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bstract

In assessing the health of rivers, the standardization of environmental and biological information as a baseline is essential in order to determine the
et of conditions that are closest to the natural state of ecosystems. This is the case especially in peri-urban rivers where anthropogenic transformations
ccur rapidly and constantly. The objective of this work was to determine hydromorphological, physicochemical and biological parameters in 10
ountain rivers of the Mexico Basin, in order to establish a network of potential reference conditions and to validate the regional ecological

uality. The potential reference conditions in this study are defined as oligotrophic water bodies with well-oxygenated concentrations and low ion
oncentrations. These conditions were recorded in 4 sub-basins with high hydromorphological quality. These results were corroborated through

 base assembly composed of the macroinvertebrate families Baetide, Chrironomidae, Dugesiidae, Heptageniidae, Limnephilidae, Tipulidae and
he class Arachnida (Acarina). The algal community was represented by Nostoc  parmelioides, Placoma  regulare, Batrachospermum  gelatinosum,
aralemanea  mexicana, Draparnaldia  mutabilis, Prasiola  mexicana  and Vaucheria  bursata. The major disturbances were structural changes in

he riverbed that affect the structure and function of rivers.
 2017 Universidad Nacional Autónoma de México, Instituto de Biología. This is an open access article under the CC BY-NC-ND license

http://creativecommons.org/licenses/by-nc-nd/4.0/).

eywords: Reference sites network; Ecological quality; Benthic macroinvertebrates; Macroscopic algae; Hydromorphology

esumen
El establecimiento de líneas base de información biológica y ambiental son fundamentales para la determinación de la salud actual de los ríos
 las condiciones que se acercan a su naturalidad, en especial en sistemas periurbanos donde la transformación antrópica es rápida y constante.
l objetivo del estudio fue evaluar un conjunto de parámetros hidromorfológicos, fisicoquímicos y biológicos en 10 ríos de montaña de la cuenca
e México, para reconocer las características que definen las condiciones de referencia potenciales y el estatus de calidad ecológica en la región.
as condiciones de referencia potenciales fueron definidas por aguas oligotróficas, bien oxigenadas y de baja concentración iónica, condiciones

gicas naturales. Estos resultados fueron corroborados a través del ensamble
nomidae, Dugesiidae, Heptageniidae, Limnephilidae, Tipulidae y la clase
egistradas en 4 subcuencas que mantienen características hidromorfoló
ase de macroinvertebrados, integrado por las familias Baetide, Chiro
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rachnida (Acarina). La comunidad algal característica estuvo representada por las especies resilentes Nostoc  parmelioides, Placoma  regulare,
atrachospermum  gelatinosum, Paralemanea  mexicana, Draparnaldia  mutabilis, Prasiola  mexicana  y Vaucheria  bursata.  Las alteraciones más

mportantes son modificaciones estructurales del caudal que afectan la estructura y función de los ríos.

 2017 Universidad Nacional Autónoma de México, Instituto de Biología. Este es un artículo Open Access bajo la licencia CC BY-NC-ND
http://creativecommons.org/licenses/by-nc-nd/4.0/).

alabras clave: Red sitios de referencia; Calidad ecológica; Macroinvertebrados bentónicos; Algas macroscópicas; Hidromorfología

ntroduction

The study of aquatic resources associated with large urban
enters is of vital importance, because they provide 3 of the
ost important ecosystem services related to human well-being:
ater purification and provision, retention of biodiversity in ter-

estrial ecosystems, and regional climatic regulation (Niemelä
t al., 2010). In this sense, aquatic ecosystems have a great
nfluence on the cultural and economic aspects of the local
uman communities, mainly because they are subject to a
road array of public policies and strategies aiming to man-
ge the aquatic resources through the construction of dams,
iversion of waterways, generation of power, and extraction
f in  situ  water (Perló & González, 2005). Some of these
tructural interventions are physical stressors that alter the
cosystem, including the associations within the biological com-
unities (Caro-Borrero, Carmona-Jiménez, González-Martínez

 Mazari-Hiriart, 2015). Physical alteration of ecosystems can
ave an even greater impact than some alterations in water
hemistry; even though local regulations are based on chemi-
al parameters assessment (Acosta, Ríos, Rieradevall, & Prat,
009; Caroni, van de Bund, Clarke, & Johnson, 2013).

The Metropolitan Area of the Mexico Basin has grown expo-
entially during the past 6 decades. Mechanisms employed to
upply water to this area are based mainly on extraction of
eep water from the aquifer and importation of water from
eighboring basins (Perló & González, 2005). Currently, the
quifer is overexploited and water importation is a complex
nd expensive process for the city. An alternative management
rogram designed to preserve the aquatic ecosystems, as well
s to provide an adequate supply and distribution of water in
he region should be based on a comprehensive and sustainable
pproach toward the surface water resources (Legorreta, 2009).
his will necessitate assessment of the health of the rivers to
etermine the set of conditions that most closely resemble the
atural state; this requires a record of chemical, physical and
iological parameters at several sites with similar physical fea-
ures that represent the least disturbed conditions and provide an
stimate of the natural variability in biological conditions and
abitat quality (Acosta et al., 2009; Cortés, Hughes, Rodríguez-
ereira, & Pinto-Varandas, 2013). Furthermore, information
bout biological communities could be translated into indicators
f hydrological ecosystem function (Caro-Borrero, Carmona-
iménez, & Mazari-Hiriart, 2015).

sense, the greatest challenge in the selection of sites to deter-
mine the reference conditions is finding an approach that allows
unification of a range of criteria to be combined in its charac-
terization. The breadth of the concept and the freedom in the
selection of parameters and assessment methods limit the com-
parison of results and the potential setting of regional patterns
(Pardo et al., 2012). This highlights the need for intercalibration
based on local characteristics of ecosystems in order to facili-
tate determination of the evaluation criteria and thresholds for
rejection or acceptance of the parameters measured (Pardo et al.,
2012).

The final step is the validation of physicochemical data
through the composition of the biological community, a complex
task in regions where pristine ecosystems are practically nonex-
istent; consequently, a biological baseline has been established in
places already affected by human activity (Friberg et al., 2011).
Also, the methods based on community analysis that have been
used to assess ecological quality have been applied mainly in
developed countries, where environmental research is detailed
and available, and biodiversity parameters are sufficiently pre-
cise and incorporated within ecological responses (Nijboer &
Verdonschot, 2004). In Mexico, insufficient study of the criteria
for evaluation of ecological quality has impeded establishment
of a network of potential reference sites.

The objective of this study was to evaluate a set of parameters,
including hydromorphological, physicochemical and biological
information about the mountain rivers of the Mexico Basin, in
order to define the ecological quality at a regional scale and to
establish a baseline that will allow reference conditions to be
formulated.

Materials  and  methods

The Mexico Basin (Fig. 1) lies in the morphotectonic
region of the Trans-Mexican Volcanic Belt at 19◦00′–19◦40′ N,
98◦30′–99◦30′ W and has a total surface area of 9,600 km2, of
which 5,518 km2 are mountain ranges that rise above 2,400 m
asl. (Ferrusquía-Villafranca, 1998; Legorreta, 2009). The cli-
mate of the region is sub-moist and temperate (annual median
temperature 13.4 ◦C, annual median precipitation between 1,200
and 1,500 mm), with abundant rains from June to October and
a dry season from November to May (García, 2004). Its geo-
logical traits consist of rock pockets alternating with andesitic
to basaltic lavas (Ferrusquía-Villafranca, 1998), above which
The ecological reference conditions are outlined as an
nvironment with few anthropogenic pressures and minimal eco-
ogical impacts, and are not necessarily representative of pristine
nvironments (Wallin, Wiederholm, & Johnson, 2003). In this

f
g
i
s

orests of Abies  religiosa, Pinus  hartwegii  and Quercus  spp.

row in the upper area of the watershed, with mixed forests
n the middle and lower areas (Ávila-Akerberg, 2010). Thirty
ites were selected, representing 10 sub-basins with perennial

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 1. Sampling sites in the Mexico Basin; gray shading, soil conservation areas. Numbers indicate sites referred in Table 1. La Castañeda alto. 2. La Castañeda
Cascada. 3. La Castañeda bajo. 4. San Rafael. 5. San Rafael Vereda. 6. San Rafael Canal. 7. Canal San Rafael. 8. Agua dulce. 9. Inicio Canal San Rafael. 10. Cascada
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ompañía. 11. Cosamala. 12. Santa Catarina. 13. Rancho nuevo. 14. Los Orga
8. Manantial San Pedro. 19. Xopachi. 20. Monte Alegre alto. 21. Monte Aleg
lto. 26. Las Palomas. 27. Truchero Don Alvaro. 28. Santa Rosa manantial. 29.

ivers. The areas considered as potential reference sites were
reselected on the grounds of minimal human intervention in
orested areas with some legal conservation status, such as a
rotected area and/or soil conservation reserves at the headwa-
ers; this employed updated cartographic information on land
se and a mapped hydrological network at 1:50,000 (GDF, 2012;
negi, 2013). Once sampled, the reference conditions were vali-
ated in a post-selection step. This entailed measurement of the
hysicochemical traits of the water and its hydromorphologi-
al quality, and validation of the benthic macroinvertebrates and
acroscopic algae communities.
Sampling was carried out between March 2012 and June

015, during the rainy season (June-November), dry cold
December-February) and warm dry season (March-May). The
ollowing physicochemical parameters were recorded in  situ
ith a Hanna Multiparameter probe 991300 (Dallas, USA):
ater temperature, specific conductivity and pH. Also, oxy-

en saturation (YSI-85 meter, YSI, Ohio, USA) and current
elocity (Global Water FP111, Texas, USA) were recorded.
tream discharge was calculated according to Gore (1996). At

w
2
2

. 15. Nacimiento Presa Iturbide. 16. Manantial Capoxi canal. 17. Río Capoxi.
o. 22. Manantial Eslava. 23. Chautitle alto. 24. Chautitle cañada. 25. Truchero

 Rosa alto. 30. Santa Rosa media.

ach sampling station, 500 ml samples of water were filtered
n situ  and analyzed in the laboratory according to the criteria
stablished in the official Mexican guidelines and international
tandards (APHA, 2005; DOF, 2003). Nitrite nitrogen (NO2-N),
itrate nitrogen (NO3-N), ammonium nitrogen (NH4-N), dis-
olved inorganic nitrogen (DIN) and soluble reactive phosphorus
SRP, in theory mostly in the form of orthophosphate, PO4-P)
ere analyzed with a DR 3900 laboratory Spectrophotometer

Hach, Loveland, CO; Hach, 2003). The criteria used to validate
he water quality and its fitness for human contact were those
f the Mexican norm (DOF, 2003). Hydromorphological quality
HQ) and anthropogenic activities were evaluated and adapted
rom the Ecological Quality of Andean Rivers Index (Acosta
t al., 2009), which uses a scale of 24–120 points to classify
he naturalness of the fluvial habitat in high-mountain streams;
ites with values higher than 100 were considered as potential
eference sites. The conservation status of riparian vegetation

as evaluated according to local descriptions (Ávila-Akerberg,
010; Espinosa & Sarukán, 1997; Rzedowski & Rzedowski,
001).
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The macroinvertebrates sampling points were selected at each
ampling location, following a multihabitat criterion and using

 Surber-type D-net with 250 �m mesh and a 30 cm width.
ampling was performed along a 10 m transect. Sediment was
emoved by kicking during a 5-minute period and organisms
ere moved to a tray for extraction. Organisms were also caught
y manual examination and extraction from the submerged faces
f large rocks, pieces of dead wood and leaves. At least 100 indi-
iduals were collected from each sampled site as a representative
nd preserved in 70% alcohol. Individuals were separated out
nder an Olympus SZX7 stereoscopic microscope (Olympus
orporation, Tokyo, Japan) and identified to family level with

eference to Bueno-Soria (2010), DeWalt, Resh, and Hilsenhoff
2010), Merritt, Cummins, and Berg (2008) and Voshell (2010).

The macroscopic algae sampling consisted of 5 quadrats,
ach separated by 2 m. Quadrats were positioned within each
ite on areas with >1% of algal cover. Their direction and local-
zation was chosen randomly in an interval between 0◦ and 180◦.
his procedure was repeated along the sampling quadrats (in
n upstream direction). The abundance of macroscopic algae
percentage cover) was evaluated with a circular sampling unit
f 10 cm radius (area 314 cm2) (Bojorge, Carmona-Jiménez,
artajena, & Beltrán, 2010; Necchi, Branco, & Branco, 1995.
lgae were identified to species level by reference to taxonomic
eys and bibliographic resources (Anagnostidis & Komárek,
005; Carmona-Jiménez & Necchi, 2002; Carmona-Jiménez &
ilaclara, 2007; Ettl & Gartner, 1988; Komárek, 2013; Rieth,
980; Wher & Sheath, 2003). For taxonomic analyses, an Olym-
us BX51 microscope with an SC35 microphotography system
as used.
Hydromorphological and physicochemical parameters were

sed to establish ecological quality and the possible source of
egradation of the aquatic communities. Relationships between
hysicochemical parameters, hydromorphological quality and
iological diversity were evaluated with agglomerative hier-
rchical clustering (AHC, Euclidean distance and UPGMA
rithmetic mean). Mean values for each season were transformed
o natural logarithm (x  + 1). In order to be considered, percent-
ge algal cover and relative abundance in macroinvertebrates
ad to be greater than 1% in all the sampling sites. Species
iversity was assessed by the Shannon-Wiener diversity test
H log10). Numerical analyses were performed with XLSTAT
oftware (Addinsoft, 2003).

esults

nvironmental  characterization

The streams within the Mexico Basin showed relatively
table physicochemical characteristics (Table 1). The water
emperature was temperate (5–17.6 ◦C), with variable dis-
olved oxygen values (41–129%), low specific conductivity
35–255 �S cm−1), and slightly acidic pH (4–7.5) due to the

ow-mineralized basaltic substratum. According to HQ assess-
ent, 7 sub-basins had potential reference conditions (up to

00 points), and 3 sub-basins presented poor HQ conditions
Fig. 2a). According to the Mexican norms (DOF, 2003), the

3
H
r
t

orphological quality values; (b) soluble reactive phosphorus (mg l−1), and (c)
issolved inorganic nitrogen (mg l−1).

utrient concentrations were within the category “permissible
or direct  human  contact” although point sources of pollution
ere detected through their high values of SRP (Fig. 2b) and
ID (Fig. 2c).
Taking into account the HQ assessment, nutrient concen-

ration and AHC procedure, we established that 63% of sites
xhibited potential reference conditions and we identified 3 main
roups (Fig. 3a): 5 sub-basins in the western region; 3 sub-
asins in the eastern region; and 2 sub-basins belonging to both
egions, with the lowest HQ values and the highest concentra-
ions of NO3-N. The sub-basins that had conserved a natural state
ere those that included at least 2 sites with high values of HQ

>100 points) at the headwater, namely Cuautitlán, La Colmena,
agdalena-Eslava and Santo Desierto. The other sub-basins had

cceptable to poor HQ values (near or below 100 points) related
o changes in the naturalness of riparian vegetation, modification
f the structure of the channel with gabion dams, presence of
uman activities and the extraction and/or channeling of water.

The macroinvertebrates represented by 37 families, of which
0 had a high total abundance and wide distribution (Table 1).

owever, the diversity identified in Cuautitlán and San Ildefonso

ivers represents 90% of all the families registered. In 18 sites,
he family diversity index was high (H′ = 2.5–3.4); of these, 9
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Table 1
Physicochemical and biological characteristics of sites selected as potential reference sites in the Mexico Basin.

Sub basin site, code and altitude T ◦C SO% pH K25
a

(�S cm−1)
NO2

−-Na

(mg l−1)
NO3

−-Na

(mg l−1)
NH4

+-Na

(mg l−1)
SRPa

(mg l−1)
Q3

a (m3 s−1) CERAb Total Macroscopic
algaec and
diversity index

Macroinvertebrate
familyd and
diversity index

1 2 3 4

Amecameca-Canal Nacional
1. La Castañeda alto 11 60 7.2 201 0.003 1.25 0.02 0.62 0.272 22 28 24 22 96 10 11, 12, 16, 17

(1.8)
1, 4, 6, 9, 14, 18,
20, 21, 28, 29, 30,
36
(1.9)

2. La Castañeda Cascada (n3) 7 106 6.8 144 2.586 0.033 0.116 0.533 0.255 30 24 26 24 104 10, 11, 12
(0.4)

1, 2, 4, 6, 9, 11,
18, 20, 21, 28, 29,
30, 32, 34, 36, 37
(2.4)

3. La Castañeda bajo 8.3 90 7.3 255 0.005 0.75 0.001 0.27 0.348 30 30 30 30 120 7, 10, 11, 12, 16
(2.3)

1, 4, 6, 9, 11, 14,
15, 18, 20, 21, 27,
29, 30, 34, 36, 37
(2.0)

San Rafael-Tlalmanalco
4. San Rafael 11.9 93 5.5 71 0.08 0.0 0.05 0.61 0.056 28 21 20 21 90 10, 13

(0.3)
Whitouth
macroinvertebrates

5. San Rafael Vereda 11.5 97 7 137 0.8 0.0 0.06 0.33 0.012 24 28 18 26 96 6, 16
(0.4)

1, 4, 6, 9, 13, 18,
20, 21, 27, 28, 29,
34, 36, 37
(3.4)

6. San Rafael Canal 11.5 97 7 137 0.8 0.0 0.06 0.33 0.028 24 28 18 26 96 10, 13
(0.5)

4, 6, 9, 11,18, 20,
21, 27, 34, 36
(3.0)

7. Canal San Rafael 11.3 89 6.9 136 0.005 0.95 0 0.51 0.35 22 28 18 26 94 6, 10, 11, 13, 15,
16
(2.1)

4, 6, 9, 11, 18, 20,
21, 27, SIM, TI
(2.5)

8. Agua dulce 9 90 6.6 137 0 4.75 0.03 0.8 0.571 28 26 23 26 103 3, 6, 16
(0.6)

4, 6, 11, 17, 20,
23, 32, 34, 36, 37
(2.0)

9. Inicio Canal San Rafael (n2) 9.8 100 7.5 137 0.03 0.04 0.07 0.475 0.388 30 30 30 28 118 3, 6, 10, 11, 13,
15, 16
(2.5)

1, 4, 6, 11, 17, 20,
21, 22, 25, 27, 36,
37
(2.6)

10. Cascada Compañía (n2) 10.6 103 7.2 153 0.095 0.015 0.075 0.34 0.046 28 30 28 26 112 4, 6, 10, 11, 13,
15, 17
(1.9)

1, 4, 6, 9, 11, 17,
20, 21, 25, 27, 28,
29, 36
(2.8)

11. Cosamala (n2) 11.7 79 7 74 0.00725 3.1 0.025 0.582 0.528 24 28 21 22 95 6, 10, 11, 13, 15
16, 17
(2.7)

1, 4, 5, 6, 11, 15,
17, 20, 21, 34, 36,
37
(2.8)

Coxcacoaco
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Table 1 (Continued)

Sub basin site, code and altitude T ◦C SO% pH K25
a

(�S cm−1)
NO2

−-Na

(mg l−1)
NO3

−-Na

(mg l−1)
NH4

+-Na

(mg l−1)
SRPa

(mg l−1)
Q3

a (m3 s−1) CERAb Total Macroscopic
algaec and
diversity index

Macroinvertebrate
familyd and
diversity index

1 2 3 4

12. Santa Catarina 12 100 7.5 92 0.001 4.2 0.45 0.37 0.335 28 24 22 24 98 9
(0.7)

1, 2, 4, 6, 11, 13,
22, 32
(2.5)

Coatlaco
13. Rancho nuevo 11.2 86 7.4 61 0.003 0.01 0.15 0.38 0.013 24 26 22 23 95 6, 7, 13, 15, 16

(1.6)
4, 10, 12, 31
(1.7)

Cuautitlán
14. Los Organillos (n2) 10.7 97 6.7 124 0.001 0.545 0.005 0.36 0.003 28 28 24 28 108 1, 3, 5, 6, 13, 14,

16
(1.8)

1, 4, 6, 9, 11, 12,
16, 17, 20, 27, 29,
34
(2.3)

15. Nac. Presa Iturbide (n3) 11.7 104 6.8 51 0.006 0.39 0.043 0.466 0.053 25 26 26 29 108 4, 6, 10, 11, 12,
13, 15
(1.8)

1, 2, 4, 6, 9, 11,
13, 14, 15, 17, 19,
20, 21, 22, 23 25,
26, 27, 28, 29, 31,
34, 36
(2.8)

16. Manantial Capoxi canal 13 86 6.6 45 0.001 0.02 0.04 0.43 0.007 26 30 28 30 114 3, 11, 16
(1.6)

(0)

17. Río Capoxi 11.4 100 6.8 46 0.001 0.03 0.04 0.6 0.018 26 30 28 30 114 4, 11
(1.0)

2, 4, 11, 13, 15,
17, 20, 24, 29, 31,
34, 36
(2.5)

18. Manantial San Pedro (n3) 9.6 64 6.6 53 0.006 0.636 0.013 0.283 0.007 30 30 28 30 119 1, 3, 7, 13, 14, 16
(2.2)

4, 6, 7, 9, 11, 12,
14, 16, 20, 21, 27,
28, 34, 33, 36
(2.5)

La Colmena
19. Xopachi (n3) 8.6 98 7 35 0.006 0.906 0.013 0.366 0.027 30 26 28 30 115 2, 3, 4, 6, 7, 8, 11,

13
(1.7)

1, 3, 4, 6, 8, 9, 11,
12, 16, 17, 20, 27,
29, 34, 36
(2.5)

Las Regaderas
20. Monte Alegre alto (n2) 11.6 129 7.4 49 0.015 1.6 0.02 0.205 0.005 18 24 12 28 82 6, 11, 13, 14, 15,

16
(1.9)

1, 4, 5, 6, 9, 14,
16, 18, 20, 28, 29,
35, 36
(2.9)

21. Monte Alegre bajo (n2) 17.6 89 7.2 62 0.01 1.2 0.02 0.225 0.007 14 22 17 24 77 13, 14
(1.0)

4, 5, 6, 14, 16, 18,
20, 25, 27, 28, 29,
31, 33, 36
(2.6)

Magdalena-Eslava
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Table 1 (Continued)

Sub basin site, code and altitude T ◦C SO% pH K25
a

(�S cm−1)
NO2

−-Na

(mg l−1)
NO3

−-Na

(mg l−1)
NH4

+-Na

(mg l−1)
SRPa

(mg l−1)
Q3

a (m3 s−1) CERAb Total Macroscopic
algaec and
diversity index

Macroinvertebrate
familyd and
diversity index

1 2 3 4

22. Manantial Eslava 8.7 43 5.7 112 0.003 0.54 0.001 0.19 0.019 26 30 26 28 110 3, 6, 7, 16
(1.0)

1, 6, 12, 27
(1.0)

23. Chautitle alto 5 98 6.7 64 0.0 0.04 0.08 0.49 0.151 30 30 28 28 116 6, 10, 11, 15, 16
(1.5)

1, 4, 6, 17, 20, 25,
27, 31, 36
(2.5)

24. Chautitle cañada 6 96 7 64 0.0 0.03 0.07 0.33 0.214 30 30 30 30 120 10, 11, 13, 15, 16
(1.7)

1, 4, 6, 9, 12, 13,
20, 25, 27, 31, 36
(2.9)

25. Truchero alto Magdalena 7.6 82 7.2 63 0.03 0.09 0.12 0.28 0.421 18 28 18 24 88 10, 11, 13, 16
(1.9)

1, 6, 12, 27
(1.0)

San Ildefonso
26. Las Palomas (n2) 11.7 103 7 48 0.005 0.71 0.02 0.225 0.006 30 30 30 30 120 10, 12, 13, 14, 16

(1.7)
1, 4, 6, 9, 11, 13,
14, 16, 17, 18, 19,
20, 21, 27, 28, 29,
32, 31, 35, 36
(3.2)

27. Truchero Don Alvaro (n2) 10.2 103 7.2 53 0.01 0.14 0.11 0.365 0.114 27 26 27 27 107 3, 7, 10, 11
(1.6)

1, 4, 5, 6, 11, 14,
15, 17, 20, 21, 27,
28, 29, 30, 31, 34,
36
(2.5)

Santo Desierto
28. Santa Rosa Manantial 13.3 90 7 86 0.001 3.1 0.28 0.24 0.018 30 30 26 28 114 Without algae 4, 6, 18, 27, 28, 34

(1.7)
29. Santa Rosa Alto (n2) 8 46 4 41 0.001 0.015 0.12 0.365 0.141 30 28 28 30 116 4, 7, 10, 11, 17

(1.0)
4, 6, 9, 11, 12, 18,
20, 27, 28, 29, 34,
35
(2.8)

30. Santa Rosa Media 10 80 6.5 78 0.001 0.06 0.04 0.5 0.258 28 30 28 28 114 9, 11
(1.3)

4, 6, 27, 28, 34, 36
(1.7)

a K25, Specific conductivity; Q3, Discharge; DIN, dissolved inorganic nitrogen; SRP, soluble reactive phosphorus.
b Acosta et al. (2009): (I) riparian vegetation and naturality, (II) stream conservation state, (III) physiographic heterogeneity channel, (IV) pollution.
c Macroscopic algae: 1. Batrachospermum gelatinosum. 2. Calothrix sp. 3. Cladophora glomerata. 4. Coleodesmium wrangelii. 5. Draparnaldia mutabilis. 6. Nostoc parmelioides. 7. Oedogonium sp. 8. Paralemanea

mexicana. 9. Phormidium autumnale. 10. Placoma regulare. 11. Prasiola mexicana. 12. Rhizoclonium sp. 13, Spirogyra sp. 14. Tetraspora gelatinosa. 15. Ulothrix sp. 16. Vaucheria bursata. 17. ‘Chantransia’ stage
of unidentified rhodophyte.

d Macroinvertebrate families: 1. Arachnida (Acarina). 2. Ameletidae. 3. Athericidae. 4. Baetidae. 5. Ceratopogonidae. 6. Chironomidae. 7. Chysomelidae. 8. Cordulegastridae. 9. Dixidae. 10. Dryopidae. 11.
Dugesiidae. 12. Dytiscidae. 13. Elmidae. 14. Empididae. 15. Ephydridae. 16. Gerridae. 17. Glacidorbidae. 18. Glossosomatidae. 19. Helicopsychidae. 20. Heptageniidae. 21. Hydrobiosidae. 22. Hydrophilidae.
23. Hydroptilidae. 24. Lepidostomatidae. 25. Leptoceridae. 26. Leptophlebiidae. 27. Limnephilidae. 28. Nemouridae. 29. Oligochaeta. 30. Perlolidae. 31. Polycentropodidae. 32. Psychodidae. 33. Saldidae. 34.
Simuliidae. 35. Siphlonuridae. 36. Tipulidae. 37. Xiphocentronidae.
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Figure 3. Agglomerative hierarchical clustering dendograms: (a) hydromor-
phological quality values and physicochemical data; (b), macroinvertebrate
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The rivers of the Mexico Basin share the same geological
bundance; (c), macroscopic algae cover (%).

re classified as potential reference sites according to the HQ
ssessment and the low nutrient concentrations. The diversity of
acroinvertebrates was fairly consistent with the grouping of the

ub-basins according to HQ and nutrients, and again resulted in 3

roups (Fig. 3b): 4 sub-basins in the eastern region; 2 sub-basins
n the west; and 2 sub-basins in the east.

o
s
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The families Hydroptiliidae, Psychodidae, Lepidostomati-
ae, Cordulegastridae, Athericidae, Chysomedidae, Dityscidae,
nd Helicopsychidae were exclusive to potential reference sites.
he first 2 families were found at only 1 site. A second group
f representative organisms was recorded at 17 sites that had
arying values of HQ and nutrients: Arachnida (Acarina) and
amilies Dugesiidae, Baetidae, Chironomidae, Glossosomati-
ae, Heptageniidae, Limnephilidae, Tipulidae and Simuliidae.
inally, the Siphlonuridae and Dryopidae families were only
resent at sites without potential reference conditions and poor
Q values.
Records of the frequency and abundance of macroinverte-

rates identified a representative assemblage of organisms in
otential reference sites: Baetidae, Chironomidae, Dugesiidae,
eptageniidae, Limnephilidae, Tipulidae and Arachnida (Aca-

ina). However, when Oligochaeta, Dryopidae, or Siphlonuridae
ere present in this assemblage the site was not considered to
e a potential reference site.

alidation  of  macroscopic  algae

The 17 species-level taxa identified had a heterogeneous dis-
ribution and diversity, with 0–7 species per site (Table 1). The
pecies diversity index was high (H′ = 1.5–2.7) at 18 sites. Of the
0 sites, 13 corresponded to sub-basins with potentially refer-
nce conditions according to the HQ assessment. The sub-basins
f Cuautitlán and San Ildefonso (eastern region) presented the
ntire diversity of macroscopic algal species thus far described
rom the Mexico Basin. The diversity of macroscopic algae was
onsistent with the sub grouping obtained through the HQ and
utrient assessment, again resulting in 3 groups of sub-basins
Fig. 3c): 4 sub-basins in the eastern region with high HQ and
ow nutrient concentrations; 3 sub-basins (1 in the east and 2 in
he west) with various HQ and nutrient concentrations; and 2
ub-basins in the east and 1 in the west, each with various HQ
nd nutrient concentrations.

The following species were representative of sites with high
Q values and low nutrient concentrations: Coleodesmium
rangelii, Calothrix  sp., Nostoc  parmelioides, Batrachos-
ermum gelatinosum, Oedogonium  sp., Spirogyra  sp. and
etraspora  gelatinosa. In sites with wide variations in HQ
nd nutrient concentrations, the following species were iden-
ified: Placoma  regulare, the ‘Chantransia’ stage of unidentified
hodophyte, Ulothrix  sp., Prasiola  mexicana, Rhizoclonium  sp.,
ladophora  glomerata, and Vaucheria  bursata. Two species
ere site-specific, Paralemanea  mexicana  and Draparnaldia
utabilis. A recurring assembly composed of N.  parmelioides,
. regulare, Paralemaea  mexicana  and V.  bursata  was represen-
ative of sites with potential reference conditions.

iscussion

otential  reference  conditions
rigin, as well as physicochemical characteristics that clas-
ify them as siliceous mountain rivers, and they are defined
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the conditions described in the literature. For example, Dytisci-
dae (swimmers and predators-carnivores) species are inhabitants
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nder the same fluvial typology. All the analyzed streams had
 flow that was permanent but considerably variable, which
an generally be attributed to seasonality. This condition is
aintained up as far as 2,300 m when the slope starts to flat-

en and floodplains begin to appear. Most of these floodplains
ave lost their natural state, even those within conservation
reas (Legorreta, 2009). The potential reference conditions were
efined by oligotrophic water with good oxygen concentrations
nd low ion concentrations but variation in HQ status. These
atterns were recorded as follows: 4 sub-basins with HQ values
igher than 100 points (Cuautitlán, La Colmena, Santo Desierto
nd San Idelfonso), and 3 sub-basins with sites with HQ val-
es > 100 points together with a few sites with HQ values < 100
oints (Magdalena-Esalava, Amecameca Canal Nacional and
an Rafael Tlalmanalco).

One aspect of the HQ evaluation with important modifica-
ions was the riparian vegetation; in general, at the headwaters
here was arborescent vegetation with mixed forest, pine for-
st, fir forest, and oak-pine forest. The natural state of riparian
egetation has a structural and functional effect on aquatic
ommunities by providing shaded areas, substratum diver-
ity (habitat availability and heterogeneity) and allochthonous
rganic matter as a food source (Acosta et al., 2009; Januschke,
ähnig, Lorenz, & Hering, 2014).

The most important causes of deterioration in the natural
tates of the rivers were the alteration of the riverbed structure
nd the presence of hydraulic infrastructure (dams, diversion
hannels and/or pipelining of springs). These alterations have
een historically overlooked because environmental regulation
n Mexico has mainly focused on detection and control of chem-
cal and bacteriological contaminants (DOF, 2003). However, at
he basin scale, physical alterations such as loss of heterogene-
ty or habitat fragmentation, and pressure on water resources
ue to extraction, constitute the main threats leading to environ-
ental degradation (Ramussen et al., 2013). This occurred at

he headwaters in the present study, where the nutrient concen-
rations in general did not exceed the values established by the
ocal regulations for the protection of aquatic life. The highest
utrient concentrations were observed in the headwaters of the
ivers Las Regaderas and Coaxacoaco, and might be associated
ith activities such as fish farming and livestock husbandry in

he area (Caro-Borrero, Carmona-Jiménez, González-Martínez,
t al., 2015; Legorreta, 2009).

Variable HQ values were recorded in the Amecameca-Canal
acional, Magdalena-Eslava and San Rafael-Tlalmanalco sub-
asins, in which riparian vegetation was replaced by trails and
nfrastructure to channel the course of rivers upstream. However,
n the lower section in areas with a steep slope, the habitat had
ecovered with an increase in HQ values. This topographical
eature can be linked to the difficulty of access to the rivers
nd therefore to minimal alterations to the riverbed and bank
onditions.

In the remaining 3 sub-basins (Coaxacoaco, Coatlaco and Las
egaderas), with the lowest HQ values recorded in this study, the

iparian vegetation is fragmented by a surface reduction intended

or crops and isolated from the river channel by physical barriers
nd also by riverbed alterations.

o
a
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iversity  of  benthic  macroinvertebrates  and  macroscopic
lgae

The ecological features of the macroinvertebrate families and
lgal species (food and habitat preferences) defined these orga-
isms as frequent inhabitants of oligotrophic mountain rivers.
n general, the lowest values for macroinvertebrate family rich-
ess were related with sites in which modifications of the river
hannel structure had occurred, probably as a result of changes
n the heterogeneity of the substratum and a decrease in water
ow and regime velocity. These results are consistent with pre-
ictions of the “river continuum concept” (Vannote, Minshall,
ummins, Sedell, & Cushing, 1980), which states that in natural

tream systems, biological communities of the headwaters form
 temporal continuum of synchronized species replacements.
ownstream communities are adapted to capitalize on upstream
rocessing inefficiencies, and both the upstream inefficiency
represented by hydraulic intervention and organic pollution)
nd downstream adjustments can be predicted from the structure
f macroinvertebrate assemblages and algal communities.

The representative assemblage of benthic macroinvertebrates
ssociated with sites with good HQ status and permanent water
ow, composed of Baetidae (gathering collectors), Dugesiidae
carnivores), Tipulidae (shredders and predators) and the Arach-
ida (Acarina) was consistent with other studies in this area that
onsidered them to be good indicators of potential reference
onditions (Caro-Borrero, Carmona-Jiménez, & Mazari-Hiriart,
015). For example, the Baetidae can colonize diverse sub-
trata and are usually associated with fast water currents, and
ith the highest HQ values since they feed on microalgae and
articulate organic matter (Ozcos, Galicia, & Miranda, 2011).
he Dugesiidae can tolerate changes related to weather season-
lity, a trait linked to mountain river ecosystems (Hawking,
mith, LeBusque, & Davey, 2013). Organisms belonging to
eptageniidae (scrapers), Limnephilidae (shredders, in part)

nd Arachnida (Acarina) have been recorded in the headwa-
ers of Mexico Basin of and are associated with oligotrophic
onditions; the first 2 with high flow rates and the last with
ow rates (Caro-Borrero, Carmona-Jiménez, & Mazari-Hiriart,
015). These families are frequently found to be sensitive to low
O concentrations and hence require clean and well-oxygenated
aters (Bueno-Soria, 2010; Guilpart et al., 2012).
Regarding the Chironomidae (gathering collectors), in part

ecause of the great species diversity and therefore their ability
o colonize many habitats, it is not surprising to find them asso-
iated with sites in a decent state of conservation (Merritt et al.,
008). A good example is the subfamily Podonominae, in previ-
us studies found associated with conditions with insignificant
nthropogenic intervention (Caro-Borrero, Carmona-Jiménez,

 Mazari-Hiriart, 2015).
The families that were associated with good HQ values but

ot with oligotrophic conditions did not form part of a repre-
entative assemblage, and their records were consistent with
f riverbanks and are facultatively stress-tolerant, since both
dults and larvae breathe atmospheric air (Merritt et al., 2008);
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zcos et al., 2011). The Gerridae (predators-carnivores) can
olerate high nutrient concentrations and are associated with
ow-intensity water flows, such as those sampled here (Hawking
t al., 2013). The Helicopsychidae (scrapers, herbivores) feed
rimarily on diatoms and fine organic matter, so it is highly prob-
ble to find these associated with high organic matter loading
Bueno-Soria, 2010).

The 2 families exclusively belonging to sites with poor or
egular HQ values were the Dryopidae and Siphlonuridae. The
ryopidae are frequently associated with water bodies with low

o moderate current flow, with or without riparian vegetation
Rico & García-Avilés, 1998). Siphlonuridae larvae are usually
ound in areas with little or no current, as in this study, and they
ost commonly forage on decaying plant material lying on soft

ediment (Voshell, 2010).
Finally, the organisms belonging to the Simuliidae were

idely distributed and associated with every gradient of physi-
ochemical alteration registered in this study; this is consistent
ith other studies that considered them to be tolerant organisms

Caro-Borrero, Carmona-Jiménez, & Mazari-Hiriart, 2015).
The algal diversity is represented by a resilient community

ypically associated with mountain rivers from the central region
f Mexico. Some of the constituent species, such as Prasiola
exicana and Paralemanea  mexicana, were described for the
rst time from the Mexico Basin in the mid-19th century and
re still present (Ortega, 1984). The macroscopic algae Nos-
oc parmelioides  and Coleodesmium  wrangelii  are able to fix
tmospheric nitrogen in environments with low nutrient con-
entrations and minimal alterations of the riverbed (Komárek,
013). In the same way, Draparnaldia  mutabilis, Batrachos-
ermum gelatinosum  and Paralemanea  mexicana  have been
escribed in mountain rivers with low to moderate nutrient con-
entrations and high flow rates (Carmona-Jiménez & Vilaclara,
007; Carmona-Jiménez, Montejano, & Cantoral, 2004; John,
003). The specific micro-environmental conditions required
y these species and their limited dispersal strategies (Branco,
ispo, Peres, Tonetto, & Branco, 2014) associate them with the

eference conditions described in this study, and they therefore
ake good potential indicators of sites with limited hydromor-

hological and physicochemical alterations. The most frequent
nd abundant species were Placoma  regulare, Prasiola  mexi-
ana and Vaucheria  bursata, which were found in sites with
ood HQ conditions and moderate nutrient concentrations.
ccording to the ecological indicator value of the algae in the
agdalena-Eslava river, this association is composed of detec-

ing species (Carmona-Jiménez, Ramírez, Bojorge, González,
 Cantoral, 2016; Caro-Borrero, Carmona-Jiménez, González-
artínez, et al., 2015) that can respond in a better way to

nvironmental changes and provide information for more than
ne habitat configuration. The widespread distribution of the
etecting species could be related to reproductive strategies
hat favor their propagation and multiplication despite poten-
ial human environmental stressors (León-Tejera, Montejano, &

antoral-Uriza, 2003; Ramírez & Carmona-Jiménez, 2005). On

he other hand, the tolerant and intolerant species commonly
ound could be considered as native species and as indicators
f a resilient algal community regulated by seasonal factors,

B

xicana de Biodiversidad 88 (2017) 425–436

articularly by variations in water temperature and the flow
ates.

This research establishes a preliminary baseline character-
stic of the potential reference conditions in mountain rivers,
articularly for tropical latitudes within the Mexico Basin, and
heir relationship with biological indicators and anthropogenic
nvironmental change. The macroinvertebrate assemblages and
lgal communities associated with the reference conditions are
erhaps exposed to an intermediate disturbance, which would
xplain their co-existence in the mountain rivers of the Mexico
asin and potentially in rivers with similar characteristics of the
rans-Mexican Volcanic Belt. The continuous presence of the
iver flow was a determining factor in maintaining biological
iversity. Nevertheless, unregulated water extraction in  situ  is
he main threat to the ecological quality of aquatic ecosystems.

Assessment of the impact of land use change on ecological
uality, and in particular on aquatic communities, will require
tudies based on the ecological threshold concept. The present
ork attempts to define the potential fluvial reference conditions

hat may be used as a guideline in evaluating any water body
nder similar conditions. The set of conditions presented here
hould be considered in seeking regional agreements to establish
ublic policies aimed at avoidance of further degradation of the
ast peri-urban rivers of the Mexico Basin.
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