorants may be a significant host of some

pathogens and contribute to their further environmen-

tal dispersion (Table 1).

The fact that cormorants may contribute to micro-

bial pollution in the environment is supported by a

significantly increased number of coliform bacteria,

common components of commensal intestinal flora

(DeVincent, 2004) within the colony and nearby areas.

Coliforms, composed of genera belonging to the

family of Enterobacteriaceae, are a group of rod-

shaped, non-spore forming Gram-negatives. In gen-

eral, the identification of these bacteria in the

environment does not unambiguously pose a relevant

threat to human health but usually indicates that other

pathogenic microorganisms may be present. Addi-

tionally, some strains of these bacteria, particularly

Escherichia coli, are characterized by a high degree of

virulence in humans. Therefore, it is of general public

interest to keep the number of coliform in the

environment as low as possible. The E. coli strains

isolated from the European population of P. carbo

have not only been shown to be highly resistant to

antibiotics such as cephalosporins and fluoro-

quinolones but the highly virulent O25b-ST131 clone

has been identified among them (Literak et al., 2010;

Tausova et al., 2012). Altogether, these findings

indicate that cormorants may spread epidemiologi-

cally important antimicrobial-resistant bacteria

through their droppings.

The presence of pandemic faecal bacteria in P.

carbo can raise serious health concerns if one consid-

ers that these birds can cause extreme increases in the

coliform and E. coli counts in groundwater beneath the

colony. The larger the colony and number of cor-

morant nests, the more significant pollution of

groundwater is observed. The greatest density of

coliforms and E. coli is usually found in groundwater

within the area of the breeding colony and can reach

over 40,000 and 2000 counts per 100 cm3, respec-

tively, but maximally rise to more than 70,000 and

6000 counts per 100 cm3, respectively. Lower levels

of bacterial contamination were noted for groundwater

outflowing from perennial colonies. Although the

microbial pollution of surface runoff occurring at

cormorant colony sites has not yet been investigated, it

is rather likely that it is also characterized by a largely

increased number of total coliform and E. coli. Apart

from the direct deposition of faeces, runoff and

groundwater represent two major routes through

which cormorant colonies can increase the bacterial

number in nearby lakes. The mean bacterial densities

usually form a gradient from the highest number

recorded near the colony to the lowest found in the

central part of the lake (Klimaszyk, 2012; Klimaszyk

& Rzymski, 2013b). Besides E. coli, the Enterobac-

teriaceae, the littoral water near colonies can be

characterized by a relatively high share of Enterobac-

ter gergoviae, Klebsiella oxytoca, Serratia odorifera,

Citrobacter freundii, Enterobacter cloacae and Rah-

nella aquatilis (Wiśniewska et al., 2007).

No association between the activities of P. carbo

and the presence of pathogenic species from the

Shigella and Salmonella genus in lake water has been

found (Wiśniewska et al., 2007). On the other hand, a

recent study has found S. typhimurium, a leading cause

of human gastroenteritis (McClelland et al., 2001), in a

few cormorants shot in Switzerland (Albini et al.,

2014). Further studies are required to fully elucidate

the role of these birds in the dispersion of this

pathogen. In turn, species of Chlamydiae, a widely

spread obligate intracellular genus of bacteria, have

not so far been identified in P. carbo although only one

study has investigated their presence in this species

(Albini et al., 2014).

As well as bacteria, P. carbo populations can

constitute a source for the spread of some pathogenic

viruses. To date, only a few studies have addressed the

presence of the avian influenza virus (AIV) in P.

carbo. Moreover, from at least four pathogenic AIV

subtypes (Leong et al., 2008; Zhang et al., 2014), only

H5 and H7 have been investigated. AIV positive

antibodies were not found in a serosurvey conducted
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in Switzerland (Albini et al., 2014) nor were they

found in France (Artois et al., 2002). H5 subtype was,

however, detected using molecular methods (RT-

PCR) in cloacal lavages of P. carbo inhabiting the

north-western area of the Caspian Sea (Iashkulov

et al., 2008) but its prevalence was very low (below

5.0%). Because AIV in other cormorant species such

as P. magellanicus, P. atriceps (Gallo et al., 2013) and

P. harrisi (Travis et al., 2006) has not been identified,

and only a very low prevalence of AIV was found in P.

auritus for which AIV-specific antibodies and AIV

matrix protein were positive only sporadically (Cross

et al., 2013), it can be suggested that this group of birds

is unlikely to be involved in the circulation of the

virus. However, more extensive surveys on P. carbo,

including populations from other parts of the world,

are necessary before any definitive conclusions can be

drawn. Moreover, the presence of other potentially

pathogenic AIV subtypes in cormorants, H9N2 (Sun &

Liu, 2014) and novel H10N8 (Zhang et al., 2014),

requires further attention.

Great cormorants may represent a suitable host for

avian paramyxovirus serotype-1 (APMV-1), the

causative agent of virulent Newcastle disease (ND)

(Alexander, 2000). ND has a history of dramatic

devastations in poultry, and it remains a major

problem for poultry industries in many countries as

well as an economic burden due to the costs associated

with vaccinations and biosecurity requirements

(Degefa et al., 2004). Furthermore, APMV-1 is

potentially transmissible to humans, particularly poul-

try workers are at higher risks of clinical symptoms of

infection (Nelson et al., 1952). P. carbo have been

already implicated in ND outbreaks among domestic

poultry in Scotland (Blaxland, 1951). A study con-

ducted by Schelling et al. (1999) on the Swiss P. carbo

population found AMPV-1 positive antibodies in

nearly 20% of sampled cormorants but failed to

isolate the virus. A more recent investigation in

Switzerland failed to isolate AMPV-1 in tested

individuals (Albini et al., 2014). The virus was,

however, found in birds inhabiting the Volga estuary

during the 2001, 2003 and 2006 virological monitor-

ing programmes (Usachev et al., 2006; Iashkulov

et al., 2008). It appears that this particular P. carbo

population may represent a steady host of this

Table 1 Pathogens potentially dispersed by great cormorant (Phalacrocorax carbo)

Pathogen Place of identification Notes Potential threats

Bacteria

E. coli Poland, Czech Republic (as an

intestinal commensal, it is

spread anywhere the

cormorant is present)

O25b-ST131 clone was isolated. The

increased E. coli counts were observed

in lake littoral and groundwater within

the colony area

Predominantly serious urinary

tract infections (O25b-

ST131)

S. enterica Switzerland Low prevalence Serious gastroenteritis

Viruses

Avian influenza

virus H5

North-western area of the

Caspian Sea

Very low prevalence Highly pathogenic avian

influenza transmitted

between birds and to

mammals resulting in death

Avian

paramyxovirus

serotype-1

North-western area of the

Caspian Sea, France

(antibodies), Switzerland

(antibodies)

Newcastle disease in poultry

and wild birds. Clinical

symptoms in human

West Nile virus North-western area of the

Caspian Sea

Mosquitoes are prime vectors; birds are

main hosts

West Nile fever. Rarely

neurological symptoms

Fungi

Microsporidia Slovakia Encephalitozoon cuniculi was identified Intestinal parasitosis, diarrhoea

Protozoan parasites

Cryptosporidium

sp.

Hungary, Netherlands The exact genotype was not determined Intestinal parasitosis, diarrhoea

Giardia sp. Hungary The exact genotype was not determined Intestinal parasitosis, diarrhoea

For references see sub-section ‘The role in pathogens dispersion’
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pathogen as the virus was also detected in cormorants

inhabiting this region in the 1970s (L’vov et al., 1977).

Another study found APMV-1 positive antibodies in

French P. carbo but did not attempt to isolate the virus

(Artois et al., 2002). Nevertheless, species, P. auritus,

has a long record of morbidity and mortality events,

the results of this survey indicate that ND occurs

within this population. Despite the wide distribution of

P. carbo, no other studies have analysed the presence

of APMV-1 or APMV-1 antibodies in these birds.

Another cormorant associated with ND outbreaks in

North America (White et al., 2015). ND has also been

recorded for P. aristotelis. Therefore, further studies

are necessary to fully understand the exact role of P.

carbo in AMPV-1 dispersion in particular areas. As

ND spreads mainly through bird droppings (Hines &

Miller, 2012), the large amount of faeces deposited by

P. carbo within the colony area may represent a

significant source of environmental dispersion of the

virus from infected individuals.

Apart from AIV and AMPV-1, other viruses

exhibiting certain pathogenicities to humans and

animals have been investigated and detected sporad-

ically. The Dhori virus, which was found to cause

similar symptoms to the H5 virus in mice (Li et al.,

2008), was isolated from a single P. carbo individual

in the Caspian Sea region. Sera of sampled cormorants

in this region contained specific antibodies against

Sindbis and Tahini and West Nile (WNV) viruses

(Iashkulov et al., 2008); the latter was also isolated

using molecular analyses (L’vov et al., 2006). Of these

three, WNV is the most important as regards health

protection because it currently has a nearly worldwide

distribution encompassing Africa, Asia, Australia, the

Middle East, Europe and in the United States, causing

regular disease outbreaks among humans (Gray

&Webb, 2014). Nevertheless, due to the low number

of virological monitoring surveys, the role of P. carbo

in the dispersion of these viruses cannot be clearly

resolved.

Surprisingly, the dispersive stages of intestinal

parasites such as Cryptosporidium sp. and Giardia sp.

have been very little studied in P. carbo. These

protozoan species are of special concern as they are

ubiquitously identified in terrestrial and aquatic ani-

mals, including birds. The dispersion of oocysts/cysts

occurs through faeces and finally, an infectious dose

for these enteropathogens is low (Karanis et al., 2007).

As various species and/or genotypes and even

subgenotypes of Cryptosporidium and Giardia differ

in their degree of infectivity and virulence (Carey

et al., 2004; Thompson, 2004), the estimation of their

real health threat is not possible without molecular

analyses. In spite of this the presence of these parasites

in P. carbo has only been investigated very rarely. A

survey conducted in Hungary found Cryptosporidium

sp. oocyst and Giardia sp. cyst in bird faeces but this

study examined only one cormorant sample and failed

to sequence the exact species of these parasites

(Plutzer & Tomor, 2009). Cryptosporidium oocysts

(but not Giardia cysts) were also detected in P. carbo

faeces collected in the Netherlands at a prevalence of

20% and mean concentration of 64 oocysts per g, high

enough to significantly contribute to the contamina-

tion of a water reservoir (Medema, 1999). There is no

doubt that further studies are required to fully assess

the impact of cormorant colonies on the dispersion of

both Giardia cysts and Cryptosporidium oocysts,

particularly in aquatic environments. Because cor-

morants inhabiting one colony can simultaneously

forage on different water bodies but their faeces are

mainly deposited within a relatively small area, these

birds may be potentially responsible for the transmis-

sion of some intestinal parasites between ecosystems.

It should be stressed that Cryptosporidium and Giar-

dia do not only represent a threat to human health as

some genotypes are capable of infecting mammals,

birds, reptiles and amphibians as well as fish, both wild

and farmed (Sitjà-Bobadilla et al., 2005; Šlapeta,

2009). Therefore, analyses of faecal samples should be

accompanied by genotyping investigations to fully

assess the ecological risks.

Conclusions

It is likely that the populations of P. carbo in some

world regions may still continue to rise, although this

seems to be no longer occurring in parts of Europe.

Taking into consideration the fact that ecosystems

self-regulate through homeostasis and hysteresis, the

populations are unlikely to keep growing indefinitely,

although the factors controlling populations (other

than anthropogenic ones) are not well understood.

Cormorants, once nearly extinct due to human fears

and reluctance, represent an important connection

between land and water for the cycling of nutrients and

may have significant roles in the structuring of land
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and aquatic communities. Nevertheless, the complex

effects of cormorants on aquatic and terrestrial

ecosystems need to be taken into account in ecological

assessment and monitoring.

Updates This article was updated on February 9, 2016. The

reference ‘van Eerden & Gregersen, 1995’ was corrected.
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author(s) and the source, provide a link to the Creative Com-

mons license, and indicate if changes were made.
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