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Abstract Non-native species are often major drivers of
the deterioration of natural ecosystems. The common carp
Cyprinus carpio are known to cause major changes in
lentic systems, but may not be solely responsible for large
scale changes in these ecosystems. We used data from
extensive collection efforts to gain insight into the impor-
tance of carp as drivers of ecosystem change in Lake
Patzcuaro, Mexico. We compared the structure (fish den-
sity, biomass, diversity, and evenness) of fish assemblages
from six Lake Patzcuaro sites with different habitat char-
acteristics. Intersite comparisons were carried out for both
wet and dry seasons. We explored the relationships be-
tween non-carp species and carp; and studied multivariate
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interactions between fish abundance and habitat charac-
teristics. From a biomass perspective, carp was dominant in
only four of six sites. In terms of density, carp was not a
dominant species in all sites. Further, carp density and
biomass were not negatively related to native species
density and biomass, even when carp density and biomass
were positively correlated to water turbidity levels. Carp
dominated fish assemblages in the shallowest sites with the
highest water turbidity, plant detritus at the bottom, and
floating macrophytes covering the lake surface. These re-
sults suggest that the effect of carp on fish assemblages
may be highly dependent on habitat characteristics in Lake
Patzcuaro. Watershed degradation, pollution, water level
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loss, and other sources of anthropogenic influence may be
more important drivers of Lake Patzcuaro degradation than
the abundance of carp.

Keywords Anthropogenic degradation - Central Mexico -
Exotic fishes - Freshwater ecosystems - Structure of fish
assemblages

Introduction

Introducing species beyond their native range is one of the
most important human impacts on aquatic ecosystems
(Cucherousset and Olden 2011). The common carp
Cyprinus carpio (L. 1758) (Pisces: Cyprinidae) causes
many alterations to freshwater ecosystems (Zambrano et al.
1999; Miller and Crowl 2006; Zambrano et al. 2006). Carp
can modify entire habitats which can lead to a loss of local
(native) biodiversity (Britton et al. 2010). Water trans-
parency decline and water turbidity increase can result
from benthic feeding activity by carp (Vitousek et al. 1996;
Zambrano et al. 2001; Leung et al. 2002; Scheffer et al.
2003; Ozbay 2008). Numerous studies suggest that impacts
of carp on native fish communities and their environment
are indirect (Zambrano and Macias-Garcia 2000; Wolfe
et al. 2009; Weber and Brown 2011), density dependent,
and often localized on littoral zones of lentic systems
(Miller and Crowl 2006). As omnivorous, fast-growing
fish, carp can inhabit a variety of habitats, including shal-
low lentic systems with high water turbidity, low trans-
parency, and low dissolved oxygen levels (Zambrano et al.
1999, 2001; Koehn 2004).

Introduction of carp to reservoirs and lakes in Mexico has
been widely documented because the species has become
one of the most important aquaculture species (Zambrano
et al. 1999; Zambrano and Macias-Garcia 2000; Hinojosa-
Garro and Zambrano 2004). Carp were introduced to nearly
all natural, lentic water bodies in Central Mexico, including
Lago de Chapala, Lago de Cuitzeo, and Lago Xochimilco,
some of which harbor endemic fish species (Zambrano and
Macias-Garcia 2000). Carp was introduced into Lake Patz-
cuaro in 1974 and spread throughout the lake after the ac-
cidental release of fish from aquaculture pens (Rosas 1976).

Lake Patzcuaro native fishes include species in the
genera Goodea, Allophorus, Allotoca, Algansea, and Chi-
rostoma (Rosas 1976; Berlanga-Robles et al. 2002; Miller
et al. 2005), all endemic to central Mexico. These genera
have been the focus of numerous studies (e.g., Peresbar-
bosa-Rojas et al. 1994; Espinosa-Huerta et al. 1996;
Mendoza-Garfias et al. 1996; Pérez-Ponce de Ledn et al.
2000; Palacios et al. 2007) but, to date, there is only one
published study that documents fish abundance in the lake
based on information from commercial catches (Berlanga-

@ Springer

Robles et al. 2002). Prior to this work, the structure of Lake
Patzcuaro fish assemblages had never been documented
from standardized, comprehensive scientific collections.
Lake Patzcuaro is a shallow lake (Max depth: <13 m) with
marked differences among distinct areas of the lake in
terms of physical and chemical water properties and sur-
rounding land use (Alcocer and Bernal-Brooks 2002). Such
differences include variations in water transparency, water
turbidity, anthropogenic activity, and physical habitat
characteristics (e.g., water depth, bottom type, and floating
vegetation cover) (Huerto-Delgadillo and Amador-Garcia
2011; Sanchez-Chévez et al. 2011; Ramirez-Herrejon et al.
2013). This habitat diversity makes Lake Patzcuaro an
interesting model system to study the role of common carp
in the structure of fish assemblages under a variety of en-
vironmental conditions.

Observations from artificial ponds (Roberts et al. 1995;
Zambrano et al. 1999; Parkos et al. 2006), large mesocosms
(Wolfe et al. 2009), and cages in littoral areas of large lakes
(Miller and Crowl 2006) have linked high water turbidity to
high density of carp. Increases in water turbidity, alteration
of submerged vegetation associations including the disap-
pearance of Potamogeton foliosus (Potamogetonaceae), de-
clines in endemic salamander Ambystoma dumerilii and
invertebrate populations, and potential resource competition
with native fishes attributed to carp have all been speculated
in Lake Patzcuaro (Arroyo-Quiroz et al. 2014).

There are several other lines of evidence about how carp
and other impacts have altered Lake Patzcuaro. Carp pro-
duction has increased relative to native fish production
(Alaye 2006). Currently, carp supports one of the most
important fisheries in the lake (60 % of the capture, ~10 t
of fish annually) (Orbe-Mendoza et al. 2002; Zambrano
et al. 2011), while fisheries for native species are declining
(Berlanga-Robles et al. 2002; Berry et al. 2011). Water
transparency of the lake has decreased in the last 30 years
(post-carp establishment), going from >3 m to <30 cm on
average (Orbe-Mendoza et al. 2002; Sanchez-Chavez et al.
2011). Lake Patzcuaro has a marked north-to-south in-
creasing turbidity gradient, related positively to carp dis-
tribution (Ramirez-Herrejon et al. 2013). However, carp
may not be solely responsible for turbidity changes as Lake
Patzcuaro presents daily wind-induced sediment re-sus-
pension, high habitat heterogeneity, and seasonal water
level fluctuations (Bernal-Brooks et al. 2002). The lake has
also become shallower in recent years (>5 m) as a potential
consequence of shoreline alterations, water extraction, and
watershed deforestation (Orbe-Mendoza et al. 2002; San-
chez-Chavez et al. 2011). Further, boating activity and
input of untreated sewage have also altered shoreline
habitats. All these various lines of evidence suggest that
synergistic impacts have all affected the native fish com-
munity and the environmental characteristics of the lake.
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To further document the current status of fish communities
in Lake Patzcuaro, this study tests whether (1) carp density
and biomass are negatively related to native species density
and biomass (expecting lower diversity and evenness in
sites with carp), (2) carp density and biomass are positively
related to water turbidity, and (3) carp is the dominant
species regardless of habitat characteristics. To address
these hypotheses, we use fish community structure data
from sites with different water and habitat characteristics in
Lake Patzcuaro.

Materials and Methods
Study Area

Lake Patzcuaro (Fig. 1) is part of an enclosed drainage basin
in the highlands of central Mexico (19°32'N-19°42'N,
101°32’W-101°42"W) (State of Michoacan) (Bernal-
Brooks et al. 2002). The lake was originated by tectonic and
volcanic events that insulated ancient Lerma River inflow-
ing to create a closed basin (De Buen 1944). The lake has a
maximum surface area of 116 km? (Gémez-Tagle et al.
2002), and a maximum recorded depth of 12.2 m. Average
depth is 4.9 m. Ephemeral streams (Arroyo San Gregorio
and Arroyo Santa Fe) occasionally feed the northern zone of
the lake during the summer. One perennial stream (Arroyo
Chapultepec) feeds the southern part of the lake. Water
volume in the lake is determined by precipitation,
evapotranspiration, and water input from springs at the
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bottom of the lake (Bernal-Brooks et al. 2002). The highest
recorded water level was 2041 m.a.s.l. (during the 1970s)
and the lowest was 2035 m.a.s.l. (during the 2000s), with an
annual variation of ~1.2 m.a.s.l. (Bernal-Brooks et al.
2002). There are 26 main towns (with populations from
~300 to ~55,298) surrounding the lake and one densely
populated island (Isla Janitzio, >3000 people) in the
southern part of the lake. Although there are at least two
wastewater treatment plants in the City of Patzcuaro and
Janitzio Island, wastewaters are still entering the lake with
little treatment. The lake watershed covers 9340 km? and is
used for agriculture (~25 % of the watershed area, mostly
corn), raising livestock (~20 %), forestry (~30 %), and
urban activities (~25 %) (Bravo-Espinosa et al. 2006). Soil
erosion from agriculture and ranching in parts of the basin is
reflected in sedimentation rates in the lake (Gomez-Tagle
et al. 2002); around 100,000 m> of sediments have been
received by the lake each year for more than 20 years
(Rodriguez-Arteaga and Zarazia-Sanchez, 2009). Acceler-
ated decline of forested area, increasing desertification, and
partial disappearance of native plants and animals are signs
of Lake Patzcuaro watershed alteration (Bravo-Espinosa
et al. 2006). Native fish populations of Lake Patzcuaro, in-
cluding the Patzcuaro allotoca Allotoca diazi (Meek 1902),
the Bumblebee allotoca Allotoca dugesii (Bean 1887), the
Bulldog goodeid Alloophorus robustus (Bean 1892), the
Patzcuaro chub Algansea lacustris (Steindachner 1895), the
Blackfin goodea Goodea atripinnis (Jordan 1880), and the
salamander Ambystoma dumerilii (Duges), have population
declines that reach over 90 % of density (Orbe-Mendoza
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Fig. 1 Geographic location of Lake Patzcuaro (Central Mexico) and
study sites. Limnological zones defined by Alcocer and Bernal-
Brooks (2002) are indicated by lines crisscrossing the lake area. (1)
San Jerénimo (SAJ) (19°40'40.4”N, 101°36'16.9"W); (2) La Pacanda
(PAC) (19°36/38.1"N, 101°39'2.7"W); (3) Napizaro (NAP)
(19°35'20.8"N, 101°40'12.7"W); (4) Thuatzio (IHU) (19°35'35.1”N,

-102 -100

101°40/45.2"W); (5) Embarcadero (EMB) (19°33/'0.6"N, 101°37'30.7"W);
(6) Ucasanastacua (UCA) (19°35'51.7”N, 101°37'58.5"W). Black
rectangles show an approximation of the collection areas in each study
site (500 m x 100 m, approximately). This map was taken from
Ramirez-Herrejon et al. 2013 (reproduced with permission from
Revista de Biologia Tropical)
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et al. 2002; Ramirez-Herrejon et al. 2014b). Populations of
non-native Largemouth Bass Micropterus salmoides (La-
cepede 1802), which was introduced in the 1930s, have also
declined for over 99 % (Orbe-Mendoza et al. 2002;
Ramirez-Herrejon et al. 2014b). All fisheries in the lake
including native and exotic species have declined from
~2500 tons per year (t/year) (1988) to <50 t/year (2007).
Pike silverside Chirostoma estor fishery has declined from
>130 t/year (1981) to <1 t/year (2010). Patzcuaro chub
fishery has diminished from >650 t/year (1988) to <1 t/year
(2010). Goodea atripinnis fishery has declined from
~ 258 t/year (1989) to <1 t/year (2010) (Ramirez-Herrejon
et al. 2014b).

Alcocer and Bernal-Brooks (2002) and Ramirez-Her-
rejon et al. (2013) described the spatial differences in Lake
Patzcuaro limnology. A northern zone of the lake has the
highest water transparency (0.43 £ 0.06 m, Secchi disk
transparency), the highest water conductivity (924.7 £
25.7 uS cm_l), and the lowest concentration of suspended
solids (32.7 = 1.9 mg Lfl). A zone located between the
northern and southern basins of the lake has water trans-
parency of 0.3 + 0.05 m (Secchi disk transparency), water
conductivity values of 794.7 4+ 125.7 uS cm™!, and sus-
pended solids of 50.1 + 13.8 mg L™". The southern basin
has the lowest transparency (0.19 4 0.09 m, Secchi disk
transparency), and conductivity (566.5 + 276 uS cm™),
and also the highest concentration of suspended solids
(128.2 £+ 78.7 mg L_l). A small inlet in the southern
portion of the lake, where human activity is concentrated,
has high nutrient concentration (e.g., nitrogen concentra-
tion 922.2 + 774.3 pg L™" and total phosphorus concen-
tration of 225.5 + 84.5 pg L™"). Based on these physical
and chemical water properties of the different areas of the
lake, six collection sites were chosen (Fig. 1). Sites in-
cluded shallow (<2 m) and deep (>4 m) sections of littoral
(<25 m from the shore) and limnetic (>200 m from the
shore) lake zones (Table 1). Site San Jeronimo (SAJ) is a
shallow littoral area located in the northern portion of the
lake. Isla Pacanda (PAC) is located in a deep littoral area in
the middle section of the lake. Ucasanastacua (UCA) is a
shallow littoral area in the middle section of the lake.
Napizaro (NAP) is a shallow limnetic area in the southern
part of the lake. Thuatzio (/HU) is a shallow littoral area in
the southern part of the lake. Embarcadero (EMB) is a
shallow littoral area in the southern part of the lake near the
main wharf for the city of Patzcuaro.

Characterization of Habitat and Sampling
Sites were sampled during September and November 2009
(wet season) and February and June 2010 (dry season). Be-

fore collecting fishes at each site, a series of water and habitat
characteristics were recorded. Water physical-chemical
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parameters were measured with a multimeter (Hach Hy-
dromet Quanta, Loveland, Colorado, USA), and included
dissolved oxygen (mg L"), total dissolved solids (mg L™"),
water transparency (m), and water turbidity (NTU). Depth
(m) was measured with a depth meter at the initial point of a
seine haul (see fish collections, below). Aquatic vegetation
(mainly water hyacinth Eichhornia crassipes [Mart.] Solms)
coverage (% of sampling site) was estimated using a visual
technique (Barbour et al. 1999). Sediment samples at each
site were collected with an Ekman dredge and the dominant
bottom type was described as rock, mud, and degraded or-
ganic matter using Bouyoucos (1936).

Fish collections were carried out using two seines, a
silverside seine (SS) and a carp seine (CS). To avoid using
multiple fishing techniques at sites repeatedly, we used SS
and CS on two different days, allowing for at least 120 h
between samples. The two seines provided a representative
sample of the fish community, capturing individuals from
<1 cm to 45 cm standard length (SL). Small-sized fish
(<10 cm SL) were preferentially captured with the SS.
Large fish (>10 cm SL) were preferentially captured using
the CS. The SS (75 m x 7 m, 10 mm mesh) leads and
floats were separated by 10 m and 1 m of net, respectively.
The CS (150 m x 9 m, 40 mm mesh) leads and floats were
separated every 3 m and 1 m of net, respectively. Both
seines were always deployed from a fishing boat. Nets were
always deployed so that they would form a circle when set;
this allowed the straightforward calculation of the collec-
tion area for each net. Total collection area per seine haul
was approximately 447.6 m” for the SS and approximately
1790.5 m* for the CS. Each seine was deployed three times
at each site, for a total of 36 sets per sampling and 144 sets
in the entire study. An approximate area of 50,000 m” was
defined at each site to avoid overlapping of net sets. The
area defined by the site is represented with black rectangles
in Fig. 1, and each set was randomly located within this
area.

Captured Fish

Captured fish were kept in ice and transported to the “Javier
Alvarado Diaz” Laboratory of Aquatic Biology (Universidad
Michoacana de San Nicolas de Hidalgo, Morelia, Mi-
choacan). Specimens were identified to species except for
Oreochromis spp. and Chirostoma spp.; at least two species of
Oreochromis were introduced to Lake Patzcuaro in the 1970s,
blue tilapia O. aureus (Steindachner 1864), and Nile tilapia
O. niloticus (L. 1758) (Berlanga-Robles et al. 2002; Gaspar-
Dillanes et al. 2006). Much hybridization has occurred be-
tween these two species, making positive identification to
species level difficult. Taxonomic differences between four
native species of Chirostoma, bigeye silverside C. grandocule
(Steindachner 1894), Patzcuaro silverside C. patzcuaro
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Table 1 Habitat parameters for six study sites in Lake Patzcuaro

Habitat parameters SAJ PAC UCA NAP IHU EMB

Wet season
Dissolved oxygen (g L™" 6.4 £ 0.5° 8 + 0.8 102 +24>  814+05° 99+3° 57+ 1.1°
Total dissolved solids (g L™") 0.6 £ 0.1* 0.6 £ 0.1* 0.6 £ 0.1* 0.6 £ 0.1* 0.5 £ 0° 03 £0°
Transparency (m) 034008  03+006° 024003 02+003" 01+002" 0.1+0.02°
Turbidity (NTU) 47 + 5° 68 + 10° 77 + 13 86 + 5% 113 + 27° 169 + 49°
Depth (m) 1.4 4 0.1% 53 +£0.7° 22+ 03 1.9 + 0.6* 2.1 +£02% 1+06°
Bottom type (>95 %) Rock Rock Mud Mud Mud PD
Floating aquatic vegetation (coverage %)* <5 <5 >25 < 50 0 >50 < 70 >90

Dry season
Dissolved oxygen (g L") 6.7 + 0.7 54 +1.3° 57 +1.8° 59 + 1.6 6.1 £ 1.3* 40 £+ 1*
Total dissolved solids (g L™") 0.6 £ 0.1* 0.6 £ 0.1* 0.6 £ 0° 0.6 £ 0.1* 0.6 £ 0° 0.5 £+ 0.0
Transparency (m) 03 £0.05® 03£006° 03+£004 03£003F 024003 0.1=+002°
Turbidity (NTU) 62 + 3 58 £ 16* 61 £ 10* 63 £+ 6* 99 + 9P 129 + 16°

Depth (m) 1.5 4 0.2% 5.8 & 0.5¢ 2 4 0.3 24 £ 04° 24 0.1% 12 £ 0.6°
Bottom type (>95 %) Rock Rock Mud Mud Mud PD
Floating aquatic vegetation (Cover in %)* <5 <5 >25 < 50 0 >50 < 70 >90

Sites sample in the wet and dry seasons. Table includes the mean + SD for 7 parameters. Refer to method’s section for details. Superscripts a, b,
c refer to among-site differences (Tukey—Kramer honest significant difference [HSD] post hoc test, P < 0.05). For bottom type, PD is Plant
Detritus. Site acronyms are as follows: SAJ San Jer6nimo, PAC Isla Pacanda, UCA Ucasanastacua, NAP Napizaro, [HU lhuatzio, EMB

Embarcadero

(Meek 1902), slender silverside C. attenuatum (Meek 1902),
and pike silverside C. estor (Jordan 1880), and one introduced
species, shortfin silverside C. humboldtianum (Valenciennes
1835) are currently in dispute (Barriga-Sosa et al. 2002;
Bloom et al. 2009). Thus, silversides were identified only to
the genus level and considered a native taxon. Specimens were
separated by taxonomic group (species or genus) and seine set.
Individuals in each taxonomic group and seine net were
counted, measured (mm), and weighed (g).

Data Analysis

Non-parametric Kruskal-Wallis rank sums tests were used
to detect differences among sites (though not among sea-
sons) for water physical-chemical parameters, fish density
(individuals/m?), and fish biomass (g/mz). Data from
September and November (2009) were averaged to repre-
sent the wet season. Data from February and June (2010)
were averaged to represent the dry season. Separate ana-
lyses were done for wet and dry seasons. If significant
differences were found, multiple comparisons were made
using the Tukey-Kramer honest significant difference
(HSD) post hoc test (Zar 1999). Both analyses were
executed using JMP 3.1.6.2 software (SAS Institute 1995).

To assess the importance of different species in the fish
community, the category of each species, from the most
common and abundant to the rarest species (dominant,
abundant, frequent, or rare), was determined using a
modified Olmstead-Tukey’s association procedure (Sokal

and Rohlf 1969). In this procedure, species were ranked
according to their relative abundance (above and below the
average density or biomass of all species), and their fre-
quency of occurrence (above and below the average fre-
quency of occurrence of all species). This allowed for
categorizing species as: dominant (density or biomass and
frequency above the average for all species), abundant
(density or biomass above the average, but frequency be-
low the average), frequent (density or biomass below the
average, but frequency above the average), or rare (density
or biomass and frequency below the average).

We examined the fish community diversity with a
Shannon index (H', log base 10) and community evenness
with a Pielou index (J') for each site during the wet and dry
seasons. Inter-site diversity and evenness variation in both
seasons was calculated using the Kruskal-Wallis rank
sums-test and the Tukey—Kramer HSD post hoc test fol-
lowing Magurran (2004).

Spearman rank order correlation analysis (Zar 1999),
performed using Statistica 6.0 (StatSoft, Tulsa, OK) soft-
ware, was used to estimate (1) the relationship between
turbidity, and density and biomass of each fish species and
(2) the relationship between density and biomass of each
(non-carp) fish species and carp. This correlation analysis
was carried out to assess if increases in water turbidity or
carp density or biomass could be associated with decreases
of native fish density or biomass.

Distance-based redundancy analysis (db-RDA, Legen-
dre and Anderson 1999) was used to identify multivariate
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interactions between fish density and biomass spatial pat-
terns, and habitat characteristics (water physical-chemical
parameters, aquatic vegetation coverage, and bottom type)
in the wet and dry seasons. This analysis was selected
because a detrended correspondence analysis (not pre-
sented) showed species turnover was <2 standard deviation
units, which is the recommended criterion for choosing
linear versus uni-modal ordination models (Leps and
Smilauer 2003). The Bray-Curtis distance measure was
used between samples (McArdle and Anderson 2001). The
db-RDA was carried out on the correlation matrix, and a
forward selection procedure was used to determine sig-
nificant explanatory variables at P < 0.05 (Magalhaes et al.
2002). Statistical significance was determined using Monte
Carlo tests with 499 permutations. Density and biomass
values were transformed logarithmically and those envi-
ronmental variables that failed a normality test were square
root-transformed. CANOCO 4.5 (ter Braak and Smilauer
2002) software was used to run the db-RDA analysis.

Finally, a similarity percentage analysis (SIMPER
Clarke and Warwick 2001) was used to identify if par-
ticular species discriminated among sites. The SIMPER
procedure compares the average density or biomass be-
tween species at each site and examines the contribution of
each species to average Bray—Curtis dissimilarity.

Results

A total of 92,054 specimens (160.6 kg) were collected. Six
species, eight genera, and six families were identified. Four
were native fish taxa: Algansea lacustris (Cyprinidae) (7
ind., 0.0025 kg), Alloophorus robustus (Goodeidae) (10
ind., 0.075 kg), G. atripinnis (Goodeidae) (252 ind.,
3.4 kg), and Chirostoma spp. (Atherinopsidae) (83,209
ind., 41.4 kg). Four were introduced fish taxa: Carp
(Cyprinidae) (1721 ind., 96.5 kg), Lerma livebearer Poe-
ciliopsis infans Woolman 1894 (Poecilliidae) (3679 ind.,
1.6 kg), M. salmoides (Centrarchidae) (2 ind., 0.0026 kg),
and Oreochromis spp. (Cichlidae) (3174 ind., 17.4 kg).
Three native Goodeidae species known for Lake Patzcuaro
(Berlanga-Robles et al. 2002), Olive skiffia Skiffia lermae
Meek 1902, A. dugesii, and Allotoca diazi were absent
from the samples.

Characterization of Habitats

Turbidity and other habitat parameters differed among sites
in both seasons. A turbidity gradient occurred in both
seasons (Kruskal-Wallis rank sum test, 12 = 29.82,
DF = 5, P < 0.001; 5> = 2427, DF = 5, P < 0.002; re-
spectively) (Table 1). Sites SAJ and PAC had the lowest
turbidity, JHU had medium turbidity values, and EMB had
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the highest turbidity during both seasons. Sites SJ and EMB
had lower dissolved oxygen than /JHU and UCA during the
wet season (Kruskal-Wallis rank sum test, 12 = 23.31,
DF =5, P < 0.003) but not during the dry season. Dis-
solved oxygen did not differ between sites during the dry
season. Lowest total dissolved solids occurred at EMB
during the wet season (Kruskal-Wallis rank sum test,
}52 = 22.66, DF = 5, P < 0.004). There were no differ-
ences in total dissolved solids between sites sampled dur-
ing the dry season (Table 1).

Highest transparency occurred at SAJ and PAC during
the wet season (Kruskal-Wallis rank sum test, 12 = 27.92,
DF =5, P <0.001). SAJ and EMB had similar trans-
parency during the dry season (Kruskal-Wallis rank sum
test, > =22.75, DF =5, P <0.004). PAC was the
deepest site, followed by UCA, NAP, and IHU, the shal-
lowest sites were SAJ and EMB (Kruskal-Wallis rank sum
test, xz = 26.09, DF = 5, P < 0.001 during the wet sea-
son, and ;(2 = 29.55, DF =5, P < 0.001 during the dry
season). Average water hyacinth cover varied in a pattern
similar to turbidity during the wet and dry seasons. SAJ and
PAC had the least floating macrophytes cover (<5 %), and
EMB had the highest cover (>90 %). EMB had >95 % of
plant detritus (plant remains) at the bottom (Table 1).

Structure of Fish Assemblages

In terms of density, carp was rare at SAJ and PAC, and
frequent at UCA, NAP, IHU, and EMB. Chirostoma spp.
was the dominant taxa at all sites during both seasons.
Algansea lacustris, A. robustus, M. salmoides, and Ore-
ochromis spp. were absent or rare at most sites. Ore-
ochromis spp. was dominant only at EMB during the wet
season. Poeciliopsis infans was consistently a frequent
species in all sites but was also dominant at EMB during
both seasons. Goodea atripinnis was frequent only at EMB
during the dry season, and was rare at the other sites in both
wet and dry seasons.

In terms of biomass, carp was classified as dominant
species at NAP, IHU, and EMB in both seasons and at UCA
during the wet season. It was rare in SAJ and PAC during
both seasons, and it was absent at UCA during dry season.
Chirostoma spp. was dominant at SAJ, PAC, UCA, and
EMB in the wet season and at all sites during the dry
season. Oreochromis spp. was a dominant species at EMB,
and a rare species in the rest of the sites. Carp shared
dominance with Chirostoma spp. and Oreochromis spp. at
EMB during both seasons. Poeciliopsis infans was a fre-
quent species at all sites during both seasons. Algansea
lacustris, A. robustus, and M. salmoides were absent or rare
at all sites.

Carp occurred >90 % of the time at NAP, IHU, and
EMB. At sites with relatively low turbidity (SAJ and PAC),
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this species did not exceed the average frequency of all
fishes. Chirostoma spp. was present at all sites in both
seasons. Micropterus salmoides was collected only at EMB
during the dry season. Alloophorus robustus was captured
at SAJ, PAC, UCA, and NAP (wet season only), and A.
lacustris was captured at NAP (dry season only), IHU (wet
season only), and EMB (both seasons).

Carp was most dense at EMB in both seasons (Kruskal—
Wallis rank sum test for wet and dry seasons (> = 25.82,
DF = 5, P <0.001; 7> = 30.48, DF = 5, P < 0.001, re-
spectively). Carp and Oreochromis spp. were most con-
centrated at EMB, the site with the highest turbidity. Also,
biomass of carp was highest at EMB in both seasons
(Kruskal-Wallis rank sum test, 12 = 19.27, DF =5,
P < 0.01 [wet season]; y> = 27.02, DF = 5, P < 0.001
[dry season]). Density of Chirostoma spp. was higher at
UCA during the wet season (Kruskal-Wallis rank sum test,
}52 = 12.5, DF =5, P < 0.028). During the dry season,
density of Chirostoma spp. was similar among sites; its
biomass was similar among sites during both seasons
(Table 2). Density of Poeciliopsis infans was similar at all
sites during the wet season. However, P. infans density was
highest at EMB during the dry season (Kruskal-Wallis rank
sum test, 12 = 21.52, DF = 5, P < 0.006); its biomass was
highest at EMB (Kruskal-Wallis rank sum test, 12 = 21.52,
DF =5, P <0.006 in the wet season, and )(2 = 18.37,
DF =5, P<0.002 during the dry season). Goodea
atripinnis, A. lacustris, A. robustus, and M. salmoides did
not have density differences among sites in either season
(Table 2).

Density and biomass of carp (Spearman’s rank correla-
tion, r, = 0.70, P < 0.05; r; = 0.58, P < 0.05; respec-
tively) and the native A. lacustris (Spearman’s rank
correlation, r, = 0.38, P > 0.05; r, = 0.33, P < 0.05; re-
spectively) and the introduced Oreochromis spp. (Spear-
man’s rank correlation, r, = 0.61, P < 0.05; r, = 0.60,
P < 0.05; respectively) were positively related to water
turbidity values. Introduced P. infans was positively related
to turbidity only in terms of density (Spearman’s rank
correlation, r; = 0.25, P < 0.05). Chirostoma spp. was the
only taxon related negatively to turbidity by biomass
(Spearman’s rank correlation, r; = —0.41, P < 0.05). Al-
lophorus robustus, G. atripinnis, and M. salmoides were
not related to water turbidity (N = 72) either by density or
biomass. Among all species, density and biomass of native
G. atripinnis (Spearman’s rank correlation, ry = 0.41,
P <0.05; ry =0.36, P <0.05; respectively) and exotic
Oreochromis spp. (Spearman’s rank correlation, ry = 0.70,
P < 0.05; ry = 0.55, P <0.05; respectively) had a sig-
nificant positive relationship with carp. Algansea lacustris
(Spearman’s rank correlation, ry = 0.23, P < 0.05) and P.
infans (Spearman’s rank correlation, r, = 0.40, P < 0.05)
were positively related to carp only in terms of density

(N = 72). Carp density and biomass was not negatively
related to native species abundance.

The forward selection procedure in the db-RDA analysis
revealed a significant effect of plant detritus at the bottom and
transparency on species density (P = 0.02 and P = 0.01,
respectively). Both variables contributed to the significant
association between density of fish species and environmental
characteristics (Monte Carlo test; P = 0.03). The first two db-
RDA axes accounted for 92.4 % of variability in species
abundance-environment relations and 84.6 % of the variation
in species data (Table 3). The ordination diagram, defined by
the first two db-RDA axes, mainly reflected a plant detritus
gradient in the first axis (Fig. 2a). Distribution of site scores in
this ordination space reflected a clear break between EMB and
the rest of the sites. This break was due mainly to densities of
Oreochromis spp., carp and Poeciliopsis infans.

The forward selection in db-RDA revealed an effect of
water transparency and water turbidity on fish biomass
(P = 0.002 and P = 0.02, respectively). The relationship
between fish species and environmental characteristics was
significant (Monte Carlo test; P = 0.006). The first two db-
RDA axes accounted for 85.7 % of variability in the spe-
cies-environment relations, and 79.2 % of the variation in
species data (Table 3). The ordination diagram showed that
water transparency and water turbidity gradients are related
to the first axis (Fig. 2b).

Similarity percentage analyses (SIMPER), based on
estimates of fish density, showed that Chirostoma spp., P.
infans, and Oreochromis spp. represented more than 90 %
of the fish community during both seasons at EMB. At the
other five sites, Chirostoma spp. contributed >95 % of the
fish community (Table 4). Based on biomass, Chirostoma
spp. contributed >90 % of the fish community at SAJ,
PAC, and UCA during both seasons. Carp and Chirostoma
spp. contributed >90 % of the fish community at NAP and
IHU during both seasons. At EMB, carp, Oreochromis spp.,
and Chirostoma spp. contributed >90 % during both sea-
sons (Table 4).

Diversity varied from 0.01 to 0.5 decits/ind in terms of
density and from 0.02 to 0.5 decits/ind in terms of biomass.
Evenness varied from 0.02 to 0.5 in terms of density and from
0.1 to 0.6 in terms of biomass (Fig. 3). In terms of density,
diversity and evenness were higher at the most turbid sites
(IHU and EMB) during the wet season (Kruskal-Wallis rank
sum test, H', y*>=120.80, DF =5 P <0.009; J,
}52 = 20.85, DF =5, P < 0.009) (Fig. 3a). During the dry
season, EMB had the highest diversity and evenness (Krus-
kal-Wallis rank sum test, H', Xz = 18.60, DF =5,
P <0.002; J', y* = 18.97, DF = 5, P < 0.001) (Fig. 3b).
The pattern of diversity in terms of biomass is shown in
Fig. 3c, d. In terms of biomass, diversity and evenness were
highest at EMB and lowest at PAC (Kruskal-Wallis rank sum
test, H', x> = 11.18, DF = 5, P = 0.047 in the wet season
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Table 2 Density (ind mfz) and biomass (g mfz) of fish species in six collection sites in Lake Patzcuaro

Species SAJ PAC UCA NAP IHU EMB

Density wet season
cc 0° 0? 0.01 + 0* 0.02 + 0.03" 0.04 + 0.05° 02 +0.1°
AL 0? 0? 0? 0? 0173+ 0273 073+173
GA 13417 173447 173423 0.02 + 0.04° 573 £ 470 673+ 4%
CH 3.1+ 1% 14 +0.7° 10.1 + 10* 2.7 + 1% 29 £ 2% 1.1+ 1°
PI 0.01 &+ 0.01* 1317 37340270 0.03 £ 0.07° 02 + 04 0.5 + 0.6°
OR 0372 +£057 0° 0472 +£057° 273 £ 7% 273 £ 37% 09 +1°
AR 047 £ 0670 0473+ 177 0972 £ 027 073+17 0? 0?

Density dry season
cc 273 L7 0? 0° 473 4373 g3 L6 02+ 03°
AL 0* 0* 0* 0473 +£097% 0* .13 L2
GA 273 L3R 1342 173417 63+ 7% 273 £ 5% 0.03 + 0.05°
CH 1.6 £ 0.7° 1.3 + 0.5° 1.7 + 0.9° 1.7 £ 0.7 2.6 £2° 0.8 £+ 0.7°
PI 0.02 & 0.02° 0.01 £ 0.01* 0.02 & 0.02° 0.13 £ 0.14° 0.01 &+ 0.01* 0.5+ 04°
OR 173 £ 173 0? 0° 373 L6 33 £ 570 0.08 + 0.08°
MS 0° 0? 0° 0? 0° 173427

Biomass wet season
ccC 0.5+ 1.1° 0? 5.6 £ 43% 8.3 + 13° 5.6 + 8.8% 144 + 21°
AL 0? 0? 0? 0? 0373 £ 0773 0473+ 077
GA 0.03 & 0.04* 0.07 £+ 0.2° 0.06 &+ 0.07* 0.4 + 0.6 0.07 &+ 0.1* 0.02 £ 0.03*
CH 3438 14 05" 1.8 +£1.5° 1.1+ 15 1.1+15° 0.5 + 0.6°
PI 0.8 +17% 0.57% + 0773 13+ 0.01 + 0.03" 0.06 £ 0.1* 02+0.1°
OR 0.02 + 0.03° 0? 0.05 + 0.07° 0.3 £+ 0.5% 0.08 £ 0.1* 52+ 6.8°
AR 0.01 £ 0.01° 0.01 + 0.02° 173 £ 37% 373 L 97 0° 0?

Biomass dry season
cc 0.2 +0.2° 0? 0* 0.4 + 0.5% 0.9 &+ 1.2% 17+ 1°
AL 0* 0* 0? 07 3+027° 0* 043+077°
GA 0.04 & 0.05* 0.02 £ 0.06* 0.01 & 0.02° 0.1 +£0.1° 0.05 & 0.09* 0.3 £ 0.6°
CH 13+ 0.7 17 £1% 1.1 +£09° 1.1 +03° 1+ 0.6° 0.7 £ 0.4°
PI 63+£87 87340.01° 0.02 + 0.02° 0.06 + 0.07° 47340.017 03+ 0.2°
OR 0.07 £ 0.1 o° ob 0.04 + 0.5 0.1 4+ 0.2° 14+ 1.9°
MS 0° 0? 0° 0? 0° 1734273

Data are presented for wet and dry seasons (see details in methods section). Data shown are mean £+ SD. Superscripts a, b refer to among-site
differences (Tukey—Kramer honest significant difference [HSD] post hoc test, P < 0-05). Site acronyms are as in Table 1. Species acronyms are
as follows: CC Cyprinus carpio, AL Algansea lacustris, GA Goodea atripinnis, CH Chirostoma spp., PI Poeciliopsis infans, OR Oreochromis

spp., AR Alloophorus robustus, MS Micropterus salmoides

and 12 = 23.94, DF = 5, P < 0.002 in the dry season; J/,
XZ = 11.75, DF =5, P = 0.038 in the wet season and
x* = 23.45,DF = 5, P < 0.003 in the dry season).

Discussion
Invasive species cause economic or environmental harm and
degrade ecosystem integrity, altering nutrient flows and

species interactions (NISC 2006; Weber et al. 2010). Carp
are described as one of the most detrimental invasive species
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affecting aquatic ecosystems (Koehn 2004; Lowe et al. 2004;
Miller and Crowl 2006). In Mexico, they are considered one
of the greatest threats to biodiversity in shallow lakes
(Zambrano et al. 2001). Carp are a known threat to native fish
fauna in Lake Patzcuaro (Arroyo-Quiroz et al. 2014), and
significant federal and state monetary efforts are being di-
rected to control their population in the lake. Our analyses
have shed light into how native fish communities might re-
spond to these efforts. By comparing the structure of the fish
community in situations with different carp abundances and
biomass, we can suggest potential scenarios resulting from
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Table 3 Distance-based redundancy analysis (dbRDA) results for O. a g d
correlations of environmental variables with ordination axes for
- . _ hd
density and biomass of fish species in Lake Patzcuaro ° dv
PI
Statistics dbRDA axis 1 dbRDA axis 2 sd v’,/'mf tur
nd. P GA P ST <
Density  Biomass  Density =~ Biomass ta ______ pW, el ‘;,y} "VOX. -
Organic matter 0.93 0.64 0.3 0.47 std « gg’" o Y vo e
Total disolved solids ~ —0.7 -0.7 —-0.4 —0.11 prof‘,gd W[ hwe
Dissolved oxygen —0.65 0.14 042 —0.66 ‘ L
Transparency —0.47 —0.95 —-0.73 0.03 o'd ouw
Turbidity 0.66 0.85 0.5 0.31 S Ax2
Eigenvalues 0.63 0.68 0.22 0.11 A5 15
SEC 0.99 0.99 0.93 0.96 '
CPVSD 62.9 68.4 84.6 79.2
CPVER 68.7 74.1 92.4 85.7
Information for all sampled sites is included in analyses
SEC species-environment correlations, CPVSD cumulative percent of
variance of species data, CPVER cumulative percentage variance of
species-environment relation
efforts to reduce carp population in the lake. Importantly,
native fish communities and lake turbidity or other envi-
1.5

ronmental conditions may not respond linearly to reductions
in carp abundance.

Our analyses led to three main conclusions. (1) Native
species density and biomass did not show negative rela-
tionships with carp abundance. Furthermore, carp density
and biomass were highest in sites with the greatest diver-
sity and evenness. (2) Although density and biomass of
carp were positively related to water turbidity, so were
these population aspects for other native and introduced
species. (3) Carp were dominant only in terms of biomass
during the dry season, at the most turbid sites with plant
detritus at the bottom, a variety of aquatic vegetation
forms, and water surface covered mainly by water hy-
acinth. Carp were rare at deep and shallow sites with rocky
substrates and scarce aquatic vegetation.

Assessing the status and effects of carp in Lake Patz-
cuaro requires a review of three key issues: (1) the inter-
actions between carp and other species, (2) the potential
impact from carp behavior on habitat, and (3) the adapta-
tion of carp to ecosystem change. In the following lines, we
explore these issues incorporating our findings to larger
scale management issues in the lake.

Interactions Between Carp and Other Species

Carp affect aquatic ecosystems by indirectly restructuring
communities (Weber and Brown 2009) and reducing the
abundance of native fishes (Weber and Brown 2011). We

Fig. 2 Distribution-based Redundancy Analysis (db-RDA) ordina-
tion diagram of species density (a), species biomass (b) and habitat
parameters (gray arrows) for six sites in Lake Patzcuaro. Fish species
are indicated with black triangles. Sites are indicated with gray
circles. Principal coordinate axes are indicated with black arrows.
Acronyms for fish species are as in Table 2: (CC) Cyprinus carpio;
(CH) Chirostoma spp.; (GA) Goodea atrippinis; (PI) Poeciliopsis
infans; (OX) Oreochromis spp. Acronyms for environmental variables
are (tra) transparency; (tds) total dissolved solids; (de) depth; (om)
organic matter; (av) aquatic vegetation; and (tur) turbidity. Acronyms
for site and season are (sw) San Jer6nimo wet season; (pw) La
Pacanda wet season; (uw) Ucasanastacua wet season; (nw) Napizaro
wet season; (hw) Thuatzio wet season; (ew) Embarcadero wet season:
(sd) San Jerénimo dry season; (pd) La Pacanda dry season; (ud)
Ucasanastacua dry season; (nd) Napizaro dry season; (hd) Thuatzio
dry season; and (ed) Embarcadero dry season

hypothesized that carp would be the dominant species at all
sites in Lake Patzcuaro regardless of habitat characteristics,
and that its abundance would be negatively related to na-
tive species abundance. Contrary to our expectations, the
contribution (in terms of biomass) of carp to the fish
community was relevant only in a few sites and their
density and biomass was frequently equaled or surpassed
by those of other taxa (Chirostoma spp., P. infans [adults of
both species are >5 times shorter and >50 times lighter
than carp adults] and Oreochromis spp.). Further, we
found, as did Berlanga-Robles et al. (1997, 2002) that na-
tive species density and biomass were independent of carp
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Table 4 Distinctive fish species in six sites in Lake Patzcuaro as revealed by percentage similarity analysis (SIMPER) of fish density and

biomass
Site  Species Based on fish density Based on fish biomass
Wet season Dry season Wet season Dry season
Abu Sim Con Cum Abu Sim Con Cum Abu Sim Con Cum Abu Sim Con Cum
SAJ  Chirostoma spp. 1.6 738 995 995 30 709 997 997 13 586 92.1 92.1 3.1 4777 973 973
PAC  Chirostoma spp. 1.3 758 99.7 99.7 14 724 999 999 1.7 554 999 999 1.0 69.6 999 99.9
UCA  Chirostoma spp. 1.7 67.1 989 989 10.1 43.1 998 99.8 1.12 534 988 98.8 1.8 525 993 993
NAP  Chirostoma spp. 1.7 691 959 959 27 686 995 995 1.1 559 84.1 84.1 1.1 19.1 687 68.7
Cyprinus carpio 0.4 53 89 929 83 7.6 273 959
IHU  Chirostoma spp. 26 399 989 989 2.8 60.1 989 989 09 293 595 595 1.1 17.6 433 433
Cyprinus carpio 0.9 187 379 974 5.6 223 547 98
EMB  Chirostoma spp. 0.8 282 562 562 1.1 115 346 346 0.7 132 298 29.8 05 27 84 84
Poeciliopsis infans 0.4 152 303 86.5 05 91 274 62
Oreochromis spp. 0.2 37 73 937 09 100 30.1 921 14 101 228 52.6 52 83 262 347
Cyprinus carpio 1.7 172 389 915 144 20.1 63.1 97.7

Data for wet and dry seasons are presented. Parameters are Average abundance (Abu), Average similarity (Sim), Percentage of contribution
(Con), and Cumulative percentage (Cum) (see methods section for details). Species Algansea lacustris, Alloophorus robustus, Goodea atripinnis
and M. salmoides are not included because they contributed with <5 % to fish community density and biomass at all sites during both seasons.

Site acronyms are as in Table 1
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SAJ PAC UCA NAP IHU EMB SAJ PAC UCA NAP IHU EMB
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Sitios de estudio

Fig. 3 Fish diversity (H’) and evenness (J’) in six study sites in Lake
Patzcuaro. Fish density is presented for wet (I) and dry seasons (II).
Fish biomass is presented for wet (III) and dry (IV) seasons. Columns

density and biomass. These authors analyzed gillnet
(12-16 mm mesh size) Lake Patzcuaro commercial fish-
eries, and found that Chirostoma spp. were the most
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Sitios de estudio

show the mean + SD. Superscripts a, b, ¢ refer to among-site
differences (Tukey—Kramer honest significant difference [HSD] post
hoc test, P < 0.05)

abundant taxa (92 % of their catch) and carp were rare
(0.1 % of their catch). Further, they found no evidence for
negative impacts of carp on native fish species, as had been
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found by Zambrano and Macias-Garcia (2000), Miller and
Crowl (2006), and Weber and Brown (2011) for non-nat-
ural systems.

The current biomass (<20 kg hafl) (Zambrano et al.
2011) of common carp in Lake Patzcuaro is small com-
pared to that in other systems such as Lake Naivasha in
Africa (>370 kg ha™') (Britton et al. 2007), South Lan-
cashire Lake in United Kingdom (~380 kg ha_l) (Lin-
field, 1980) and Hennepin and Hopper Lakes in USA
(~250 kg ha™') (Bajer et al., 2009). Carp biomass in the
system may decline further in coming years. In Lake
Patzcuaro, all fisheries have declined from ~2500t in
1988 to <50t in 2007 and carp catches declined from
>600 t in 1988 (Gaspar-Dillanes et al. 2006) to <20 t in
2007 (Diario Oficial de la Federacion 2010) and <10 t in
2009 (Zambrano et al. 2011). These data suggest that the
carp fishery (Ramirez-Herrejon et al. 2014b) in Lake
Patzcuaro; along with those for other fishes, are dwindling.
Thus, the observed ecosystem-wide fisheries decline may
not be attributable to the effect of a single species.

Vegetation removal is one of the ways carp is known to
impact the littoral zone of lakes (Scheffer et al. 2003; Ozbay
2008). The extent of damage depends on the size and density
of carp and the type of aquatic vegetation in the system
(Zambrano et al. 2001; Miller and Crowl 2006; Adamek and
Marsalek 2013). Our data from Lake Patzcuaro, showed site
EMB had the greatest density and biomass of carp, and
several aquatic vegetation forms: rooted and submerged,
rooted with floating leaves, rooted and emergent, and float-
ing (Huerto-Delgadillo and Amador-Garcia 2011). The
southern zone of Lake Patzcuaro (where EMB is located)
presents more diversity and biomass of aquatic vegetation
than the rest of lake (Huerto-Delgadillo and Amador-Garcia
2011). High quantities of macrophyte biomass can increase
plant detritus at bottom and primary productivity in lakes
(Carpenter and Lodge 1986). Hence, we contend that the
density and biomass of common carp in Lake Patzcuaro is
likely positively related to vegetation debris in the lake
bottom, which is also located in turbid habitats. This is
similar to the findings of Britton et al. (2007), who described
a positive relationship between the presence of macrophytes
and greater carp abundance in Lake Naivasha, Kenya.

Potential Impact from Carp Behavior on Habitat

Bioturbation caused by fish impacts the functioning of
aquatic ecosystems, mainly by increasing nutrient levels,
turbidity and seston particle dynamics, which in turn affect
the development of phytoplankton and submersed macro-
phytes (Qin and Threlkeld 1990). In experimental ponds,
benthic feeding of confined carp resuspends sediments and
increases water turbidity and nutrients (Breukelaar et al.
1994; Roberts et al. 1995; Lougheed et al. 1998S;

Kloskowski 2011). Studies of artificial systems conclude
that unconfined carp populations cause the same effects in
shallow lakes (Zambrano et al. 1999, 2001; Scheffer et al.
2003; Miller and Crowl 2006; Parkos et al. 2006; Wolfe
et al. 2009). However, the impact is density dependent;
higher biomass of carp (476 kg ha~') had a greater effect
on nutrients, turbidity, and suspended solids than a low
biomass (174 kg ha_l; Roberts et al. 1995).

Water turbidity levels and habitat characteristics (e.g.,
depth, bottom type, aquatic vegetation cover) in Lake
Patzcuaro have been affected by several factors: watershed
deforestation and increased erosion for over 30 years
(Chacén-Torres 1993); increased nutrient loading since the
1940s leading to phytoplankton blooms (Berry et al. 2011);
direct discharge of untreated waste for over 30 years
(Rosas et al. 1985); organic matter buildup from water
hyacinth removal efforts for over 20 years (Orbe-Mendoza
et al. 2002); and dredging of navigation channels for over
10 years (Rodriguez-Arteaga and Zarazua-Sanchez 2009).
Further, Gomez-Tagle et al. (2002) found that nutrient
loading and sedimentation in Lake Patzcuaro are conse-
quences of watershed degradation; Alcocer and Bernal-
Brooks (2002) showed that the main cause of sediment re-
suspension is wind action; and Sanchez-Chavez et al.
(2011) argued that Lake Patzcuaro experiences climatic
influences that have led to a decrease in water volume,
increased nutrient concentrations, and facilitation of sedi-
ment re-suspension. The latter also found that the quantity
of chlorophyll a often exceeds the hypertrophic limit
(25 pg/L) and that the water turbidity gradient could be
explained by primary productivity and particle sedimen-
tation. Finally, Alcocer and Bernal-Brooks (2002) argued
that increased human activities on the watershed and near
Lake Patzcuaro are positively associated with water tur-
bidity, nutrient loading, and sedimentation. All these lines
of evidence, in addition to our results lead us to propose
that water turbidity and habitat change in Lake Patzcuaro
cannot be directly and solely caused by carp. It is possible
that carp are a synergistic factor in promoting increased
turbidity locally within the lake, but their relatively low
dominance throughout the system suggests that other im-
pact sources might carry greater weight in causing in-
creased turbidity levels in the lake.

Adaptation of Carp to Ecosystem Change

Habitats generated as a consequence of severe environ-
mental alterations can favor resistant species (Byers 2002).
Carp is considered a tolerant species, capable of resisting
anthropogenic changes (Maceda-Veiga and De Sostoa
2011). It lives under a wide range of abiotic and biotic
conditions (Weber and Brown 2009, 2011). Its ability to
survive is related to adaptability to water turbidity
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variations which is an advantage over other fish inhabiting
degraded systems (Zambrano et al. 1999; Zambrano and
Macias-Garcia 2000; Zambrano et al. 2001; Koehn 2004).
Our results show that the main abundance and dominance
of carp occurs at EMB, a shallow habitat with detritus at
bottom and a surface covered by floating aquatic vegeta-
tion. This zone of the lake is characterized by high levels of
pollution associated to wastewater discharges (Sanchez-
Chavez et al. 2011). Based on our findings, we propose that
carp can take advantage of impacted habitats in Lake
Patzcuaro, and makes comparatively little use of less im-
pacted areas where food resources may be limiting. It is
possible that this shallow lake, with large inputs of plant
detritus, provides many opportunities to benthic species
such as carp. We found that the density of carp was com-
paratively low at sites with mud or rock on the bottom.
According to Britton et al. (2007), in Lake Naivasha, nu-
merous food resources in the benthos were underutilized by
native species, and introduced carp can make use of these
niches.

The resistance of carp to anthropogenic environmental
alterations is not directly related with its dominance on the
structure of the fish assemblages. The dominance of carp in
Lake Patzcuaro can be dissembled from a diverse array of
biotic and abiotic factors and anthropogenic impacts oc-
curring simultaneously in the system. This agrees with the
findings by Light and Marchetti (2006) who mention that
the size of the ecosystem, habitat complexity, biological
composition and structure, and location are factors that
affect the outcome of an invasion of non-native species.
Mitchell and Knouft (2008) argue that, in freshwater sys-
tems, abiotic characteristics can restrict ecological impacts
by invasive species on fish community structure. Further,
the trophic ecology of all fish taxa in Lake Patzcuaro have
revealed a reduction in length and complexity of trophic
web (Ramirez-Herrejon et al. 2014a), which is considered
an ecosystem degradation symptom more alarming than the
potential effect of carp on the fish community, trophic
structure, and trophic web.

While we have provided strong evidence about the role
of carp in today’s Lake Patzcuaro fish communities and
how they may be impacting the ecosystem, we recognize
that our data are limited in space and time. We sampled
only six sites in the lake; while these sites are representa-
tive of habitat conditions in other areas of the system, it is
still possible that fish community data from additional sites
could improve our understanding of community dynamics
and spatial habitat use. Our analysis is also based on data
from only two sampling seasons in 2 years. Better under-
standing of community dynamics would have resulted from
analyses of long-term datasets that could have helped our
understanding of interannual variability. These data are
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unfortunately not available. The only data that can be in-
terpreted over time for Lake Patzcuaro are that from fishery
landings; but these data have their own set of limitations.
We believe that our sampling efforts offer good evidence to
aid management activities in the lake.

Our data and other evidence discussed above suggest
that degraded environmental conditions in Lake Patzcuaro
cannot be solely attributable to carp. With over 40 years of
presence in the ecosystem, this species is now integrated to
trophic processes in the lake, and is exposed, along with
other native and non-native fishes, to numerous environ-
mental challenges throughout the lake. We recognize that
carp have probably had some effect over time on Lake
Patzcuaro fisheries. They remain an exotic species which
must be monitored to prevent future damages to certain
areas of the lake or native species.

Carp Control Initiative or Better Habitat
Restoration Management

At least two strategies had been implemented to control
carp in the lake, the provision of fishing gear specific to this
species and failed attempts to subsidize its marketing
(Arroyo-Quiroz et al. 2014). Unfortunately, for more than
10 years there was no interaction between fishers and
federal agencies responsible for the regulation of fishing,
and such strategies did not work (Huerto pers. comm.
2014). Although it is fundamental not to neglect the po-
tential detrimental effect from carp, enhanced by the eu-
trophic condition of the lake, it is perhaps more important
to address other problems that threaten the permanence of
the entire ecosystem.

Recommendations

Our results suggest that management and conservation ef-
forts in Lake Patzcuaro should focus on restoration and
protection of habitat, natural ecosystem processes, and
ecosystem services, and perhaps focus less on eradicating
common carp to reinstate species of conservation concern.
This does not mean that there is a lack of restoration ini-
tiatives for the lake. Several management proposals have
been established, and one of the most important was
structured in the year 2000 (Plan Pdtzcuaro 2000: Inves-
tigacion multidisciplinaria para el desarrollo sosteniso;
Plan Patzcuaro 2000: Multidisciplinary research for sus-
tainable development, Fundacién Friedrich Ebert). Solving
Lake Patzcuaro’s problems requires the involvement and
coordination of different federal and academic institutions
with producers and local inhabitants of the region. It also
requires the efficient allocation of resources following a
sequential implementation plan.
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General Conclusions

In our study, the presence and abundance of carp was not
related with native fish habitat loss, aquatic vegetation
destruction, loss of diversity, or negative effects on native
fish abundance. The abundance of carp was dependent on
plant detritus at the bottom and aquatic vegetation cover.
Our analyses provided evidence that water turbidity in
Lake Patzcuaro is caused mainly by wind-driven sediment
resuspension and primary productivity.

Currently, all commercial fisheries of Lake Patzcuaro
are collapsed, and two exotic species (Nile tilapia and carp)
represent the most important subsistence fishery. However,
the remaining population of carp, dependent on large inputs
of plant detritus, may decline further in coming years.

Lake Patzcuaro shows functional degradation signs such
as the loss of trophic web structure, which represents a
more urgent problem, than the effect of common carp.
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