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Abstract 

Land use change is an important human force causing modifications in the structure and 
quality of freshwater ecosystems worldwide.  Multiple stressors have affected the 
Ayuquila-Armeria River in Jalisco, the third largest river and second in biodiversity in that 
Mexican state. Despite an on-going monitoring program focused on water quality, no 
evidence exists on how land use activities have affected its aquatic communities. I 
characterized the invertebrate and fish communities using the functional feeding group 
approach. Abundance, functional diversity, richness, and pollution tolerance were 
compared spatially and temporally using various multivariate metrics and were related to 
water chemical variables. Stable carbon and nitrogen analyses, and trace metal 
characterization were performed to biological and sediment samples from 17 sites in this 
River to determine sources of organic matter and to look for associations with 
surrounding land uses.  

Filter and gatherer collector invertebrates and fish omnivores dominated the community 
composition, which reflected the amount of suspended sediments in the water column. 
The presence of exotic species, fecal coliforms and total nitrogen above Mexican 
guidelines, were additional evidence of disturbance that contrasts the quality given by 
biotic indices. 

Spatial differences in diversity and composition were significant between agricultural and 
forested sites. Surrounding agricultural vegetation did not influence the δ13C values in 
river components which were influenced by either riparian vegetation or autochthonous 
carbon sources, while δ15N values in sediment and animal tissues confirmed the 
influence sewage and animal–derived organic matter has in the river’s structure. Metal 
concentrations were site and season dependent; concentrations in invertebrates were 
higher than in sediment and fish, while those from agricultural sites were higher than 
those from forested sites. Concentrations of Cd, Cu, Pb and Mn were associated to 
urban and mine runoff.   

Keywords:   Ayuquila-Armeria River, Jalisco, Mexico; Macroinvertebrate Functional 
group structure; Fish trophic guilds; Land use; Carbon and Nitrogen 
isotopes; Trace metal concentrations. 
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1. Land-use Impacts in the Ayuquila Watershed 

1.1. Introduction 
Human progress is linked to the use of aquatic ecosystems, as water is 

required for drinking, agriculture, fisheries, industrial activities, transportation, 

recreation and waste disposal. However, this interaction has negatively affected 

the quality, composition and functioning of these systems, making them among 

the most impacted in the world (Malmqvist and Rundle 2002). Human land use is 

known to be a major force that shapes the composition and structure of 

ecological communities (Dodson et al. 2005). In a watershed, elements like 

vegetation cover, geomorphology and lithology, among others, also influence the 

physicochemical characteristics and diversity of the freshwater systems found 

(Carral et al. 1995; Ometto et al. 2000; Hunsaker and Hughes 2002; Hughes and 

Hunsaker 2002).  

Land use change is a term used to address all direct and indirect human 

modifications of Earth’s surface, mostly to obtain food and other resources, but 

also those resulting from industrialization and urbanization (Ellis 2010). Land use 

change is considered as the single most important component of global change 

affecting the structure and composition of ecological systems (Vitousek 1992, 

1994), with aquatic diversity facing greater risks and higher extinction rates than 

terrestrial species (Hughes and Hunsaker 2002). The effects of land use change 

at different levels became important as a research topic in the last decades of the 

20th Century, as it was linked to global climate change (Houghton 1994), a 

concern that was, and still is, getting attention.  Not only do land use and land 

cover change affect natural communities, they also reflect the history, economic 

development and population growth of human communities and, as such, are 

forces that drive social change (Ojima 1994).   

Watersheds are ideal organizational units for natural resource 

management and decision-making as they delimit identifiable landscape 



 

2 

characteristics and human communities. Thus, as wetlands reflect and integrate 

the biological, physical and social processes operating at a larger scale, the 

changes occurring at the catchment’s landscape drastically affect their 

freshwater systems’ composition and function. Consequently, wetlands in 

general and lotic systems in particular, are facing multiple threats that jeopardize 

their existence and the services they provide worldwide (Brinson and Malvarez 

2002; Junk 2002; Malmqvist and Rundle 2002).  

Aquatic biodiversity’s composition and integrity are regulated by periodic or 

pulse short-term natural disturbances, that include floods and droughts, and 

continuous anthropogenic press disturbances (Yount and Niemi 1990). 

Ecosystems and species react and recover differently to these two stressors, 

which frequently occur simultaneously.  However, the most common agents of 

change in lotic systems belong to the second category, all part of what is termed 

land use change, and include agriculture expansion, channelization, logging, 

urban development, water diversion and extraction, impoundment, and pollution, 

among many others (Harding et al. 1998). 

Native forest and grassland cover have been reduced drastically worldwide 

to give way to cropland and urban development, two major forces of land 

change. A 400% increase in agricultural land and a 30% decrease in forest cover 

have been estimated to have occurred between 1700 and 1980 (Meyer and 

Turner 1992). These changes affect all ecosystem components and, if coupled 

with global climate change (Carpenter et al. 1992), the impacts will undoubtedly 

act synergistically to impoverish the quality, biological richness and function of a 

community.   

Freshwater has mostly been used for irrigation purposes since the 

beginning of human history and, despite an increase in the demand for clean 

water to meet the requirements of population and industrial growth, water for 

agriculture still accounts for almost two thirds of the total withdrawals which have 

also increased around 40 times since 1700 (McNeill 2000).  Water pollution is the 

most common and widespread outcome of this overexploitation and misuse.  
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In the United States, municipal and industrial wastewater plants and waste 

disposal sites are the most common point sources of water pollution. Diffuse or 

non-point leading sources, on the other hand, include agricultural activities, 

hydrological modification (i.e., dredging, channelization and dam construction), 

habitat modification, and runoff from urban areas (U.S. EPA 2000).  

Although point-sources of water pollution have been identified and 

controlled in many countries (Berka et al. 2001), particularly in temperate 

industrialized ones, it is a major problem in subtropical and tropical areas due to 

the lack of infrastructure to treat domestic and industrial effluents (Ometto et al. 

2000).  Diffuse-source or non-point pollution is still an important and usually 

overlooked problem worldwide. The increase of impervious surfaces -associated 

with urbanized areas- increases the amount and diversity of contaminants in 

what has been called the “urban stream syndrome” (Walters et al. 2009). This 

“cocktail” gets mixed with agricultural-derived effluents drastically polluting 

aquatic systems with suspended sediments, nutrients, heavy metals, inorganic 

and organic wastes, pesticides and pathogens (Carpenter et al. 1998, Welch and 

Jacoby 2004). This affects not only the quality of water to be used by human and 

riparian communities located downstream but also has an effect on the structure 

and functioning of freshwater and, ultimately, marine ecosystems.   

1.2. Tracking Environmental Changes in 
Aquatic Systems 
Several techniques have been used to track past and present ecological 

changes. Remote sensing using satellite imagery, aerial photographs, and 

geographical information systems are useful in evaluating physical changes in 

the landscape and land cover (e.g. Mas 1999). Analysis of lake and marine 

sediments, ice cores, tree rings, fossil records, combined with dating techniques 

using radioactive isotopes helps assess long-term changes in the environment 

(e.g IASC 2010). Stable isotopes, like their radioactive counterparts, are also 

used in long-term monitoring but have proven very useful in many other areas of 

ecological research (Thompson et al. 2005; Dawson and Siegwolf 2007). Unlike 
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other techniques, the application of stable isotopes rests on the principle of 

predictable changes in the isotope ratios that can be obtained from plants and 

animals as these isotopes are assimilated in their tissues (Peterson and Fry 

1987). Many of the increasing uses stable isotope analysis have include 

identifying animal migration patterns (Hobson 1999, Bowen et al. 2005), energy 

and matter flow (Kidd 1998, Finlay 2001), land use and ecological change  

(Heaton 1986; Fry 1999, Martinelli et al. 1999), as well as the source of organic 

matter (Peterson et al. 1985, Wayland and Hobson 2001).  

 For instance, differences in the photosynthetic pathways in plants have 

helped differentiate the origin of carbon between C3 (i.e., forest vegetation and 

temperate grasses) and C4 plants (i.e., tropical and salt marshes grasses).  The 

former have an isotopic mean value of -27‰ whereas C4 plants have a mean 

value of -12‰ (O’Leary 1988). The relative differences between these groups of 

plants are transferred up the food chain and are also maintained as plant tissues 

are incorporated into the soil’s organic matter, breathed as carbon dioxide, or 

transformed into carbonates during the soil formation processes (Stevenson et 

al. 2005).  In a similar fashion, nitrogen isotope ratios are associated with trophic 

transfer (Minagawa and Wada 1984), habitat source (e.g. marine versus 

freshwater, or terrestrial versus aquatic; France 1994), or nutrient pollution 

sources (Heaton 1986; Lake et al. 2001). 

Just like specific vegetation types or human activities can be traced using 

stable isotope analyses, certain pollutants are also associated with particular 

land uses. Pollution in rivers can be linked to the presence of fine sediment and 

sediment-bound pollutants that originated in soils located upland and that can be 

traced to different land use types (Papanicolau et al. 2003). Mining, land filling, 

deforestation, and agriculture, for instance, are the main sources of heavy metals 

into the environment (Chang and Cockerham 1994; Morrisey et al. 2005b), while 

certain metals, such as zinc, cadmium, lead and copper are associated to city 

streets and roadside dusts (Hopke 1980; Harrison 1981). Atmospheric deposition 

is considered as the main source of metals and other pollutants to aquatic 

systems (Lovett 1994), with higher concentrations being deposited in rainy 
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seasons (Samontha et al. 2007). The most obvious end result of metal presence 

in aquatic systems is the change in species and community composition (e.g. 

Deniseger et al. 1986, Van Griethuysen et al. 2004). Benthic macroinvertebrates 

and fish assemblages have been widely used as indicators of stream quality as 

each group responds differently to disturbances, offering a contrasting snapshot 

of the water quality of a site (Karr and Dudley 1981; Barbour et al. 1999).  

The assimilation of metals, the use of biological indicators, the 

modification in community structure, and the change in isotopic ratios in animal 

or plant tissues, are just a few examples of the various techniques nowadays 

implemented to track environmental change in aquatic ecosystems. The 

application of these techniques has helped in the management and conservation 

of resources at different organizational levels (Shanley et al. 1998, Fry 2006).   

1.3. The Ayuquila-Armería Watershed as a Case Study 
Located in western Mexico, the 321 km long Ayuquila-Armería River 

(18°51’05” - 20°28’03” N and 104°38’17” -103°34’41” W)  originates at 2,560 

meters above sea level crossing the south portion of the state of Jalisco, and 

flowing through the state of Colima into the Pacific Ocean (Meza 2006).  With a 

total drainage area of almost 9,900 km2, it is considered one of the 15 most 

important rivers in the Mexican Pacific region due to its biodiversity (Hudson et 

al., 2005). Dry shrub, tropical deciduous, oak, pine, and riparian forests are the 

dominant natural vegetation types, covering 60% of the basin, while 30% of the 

landscape is dedicated to agriculture, with various types of agricultural products 

farmed and technology applied on its route; the basin has an average population 

density of 56 people km2 (Hudson et al. 2005). Although different vegetation 

types occur at the watershed level, the dominant forest cover associated with the 

Ayuquila River is tropical dry deciduous forest in the surrounding mountains 

below the 1800 meters above sea level.  Agricultural fields are constricting the 

riparian vegetation along the valleys. In many cases, sugarcane and maize fields 

border the river against environmental regulations.   
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Three sub-basins make up this watershed (Figure 1.1): Ayuquila, 

Tuxcacuesco and, when these two merge, Armería, with a length of 204, 119 and 

116 km, respectively (Meza 2006).  The sources of both the Ayuquila River and 

the Tuxcacuesco River are in the Sierra de Quila, in the centre of the state of 

Jalisco, at approximately 2,500 (20o27’09N, 104o10’39W) and 2,250 (20o16’53N, 

104o04’24W) masl, respectively.  The basin’s environmental complexity, because 

of variations in geomorphology and land use, is responsible for the regional 

biological richness, making the conservation of aquatic fauna and associated 

human activities an essential activity. The Ayuquila-Armería watershed’s 

biological importance is highlighted when considering that 10% of its total area is 

within the boundaries of five national protected natural areas (Graf et al. 2006, 

Meza 2006). On the social context, the human landscape is mostly rural with only 

six cities larger than 20,000 people; however, the river provides water to more 

than 500,000 inhabitants in both states (Martinez-Rivera et al. 2000).  

The most recent agents of land use change in the study area have been 

urban growth, cattle grazing and agave cultivation, the latter needed for tequila 

production. Hostettler (2007) mentioned that in the municipality of Autlán the 

extension of dry forest decreased 10% while grasslands increased by 18% from 

1990 to 2000. Land allocated for agricultural activities and urban expansion grew 

slightly in that same period.  The expansion of agriculture –and reduction of dry 

forest- has occurred mainly in the hillsides, where temporal maize fields are 

losing ground to both pastures and agave plantations, the latter grown with large 

amounts of fertilizers and pesticides.  Similar scenarios are common in other 

municipalities in this basin (Cárdenas et al. 2010). Despite the fact that there has 

only been a  2% increase in agricultural area in the valley of Autlan – El Grullo 

(Hostettler 2007), cash crops such as sugarcane, tomato, chilli pepper, and 

legumes dominate the agricultural landscape.  On the other hand, while 

neighbouring municipalities are experiencing population decline, the cities of El 

Grullo and Autlan are steadily growing (Lomelí et al. 2003), and the valley 

concentrates the higher industrial and most intensive agriculture in the whole 

upper basin (Lyons et al. 1998).  
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Pollution, water diversion, change in the water flow, impoundment, 

introduction of species and habitat loss are among the main problems affecting 

the ecological integrity and conditions for human communities of Ayuquila basin 

(Martínez-Rivera et al. 2000; Henne et al. 2002; Graf et al. 2006). Municipal and 

industrial (sugar mill and tequila distilleries) wastewater is discharged into the 

river without treatment, although there are plans for the creation of water 

treatment facilities in several communities (Graf et al. 2006). In addition, 

numerous pig, Tilapia, and cattle farms exist along the river, while cash crops 

(mainly sugar cane, agave for tequila production, tomato, maize and chilli 

peppers) dominate the valleys, resulting in unknown discharges of sewage, 

nutrients, and pesticides into the river. Municipal open garbage dumps are 

common sight, and leakage of chemicals to irrigation channels, streams, and the 

river is highly possible. Water quality monitoring in various parts of the watershed 

have shown fecal bacteria and the presence of heavy metals in levels above 

those permitted by the Mexican law, suggesting that the Ayuquila-Armería can be  

unsuitable for agricultural and human use (Martinez-Rivera et al. 2000; Henne et 

al. 2002). 

Aside from the “typical” characteristics that differentiate distinct climatic 

seasons in a river’s context (i.e., wet and dry events), such as precipitation, 

amount of runoff and sediment load, temperature, evaporation rates, flow, among 

many others, all of which have an impact on the biological communities, in the 

study area the river’s water flow is “reversed”. The dams drain off more water to 

help with the sugar-cane irrigation schemes, and in the rainy season, the dams’ 

gates are closed to accumulate water. Thus, when the river’s flow should be in its 

maximum it is usually at its lowest, and it is particularly notorious in some sites 

(see Tables 1.1 & 1.2). 

This problem in flow regime alteration is not new nor is it exclusive to this 

watershed (e.g. Poff et al. 1997; Bunn and Arthington 2002). Although the effect 

on biodiversity of flow regime alteration is not the purpose of this work, the study 

of seasonal differences on biota’s structure and composition in an altered flow 

scenario, can help give guidelines for a better management of the watershed.  
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Another feature that characterizes dry season is the application of pesticides in 

the fields, which are undoubtedly dispersed easily and far away due to the strong 

winds that blow from February to May, and during the rainy season (June  to 

October), these pollutants are washed down.  

All these cumulative and synergistic effects have already made an impact 

in the River’s biotic composition. Seven fish species have been extirpated or their 

populations drastically reduced from the upper and middle sections of the 

Ayuquila. These include the highly appreciated bullhead catfish (Ictalurus dugesi) 

and the endemic mullet (Agonostomus monticola) favoured by local fishermen 

(Lyons et al. 1998). The abundance and composition of the remaining fish 

community is being further altered by the presence of five introduced species, 

including two species of Tilapia (Oreochromis aureus and Tilapia rendalli) and 

the largemouth bass (Micropterus salmoides)  (Lyons et al. 1998).  Little is known 

about the macroinvertebrate fauna, but a similar scenario would not be 

surprising, as the previously unregistered Asian clam (Corbicula fluminea) and 

Apple snail (Pomacea flagellata) have become abundant and most likely already 

have displaced species of the poorly known native mollusc community of this 

river. 

1.4. Study`s Sample Design 
Seventeen locations were selected in the middle portion of the Ayuquila-Armeria 

watershed (Figure 1.1): twelve in the Ayuquila River, four in the Tuxcacuesco 

River basin, and an additional site at the Armería River. Samples were collected 

in August 2007, February and August 2008.   The two field seasons in August will 

be named “wet” (i.e. “wet07” and “wet08”), as these coincide with the rainy 

season, and “dry08” to the one done in February. In order to show the 

differences between these seasons, I present the average temperature (ToC) and 

rain precipitation (mm) values obtained from Mexican national environmental 

databases (INEGI 2007) for the months of February and August (Table 1.1). 

Table 1.2 summarizes some of the sites’ physical characteristics, such as wet 

width and average depth, plus the average river flow (m3/s) per season 
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(University of Guadalajara, unpubl. data). I hope that this information will aid in 

contextualizing the differences between seasons in a “river context”, which 

undoubtedly affect its biological structure and composition. 

The location of the sampling sites coincides with those where monitoring has 

been taking place for more than 15 years (Martinez et al. 2000). All these sites 

follow the river’s flow and were selected based on accessibility, flow patterns, 

surrounding land use, and known point (sewage derived, urban, and industrial) or 

diffuse (agricultural, forest, and urban) sources of pollution. Although a mixed 

array of land uses surrounds many sites, the dominant land activity was 

established using Google Earth and confirmed visually. Four sites were 

surrounded mostly by forest; seven were in agriculture dominated landscape with 

two being open urban sewage drains; two were in agricultural – urban settings, 

while the remaining four were in forest –agricultural landscape. The general 

characteristics of each site are presented in Table 1.3. The acronyms used for 

each site reflect both their position in the upstream–downstream gradient 

(number or lower case letter as presented in Figure 1.1) and the presumed 

dominant land use influence (see further explanation ahead). Thus, the first 

number or letter in this code corresponds to the site’s position in the river’s 

gradient (shown in Figure 1.1), while the following two letters correspond to the 

main land use. When another land use covered a large area (i.e., ≥30% of the 

total area), the acronym included the additional two letters from that land use 

name.   

In a river’s context, disturbance is expected to be progressive and cumulative. 

Under this criterion, the first site would be the least impacted while the last one in 

the gradient would be worse off.  A simple analysis of the potential influence this 

accumulated disturbance has in the water column was made. The possible 

graphical outcome (Figure 1.2) and an alternative coding using this accumulated 

land use influence is presented in Table 1.4. Three sites in the Ayuquila sub-

basin (DrenA “5.UrIA”, DrnG “7.Ur”, and Arroyo Manantlan “10.Fo”), and one 

from the Tuxcacuesco sub-basin (Tonaya “l.Ur”) are not considered in the 

accumulation analysis as the others as they are independent sources to the 
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River’s flow: the water from the first two originates from untreated municipal 

sewage and receive water from agricultural fields along its way, the third one is a 

stream flowing from a mountainous area with scattered temporal agricultural 

fields, and Tonaya flows into the Tuxcacuesco River originating in the mountain 

range of Tapalpa; it crosses the tequila producing town of Tonaya. The difference 

assigned in the coding to both sewage sites results from the length each drain 

has before it reaches the river.  DrenA (“5.UrIA”) is almost 20 km from its source 

to the mouth, while DrnG (“7.Ur”) is only 7 km long. In all cases, the sites located 

after these three sites merge into the river are included the land use additions. As 

a result, the sites considered to be the least impacted, i.e.: La Laja (site 

“1.FoTA”), Presa (“a.Fo”) and Manantlan (“10.Fo”) were considered as reference 

sites for comparison with the other sites. The coding for each site resulting from 

this analysis (last column Table 1.4) is used in the figures, tables and analyses 

presented in the following chapters. 

1.5. Aim and Organization of This Research 
Despite the fact that there is a general good understanding of how land 

use modifications influence water quality and freshwater communities, there is a 

need for evidence on how these changes are affecting the aquatic communities 

in the Ayuquila Armeria watershed in Mexico. Such information is crucial in 

identifying those activities that might be posing higher risks to suggest 

management guidelines that will help improve the watershed’s health.   

 In the present study I employ isotope analysis and flame spectro-

photometry to measure the carbon and nitrogen isotope ratios and metal 

concentrations from the Ayuquila-Armeria River’s sediment and fauna community 

from sites adjacent to different land use activities: agricultural, urban, and forest 

in two distinct seasons: rainy versus dry.  Changes in the isotopic ratios can be 

related to either changes in vegetation cover (e.g. a shift from C3 trees to C4 

grasses due to deforestation and agricultural expansion), or increases in human-

derived pollutants, such as the increase of animal enclosures and city sewages, 

which enrich the nitrogen isotope ratios. In a similar fashion, heavy metals are 
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known to increase because of urbanization and of the intensification of 

agriculture. These and other pollutants are then mobilized either in dust airborne 

particles during the dry season, or  washed down and carried by storm runoff and 

irrigation channels to rivers and wetlands after a rainstorm.   

 

The overall objectives are:  

a) to determine whether the isotopic signatures and metal concentrations 
in the sediment and animal tissues from the Ayuquila River are 
associated to the isotopic and metal signatures commonly associated 
to the run-off and discharges from agricultural, forested or urban 
origins; and, 

b)  to determine if seasonal differentiation exists both in the isotopic ratios 
and metal concentrations found 

 
The general research questions that I try to answer are: 

1) Do the changes in adjacent land use increase the amount of 
suspended sediments in the river’s column that causes a change in the 
river’s biological composition? 

2)  Does the shift from forested to agricultural or urban landscape result in 
a carbon and nitrogen enrichment in the  isotope ratios  of the faunal 
riverine components? 

3) Can agricultural and urban runoff in this watershed be associated with 
the presence of particular metals in the river biological components 
analysed? 

 

  This thesis is organized as follows: in Chapter 2 I describe the 

macroinvertebrate and fish species composition for each site sampled, make 

spatial and temporal comparisons, and try to relate the functional feeding group 

assemblages to water chemical variables using different metrics. In chapter 3, 

using carbon and nitrogen isotope analysis I aim to identify the sources of 

organic matter and characterize the food web structure in each site, and try to 

relate these to adjacent land use activities. Additionally, with the food web 

characterization obtained from stable isotope analysis, I quantify the 

concentrations of six metals in sediment and each functional group, and also try 
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to relate them to surrounding landscape. I describe these findings in chapter 4. 

Finally, in a final chapter I summarize the major findings and caveats of this 

study.  The long-term goal is to incorporate isotope tracing and metal analyses to 

the on-going river’s restoration and water monitoring programs that could result 

in an improvement of the river’s quality and the overall welfare of this region in 

western Mexico.  
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Figure 1.1. Map of the Ayuquila- Armería watershed in western Mexico (from Meza 2006). The coloured 
areas correspond to the three sub-basins that form the watershed. Numbers and letters show the location of 
the sites. 
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Table 1.1. Average temperatures and rain precipitation values from three localities in the state of Jalisco 
located in the study area. Data from El Grullo and Tuxcacuesco, in the Ayuquila-Armeria watershed, are 
from a 30-year period, while data from Tecomates, located 30 km south, in a more humid region, includes 
the average values from a 45 year period, as well as the average from 2006 (INEGI 2008). 

 February (Dry Season) August (Rainy Season) 
 T(oC) Precipitation 

(mm) 
T(oC) Precipitation 

(mm 
(1971-2000): 

El Grullo  21.2 8.5  25.6 181.4 

Tuxcacuesco 21.7 8.3 26.7 145.1 

Tecomates (1962-2006) 26.8 5.2 30.5 301.9 

Tecomates (2006) 24 0 26.1 421.3 

 
 

Table 1.2. Average river width, depth and flow in each of the study sites during the three sampling 
periods.  

 Wet07 Dry08 Wet08 

Site 
Avg 
wet 

width 
(m) 

Avge 
depth  

(m) 

River 
Flow 
(m3/s) 

Avge 
wet 

width 
(m) 

Avge 
depth  

(m) 

River 
Flow 
(m3/s) 

Avg 
Wet 

width 
(m) 

Avge 
depth  

(m) 

River 
Flow 
(m3/s) 

1.FoTA 33 0.42 2.65 33 0.66 11.46 30 0.29 0.72 
2.IAFo FL FL FL 5 0.35 -- 8 0.3 - 
3.IA FL FL FL 8 0.29 11.7 7 0.22 2.42 
4.IA FL FL FL 18 0.26 1.91 18 0.26 1.72 
5.UrIA 4 0.62 0.89 4 0.65 1.43 6 0.75 0.47 
6.IA 8 1 11.19 8 0.41 4.05 7 0.4 3.92 
7.Ur 10 0.79 2.62 9 0.49 1.99 8 0.3 0.41 
8.IA FL FL FL 27 0.15 6.36 30 1 -- 
9.IA FL FL FL 21 0.95 5.65 24 1.2 -- 
10.Fo 13 0.27 4.05 11 0.24 1.17 12 0.48 4.53 
11.IAFo 22 0.82 15.76 19 0.35 4.81 20 0.6 13.37 
12.IAFo FL FL FL 39 0.5 4.01 37 0.6 9.86 
13.IAFo FL FL FL 42 0.62 9.71 40 1.5 12.69 
a.Fo 14 0.55 -- 12 0.7 -- 13 0.8 -- 
b.FoIA FL FL FL 10 0.6 -- 10 0.7 -- 
c.Ur 10 0.4 -- -- -- -- 7 0.3 -- 
d.FoUr FL FL FL 17 0.45 3.58 17 0.7 6.13 
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Table 1.3. General characteristics of the sampling sites with main surrounding land uses and observed human uses. (Acronyms used for each site).  

 1= Landscape surrounding the site considered ~10km area upstream with emphasis on vegetation types, human buildings; includes site’s bank characteristics: TA= 
Temporal fields with no irrigation, also used as cattle grazing areas; IA= intensive agriculture: irrigated sugar cane and maize fields; agave plantations which, although 
not irrigated, use agrochemicals; Cattle= pig or cattle enclosures. Urban includes towns, roads or buildings; For= Forest, mostly tropical deciduous or sub-deciduous 
vegetation.The bolded figure corresponds to the classification assigned. 2= Recreation includes areas for picnics and swimming. 

Site  Long Lat Alt. 
masl Site characteristics and surrounding landscape1 Observed human uses/Point sources2 

Ayuquila River Sub-basin 

La Laja (1.FoTA)   19°51'23" 104°17'20" 915 
River bank with > 20 m wide corridor; native trees. Abundant riffles & pools.  
Village on left bank. Fo 65%; TA. 30%; Urb 5%   

Recreation, fishing, clothes washing, cattle. 
Heavy transited paved road ~200 m away. 
Untreated water from village directly to river. 

Chacalito (2.IAFo) 19°48'45" 104°14'26" 871 
River bank with grasses and scattered trees. One lane low bridge crosses the site. 
IA. 97% Urb 3% 

Recreation, fishing, car washing, gravel grinding 
site 30 m away. Low bridge. 

Puente El Grullo (3.IA) 19°47'27" 104°13'45" 870 Banks with grasses, abundant vegetation in the river. IA. 95%  Urb 5% 
Gravel and river sand extraction. Rain storm 
drain. Underneath a bridge with heavy traffic. 

La Herradura (4.IA) 19°45'40" 104°12'56" 863 
Left River bank >10 m wide corridor and grasses, right bank with trees and cattle.  
IA.95%  Urb 5% 

Fishing, recreation.  Car washing. Low water 
crossing. Cattle corral 

Dren Autlan (5.UrIA) 19°45'35" 104°13'03" 864 Banks with grasses. Open air sewage channel. Urb 70%, IA 30% Water  from untreated municipal sewage. 

Palo Blanco (6.IA) 19°44'29" 104°10'41" 858 Village on left bank. Bridge over site. Grasses & scattered trees. IA. 95%  Urb 5% Untreated water from  village 

Dren Grullo (7.Ur) 19°44'40" 104°09'58" 861 Banks with grasses, . Open air sewage channel   Urb 85%, IA 15% Water from untreated municipal sewage . 

Achacales (8.IA) 19°42'12" 104°08'38" 858 Banks > 20m wide corridors native trees. TA.75% IA15%, Urb 5%; Fo 5% Cattle watering and crossing. 

Antes Manantlan (9.IA) 19°41'26" 104°08'23" 856 Forested banks and forest.  Fo 95% TA 5% Cattle watering. 

Arroyo Manantlan (10.Fo) 19°41'23” 104°08'17" 860 Forested banks > 20 m wide. Fo 95%  TA 5%  Recreation. Water coming directly from mountain 

Zenzontla (11.IAFo) 19°39'58" 104°05'08" 850 F 60%.  TAgr 40%  Abundant riffles and pools Cattle, Crayfish fishing, fishing, recreation. 

Paso Real (12.IAFo) 19°36'01 103°57'52" 689 F 70%  IAgr.20%, TA 10%  > 20 m wide tree corridor Fishing, recreation. Cattle watering 

Tuxcacuesco River Sub-Basin 
Presa LasPiedras (a.Fo) 19°54'43" 104°03'58" 815 F 75%, TA 15%.  Dam curtain 10% Recreation. 

S Buenaventura (b.FoIA) 19°47'29 104°03'14" 762 
Village on left bank. IA. 65%   Urb 25%, F 10%. Grasses and trees. Sand islands, 
partly channelized. 

Fishing, cattle.  Untreated water from village 
directly to river 

Rio Tonaya  (c.Ur) 19°46'46" 103°58'46" 804 Urb 80% IA.20%  Grasses in river banks. Trash common in both banks No observed uses. 

Tuxcacuesco (d.FoUr) 19°36'41" 103°57'57" 696 TA. 60%  F 40% Native trees in bank..  Cattle, crayfish fishing 

Armeria River Sub-Basin 

Rio Armeria (13.IAFo) 19°35'59" 103°57'29" 685 TA.75%   Urb 25% bridge crosses area,  Small town above 
Clothes washing, low bridge, sand extraction. 
Crayfish fishing 
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Table 1.4. Sites’ arrangement and coding based on upstream landuse versus a coding based on potential effects from accumulated disturbances. 
Site Name Surrounding Landuse (%) Code  

based on  
Cumulative average fractions 

upstream -downstream 
Code used 

in this study 
based on 

accumulated 
  Fo TA IA Ur Landscape Fo TA IA Ur Influence 

1 La Laja 65 30  5 FoTA 0.65 0.30 0.00 0.05 1.FoTA 
2 Chacalito   97 3 IA 0.33 0.15 0.49 0.04 2.IAFo 
3 Puente El Grullo   95 5 IA 0.22 0.10 0.64 0.04 3.IA 
4 La Herradura   95 5 IA 0.16 0.08 0.72 0.05 4.IA 
5 Dren Autlan   30 70 UrIA 0.00 0.00 0.30 0.70 5.UrIA 
6 Palo Blanco   95 5 IA 0.11 0.05 0.69 0.16 6.IA 
7 Dren Grullo   15 85 Ur 0.00 0.00 0.15 0.85 7.Ur 
8 Achacales 5 75 15 5 TA 0.09 0.13 0.55 0.23 8.IA 
9 Antes Manantlan 95 5   Fo 0.18 0.12 0.49 0.20 9.IA 

10 Arroyo Manantlan 95 5   Fo 0.95 0.05 0.00 0.00 10.Fo 
11 Zenzontla 60 40   FoTA 0.30 0.14 0.39 0.17 11.IAFo 
12 Paso Real  70 10 20  Fo 0.33 0.14 0.39 0.15 12.IAFo 

            
a. Presa Las Piedras 75 15  10 Fo 0.75 0.15 0.00 0.10 a.Fo 
b.  San Buenaventura 10  65 10 IA 0.43 0.08 0.28 0.23 b.FoIA 
c. Rio Tonaya   20 80 Ur 0.00 0.00 0.20 0.80 c.Ur 
d. Tuxcacuesco 40 60   FoTA 0.31 0.19 0.19 0.31 d.FoUr 

            
13 Armeria  75  25 TA 0.30 0.19 0.32 0.20 13.IAFo 
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Figure 1.2. Accumulated landuse influence in each site in 17 locations in the Ayuquila-Armeria River. Site 
numbers are in a upstream – downstream gradient using the information in Tables 1.2 and 1.3. Sites 1 to 13 
are from the Ayuquila River, a to c from the Tuxcacuesco River, and T from the Tonaya site.  See text and 
Table 1.3 for more information.  
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2. Description of the Ayuquila River’s Macro-
invertebrate and Fish Composition  

Abstract 
The objectives of this study were to 1) characterize and compare the invertebrate 

and fish composition in different sites in the Ayuquila River, Mexico, and, 2) to 

relate each site functional feeding assemblages with each site’s water 

physicochemical variables. Invertebrate were identified to family while fishes to 

species level, and grouped into functional groups. Community composition was 

compared spatially and between dry and rainy seasons. Non-Metric 

Multidimensional Scaling (NMDS) was used to look for spatial site arrangement 

based on species composition, while Canonical Correspondence Analysis (CCA) 

was performed to look for environmental relationships. Invertebrate composition 

and abundance were significantly different (p<0.001) among sites but not 

between seasons, with the rainy seasons showing higher diversity. Diversity was 

lower in agricultural areas and increased as the river flowed through forested 

sites.  Fish species composition showed no statistical differences between 

seasons but among sites differences were significant in the rainy season 

(p=0.043).  Filter and gatherer collector invertebrates and omnivore fishes were 

the most abundant functional groups throughout the sites. Invertebrate 

abundance was negatively correlated with turbidity (p=0.033) and total inorganic 

nitrogen (p=0.046) only in the dry season, while fish abundance was positively 

associated with hardness and conductivity (p<0.05) in both seasons. Although 

some water variables influenced species composition, weak and inconclusive 

relationships suggest the influence of other variables in determining community 

structure. Benthic invertebrate and fish indices of biotic integrity suggested sites’ 

quality conditions ranging from fair to good.  Turbidity, dissolved iron, inorganic 

nitrogen values, and concentrations of coliform bacteria suggested poorer 

conditions in many sites, with concentration limits above Mexican guidelines for 

irrigation and recreation purposes. 
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2.1. Introduction 
Aquatic ecosystems are among the most threatened ecosystems 

worldwide; at the same time, water for human use is becoming a scarce resource 

and turning into a commodity in many places around the world (Postel 2000; 

Malmqvist and Rundle 2002). In addition to the problem of water scarcity, the 

increasing impacts human activities can have on this resource are reducing its 

quality and usability. Among the major human activities that are known to 

degrade water quality include deforestation, urbanization, runoff from agriculture 

and cities, flow modification and diversion, and untreated water discharge.  

Many methods and techniques have been implemented for monitoring 

water quality. Initially, the goal of monitoring was, and still is, to identify organic 

pollution that could affect human health and spread disease. Subsequently, the 

main objective was the identification of various chemicals and their toxicity to 

organisms, to finally include the effects that landscape disturbances have in the 

structure and functioning of aquatic systems (Cairns and Dickson 1971, Karr and 

Chu 1997). Thus, disturbance is assessed by monitoring the impacts on the 

biological communities’ structure and composition directly.  Physical and 

chemical characteristics give a snapshot of the conditions of the river when the 

variables are taken, while the use of aquatic biota gives information of a longer 

period of time.  In this regards, aquatic biota have become central in biological 

assessments, as it provides an integrative measure of water chemistry and 

physical conditions of its environment (Barbour et al. 1999).  However, the 

response organisms have to anthropic disturbances depends on many variables 

(e.g., type of organism, feeding strategy, magnitude of the disturbance) and, as a 

result, a wide array of field and laboratory methods have been implemented 

worldwide to assess the effects on aquatic communities (de Zwart 1995), and in 

many instances, the approach taken requires the combination of different 

techniques.  

Several of these measures generally use benthic macroinvertebrate 

(usually aquatic insects, crustaceans, molluscs, and annelids) and fish 

assemblages to assess impacts on streams, and include among their variables 
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species diversity, community composition, similarity indices, pollution tolerance 

or biotic indices, and trophic or functional structure (Resh et al. 1996, Barbour et 

al. 1999).  At the same time, the resulting assemblages represent the endpoint of 

the combined influences of various site attributes, such as channel morphology, 

hydrology, and water quality and quantity (Wang and Lyons 2003). In addition, 

the use of invertebrates and fish assemblages as indices for water quality offer 

different advantages and reflect different structural and condition attributes  that 

complement the information sought for (Karr and Dudley 1981; Karr 1987; 

Lammert and Allan 1999). Invertebrates, which are relatively sedentary, provide 

a snapshot overview of prevailing water conditions in contrast to fish, which 

reflect longer term conditions of a site.  Fish assemblages have also been amply 

used as indicators of river health (e.g. Karr 1991; Aguilar-Ibarra et al. 2003), 

human and natural disturbance (e.g. Fausch et al. 1990; Poff and Allan 1995), 

ecological restoration (Paller et al. 2000), making them key elements in 

numerous biological indices used worldwide (e.g. Lyons et al. 2000; Roset et al. 

2007). 

In most situations, analyses are done using the taxonomic and/or the 

functional approaches, in particular when the goal is to characterize an 

ecosystem’s condition or where information on the taxonomic composition is 

scarce or poorly studied (Cummins et al. 2005). Functional feeding grouping is 

based on behavioural and morphological mechanisms of food acquisition. The 

benefit of using this approach is that one focuses on groups of organisms that 

obtain their food and process energy in a similar fashion instead of studying 

hundreds of different taxa (Merrit and Cummins 1996). It also allows for 

comparisons between geographic regions where communities are comprised by 

different taxa (Simberloff and Dayan 1991). Additionally, by classifying biota into 

functional feeding groups (FFGs), the assemblage structure provides information 

on the physical characteristics, quality of a system, the origin of energy sources, 

and its responses to environmental perturbations (Barbour et al. 1999). Based on 

the way food is assimilated, invertebrates have been generally classified as 1) 

scrapers/grazers which consume algae and associated material; 2) shredders, 
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which consume leaf litter or other coarse particles of organic matter (CPOM); 3) 

collector-gatherers, which collect fine particles of organic matter (FPOM) from the 

stream bottom; 4) collector-filterers, which collect FPOM from the water column 

using a variety of filters; and, 5) predators, which feed on other consumers 

(Wallace and Webster 1996). Omnivores constitute a sixth category that, 

although initially considered rare or ignored in food web interactions (Pimm and 

Lawton 1977),  has been accepted as a general feature of aquatic and terrestrial 

food webs (Cabana and Rasmussen 1994, Thompson et al. 2005) with different 

degrees of impacts in community structure and functioning (Pringle and 

Hamazaki 1998).  In river ecosystems, crustaceans are considered the main 

invertebrate omnivores (e.g. Pringle et al. 1993; Parkyn et al. 2001). Based on 

their diet, fish are generally classified as 1) piscivores, 2) herbivores; 3) 

omnivores, 4) insectivores; 5) filter feeders; 6) invertivores; and, 7) generalists 

(Barbour et al. 1999).  This trophic guild classification is based on the similarity in 

resource sharing, and is different from the term of functional group, where the 

similarity lies in the ecosystem function that each species perform in the 

environmentl (Blondel 2003). 

The use of fish and invertebrates to assess water conditions and quality 

on a site are based on the presence of species with particular characteristics that 

combine and provide information on ecological organization, pollution tolerance, 

and natural life history, among others, and are known as integral biotic indices 

(Karr 1991, Karr and Chu 1997). The index values range from 0 to 10, where 10 

is indicative of high nutrient concentrations. Therefore, the communities will be 

composed of species whose tolerance to organic pollution varies from very 

sensitive to tolerant.  Once scored, the quality ratings range from excellent to 

very poor based on the likely amount of organic pollution in the site sampled. 

Coupled with the integral biotic indices (IBI), other metrics used include those 

that measure community richness (e.g. number of taxa), diversity (Shannon 

diversity H’), dominance (e.g. Simpson´s index D), evenness (J’), composition 

measurements (e.g., percentage of individuals of the orders Ephemeroptera, 
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Plecoptera and Trichoptera, known as EPT index), and number of predators, 

among several others. 

It has been widely accepted that a gradient exists in the macroinvertebrate 

functional composition in temperate rivers as these flow through lowland valleys 

towards its mouth from shredders to scrapers to filter and collector-gatherers with 

subtle changes in predator species numbers along the gradient (Vannote et al. 

1980; Hawkins and Sedell 1981). However, it has also been noted that this 

generalized pattern varies as a result of basins characteristics or biome 

differences, with more drastic changes in those watersheds severely altered by 

human activities (see Delong and Brusven 1998). Additionally, inconsistencies in 

community functional changes, as well as differences in biological traits and 

stressors have been observed between neotropical and temperate rivers 

(Tomanova et al. 2007, 2008).  

2.1.1. The Ayuquila River case study  

 As in many parts of the world, streams and rivers in west-central Mexico 

are severely degraded as result of human activities (Lyons et al. 1995; Mercado-

Silva et al. 2006). Pollution, water diversion, introduction of species and habitat 

loss are among the main problems affecting the ecological integrity of the 

Ayuquila River in the states of Jalisco and Colima (Martinez-Rivera et al. 2000; 

Henne et al. 2002). A water quality monitoring program was implemented 15 

years ago, and the application of fish and invertebrate biological indices followed 

a few years later.  However, a systematic study of the structure of these 

assemblages or of the possible changes in their composition resulting from 

disturbances is lacking. In this part of the watershed, the change from adjoining 

forested slopes to agricultural flat valleys dominated by sugar cane, irrigated 

maize crops and, most recently, agave plantations would undoubtedly influence 

the trophic structure of existing communities. The removal of canopy cover 

and/or the reduction of riparian buffering vegetation, activities that are common in 

the study area, increase solar exposure and the susceptibility to bank erosion, 

which  increase water temperatures and turbidity affecting the biotic composition.  
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Additionally, agricultural nutrient and pesticide runoff contributes to a 

differentiation in the composition and density of macroinvertebrate and fish 

communities, impacts that have been widely recorded worldwide (e.g. Lenat 

1984; MacLeod 1998; Hooda et al. 2000; Parr and Mason 2003; Zimmerman et 

al. 2003; Scherr 2010), usually reducing the diversity found, and the functional 

group composition in relation to less impacted areas.    

With these ideas in mind, this study is part of a larger project that aims to 

answer the question about the relationship between human activity and its 

ecological effects at a watershed level in western Mexico. It is also a first 

exercise to compare the composition of this neotropical river’s macroinvertebrate 

and fish assemblages along a temporal and spatial gradient in the Ayuquila basin 

with a multimetric approach and a perspective of functional groups. Two previous 

works (Henne et al. 2002, Weigel et al. 2002) only identified the structure of 

macrofauna to validate a benthic biotic index, but despite the on-going monitoring 

program, an analysis of the long-term changes in its structure and composition 

through time and space has not been done so far. 

The objectives of this study are a) to characterize and compare the 

invertebrate and fish community compositions in different sites in the Ayuquila 

River, and b) to relate the functional feeding group assemblages with water 

physicochemical variables.  I expect that each site’s community composition will 

be related to the amount of suspended sediments and organic content. That is, 

filter and gatherer collectors will dominate in those sites with higher turbidity   In 

addition, the macrofauna assemblage and tolerance to organic pollution will 

reflect the water quality conditions of the sites monitored as suggested by the 

Indices of Biotic Integrity.   

2.2. Methods 

2.2.1. Sample collection  

Site selection and sampling design are explained in the previous chapter.  

Similarly, the general characteristics of each site are summarized in Table 1.3.   
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Physical and chemical parameters taken for each site included average stream 

depth (m), stream wet width (m), temperature (OC), dissolved oxygen (mg/l), 

conductivity (μohms/s), and turbidity (NTU). Water samples were collected in 1 L 

plastic bottles at the middle of the river for laboratory analysis of water hardness 

(CaCO3), iron, nitrates (NO3-N), ammonium (NH4-N) sulphates (SO4), 

phosphates (PO4), and fecal coliforms. Nitrate and ammonium values were 

summed up and considered as Total Inorganic Nitrogen (TIN) (Table 2.1). Some 

of these parameters (i.e. fecal coliforms, PO4, NO3, turbidity and iron) were 

compared with Mexican water quality guidelines for human consumption and 

irrigation (DOF 1989; DOF 2000). In addition, a Benthic Invertebrate Index of 

Biotic Integrity (B-IBI) based on family presence sensu Henne et al. (2002), and a 

Fish Index of Biotic Integrity (F-IBI) sensu Lyons et al. (1995) were calculated to 

contrast our biological findings with each site’s conditions pertaining recreational 

use, irrigation, or as source for potable water. These criteria are summarized in 

Table 2.2. 

Macro-invertebrates were collected using a D-frame kick net with a 600-

µm mesh perpendicular to the river flow and disturbing the area upstream the net 

for a total of 6 meters in different stretches along the river.  Asian clams 

(Corbicula fluminea) and Apple snails (Pomacea flagellata) were caught by hand.  

Although apple snails cannot be considered benthic invertebrates, its presence 

indicates disturbance and, being an introduced species, constitutes a possible 

problem as an agricultural pest, vector of disease, and ecological competition 

(Cowie 2002), but have also proven to be good biological indicators of 

contamination (Fu et al. 2011).  All samples were placed in labelled plastic whirl-

pak or Ziploc bags in an icebox. In the laboratory, these were counted and 

identified to family or genus when possible. Invertebrates were grouped as 

scrapers, filter-collectors, gather-collectors, shredders, predators, and omnivores 

following (Merrit and Cummins 1996). Fish were caught using 10 m seine nets 

along the riverbanks for a period of 45 minutes.  Each fish species was identified 

and categorized by feeding or trophic guild as herbivores, omnivores and 

carnivores sensu Mercado-Silva et al. (2002). Although the difference between 
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trophic guild and functional group is acknowledged and have been used as 

synonyms (Blondel 2003), I use the term of functional feeding group to refer to 

the fish species trophic guilds in this study. 

Benthic invertebrates and fish data were analyzed independently. I 

calculated community structure and composition for each site considering: total 

abundance (i.e., number of individual animals per sample), taxonomic richness 

(i.e., total number of fish species, and number of invertebrate families), Shannon 

diversity index (H’), number of different FFGs, and their tolerance to organic 

pollution to obtain each site’s index of biotic integrity (Lyons et al. 1995, Henne et 

al. 2002, Weigel et al. 2002). Species diversity indices were calculated using 

PcOrd for Windows, version 5.10 (McCune and Mefford 2006).  

2.2.2. Data analysis 

Parametric and non-parametric analyses of variance were used to test for 

differences in water chemical characteristics, and invertebrate and fish 

composition data among sites and seasons. Pearson product moment 

correlations between invertebrate and fish abundances with individual water 

chemical variables were examined.  These analyses were performed using 

SigmaPlot version 11.0 (Systat software 2008), with a p value significance level 

of 0.05.   

Indirect and direct multivariate ordination methods were performed to 

analyze community composition and its relation with water variables using PcOrd 

for Windows, version 5.10 (McCune and Mefford 2006). Non-metric 

multidimensional scaling (NMDS) (Kruskal 1964, Mather 1976), an indirect 

method, based on  macroinvertebrate family and fish species assemblages was 

used to identify similarity patterns in species data sets based on ranking 

distances (Beals 2006)  Composition was assessed in this analysis using as 

input data each site’s invertebrate family or fish species abundances. Initial runs 

were made in autopilot mode using 6 dimensions, Sørensen (Bray-Curtiss) 

distance as the index to measure dissimilarity, and 250 iterations to evaluate 

“stress” or instability. An outlier analysis was performed to detect those sites that 
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would skew the results, and if found, data from the site was discarded.  I ran the 

program several times to find the lowest number of axes or dimensions that 

showed the least stress possible.  Low stress indicates that the ordination 

obtained is a good representation of the original data (McCune and Grace 2002). 

A final run was made with the number of axes suggested by the program, and 

the resulting graph was used.   

Canonical correspondence analysis (CCA), a direct ordination method, 

constrains an ordination of one matrix (i.e. species composition and abundance) 

by a multiple linear regression on a matrix containing the environmental variables 

for the same samples (McCune and Grace 2002). Thus, CCA helps answer the 

question of how much variation in species presence and abundance is directly 

explained by the environmental variables. The options selected for the analysis 

were: axis score centered and standardized to unit variance, ordination scores to 

optimize sites, graphing sites to show linear combinations of environmental 

variables, and a MonteCarlo test of significance where null hypothesis was no 

linear relationship between matrices. 

In this analysis, CCA was performed to address the answer if the 

community structure was related to a particular water variable.  Invertebrate and 

fish abundances per site were transformed to presence absence data, and were 

related to nine environmental variables used: temperature (OC), dissolved 

oxygen, turbidity, conductivity, total inorganic nitrogen (TIN), dissolved iron, 

sulphate, phosphate, and fecal coliform concentrations. Prior to the multivariate 

ordinations, Pearson product correlations were run to eliminate those variables 

that were significantly correlated.  

2.3. Results 
Seventeen sites in total were sampled in the three seasons. Sampling in 

2007 was done in nine sites where the conditions were safe to sample 

invertebrates, as the river’s current was stronger than normal due to flooded 

conditions; fish sampling was omitted for these reasons.  
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I collected 2,923 invertebrates from 24 families, 1,254 fishes from 15 

species and 9 families. Leeches and planarian worms were abundant in one site, 

but were not considered in the diversity and biotic indices calculations. Only 120 

fish individuals were sacrificed for laboratory analyses.  These were classified 

into six invertebrate functional feeding groups and three fish trophic guilds.  

2.3.1. Invertebrate community metrics and 
functional feeding groups 

Taxa richness was higher in wet08 than the two other seasons with 24 

families, followed by dry08 and wet07 with 20 and 14, respectively. However, no 

statistically significant differences in the number of families and total abundances 

between field seasons were observed (Hdf2=0.549, p=0.760). Overall, three 

mayfly (Ephemeroptera: Leptophlebidae, Baetidae and Heptageniidae) and one 

caddisfly (Trichoptera: Hydropsychidae) families comprised more than 60% of 

the total macroinvertebrates caught, with riffle beetles (Coleoptera: Elmidae) and 

dragonflies (Odonata: Coenagrionidae) following in abundance. Crayfish 

(Palaemonidae), “burrower” Gomphidae dragonflies, long-toed water beetles 

(Dryopidae), and giant water bugs (Belastomatidae) were only caught during the 

wet08 season (Figure 2.1). Site by site composition generally followed the above 

pattern, i.e., caddisflies and mayflies were the dominant families. The relative 

and total invertebrate abundances arranged by family per site for each field 

season are listed on Appendices 2.1 to 2.3.   

Total invertebrate abundance, diversity (H’) and the number of families 

varied considerably between sites and seasons, and no pattern was discernible. 

A sharp decrease in the total abundance and number of families was seen from 

site “1.FoTA” up to site “8.IA” during both wet seasons, with an opposite trend in 

dry season; numbers increased afterwards (Figure 2.2a). It was in this last site 

(8.TA) where leeches, planarian and other freshwater worms were abundant, 

with the particularity that the rest of the invertebrates caught were particularly 

small. Taxa richness and abundance comparisons between sites in each field 

season were statistically significant (p<0.001); however, when compared among 
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seasons, no statistical significance existed for taxa richness (Fdf2=1.989, 

p=0.149), diversity (H’) (Fdf2=1.86, p=0.176), or total abundance (Fdf2=2.848, 

p=0.075). Community metrics for each season by site are listed on appendix 2.4. 

Regression analyses for each water quality variable against invertebrate 

abundances were applied only to dry08 and wet08 data (Figure 2.3). No 

statistically significant associations were seen between abundance and water 

variables for both seasons, except for turbidity (p=0.033) and total inorganic 

nitrogen (p=0.03), which presented negative and significant correlations only in 

dry08 (Figure 2.3. g-h). Most of the variables were positively related in one 

season but showed a negative association in the other.  

Diversity (H’) values ranged from 0.19 to 2.19 for the three field seasons. 

Diversity per site decreased as the Ayuquila river entered the Autlan - El Grullo 

valley (sites 1.FoTA to 8.IA), and increased in those sites where the river crossed 

a mountainous area (sites 10.Fo through 12.IAFo).  

Two introduced mollusk species, Apple snails (Pomacea flagellata) and 

Asian clams (Corbicula fluminea), were quite common throughout the sampling 

sites. The latter is first reported for this watershed in this study, and was the only 

bivalve found. Empty shells of both species were seen along the banks, irrigation 

channels, and some sugar cane fields.  

The invertebrates sampled were classified into six functional feeding 

groups (Table 2.3). As it was expected from the family assemblages described 

above, gatherer and filter collectors were the most abundant FFG and were also 

collected in most sites, followed by predators and scrapers. Omnivores and 

shredders comprised less than 1% of the total sample (Figure 2.4).   There were 

statistically significant differences in functional composition in dry08 (Hdf5=45.086, 

p<0.001) and wet08 seasons (Hdf5=45.393, p<0.001). Although relative 

abundance varied drastically for some functional groups (e.g. range 2 to 257 

individuals per site), statistically significant differences were only evident for 

gatherer collectors (Fdf2=5.196, p=0.012).  
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2.3.2. Fish species and functional group composition 

Fifteen fish species were captured during this study (Table 2.4), ten in the 

dry08 and four more in wet08 (Figure 2.5), with a total abundance of 552 and 671 

individuals each. Number of individuals captured as well as the composition by 

site varied, with 30% of the 12 sites in dry08 and half of 14 sites in wet08 having 

more than two species (Figure 2.6). Fish species abundance and composition 

were dominated by two native (Goldbreast splitfin - Ilyodon furcidens-, and 

Pacific molly -Poecilia butleri) and one exotic (Blue tilapia Oreochromis aureus) 

species in both field seasons, with 89% and 87% of the total abundance in the 

dry and wet seasons respectively. Fish species composition and total abundance 

differences were not statistically significant between seasons (Mann-Whitney U 

80.5, t=185.5, p=0.433), nor among sites in dry08 season (tdf12=2.091, p=0.057) 

but these were significant in wet08 (tdf13=2.238, p=0.043).  

 In general, fish abundance, species richness and diversity were higher in 

wet08 than in dry08; these values increased as the river left the valley and flowed 

through a mountainous area in both seasons. These three metrics showed 

statistically significant values (p<0.03) when compared among sites, both in 

dry08 and wet08 seasons. Similarly, when compared between seasons 

significant differences were obtained for richness (tdf14= -2.87, p=0.012) and 

diversity (H’) (tdf14=2.679, p=0.018), but not for abundance (z=0.05972, p=0.583). 

These values by season and by site are summarized in Appendix 2.5. 

Unlike invertebrates, fish abundances had positive associations with water 

variables  except for dissolved oxygen, PO4 and turbidity (Figure 2.7). However, 

hardness and conductivity were statistically significant (p<0.05) in both field 

seasons, while temperature (p=0.003), temperature (p=0.019), and SO4 

(p=0.013) were significant only in dry08 (Figure 2.7c-d). 

Herbivores, omnivores and carnivores were all represented in both field 

seasons, with omnivores being the predominant group with more than 70% of the 

total composition for both seasons and sites (Figure 2.8). No statistically 

significant differences were observed for fish functional group composition 

neither between seasons, nor among sites in each season.  
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2.3.3. Water quality based on the invertebrate and fish 
assemblages 

The fish (F-IBI) and invertebrate (B-IBI) biotic integrity indices obtained 

suggested that the overall water conditions ranged from excellent to fair (B-IBI 

average for three seasons= 3.2±1.5; F-IBI average for two seasons= 42.8±16.4; 

see Table 2.2).  More than 80% of the invertebrate assemblages suggested good 

or better water quality conditions (i.e., value ≤ 4.1) in most sites (Figure 2.10a) 

compared to fish assemblages (Figure 2.9b), in which only 16% could be 

considered as optimal (values ≥ 60).  In general, water quality conditions using 

both biotic indices were better in the wet08 season, with only one site (Prsa) 

indicating “very poor” conditions (Figure 2.10a). There were no statistical 

significant differences in the B-IBI values among the three seasons (Fdf2=1.472, 

p=0.247), in contrast to the F-IBI value differences between two seasons 

(tdf14=2.942, p=0.011). 

Finally, the presence of fecal coliforms suggest that the quality of the 

water in all sites but three (10.Fo, 12.IAFo, and 13.IAFo) were above the 

Mexican maximum permissible limits (1000 fecal coliform colonies/ 100 ml) for 

irrigation and as source of potable water (Figure 2.10), the main uses the river’s 

water is intended for by people in the surrounding communities. Recreation and 

wildlife protection limits of fecal coliforms were all surpassed.  Other parameters 

measured, such as turbidity, iron and nitrates (see Table 2.2) were also above 

those established by the law. 

2.3.4. Sites arrangement using multivariate ordination analysis 

Wet07 

 Presence-absence data from 14 invertebrate families were analyzed using 

NMDS, which resulted in a 3-dimensional arrangement.  Two axes that explained 

88% of the total variance with a final stress of 0.0003 after 120 iterations is 

presented in Figure 2.11a.  In contrast, the three resulting axes from the CCA 

analysis explained a total variance of 70.2%. The tolerance level for each axis 
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was achieved after 39, 21, and 30 iterations, respectively. SO4 (r=0.584), 

conductivity (r=-0.683) and dissolved Fe (r=-0.683) were strongly correlated with 

axis 1. Summary statistics of this analysis are shown in Table 2.5. 

 In both NMDS and CCA outputs, river sites were arranged in a similar 

way, although NMDS clearly separated three groups. Sites with similar 

accumulated landuse effects grouped closely, as well as the three reference 

sites, although an urban influenced site was also in that cluster (Figure 2.11a). 

Those sites closer to axis 1 in the CCA graph (Figure 2.11b) are more strongly 

influenced by sulphate, dissolved iron and conductivity, whereas those to the 

right of axis 2 are influenced both by high dissolved oxygen and turbidity 

concentrations.  However, overall relationships between the species data and the 

environmental data were not statistically significant (p=0.1822).   

Dry08  

 NMDS spatial arrangement for this season (Figure 2.12a) using 

invertebrate and fish functional group presence absence data from 12 sites 

yielded a 2-dimensional solution. These dimensions explained 97.2% of the total 

variance with a final stress of 4.2479 after 200 iterations.   In this spatial 

arrangement, NMDS did not clearly separate the 12 sites in groups, although two 

sites, with known sewage derived influence (6IA and 8TA) were isolated. 

Furthermore, those sites with a mixed landuse intensive agriculture-forest were 

more closely grouped than those with intensive agriculture, which were scattered 

(Figure 2.12a). 

 Three dimensions were obtained from the CCA analysis which explained 

74.8% of the total variance.  Tolerance levels for each axis were reached after 

21, 15 and 12 iterations, respectively. The graph with the two axes that explain 

64% of this variance is shown in Figure 2.12b.  Similarly to NMDS, the CCA 

biplot showed sites loosely arranged in the ordination space with five sites to the 

right of axis 2 being more influenced by higher values in five environmental 

variables.  However, the only water variables strongly correlated with axis 1 were 

dissolved Fe (r=0.714) and fecal coliform concentrations (r=0.841). Species data 
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and environmental data correlations in this season were not statistically 

significant (p=0.1451) (Table 2.6).  

Wet08 

 The NMDS ordination with functional group data from 14 sites yielded a 3-

dimensional plot in which 97% of the variance was explained, with a stress of 

1.0248 after 200 iterations.  The graph depicting the two axes which represent 

92.4% of the cumulative variance is presented in Figure 2.13.   

 The CCA analysis resulted in a 3-dimensional ordination explaining 51% 

of the total variance in species data, in which conductivity (r=0.691) and 

dissolved oxygen (r=-0.666) were correlated to axes 1 and 2, respectively (Table 

2.7). Thus, these two axes which accounted for 45.4% of the total variance, were 

graphically represented (Figure 2.13).  Those sites to the right of axis 2 had 

higher coliform and conductivity concentrations.  The relationship between the 

functional group data and the water variables in the ordination space was 

statistically significant (p=0.02).  

2.4. Discussion 

2.4.1. Invertebrate Community structure and Functional Group 
Composition 

 As mentioned before, this study is the first exercise to seasonally and 

spatially characterize and contrast the macroinvertebrate structure and 

composition in the middle section of the Ayuquila River, and to relate the 

resulting assemblages to several environmental parameters in a multimetric 

approach.  Variations in abundance were important at the site level. Those sites 

with surrounding forest had higher diversity than those surrounded by agriculture. 

  Although the invertebrate samples obtained from the first field season 

were skewed as a result of the flooding conditions in most sites, fact that could 

be noted by a reduced taxa richness and overall abundance, the differences 

were not significant with respect to the other field seasons.  Weigel et al. (2002) 
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reported a similar family composition pattern from the sites they sampled in the 

Ayuquila River to validate the B-IBI, without mentioning the abundance or 

presence of particular taxa, such as dragonflies and damselflies, which are 

abundant all over.  However, these changes in structural diversity were negligible 

when considering the functional composition  

 The presence of apple snails in the Ayuquila River was reported in the 

early 2000s (Palomera-García et al. 2006), but other published reports on the 

mollusk fauna are not known for either the Ayuquila or Tuxcacuesco Rivers, so 

the presence of Pomacea flagellata is confirmed while this is  Corbicula 

fluminea’s first report. The presence of these two mollusk species constitutes a 

call of attention for the need of a more thorough study in the region, in particular 

when the knowledge of the biodiversity is scarce, and when the presence of 

aggressive introduced species may pose a threat to the native biodiversity. 

Invertebrate Functional Feeding Group Composition  

 The idea that the invertebrate FFG composition would be related to the 

amount of suspended sediment in the water column was confirmed in this study. 

Gatherers and filter collectors were by far the most abundant and ubiquitous 

groups, which reflect the amount of organic and suspended material flowing in 

the river, as well as the algal mats covering the river’s substrate. The FFG 

assemblages observed in the study sites are distinctive of disturbed areas.  

Moreover, they are common in large order rivers at low altitudes areas, in which 

collectors and gatherers or grazers conform up to 75% of the total composition 

replacing shredders (Vannote et al. 1980) These two functional groups, which 

include the filterer Corbicula clams, whose shells were abundant in many sites, 

usually increase in numbers as disturbance increases (Barbour et al. 1999; 

Tomanova et al. 2008.).  

 The functional substitution from shredders to grazers results from the 

decreasing amounts of coarse particulate organic matter (CPOM), obtained from 

tree litter, as the river flows into more un-shaded areas where fine particulate 

organic matter (FPOM) becomes the main energy source (Cummins et al. 1989, 
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Rosi-Marshall and Wallace 2002). The lack of riparian cover reduces the 

abundance of shredders while gather collectors and filter feeders become more 

abundant exploiting the increasing FPOM, reasons why these groups are 

considered indicators of disturbance (Barbour et al. 1999, Cummins et al. 05). In 

fact, the few shredders (Lepidoptera: Pyralidae) I obtained in the last two field 

seasons came from the three reference sites, which have notable wooded banks 

compared to the rest. This resulting assemblage can also be the consequence of 

increased organic matter and total dissolved solids from the agricultural and 

urban areas in the valley.  Turbidity values and total inorganic nitrogen, two 

measures related to nutrient and sediment loads in the water, were inversely and 

significantly correlated with invertebrate abundance, during the dry season. 

Furthermore, Canonical Correspondence Analyses showed conductivity, fecal 

coliform, and sulphate concentrations to be correlated with the sites ordination 

arrangements.  

 Therefore, invertebrate assemblages are partially related to the amount of 

sediment in the water coming in from adjacent agricultural areas, but are also 

related to flow interruptions, such as those created by dams (Vinson 2001) and 

other disturbances.  Cooper and collaborators (2006) suggested that invertebrate 

composition was more strongly affected by water quality than by vegetation. 

These facts are also supported by the amount of fecal coliforms found in the 

water samples. It is known that human impacts in a watershed can be traced 

using functional group composition, as well as the amount of coliform bacteria.  

Townsend and Hildrew (1994) suggested that a functional approach better 

detects impacts than traditional diversity and richness indices, while Lepori and 

Malmqvist (2007) found out that there is a differential response by invertebrates 

to disturbance: predators and scrapers were strongly associated to disturbance, 

collector-gatherers showed seasonal responses, and filter collectors appeared 

unrelated to it.  The response invertebrates have to disturbance is not completely 

clear. There are contrasting results in literature, where in some cases 

disturbance causes an increase in numbers of certain groups (e.g. Spellberg 
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2005), while others report the opposite trend (e.g. Townsend and Riley 1999; 

Tomanova et al. 2008).  

 Thus, it is clear that land use change affects invertebrate composition, but 

other confounding factors, like water flow and municipal wastewater, and other 

environmental variables not measured in this study  might also being influencing  

the functional group composition and abundance in these river sites.  

 Although the results presented here do not test the idea that freshwater 

invertebrate diversity and functional composition in the Ayuquila River can  be 

determined only by the water variables measured, as disturbance is known to be 

a two-edged knife with regards to aquatic diversity (Lepori and Hjerdt 2006), 

suspended sediment loads play an important role.  I suggest that the monthly 

monitoring program should not only include the family composition of the 

invertebrates sampled, but to organize the data into functional groups with the 

aim of increasing the amount of information on the impacts human activities are 

having in the River’s biota that can be comparable to findings in other sites, and 

thus suggest management activities to improve the river’s conditions.  

2.4.2. Fish species composition 

 Fish communities’ structure and diversity were different between the two 

field seasons of this study. Besides the seasonal variation that it is known to 

occur in many rivers worldwide as a result of flow variability, channel 

morphology, riparian vegetation, land use, resource availability, among many 

other variables (e.g. Jones III et al. 1999; Ostrand and Wilde 2002; Aguilar-Ibarra 

et al. 2003), other factors might have played a role in the differences obtained in 

this study. However, the water physicochemical variables and hydrology patterns 

have been suggested to have a bigger impact in conforming fish assemblages 

(Helms 2008).  

  Diversity and composition in the agricultural valley sites were similar, but 

increased as the river flowed into mountainous sites.  It has been argued that fish 

assemblages along agricultural settings tend to be more homogeneous and 

dominated by omnivore and benthic invertivores species (Richter et al. 1997; 
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Rahel 2000). At the same time, it has been suggested that diversity, richness and 

functional composition increases with respect to the position the river has within 

a watershed augmenting as it flows away from the headwaters (Smith and Kraft 

2005). Species richness is also related to channel morphology, resource 

availability, flow regulation and land use (Ostram and Wilde 2002; Aguilar-Ibarra 

et al. 2003).  However, the presence of Tilapia and largemouth bass, two 

aggressive exotics, in addition to the dominance of omnivorous species 

throughout the river, suggest that the overall conditions of the fish community are 

less than ideal. Freshwater fish fauna is among the most threatened group, 

mostly as a result of the combination of factors, with introduction of species and 

change in the adjacent land use being the most common causes (Richter et al. 

1997).   

 Our fish species list includes range distribution changes from previously 

known records. For instance, 21 species were reported for the Ayuquila River, in 

which Pacific molly (Poecilia butleri) and blue tilapia (Oreochromis aureus) were 

considered as uncommon, while largemouth bass (Micropterus salmoides) was 

listed as absent (Lyons et al. 1998). During the length of the study, and also as 

part of the bi-monthly Fish IBI sampling, these three species were present and 

quite common in most sites, both in Autlan –El Grullo valley and below it, in the 

mountainous sites of the river. The latter two have become quite appreciated by 

local fishermen.  Three Tilapia farms were established in the valley in the last 8 

years, and it is known that during flooding events fish have escaped from at least 

one of these locations; the bass, in contrast was purposefully introduced as 

fishing game in the region’s reservoirs, from where it has undoubtedly dispersed.  

Moreover, while Lyons and collaborators (1998) also mention that the West 

Mexican Redhorse (Moxostoma austrinus) was extirpated; two large specimens 

were caught at the first site after the valley, and a medium size fish on the site 

close to the reservoir in the Tuxcacuesco River.  Thus, the importance of 

continuous monitoring is highlighted, in particular when considering that many 

fish species are migratory, are released, or changing their distributions due to 

climate change.   
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2.4.3. Water quality using biotic indices 

 The species assemblages obtained in this study do not necessarily reflect 

the water quality conditions that the indices of biotic integrity suggest.  For 

instance, the benthic invertebrate indices of biotic integrity indicated good to 

excellent water quality conditions for most sites, while the fish IBI indicated 

conditions ranging from very poor to fair, with only four sites having a good 

condition. In general, poorer conditions were evident for the dry season. This was 

unexpected as the river flow is higher during this time of the year, although the 

differences between seasons were not statistically significant.   

 However, a good trend is seen in the results. The B-IBI values for this 

study differ from those published ten years ago (Henne et al. 2002) which 

suggested poor to very poor conditions. The invertebrate richness and diversity 

obtained from this samples also contrast those of low taxa diversity that 

characterized the invertebrate macrofauna in the 30-km long river transect 

beyond the sugar mill’s drain (Henne 1997). These conditions were the norm 

before the year 2000 when restrictions and fines were imposed to the sugar mill, 

and the first water treatment facility was built in the city of Autlan (Graf et al. 

2006). So far, the monitoring program results so far indicate that the present 

conditions of better B-IBI values are more frequent. However, the presence of 

exotic species, such as C. fluminea and P. flagellata show that the community 

structure is still being modified as a result of human disturbances. The Asian 

clam thrives in disturbed areas, and their populations will most likely tend to 

increase with the amount of disturbance seen in the watershed. When the 

present biotic indices started being implemented almost three decades ago, 

these two exotics were absent, so further studies on the spread of exotics in this 

watershed are needed, as well as one on looking how their presence is affecting 

both the river’s  community structure and, as a result  the tolerance values these 

indices portray. Additionally, the inclusion of groups not presently considered in 

the IBI calculations should be considered, like leeches and other freshwater 

worms. 
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 Seasonal variation in invertebrate biotic indices has been shown in 

European rivers (Leunda et al. 2009). It would be interesting to see in the 

Ayuquila River, with the data obtained in almost 20 years of continuous sampling, 

if there are inter-seasonal variations in the indices, and if these reflect the 

prevailing conditions.  

 In the case of the Ayuquila River, the results obtained from the ongoing 

monitoring program have helped in the setting of management goals of the basin. 

More detailed work to see the changes in the structure and composition of these 

communities in space and time are needed to evaluate if the implemented 

strategies and actions are working to enhance this river´s condition. Additionally, 

a revision of the type of information both indices are giving is probably needed, 

as it is sometimes contrasting.   

  Fish assemblages in a basin reveal long-term trends in comparison to 

invertebrate composition, which is more representative of local conditions. The 

change in flow has had without doubt an impact in the River´s biota. Up to 75% 

less water flows on the second site located seven km away from the entrance of 

the valley, volume which recovers gradually as it flows along the agricultural area 

(Martinez et al. 2000). In addition, the presence of water impoundments 

facilitates the dispersion and settlement of exotic species and an increase in 

omnivores which usually have a heavy toll on native fauna, drastically affecting 

the structure and functioning of this basin, as it has been assessed in other 

Mexican watersheds (Mercado-Silva et al. 2009).  The fish IBI takes into account 

the presence of native versus exotic species and, in this study, the second most 

common and abundant species in many sites was the non-native Blue Tilapia.  

 Although both IBI indices applied in this watershed show that conditions 

have improved since they were first implemented in 1985, other indicators such 

as fecal coliforms, nitrate, sulphate and iron concentrations suggest that those 

indices just give a snapshot of the conditions. Biotic indices oversimplify a site’s 

community structure (Spellberg 2005), so the integration of other metrics and a 

revision of the tolerance values of the invertebrate families and fish composition 

considered in the Ayuquila River monitoring program should be revised. The 



 

39 

present change in community composition demands more attention, as well as 

the assessment of the pollution tolerance of some groups. 

 The use of benthic macroinvertebrate and fish compositions to assess the 

quality of a river has been used worldwide. Its application in Mexican rivers is in 

its infancy (Mathuriau et al. 2011), and government authorities have not yet 

accepted them as tools to monitor water quality. However, its increased use by 

other institution, and as the results obtained in this study suggest, might help 

convince authorities of their value in monitoring and assessing water conditions, 

as it is already being done in other countries. 

2.5. Conclusions 
Almost 3,000 macroinvertebrates from 24 families, and 1250 fishes from 

15 species were classified into six functional feeding groups and three trophic 

guilds, respectively, and composition and abundance were compared spatially 

and temporally. Statistical significant differences existed between sites’ 

composition but not between seasons. 

Disturbance influenced the biological composition and species abundance 

throughout the study area. Agricultural areas were less diverse than forested 

sites.  Functional group composition, conformed mostly by invertebrate filter 

collectors, gatherer collectors, and fish omnivores, reflected the signs of 

disturbance, mostly seen from suspended materials in the water column.  

There were significant negative correlations between turbidity and total 

inorganic nitrogen with invertebrate abundance whereas hardness and 

conductivity were the variables positively correlated with fish abundance. NMDS 

ordination arrangements helped identify those sites that were more similar in 

their functional group composition, and most sites with similar accumulated 

landuse influence were grouped closely, but CCA analyses were not conclusive 

in determining the relationships between community composition and water 

environmental variables.  

Benthic invertebrate and fish indices of biotic integrity suggest water 

quality conditions ranging from fair to good.  However, the presence of pollution 
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tolerant exotic species, and the concentrations of other variables such as 

turbidity, dissolved iron, inorganic nitrogen and fecal coliforms, usually higher 

than those approved by Mexican guidelines suggest otherwise.  

This is the first report of Corbicula fluminea for this river, as well as the 

extension in distribution of other exotic invertebrate and fish species. I suggest 

that further monitoring studies should include other variables to give a more 

realistic assessment of the river’s conditions.  This would result in management 

guidelines that improve the overall biological and physical qualities of this 

important Mexican river.   
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Table 2.1abc. Water physical and chemical parameters 

 
a) for wet07 arranged by sites        

 
Temp 
(oC) 

Dissolved 
Oxygen 
(mg/l) 

Turbidity 
(NTU)1 

Cond 
(µohms/s) 

TIN 
(mg/dL) 2 

SO4 
(ppm) 

PO4 
(ppm) 

Iron 
(ppm) 

H2CO3 
(ppm) 

(CaCO3) 
ppm 

Fecal 
Coliforms 

(FC)3 
1.FoTA 23.9 3.9 36.4 284 1.16 13 0.02 0.22 144 6 1000 
2.IAFo - - - - - - - - - - - 

3.IA 22.6 3.8 132 186 2.46 22 0.04 0.11 106 20 2800 
4.IA 24.2 3.55 72.2 236 1 72 0.05 0.17 166 8 2100 

5.UrIA 23.9 1.7 140 1082 6 61 0.06 1.09 221 104 22800 
6.IA 24.4 2.9 109 493 0.9 69 0.07 0.17 221 30 20000 
7.Ur 25.1 2.8 34 1785 2.35 212 0.06 0.09 541 92 6800 
8.IA - - - - - - - - - - - 
9.IA 24.6 3.5 93 684 2 69 0.08 32 231 70 7700 

10.Fo 20.2 4.29 35.4 85 0.2 9 0.02 0.2 89.28 18 200 
11.IAFo 24.3 6.66 794 415 1.5 42 0.06 0.24 198.4 28 14800 
12.IAFo 24.2 4.09 152 470 1.56 72 0.06 0.27 171 46 4100 

a.Fo - - - - - - - - - - - 
b.FoIA - - - - - - - - - - - 

c.Ur - - - - - - - - - - - 
d. FoUr 22.7 3.48 1200 237 3 54 0.01 0.71 168 20 20400 
13.IAFo 22.2 4.13 501 333 2.72 48 0.02 0.61 169 24 11200 
Ayuquila 

Basin Mean 
(SD) 

23.6 
(1.4) 

3.8 
(1.2) 

190.8 
(239) 

550.3  
(492) 

1.99  
(1.5) 

62.6 
(55) 

0.05 
(0.02) 

3.2 
(9.6) 

205.2 
 (120) 

40.6  
(33.6) 

8500 
 (7779) 

Tuxca Basin 
Mean (SD) 21.9 3.6 266.3 573.7 2.03 61.5 0.04 3.5 196.5 38.6 9300 

 1NTU= Nephelometric turbidity units.  2TIN= Total Inorganic Nitrogen: NH4-N + NO3-N. 3FC= Fecal coliform colonies per 100 ml. 
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b) for dry08 arranged by sites. 

 
Temp 
(oC) 

Dissolved 
Oxygen 
(mg/l) 

Turbidity 
(NTU)1 

Cond 
(µohms/s) 

TIN 
(mg/dL) 2 

SO4 
(ppm) 

PO4 
(ppm) 

Iron 
(ppm) 

H2CO3 
(ppm) 

(CaCO3) 
ppm 

Fecal 
Coliforms 

(FC)3 
1.FoTA 18.7 6.03 3.09 185 1.2 26 1.6 0.05 944.8 192 14000 
2.IAFo 19 - - - - - - - - - - 

3.IA 19.4 4.56 30.5 376 1.6 65 1.9 0.19 580 180 6800 
4.IA 20.9 4.19 18.6 554 1.9 136 0.9 0.24 640 228 6800 

5.UrIA 19.6 1.7 38.7 641 4.9 135 5.8 0.39 677 714 18800 
6.IA 20.6 3.3 19.3 668 3.6 148 2.2 0.28 722 258 17700 
7.Ur 16.6 3.2 69.5 826 6.8 150 4 0.47 677 180 23600 
8.IA 20.6 3.9 22.3 661 2.1 144 1.5 0.06 722 228 14400 
9.IA 19.4 5.3 628 14 1.3 126 4.9 0.18 387 174 500 

10.Fo 16.5 6.58 1.33 135 0.6 14 0.2 0.05 640 84 84 
11.IAFo 19 4.45 9.8 592 1.6 141 3 0.03 565 156 2800 
12.IAFo 21.9 4.12 4 684 1.2 171 2.4 0.08 543 384 600 

a.Fo 17 - - - - - - - - - - 
b.FoIA - - - - - - - - - - - 

c.Ur            
d. FoUr 20.2 4.43 15.3 605 0.9 144 0.5 0.09 618 234 4800 
13.IAFo 21.4 4.67 6.04 672 1 168 2.2 0.06 506 180 2300 

Ayuquila Basin 
Mean (SD) 

19.6 
(1.7) 

4.33 
(1.3) 

70.9 
(176.5) 

500.7 
(259) 

2.32 
(1.86) 

118.7 
(53.3) 

2.55 
(1.63) 

0.17 
(0.15) 

612.7 
(112) 

270 
(185) 

9032 
(8281) 

Tuxca Basin Mean 
(SD) 

18.3 
(2.3) 4.14 74.3 491.5 2.2 116 2.35 0.17 571.4 260 8700 

 1NTU= Nephelometric turbidity units.  2TIN= Total Inorganic Nitrogen: NH4-N + NO3-N. 3FC= Fecal coliform colonies per 100 ml. 
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c) for wet08 arranged by sites. 

 
Temp 
(oC) 

Diss. 
Oxygen 
(mg/l) 

Turbidity 
(NTU)1 

Cond 
(µohms/s) 

TIN 
(mg/dL) 2 

SO4 
(ppm) 

PO4 
(ppm) 

Iron 
(ppm) 

H2CO3 
(ppm) 

(CaCO3) 
ppm 

Fecal 
Coliforms 

(FC)3 
1.FoTA 25 2.75 13.2 379 2 9 0.01 0.38 278 142 2300 
2.IAFo 25.8 4.1 36.6 378 - - - - - - - 

3.IA 24.4 2.1 15.8 447 1.6 18 0.08 0.14 429 184 1200 
4.IA 25.7 2.4 32.3 632 1.4 43 0.01 0.04 496 224 3800 

5.UrIA 28.4 1.4 185 802 3.2 63 0.03 0.43 704 242 27200 
6.IA 25.9 1.3 69.2 700 2.2 84 0.06 0.08 637 196 12300 
7.Ur 29 3.2 30.8 1609 2.3 272 0.03 0.07 682 342 12500 
8.IA 25.2 1.9 51.8 648 2.6 162 0.03 0.32 520 226 11000 
9.IA 23 2.7 168 396 1.9 93 0.08 0.12 154 158 6100 

10.Fo 20.8 2.9 68.7 110 0.5 5 0.01 0.12 278 44 500 
11.IAFo 24.8 2.6 286 323 1.6 118 0.02 0.04 325 114 5700 
12.IAFo 27.1 2.2 50.7 540 0.6 18 0.01 0.38 404 206 300 

a.Fo 22 7.2 17.5 409 - - - - - - - 
b.FoIA 22.5 5.9 53.2 463 - - - - - - - 

c.Ur 24.6 6.4 30.5 499        
d. FoUr 27.5 2.4 1098 460 4.6 93 0.08 0.12 471 182 13600 
13.IAFo 27.8 1.9 62 539 4.7 24 0.01 2.4 377 222 500 
Ayuquila 

Basin Mean 
(SD) 

25.6 
(2.3) 

2.3 
(0.6) 

86.1 
(83.3) 

594 
(370.5) 

2.1 
(1.1) 

75.8 
(78.7) 

0.03 
(0.03) 

0.38 
(0.65) 

440.3 
(173) 

192 
(74) 

6950 
(7864) 

Tuxca Basin 
Mean (SD) 

24.8 
(3.9) 

4.8 
(3.4) 

558 
(764) 435 (36) 4.6 93 0.08 0.12 471 182 13600 

 1NTU= Nephelometric turbidity units.  2TIN= Total Inorganic Nitrogen: NH4-N + NO3-N. 3FC= Fecal coliform colonies per 100 ml. 
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Table 2.2. Criteria used as reference for water pollution levels based on Mexican guidelines. 

Mexican guidelines (NOM-127-SSA-1-1994; CE-CCA-001/89)  

for maximum permissible limits in water. 

Water parameter Potable 
water 

Source of 
Potable water Recreational Irrigation Wildlife 

Protection 

 
 

   
 

Fecal coliforms1  (FC/100ml) 0 1000 200 1000 200 

Total Phosphates (mg/l)1  0.1 
  

0.025 (lakes) 
0.1 (rivers) 

Total Nitrates (mg/l)1 5 
   

 
Turbidity (NTU)2 5 

   
 

Iron (mg/l)2 0.3 
   

 
 

Benthic Invertebrate Index of Biotic Integrity parameters 

Biotic Index Quality Degree of pollution 

--  3.75 Excellent No apparent organic pollution 
3.76 – 4.25 Very good Possible organic pollution 
4.26 – 5.00 Good Some organic pollution 
5.01 -- 5.75 Fair Fairly significant organic pollution 
5.76 – 6.50 Fairly poor Significant organic pollution 
6.51 – 7.25 Poor Very significant organic pollution 
7.26 –10.00 Very poor Severe organic pollution 

Fish Index of Biotic Integrity parameters 

Biotic Index Quality Fish community attributes* 

70-100 Good 
Best situation. Species richness and abundance at or near its maximum 
expected. Full array of size and age classes. Sensitive species are 
present. Herbivores and carnivores are common. 

45-65 Fair 
Some environmental degradation. Richness and abundance below 
expected. Benthic and sensitive species uncommon or absent. Tolerant, 
exotic and omnivore species dominate 

0-40 Poor 
Greatly modified fish community. Fish abundance is low and most fish 
are small. Almost all species are exotic, livebearing, tolerant and 
omnivores.  

No score Very Poor Few or no fish after thorough sampling. Index cannot be calculated. 
From Mexican Official water quality guidelines:  
Mexican guidelines 1 DOF (1989) and 2 DOF (2000).   
3 Benthic Invertebrate Biotic Index,Henne et al. (2002);  
4 Fish Biotic Index, Lyons et al. 1995.  
* Fish community attributes are summarized. 
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Table 2.3. List of invertebrate families sampled in this study. Known species, functional feeding group 
(FFG) and tolerance value (B-IBI) are included as considered in the analyses. Bold letters in family or 
species name correspond to the abbreviation used in the text, figures and tables. 

Class / Order  Family Species FFG1 IBI 
value2 

INVERTEBRATES 
 

      
 Gastropoda 

Bivalvia Corbiculidae  Corbicula fluminea Filter Collector 6 
Gastropoda Ampullaridae  Pomacea flagellata Scraper 8 

Arthropoda / Insecta 
Ephemeroptera Baetidae  

 Gather Collector 
 

4 
Heptageniidae 

 
4 

Leptophlebidae 
 

2 
Trycorythidae 

 
4 

Trichoptera Hydropsychidae  Filter Collector 4 
Plecoptera Perlidae Anacroneuria aff. quadriloba Predator 1 
Odonata Gomphidae 

 
Predator 

1 
Libellulidae 

 
9 

Calopterygidae 
 

5 
Coenagrionidae 

 
9 

Diptera Tabanidae 
 

Predator 6 
Chironomidae 

 
Gather Collector 6 

Simulidae 
 

Filter Collector 6 
Megaloptera Corydalidae Corydalus bidenticulatus Predator 0 
Lepidoptera Pyralidae 

 
Shredder 5 

Coleoptera Elmidae 
 Scraper 

4 
Psephenidae 

 
4 

Dryopidae 
 

5 
Heteroptera Naucoridae 

 Predator 5 

 
Belastomatidae 

 
10 

Arthropoda / Malacostraca 
Decapoda Pseudothelphusidae Pseudothelphusa dilatata 

Omnivore 
6 

 

Palaemonidae 
 

Macrobrachium occidentale 
 

6 
 

1FFG= Functional Feeding Group; 2 IBI= Index of Biotic Integrity value sensu Henne et al. (2001) and Weigel et al. 
(2002). 
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a) 
 

b)  
Figure 2.1.  Invertebrate composition and abundance (log10) by field season.  a) Invertebrate families that 
dominated in each sampling season (Coen: Coenagrionidae; Elmi: Elmidae; Hept: Heptageniidae; 
Hydropsychidae; Lept: Leptophlebidae; Baet: Baetidae).  S: Taxa or family richness. 

S=14 
S=20 
S=24 
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a)  
 
b) 

   
 

 

 

Figure 2.2. a) Total invertebrate abundance per site and per season. Dotted line separates sub-basins. b) 
Number of invertebrate families. The numbers above the bars indicate the total numbers in each site.   ∇= 
Shannon (H’) Diversity value. There were no statistically significant differences for these metrics between 
seasons. 

T 
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 Dry08 Wet08  Dry08 Wet08 
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Figure 2.3. Invertebrate abundance plots contrasted with water physical-chemical variables arranged by season. n.s.: not statistically significant. 
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Figure 2.4. Invertebrate Functional Feeding Group (FFG) composition per site arranged per season.  The 
circular graphs show the overall proportion of each FFG for that field season 
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Table 2.4. List of fish species sampled in this study. Their trophic guild, and tolerance value (B-IBI) are 
included as considered in the analyses. Bold letters in family or species name correspond to the 
abbreviation used in the text, figures and tables. 

FISHES 

Family Common Name Species1 Trophic 
guild1 

Characidae Banded Tetra Astianax aeneus (Asae) Omnivore 
Catostomidae West Mexican Redhorse Moxostoma austrinum (Moxa) Carnivore 
Poecilidae Green Swordtail Xiphophorus helleri (Xihe) Herbivore 

 
Pacific Molly Poecilia butleri (Pobu) Herbivore 

 
Golden Livebearer Poeciliopsis baenschi (Poba) Omnivore 

Goodeidae Goldbreast Splitfin Ilyodon furcidens (Ilfu) Omnivore 

 
Bandfin Splitfin Allodontichtys zonistius (Alzo) Carnivore 

 
Black Splitfin Xenotoca melanosoma (Xeme) Omnivore 

Mugilidae Mountain Mullet Agonostomus monticola (Agmo) Omnivore 
Centrarchidae Largemouth Bass Micropterus salmoides (Misa) Carnivore 
Cichlidae Redside Cichlid Nandopsis istlanum (Nais) Carnivore 

 
Blue Tilapia Oreochromis aureus (Orau) Omnivore 

 
Redbreast Tilapia Tilapia rendallii (Tire) Omnivore 

Gobiidae Multi-spotted Goby Sicydium multipunctatum (Simu) Herbivore 
Haemulidae Purple-mouth grunt Pomadasys bayanus (Pomb) Carnivore 

3Species names and trophic guild sensu Mercado et al. (2002). 
 

 
Figure 2.5. Fish species log10 abundance captured during dry08 and wet08 field seasons in the middle 
portion of the Ayuquila River. 

N=552 

N=672 
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Figure 2.6. Fish community composition and  abundance by site in two field seasons. Upper graph 
corresponds to Dry08, lower graph to Wet08.  Species acronyms on the right are defined in Table 2.5 
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Figure 2.7. Fish abundance correlations to water physico-chemical variables compared by season. n.s.= not statistically significant.   
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Figure 2.8. Fish trophic composition per site and sampling season. 
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Figure 2.9. Water quality of each site based on: a) the Benthic Invertebrate and b) Fish Indices of Biotic 
Integrity (IBI) indices. Three sites(PBco, SnBn, and Amtl() were not sampled for invertebrates. The ochre  
line indicates the limit beyond which the conditions are poor, the green line is the limit where water 
conditions are considered of good quality. Notice that these lines are in inverse order in each graph. The 
higher the B- IBI value, the poorer the conditions; the opposite occurs with the F-IBI (see Table 2.3). 

Very Poor 

Good 

Very poor 

Good 
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Figure 2.10. Fecal coliform (FC) concentrations per 100 ml measured for each site and field season. The 
ochre line establishes the maximul permissible limits established by Mexican guidelines for irrigation 
purposes and as a source for potable water.  The sites with an asterisk are those where people usually 
swim and recreate. The maximum limits for this activity are 200 FC per 100 ml. 
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a)  

  b)  
Figure 2.11. Wet07 a) NMDS ordination biplot showing the 11 Ayuquila River sites spatial arrangement 
based on macroinvertebrate composition. These two axes explain 88% of the total variance (stress 0.0003, 
p=0.0392);   b) CCA ordination biplot showing the sites’ arrangement for wet07 based on the relationships 
between the macro-invertebrate composition and nine water variables.  These two axes explain 59.4% of 
the variance in species data (p=0.1822).  Sites’ acronyms follow the assumed accumulated land use effect 
(see Table 1.4). The first number or letter represents the site’s position in the river’s gradient, while the 
following letters the most influential landuse (i.e. Ia: intensive agriculture, Ta: temporal agriculture, Fo: 
forest, and Ur: urban. 
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Table 2.5. Summary of the results from the CCA of the Wet07 invertebrate family presence-absence 
data. Total variance (“inertia”) in the species data is 2.5994, so statistics on variance explained are based 
on ratios against this number. The p-value (0.182) associated with the Monte Carlo results indicate no 
significant relationship between the species data matrix and the environmental data matrix. High 
correlations between raw-data distance and ordination distance indicate a good representation of the 
original data for axis 1. Values that are ideal for interpretation are bolded and show that only axis 1 should 
be considered for interpretation. 
  

----------------------------------------------------------- 
                                   Axis 1   Axis 2   Axis 3 
----------------------------------------------------------- 
Eigenvalue                          0.968    0.577    0.281 
Variance in species data         
     % of variance explained         37.2     22.2     10.8 
     Cumulative % explained          37.2     59.4     70.2 
----------------------------------------------------------- 

 
 

CORRELATIONS AND BIPLOT SCORES for 9 environmental variables 
-------------------------------------------------------------------- 
                       Correlations*               Biplot Scores 
    Variable      Axis 1  Axis 2  Axis 3     Axis 1  Axis 2  Axis 3 
-------------------------------------------------------------------- 
   1 T°C          -0.244  -0.251  -0.392     -0.240  -0.190  -0.208 
   2 DO            0.297  -0.116   0.338      0.292  -0.088   0.179 
   3 Turbidity     0.160  -0.281  -0.456      0.157  -0.214  -0.242 
   4 Conductivity -0.683  -0.340  -0.014     -0.672  -0.258  -0.007 
   5 TIN          -0.168  -0.335  -0.190     -0.165  -0.254  -0.101 
   6 SO4          -0.584  -0.267  -0.064     -0.575  -0.203  -0.034 
   7 Fe           -0.683  -0.214   0.027     -0.672  -0.162   0.014 
   8 PO4          -0.067  -0.011   0.236     -0.066  -0.009   0.125 
   9 Fecal Coliforms    -0.105  -0.352  -0.354     -0.103  -0.268  -0.188 
------------------------------------------------------------------ 

 
 
            MONTE CARLO TEST RESULTS -- EIGENVALUES 
------------------------------------------------------------ 
                              Randomized data 
            Real data    Monte Carlo test,  998 runs 
           ------------  --------------------------- 
  Axis     Eigenvalue    Mean    Minimum   Maximum       p 
------------------------------------------------------------ 
     1         0.968     0.804     0.337     1.000    0.0911 
     2         0.577     0.474     0.203     0.761 
     3         0.281     0.228     0.166     0.288 
------------------------------------------------------------ 
  Axis   Spp-Envt Corr.  Mean    Minimum   Maximum      p 
------------------------------------------------------------ 
    1         0.993     0.957     0.743     1.000    0.1822 
    2         0.893     0.854     0.632     0.999 
    3         0.990     0.893     0.558     1.000 
------------------------------------------------------------ 
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Figure 2.12. Dry08 a) NMDS ordination biplot showing the 12 Ayuquila River sites’ spatial arrangement based on macroinvertebrate and fish functional groups. 
These two axes explain 97% of the total variance (stress 4.2479, p=0.0196);  b) CCA ordination biplot showing the sites’ arrangement based on the relationships 
between the functional group composition and eight water variables. These two axes explain 63.9% of the variance in species data (p=0.1451).  
Sites’ acronyms follow the assumed accumulated land use effect (see Table 1.4). The first number or letter represents the site’s position in the river’s gradient, while the following 
letters the most influential landuse (i.e. Ia: intensive agriculture, Ta: temporal agriculture, Fo: forest, and Ur: urban.  
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Table 2.6. Summary of the results from the CCA of the Dry08 invertebrate and fish functional group 
presence-absence data. Total variance (“inertia”) in the species data is 0.4861, so statistics on variance 
explained are based on ratios against this number. The p-value (0.1451) associated with the Monte Carlo 
results indicate no significant relationship between the species data matrix and the environmental data 
matrix. High correlations between raw-data distance and ordination distance indicate a good representation 
of the original data for axis 1. Values that are ideal for interpretation are bolded and show that only axis 1 
should be considered for interpretation. 
  

----------------------------------------------------------- 
                                   Axis 1   Axis 2   Axis 3 
----------------------------------------------------------- 
Eigenvalue                          0.213    0.097    0.053 
Variance in species data         
     % of variance explained         43.9     20.0     10.9 
     Cumulative % explained          43.9     63.9     74.8 
----------------------------------------------------------- 

 
 

CORRELATIONS AND BIPLOT SCORES for 8 environmental variables   
-------------------------------------------------------------------- 
                       Correlations*               Biplot Scores 
    Variable      Axis 1  Axis 2  Axis 3     Axis 1  Axis 2  Axis 3 
-------------------------------------------------------------------- 
   1 T°C           0.268   0.301  -0.194      0.124   0.094  -0.045 
   2 DO           -0.022  -0.014  -0.382     -0.010  -0.004  -0.088 
   3 Turb          0.460   0.066   0.398      0.213   0.021   0.091 
   4 Cond          0.242   0.279   0.220      0.112   0.087   0.050 
   5 SO4           0.171   0.303   0.134      0.079   0.094   0.031 
   6 Fe            0.714   0.015   0.031      0.330   0.005   0.007 
   7 PO4           0.244  -0.077   0.401      0.113  -0.024   0.092 
   8 FecCol        0.841  -0.105   0.107      0.389  -0.033   0.025 
------------------------------------------------------------------ 

 
 
            MONTE CARLO TEST RESULTS -- EIGENVALUES 
------------------------------------------------------------ 
                              Randomized data 
            Real data    Monte Carlo test,  998 runs 
           ------------  --------------------------- 
  Axis     Eigenvalue    Mean    Minimum   Maximum       p 
------------------------------------------------------------ 
     1         0.213     0.175     0.079     0.231    0.1041 
     2         0.097     0.090     0.042     0.125 
     3         0.053     0.051     0.017     0.083 
 
------------------------------------------------------------ 
  Axis   Spp-Envt Corr.  Mean    Minimum   Maximum      p 
------------------------------------------------------------ 
    1         0.965     0.908     0.681     1.000    0.1451  
    2         0.895     0.881     0.466     0.998 
    3         0.784     0.732     0.361     0.996 
------------------------------------------------------------ 
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Figure 2.13. Wet08 a) NMDS ordination biplot showing the 14 Ayuquila River sites’ spatial arrangement 
based on macroinvertebrate and fish composition. These two axes explain 92.4% of the total variance 
(stress 1.0248, p=0.0588); b) CCA ordination biplot showing the sites’ arrangement based on the 
relationships between the functional group composition and seven water variables. These two axes explain 
35.2% of the variance in species data (p=0.02). 
Sites’ acronyms follow the assumed accumulated land use effect (see Table 1.4). The first number or letter represents 
the site’s position in the river’s gradient, while the following letters the most influential landuse (i.e. Ia: intensive 
agriculture, Ta: temporal agriculture, Fo: forest, and Ur: urban  
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Table 2.7. Summary of the results from the CCA of the Wet08 invertebrate and fish functional group 
presence-absence data. Total variance (“inertia”) in the species data is 0.3581, so statistics on variance 
explained are based on ratios against this number. The p-value (0.02) associated with the Monte Carlo 
results indicate statistically significant relationship between the species data and the environmental data 
matrices. High correlations between raw-data distance and ordination distance indicate a good 
representation of the original data for axis 1. Values that are ideal for interpretation are bolded and show 
that only axis 1 should be considered for interpretation. 
  

----------------------------------------------------------- 
                                   Axis 1   Axis 2   Axis 3 
----------------------------------------------------------- 
Eigenvalue                          0.129    0.033    0.019 
Variance in species data         
     % of variance explained         36.1      9.2      5.4 
     Cumulative % explained          36.1     45.4     50.8 
----------------------------------------------------------- 

 
 

CORRELATIONS AND BIPLOT SCORES for 7 environmental variables 
-------------------------------------------------------------------- 
                       Correlations*               Biplot Scores 
    Variable      Axis 1  Axis 2  Axis 3     Axis 1  Axis 2  Axis 3 
-------------------------------------------------------------------- 
   1 DO           -0.301  -0.666  -0.151     -0.108  -0.121  -0.021 
   2 Turb         -0.414  -0.098  -0.050     -0.149  -0.018  -0.007 
   3 Cond          0.691  -0.129  -0.159      0.249  -0.024  -0.022 
   4 Fe            0.037   0.407   0.074      0.013   0.074   0.010 
   5 PO4          -0.019   0.258   0.501     -0.007   0.047   0.070 
   6 SO4           0.192  -0.209   0.385      0.069  -0.038   0.054 
   7 FecCol        0.472  -0.490   0.481      0.170  -0.089   0.067 
------------------------------------------------------------------ 
 

 
 
            MONTE CARLO TEST RESULTS -- EIGENVALUES 
------------------------------------------------------------ 
                              Randomized data 
            Real data    Monte Carlo test,  998 runs 
           ------------  --------------------------- 
  Axis     Eigenvalue    Mean    Minimum   Maximum       p 
------------------------------------------------------------ 
     1         0.129     0.090     0.029     0.141    0.0180 
     2         0.033     0.046     0.013     0.100 
     3         0.019     0.016     0.003     0.031 
 
------------------------------------------------------------ 
  Axis   Spp-Envt Corr.  Mean    Minimum   Maximum      p 
------------------------------------------------------------ 
    1         0.959     0.816     0.544     0.983    0.0200  
    2         0.584     0.630     0.330     0.936 
    3         0.593     0.667     0.270     0.962 
------------------------------------------------------------ 
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3. Carbon and Nitrogen Isotope Characterization 
of the Ayuquila River’s 
Sediment and Macrofauna  

Abstract 
The objectives of this study were threefold: through the use of stable isotope 

analysis 1) to identify sources of organic matter, 2) to characterize the food webs 

on each site based on the isotopic signatures, and then 3) to relate the sources 

of organic matter and resulting food webs to adjacent land use activities. I 

characterized the sediment and macrofauna isotopic signatures from the middle 

portion of the Ayuquila River watershed. Benthic macroinvertebrates, fishes, and 

sediment were sampled from sites located in the Ayuquila and Tuxcacuesco 

rivers in this basin along a gradient of agriculture, forest, and agriculture land 

uses. Sampling was done during two rainy and one dry field season in 2007 and 

2008, in sites that form part of a program to monitor the river’s water quality.  

Temporal and spatial differences were noted in the isotopic values obtained, with 

a higher isotope range variation in the dry season. Between-season comparisons 

were statistically significant for both isotopes in faunal tissues. Differences 

between basins were statistically significant only in the wet 2007 season. Stable 

δ13C isotope analysis indicated that organic matter was influenced by forest C3 

and/or autochthonous sources rather than from surrounding agricultural 

vegetation. However, δ15N were around the ratios known from sewage and 

animal waste throughout the sampling area, but were more pronounced in the 

Ayuquila basin. NMDS ordination grouped the sites based on δ15N suggesting 

that organic matter from human and animal sewage has more influence than 

specific land use activities. δ15N values indicated two to three trophic level food 

webs at most sites: exceptions occurred on one location, which was highly 

anoxic. At this site, gather collectors were on top of the food web instead of 

predators. This study confirmed known point sources of nitrogen pollution and 



 

63 

helped identify other sources, all of which require management practices to 

improve the water quality and reduce the impact to the biota.  

3.1. Introduction 
Stable isotope ecology has become increasingly used in various areas of 

ecological science to track movement of energy and matter through ecosystems.  

It is based on measuring the ratios between the heavy and light isotopes of an 

element. These isotope ratios are reported in “delta” (δ) notations which 

represent the parts per thousand (‰) deviation of the sample from international 

recognized standard materials (Howard et al. 2005). Stable isotopes remain 

constant over time and their abundance and variation rates are known (Fry 

2006), making stable isotope analysis ideal to follow changes in ecosystems’ 

composition and structure (Boutton et al. 1999).   

Carbon and nitrogen are two of the most common elements used in 

isotope ecology, and by measuring and analyzing their isotope ratios (13C/12C, 
15N/14N), ecologists have inferred trophic links (Layman et al. 2007), traced 

ecological change in time  (Dawson and Siegwolf 2007), or  determined the 

sources and origins of matter (e.g. marine versus freshwater, forest versus 

savanna, detritus or planktonic, nutrient pollution or anthropic derived (Hamilton 

et  al. 1992; McClelland and Valiela 1998; Martinelli et al. 1999a, 1999b, 2007), 

among many other increasing uses.  

 Isotope values have widely been used to identify and elucidate trophic 

positioning in food webs and, by using an isotope baseline, the ecological 

relationships in a community can be deduced (Gustafson et al. 2007). Stable 

isotope tracing offers two potential advantages in terms of food-web analyses; 

first, the stable carbon (δ13C) and stable nitrogen (δ15N) isotope values of animal 

tissue represent the integration of carbon and nitrogen over a prolonged period, 

and second, they are based on assimilation rather than ingestion (Peterson and 

Fry 1987). For nitrogen, δ15N exhibits stepwise enrichment with trophic transfers 

between 2.5 and 3.4‰ per each trophic position (Minagawa and Wada 1984, 

Peterson and Fry 1987, Post 2002; Vanderklift and Ponsard 2003); while δ13C 
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varies substantially among primary producers with different photosynthetic 

pathways (e.g., C3 versus C4 plants), but changes little (~1‰) with trophic 

transfers (DeNiro and Epstein 1981).  

 Another important application N isotope analysis has in aquatic ecosystem 

functioning is the identification of sources of nitrogen pollution derived from 

human activities (Lake et al. 2001, Vizzini and Mazzola 2004). Many are the 

human sources of N to water bodies, but the most important include animal or 

sewage wastes, atmospheric deposition, and run-off from agricultural fields, 

waste dumps and burned forests (Heaton 1986; Camargo and Alonso 2007). The 

excess N found as ammonia and nitrate can be tracked as it is incorporated in a 

system’s biological components in different environments (Lindau et al. 1997; 

Vander Zanden et al. 2005).  As such, stable isotope ecology has been proposed 

and used as a tool in aquatic biological assessments (Diebel and Vander Zanden 

2009).  

 Although not part of the biological trophic structure, sediment is pivotal in 

sustaining and structuring benthic community composition through the type of 

substrate found (Davis and Lathrop 1992), or as sinks and sources of pollutants 

to aquatic biota (e.g. Brown et al. 2000), and has been frequently used in 

detecting human impacts in aquatic systems in conjunction with the biological 

components it sustains (Schorer and Eisele 1997; Birch et al. 2001; Lake et al. 

2001). 

 In sum, several models have been accepted in isotope ecology using 

these two isotopes (Newsome et al. 2007). For instance, in freshwater 

ecosystems high or enriched δ13C values will most likely indicate C4 plants as 

sources of energy while low or depleted ratios suggest C3 plants (i.e., 

grassland/agriculture versus forest, or benthic versus pelagic). In the tropics, C3 

plants have δ13C values ranging from -34 to -27‰ and C4 plants -14 to -11‰ 

(Martinelli et al. 1999a). Similarly, enriched δ15N and δ13C ratios are associated 

to xeric conditions, pollution, and higher trophic levels (Finlay and Kendall 2007).   

 Therefore, the overall goal of this study was to relate sources of organic 

matter and food web composition to surrounding land use activities.  Specific 
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objectives were threefold: through the use of stable isotope analysis 1) to identify 

sources of organic matter, 2) to characterize the food webs on each site based 

on the isotopic signatures, and then 3) to relate the sources of organic matter 

and resulting food webs to adjacent land use activities. That is, I would expect 

that the C isotope ratios in those sites within the agricultural valley be more 

enriched and characteristic of sugar cane or maize organic matter (C4 plant) and 

the N ratios reflecting manure or agricultural run-off, versus those adjacent to 

forested sites possessing lighter carbon and nitrogen ratios characteristic of C3 

plants and cleaner sites.  

 The study took place in the middle portion of the Ayuquila River in western 

Mexico which has been monitored for water quality in the last 15 years. While 

both the point and diffuse sources of pollution have been identified, little is known 

about the effects of contaminants on the river’s biological structure and 

composition. By identifying or corroborating sources of organic matter (e.g., 

agriculture versus urban, or forest versus agriculture), remedial or preventive 

actions can be proposed to improve watershed conditions as part of the 

undergoing monitoring program. The use of stable isotope analysis will 

incorporate novel information in this regards and will help identify the sources of 

energy (carbon), and the movement of matter (nitrogen) in the river´s biotic 

components and sediment.  

3.2. Methods 

3.2.1. Sample collection  

Seventeen sites were sampled along a land use and pollution gradient in 

the Ayuquila River and Tuxcacuesco River, both part of the Ayuquila-Armeria 

watershed.  The code assigned to each site which will be used in this chapter is 

found in Table 1.3. At each site, three sediment core samples were obtained 

using a 10-cm long 5 cm diameter PVC tube and placed in whirl-pak sampling 

bags inside a cooler. As contaminants in sediments concentrate in stream 

margins and pools in contrast to riffles, where fast water impedes sediment to 
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accumulate, samples were obtained mostly from the river´s margins and pools, 

and were mixed before lab processing.  

 Invertebrates were collected using a D-frame 500 µm mesh kick-net from 

different sections along the river, mostly from riffles, for a total length of 6 meters. 

Fish were caught with a 10-m long seine net along the river for a total of 45 

minutes.  

 Sediment and animal samples were placed in plastic Ziploc bags inside an 

icebox, and once in the laboratory placed in a refrigerator for further analysis. 

More details about the collection of macrofauna are explained in chapter 2. 

3.2.2. Laboratory preparation for stable isotope analysis  

Once invertebrates were sorted out into functional groups, and fish 

identified to species, these were oven-dried along with sediment samples for 36 

hours at 70oC. Invertebrates were dried completely, except for crabs in which 

muscle was extracted from the hard shell. Similarly, small fish were dried whole, 

while pieces of dorsal muscle from fish specimens larger than 10 cm were placed 

in the oven.  Once the samples were dry, sediment was sieved with a 60µ-mesh 

to obtain the fine sediment, while animal tissues were ground to fine powder 

using a mortar and pestle.   

Four 30 mg sediment sub-samples and three to four 1 mg sub-samples 

from invertebrate and fish tissues from each site were placed in 9 x 5 mm tin 

capsules. In some cases, due to the macroinvertebrates size or the small number 

of specimens collected, I could not bring together enough tissue for more than 

one sub-sample. Samples were sent to the UC Davis Stable Isotope Facility for 

carbon (13C/12C) and nitrogen (15N/14N) isotope ratio analyses.  These were 

performed with a PDZ Europa 20/20 isotope ratio spectrometer. δ (delta) 

notations were measured against the reference standards as:  

 

δ13C or δ15N = {(R sample – R standard) / (R standard)} x 1000, 

 



 

67 

where Rsample is 13C/12C or 15N/14N of the samples, and Rstandard are the Pee Dee 

Belemnite (PDB) for Carbon,  and atmospheric nitrogen for Nitrogen reference 

standards.  The standard deviation (± 1 S.D.) for the analytical standards was 

±0.1‰ for C isotopes and ±0.2‰ for N isotopes. 

3.2.3. Estimation of trophic levels 

 Several studies (e.g. DeNiro and Epstein 1981; Minagawa and Wada 

1984; Vander Zanden and Rasmussen 1999) have shown that δ15N values are 

good predictors of trophic position in aquatic systems due to a predictable 15N 

enrichment of consumers relative to their diets.  This has permitted to calculate 

the trophic level (TL) of consumers and construct food webs based on the δ15N 

values that have been assimilated in the tissues of organisms.  TL was estimated 

using the following formula (Post 2002): 

TL= λ + (δ15Nc - δ15Nb) / ∆  

where  λ= is the trophic level of the base, δ15Nc= is the nitrogen isotope value of 

the consumer, δ15Nb = the nitrogen value of the food base, and ∆= the 

enrichment factor or average increase in δ15N values per trophic level.   I 

considered the sediment’s δ15N values as the food base (sensu Jepsen and 

Winemiller 2002), so λ= 1 as sediment values are “equalled” to those of primary 

producers, and a fractionation or enrichment factor of 2.54, based on Vanderklift 

and Ponsard (2003) who proposed this factor based on a meta-analysis that 

included the variation in the N sources.  

3.2.4. Data analysis 

Analyses of variance were used to compare sediment, fish, and 

invertebrate FFG’s δ13C and δ15N values between sites and seasons. These 

analyses were performed using SigmaPlot version 11.0 (Systat software 2008), 

with a significance level of p<0.05.   

Additionally, in order to graphically compare the sampling sites based on 

the functional feeding groups’ isotope ratios similarities, I applied a Non-Metric 
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Multidimensional Scaling (NMDS) (Kruskal 1964; Mather 1976) using PcOrd 5.10 

for Windows (McCune and Mefford 2006). NMDS is an indirect multivariate 

ordination method used to score and identify units that are more similar plotting 

those that are closer together (Beals 2006). This technique helps summarize and 

represent in a graphical way complex non-normal or discontinuous ecological 

data, revealing spatial and temporal variation in community composition and 

relationships (McCune and Grace 2002). The analyses were performed initially 

for carbon and nitrogen independently, and then considering both variables for 

each season. I used the functional group and sediment’s mean δ13C and δ15N 

values from each site as variables. Initial runs were made in autopilot mode using 

6 dimensions, Sorensen distance measure (Bray-Curtis), and 500 maximum 

iterations with a random starting configuration each time. For carbon isotope 

ordinations, the isotope ratios were multiplied by -1 to eliminate negative 

numbers. Plots of stress versus iteration were examined after several runs to find 

homogeneity in the stress values and to look for those with less stress, as low 

stress indicates that the ordinations produced are a good representation of the 

original data and values >20 stress should be interpreted with caution (McCune 

and Grace 2002).  A final run was made with the number of axes suggested by 

the program. In some cases, when the ordination output showed high stress 

values, or the resulting ordination plot suggested a short gradient in its values, 

and thus a linear response, a Reciprocal Analysis was applied to justify the use 

of a linear method.  In those cases, Principal Component Analysis (PCA) was 

performed. PCA works well with data that show a linear response to the variables 

that are being measured (Jolliffe 2002; McCune and Grace 2002). 

3.3. Results and Discussion 
A total of 192 sediment samples and 255 invertebrate and fish samples 

from three field seasons were analyzed for carbon and nitrogen isotopes. A 

summary of the mean isotope values obtained in this study, arranged by season 

and functional groups, is presented in Table 3.1.  
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3.3.1. Temporal Isotope Variability  

Seasonal variation in δ13C values 

The δ13C values of all sediment samples from the three field seasons 

ranged from -29.92‰ to -8.47‰ with a mean of -21.04‰.  This wide range 

(~22‰) corresponded to samples obtained in wet07, and was almost twice the 

range obtained in each of the two other field seasons (Table 3.1.; Figure 3.1a). 

Inter-seasonal comparisons for sediment’s δ13C values were not statistically 

significant (H=0.900, p=0.638). 

The amplitude in the sediment’s δ13C values from wet07 is probably due to 

the incorporation into the water column of soil and sediment from adjacent fields 

and forests as a result of excessive rainfall and flooding conditions. Soil organic 

matter δ13C values reflect the composition of the plants that grow on them 

(Boutton 1996; Martinelli 1999a). Moreover, there is a substantial overlap in the 

isotopic values of the major organic sources that flow into river systems (Finlay 

and Kendall 2007). Martinelli et al. (1999a) reports that tropical areas with 

savannas and C4 grasses have a 9‰ range in the δ13C values from particulate 

organic matter. However, in areas with sugar cane and other C4 grasses, the 

origin of the particulate carbon is not from the decomposition or ingestion of 

these plants by herbivores, but of the soil that is ran off to rivers in rainy events 

(Bunn et al. 1997; Martinelli et al. 1999a; Clapcott and Bunn 2003).  

Mean δ13C values for all invertebrate and fish samples was -24.5‰ with 

ratios ranging from -37.1‰ to -12.8‰. The most depleted δ13C value (-37.1‰) 

belonged to a filter collector in wet07, while the most enriched value (-12.8‰), 

and widest range were obtained from filter collectors in dry08 (Table 3.1.; Figure 

3.1b).   Differences in faunal isotope values among the three seasons were 

statistically significant (F=5.151, p=0.007). However, when running pairwise 

comparisons only the differences between wet07 and dry08 seasons were 

statistically significant (t=3.205, unadjusted p value=0.002).  

Invertebrate and fish functional group δ13C values presented a larger 

variation in the dry08 than in the two wet seasons, and on average more 
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depleted ratios than that of sediment (Figure 3.2.). The δ13C values in lotic 

invertebrates that consume periphyton tend to be more depleted than those from 

terrestrial sources (Lancaster and Waldron 2001). It is in the dry season that the 

river’s water is, on average, less turbid; in addition, solar exposure is on its height 

allowing for the abundance of periphyton in the substrate. Periphyton and 

phytoplankton have isotope ranges of almost 40‰ and 20‰, respectively (Finlay 

and Kendall 2007). MacLeod and Barton (1998), on the other hand, found that 

periphyton’s δ13C values were more enriched as a result of light intensity. 

Additionally, sewage also impacts the isotopic value range of coarse and fine 

particulate organic material. A ~12‰ variation in δ13C values has been reported 

in places under sewage influence (DeBruyn and Rasmussen 2002).  

Seasonal variation in δ15N values  

The δ15N values for all sediment samples (N=192) averaged 5.17‰ with a 

range from 0.6‰ to 11.3‰.  As with δ13C values, the widest range in N ratios 

was from wet07 samples. However, unlike δ13C values, inter-seasonal 

differences in sediment’s δ15N values were statistically significant (H=12.507, 

p=0.002).   

Mean δ15N values in invertebrate and fish samples (N=255) were of 

10.36‰, with ratios ranging from 0.4‰ to 19.6‰. The most enriched δ15N values 

corresponded to macrofauna and fish tissues obtained in dry08 (Table 3.1.; 

Figure 3.1b). As it was expected, the most enriched mean nitrogen ratios 

correspond to fish predators.  Differences in δ15N values among the three 

seasons were statistically significant (Fdf2=3.889 p=0.023). 

Similarly to what happens in carbon fractionation, δ15N values are affected 

by both landscape (e.g., geomorphology, tree cover, and climate (Minshall et al. 

1985)), and local variables (e.g., light intensity, water temperature, pH, water 

velocity: Hecky and Hesslein 1998; MacLeod and Barton 1998; Vuorio et al. 

2006). Thus, many are the confounding factors and sources of variation that may 

blur a precise interpretation (Jennings et al. 1997, Maier et al. 2011), in particular 
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in areas with a diverse land-use mosaic. However, seasonal variation in the 

nitrogen ratios are less pronounced than those of carbon (Kendall et al. 2001; 

DeBruyn et al. 2003). 

3.3.2. Spatial variation in sediment and FFG’s δ13C and 
δ15N values  

Just like seasonal variation in isotope ratios is an accepted fact, so is 

spatial variation. An analysis by sub-basin showed that when the mean FFG 

isotope ratios were considered for all sites, a ~8‰ N trophic enrichment, and a 

~6‰ range in the carbon ratios were apparent in wet07 (Figure 3.3a). However, 

the breadth in isotopic values differed when analyzed separately: the Ayuquila 

sub-basin’s δ13C value range was narrower (~4‰) and its δ15N value range 

increased to ~12‰ (Figure 3.3b). In contrast, the Tuxcacuesco sub-basin had a 

3‰ nitrogen enrichment and a ~21‰ carbon range, with the faunal components 

having a lighter (more negative) value with respect to the sediment’s mean ratio 

(Figure 3.3c). These inter-basin differences were statistically significant (p<0.001) 

for both isotope values from sediment in this season only.  

A similar scenario between basins was seen in dry08 where δ13C values 

had a wider range (20‰), particularly in the Tuxcacuesco basin, with gather 

collectors presenting the highest variation in both isotopes (Figure 3.4).  

Contrastingly, the δ15N value range (~12‰) was wider in the wet08 than the δ13C 

values. However, when isolated, the Tuxcacuesco’s ratios were the opposite 

(Figure 3.5). Nonetheless, these inter-basin isotopic differences were only 

statistically significant for δ15N values (p=0.045) from dry08.  

The sites in the Ayuquila sub-basin had, on average, a higher δ15N 

signature than those in the Tuxcacuesco. This difference in range could be 

explained by the presence of more human settlements, a higher population 

density, larger area and longer history of irrigated sugar cane and maize fields, 

and more cattle, pig and fish production areas, among other probable causes.  

This wide-ranging nutrient supply creates a synergy with a final increased δ15N 
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seen in the Ayuquila River’s biological components; thus the resulting complex 

picture of nitrogen sources and effects (Diebel and VanderZanden 2009)  

Similarly, the heavier δ13C values in the sediment samples from the 

Tuxcacuesco sub-basin’s, above -20‰ in the range of C4 grasses, might be due 

to the incorporation of C4-derived soil and sediment into the water, as explained 

above. However, sugar cane cultivation in this sub-basin is relatively recent. 

Vitorello and collaborators (1989) found that it took around 50 years for 40% of 

C3 carbon in former forested soils to be replaced by C4 carbon from sugar cane 

debris. Thus, the probable source of C4 organic carbon in this sub-basin comes 

from the xeric vegetation’s soil, which is known to present, on average, more 

enriched carbon ratios than mesic or moister vegetation (Newsome et al. 2007). 

Although not exclusive to this basins’ sites, C3 riparian forest corridors with a 

>20m width, except in one site (d.FoUr), that could stop or reduce erosion from 

nearby agricultural landscapes (Pires et al. 2009) are practical inexistent. The 

absence or scarce wooded margins also increase light intensity and temperature, 

factors that are known to produce enriched δ13C values in freshwater and marine 

algae (MacLeod and Barton 1998; Staal et al. 2007). 

 It has also been postulated that a pattern exists from deleted to enriched 

δ13C along a river gradient as a river flows from forested headwaters through 

savannas and agricultural land (e.g. Bird et al. 1994; Martinelli et al. 1999b). 

Sousa and collaborators (2008) found a similar gradient in the δ13C of methane 

originated from organic matter’s decomposition. Although not the norm, this is 

apparently happening in the Tuxcacuesco River before it flows into the Ayuquila 

to form the Armeria River. This gradient of depleted towards enriched isotopic 

ratios is also reflected in the consumers’ isotopic signature (e.g. Benedito-Cecilio 

and Araujo-Lima 2002).  

In our study sites, variability in the isotopic signatures between similar 

functional groups was frequent.  The causes, as explained before, are many. 

Each site δ15N /δ13C biplot graph arranged following the river’s flow for each 

season are presented in the appendices 3.1 to 3.3. 
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3.3.3. Influence of surrounding landscape  

Sediment and FFG δ15N and δ13C values from this study revealed spatial 

and temporal variations which were partially influenced by surrounding 

landscape. This was confirmed graphically using NMDS ordinations. Although 

carbon and nitrogen stable isotopes respond differently to the same variable 

(Chang et al. 2009), in this case NMDS isolated those sites known to receive 

high nutrient-derived effluents (i.e., untreated urban sewage and cattle enclosure 

runoffs) when including either one of the isotopes, or both isotopes as variables 

in the analyses. This suggests that the nutrient load in the river is strong enough 

to make such distinction, masking the importance terrestrial and exogenous 

energy sources have in the carbon isotope characterization of those sites. In 

marine environments, algae δ13C signatures seemed to be affected by salinity 

and amount of nitrogen in the environment (Brutemark et al 2007; Levy et al. 

2010), and heavier δ13C ratios in plant tissues have also been associated with 

increased nutrient availability (Chang et al. 2009). 

For example, in the NMDS ordination graph from wet07 with δ13C values 

as variables (Figure 3.6), three groups were clearly separated,  one which was 

composed of four closely packed sites (Amtl, Herr, DrnG, Txca); while two were 

loosely grouped in two subgroups. All these sites had different dominant 

surrounding land uses. On the other hand, the δ15N NMDS arrangement 

suggested two large groups, one of which could be divided in three smaller 

groups (Figure 3.7). The group consisting of the sites Herr, Amtl, DrnG and Txca 

(also singled-out in the δ13C arrangement) are known to correspond to sites with 

high nutrient load, located in or close to sewage drains or cattle enclosures. All 

but Amtl are immersed in an agricultural landscape. However, when both 

isotopes were included in the ordination analysis (Figure 3.8), these four sites 

were also grouped together.   

Similar graphical arrangements resulted when using the data from dry08 

(Figures 3.9 to 3.11) and wet08 (Figures 3.12 to 3.14). In these cases, the sites 

that were usually singled out (e.g., DrnA, Pbco, DrnG, Amtl and Snbn site 



 

74 

numbers 5, 6, 7, 9, and b, respectively) are strongly influenced by sewage 

derived point sources, versus the others which have mixed diffuse sources. The 

opposite was seen with Mntl (site 10), a site that was completely isolated in both 

dry08 and wet 08 δ15N NMDS ordination plots (Figures 3.10 & 3.13).  In addition, 

trophic webs from this forested site were usually placed in the lower levels 

(Figure 3.15).  Thus, these results suggest that the N loads do have a higher 

influence in determining the similarities between sites.  

Nonetheless, when the all FFG and sediment isotope values from forested 

sites were statistically compared with those from agricultural dominated 

landscapes, differences in the δ15N values were not significant in the three 

seasons, whereas  the δ13C values were (wet07: H=16.429, p=<0.001; dry08: 

H=5.917, p=0.015; and wet08: H=8.1857, p=0.004). Additionally, if the FFG 

isotope values were analyzed independently from those of sediment, 

comparisons were not statistically significant for FFG’s C  and N isotope values 

nor for sediment’s δ15N values, while differences in the sediment’s δ13C  values 

from these two land uses were significant (p<0.001) for the three seasons.  

These findings suggest that the carbon isotope signature from a site is strongly 

influenced by the δ13C values in the organic layers in sediment, which contradict 

the NMDS graphical displays explained above, and remind us of the multiple 

sources that influence isotope values in a system. This calls for further research. 

3.3.4. Trophic arrangement 

A trophic web characterization for each site was obtained based on its 

FFG’s δ15N values. An enrichment factor of +2.54‰ relative to the diet was 

considered for each trophic level (Vanderklift and Ponsard 2003). The trophic 

levels obtained for each FFG are summarized on Tables 3.2 to 3.7. On average, 

the different functional groups’ trophic position corresponded to what would be 

expected, although there were a several exceptions. For instance, filter and 

gatherer collectors in several sites were at the same or upper trophic level than 

invertebrate predators or fish omnivores, which based on the assumption of 

stepwise trophic enrichment, should be in a higher position. At the same time, the 
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food web in the site with water flowing in from a forested protected area (Mntl site 

10), had the lowest nitrogen imprint throughout the study, with the opposite trend 

in Zenz (site 11), where both invertebrates and fish had the highest nitrogen 

levels on average.  

There are several reasons that can explain the fact that filter-collectors 

and gatherer invertebrates had higher δ15N values than those of predators.  First, 

the ingestion of nitrogen enriched suspended material coming from sewage or 

animal enclosures. This was more evident in the dry08 season (Table 3.2), 

where these functional groups were in a higher position in five sites.  Nitrogen 

isotopic signatures tend to be more variable among invertebrates than in fish, 

and in herbivores versus carnivores, as a result of the variability of sources that 

affect nitrogen fractionation (DeBruyn et al. 2003; Vander Zanden and 

Rasmussen 2001). Various studies have reported that aquatic plants and 

animals that live in areas receiving effluents from agricultural and urban areas 

assimilate the inorganic nitrogen, reflecting an enriched δ15N value in their 

tissues (e.g., Cabana and Rasmussen 1996; McClelland and Valiela 1998; 

Vander Zanden et al. 2005; Kohzu et al 2008; Bucci et al. 2011).  A literature 

review done to compare the δ15N values reported for filter collectors, scrapers, 

gather-collectors and omnivore species from tropical and temperate regions 

(Table 3.2), some in similar landscape scenarios, showed higher nitrogen ratios 

in the samples from this study region. The differences between the mean values 

of the four groups compared were statistically significant for filter-collectors 

(p=0.023) and omnivores (p=0.008). 

An incorrect classification can be a second reason. This is a mistake that 

can easily happen when the ecology and natural history of a taxonomic group is 

not thoroughly known, or when using information from temperate reasons to 

apply it in tropical scenarios where knowledge gaps still exist in this area 

(Tomanova et al. 2006). Variations in the δ15N values of primary producers in the 

base of a food web, change with fractionation rates, fluctuating resource 

availability, and even human population density within a watershed (Cabana and 

Rasmussen 1996; Jardine et al 2005). Finally, species from different taxa are 
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many times arbitrarily assigned to the same functional feeding group, masking 

physiological and ecological differences that are not necessarily recognized 

using nitrogen isotope analysis. Even individuals from a same species with 

similar diets can have different δ15N values (Jardine et al 2005), which explains in 

part the difficulty in assigning a trophic level. 

As many authors repeatedly have suggested, more research in this area 

of trophic ecology is still necessary, as questions like the impacts land use 

change or invasive species are having in the structure and functioning, and 

overall health, of this and other rivers in Mexican scenarios remain unanswered.  

3.4. Conclusions 
This is the first exercise that uses isotope analyses to characterize the 

carbon and nitrogen isotope values from sediment, macroinvertebrates and fish 

samples from two rivers in the middle portion of the Ayuquila-Armeria watershed. 

The aim was to test the idea that sources of organic matter and resulting food 

webs could be related to adjacent land uses.   

This was true for nitrogen isotope ratios of most samples. δ15N values 

suggested sewage and animal waste as main sources of organic matter, rather 

than from specific land use activities. This was more evident in the more densely 

populated Ayuquila sub-basin. No significant differences between forested and 

agricultural scenarios were found in the nitrogen signatures, suggesting a strong 

influence from urban dwellings. NMDS ordination arrangements confirmed these 

findings, grouping those sites which had a higher impact from sewage derived 

organic matter. 

The inverse happened with the carbon isotope signatures; δ13C values from 

the samples did not correspond to C4 agricultural vegetation as I had expected, 

but organic matter carbon ratios were influenced by forest C3 vegetation and/or 

authochthonous sources; the C isotope ratios in sediment apparently determined 

a site’s δ13C signature.  Differences between forested and agricultural sites δ13C 

values were statistically significant during the three seasons sampled. 
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Spatial and temporal comparisons in the isotope values were divergent. 

Seasonal differences in sediment δ13C were not statistically significant but faunal 

ratios were, whereas δ15N ratios were significant for both types of samples. 

Similarly, seasonal differences between the two sub-basins were only significant 

for the isotope values in one wet season.  

 δ15N values indicated two or three trophic levels in the food webs at most 

sites. Exceptions in many sites occurred where trophic enrichment did not 

correspond to what was expected or in situations where anoxic conditions 

prevailed.  Food webs receiving water from a mountainous forested site had the 

lowest nitrogen enrichment factors in the three seasons, reinforcing the idea that  

human and animal waste are main determinants in the isotopic signature in the 

rest of the sites.  

The use of this technique helped confirm known sources of pollution while 

identifying other sources. The organic matter isotope values from these were 

reflected in the animal tissues and sediment layers analyzed. Thus, it has an 

important potential in providing other polluting sources that can eventually help in 

the restoration and rehabilitation programs being implemented in this watershed. 
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Table 3.1. Summary of δ13C and δ15N values in sediment and functional feeding groups from all sites and 
seasons sampled (n= number of samples, SD= standard deviation).  

FFG n 
Mean 

δ15N (0/00) 
±SD 

Range Max -Min 
Mean 

δ13C (0/00) 
±SD 

Range Max -Min 

Wet 07 
 

          
 Filter collectors 12 7.6  ±2.6 7.75 10.5 - 2.7 -25.5 ± 5.4 15.84 -21.3   -37.1 

Gatherers 5 7.9  ± 0.5 1.17 8.4 - 7.2 -24.5 ± 1.2 2.77 -23.4   -26.2 
Scrapers 7 9.2 ± 1.9 5.75 11.3 - 5.6 -25.0 ± 2.5 7.14 -20.9   -28.0 
Omnivores1 4 16.4 ± 0.3 0.63 16.6 -16.0 -24.8 ± 1.9 4.05 -23.4   -27.4 
Predators 23 9.4 ± 3.2 12.25 16.9 - 4.6 -24.9 ± 2.7 9.69 -20.5  -30.2 
Sediment 100 4.8  ± 2.0 10.65 11.3 - 0.6 -20.7 ± 4.5 21.46 -8.5   -29.9 
Dry 08 

  
 

  
 

 Filter collectors 15 8.5 ±4.1 16.6 18.5 - 2.5 -24.8 ± 4.3 18.66 -12.8  -31.4 
Gatherers 10 10.9 ± 3.0 11.42 18.1 - 6.7 -27.6 ± 3.2 8.67 -25.2  -33.8 
Scrapers 16 8.1 ± 2.9 10.88 11.3 - 0.4 -24.4 ± 2.5 9.4 -17.3  -26.7 
Omnivores1 4 13.7 ± 3.4 7.25 18.7 - 11.4 -22.4 ± 1.6 3.12 -21.0  -24.1  
Predators 21 10.7 ± 3.8 16.12 19.6 - 3.5 -25.6 ± 2.1 8.24 -20.5  -28.8 
Fish omnivores 18 11.1 ± 2.8 9.15 15.0 - 5.9 -24.6 ± 2.4 8.94 -20.4  -29.4 
Fish herbivore 5 10.8 ± 4.4 11.37 14.6 -3.2 -27.2 ± 3.7 8.53 -23.1  -31.7 
Fish carnivore 1 11.84 -- --- -23.9  -- --- 
Sediment 43 5.5 ± 1.3 6.74 8.0 - 1.3 -21.7 ± 2.9 11.53 -14.1  -25.6 
Wet 08 

       Filter collectors 17 8.9 ± 2.4 8.2 11.6 - 3.4 -23.7 ± 2.3 8.5 -21.5  -29.5 
Gatherers 12 7.9 ± 2.9 9.2 11.8 - 2.6 -24.6 ± 2.4 7.2 -20.4  -27.6 
Scrapers 19 8.4 ± 2.1 8.9 11.8 - 2.9 -24.9 ± 1.9 7.8 -20.6  -28.4 
Omnivores1 15 11.3 ± 2.0 6.6 14.9 - 7.6 -21.8 ± 1.7 5.2 -18.7  -23.9 
Predators 39 9.8 ± 3.0 11.1 14.2 - 3.1 -24.4 ± 2.3 9.4 -19.1  -28.5 
Fish Herbivores 9 8.7 ± 2.7 6.7 12.8 - 6.1 -24.5 ± 1.6 4.8 -21.8  -26.6 
Fish Omnivores 63 11.0 ± 3.2 13.8 15.6 - 1.8 -23.2 ± 2.4 11.3 -18.2  -29.5 
Fish Predators 17 14.8 ± 1.2 3.7 16.6 - 12.9 -24.1 ± 1.9 6.5 -21.0  -27.5 
Sediment 49 5.5 ± 1.7 9.8 10.5 - 0.7 -21.4 ± 3.2 13.3 -13.5  -26.8 

1Crabs and crayfish were considered as invertebrate omnivores.    
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a) Sediment isotope values
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 b) Macrofauna isotope values
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Figure 3.1. Dual δ13C and δ15N bi-plots from a) sediment (N=192) and, b)| macrofauna samples (N=255) 
from the three sampling seasons.   
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Figure 3.2. Mean (± 1 s.e) FFG and sediment’s δ15N / δ13C biplots grouped by field season. 
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All sites in the Ayuquila watershed
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b)  Ayuquila sub-basin
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c) Tuxcacuesco sub-basin
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Figure 3.3. Mean (± s.e.) δ13C and δ15N biplot arrangement of sediment and faunal samples for wet07 by 
sub-basin. Differences were statistically significant (p<0.001) for both isotopes; a) all sites considered; b) 
Ayuquila sub-basin; and, c) Tuxcacuesco sub-basin. 
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All sites in the Ayuquila watershed
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b)  Ayuquila sub-basin
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c) Tuxcacuesco sub-basin
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Figure 3.4. Mean (± s.e.) δ13C and δ15N biplot arrangement of sediment and faunal samples for dry08 by 
sub-basin. Differences were not statistically significant; a) all sites considered; b) Ayuquila sub-basin; and, 
c) Tuxcacuesco sub-basin. 

Dry08 
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All sites in Ayuquila-Armeria 
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Ayuquila sub-basin
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Tuxcacuesco sub-basin
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Figure 3.5. Mean (± s.e.) δ13C and δ15N biplot arrangement of sediment and faunal samples for wet08 by 
sub-basin. Differences were statistically significant (p=0.045) for faunal N values. a) all sites considered; b) 
Ayuquila sub-basin; and, c) Tuxcacuesco sub-basin. 
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Figure 3.6. NMDS plot showing 2-dimensional distances among sites according to their sediment and 
biota’s  δ13C values for wet07. Final stress of 6.3307 after 103 iterations. 
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Figure 3.7. NMDS plot showing 2-dimensional distances among sites according to their sediment and 
biota`s δ15N values for wet 07. 
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Figure 3.8. NMDS plot showing 2-dimensional distances among sites according to their sediment and 
biota’s  δ15N and δ13C values for wet07. 
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Figure 3.9. PCA plot of the sites according to their FFG and sediment’s δ13C values for dry08. The two 
axes that accounted for 76.2% of the total variation are presented. 

Note: A 1-dimensional NMDS ordination graph resulted for sites’ arrangement based on  δ13C, with a stress value of 
25.44 after 37 iterations suggesting that the test performance was poor (McCune and Grace 2002). Thus, a Reciprocal 
Averaging (RA) test was performed, resulting in a 0.76 total variance. When variance is less than 1, the use of linear 
ordination methods, such as PCA, is justified; therefore, a PCA analysis was run.  
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Figure 3.10. NMDS ordination plot showing 2-dimensional distances among sites according to their δ15N 
values for dry08. 
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Figure 3.11. NMDS arrangement of the sites according to their sediment and biota’s δ13C and δ15N values 
for dry08.  Those sites to the right of the dotted line have a higher influence of sewage waste. 
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Figure 3.12. 2-dimensional NMDS ordination arrangement of the sites according to their sediment and 
biota’s δ13C in wet08. Final stress of 8.5355 after 129 iterations 
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Figure 3.13. NMDS plot of the sites according to their  sediment and biota’s  δ13N values for wet08 
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Figure 3.14. NMDS ordination graph of the sites according to their sediment and biota’s  δ13C and δ15N 
values for wet08 
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Figure 3.15. Trophic structure arrangement on each site following the Functional feeding group 
classification for wet07 and dry08. The arrows show those groups whose N values place them above a 
normal situation. The sites are arranged following the river’s flow. The vertical line in the x- axis indicates the 
division between the Ayuquila sub-basins sites and those from the Tuxcacuesco sub-basin. 



 

94 

 
 

Figure 3.16. Trophic structure arrangement on each site following the Functional feeding group 
classification for wet08. The arrows show those groups whose N values place them above a normal 
situation. The sites are arranged following the river’s flow. The vertical line in the x- axis indicates the 
division between the Ayuquila sub-basins sites and those from the Tuxcacuesco sub-basin. 
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Table 3.2. Mean trophic level estimated from invertebrate functional feeding groups’ δ15N values in 
different sites in the Ayuquila-Armeria River in wet07. Sediment’s δ15N  was considered as the isotopic 
baseline. 

FFG 1FoTA 2.IA 10.Fo 11.FoTA 12.Fo 13.Ta a.Fo l.Ur 

Omnivore    5.21     
Predator 3.9 3.2 2.9 5.2 2.6 2.9 3.1 2.5 
Gather 2.5    1.6 2.0   
Scraper  3.3   2.0 2.7 1.7  
Filter  3.6 2.1  2.2 2.9 2.4  
Sediment 1 1 1 1 1 1 1 1 
 

 
 
 

Table 3.3. Trophic level (TL)  of each invertebrate functional group  in each site sampled in the Ayuquila-
Armeria River in wet07 according to its δ15N value shown in Table 3.2. Bold figures show FFGs that would 
not correspond to that TL. 

TL 1.FoTa 2.IAFo 10.Fo 11.IAFo 12.IAFo a.Fo c.Ur 13.IAFo 
5-6    Omnv 

Pred 
    

4-5         
3-4 Pred FCol 

Scrp 
Pred 

   Pred   

2-3 GCol  Pred 
FCol 

 Pred 
FCol 
Scrp 

FCol Pred Pred 
FCol 
Scrp 
GCol 

1-2     GCol Scrp   
0 Sdmnt Sdmnt Sdmnt Sdmnt Sdmnt Sdmnt Sdmnt Sdmnt 
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Table 3.4. Mean trophic level estimated from invertebrate and fish functional feeding groups’ δ15N values in different sites in the Ayuquila-Armeria 
River in dry08. Sediment’s δ15N  was considered as the isotopic baseline. 

FFG 
1.FoTA 
(Laja) 

 

2.IAFo 
(Chac) 

 

3.IA 
(Pegr) 

 

4.IA 
(Herr) 

 

5.UrIA 
(DrnA) 

 

6.IA 
(Pbco) 

 

8.IA 
(Achc) 

9.IA 
(Amtl) 

10.Fo 
(Mntl) 

11.IAFo 
(Zenz) 

12.IAFo 
(Parl) 

a.Fo 
(Prsa) 

d.FoUr 
(Txca) 

13.TA 
(Armr) 

FsPrd        3.18       
FsOmn  4.20  2.99 1.38 2.30    2.35 3.96 4.02 3.57 3.12 
FsHrb      2.11     3.86  4.52  
Omn 4.12  3.25 2.97    1.71  5.21     
Pred 3.52 1.88 2.81 2.15   0.02  2.45 3.83 2.90 3.51 3.69 2.79 
Scrp 3.12 2.68 2.65 2.64     3.10 3.09 2.51 6.18 2.60 2.89 
GCol  2.09 2.52 2.12     1.35  1.81 3.50 3.02 1.76 
FCol 3.74 1.90 2.51 2.65   -0.92 0.82 1.85 3.57 2.66   2.40 
Sdmnt 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

 
Table 3.5. Trophic level (TL)  of each invertebrate and fish functional group  in each site sampled in the Ayuquila-Armeria River in dry08 according to 
its δ15N value shown in Table 3.4.. Bold figures show FFGs that would not correspond to that TL.  

TL 1.FoTA 2.IAFo 3.IA 4.IA 5.UrIA 6.IA 8.IA 9.IA 10.Fo 11.IAFo 12.IAFo a.Fo d.FoUr 13.IAFo 
6            GathCol   
5-6          Omnv     
4-5 Omnv FshOmn          FshOmn Fsherb  
3-4 FiltCol 

Pred 
GathCol 

 Omnv      GathCol Pred 
FiltCol 
Scrpr 

FshOmn 
Fsherb 

Predtr 
Scrpr 

Predtr 
FshOmn 

Scrpr 

FshOmn 

2-3  GathCol 
Scrpr 

Pred 
GathCol 

Scrpr 
FiltCol 

FishOmn 
Omnv 
FiltCol 

GathCol 
Pred 
Scrpr 

 FishOmn 
FishHerb 

 FishPred Pred FshOmn Pred 
FiltCol 

GathCol 

 GathCol GathCol 
Pred 

FiltCol 

1-2  FiltCol 
Pred 

  FishOmn  Pred 
FiltCol* 

Omnv 
FiltCol 

FiltCol 
Scrpr 

    Scrpr 

0 Sedmnt Sedmnt Sedmnt Sedmnt Sedmnt Sedmnt Sedmnt Sedmnt Sedmnt Sedmnt Sedmnt Sedmnt Sedmnt Sedmnt 
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Table 3.6. Mean trophic level estimated from invertebrate and fish functional groups’ δ15N values in different sites in the Ayuquila-Armeria River in 
wet08. Sediment’s δ15N  was considered as the isotopic baseline. 

FFG 
1.FoTA 
(Laja) 

 

2.IAFo 
(Chac) 

 

3.IA 
(Pegr) 

 

4.IA 
(Herr) 

 

6.IA 
(Pbco) 

8.IA 
(Achc) 

9.IA 
(Amtl) 

10.Fo 
(Mntl) 

11.IAFo 
(Zenz) 

12. IAFo 
(Parl) 

a.Fo 
(Prsa) 

b.IA 
(SnBn) 

c. Ur 
(Tnya) 

d.FoUr 
(Txca) 

13. TA 
(Armr) 

FsPrd  3.99 4.89      4.31  5.18   4.86  
FsOmn  3.36  3.39 0.64 1.79    3.65 4.33 4.01 3.95 4.09 3.82 
FsHrb  3.43  1.66  1.59     3.97     
Omn 2.74  3.12 2.82   0.29  3.48 2.9     3.46 
Pred 3.05 3.16 3.16 3.16  2.17  1.85 4.60 2.74   1.70 2.09 2.83 
Scrp 2.82 2.11 2.46   2.55  1.32 2.49 1.90 6.18  1.89  2.03 
GCol 2.04 2.81 1.76 2.89  2.98  1.23 0.37 1.13   1.31 1.57 1.28 
FCol 2.74 2.69 2.80    0.29 1.53 2.42 2.33 2.53  1.53 2.17 2.31 
Sdmnt 1 1 1 1 1 1 1 1 1 1 1   1 1 

 
Table 3.7. Trophic level (TL)  of each invertebrate and fish functional group  in each site sampled in the Ayuquila-Armeria River in wet08 according to 
its δ15N value shown in Table 3.6.. Bold figures show FFGs that would not correspond to that TL.  
TL 1.FoTA  2.IAFo 3.IA 4.IA  6.IA  8.IA 9.IA 10.Fo 11.IAFo 12. IAFo a.Fo b.FoIA c.Ur d.FoUr 13.IAFo 
5-6           FsPrd     
4-5   FsPrd      Pred 

FsPrd  
 FsOmn FsOmn  FsPrd 

FsOmn 
 

3-4  
 
Pred 

FsPrd 
FishHerb 
FSOmn 
Pred 

Pred 
Omn 

FSOmn 
Pred 
 

    Omn  
 

FsOmn 
 

FsHrb 
 

 FsOmn  FsOmn 
Omn 

2-3 Scrp 
Omn 
FCol 
GCol 

GCol 
FCol 
Scrp 

FCol 
Scrp 
GCol 
 

GCol 
Omn 
 

 GCol 
Scrp 
Pred 

  Scrp FCol 
 

Omn 
Pred 
FCol 
 

FCol   FCol 
Pred 
Gcol 

Pred 
FCol 
Scrp 

1-2    FsHrb FsOmn FsOmn 
FsHrb  

Omn 
FCol 

Pred 
FCol 
Scrp 
GCol 

GCol Scrp 
GCol 

  Scrp 
Pred 
FCol 
GCol 

 GCol 

0 Sdmnt Sdmnt Sdmnt Sdmnt Sdmnt Sdmnt Sdmnt Sdmnt Sdmnt Sdmnt Sdmnt Sdmnt Sdmnt Sdmnt Sdmnt 
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4. Trace Metal Concentrations in the Ayuquila 
Watershed 

Abstract 
The specific objectives of this study were to 1) determine the concentrations of 

the trace metals Cd, Pb, Cu, Zn, and macronutrients Mn and Fe in  food webs 

(sediment, macroinvertebrate and fish) from 17 sites in the Ayuquila-Armeria 

River in both wet and dry seasons, and 2) to determine if patterns in metal 

concentrations within each site specific foodweb were season or site dependant 

where land use activities differed at each site.  Metal concentrations in sediments 

were site and seasonal dependent:  Cd, Cu, and Mn had higher concentrations in 

the dry season, while Zn concentrations were higher in the wet season  

(H=126.292, p<0.001)   Temporal differences existed in  Cd, Cu, Pb, Zn and Fe 

concentrations from different functional groups. Metal concentrations decreased 

as trophic level increased. Invertebrates and fish with higher metal 

concentrations were from the agricultural valley, Mean Cd, Pb, Cu and Zn 

concentrations in invertebrate and fish tissues were above the thresholds 

established as safe by the Mexican government for the protection of aquatic 

wildlife and human consumption.  Concentrations of Cd, Cu, Pb, and Mn in 

sediment and functional groups were associated to urban and mine runoff.  This 

study provides a baseline for metals in the Ayuquila-Armeria river ecosystem 

which will allow for an evaluation of different management activities and 

unregulated mine extraction now proliferating in the region.  
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4.1. Introduction 
Metals are natural elements many of which are physiologically essential 

for life. At the same time, human history and social development are associated 

with the use of metals.  The extraction of metals from their ores and 

transformation into tools is considered one of the oldest applied sciences and the 

catalyst of technological advancement (Nriagu 1996; Hong et al. 1996).  Records 

from human-caused pollution resulting from the production of copper can be 

traced back to the Roman and Chinese empires (Hong et al. 1996; Rhind 2009).  

Metal pollution developed into a global environmental problem since the 

Industrial Revolution when the amounts of metals released have increased 

steadily and exponentially, making metal toxicity surpass the toxicity of 

radioactive and organic material pollution combined (Nriagu and Pacyna 1988; 

Nriagu 1996). There are 80 elements classified as metals of which 30 have been 

reported to be toxic to humans (Hollengberg 2010).  

Trace metals is the term used to identify those elements present in living 

organisms in limited amounts, which include those known as essentials (e.g., Fe, 

Mg, Mn, Co, Cu, Cr(III) and Zn) in addition to those that have no known 

metabolic function, such as Cd, Hg, different forms of Cr, Pb, among others 

(Viarengo 1985). Source and fate of metals in the environment are well 

documented, all of which agree that, aside from natural deposition and rock 

weathering, metals derived from industrial processes, mining, urban runoff and 

agricultural practices constitute one of the five major types of toxic pollutants 

(Mason 2002); twenty-three of these metals, known as heavy metals, constitute a 

group with higher adverse potential. All metals are potentially toxic: “the dose 

makes the poison”. However, toxic thresholds between essential metals, like Mn 

and Fe, and those that are toxic at low concentrations have many levels of 

difference. For example, the concentration level in sediment below which no 

harmful effects to organisms are expected for Cd is 0.99 mg/kg dry weight 

(MacDonald et al. 2000), while that in Fe is 20,000 mg/kg dw (US-EPA 2012). 
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Unlike organic chemicals and other pollutants, metals do not degrade and tend to 

accumulate in sediments and soils, and can be transferred and magnified 

through food webs (Dudka and Adriano 1997; Croteau et al. 2005).  Therefore, 

although metals are essential in biological -and industrial- processes, their 

present concentrations in the environment as a result of human activities 

constitute a constant hazard to an ecosystem’s overall health (Dudka and 

Adriano 1997; Rhind 2009).  

Freshwater and marine environments have been long studied in relation to 

fate and effect of anthropogenic metals within these aquatic ecosystems. These 

systems receive the direct and indirect depositions from natural and human 

surrounding activities, exceeding by far the amounts of trace metals released into 

the atmosphere (Nriagu and Pacyna 1988). Metal pollution in streams is related 

to mine extraction, industrial and domestic sewage, lixiviation of waste material, 

agricultural and urban runoff, deforestation, and atmospheric deposition 

(Richardson and Kiffney 2000; Adriano 2001). Metals behave differently once 

they enter an aqueous medium; some remain in the water column, but most of 

them are transported by colloids to be absorbed by periphyton and sediment, or 

bind directly to sediments, so the concentrations in the water column are usually 

lower than those in the sediment (Luoma 1983). It is here where metals are 

ingested by macroinvertebrates or fish and then transferred up in the food chain 

(Farag et al. 2007). Metal availability depends largely on the chemical and 

physical characteristics of the environment, such as temperature, pH, water 

hardness and salinity, among others (Breder 1982; Luoma 1983, van 

Griethuysen et al. 2004). 

Metals affect individual organisms and the overall ecosystem in different 

ways with fluctuating toxic level thresholds (Goodyear and McNeill 1998; Adriano 

2001). Some aquatic invertebrates are known to tolerate or even avoid metals 

better than others due to their capacity of producing metal-binding proteins 

(Rainbow 2002; Kiffney and Clements 2003; Lefcort et al. 2004), the food they 

prey upon (Reinfelder and Fisher 1991), or the organ in which the metal is stored 

(Hare et al. 2003).  Despite the fact that some plant species have been used to 
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remove toxic contaminants from the environment, known as phytoremediation 

(Lasat 2002), essential metals (e.g. Cu, Fe, Mn and Zn) and non-essential ones 

(e.g. As, Cd, and Pb) affect plant physiology if assimilated in high levels (Dudka 

and Miller 1999; He et al. 2005; Smical et al. 2008). In contrast, these same 

metals vary highly in invertebrates, posing contrasting toxic effects even in 

organisms from a same taxon (Adriano 2001; Rainbow 2002), or humans of 

growing age (Goyer 1995; Brewer 2010). Trace metals in terrestrial ecosystems 

usually accumulate in soils, where they are transferred to plants, 

microorganisms, animals and humans (Dudka and Miller 1999).   In aquatic 

ecosystems, the transference usually starts in sediments, but metals in the water 

column and food items can also be transferred through food webs, and in some 

cases, tend to bioaccumulate in larger organisms (Hare et al. 2003; Croteau et 

al. 2005). In spite of the relevance sediment has for river macroinvertebrate 

communities, many biological indices focus on testing water quality disregarding 

the role sediment has as a source of metals and other pollutants (Adams et al. 

1992). As all metals have applications nowadays, metal pollution is globally 

widespread and increasing with huge environmental costs despite the fact that 

many metal applications are being replaced by plastics (Dudka and Adriano 

1997; Hare et al. 2003). However, more than the direct effect metal pollution has 

on individual organisms and species, which can be quite variable within and 

between sites, the consequences it has in disrupting ecosystem processes may 

be of greater importance (Kiffney and Clements 2003).  

Distribution and concentration of metals in aquatic ecosystems varies 

greatly in time and space (e.g., Smith et al. 1996; Rainbow 2002, Tulonen et al. 

2006; Kpee et al. 2009), as water’s pH, alkalinity, temperature, and organic 

content, among many other environmental variables, as well as those caused by 

humans like wastewater discharge and irrigation (e.g. Luoma 1983; Iwashita and 

Shimamura  2003;  Nicolau et al. 2006) influence the amount of trace metals in 

the water column and bed sediments. These concentration variations can even 

be daily (Brick and Moore 1996), and are strongly related to the sediment’s grain 

size (Huang and Lin 2003; Cenci et al. 2004), the floodplain width and a river’s 
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flow hydraulics (Wyzga and Ciszewski 2010), as well as the presence of organic 

material (Charriau et al. 2011). 

As with sediments metal bioavailability and uptake by organisms is 

influenced by several environmental factors, age, size, physiological strategies 

and seasonal conditions (Hinch and Stephenson 1987; Phillips and Rainbow 

1989; Metcalfe-Smith et al. 1996). Nonetheless, the presence of metals in the 

environment does not mean that these are bio-available. Substantial differences 

were noted when comparing metal concentrations by functional feeding groups, 

as water chemistry, type of substrate, pH, hardness, and temperature, among 

other environmental variables (Luoma 1983; Goodyear and McNeill 1999; 

Anderson et al. 2004), while individual differences such as variation in the diet 

within a feeding guild, age and size of the specimens (Timmermans et al. 1989; 

Goodyear and McNeill 1999) also influence the uptake by organisms.   

Despite the fact that literature abounds with information about the 

temporal and spatial variability of metal concentrations in aquatic systems, there 

is no consensus on the effects these have on organisms (Mayer-Pinto et al. 

2010). However, there is still a need to continue looking for evidence in different 

geographical and temporal scenarios about the fate and effects metals have in 

the environment in order to aid in conservation and management actions (Mayer-

Pinto et al. 2010).  

4.1.1. Aim of this study 

The Ayuquila-Armeria River is considered the second most important river 

due to its biodiversity and the third largest in drainage area in the state of Jalisco, 

Mexico. As such, it is important as a water source for agricultural activities and 

human consumption. However, the use of agrochemicals, the increasing number 

of animal  enclosures, and the lack of water treatment facilities that could reduce 

the amount of urban and industrial pollutants, cause the point and diffuse runoff 

of several organic and inorganic pollutants into the river. For almost two decades, 

water quality monitoring in the watershed has focused in detecting sources of 

organic pollution and its impact in the fish and invertebrate communities’ 
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composition through the use of biotic indices. Even so, research on the presence 

of other contaminants is scarce and has focused mainly on detecting heavy 

metals in the water column (e.g. Medina-Pineda 2002; Martinez et al. 2007, 

2008), without looking at the possible impacts these might have in the system’s 

biological components.  

The present study is part of a larger project that aims to assess the 

influence land use has in the river’s biota in this part of western Mexico. As such, 

I aim to include in the watershed’s monitoring program the analysis of metals in 

the sediment to have a better idea of the river’s conditions and the possible 

effects these pollutants have in the river’s biological structure. I wanted to test the 

hypothesis that metal concentrations within the river food webs were 

independent of surrounding land use activities. That is, I consider that those sites 

in areas surrounded by intensive agriculture will have higher concentrations of 

particular metals associated with agrochemicals, such as Cd, Zn or Cr, while 

those that receive urban-derived effluents will be higher in Cd and Pb. To test 

this hypothesis I determined concentrations of six metals from 17 locations along 

the river and related these concentrations to land use activities. The sites 

selected are part of the water quality program, and are known for particular point 

and diffuse pollution, in addition to being located adjacent to different land use 

activities.  

Specific objectives were to 1) determine the concentrations of the trace 

metals Cd, Pb, Cu, Zn and macronutrients Mn and Fe in food webs (sediment, 

macroinvertebrate and fish); and 2) to determine if patterns in metal 

concentrations within each specific food web were season or site dependant 

where land use activities differed at each of the sites in the Ayuquila-Armeria 

River.  That is, I would expect higher concentrations of non-essential metals (Cd, 

Pb) and Cu in areas adjacent to agriculture or urban runoff, in addition to higher 

concentrations of metals in  those invertebrates closer to the sediment, such as 

the gatherer collectors.   The goal is to incorporate these findings, as well as the 

methodology, into the river’s on-going monitoring program. By indentifying those 
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sites that require more attention, remediation activities could be proposed to 

better manage and improve the river system’s conditions.  

4.2. Methods 

4.2.1. Sample Preparation and Metal Analyses  

Samples were obtained from sites located in the middle region of the 

Ayuquila-Armeria watershed (Figure 1.1.) in the state of Jalisco, Mexico, in 

August 2007, February 2008, and August 2008.   Twelve sites were chosen in 

the Ayuquila River, four in the Tuxcacuesco sub-basin, and one in the Armeria 

River, 1 km from where the Ayuquila and Tuxcacuesco Rivers confluence. Each 

site´s general characteristics are summarized in Table 2.1, while water 

parameters for each site at the moment of obtaining the biological samples are 

found in Table 2.2. 

At each site three sediment core samples were taken using a 10-cm long 

and 5 cm radius PVC tube, for an approximate volume of 4700 cm3. Samples 

were placed in an ice box and away from direct sunlight, and once in the lab, 

these were oven-dried at 70oC for 36 hrs, sieved with a 60µ mesh and stored in 

plastic Ziploc bags for further analysis. 500 mg to 1 g of clay and silt were 

digested using 10 ml reverse aqua regia (HNO3-HCl, 3:1), left overnight (13-15 

hrs) to finally boil on a hotplate at 110oC for 4 hrs. Once at room temperature, the 

samples were filtered and one ml was extracted and diluted to 10 ml with double 

distilled water.  These 10ml sub-samples were later analyzed for metals.  

Macroinvertebrates were collected using a D-frame kick net with a 500µ 

mesh placed perpendicular to the river flow in different stretches for a total of 6 

meters.  Pomacea flagellata apple snails and Corbicula fluminea mussels were 

picked up by hand.  Fish were caught using seine nets along the river banks for a 

total period of 45 minutes.  Animals caught were also placed in plastic bags 

inside a freezer.   Once in the lab, invertebrates were classified into functional 

feeding groups while fish were separated by species.  All samples were oven-

dried for 36 hrs at 70oC.  Dorsal muscle fillets were cut off from large fish 
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specimens and placed in Petri dishes to be dried for the same time length and 

temperature. Small fish were oven-dried whole. Macrofauna’s tissues were finely 

pulverized using a mortar and pestle. (Sub-samples of 150 mg were digested 

with 10ml environmental grade nitric acid in 25 ml Erlenmeyer flasks placed on 

hotplates to boil to dryness (~0.5 ml). This residue was diluted with 10 ml distilled 

de-ionized water to be used for AAS metal analysis. All glassware and digestion 

tubes were acid washed in 10% nitric acid for at least 24 hours and then rinsed 

several times with distilled and double distilled water prior to use. 

4.2.2. Flame Atomic Spectroscopy Metal Analysis  

All flame atomic absorption spectroscopy measurements were performed 

with a Perkin-Palmer model 100 Atomic Spectrophotometer. Procedural blanks 

and reference material from the National Research Council Canada (NIST 1566b 

Oyster Tissue, TORT-2 lobster hepato-pancreas, and MESS-3 marine sediment) 

were run with the samples as individual samples. Flame-AAS metal analyses 

were performed for Cd, Pb, Mn, Zn, Fe, and Cu.   All metal concentrations are 

expressed as µg/g dry weight (ppm) of sample. 

4.2.3. Data Analysis 

Data were compared among sites and seasons, and between basins using 

one-way ANOVA or Student’s t-tests to test for statistical differences, with Tukey 

or Dunn’s post hoc comparison procedures.   Spearman rank order correlations 

were used to assess for significant relationships between metal concentrations in 

sediments, and between concentrations in macrofauna’s tissues and sediment. 

Simple regressions were done between metal content in fauna’s tissues and their 

nitrogen isotope ratio to verify if metals bioacumulated along the functional 

feeding groups. Statistical analyses were performed with SigmaPlot 

(version11.0), and differences between samples were considered statistically 

significant when p≤ 0.05. 

Metal concentrations found at each site in each FFG were correlated with 

their respective δ15N values, as described in the previous chapter, to relate the 
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metal concentrations with trophic level. Using the food web composition of each 

site obtained and presented in a previous chapter, I compared the metal 

concentrations of each FFG within and between sites. 

Finally, the metal concentrations  obtained in each site’s food web were 

compared with the maximum water metal concentrations permitted by the 

Mexican government to protect wetlands and aquatic wildlife (NOM-001-ECOL-

1996), and the Sanitary Specifications and  maximum permissible limits of 

contaminants for products obtained from Fisheries: for fresh and frozen fish 

(NOM-027-SSA1-1993), crustaceans (NOM-029-SSA1-1993), and shellfish 

(NOM-031-SSA1-1993) (DOF 1995a, 1995b, 1995c, 1996). In matter of heavy 

metals, these three guidelines establish the same maximum limits for Cd, Hg, 

and Pb, so I will only refer to one in the results. Cd, Cu, Pb and Zn 

concentrations obtained from sediment, invertebrate filter collectors and 

omnivorous fish were compared against Mexican guidelines for wildlife 

protection, while concentrations from Corbicula shellfish, crustaceans and fish 

species known to be eaten by local people were compared with the second set of 

guidelines.   

4.3. Results 

4.3.1. Metals in Sediments 
Twelve sites were sampled in Wet07, 15 in Dry08, and 16 in Wet08. A 

total of 157 samples were analyzed for six metals. As mentioned in chapter 1, 

differences in wetness between dry and rainy seasons are notorious (see Table 

1.1). Metals and organic pollutants are washed off from the fields during the rainy 

period – season in which farmers apply higher doses of herbicides to deter 

competition from weeds. 

Metal concentrations in sediment were highly variable among sites and 

between seasons and sub-basins. Sediment concentrations per field season are 

summarized on Table 4.1. Average metal concentrations decreased in the order 

Fe>Mn>Cu>Pb>Zn>Cd in 2007, and Fe>Mn>Pb>Cu>Zn>Cd in 2008. Metal 
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concentrations were site and season dependent, for the exception of Pb which 

had statistically significant differences (H=16.604 p<0.001) only between both 

wet seasons. A summary of all Anova results for metal comparisons in sediment 

are shown in Appendix 4.1.   

Sediment Cd was the lowest concentration for all metals for the three 

samplings periods, with amounts ranging from 0.02 to 1.15µg/g dry weight (d.w.) 

(Table 4.1). On average, concentrations per site and between sub-basins were 

lower in both wet seasons (around 0.3 µg/g dw) than in dry08 (> 0.45 µg/g dw). 

One site in particular, the open sewage drain DrnG (site “7.Ur”), had a mean 

value almost twice the season’s average (Figure 4.1a). Temporal and spatial 

analyses showed lower concentrations in wet08 and higher variability in wet07 

(Figure 4.1b). There were statistical significant differences in Cd concentrations 

in sediments between sites in wet08 (Fdf15=1.974, p=0.044), between basins in 

wet07 (Udf1=128 p<0.001), and between the three sampling seasons 

(Hdf2=32.662, p<0.001), although these were not significant between both wet 

seasons.  

Sediment Pb was on average the second lowest after Cd, with 

concentrations ranging from 0 to 19.4µg/g in the sampling seasons. One site, 

(Parl: “12.IAFo”) stands out for having the highest mean values of the three 

seasons (Figure 4.2a). Wet07 had both the highest mean concentrations and 

variability. This variation was higher in the Ayuquila sub-basin (Figure 4.2b).  

Statistical significant differences were obtained only when comparing all data 

among sampling seasons (Hdf2=16.604, p<0.001).  

Sediment Cu was third in abundance of the six metals analyzed, except 

for wet08, when it ranked fourth. Likewise, it was in wet08 when mean values 

and variation were lower when compared with the previous two sampling periods 

(Table 4.1). Overall concentrations ranged from 0.25 to 14.77 µg g-1, with higher 

concentrations during dry08; three sites had more than twice the mean amount 

registered in this field season (Figure 4.3a).  The Ayuquila sub-basin showed a 

wider variation range in the three sampling seasons, but was more remarkable in 

dry08 (Figure 4.3b). Statistical significant differences were observed for between 
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site comparisons in wet07 (Hdf11=47.033 p<0.001) and wet08 (Hdf15=37.752 

p<0.002), as well as between basin comparisons in wet08 (Udf2=83 p<0.001). 

Of the 6 metals, Zn was atypical with wet08 mean values having a 3 and 

10-fold increase with respect to the first and second seasons, respectively, with 

overall concentrations ranging from 0.26 to 14.63µg/g (Table 4.1). Likewise, 

sediment’s mean values from sites sampled in wet07 and dry08 were lower than 

3µg/g, in contrast to almost two thirds of the samples in wet08, with values close 

to or above 6µg/g (Figure 4.4a). The same atypical pattern was observed when 

comparing sub-basins where the range in variation differed drastically in the third 

season (Figure 4.4b). Statistical significant differences were observed in between 

sites comparisons from wet07 (Hdf11=46.434 p<0.001), and among sampling 

seasons (Hdf2=126.292 p<0.001). 

Sediment Mn, the second most abundant metal, ranged from 14.3 to 295.8 

µg/g d.w. (Table 4.1). Concentrations were quite variable among seasons, with 

important amounts in some sites during dry08. The reference site, Laja 

(“1.FoTA”), presented more than twice the mean concentrations in dry08 and 

wet08 seasons (Figure 4.5a). Dry08 also had higher mean values and more 

variation in both sub-basins when compared with the other seasons (Figure 

4.5b). Differences were statistically significant between sites (wet07: 

Hdf11=62.001 p<0.001; dry08: Hdf14=24.963 p=0.035; wet08: Hdf15=35.179 

p=0.004), among sampling seasons during the three seasons (Hdf2=27.843 

p<0.001), and between basins only in wet07 (Udf1=100, p<0.001). 

Sediment Fe ranged from 212.4µg/g to 1 mg/g, with mean values around 

500µg/g for the three field seasons (Table 4.1). Variation between concentrations 

was more evident in both wet seasons, while most sites in the dry08 had similar 

mean values and small dispersion ranges (Figure 4.6b). Differences in mean 

values were statistically significant between sites (Hdf11=54.807 p<0.001) and 

between basins (Student’s tdf70=4.512 p<0.001) only in wet07.  

Associations between the concentrations of metals were evident but these 

differed on each season and were not conclusive or statistically significant. For 

example, Zn had significant positive correlations with all metals but Cd, while Pb 
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was correlated with Cu and Mn in the dry08 but not in the other two field seasons 

(Table 4.2).  

4.3.2. Metal Concentrations in Invertebrate and Fish 
Functional Feeding Groups 

Only samples of faunal tissues from dry08 and wet08 were analyzed for 

metals. As it occurred with sediments, evidence of the six metals was found in 

both invertebrate and fish samples, with higher concentrations for most metals in 

wet08 (Figure 4.7). Average metal concentrations from all sites and FFG taken 

as a whole decreased as Fe>Mn>Zn>Cu>Pb>Cd. However, metal 

concentrations varied with the functional group, the site and the season, and 

each metal behaved differently. Between season comparisons were significant 

for Cd (tdf81=10.559 p<0.001), Pb (tdf81=6.29 p<0.001), Cu (tdf73=3.463 p<0.001), 

and Fe (Wilcoxon ranked test Z=2.666, p=0.004). Similarly, when metal 

concentrations were compared between basins for both sampling seasons, 

statistical significant differences were found only during the dry08 season for Fe 

(F=9.997, p=0.002) and Zn (F=8.999, p=0.004).  

In general, metal concentrations decreased as trophic level increased 

(Figures 4.7).  No strong correlations were seen in either field season between 

each FFG metal concentrations, nor between the metal concentrations and the 

trophic position, seen this as a higher δ15N value. Moreover, these regressions 

were not statistically significant. Those correlations which were positive in the dry 

season (Figure 4.8) were negative in the wet season (Figure 4.9), except for Fe 

which was negative in both seasons. 

In addition, regression analyses between metal concentrations in FFG 

against the corresponding metal concentrations in sediments presented very low 

r2 values, suggesting no or little relationship between these variables.  

Statistics presenting mean metal concentrations (±s.e.) and value ranges 

for each FFG are summarized for dry08 and wet08 seasons in Table 4.3. 

Appendices 4.2 and 4.3 summarize show these data for by site for both seasons.  
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Cadmium concentrations 

In contrast to sediment Cd where higher concentrations were evident in 

dry08, Cd mean concentrations in FFG were 2 to 3 times higher in the wet08 

season than those obtained from dry08 with scrapers, filter collectors and 

invertebrate predators having the highest concentrations in wet08 (Figure 4.7 

Cd). Mean Cd concentrations in gatherer collectors, scrapers, omnivores, and 

predators were higher than those from fish. Differences in mean concentrations 

were statistically significant between both field seasons only for fish omnivores 

(U=84 p=0.015) and fish predators (tdf12=-2.748, p=0.018). During dry08, all these 

groups but predators surpassed the Mexican limits established to protect aquatic 

wildlife in six sites, with omnivore fishes joining the group in two additional sites.   

In wet08 mostly invertebrate predators, filter collectors and scrapers were above 

these limits (Figure 4.10). Seven sites in the wet08 season had concentrations 

above the 0.5 mg/l limit for animals that are consumed by humans, compared to 

two in dry08. In one of these sites, the forested reference Mntl (“10.Fo”) site, 

scrapers and filter collector concentrations were higher even from those sites 

with high disturbance, such as Armr (“13.IAFo”). However, except for the fact that 

fish had lower concentrations than invertebrates, no consistent or significant 

patterns were discernible per site.  

Lead concentrations   

Pb mean values were also higher in wet08 in most FFG except for fish 

predators which had similar concentrations in both seasons (Figure 4.7 Pb).  

Predators had the widest variation (281µg/g) in wet08 while fish predators the 

smallest (0.60µg/g) in dry08. Significant differences in the mean values between 

seasons were obtained for filter collectors (U=11, p=0.002), predators (U=132, 

p=0.01), and fish omnivores (U=34, p=<0.001).  

Pb concentrations were also not consistent among FFG or between sites. 

FFG concentrations in both seasons at all sites (Figure 4.11) were above the 1.0 

mg/l maximum limit for species consumed by humans, with omnivores having the 

highest concentrations in dry08, in particular at sites 1.FoTA, 3.IA, and 11.IAFo. 
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Filter collectors and omnivore fishes in six additional sites ranked second. In 

wet08, filter collectors, invertebrate predators, and omnivorous fishes from three 

sites had the highest concentrations. 

Copper concentrations 

Cu concentrations were higher in scrapers, omnivores and predators in 

that order with no clear spatial or seasonal dependence (Figure 4.7 Cu).  Median 

concentrations were statistically significant between seasons only in predators 

(U=180, p=0.007). Cu concentrations in food webs had a contrasting behavior 

(Figure 4.12). During the dry season, all FFG, except for omnivore and predator 

fishes in all sites, had concentrations above the 6 mg/l limit to protect aquatic 

wildlife, with omnivore invertebrates and filter collectors in four sites presenting 

the highest mean concentrations. In wet08, only omnivores, scrapers and filter 

collectors in seven sites were above this limit. 

Zinc concentrations 

Overall Zn concentrations in the functional groups were not dissimilar 

between seasons with higher concentrations in dry08; these were only 

statistically significant for fish herbivores (tdf10=2.82, p=0.018). Gatherer 

collectors, scrapers and predators had the highest concentrations in both 

seasons (Figure 4.7 Zn).  

Zn presented a similar pattern than that of Cu (Figure 4.13). Only 

sediment concentrations were below the 20 mg/l limits for the protection of 

wildlife in all sites, while filter collectors and predators in three sites total were 

above this range in wet08. No distinct pattern could be established in the 

concentrations among trophic levels. 

Manganese concentrations 

Manganese concentrations among FFGs were not different between 

seasons. No statistically significant differences were observed among the FFG’s 

Mn mean values. Gatherer collectors followed by filter collectors had the highest 
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mean concentrations in the dry season, while predators followed by gather and 

filter collectors were the most manganese loaded in wet08 (Figure 4.7 Mn).  

Manganese in trophic webs were higher in wet08 than in dry08 (Figure 

4.14). Filter collectors ranked first in most sites in the dry season, in particular at 

two sites: 1.FoTA and 3.IA, while predators had higher concentrations in wet08 

than most other groups, except for filter collectors, again in site 1.FoTA. Toxicity 

levels were not considered, as manganese is considered toxic at water hardness 

below 50 mg/l H2CO3 (Howe et al. 2004).  The Ayuquila River had H2CO3 levels 

above that threshold (Table 2.2). 

Iron concentrations 

Mean Fe concentrations were the highest for both seasons taken all 

samples as a whole, with higher values shown in wet08.  Filter and gatherer 

collectors’ mean values doubled or tripled those of the other groups during the 

wet season (Figure 4.7 Fe).  Statistically significant differences in the mean 

values between seasons were evident only for filter collectors (U=33, p=0.006) 

and fish omnivores (U=100, p=0.032). 

Filter and gatherer collectors had the highest Fe concentrations on 

average for both seasons in their respective foodwebs (Figure 4.15). Sites 

1.FoTA, 11.IAFo in dry08, and 9.IA and 12.IAFo during wet08 were the sites with 

higher Fe concentrations. Toxicity levels were not considered either as extreme 

high levels are required to reach a toxic threshold.  The B.C. Ministry of the 

Environment establishes a maximum limit of 0.35 mg/l dissolved iron to protect 

aquatic wildlife (BC Ministry of the Environment 2008), levels which were not 

reached at our study sites.  
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4.4. Discussion 

4.4.1. Metals in sediments 
This is the first study in the region that measures metal concentrations in 

sediment, and biota, so there are no reference points to compare the present 

concentrations.  The two published reports (Martinez et al. 2007, 2008) focused 

on measuring metals in the water column. 

Metal concentrations in sediments from this study area differed spatially 

and temporally. Cd, Mn, and Cu showed higher concentrations in the dry season, 

while Zn was abundant in the wet08.  A contrasting behavior was seen with zinc 

and iron which presented higher concentrations in the wet seasons, while lead 

did not present a distinctive pattern.  Similar findings are commonly found in 

other areas in the world. For instance, Iwashita and Shimamura (2003) mention 

that Cu and Pb did not show drastic seasonal variation, while Cenci and 

collaborators (2004) found that Cu exhibited a divergent behaviour.  

The variation in the sediment’s metal concentrations between dry and wet 

seasons can probably be explained by the change in flow, turbidity, and water 

temperature. Dissolved organic matter increases the solubility of metals in pore 

water and sediment (Charriau et al 2011), while changes in flow increases the 

amount of small size grains in the sediment, particularly in drastic flood-related 

events , variables that are known to be related to trace metal concentrations 

(Ciszewski 2001; Wyzga and Ciszewski 2010). 

4.4.2. Metals in trophic webs 
Numerous studies support the fact that high metal concentrations in 

sediment coincide with elevated metal concentrations in invertebrates (e.g., 

Smith et al. 1996; Goodyear and McNeill 1999; Quinn et al. 2003), or that 

herbivores that consume periphyton have higher loads than those that consume 

sediment (Farag et al. 1998; Besser et al. 2001).  In this study, this was not the 

case as no relationship between the concentrations in sediment could be 

associated with those from faunal components. Concentrations in both 
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invertebrate and fish tissues were, however, several fold higher than those in 

sediment, while those in invertebrates were many times those of fish. 

Cd, Pb and Cu concentrations in invertebrate functional groups were 

generally above the maximum limits established by the Mexican government in 

both seasons, in particular filter collectors, scraper snails, and omnivore 

decapods, throughout the study sites. Decapod and snail’s high Cu 

concentrations are probably due to the physiological need of this metal as 

component of their  haemolymph (Anderson 1977; Timmermans et al 1989). Cd 

levels were indicative of contamination but below those considered as hazardous 

to an organism (Schmitt 2004).  

Fish metal concentrations were below the limit threshold in most metals, 

except for Pb. This metal was above the permissible limits for fish used for 

human consumption in most sites, while Cd levels were above the limits for 

protection of wildlife only in some sites in the dry08 season. 

Zinc had a peculiar behavior (Figure 4.13) with no discernible pattern in 

the contrasting concentrations. Zinc bioavailability and toxicity is influenced by 

temperature, pH, alkalinity and dissolved oxygen (Eislen 1993).  Thus, a 

probable cause of the seasonal differences in Zn concentrations may be the 

differences in seasonal water ToC (tdf28= -8.176,  p<0.001), and dissolved oxygen 

(tdf24= 5.415, p<0.001).    

Sediment, aquatic invertebrates and fish showed a vast range of metal 

concentrations that result from multiple variables. Adaptation and tolerance to 

polluted sites has been studied in periphyton and bacteria (Lehmann et al. 1999; 

Fechner et al. 2012), and in fish species (Widianarko et al. 2000) as a result of 

long-term exposure. Although metal concentrations in the functional groups 

studied here exceeded the maximum exposure limits in many sites, tolerance 

must have evolved as a result of low levels of exposure to a mixture of 

contaminants that may reduce a single contaminant toxic effect (Eisler 1993, 

1998; Brinkman and Johnston 2008; Fechner et al. 2012).   As Rainbow (2002) 

stated “aquatic invertebrates show a vast range of accumulated trace metal 

concentrations, the reasons for which can be interpreted in terms of the particular 
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accumulation patterns used by particular invertebrates for particular trace 

metals”. 

Previous work in the area (Martinez et al. 2008) found that metal 

concentrations in water and sediment were below the limits allowed by the 

Mexican government. Sediment data obtained in this study supports their 

findings. However, concentrations in faunal tissues suggest that metal uptake by 

invertebrates and fish is mainly through diet. Metals in water are an important 

source for many species but diet seems to be an important pathway for metal 

uptake in the study sites. Many authors have agreed that prey is the main source 

for metals in aquatic fauna (e.g. Dallinger et al. 1987; Hare et al. 2003; 

Croisetiere et al. 2006).  

 Likewise, the metal concentration behavior in the different organisms 

studied in this area did not present a consistent pattern. Although this study did 

not pursue assessing risks due to metal presence in the watershed, future 

studies should include an analysis of the metals both in the water column and in 

sediment as well as the inclusion of other water variables (like pH determination 

which was omitted in this study).   Iron and gold extraction permits in the state of 

Jalisco have tripled in the last five years, which do not include environmental risk 

assessments and follow-up. The impacts these activities will be having in the 

structure and function of the river’s ecosystems in the region will undoubtedly 

increase. Thus, future studies wil be required to help integrate the present and 

potential effects metals and other contaminants may pose to the welfare of this 

river’s biological components.      

Three trace metals (Cd, Cu and Pb) and one macronutrient (Mn) could be 

associated to particular land use activities or point sources.  Cd and Cu were 

present in sediment and invertebrate functional groups at higher concentrations 

than average in sites with influence from urban wastewater and stormwater 

drains, or cattle sewage runoff (i.e., 3.IA, 4.IA, 5.UrIA, 7.Ur, and 8. IA). Similarly, 

Pb levels were high in sites close to busy roads and urban stormwater drains, 

particularly in dry08 (e.g., 1.FoTA, 3.IA). Pb sources in 11.IAFo and a.Fo are less 

clear. The macronutrient Mn was present in high concentrations in sediment and 
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macroinvertebrates in sites close to urban storm and wastewater drains, and in 

areas close to vehicle transit (i.e, 2.IAFo, 3.IA, 9.IA). The reference site 1FoTA, 

located in the area of influence of a mine facility, had high Mn levels in sediment 

and functional groups in both sampling seasons.  

Despite the fact that metals are natural elements and are expected in all 

environments, the sites that presented the highest concentrations of most metals 

in this study, are mainly located within the intensive agricultural valley of Autlan-

El Grullo in the Ayuquila River sub-basin.  

Although this study did not pursue assessing risks due to metal presence 

in the Ayuquila River biological components, the data presented here is a 

reference point for future needed research. One aspect that merits more in depth 

study is the amount of Pb in fish species, many of which are sought after by local 

people, and could pose a health risk. 

Further studies will be essential, in particular with both the federal and 

state government encouraging several gold, silver, and iron extraction operations 

in this and other areas in western Mexico that lack the appropriate environmental 

assessments.  

4.5. Conclusions 
Average concentrations in sediment decreased in the order 

Fe>Mn>Cu>Pb>Zn>Cd.  Differences in mean concentration values between sites 

and between sub-basins were statistically significant for all metals except Pb in 

both wet seasons. Between-site comparisons were significant in the dry season 

only for Mn.  Only Cd and Pb presented statistical significant differences among 

sampling seasons.  Seasonal dependence was observed for Cd, Cu, and Mn, 

which had higher concentrations during the dry season, while Zn was dominant 

in the wet season.  

Metal concentrations in invertebrate and fish functional groups were 

overall higher than those in sediment, and concentrations in invertebrate were 

higher than those in fish. As with sediment, temporal and spatial variation was 
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the norm, with statistical significant differences observed in general for Cd, Cu, 

Pb and Fe.   

Seasonal differences in metal concentrations in FFGs were statistically 

significant for: Cd in fish omnivores and fish predators; Pb and Fe in filter 

collectors and fish omnivores; Cu in predators; and Zn in fish herbivores.  

Trace metal concentrations decreased as trophic level increased. No 

significant correlations were evident between FFG’s metal concentrations and 

trophic level, nor between metal concentrations in sediment and concentrations 

in faunal components. 

Cd, Pb, Cu and Zn concentrations in trophic webs were above the limits 

permitted by Mexican guidelines in many sites in both dry and wet08 seasons. 

Except for Pb in which all FFG’ concentrations were above the guidelines, fish 

exceeded these threshold in their Cd concentrations in few sites and only in 

dry08.  These concentrations in fish species need further research as it can be a 

health risk for local communities in the region 

Cd, Pb, Cu, and Mn concentrations in sediment and FFGs could be 

associated to particular land use activities or point sources, such as wastewater 

drains, transit roads, or mine facilities. 

Data presented here is a reference point for further research of uptake and 

concentration of trace metals in an economical and political scenario that 

promotes mining activities without appropriate risk assessments. 
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Table 4.1. Summary statistics of the metal concentrations (µg g-1) found in sediments during three 
sampling seasons. 

 
Cd µg/g Pb µg/g Cu µg /g Zn µg /g Mn µg/g Fe µg/g 

 
Mean 0.03 0.3 0.43 0.2 4.94 55.21 
Std. Error 0.002 0.05 0.03 0.01 0.5 2.22 
Max 0.08 1.93 1.32 0.44 15.62 99.97 
Min 0.002 0.001 0.11 0.06 0.001 16.84 
 
Mean 0.05 0.22 0.46 0.07 12.23 49.75 
Std. Error 0.003 0.03 0.07 0.007 1.29 0.77 
Max 0.12 0.57 1.48 0.21 29.58 59.97 
Min 0.04 0.001 0.04 0.03 4.61 41.51 
 
Mean 0.03 0.25 0.27 0.67 6.02 51.01 
Std. Error 0.001 0.02 0.02 0.03 0.62 2.39 
Max 0.06 0.75 0.65 1.46 27.75 84.63 
Min 0.01 .001 0.03 0.3 1.43 21.24 

 
Table 4.2. Correlation values between metals found in sediment for each field season. Bold values are 
statistically significant (*p<0.05; **p<0.01; +p<0.001). 

 
Pb Cu Mn Fe Zn 

WETO7 SEASON (n=70) 
Cd -0.0927 -0.034 -0.0431 -0.0826 0.0302 
Pb 

 
0.0681 -0.0274 0.0664 0.0313 

Cu 
  

0.198 0.35** 0.395+ 

Mn 
   

0.627+ 0.195 
Fe 

    
0.155 

DRYO8 SEASON (n=33) 
Cd 0.0824 0.104 0.346 0.654* 0.187 
Pb 

 
0.615* 0.742** -0.0385 0.753** 

Cu 
  

0.61 0.0714 0.885+ 
Mn 

   
-0.104 0.72** 

Fe 
    

0.033 
WETO8 SEASON (n=54) 

Cd 0.0558 -0.123 0.158 0.484+ 0.124 
Pb  0.154 0.266 0.201 0.454+ 

Cu   0.408** -0.152 0.394** 
Mn    0.27* 0.586+ 

Fe     0.359** 
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Table 4.3. Summary statistics of metal concentrations (µg g-1) in Functional Feeding Groups for dry08 and wet08 seasons. (FCol: Filter collectors; GCol: 
Gatherer collectors; Scrp: Scrapers; Prd: Predators; Omn: Omnivores; FHer: Fish herbivores; FOm: Fish omnivores; Fcar: Fish predators).  

  Cd Pb Cu Mn Fe Zn 
  Dry08 Wet08 Dry08 Wet08 Dry08 Wet08 Dry08 Wet08 Dry08 Wet08 Dry08 Wet08 

FCol 
Mean (±s.e.) 0.16±0.02 0.58±0.2 0.47±0.1 1.6±0.4 3.95±0.8 4.05±1.5 79.3±23.4 68.2±16 91.5±11.8 242.1±51.7 10.2±0.5 10.4±1.1 

Min 0.08 0.06 0.12 1.17 1.31 0.72 5.52 3.8 31.9 33.8 8.5 1.4 
Max 0.26 1.85 1.25 4.23 7.3 23.6 250.0 218.0 166.5 839.1 13.7 15.0 

n 10 14 11 10 9 15 12 15 12 15 9 15 

GCol 
Mean (±s.e.) 0.34±0.1 0.38±0.1 0.93±0.3 3.8+1.5 1.36±0.2 2.1±0.3 99.4±13.1 74.8±22. 137±32.8 284.4±61.3 14.7±2.5 14±1.3 

Min 0.08 0.07 0.4 0.3 0.7 0.6 34.4 13.9 39.8 55.5 10.2 8.5 
Max 0.82 0.93 2.23 14.34 1.73 3.82 116.2 271 279.6 767.8 19.2 21.5 

n 6 10 5 10 4 11 6 11 7 11 4 11 

Scrp 
Mean (±s.e.) 0.2±0.04 0.9±0.3 0.7±0.08 1.3±0.3 12.3±0.5 6.6±2.6 47±12.8 47.3±18.2 55.3±20.8 83±34.6 15.9±6.2 7.1±0.7 

Min 0.1 0.04 0.4 0.7 0.4 1.14 13.6 3.23 13.6 5.5 4.9 5.5 
Max 0.3 2.45 1.0 2.14 28.16 21.74 86.2 152.7 123.8 261.4 36.32 11.5 

n 6 8 6 5 6 8 6 8 6 8 6 8 

Prd 
Mean (±s.e.) 0.14±0.01 0.6±0.3 0.4±0.05 2.73±1.3 8.8±4. 2.4±0.2 68.2±0.1 90.7±1.7 82.04±6.6 90.15±11.1 11.2±0.8 12.7±1.0 

Min 0.06 0.04 0.07 0.07 0.6 0.25 1.02 5.5 24.9 26.0 1.84 1.1 
Max 0.25 6.6 0.84 28.16 81.1 5.7 130.6 370.4 157.1 272.7 23.33 25.2 

n 24 28 21 23 23 28 25 28 25 28 24 28 

Omn 
Mean (±s.e.) 0.4±0.02 0.3±0.04 3.3±0.5 4.04±0.6 4.5±0.5 11.8±1.9 19.2±6.4 62.2±1.5 21.4±4.7 32.6±7.1 8.3±0.03 7.7±0.6 

Min 0.3 0.8 1.6 1.3 3.34 4.8 8.3 4.4 12.9 8.7 7.8 4.6 
Max 0.5 0.5 4.5 8.5 5.4 27.1 33.8 139.7 38.7 81.5 9.14 11.5 

n 5 12 5 12 4 12 4 12 5 12 4 12 

FHer 

Mean (±s.e.) 0.2±0.03 0.2±0.04 3.1±1.0 2.68±0.8 0.75±0.3 0.8±0.2 8.1±1.4 21.2±5,3 26.8±24.4 90.8±44.3 3.74±1.4 8.34±0.9 
Min 0.14 0.09 0.55 0.73 0.11 0.13 2.3 3.56 1.51 1.82 0.07 5.76 
Max 0.34 0.36 5.58 6.04 1.55 1.37 12.95 34.41 148.8 261.3 8.22 10.54 

n 6 6 6 6 5 6 6 6 6 6 6 6 

FOm 
Mean (±s.e.) 0.17±0.05 0.3±0.05 0.8±0.3 3.28±0.7 4.73±0.3 0.65±0.1 2.48±0.9 7.5±2.0 15.1±7.8 49.2±21.0 4.84±0.9 6.52±1.0 

Min 0.03 0.07 0.08 0.51 0.07 0.09 0.07 0.2 0.13 0.82 0.05 1.84 
Max 0.93 1.09 4.22 12.07 24.12 1.95 13.24 26.42 108.8 323.7 13.74 15.51 

n 17 19 19 17 9 19 19 19 18 19 16 19 

Fcar 
 

Mean (±s.e.) 0.14±0.01 0.06±0.0 0.2±0.03 0.3±0.04 - 0.09±0.01 1.5±0.07 0.8±0.3 1.71±0.06 2.38±1.0 2.9±0.08 3.3±0.3 
Min 0.13 0.01 0.17 0.06 - 0.01 1.43 0.02 1.65 0.28 2.8 1.0 
Max 0.16 0.13 0.24 0.43 - 0.15 1.6 3.01 1.78 12.28 3.0 5.23 

n 2 12 2 8 - 12 2 12 2 12 2 12 
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Figure 4.1. a). Cadmium (Cd) mean concentrations (µg/g dry weight) in sediment per site and season. b) 
Lower box graphs show concentrations variability among 1) all sites; 2) those in the Ayuquila; and 3) 
Tuxcacuesco sub-basins for each sampling season. Dotted lines are mean values. 
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Figure 4.2. a) Lead (Pb) mean concentrations (µg/g dry weight) in sediment per site and season;  b) 
Lower box graphs show concentrations variability among 1) all sites; 2) those in the Ayuquila; and, 3) 
Tuxcacuesco sub-basins for each sampling season. Dotted lines are mean values. 
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Figure 4.3. a) Copper (Cu) mean concentrations (µg/g dry weight) in sediment per site and season. b) 
Lower box graphs show concentrations variability among 1) all sites; 2) those in the Ayuquila; and, 3) 
Tuxcacuesco sub-basins for each sampling season. Dotted lines are mean values. 
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Figure 4.4. a) Zinc (Zn) mean concentrations (µg/g dry weight) in sediment per site and season;  b) Lower 
box graphs show concentrations variability among 1) all sites; 2) those in the Ayuquila; and, 3) Tuxcacuesco 
sub-basins for each sampling season. Dotted lines are mean values. 
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Figure 4.5. a) Manganese (Mn) mean concentrations (µg/g dry weight) in sediment per site and season. 
b) Lower box graphs show concentrations variability among 1) all sites; 2) those in the Ayuquila; and 3) 
Tuxcacuesco sub-basins for each sampling season. Dotted lines are mean values. 
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Figure 4.6. a) Iron (Fe) mean concentrations (µg/g dry weight) in sediment per site and season. b) Lower 
box graphs show concentrations variability among 1) all sites; 2) those in the Ayuquila; and, 3) Tuxcacuesco 
sub-basins for each sampling season. Dotted lines are mean values.  
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Figure 4.7. Mean (±s.e) metal concentrations in invertebrate and fish functional feeding groups for dry08 
(gray) and wet08 (barred) field seasons in the middle part of the Ayuquila-Armeria Watershed. (FCol: Filter 
collectors; GCol: Gatherer collectors; Scrp: Scrapers; Prd: Predators; Omn: Omnivores; FHer: Fish 
herbivores; FOm: Fish omnivores; Fcar: Fish predators; Sed: Sediment 
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Figure 4.8. Mean δ15N ratios (‰)/ mean metal correlation graphs for Dry08.  Fi=Filter Collectors; Gc= Gather Collectors;  Sc= Scrapers; Pr= Predators; Om= 
Omnivores; FH= Fish Herbivores; FO= Fish Omnivores; Fp= Fish Predators. 
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Figure 4.9. Mean δ15N ratios (‰) /mean metal correlation graphs for Wet08.  Fi= Filter collectors; Gc= Gather Collectors; Sc= Scrapers; Pr= Predators; Om= 
Omnivores; FH= Fish Herbivores; FO= Fish Omnivores; Fp= Fish Predators.  

r=0.0516 
 

r=0.00977 
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Figure 4.10. Cd mean concentrations in food web components per site for dry08 and wet08.  Dotted blue 
line establishes the maximum admissible limits (0.2 ppm) established by the Mexican government to protect 
aquatic wildlife, while the red line establishes the concentration limits for animal species eaten by 
humans.(0.5 ppm)  Notice the difference in scale between graphs. 
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Figure 4.11. Pb concentrations in food web components per site for dry08 and wet08. Red dotted line 
establishes the maximum admissible limits (1.0 ppm) established by the Mexican government for animal 
species eaten by humans. Notice the difference in scale between graphs. 
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Figure 4.12. Cu concentrations in food web components per site for dry08 and wet08. Blue dotted line 
establishes the maximum admissible limits (6.0 ppm) established by the Mexican government for protection 
of aquatic wildlife. Notice the difference in scale between graphs. 
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Figure 4.13. Zn concentrations in food web components per site for dry08 and wet08. Blue dotted line 
establishes the maximum admissible limits (20.0 ppm) established by the Mexican government for 
protection of aquatic wildlife. Notice the difference in scale between graphs. 
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Figure 4.14. Mn concentrations in food web components per sites in both seasons. . Notice the difference 
in scale between graphs. 
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Figure 4.15. Fe concentrations in food web components per sites in both seasons. . 
Notice the difference in scale between graphs 
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5. General Conclusions and Final Remarks 
 

 It is estimated that freshwater constitutes 2.5% of the total water reserves 

present in the planet with almost 0.3% stored in lakes and rivers (Shiklomanov 

1998).  Rivers alone make up 0.006% of the total freshwater stock (Shiklomanov 

1993). Despite this low figure, rivers have shaped social and economic 

processes through human history, and they are essential for the well-being of 

almost 80% of the world’s population nowadays (Vörömarty et al. 2010). The 

interaction human societies have with rivers has made them among the most 

threatened ecosystems worldwide (Malmqvist and Rundle 2002). 

Rivers are a product of their valleys (Hynes 1975), and as such, 

vegetation cover, geological morphology, and soil composition, in one side, and 

human activities and infrastructure, in the social one, play an important role in 

shaping the river’s physical and biological characteristics. Due to the occurrence 

of both biological and human-derived phenomena, river catchments or 

watersheds are being used as the basic and integrative units of study in water 

resource management worldwide. Watersheds are considered useful study and 

organizational units as it is considered that water quantity and quality at one point 

on a stream reflect the cumulative characteristics of the up-gradient topographic 

area from that point (Omernik and Bailey 1997).  

A monitoring program to assess the quality of the water in the middle 

portion of the Ayuquila-Armeria River in the state of Jalisco, Mexico, started in 

1995 after several complaints from local communities.  Their arguments were 

centered in the fact that fish would increasingly appear dead as a result of 

anoxia, and that skin problems were frequent after bathing in the river. Since 

then, the main sources of organic pollution have been identified and many 

actions to reduce some of the negative impacts have been put into practice.  

However, despite the long-term actions, there is still need for evidence on how 

the changes in the watershed’s landscape have affected the river’s ecosystem.  
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This study was implemented with the idea of filling in some of these information 

gaps, in particular in the area of inorganic pollution.  

With this in mind and using data from sites in the Ayuquila River, 

presented in previous chapters, I wanted to determine if the River’s biological 

composition could be related to changes in the adjacent landscape. I 

characterized the invertebrate and fish fauna of each of the sites sampled, and 

employed isotope analysis and flame spectrophotometry to identify sources of 

organic matter and trace metals in the faunal tissues, and to relate the findings 

with adjacent land use activities. The overall conclusions of this work and some 

recommendations are described in the following lines. 

• This was the first research project that tried to assess the impact in 
organisms of land use change in this watershed.  

• I described the Ayuquila River’s macroinvertebrate and fish 
composition from 17 sites in one dry and two wet seasons with a 
functional feeding approach (Chapter 2). The fauna sampled was 
classified into 6 functional feeding groups and three fish trophic guilds. 
I compared the composition and quality of the faunal structure with the 
water’s physicochemical variables using different metrics.  The 
dominant functional groups corresponded to filter and gatherer 
collectors, and fish omnivores, which are more abundant in water rich 
in suspended material and disturbed areas. Water parameters were 
not conclusive in determining invertebrate abundance or composition, 
but conductivity and water hardness were positively associated with 
fish abundance. 

•  Biotic indices proved not to be useful indicators of water quality. The 
biological composition in most sites suggested regular to good water 
quality conditions, but the presence of pollution tolerant species, exotic 
fish and invertebrate species, and concentrations of some several 
variables above the limits proposed by environmental agencies 
suggest conditions less favorable. Although the use of indices of biotic 
integrity is helpful, the information provided should be complemented 
with the application of other variables. The functional feeding group 
approach is useful in this regards, but finer detail and further research 
is required.  

• Although the presence of exotic invertebrate species are not a 
welcome scene in ecosystems, the presence of two, perhaps more, 
exotic mollusk species can serve as bioindicators of organic and 
inorganic pollution.  These species can help identify critical levels of 
these and other compounds in the future. 
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• Stable isotope analyses suggested the influence of human activities on 
trace metals in sediment and organisms.    

• Isotope analysis was done in sediment and faunal tissues from the 
samples obtained. The functional group composition characteristic of 
disturbed and polluted areas that dominated in most sites was 
confirmed with the application of nitrogen and carbon isotope analyses 
(Chapter 3). This technique permitted the identification of organic 
sources as well as the characterization of food webs based on the 
functional groups. Short trophic level food webs at most sites were the 
norm, another indication of disturbance. The presence of exotic 
species is probably an added ingredient to the resulting food web 
length and composition.  Additionally, a shift in the trophic level 
occurred in some functional groups as a result of the incorporation of 
nitrogen rich sources. 

•  Nitrogen isotope ratios helped confirm the influence human and 
animal sewage have as sources of organic matter for the river’s 
biological components, while carbon isotope ratios indicated that 
sources of energy were influenced by forest/riparian vegetation and/or 
autochthonous sources. No statistical significant differences were 
evident in the isotope ratios in biota from forest dominated sites and 
those from agriculture.  

• Concentrations of four trace metals (Cd, Pb, Cu, and Zn) and two 
macronutrients (Fe and Mn) were determined in sediment and food 
web components, and the resulting levels were contrasted to land use 
activities surrounding the sites (Chapter 4). Metal concentrations in 
sediment were site and seasonal dependent, with levels of Cd, Cu, and 
Mn being dominant in the dry season, and Zn in the wet one. Seasonal 
differences in functional feeding groups were statistically significant for 
some groups and some metals.  Mn concentrations did not differ 
seasonally. Trace metals decreased as trophic level increased.  

• Cd, Pb, Cu and Zn concentrations in trophic webs were above the 
limits established by Mexican guidelines, with most of these thresholds 
surpassed by invertebrate FFGs.  The exception was Pb that had 
concentrations above the limits in all FFGs.  Cd, Pb, Cu, and Mn 
concentrations in sediment and FFGs could be associated to particular 
land use activities or point sources, such as wastewater drains, transit 
roads, or mine facilities.  
 

Several information gaps still exist that require additional research.  For instance, 

there is a need for more detailed taxonomic knowledge of the invertebrate 

species, as well as their functional feeding group position. A family level is too 

general for both pollution tolerance and functional position in an ecosystem. 
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Despite the presence of an important network of biological reserves, updates 

information on the changes in the landscape are needed, and most importantly, 

the effect these are having in the structure of what is left of the natural 

environments is an imperative.   This study is a small step in filling these 

information gaps. 

The inclusion of these (and other techniques) in the monitoring programs can 

provide a better idea of what is going, and the results obtained from this study 

can serve as a reference point for further research. The long-term goal of this 

research is to incorporate other techniques to the on-going monitoring program in 

this region, and to foster their implementation in other river systems in Mexico. 

By including other approaches to the analysis of land use change and its effects 

in the structure of lotic systems, management techniques can be implemented to 

improve the overall conditions of this River, while hopefully improving the 

conditions of its people.  
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Appendix 2.1. Relative invertebrate abundance (%) per family per site during Wet07 season, and the assigned Functional 
Feeding Group (FFG) 

Family FFG 1.FoTa 2.IaFo 4.Ia 8.Ia 10.Fo 11.IaFo 12.IaFo a.Fo c.Ur 13.IaFo TOTAL 
Mollusca                    
Pomacea. flagellata Scr   3 2       5   (1.2) 
Corbicula. fluminea Fc  20 (95.2)    8     28   (6.9) 
Ephemeroptera             
Baetidae Gc 1 (1.0)          1   (0.3) 
Heptageniidae Gc 57 (55.9)        2 (8.3) 5 (9.8) 64 (15.7) 
Leptophlebidae Gc 6 (5.9)      15 (17.7)    21   (5.2) 
Trichoptera             
Hydropsychidae Fc 4 (3.9)    40 (58.8)  17 (20.0) 29 (67.4)  8 (15.7) 98 (24.1) 
Plecoptera             
Perlidae Pr 4 (3.9)    10 (14.7)  2 (2.4)    16   (3.9) 
Odonata             
Libellulidae Pr     2 (2.9)  1 (1.2) 1 2 (8.3)  6   (1.5) 
Coenagrionidae Pr 11(10.8)    11 (16.2)  13 (15.3) 10 (23.3) 1 (4.2)  46 (11.3) 
Diptera                
Tabanidae Pr 2 (2.0)          1 (2.3) 1 (4.2) 1 (2) 5   (1.2) 
Chironomidae Gc               
Simulidae Fc               
Megaloptera                
Corydalidae Pr 4 (3.9) 1 (4.8)   2 (2.9)  5 (5.9) 2 (4.7) 11 (45.8) 2 (3.9) 27   (6.6) 
Coleoptera                
Elmidae Scr 7 (6.9)    1 (1.5)   29 (34.1)   23 (45.1) 60 (14.7) 
Psephenidae Scr     2 (2.9)  1 (1.2)  3 (12.5)  12 (23.5) 18   (4.4) 
Heteroptera             
Naucoridae Pr 6 (5.9)      2 (2.4)  4 (16.7)  12  (2.9) 

Total  102 21 3 2 68 8 85 43 24 51 407 
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Appendix 2.2. Total and relative invertebrate abundance per family per site during Dry08 season. Functional Feeding 
Group (FFG):  Sc=scraper; FC= Filter collector; Gc= Gather collector; Pr= predator; Sh= shredder; Om= omnivore. 

Family FFG 1.FoTa 2.IaFo 3.Ia 4.Ia 8.Ia 10.Fo 11.IaFo 12.IaFo a.Fo d.FoUr 13.IaFo TOTAL 
Mollusca                      
Ampullaridae Scr  10 (8.1)       1 (0.9)   11 (0.84) 
Corbiculidae FC  20 (95.2)   4 (22.2)      15 (9.0) 37 (2.84) 
Ephemeroptera              
Baetidae GC 1 (1.2)     12 (7.9) 10 (7.8)   81 (72.3)  104 (7.98) 
Heptageniidae GC 5 (5.8) 29 (23.6) 28 (18.3)  83 (85.6)  10 (6.6) 45 (35.2) 65 (43.3)   40 (24.0) 305 (23.4) 
Leptophlebidae GC 26 (30.2)        36 (34.0)  41 (24.6) 103 (7.90) 
Trycorythidae GC 4 (4.7)           4 (0.31) 
Trichoptera              
Hydropsychidae FC 23 (26.7) 58 (47.2) 104 (68.0) 3 (3.1) 6 (66.6) 69 (45.4) 42 (32.8) 20 (13.3) 34 (32.1) 3 (2.7) 21 (12.6) 383 (29.4) 
Plecoptera              
Perlidae Pr 2 (2.3)  1 (0.7)   18 (11.8) 1 (0.8) 6 (4.0)   10 (6.0) 38 (2.92) 
Odonata              
Libellulidae Pr  4 (3.3) 2 (1.3) 2 (2.1) 1 (11.1) 3 (2.0)  4 (2.7) 20 (18.9) 1 (0.9) 6 (3.6) 43 (3.30) 
Calopterygidae Pr 1 (1.2)        2 (1.9)   3 (0.23) 
Coenagrionidae Pr 3(3.5) 4 (3.3)  5 (5.3)  3 (2.0) 21 (16.4) 11 (7.3) 10 (9.4) 8 (7.1) 4 (2.4) 69 (5.29) 
Diptera              
Tabanidae Pr  7 (5.7) 4 (2.6) 1 (1.0)    5 (3.3)  4 (3.6) 3 (1.8) 24 (1.84) 
Chironomidae GC 2 (2.3)      2 (1.6) 1 (0.7) 2 (1.9) 1 (0.9)  8 (0.61) 
Simulidae FC         1 (0.9)   1 (0.07) 
Megaloptera              
Corydalidae  Pr 1 (1.2) 9 (7.3) 10 (6.5) 1 (1.0)  13 (8.6) 5 (3.9) 5 (3.3)  7 (6.3) 8 (4.8) 59 (4.53) 
Lepidoptera              
Pyralidae Sh 2 (2.3)     1 (0.7)      3 (0.23) 
Coleoptera 

           
 

 Elmidae Sc 8 (9.3) 2 (1.6) 4 (2.6)   16 (10.5) 1 (0.8) 26 (17.3)  7 (6.3) 16 (9.6) 80 (6.14) 
Psephenidae Sc      2 (1.3)  4 (2.7)   1 (0.6) 7 (0.54) 
Heteroptera              
Naucoridae Pr 7 (8.1)   1 (1.0)  5 (3.3)  3 (2.0)   2 (1.2) 18 (1.38) 
Decapoda 
Pseudothelphusidae Om 1 (1.2) 

  
1 (1.0) 

  
1 (0.8) 

   
 

3 (0.23) 

Total  86 143 153 97 11 152 128 150 106 112 167 1305 
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Appendix 2.3.  Total  and relative invertebrate abundance per family per site during Wet08 season. Functional Feeding 
Group (FFG):  Sc=scraper; FC= Filter collector; Gc= Gather collector; Pr= predator; Sh= shredder; Om= omnivore. 

Family FFG 1.FoTa 2.IaFo 3.Ia 4.Ia 8.Ia 10.F0 11.IaFo 12.IaFo a.Fo c.Ur d.FoUr 13.IaFo TOTAL 
Mollusca               
P. flagellata Sc  3(4.6) 3(3.2)      1(8.3)    7 (0.6) 
C. fluminea  Fc     6 (6.3)      2 (1.4)        4 (2.3) 12 (1.0) 
Ephemeroptera               
Baetidae Gc  17 (26.2) 4 (4.2) 11(61.1)     10 (7.0) 27 (10.5)  24 (38.1) 12 (13.6) 13 (7.3) 118 (9.7) 
Heptageniidae Gc        20 (7.8)     20 (1.7) 
Leptophlebidae Gc 80 (51.6) 2 (3.1)   41(80.4) 17 (19.3) 77 (54.2) 60 (23.4)  3 (4.8) 42 (47.7) 79 (44.6) 416 (34.3) 
Trycorythidae Gc 5 (3.2)   4 (4.2) 1 (5.6)   2 (2.3) 6 (4.2)   3 (4.8) 9 (10.2) 22 (12.4) 52 (4.3) 
Trichoptera                      
Hydropsychidae Fi 4 (2.6) 13 (20.0) 39 (41.1)  2 (3.9) 23 (26.1) 19 (13.4) 52 (20.2) 3 (25.0) 1 (1.6) 13 (14.8) 32 (18.1) 201 (16.6) 
Plecoptera                   
Perlidae Pr 6 (3.9)       4 (4.5)        10 (0.8) 
Odonata                   
Gomphidae Pr          1 (1.6)  1 (0.6) 2 (0.2) 
Libellulidae Pr 1 (0.6)      1 (1.9)    1 (0.4)     3 (0.2) 
Calopterygidae Pr       1 (5.6)      1 (0.4)     2 (0.2)  
Coenagrionidae Pr 30 (19.4) 4 (6.2) 9 (9.5) 1 (5.6)  2 (3.9)   12 (8.4) 11 (4.3) 6 (50.0)   4 (2.3) 79 (6.5) 
Diptera                  
Tabanidae Pr 1 (0.6) 2 (3.1) 6 (6.3) 1 (5.6)  2 (3.9)  1 (1.1)   3 (1.2)     16 (1.2) 
Chironomidae Gc  3 (4.6) 1 (1.1)       6 (2.3) 1 (8.3)    13 (1.1) 
Simulidae Fc  5 (7.7)        12 (19.1)   17 (1.4) 
Megaloptera                   
Corydalidae Pr 2 (1.3) 1 (1.5)  1 (1.1)     3 (3.4) 3 (2.1) 1 (0.4)   1 (1.1) 3 (1.7) 15 (1.2) 
Lepidoptera                  
Pyralidae Sh 1 (0.6)          1 (1.1)     1 (8.3)    3 (0.2) 
Coleoptera                    
Elmidae Sc 11 (7.1) 9 (13.8)  4 (4.2)   2 (3.9) 11 (12.5)  1 (0.7) 38 (14.8)  7 (11.1) 2 (2.3) 2 (1.2) 87 (7.2) 
Psephenidae Sc        1 (1.1)   30 (11.7)  1 (1.6)  4 (2.3) 36 (3.0) 
Heteroptera                    
Naucoridae* Pr 10 (6.4) 6 (9.2)      1 (1.9)  25 (28.4) 8 5 (1.9)  11 (17.5) 9 (10.2) 12 (6.8) 87 (7.2) 
Belastomatidae Pr       2 (1.4)      2 (0.2) 
Decapoda Om 4 (2.6)  3 (3.2) 3 (16.7)    2 (1.4) 2 (0.8)    1 (0.6) 15 (1.2) 

TOTAL  155 65 95 18 51 88 142 257 12 63 88 177 1211 
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Appendix 2.4.  Invertebrate Community metrics considered per site for each field season. 

 
 

Ayuquila Sub-basin Tuxcacuesco 
Sub-basin 

Armeria 
Sub-basin TOTAL  

 
 

1.FoTa 2.IaFo 3.Ia 4.Ia 8.Ia 10.Fo 11.IaFo 12.Ia.Fo a.Fo c.Ur d.FoUr Armr (avg±SD)* 

W
et

07
1  

Total abundance 102 21 - 32 - 68 132 85 43 24 
 

51 412 
Invertebrate Richness (S)2 12 2 - 1 - 7 1 9 6 7 

 
6 14 (4.5) 

Shannon Index H’ (ln) 1.59 0.19 - - - 1.26 - 1.73 0.92 1.59 
 

1.42 (0.79) 
Number of FFG 4 2 - - - 2 - 3 3 3 

 
3  

% EPT 70.6 - - - - 73.5 - 40.0 67.4 8.33 
 

25.5 (47.5±27.1) 
B-IBI 3.95 n.e.d. - n.e.d. - 4.4 n.e.d. 4.07 5.14 2.21 

 
3.88 (3.4±1.7) 

Dr
y0

8 

Total abundance 86 143 153 97 9 152 127 150 106 
 

112 167 1302 
Invertebrate Richness (S)2 14 9 7 8 3 11 8 11 8 

 
8 12 20 (9) 

Shannon Index H’ (ln) 2.03 1.73 1.03 0.66 0.85 1.8 1.5 1.79 1.51 
 

1.07 2.07 (1.5) 
Number of FFG 5 4 4 4 2 4 4 4 3 

 
4 4  

% EPT 70.9 70.7 86.9 88.7 54.5 71.7 76.5 60.7 66.0 
 

75 67.1 (71.7±10.1) 
B-IBI 3.64 4.47 3.84 4.37 5.55 3.54 4.69 4.35 4.85 

 
4.24 3.66 (4.3±1.7) 

W
et

08
 

Total abundance 155 65 95 18 51 88 142 257 12 63 88 177 1211 
Invertebrate Richness (S)2 13 12 12 6 7 11 11 15 4 10 7 13 24 (10.2) 
Shannon Index H’ (ln) 1.64 2.19 1.94 1.24 0.84 1.84 1.59 2.18 1.31 1.8 1.51 1.75 (1.65) 
Number of FFG 6 4 5 3 4 5 5 5 5 4 4 5  
% EPT 61.3 49.2 65.3 66.7 84.3 52.3 78.9 61.9 25.0 49.2 86.4 82.5 (63.6±18.1) 
B-IBI 3.95 4.86 4.58 4.78 2.78 3.68 3.46 3.91 7.08 4.48 3.1 3.27 (4.2±1.1) 

1Five sites (3.Ia, 4Ia, 8.Ia, 11.IaFo and d.FoUr) were not sampled due to flooded conditions in wet07.   2Taxa richness (S) is at the family level. (n.e.d)= not 
enough data to calculate that index. 3Site c.Ur was not sampled in dry08. 
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Appendix 2.5. Fish community metrics per site for two seasons.  

 
Ayuquila Sub-basin Tuxcacuesco Sub-basin 

Armeria  
Sub-
basin 

TOTAL 
 

 
1.FoTa 2.IaFo 3.Ia 4.Ia 6.Ia 8.Ia 9.Ia 10.Fo 11.IaFo 12.IaFo a.Fo b.FoIa c.Ur d.FoUr Armr (avg) 

Dry 08 
    

 
 

 
    

 
  

  
Total abundance 38 2 6 56 72 92 16 10 2 100 13 NS NS 83 62 552 (42.5) 
Species richness 2 1 2 2 3 3 2 1 1 6 4 NS NS 6 3 10 (2.8) 
Shannon Index H’  0.62 n.e.d 0.64 0.69 0.79 0.85 0.23 n.e.d. n.e.d. 1.47 0.94 NS NS 0.95 0.46 (0.59) 
Fish IBI 30 15 30 40 50 45 40 35 35 55 55 NS NS 55 40 (40) 
Trophic guilds 2 1 2 2 2 2 2 1 1 3 1 NS NS 2 1 3 

Wet 08 
    

 
 

 
    

 
  

  
Total abundance 31 15 43 44 73 179 1 23 2 75 10 6 6 62 102 671 (44.5) 
Species richness 2 3 5 2 3 6 1 2 1 5 7 3 3 7 7 14 (3.8) 
Shannon Index H’  0.14 0.77 0.65 0.69 1.1 1.23 n.e.d. 0.39 n.e.d. 1.31 1.83 0.87 1.01 1.21 1.55 (0.85) 
Fish IBI 20 40 50 30 50 75 35 65 35 70 55 35 40 65 50 (48) 
Trophic guilds 2 3 3 2 2 2 1 2 - 3 3 1 2 2 3 3 

NS=Not sampled.  (n.e.d)= not enough data to get that index. Numbers in parenthesis are average.  
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Appendix 3.1. Dual mean (± 1 s.e.) δ15N /δ13C biplots for each site in Wet07 in: a) Ayuquila River, and b) Tuxcacuesco River.  
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Appendix 3.2. Dual mean (± 1 s.e.) δ15N /δ13C biplots for each site in Dry08 in: a) Ayuquila River, and b) Tuxcacuesco River.  

Laja 

-35 -30 -25 -20 -15

δ15
N

2

4

6

8

10

12

14

16

18

20

 

Chac

-35 -30 -25 -20 -15
2

4

6

8

10

12

14

16

18

20

 

PEGr 

-35 -30 -25 -20 -15
2

4

6

8

10

12

14

16

18

20

 

Herr  

-35 -30 -25 -20 -15
2

4

6

8

10

12

14

16

18

20

 
PBco 

-35 -30 -25 -20 -15

δ15
N

2

4

6

8

10

12

14

16

18

20

 

Achc

-35 -30 -25 -20 -15
2

4

6

8

10

12

14

16

18

20

 

Amtl

-35 -30 -25 -20 -15
2

4

6

8

10

12

14

16

18

20

 

Mntl

-35 -30 -25 -20 -15
0

5

10

15

20

 
Zenz

δ13C

-35 -30 -25 -20 -15

δ15
N

2

4

6

8

10

12

14

16

18

20

 

PaRl

δ13C

-35 -30 -25 -20 -15
2

4

6

8

10

12

14

16

18

20

 

Armr

δ13C

-35 -30 -25 -20 -15

δ15
N

2

4

6

8

10

12

14

16

18

20

  
Presa 

δ13C

-35 -30 -25 -20 -15

δ15
N

4

6

8

10

12

14

16

18

20

 
 b)   Tuxcacuesco sites   

Txca 

δ13C

-35 -30 -25 -20 -15

δ15
N

2

4

6

8

10

12

14

16

18

20

 



 

165 

Appendix 3.3. Dual mean (± 1 s.e.) δ15N vs δ13C biplots for each site in Wet08 in a) Ayuquila River,.  The plots are arranged 
in the direction of the river’s flow. 
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Appendix 3.3T. Dual mean (± 1 s.e.) δ15N vs δ13C biplots for each site in Wet08 at  Tuxcacuesco River.  The plots are 
arranged in the direction of the river’s flow 
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Appendix 4.1. Summarized results of One-way ANOVA or t-tests for metal 
concentration comparisons in sediments between sites, among sampling 
seasons, and between sub-basins. Bold figures are statistically significant. 
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Appendix 4.2. Mean (±s.e.) metal concentrations (µg/g dw) of each FFG and sediment per site for Dry08. 

Site FFG n Cd Pb Cu Mn Fe Zn 
1FoTA Fcoll 1 - - - 2502.45 533.57 - 
(Laja) Gcoll 1 8.16 0.00 7.09 1152.67 2248.59 187.26 

 
Pred 2 1.27±0.05 2.14±0.58 17.44±0.75 1008.44±49.15 742.13±39.41 103.86±4.42 

 
Omnv 1 3.26 16.32 - - 195.87 - 

 
Sdmt 2 0.47±0.11 2.47±1.93 6.52±4.0 225.25±64.96 473.34±58.22 0.98±0.47 

2.IAFo Fcoll 2 0.97±0.22 2.17±0.98 15.97±1.43 1323.18±363.5 1388.75±276.48 103.99±6.39 
(Chac) Scrpr 4 3.3±0.2 6.95±1.03 271.6±14.29 837.36±24.57 1201.46±36.92 353.84±9.33 

 
Pred 2 0.7±0.05 3.49±0.16 19.82±0.61 1224.8±81.23 1306.6±69.52 110.96±8.14 

 
Fshom 4 0.64±0.17 2.28±0.48 2.92±1.12 11.48±0.97 83.37±42.03 40.26±4.82 

 
Sdmt 2 0.49±0.06 1.84±0.32 2.68±0.37 63.24±8.32 505.27±32.17 0.51±0.04 

3.IA Fcoll 1 1.56 12.47 - 1924.26 1075.26 - 
(Pegr) Gcoll 2 1.53±0.04 4.37±0.63 14.94±0.19 1099.74±18.36 1323.45±35.79 103.69±2.12 

 
Pred 2 1.46±0.1 5.98±0.79 19.17±0.26 1118.88±46.14 1121.93±±58.66 126.29±10.90 

 
Omnv 2 3.7±0.02 42.68±2.4 53.52±0.93 297.7±40.83 307.41±79.88 78.64±0.87 

 
Sdmnt 2 0.5±0.01 2.51±1.24 5.13±1.71 106.45±18.67 535.87±34.93 0.66±0.1 

4.IA Fcoll 1 2.21 11.05 72.92 55.25 561.29 95.46 
(Herr) Pred 1 1.30 8.42 20.52 1243.22 1570.87 122.64 

 
Fshom 2 0.74±12 1.68±0.31 - 5.37±0.10 67.22±6.64 29.60±3.34 

 
Sdmt 2 0.45±0.05 2.94±2.04 3.90±0.17 103.54±4.34 496.19±5.32 0.57±0.01 

5.UrIA Fshomn 2 0.72±0.05 3.93±0.10 - 10.74±2.67 1.31±0.03 20.35±2.26 
(DrnA) Sdmt 2 0.49±0.05 2.19±0.67 9.25±2.61 94.09±14.58 513.93±5.44 0.86±0.15 
6.IA Fsherb 2 1.40±0.04 6.16±0.70 4.61±3.51 91.99±10.79 18.12±0.31 76.05±6.10 
(Pbco) Sdmt 2 0.44±0.07 0.58±0.19 3.47±0.35 71.11±0.70 467.56±44.31 0.48±0.01 
9.IA Fcoll 2 1.40±0.48 4.63±1.51 57.21±2.16 100.06±9.10 709.40±59.42 94.24±4.00 
(Amtl) Fshom 4 1.47±0.02 1.64±0.39 - 10.67±4.52 17.63±4.80 24.52±0.26 
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Appendix  4.2. continued 

Site FFG n Cd Pb Cu Mn Fe Zn 
9.IA Fscrn 2 1.45±0.13 2.04±0.32 - 15.03±0.72 17.14±0.61 29.10±0.82 
(Amtl) Sdmt 2 0.45±0.04 4.02±1.71 7,68±3.86 236.9±58.94 478.75±27.56 0.76±0.30 
10.Fo Fcoll 3 1.3±0.06 2.35±0.49 13.30±0.14 344.42±24.10 770.60±85.96 85.94±0.49 
(Mntl) Gcoll 1 2.85 - - 343.71 398.34 - 

 
Pred 3 1.10±0.20 2.90±0.30 14.25±0.50 372.01±43.18 587.22±69.02 104.70±0.10 

 
Sdmt 2 0.37±0.02 0.77±0.12 2.24±0.06 66.47±0.81 467.43±7.57 0.32 

11.IAFo Fcoll 2 2.52±0.11 3.09±0.46 55.00±8.08 587.64±49.06 1376.67±85.54 126.01±10.99 
(Zenz) Gcoll 1 5.37 10.17 17.29 1162.05 2796.19 191.88 

 
Pred 4 2.08±0.04 2.47±0.72 14.86±2.27 1011.93±21.95 815.48±173.53 126.17±8.75 

 
Omnv 2 4.49±0.07 31.18±1.23 35.85±2.39 85.44±2.92 130.34±0.81 86.86±4.56 

 
Sdmt 2 0.60 4.00±0.23 8.71±0.09 262.16±11.54 473.65±7.70 0.96±0.01 

12.IAFo Pred 2 1.67±0.12 6.05±0.31 18.86±0.43 649.98±22.72 978.01±11.69 112.17±4.44 
(Parl) Fshom 2 1.84±0.18 7.71±1.08 0.26±0.01 32.35±9.83 44.76±25.55 116.77±15.62 

 
Fsherb 3 1.7±0.13 9.4±3.45 10.19±9.41 192.19±137.62 507.92±489.89 93.74±18.04 

 
Sdmt 2 0.55±0.07 0.83±0.08 2.18±0.08 123.17±9.7 505.25±18.1 0.4±0.01 

a.Fo Gcoll 1 - 22.26 - 1114.56 751.39 - 
(Prsa) Scrp 2 1.84±0.23 5.94±1.74 5.90±1.55 401.59±116.03 214.26±76.04 74.06±0.0710.49 

 
Pred 2 1.335±0.01 3.87±0.06 13.86 561.64±70.89 324.89±76.24 109.09 

 
Fshom 5 2.79±1.73 9.72±4.33 - 10.33±4.36 18.92±8.06 53.97±11.96 

 
Sdmt 2 0.52±0.07 2.2±1.32 3.08±1.62 189.19±51.48 503.7±26.93 0.59±0.22 

d.FoUr Gcoll 1 0.78 5.44 - - 745.92 - 
(Txca) Pred 2 2.32±0.13 4.26±0.94 11.99 841.34±134.66 920.65±21.16 106.81±14.55 

 
Fshom 1 3.05 11.03 1.70 99.23 5.17 102.03 

 
Sdmt 2 0.44±0.02 2.34±0.05 2.06±1.03 81.20±24.60 461.62±10.47 0.48±0.15 

13.IAFo Pred 4 0.66±0.06 0.72±0.40 16.36±0.75 510.13±219.85 616.1±105.15 107.9±6.52 
(Armr) Fshom 2 1.09±0.14 11.27±1.78 2.4±0.21 198.37±42.88 1056.04±32.39 120.91±16.52 

 
Sdmt 2 0.54±0.1 0.74±0.01 0.46±0.06 63.39±8.61 534.79±15.09 0.28±0.02 

Fcoll= Filter collectors; Gcoll=Gather collectors; Scrp= Scrapers; Pred= Predators; Omnv= Omnivores; Fsherb= Fish herbivores; Fshom= Fish omnivores; Fscrn= Fish carnivores;  
Sdmt= Sediment.  Blank spaces indicate there was not enough sample to run the spectrometry 
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Appendix 4.3. Mean (±s.e.) metal concentrations (µg/g dw) of each FFG and sediment per site for wet08 

Site FFG n Cd Pb Cu Mn Fe Zn 
1.FoTa Fcoll 1 1.85 6.16 15.41 2180.50 770.49 122.35 
(Laja) Gcoll 2 4.96±3.3 8.8±1.5 15.75±5.4 1720.6±982.2 1219.35±620.8 119.23±27.4 

 
Pred 5 1.07±0.3 3.79±1.7 30.44±4.2 1775.2±690.9 822.25±157.8 135.22±16.5 

 
Omnv 1 2.29 43.45 72.50 1295.63 789.04 72.73 

 
Sdmt 3 0.34±0.01 3.43±2.0 4.25±0.6 208.3±39.8 775.91±59.6 10.41±2 

2.IAFo Fcoll 1 - - 21 1041 2400 91.5 
(Chac) Gcoll 1 - 143.376 19.776 235.83 3213.6 86.0256 

 
Scrp 2 4.77±0.8 13.94±2.04 55.66±27.9 119.26±8.3 135.22±31.4 65.61±7.4 

 
Pred 1 1.13 25.96 27.31 2400.75 767.52 160.73 

 
Fsherb 2 1.53±0.2 14.13±1.0 12.22±1.5 313.18±18.1 2269.15±344.1 77.39±16.8 

 
Fshom 2 2.10±0.2 33.26±0.9 11.73±2.0 173.57±76.8 1329.4±1190.5 136.91±18.2 

 
Fshcar 1 1.00 1.75 0.80 12.13 65.18 9.90 

 
Sdmt 3 0.31±0.1 1.49±0.3 3.41±0.6 61±9.6 679.16±30.0 7.97±0.5 

3.IA Fcoll 2 7.98±6.6 7.9±2.5 23.7±6.9 825.3±566.0 1472±119.6 148.3±1.4 
Pegr Gcoll 1 4.16 2.97 18.14 1330.47 3865.92 215.00 

 
Scrpr 2 0.63±0.3 7.48±0.3 174±43.4 42±9.7 70.2±15.4 60.16±0.5 

 
Pred 3 24.93±20.9 10.78±7.9 17.52±4.8 863.7±348.9 720.34±186.75 148.33±1.36 

 
Omnv 2 2.54±0.5 34.41±8.5 57.22±3.9 1231.3±165.7 529.88±285.1 68.95±16.5 

 
Fscrn 2 0.54±0.1 2.85±0.7 0.82±0.04 3.37±2.9 3.22±0.4 34.72±0.01 

 
Sdmt 3 0.2±0.04 2.79±0.2 2.14±0.3 59.67±5.7 380.8±33.2 6.92±0.2 

4.IA Pred 1 7.27 130.87 20.36 1590.80 508.94 251.56 
(Herr) Omnv 2 3.83±0.3 48.16±6.8 76.8±6.4 1093.64±214.3 289.77±7.7 79.69±2.1 

 
Fsherb 1 2.37 30.02 2.84 97.74 418.77 105.09 

 
Fshom 1 2.90 32.60 13.91 135.46 840.31 106.42 

 
Sdmt 2 0.22±0.03 3.90±1.1 3.7±0.8 54.2±11.8 435.6±69.8 7.44±0.8 

5.UrIA Sdmt 2 0.27±0.13 2.64±0.2 4.35±0.8 42.98±2.6 622.27±101.1 10.83±1.04 
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Appendix 4.3  continued 

Site FFG n Cd Pb Cu Mn Fe Zn 
6.IA Fshom 5 0.27±0.1 1.94±1.0 2.87±0.5 71.1±26.0 61.50±21.2 72.6±16.3 
(Pbco) Sdmt 2 0.17±0.04 3.1±0.6 4.79±0.2 76.71±2.0 290.66±78.3 10.37±2.2 
7.Ur Sdmt 2 0.17±0.00 4.45±1.3 4.41±0.4 46.75±35.6 370.80±38.9 7.54±0.7 
8.IA Gcoll 1 92.48 1017.23 61.65 3594.20 5548.50 - 
(Achc) Pred 1 31.29 281.57 25.03 1187.81 1251.43 44.84 

 
Fshrb 2 3.42±0.2 47.53±12.8 9.03±0.1 256.74±87.3 237.04±101.9 92.29±13.1 

 
Fshom 5 4.99±1.6 62.29±17.9 7.36±3.3 105.08±52.3 733.3±627.0 73.12±22.6 

 
Sdmt 4 0.18±0.03 1.27±0.12 2.96±0.8 34.36±4.1 446.69±80.1 4.82±0.3 

9.IA Fcoll 1 1.95 - 26.67 251.15 8391.03 68.14 
(Amtl) Omnv 2 3.31±1.4 53.87±30.7 109.85±61.9 414.18±5.3 143.38±49.4 101.39±13.5 

 
Sdmt 2 0.27±0.02 2.47±0.12 3.49±0.5 56.91±15.2 452.13±64.8 5.54±0.012 

10.Fo Fcoll 1 18.45 - 15.03 736.59 2555.52 144.86 
(Mntl) Scrpr 1 19.29 21.43 14.29 470.12 785.91 115.03 

 
Pred 2 0.55±0.2 0.72±0.02 26.71±0.3 539.53±329.4 629.4±297.0 126.43±25.4 

 
Sdmt 5 0.24±0.03 0.7±0.3 3.18±0.9 41.77±5.8 418.91±95.5 4.3±0.5 

11.IAFo Fcoll 2 0.68±0.1 13.88±10.1 54.53±30.2 425.4±266.2 1767.2±240.1 123.83±6.7 
(Zenz) Gcoll 1 0.72 15.22 36.12 439.90 1863.56 170.66 

 
Pred 4 1.18±0.3 3.69±1.8 30.30±8.9 565.54±191.6 1041.2±229.04 110.1±47.2 

 
Omnv 1 2.42 39.25 91.49 326.62 417.43 85.67 

 
Fscrn  2 0.13±0.05 - 0.89±0.11 15.17±14.9 11.77±6.4 30.84±4.2 

 
Sdmt 3 0.22±0.03 3.82±1.4 2.41±0.3 105.45±17.3 488.24±74.3 6.54±1.5 

12.IAFo Fcoll 2 13.28±3.8 21.13±21.1 31.46±5.2 863.8±647 3006.9±1457 76.66±62.4 
(Parl) Gcoll 1 5.41 - 38.21 1160.84 7677.63 131.75 

 
Scrpr 2 13.7±10.8 - 17.96±6.5 1121.61±405.4 1412.67±597 74.41±19..4 

 
Pred 2 3.79±1.3 5.57±5.6 23.46±3.8 1210.7±630 1553.11±971.6 112.56±4.0 

 
Omnv 2 4.11±0.1 45.93±11.2 158.22±4.7 102.5±3.9 242.83±155.1 66.93±20.8 

 
Fshom 6 4.42±1.4 28.83±9.8 10.29±3.1 142.94±53.0 300.11±211.7 79.06±10.8 

 
Sdmt 4 0.36±0.1 0.7 2.59±0.5 51.52±12.9 568.3±70.0 6.01±0.3 
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Appendix 4.3  continued 

Site FFG n Cd Pb Cu Mn Fe Zn 
a.Fo Fcoll 1 4.16 16.63 16.63 951.18 2414.68 94.54 
(Prsa) Pred 1 10.08 43.20 21.60 253.44 921.60 169.92 

 
Fshrb 1 0.87 7.27 1.31 35.56 18.18 57.66 

 
Fshom 4 0.46±0.1 3.85±1.6 1.66±0.4 21.21±4.8 27.32±6.5 86.31±27.9 

 
Fscrn 6 0.65±0.2 1.62±0.7 0.85±0.2 3.12±0.8 30.78±18.6 34.58±3.7 

 
Sdmt 4 0.15±0.3 2.38±0.6 1.54±0.4 43.98±10.9 531.46±104.9 6.91±0.5 

b.FoIA Fshom 5 0.25±0.1 6.35±1.8 1.99±0.3 8.47±2.9 17.21±2.4 75.38±13.7 
(Snbn) Sdmt 3 0.32±0.1 2.70±0.7 1.07±0.3 78.54±26.7 702.51±36.5 8.87±3.1 
c.Ur Gcoll 

 
2.36 39.34 18.88 498.04 3902.46 201.42 

(Tnya) Pred 3 2.3±1.5 3.94±1.1 25.12±1.7 292.66±79.1 1138.8±805.3 137.94±17.6 

 
Fshom 3 0.84±0.03 13.77±3.7 9.1±2.4 87.4±30.8 817.39±416.1 98.58±14.2 

 
Sdmt 3 0.34±0.1 2.7±0.8 1.34±0.1 38.36±1.9 539.9±103.3 6.26±0.64 

d.FoUr Fcoll 1 2.92 11.24 21.59 174.94 3627 104.78 
(Txca) Gcoll 1 1.57 3.13 14.10 139.42 1286.90 142.01 

 
Pred 2 4.71±1.6 2.88±2.9 7.28±4.8 64.47±9.8 610.2±183.6 127.82±14.8 

 
Fshom 4 1.41±0.5 9.99±4.6 1.91±0.7 26.99±13.3 61.01±24.5 80.82±21 

 
Fscrn  1 1.09 3.65 0.88 23.65 5.84 52.25 

 
Sdmt  4 0.14±0.03 2.43±0.5 1.86±0.3 32.23±4.3 466.9±92.7 4.9±0.3 

13.IAFo Fcoll 3 2.73±1.1 13.17±7.05 90.34±73.2 223.16±97.9 1223.6±849.6 77.05±28.9 
(Armr) Gcoll 2 2.49±0.2 28.49±2.0 22.99±2.6 308.61±5.0 3238.2±590.1 120.44±11.4 

 
Scrpr 1 15.375 0.5 15.375 747.225 2613.75 79.95 

 
Pred 3 1.57±0.5 16.97±6.4 20.38±2.2 578.4±219.6 784.06±66.6 78.79±4.1 

 
Omnv 2 1.07±0.3 18.81±5.5 222.77±48.2 76.89±32.6 148.56±0.3 64.36±14.2 

 
Fshom 10 1.55±0.2 13.67±3.4 3.25±0.6 26.84±13.5 82.39±40.8 40.24±5.7 

 
Sdmt 4 0.27±0.05 2.01±0.7 0.96±0.3 31.97±4.0 497.66±109.9 4.51±0.8 

Fcoll= Filter collectors; Gcoll=Gather collectors; Scrp= Scrapers; Pred= Predators; Omnv= Omnivores; Fsherb= Fish herbivores; Fshom= Fish omnivores; Fscrn= Fish carnivores;  
Sdmt= Sediment.  Blank spaces indicate there was not enough sample to run the spectrometry 
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