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SUMMARY

 Wetlands are valuable ecosystems due to their ability to reduce external nutrient loading 
and act as carbon sinks (Verhoeven et al. 2006; Li et al. 2017). However, this ability of wetlands 
to maintain water quality by reducing nitrogen loading and promoting carbon sequestration is 
being negatively affected by the excess nutrients associated to agriculture and urbanization ta-
king the Earth´s system to its planetary limits (Steffen et al. 2015). Among them, saline wetlands 
represent approximately 44% of the total volume of inland waters and 23% of the lake area (Mes-
sager et al. 2016). Saline wetlands are classified into endorheic systems (atalasohaline waters) and 
coastal lagoons and marshes (talasohaline waters). Despite this global prevalence of saline wet-
lands and their biogeochemical relevance, microbial ecology in these systems has received little 
attention compared to freshwater ecosystems (Hahn 2006).

 In this thesis, we have focused on the study of microbial ecology in saline wetlands loca-
ted in the Mediterranean region including a wide gradient of salinity from oligosaline to hypersali-
ne waters. We have selected nine coastal wetland complexes along the Mediterranean basin from 
the Odiel Marshes in Huelva (Spain) in the western side to the Sfax (Tunisia) in the eastern side, 
and the Fuente de Piedra lagoon, located in southern Spain, as an endorheic system. These saline 
wetlands are refuges, foraging sites and nesting sites for migratory waterbirds, in particular, the 
flamingo (Rendón et al. 2001, Rendón-Martos et al. 2000, Green and Elmberg, 2014). 

 In coastal wetlands, the maximum prokaryotic heterotrophic production and the cyano-
bacterial abundance were observed in eusaline waters. The predictor variable of the archaeal he-
terotrophic production (measured as the incorporation of 3H-leucine in proteins) was the concen-
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tration of total dissolved nitrogen. On the contrary, bacterial heterotrophic production showed a 
negative correlation with total dissolved nitrogen. However, viruses that were negatively related 
to the heterotrophic production of bacteria probably mediated this inverse relationship. There 
was no correlation between archaeal heterotrophic production and virus abundance.

 We have observed that coastal wetlands show values of prokaryotic heterotrophic pro-
duction higher than the values in Fuente de Piedra lagoon. Phosphorus concentration seems to 
be the limiting factor in the growth of heterotrophic prokaryotes in this lagoon, reaching the 
maximum production and heterotrophic abundance in eusaline waters coupled with the dyna-
mics of flamingos. To study this effect in depth, we analyzed the impact of high flamingo densities 
on both nutrient dynamics and microbial dynamics in Fuente de Piedra lagoon during a wet and a 
dry hydrological year. Finally, we determined experimentally the effects of the addition of guano 
from flamingos on the growth of heterotrophic prokaryotes. The concentration of dissolved orga-
nic carbon and total nitrogen in the lagoon was 2-3 times higher during the dry year and was po-
sitively related to salinity. On the other hand, the population dynamics of flamingos was coupled 
to the prokaryotic heterotrophic production, which triggered a cascading effect increasing the 
abundance of prokaryotes, the abundance of viruses and, finally, the concentration of dissolved 
nitrogen. The stimulation of heterotrophic prokaryotes was associated with soluble phosphorus 
inputs released from sediments by the bioturbation of flamingos within the lagoon during fee-
ding and wading. Guano addition experiments confirmed the P-limitation of the heterotrophic 
prokaryotes. This study demonstrates that microbial activity in this endorheic wetland is probably 
limited by the availability of soluble phosphorus, which ultimately depends on the abundance of 
flamingos.

 On the other hand, at the ecosystem level, meteorological conditions (evaporation vs. 
precipitation) were determinant in the nutrient dynamics and in the microbial dynamics of Fuente 
de Piedra lagoon. In fact, drought in endorheic wetlands can shorten the hydroperiod due to a 
high evaporation rate, affecting the lagoon’s water level and, ultimately, the inundation area with 
important implications for species diversity. We have explored the effects of changes in the inun-
dation area of Fuente de Piedra Lagoon, salinity, and flamingo population on the richness, diversi-
ty, and composition of the bacterial community, including both free-living and particle-attached 
communities. Statistical analyses indicated that the best predictor of the bacterial community 
was the inundation area. We observed a decrease in bacterial richness and diversity, in terms of 
observed OTUs and the Shannon index as the inundation area was smaller. A change in compo-
sition during the two hydrological years (beta temporal diversity) was also observed as a result 
of the reduction in the inundation area during the dry period. This effect was consistent for both 
free-living and particle-attached bacteria, although the magnitude of the impact was greater on 
free-living bacteria. Free-living bacteria are likely to be more affected by external environmental 
factors, while the dynamics of bacteria attached to particles may be more linked to their own or-
ganization within the biofilms. In fact, we observed that the richness, diversity and renewal rate of 
bacteria attached to particles was greater than their free-living equivalent, regardless of the wet 
or dry year.
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 These findings are of interest due to predictions of severe droughts, as consequences of 
climate change, which are likely to lead to massive salinization of wetlands (Herbert et al. 2015) 
and, subsequent, desiccation (Wurtsbaugh et al. 2017; Wang et al. 2018). In general, we have ob-
served that the dynamics of heterotrophic prokaryotes are completely different in coastal wet-
lands and in an endorheic system such as Fuente de Piedra Lagoon. Nitrogen concentration is key 
in coastal wetlands, whereas the reduction of the inundation area is a main driver of the richness, 
diversity and composition of bacteria in periods of drought in Fuente de Piedra lagoon with po-
tential effects on its ecosystem services.
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RESUMEN

 Los humedales son ecosistemas con valor ecológico por su gran capacidad para re-

ducir la carga externa de nutrientes y por actuar como sumideros de carbono (Verhoeven 

et al. 2006; Li et al. 2017). Sin embargo, esta capacidad de los humedales de mantener la 

calidad del agua reduciendo la carga de nitrógeno y propiciando el secuestro de carbono 

se está viendo afectada negativamente debido al exceso de nutrientes procedentes sobre-

todo de la agricultura y la urbanización del territorio llevando al sistema Tierra a sus límites 

planetarios (Steffen et al. 2015). Entre ellos, los humedales salinos representan aproxima-

damente el 44% del volumen total de las aguas continentales y un 23% de la superficie 

lacustre (Messager et al. 2016). Los humedales salinos los clasificamos en sistemas endo-

rreicos (aguas atalasohalinas) y en lagunas costeras y marismas (aguas de talasohalinas). A 

pesar de esta prevalencia global de los humedales salinos y de su gran importancia a nivel 

biogeoquímico, su ecología microbiana ha recibido poca atención en comparación con los 

ecosistemas de agua dulce (Hahn 2006).
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 En esta tesis nos hemos centrado en el estudio de la ecología microbiana en hu-

medales salinos ubicados en la región Mediterránea incluyendo un amplio gradiente de 

salinidad desde aguas oligosalinas a hipersalinas. Hemos seleccionado nueve complejos 

de humedales costeros a lo largo de la cuenca Mediterránea desde las Marismas de Odiel 

en Huelva (España) por occidente hasta las salinas de Sfax (Túnez) por oriente, y la laguna 

de Fuente de Piedra, localizada al sur de España, como sistema endorreico. Estos humeda-

les salinos se caracterizan por ser refugio, lugar de forrajeo y nidificación para numerosas 

aves acuáticas migratorias, en particular el flamenco (Rendón et al. 2001, Rendón-Martos et 

al. 2000, Green y Elmberg, 2014). 

 En los humedales costeros, los máximos de producción heterotrófica de procario-

tas y de abundancia de cianobacterias fueron observados en las aguas eusalinas. La varia-

ble predictora de la producción heterotrófica de arqueas (medida como incorporación de 

3H-leucina en proteínas) fue la concentración de nitrógeno total disuelto. Por el contrario, 

la producción heterotrófica bacteriana mostró una correlación negativa con el nitrógeno 

disuelto total. Sin embargo, esta relación inversa probablemente vino mediada por los vi-

rus que estuvieron negativamente relacionados con la producción heterotrófica de bacte-

rias. No hubo una correlación entre producción heterotrófica de arqueas y la abundancia 

de virus.

 Hemos observado que los humedales costeros muestran valores de producción 

heterotrófica de procariotas más elevados que la laguna de Fuente de Piedra. El fósforo pa-

rece ser el factor limitante en el crecimiento de los procariotas heterótrofos en esta laguna, 

alcanzado el máximo de producción y de abundancia heterotrófica en las aguas eusalinas 

acoplado a la dinámica de los flamencos. Para estudiar en profundidad este efecto, anali-

zamos el impacto de las de las altas densidades de flamencos tanto sobre la dinámica de 

nutrientes como sobre la dinámica microbiana en la laguna de Fuente de Piedra durante 

un año hidrológico húmedo y otro año seco. Finalmente, determinamos experimentalmen-

te los efectos de la adición de guano procedente de flamencos sobre el crecimiento de 

los procariotas heterotróficos. La concentración de carbono orgánico disuelto y nitrógeno 

total en la laguna fueron 2-3 veces más elevada durante el año seco y se relacionaron posi-

tivamente con la salinidad. Por otro lado, la dinámica poblacional de los flamencos estuvo 

acoplada a la producción heterotrófica de procariotas, lo que desencadenó un efecto en 

cascada incrementando la abundancia de procariotas, la abundancia de virus y, finalmente, 
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de nitrógeno disuelto. El estímulo de los procariotas heterotróficos se asoció con entradas 

de fósforo soluble liberado desde el sedimento por la bioturbación de los flamencos den-

tro de la laguna durante su alimentación y vadeo. Los experimentos de adición de guano 

confirmaron la limitación de P de los procariotas heterotróficos de esta laguna endorreica. 

Este estudio demuestra que la actividad microbiana en este humedal endorreico proba-

blemente se ve limitada por la disponibilidad de fósforo soluble que, en última instancia, 

depende de la abundancia de flamencos.

 Por otro lado, a nivel ecosistémico, las condiciones meteorológicas (evaporación 

vs. precipitación) fueron determinantes en la dinámica de nutrientes y en la dinámica mi-

crobiana de la laguna de Fuente de Piedra. De hecho, la sequía en humedales endorreicos 

puede acortar el hidroperiodo debido a una elevada tasa de evaporación, afectando al 

nivel de agua de la laguna y, en última instancia, al área de inundación con importantes 

implicaciones para la diversidad de especies. Hemos explorado los efectos de los cambios 

en el área de inundación de la laguna de Fuente de Piedra, la salinidad y la población de fla-

mencos sobre la riqueza, diversidad y composición de la comunidad bacteriana, incluyen-

do tanto las de vida libre como las adheridas a partículas. Los análisis estadísticos indicaron 

que el mejor predictor de la comunidad bacteriana era el área de la laguna. Se observó 

una disminución de la riqueza y diversidad bacteriana, en términos de OTUs observados y 

del índice de Shannon. También se apreció un cambio en la composición durante los dos 

años hidrológicos (beta diversidad temporal) como resultado de la reducción del área de 

la laguna durante el año seco. Este efecto fue consistente tanto para las bacterias de vida 

libre como para las adheridas a partículas, aunque la magnitud del impacto fue mayor en 

las bacterias de vida libre. Probablemente las bacterias de vida libre se vean más afectadas 

por factores externos ambientales, mientras que la dinámica de las bacterias adheridas a 

partículas podrían estar más vinculada a su propia organización dentro de las biopelículas. 

De hecho, observamos que la riqueza, diversidad y tasa de renovación de las bacterias 

adheridas a partículas fue mayor que su equivalente con estilo de vida libre, independien-

temente del año húmedo o seco.

 Estos hallazgos tienen un interés debido a las predicciones de sequías severas, 

como consecuencias del cambio climático, que probablemente conducirán a una salini-

zación generalizada de los humedales (Herbert et al. 2015) y posterior desecación (Wurts-

baugh et al. 2017; Wang et al. 2018). En general, hemos observado que la dinámica de los 
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procariotas heterótrofos es completamente diferente en los humedales costeros y en un 

sistema endorreico como la laguna de Fuente de Piedra. La concentración de nitrógeno 

resulta clave en humedales costeros, mientras que la reducción del área de inundación re-

sultan determinantes de la riqueza, diversidad y composición de las bacterias en períodos 

de sequía en la laguna de Fuente de Piedra con posibles efectos sobre sus servicios ecosis-

témicos.
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Introduction

0

 Wetlands are among the most valuable ecosystems in the Earth characterized by an 
elevated biological production and spatial and temporal heterogeneity. Consequently, they 
contain an extremely high functional and species diversity (Mitsch & Gosselink, 2000, Mitsch 
et al. 2015). Among the ecosystem services they provide, wetlands have a water purification 
function, reducing the nutrient loading from through-flowing water, so much that they have 
been described as “the kidneys of the landscape” (Mitsch et al. 2015). Many of the proces-
ses involved in wetland functions are mediated by microbial activities such as denitrification 
and organic carbon mineralization. However, water quality functions of wetlands have been 
severely impaired by the nutrient enrichment derived from the agriculture, industry and ur-
banization.  Steffen et al. (2015) have highlighted that the biochemical flows, in particular 
the nitrogen cycle, have overcome the planetary boundary (i.e. they have exceeded the safe 
boundaries), suggesting a high risk to suffers of irreversible damages to the Earth system 
(Steffen et al. 2015; Meier, 2017, Figure 1).

Introduction
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Figure 1. Planetary boundaries of seven of nine variables control according to Steffen et al. 2015. Green areas indicate the 
safe operating space, yellow represents the areas of uncertainty (increasing risk), red represents the areas of a high-risk and 
gray areas represent processes for which safe margins have not yet been determined.
Note: Nitrogen flow has crossed the high risk boundary.

 These risks have promoted the restoration or construction of wetlands (Young, 
1996) to control water quality through nutrient recycling and thereby protecting shorelines 
and biodiversity (Verhoeven et al. 2006). 

 In particular, saline wetlands, characterized by salinities higher than 1ppt, consti-
tute about 44% of Earth’s water volume and 23% of its lake surface (Messager et al. 2016). 
Amongst saline wetlands, it is convenient to discriminate between endorheic systems (atha-
lassic saline waters) and coastal lagoons and marshes (thalassic saline waters). Figure 2 shows 
a classification of water systems according to salinities, distinguishing between non-marine 
saline waters (athalassic) and those ones of marine origins (thalassic). Consequently, ionic 
composition of thalassic waters is similar to seawater (mainly Cl- and Na+ ions); while athalas-
sic ones diverge from this composition, including high proportions of K+, Mg2+ and Ca2+ and 
anionic species as SO3

-4, HCO-
3 and CO2-

3. 
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Figure 2. Categorization of waters based on salinities (modified from Por, 1972)

 Endorheic systems, which constitute about 75% of saline wetlands, are located in 
arid and semiarid regions (Meybeck, 1995; Wurtsbaugh et al. 2017). They are in closed drai-
nage basins that retain water and allow no outflow to other bodies of water such as rivers or 
oceans (Figure 3). Because most saline lakes are hydrologically terminal, materials (nutrients, 
organic matter, ions such as sulphates, Ca and Mg) largely remain within the basin resulting 
in high dissolved inorganic and organic carbon concentrations and high water residence 
times (Anderson & Stedmon 2007, Ortega-Retuerta et al. 2007; Figure 2). Consequently, they 
are extremely productive systems (Eiler et al. 2003, Batanero et al. 2017). As an example, Ba-
tanero et al. (2017) found extremely high prokaryotic heterotrophic abundance (296 ×106 
cells ml-1) and production (2.25 nmoles of leucine l-1h-1) in endorheic lake of Fuente de Piedra 
(Malaga, Spain; Figure 3).

Introduction



16Introduction

Figure 3. Illustration showing representative endorheic system (top; https://geogeek.xyz/demarcation-of-endorheic-ba-
sins-in-arcgis.html) and Orthophoto (http://ws041. juntadeandalucia.es/medioambiente/dlidar/index.action) of the endor-
heic Fuente de Piedra lake, Málaga, Spain (bottom right).

 In contrast, coastal lagoons and marshes are located in depressions of terrain, which 
have been flooded by the effect of tides or due to river intrusion in estuaries zones, resulting 
in systems with high Cl- and Na+ contents. These systems present low water residence times 
and, consequently, high water renovation rates of nutrients and oxygen.  In this case, a con-
tinuous nutrient supply promotes high biological productivities (López-Archilla et al. 2004a, 
Roehm 2005, Geertz-Hansen et al. 2011). 

 On the other hand, saline wetlands have a substantial role in the context of global 
carbon cycle, being recognized as potential global carbon sinks (Mcleod et al. 2011; Fourqu-
rean et al. 2012, Li et al. 2017). In particular, endorheic wetlands tend to have high pH, the 
dissolved inorganic carbon is mostly present as HCO-

3 and CO2-
3 ions and not as CO2, counte-

racting atmospheric carbon dioxide emissions (Duarte et al. 2008). Besides, saline wetlands 
are characterized by having high sedimentation rates (Jellison et al. 1996, Finlay et al. 2009), 
which can promote flocculation process of transparent exopolymeric particles in systems 
with high ionic strengths (de Vicente et al. 2010). Therefore, coastal lagoons and marshes are 
considered global reservoirs for organic carbon because of their elevated primary producti-
vity and high sedimentation rates that in the long-term minimize carbon dioxide emissions 
to the atmosphere. 
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Figure 4. Underepresentation of studies in saline waters in the range from oligosaline to eusaline (modified from Hahn, 2006).

 Despite the evidence that microbial component is the compartment with the most 
metabolic and genetic diversity (Woese 1987) and subsequent, it plays a crucial role in global 
nutrient cycles (Hahn 2006), there are few studies linking their biogeochemical peculiarities 
with the predominant microbial community particularly in the range from oligo- to eusaline 
waters. Although viruses are considered to be the largest reservoir of genetic diversity on 
Earth (Hambly and Suttle 2005), the knowledge about virioplankton in saline inland waters is 
even more limited (Sandaa et al. 2003).

 Currently, predictions of severe salinization on wetland as a consequence of an-
thropogenic climate change are of particular interest due to their relevant functions (Neu-
bauer and Craft 2009, Herbert et al. 2015). The causes of this salinization are diverse and vary  
depending on the source of saline water (Herbert et al. 2015). For instance, the salinization 

 Therefore, these are considered carbon sinks (Roehm 2005, Geertz-Hansen et al. 
2011). Howewer, despite their global prevalence and biogeochemical significance, the mi-
crobial ecology of saline wetlands has received little attention, in comparison with freshwa-
ters, dynamic saline systems such as estuaries (Crump et al. 2004), or hypersaline solar salter-
ns (Casamayor et al. 2002) (Hahn, 2006; Figure 4).
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in endorheic wetlands occurs by evapoconcentration, which has increased due to climatic 
warming that alters the water balance. In fact, recent works have revealed world´s wetlands 
desiccation at alarming rates, due to global warming and droughts linked to climatic change 
(Wurtsbaugh et al. 2017; Wang et al. 2018), leading to salinities above normal levels (Herbert 
et al. 2015; Jeppesen et al. 2015). In contrast, salinization in coastal lagoons and marshes 
occurs by saltwater intrusions linked to the sea level rise (Herbert et al. 2015, Park et al. 1989, 
Eliot et al. 1999). Recent conservative projections have pointed out that, on average, the sea 
level will increase by about 0.50 m by 2100 (Vousdoukas et al. 2018, Schuerch et al. 2018; 
Figure 5).

Figure 5. Simulation map of total sea-level rise in meters a moderate scenario during the period from 2010 to 2100, according 
to Schuerch et al. (2018).

 Salinization alters the water and sediment chemistry, changing the dominant bio-
geochemical reactions at day or week scales, and induces shifts in the microbial community 
that drive the element cycles (Herbert et al. 2015; Figure 6). Although there are still great 
uncertainties about how salinization affects wetland biogeochemistry, it is clear that it in-
creases the release of inorganic nitrogen (NH4

+) and phosphorus (PO4
3-) with implications 

for internal wetland eutrophication (Ardón et al. 2013, Lamers et al. 2001, 2002, Weston et al. 
2006; Figure 6).  In addition, salinization increases the generation of toxic sulfides (Lamers 
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Figure 6. Predicted ecosystem effects of salinization (modified from Herbert et al. 2015). Composition ionic of saline waters 
intrusion (grey box). Solid arrows indicate pathways for which there is a high degree of consensus for the expected direction 
of change, while dashed lines indicate pathways for which there is little research or conflicting predictions regarding the 
expected direction of change. 

et al. 1998; Figure 6), which play an important role in wetlands N cycling, inhibiting the final 
steps of denitrification and resulting in the emission of nitrogen oxides (Brunet and Gar-
cia-Gil 1996, Laverman et al. 2007) with well-known implications for global nitrogen cycle. 
Another evidence of salinization in wetlands is the increased organic carbon mineralization 
by microbial pathways, promoting the atmospheric carbon dioxide emissions and, conse-
quently, increasing their contribution to greenhouse effect (Chambers et al. 2011, Weston et 
al. 2011, Neubauer et al. 2013).
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 Overall, many of the ecosystem services provided by wetlands are disrupted by sali-
nization, such as their capacity to sequester carbon, and to remove phosphorus and nitrogen 
from flowing water (Herbert et al. 2015). 

 The Mediterranean region contains diverse saline wetlands including marshes such 
as Doñana or Odiel (Huelva, Southern Spain), coastal lagoons as Santa Guilla (Sardinia) or 
endorheic lakes as Fuente de Piedra (Malaga, Southern Spain), covering a wide salinity gra-
dient, from oligi- to hypersaline waters (Alvarez-Cobelas et al. 2005, Beklioglu et al. 2007) with 
water residence times highly variable, sometimes even controlled by human activity as solar 
salterns in Santa Pola (Alicante), Cabo de  Gata (Almería) or Sfax (Tunisia). This heterogeneity 
makes them an ideal environment to investigate the differences and similarities among sys-
tems with respect to their microbial and nutrients dynamics. 

 On the other hand, wetlands also provide refuge, foraging and breeding areas for 
diverse migratory waterbirds such as greater flamingos, gulls or shorebird species (Rendón 
et al. 2001, Rendón-Martos et al. 2000, Green and Elmberg, 2014).  Policies for wetlands con-
servation (i.e. Ramsar convection) have led to waterfowl increases as, for instance, flamingos 
(Phoenicopterus ruber) in the recent decades (Figure 7). Currently, the flamingos represent 
the main waterbird biomass in saline Mediterranean inland waters (Rodríguez-Pérez & Green 
2006, Sánchez et al. 2013).

Figure 7. Population size of the flamingo (Phoenicopterus ruber) from 1991 to 2014 in the Mediterranean region (Internatio-
nal Waterbird Census).



21

 In particular, Fuente de Piedra lake houses one the most important breeding co-
lonies of greater flamingos in the Western Mediterranean (Geraci et al. 2012, Rendón et al. 
2001), enduring an overcrowding of flamingo during breeding period. However, this appa-
rent success has a counterpart that, in many cases, is a guanotrophication effect (Leentvaar 
1967). Guanotrophication consists of the input of nutrient from waterbirds feces; which can 
affect the water quality (Manny et al. 1994). Surprisingly, no previous studies have investiga-
ted the effects of guanotrophication on aquatic microbial dynamics, despite their significant 
role in the biogeochemical cycles and greenhouse gas fluxes in wetlands. 
 Future scenarios of extreme droughts in the Mediterranean region (Giorgi, et al. 
2008; Garcia-Ruíz, et al.  2011) might lead to increases in total nutrients and salts concentra-
tion in the wetlands, affecting key microbial process and ultimately, their potential value as 
climate stabilizers at the global scale.
In this PhD dissertation, we explore the microbial activity, dynamics and structure in coastal 
wetlands and marshes (Chapter 2) and in an endorheic lake (Fuente de Piedra) during two 
contrasting hydrological scenarios (Chapter 3 and Chapter 4) (Figure 8).
 

The main goals of this PhD dissertation were:

 1. To improve the knowledge on the microbial ecology of the coastal wetlands by 
quantifying prokaryotic and cyanobacteria abundances, heterotrophic production discer-
ning between bacterial and archaeal contribution, and the availability of nitrogen and orga-
nic carbon substrates in a large set of semi-natural and constructed wetlands covering a wide 
gradient of salinity from oligo- to hypersaline waters along the Western Mediterranean coast. 

 2. To determine the main drivers controlling the variability of prokaryotic and cya-
nobacteria abundances and bacterial and archaeal heterotrophic production at local (within 
wetland-complex) and regional (among wetland- complexes) scales and to assess the impor-
tance of nitrogen availability in coastal wetlands. 

 3. To determine the influence of flamingos on nitrogen, phosphorus, and microbial 
dynamics in an endorheic lake as Fuente de Piedra. Flamingos can increase N and P availabi-
lity by guano inputs and by sediment bioturbation during feeding and trampling in the lake. 

 4. To test if the dissolved nutrients derived from flamingo guano would boost hete-
rotrophic prokaryotic production performing two experiments under two contrasting (filling 
vs. evaporation) phases. Finally, we discuss the implications of our findings for the on-going 
climate change and the conservation policies on waterbirds.
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 5. To improve the knowledge of the bacterial structure of an endorheic system 
(Fuente de Piedra lake) using molecular tools and determining its operational taxonomic 
units (OTU) richness, diversity and composition, both in the free-living fraction and in the 
particle-attached assemblages, during two well-contrasted (wet and dry) hydrological years. 

 6. To determine the main drivers of the changes in richness, diversity and composi-
tion of bacterial community (i.e. lake area, salinity and flamingo abundance). Finally, we will 
discuss the implications of our findings given the threat of climate change and climate-linked 
impacts, such as droughts, on the microbial community, biogeochemical cycles and, conse-
quently, on wetlands function and services.

Figure 8. Simplified scheme of the structure for this PhD dissertation
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Material and methods

1
 Two types of sampling were performed based on saline wetland type: 1) a sampling 
at regional spatial scale of coastal lagoons and marshes in Mediterranean area and 2) a sam-
pling at temporal scale in an endorheic system (Fuente de Piedra lake). 

1.1. SAMPLING AND STUDY SITES

Materials and methodsChapter 1  ·

 The regional-scale sampling design allowed us to describe microbial patterns along 
a vast salinity and nutrient gradient. 

 The study saline wetlands are located in the template zone under a semi-arid to 
arid Mediterranean climate with extremely dry summers with low precipitation rates. Conse-
quently, the intense evaporation during dry period exceeds rainfall such that salts accumula-
te, covering a wide gradient of salinity from hypersaline (solar salterns) to oligo-mesohaline 
(brackish) waters. This regional-scale sampling in the West Mediterranean region was carried 
out in 9 wetlands complexes including 112 ponds during the summers of 2011, 2012 and 
2013: Odiel marshes (Spain); Veta la Palma, Doñana (Spain); Cabo de Gata (Spain); Santa Pola 
(Spain); El Hondo (Spain); Ebro Delta (Spain); Giraud and Saintes-Maries-de-la-Mer, Camargue 
(France); Molentargius, Santa Guilla and Santa Catterine, Sardinia (Italy) and Sfax (Tunisia) (Fi-
gure 1.1). The basic physical-chemical properties and location of each pond are summarized 
in Table 1 in Chapter 2 and with more detail in the Table 1 in the Annex of the Chapter 2.

 1.1.1. Sampling in coastal lagoons and marshes 

 Study site characterization and sampling protocol 
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Figure 1.1. Location of the nine saline wetland complexes (red dots) sampled in West Mediterranean. From West to East: Odiel 
marshes, Veta la Palma (Doñana), Cabo de Gata, El Hondo, Santa Pola, Ebro Delta, Rhône Delta (Camargue), Santa Catteri-
na, Santa Guilla, and Molentargius (Sardinia), and Sfax (Tunisia).

 The Odiel marshes are located an estuarine complex of 7158 ha, formed at the mou-
ths of the rivers Odiel and Tinto, near the city of Huelva (Southwestern Spain; Figure 1.2). The-
re is evidence that Odiel River is polluted by industrial activities carried out in the surroun-
dings of the estuary (Rodríguez-Estival et al.2019, Morillo et al. 2002). This area of natural 
saltmarshes also contains a multi-pond solar salterns system for commercial salt production 
and presents a gradient of salinity ranging from meso- to hyperhaline.

 Veta La Palma is a private wetland complex divided in 37 artificial brackish ponds 
(total 3125 ha), located at the Gualdalquivir estuary in Doñana National Park, (Southwestern 
Spain). These shallow ponds are managed for fish aquaculture. 

 The Cabo de Gata solar salterns are located in the province of Almería, southern 
Spain. This system covers an area of 400 ha along the coastline and separated from the Me-
diterranean Sea by coastal barrier. This salterns system is formed by a set of interconnecting 
ponds, and through them seawater is concentrated by evaporation until saturation (hyper-
haline conditions). 
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 El Hondo wetland complex is semi-artificial with a total of 2474 ha in the south of 
Alicante province, Spain. It includes a number of brackish ponds (meso-polyhaline waters), 
which are fed by the water of the Vinalopó and Segura Rivers. These ponds contain high or-
ganic matter and contaminant contents from the polluted Segura River and from agricultural 
and urban areas reaching periods of hypereutrophic conditions (Viñals et al. 2001). 

 Santa Pola salterns are located in the south of Alicante province (Spain). Two diffe-
rent multi-pond solar salterns were studied in this location: Braç del Port salterns with a su-
perficie of 850 ha (Figure 1.3), and Bonmati salterns with 492 ha. These solar salterns are for-
med by a number of ponds through which seawater is pumped and evaporated, and finally 
the concentrated salt is used for commercial production. 

 Ebro Delta Natural Park is located in the Ebro mouth, in the province of Tarragona 
(Spain). Here, Trinidat solar salterns system was selected as sampling site, situated in the Ban-
ya Península, on the southern end of Ebro delta (Figure 1.3). These solar salterns (total 979 ha) 
are operated to obtain salt commercially by evaporation of seawater. 

 Camargue wetlands are located between two diversions of the Rhône River, forming 
a delta in Southern France. Two different areas were studied in this site with a salinity gra-
dient ranging from oligo- to hypersaline.  One of them is located in the central part of the 
Rhône delta and consists of a complex of interconnected brackish ponds (total 6000 ha) and 
its surrounding area is agricultural, mostly rice crops. The other selected area was the solar 
salterns of Salins-de-Giraud with a total of 11000 ha (Figure 1.4), which are composed of a 
succession of seawater concentration ponds, situated on the eastern part of the Rhône Delta. 
Specifics of multi-ponds solar salterns system functioning are similar to those given by Brit-
ton and Johnson (1987) for the Saline de Giraud in the Camargue.

 In Sardinia (Italy), three different areas were selected. Molentargius regional Park 
(total 1600 hectares), located between the coast and the cities of Cagliari and Quartu S. Elena. 
This area has currently become a “green” space, which includes Molentargius ponds and the 
former solar salterns of Cagliari, commercially inactive since the 80s. These shallow ponds are 
exposed to intense solar radiation favoring hyperhaline conditions by evaporation. Another 
selected area was the Stagno di Santa Guilla that is a coastal lagoon situated between the 
two diversions of the rivers Cixerri and Mannu in the Gulf of Cagliari (Figure 1.5). It was desig-
nated RAMSAR site since 1976 with 2000 ha of salt-pans. We also sampled coastal lagoons at 
Santa Catterina.
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 The Sfax solar salterns with a total of 1500 ha are located along the coast to the 
south of Sfax (Tunisia). This system is formed by a set of shallow ponds interconnected along 
the coastline and separated from the Mediterranean Sea by dykes. These solar salterns are 
operated for commercial salt production by evaporation of seawater reaching hyperhaline 
conditions. More details on this solar salterns system can be found in Ayadi et al. (2002).
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Figure 1.2. Marismas del Odiel marshes, Huelva, Spain.

Figure 1.3. Orthophotos (https://pnoa.ign.es)  of Santa Pola solar-salterns (left) and Ebro Delta (right). 
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Figure 1.4. Giraud and Saintes-Maries-de-la-Mer, Camargue (France). By credit: Francisco Perfectti

Figure 1.5. Santa Guilla lagoon, Sardinia (Italy). By credit: Francisco Perfectti
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 This sampling allowed us to assess the relative importance of seasonal and inter-an-
nual changes in flamingo abundance, lake area by drought, and nutrients determining mi-
crobial activity and abundance and bacterial community structure.

 1.1.2. Temporal sampling in an endorheic system: Fuente de Piedra lake

 Fuente de Piedra is an athalassohaline lake, located in an endorheic basin of kars-
tic origin in the province of Malaga (Southern Spain; Figure 1.6). This lake covers an area of 
1300 ha, is shallow with water depth not exceeding 1.5 meters. This lake houses during the 
summer one of the most important colonies of breeding greater flamingos (Phoenicopterus 
roseus) in the Western Mediterranean, reaching more than 50000 individuals. This lake un-
dergoes relevant changes depending on the annual hydrological budget, with salinities that 
can oscillate from oligo- (< 5 ppt) to hypersaline (> 200 ppt). Each hydrological year had two 
phases. The filling phase occurs during the fall and the winter (September-March) and the 
evaporation phase during the spring and the summer (April-August). Fuente de Piedra lake 
was included as a Ramsar wetland in 1983 and declared Nature Reserve in 1989. 

 We sampled Fuente de Piedra lake biweekly during more than two hydrological 
years. The first hydrological year from September 2010 and August 2011 was considered 
wet as the lake was inundated for most time of the year and the previous hydrological year, 
with similar conditions, was partially sampled (from July 2010). The second hydrological year 
Fuente de Piedra was sampled from September 2011 and August 2012, except when the lake 
was completely dried out from June to October 2012. Two sampling stations were selected 
(Figure 1.6). The station 1 is less affected by winds and turbidity and is a flamingo foraging 
area, whereas the station 2 is located nearer the nesting area of the flamingos colony and is 
more exposed to wind, evaporation and turbidity (Figure 1.7).

 Study site characterization and sampling protocol 
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Figure 1.6. Map of the Fuente de Piedra lake and two sampling stations.

Figure 1.7. Localization of sampling Station 2 in Fuente de Piedra lake. By credit: Francisco Perfectti.
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Figure 1.8. Scheme of the used chemical and biological analysis in this sampling routine.

 The data of rainfall, water level and flamingo abundance in Fuente de Piedra lake 
were provided by the “Consejería de Medio Ambiente y Ordenación del Territorio” of Junta de 
Andalucía, Spain.

 In each study system, we took samples for dissolved and total nutrients (phosphorus, 
nitrogen), dissolved organic carbon (DOC), chlorophyll a concentration (chl a), prokaryotic 
and viral abundances and bacterial and archaeal heterotrophic production. Prior to analysis, 
all samples were diluted ≥ 5 -fold with Milli-Q water to avoid any interference of salinity on 
standard method for physicochemical and biological analysis. Microbial DNA characteriza-
tion was carried out exclusively in Fuente de Piedra lake, and taxonomic diversity measured 
in free-living and particle-attached bacterial assemblages.

 Waters samples were collected from the upper layers of the water column using a 
telescope sampling system with a pendulum plastic beaker scoop (VWR); Figure 1.9).
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Figure 1.9. Water samples collection in each system of sampling complex. By credit: Francisco Perfectti.
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Figure 1.10. Fresh flamingo chick feces were collected during banding operations in the Fuente de Piedra colony in August 
2010. By credit: Miguel Angel Toscano. 

 To determine the effects of guano on prokaryotic growth we carried out two experi-
ments in the laboratory using previously frozen feces from flamingo chicks collected during 
the ringing operations in August 2010 (Figure 1.10).  The details of the experimental design 
are described in the chapter 3. 

 1.1.3. Experiments with guano

1.2. METODOLOGY

 Salinity (ppt), temperature (ºC) and pH were measured in situ using a multi-parame-
ter probe (HANNA HI 9828). Water samples with salinity higher than 70 ppt were diluted with 
Milli-Q water until they were within in the operating range of the probe. 

 1.2.1. Physicochemical analyses 

 1.2.1.1. Salinity, Temperature and pH

 TP, TDP and SRP samples (10 ml, 10 ml and 25 ml, respectively) were collected by 
triplicate and stored at -20 ºC until analysis. TDP and SRP samples were previously filtered  

 1.2.1.2. Total phosphorus (TP), total dissolved phosphorus (TDP) and soluble
 reactive phosphorus (SRP) concentration
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through 0.7μm pore-size Whatman GF/F glass fiber filters, while TP concentrations were 
measured using unfiltered water. TP, TDP and SRP concentrations were measured using the 
molybdenum blue method proposed by Murphy & Riley (1962). The first two analysis were 
measured as SRP after a persulfate digestion (30º min, 120ºC) following the standard proto-
col (APHA, 1992). This method consisted of to add ammonium molybdate in an acid medium 
with diluted solutions of phosphorus to form an antimony-phospho-molybdate complex, 
which was reduced to a blue-colored complex by ascorbic acid. The color intensity was pro-
portional to the phosphorus concentration.  The color intensity was measured by spectro-
photometry at a wavelength of 885 nm. The detection limit of this method for TP and TDP 
concentration was 0.02 μmol-P l-1 and for SRP was 0.08 μmol-P l-1.

 TN and TDN samples were transferred into 40 ml glass ampoules by triplicate, sealed 
and stored at 4 ºC until analysis. The TDN samples were previously filtered through 0.7 μm 
pore-size Whatman GF/F glass fiber filters. TN and TDN were analyzed by high–temperatu-
re catalytic oxidation (Álvarez-Salgado et al. 1998) using a total nitrogen analyzer (TNM-1, 
Shimadzu TOC-V CSH). TN and TDN samples were thermally decomposed at 720 ºC under ul-
tra-pure oxygen saturation and all of N forms were oxidized to nitric oxide, which was direct-
ly measured by chemiluminescence detector. The detection limit of this method was 0.002 
mmol-N l-1.

 DOC samples were transferred into pre-combusted 40 ml glass ampoules by triplica-
te (Figure 1.11), acidified with 200 μl of 25 % phosphoric acid (final pH < 2), sealed and stored 
at 4 ºC until analysis. DOC samples were collected after filtration through pre-combusted 
Whatman GF/F filters (2 hours at 500 ºC). DOC concentrations were measured by high–Tem-
perature Catalytic Oxidation in a Shimazdu TOC-V CSH (Benner & Strom 1993). The samples 
were combusted or decomposed to CO2, which was measured with a non-dispersive infrared 
(NDIR) detector. The detection limit of this method was 0.004 mM. The instrument was cali-
brated using a four-point standard curve of potassium hydrogen phthalate. Samples were 
purged with phosphoric acid for 20 min to eliminate any dissolved inorganic carbon. Three 
to five injections were analyzed for each sample. 

 1.2.1.3. Total nitrogen (TN) and total dissolved nitrogen (TDN) concentration

 1.2.1.4. Dissolved organic carbon (DOC) concentration
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Figure 1.11. Glass ampoules to storage the total and dissolved organic carbon samples.

 1.2.2. Biological analyses

 Chlorophyll a, concentration was analyzed spectrophotometrically after pigment 
extraction (APHA 1992). This pigment concentration was determined by filtering a known 
volume of sample through Whatman GF/F filters immediately after collection and stored at 
-20 ºC until analysis (Figure 1.12). Once thawed, each filter was kept in a glass vial with 7 
ml methanol 95% during 24 hours in dark at 4ºC conditions. Then, the absorbance of the 
extracts was measured from 400 nm to 800 nm using a PerkinElmer Lambda 40 spectropho-
tometer connected to a computer equipped with UV-WINLAB software. The pigment-specific 
concentration was estimated according to expression proposed by Marker et al. (1980).

 1.2.2.1. Chlorophyll a

Chl	a	(µg l⁄ ) = 13.9	 ×	(D665 − D750) 		× 	V	
B  

Where;
 -D665 is absorption of extract at 665 nm, 
 -D750 is absorption of extract at 750 nm (measuring turbidity in the extract)
 13.9 is absorbance specific coefficient for Chl a in methanol (Talling & Driver. 1963)
 -V is volume of extract 
 -B is volume of sample.
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Figure 1.12. Particles concentrated on 0.7 μm pore-size Whatman GF/F glass�fiber filters from different study ponds in 
Molentargius (Sardinia).

 Total prokaryotic (PA) and cyanobcateria (CyA) abundances were determined by flow 
cytometry (Gasol and Del Giorgo, 2000). Triplicate samples (3 ml) were collected in cryovials, 
fixed with a mixture of 1% paraformaldehyde + 0.05% glutaraldehyde (30 min in the dark at 
4 ºC), deep frozen in liquid nitrogen, and stored at -80 ºC until analysis. Once defrosted, sam-
ples were diluted with Milli-Q water (≥10-fold) to avoid electronic coincidence of the prokar-
yotic particles. PA and CyA samples were run in a FACScalibur TM (Figure 1.13) with a laser 
emitting at 448nm with green fluorescence collected in the FL1 channel, orange collected 
in the FL2 channel, and red fluorescence collected in the FL3 channel. All parameters were 
collected as logarithmic signals. Prior to analysis, PA samples (500 μl) were stained for 10 min 
in the dark with a DMSO diluted Syber Green I (Molecular Probes) stock (1:200) at 10 μM final 
concentration. We added 5 μl of a solution of yellow-green 0.92 μm Poysciences latex beads 
as internal standard. The beads solution was sonicated (10 min) before being added to the 
sample. PA samples were run at low speed during 2 minutes and detected by their signature 
in bivariate plots Side scatter (SSC) vs. FL1 (Green fluorescence). For CyA samples, 10 μl of a 
solution of yellow-green 0.92 μm Poysciences latex beads were added and run at high speed 
during 4 minutes. The signature of CyA was detected in bivariate plots as Side scatter (SSC) 
vs. FL3 (Red fluorescence; Figure 2.9.); FL4 (Blue fluorescence) vs FL3 (Red fluorescence) and 
FL2 (Red fluorescence) vs FL3 (Red fluorescence). Then, we acquired and analyzed data from 
flow cytometer in a computer using the BD CellQuest Pro software. We analyzed subpopula-
tions by drawing regions around the cells of interest (Figure 1.14). Cell abundance was deter-
mined using the following expression:

 1.2.2.2. Total prokaryotic abundance (PA), heterotrophic prokaryotic abundance  
 (HA) and cyanobacteria abundance (CyA)
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Where;
 -C is average cell number by selected region 
 -T is acquisition time, (2 min is adequate to detect PA and HP and 4 min for CyA)
 -FR is flow rate, i.e. sample volume per min (μl /min) by low speed for AP and HP,   
 and high speed for CyA.
 -Heterotrophic prokaryotic abundance (HA) was estimated subtracting cyanobacteria  
 abundance of the total prokaryotic abundance.

Figure 1.13. BD FACScalibur TM 2 Laser, 4 Color Flow Cytometer (Becton Dickinson). (Picture obtained from BD Biosciences, USA).

Figure 1.14. Cytograms by flow cytometry analysis of bacteria and cyanobacteria abundance sample from the Fuente de 
Piedra Lake: FL1.H (Green fluorescence intensity) and FL3-H (Red fluorescence intensity) for bacteria and cyanobacteria 
respectively vs. SSC (Side scatter; i.e. cell granularity) distributed in logarithmic scale (100 to 104). Flow Cytometer is located 
in Biomedical research center, University of Granada (UGR), Spain.

PA	(cell	/ml) = C				
T	 × 		FR 
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 Virus abundance was also determined by flow cytometry (Brussaard et al., 2010). 
Triplicate samples (1ml) were fixed with glutaraldehyde (25% electron microscopy (EM)-gra-
de glutaraldehyde (Sigma Aldrich) at final concentration of 0.5 % for 15-30 min at 4ºC in 
the dark. Once fixed, samples were flash frozen in liquid nitrogen, and stored at -80 ºC until 
analysis in the laboratory. Prior to analysis, samples were diluted with TE-buffer pH 8.0 (10 
mM Trishydroxymethyl-aminomethane, Roche Diagnostics; 1 mM ethylenediaminetetraace-
tic acid, Sigma-Aldrich) to avoid the electronic coincidence of the virus particles. For each 
sample, the dilution factor was greater than 100-fold, with sample volume of 50 μl at 500 μl of 
final volume. Then, virus samples were stained with 5μl Syber Green I (10,000 x concentrate 
in DMSO; Invitrogen, Molecular Probes). Before staining, Syber Green I was diluted in mole-
cular grade water, stock (1:200). Then, virus samples were incubated for 10 min at 80 ºC in 
the dark. The heated samples were left to cool at room temperature during 5 min in the dark 
before analysis. Then, 5 μl fluorescent microspheres (FluoSpheres carboxylate modified ye-
llow-green fluorescent microspheres; 1.0 μm diameter; Invitrogen, Molecular Probes; F8823; 
stored at 4°C) were added as internal standard. The beads solution was briefly sonicated be-
fore being added to the sample. After staining, samples were run through a FACScalibur TM 
flow cytometer (Figure 1.13) with a laser emitting with green fluorescence collected in the 
FL1 channel, orange collected in the FL2 channel, and red fluorescence collected in the FL3 
channel, and threshold level was fixed at 52 during acquisition of the data. All parameters 
were collected as logarithmic signals. Samples were run at medium speed during 1 minute 
and data were acquired in log mode. Viruses were detected by their signature in bivariate 
plots of Side scatter (SSC) vs. FL1 (Green fluorescence). Viruses concentration was determi-
ned using the following expression:

 1.2.2.3. Virus Abundance (VA)

VA	(	viruses/µL) = V				
T	 × 		FR 

Where;
 -V is average viruses number by selected region 
          - T is acquisition time, (1 min is adequate to detect viruses)
          - FR is flow rate (i.e. sample volume per min (μl/min) by medium speed)
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 BP and ArP were estimated as the aminoacid 3H-leucine incorporation into proteins 
following the micro-centrifugation technique proposed by Smith and Azam (1992). Briefly, 10 
samples (5 for PHP and 5 for ArP) of 1.5ml were taken and were placed in microcentrifugation 
tubes. Each set includes triplicate plus two blanks (fixed immediately). Archaea production 
samples were previously treated with 5 μl of erythromycin (an inhibitor of bacterial activity) 
(Yokokawa et al. 2012). Then, 5 μl of 4,5-3H-L-Leucine was added to the 10 vials samples with 
final concentration of 54.6nM or 58.4nM, and were incubated between 2 hours to 5 hours 
maximum. The incubation was stopped adding 0.3 ml of 50% Trichloroacetic Acid (TCA). For 
blank samples the 0.3 ml of 50% trichloroacetic acid (TCA) was added before starting the 
incubations. Then, samples were stored at -20ºC until processing in the laboratory. 
The sample tubes were centrifuged (10 min, 14000 rpm) and aspirated. After that, the tubes 
were washed with 1.5 ml of 50% TCA, vortexed, and centrifuged again. Then, 1.5 ml of scin-
tillation cocktail (Ecoscint) was added, the tubes were placed in scintillation vials, and radio 
assayed in a liquid scintillation counter (Beckman). We determined leucine incorporation into 
protein using the following expression:

 1.2.2.4. Bacteria heterotrophic production (BP) and archaeal production (ArP)

 1.2.2.5. Bacterial community characterization in Fuente de Piedra lake

nmoles	leucine	l	-¹	h	-¹=	dpm	·	V	·	t	/	2.22·	10	6·	S.A.	
 Where;

 -dpm: desintegrations per minute
 -V: sample volume (l)
 -t: incubation time (h)
 -1μCi = 2.22· 10 6 dpm
 -S.A: specific activity of 3H-leucine 

 For DNA characterization in Fuente de Piedra lake, free-living and particle-attached 
bacterial assemblages were collected biweekly from July 2010 to November 2012, covering 
more than two hydrological years. A variable volume of lake waters was sequentially filtered 
through 3 μm- and 0.2 μm- membrane polycarbonate filters (Nuclepore) to discriminate the 
attached and the free-living bacteria, respectively. Then, each filter was placed in sterile 3-ml 
cryovials and covered with 1.4 ml of TES buffer (40mM EDTA; 50mM Tris pH 8.3; 0.75M sucro-
se) and stored at -80 ºC until extraction.

 Collection of free-living and particle-attached bacterial assemblages 
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 DNA samples processing consisted of first the DNA extraction followed by two con-
secutive PCR amplifications to construct a sequencing library of the V4 hypervariable region 
16S rDNA gene.    

 For total DNA, bacteria were resuspended from thawed filter by rinsing the mem-
brane with the TES buffer and vortexed. Once resuspended, cells were centrifuged at 13,000 
rpm for 5 min and the DNA was extracted from the pellets (Figure 1.15) using FavorPrep TM 
Genomic DNA Mini Kit (Favorgen) to manufacturer’s instructions, with a final elution volume 
of 150 μl. Reaction products were inspected by 0.7 % agarose gel electrophoresis with in 5X 
TBE (45mM Tris; 44 mM boric acid; 1mM EDTA) buffer stained with ethidium bromide at final 
concentration of 0.5 μg/ml and DNA phage λ digested with restriction enzyme HindIII was 
used as electrophoresis marker. 
Finally, DNA quality was assessed based on the absorbance ratios 260/280 nm and 260/230 
nm using a Nanodrop 2000 Spectrophotometer (Thermo scientific). 

 DNA samples processing 

 i. DNA Extraction 

Figure 1.15. Cartoon representing the cell recovery from filters

 ii. Construction of 16S libraries and Illumina MiSeq

 The hypervariable V4 region of 16S rRNA gene from the samples was amplified by 
polymerase chain reaction (PCR) method, using primers 515F and 786R and Phusion flash 
polymerase high-fidelity PCR Master mix (Thermo Scientific).  

       515F –5’- GTGCCAGCMGCCGCGGTAA-3’
  786R - 5’- GGACTACHVGGGTWTCTAAT-3’

 • 1ST PCR AMPLIFICATION 
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 PCR reaction was placed in a thermal cycler (Mastercycler X50, Eppendorf; figure 
1.16 and each cycle of amplification consisted of various steps at different temperatures and 
fixed amounts of time: 

 98ºC 60’’ (Step1: template DNA denaturation)
 
 25 cycles: 98ºC 1’’, 52ºC 5’’ and 72ºC 5’’ (Step 2: denaturation, annealing, and extension  
 cycles)
 
 72ºC 60’’ (Step 3: primer extension)
 
 Hold at 4ºC 

 Amplicons generated contained ~353 pb of length, which included specific primers 
and partial Illumina adapters. Table 1.1 shows the optimal mixing of reagents for the amplifi-
cation carried out in the laboratory.

Master Mix 1x 

Phusion flash polymerase (Thermo, 2X)  10 µl  

515F (3µM)  1 µl  

 786R (3µM)  1 µl  

H2O  3 µl  

DNA template (2ng/ µl)  5 µl  

Final volume 20 µl  

Table 1.1. Mix of reagents for the amplification of the 16S rDNA V4 region of 16S rRNA gene for each sample.
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 i. DNA Extraction 

Figure 1.16. Mastercycler X50 Thermal cycler (Eppendorf) located in Instituto del Agua, Univesity of Granada, Spain.

 Amplicons were purified using GenEluteTM PCR Clean-Up Sigma ® Kit, according to 
manufacturer’s recommendations. The purification process aims to remove excess primers, 
single-stranded DNA fragments, nucleotides, DNA polymerase, oil, and salts. Following this 
process of purification, all purified amplicons were checked by horizontal electrophoresis in 
0.7 % (w/v) agarose gel electrophoresis in 5x TBE (45mM Tris; 44 mM borate acid; 1mM EDTA) 
containing 0.5 μg/ml ethidium bromide, to confirm both amplification and an optimum pu-
rification of DNA.

 • 1ST DNA PURIFICATION

 The second PCR amplification adds indexed adaptors called “barcodes”, which act as 
unique identifiers for each sample. This was achieved using Nextera XT Index (24 index - 96 
samples) kit. After this procedure, amplicons showed a different combination of indexed bar-
codes for each sample. In our case, 15 barcodes were combined to identify 67 different DNA 
samples. PCR reaction was performed using a high-fidelity DNA polymerase 2 x PhusionTM 
Flash High-Fidelity PCR Master Mix (Thermo ScientificTM ) . Table 1.2. shows the mix of rea-
gents applied in each sample to incorporate indexed barcodes to each amplicon: 

 • BARCODING: ADDITION OF INDEXED ADAPTORS 
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Table 1.2. Mix of reagents for the amplification of the 16S rDNA V4 region of 16S rRNA gene for each sample. 

Master Mix  

2x Phusion flash PCR Master mix 10 µl  

Nextera XT Index 1 Primers (N7XX)  2 µl  

Nextera XT Index 2 Primers (S5XX)  2 µl  

H2O  3.2 µl  

DNA template (5ng/ µl)  2.8 µl  

Final volume  20 µl  

 PCR reaction was placed in a thermal cycler (Mastercycler X50, Eppendorf; figure 
1.16) and each cycle of amplification consisted of various steps at different temperatures and 
fixed amounts of time: 

 98ºC for 60’’ (Step1: template DNA denaturation)
 
 9 cycles of 98 ºC for 1’’, 52 ºC for 5’’, 72 ºC for 5’’ (Step 2: denaturation, annealing, and   
 extension cycles)
 
 72ºC 60’’ (Step 3: primer extension)
 
 Hold at 4ºC 

 PCR products were purified using GenEluteTM PCR Clean-Up kit (Sigma-Aldrich), 
eliminating excess primers and barcodes, DNA polymerase and single-stranded DNA frag-
ments. After this purification, second PCR products were run in a 0.7 % (w/v) agarose gel 
electrophoresis in 5x TBE (45mM Tris; 44 mM borate acid; 1mM EDTA) containing 0.5 μg/ml 
ethidium bromide.

 DNA quantification was performed employing NanoDropTM 2000 Spectrophotome-
ter (Thermo Scientific). Once all samples were standardized at the same final concentration, 
these were pooled and mixed in one single tube. Finally, this pool was diluted with Elute solu-
tion (Sigma-Aldrich), to achieve an adequate concentration (at 30 µg/µl final concentration) 
to be sequenced on the MiSeq platform (Illumina).

 • 2ND DNA PURIFICATION
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Figure 1.17. Map of the V4 sequencing library. Complete amplicon of V4 hypervariable region of 16S rDNA (427bp) prepared 
for sequencing on the MiSeq platform (Illumina)

 Sequencing was carried out at UGR Technology Services (Granada, Spain) using Illu-
mina Miseq platform (Caporaso et al 2012) with 250 cycles for paired read. Both forward and 
reverse reads were 353 bp and full-length sequence of amplicon (V4 hypervariable region 
16SrRNA, primers, partial Illumina adapters and barcodes) was approx. 427 bases paired (bp; 
Figure 1.17)

 Paired-end data were downloaded from “Base Space” platform generated on the Illu-
mina MiSeq machine and were provided as separate sequence files in .fastq format (two per 
sample – R1-forward and R2-reverse reads), which previously were de-multiplexed, de-bar-
coded. Bacterial diversity analysis was carried out using the open source software packa-
ge, Quantitative Insights Into Microbial Ecology (QIIME, v.1.9.0, Caporaso et al. (2010)) and 
Mothur v.1.6. (Schloss et al., 2009). Before analyzing this sequence dataset, we performed 
some quality control (QC) using specialized FastQC application (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) to ensure that the raw data did not had any problems and 
the appropriate quality (Figure 1.18). Total number of sequences was 16,519,419, all of them 
of high quality (both the R1-forward and R2-reverse reads).

 • SEQUENCING AT THE MISEQ ILLUMINA PLATFORM

 iii. Processing and analysis of Illumina sequencing data
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Figure 1.18. Summary per base sequences quality of forward reads. The y-axis represents Phred Quality Scores. BoxsWhis-
kers: Red lines = Median values, Boxes = 25% and 75% percentiles and whiskers= 10% and 90% points. Blue line represents 
mean quality.  Background of the graph: Green = calls very good quality, Orange = reasonable quality and Red = calls for 
poor quality.

 Phred Quality Scores indices are logarithmically related to the probability of inco-
rrect base call (Ewing & Green, 1998). Once sequences quality was displayed, paired end 
reads (R1-forward and R2-reverse) were combined in a single sequence per sample using 
Qiime. Subsequently, each sample was passed through a rigorous quality filter, resulting in 
a single file in Fasta format. We assigned a quality score (Phred Score) of 20 as quality thres-
hold, which meant that the probability of incorrect base call was at least bellow a 10%. Then, 
the primers sequences were trimmed off using  
Mothur software and sequences that were larger than insert size (>251 bp) long were consi-
dered an error in sequencing and therefore excluded. 

 All of the remaining sequences were clustered into Operational Taxonomic Units 
(OTUs) using uclust v. 1.1.579 method (Edgar, 2010), with sequence similarity threshold at 
99%.
 Taxonomic identification of each OTUs was performed using Greengenes 13.5
reference database (http://greengenes.secondgenome.com). This was achieved by using 
pick_de_novo.py script in Qiime, whose output was a matrix (Otu_table in .biom format) 
with the number of reads per OTUs in each sample and their taxonomical assignment. Sub-
sequently, a negative filtering taxa from OTU_table was performed to remove taxonomic 
level of Archaea, Chloroplast and Mitochondria in QIIME. Filtered OTU table contained both 
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0.2 µm-free-living (>0.2 µm) and particle-attached (>3 µm) bacteria samples (complete data-
base), but our interest was to calculate separately both alpha and beta diversity of free-living 
and particle-attached bacteria assemblages. For this reason, two OTU table files in .biom for-
mat were generated from filtered OTU table, one for free-living (>0.2 µm) bacterial samples 
and another for particle-attached bacterial (>3 µm) samples. 
 
 To control uneven sequencing depth (i.e. number of sequences in each sample), da-
tasets were standardized through multiple rarefaction analyses at different sequencing dep-
th (to be precise at 200, 500 and then, from 1000 to 10000 sequences per sample at intervals 
of 1000) and 100 number of iterations in QIIME software.  Several sequencing depths were 
explored to check the rarefaction effects and obtain a balance between costs (i.e. samples 
removed) and required sequencing depth to generate valid results. After the normalization 
step, reads detected only once (i.e. singletons) were discarded using QIIME script to reduce 
noise due to a potential high ratio of artifacts/real OTUs. For more details see the Annex of 
Chapter 1.

 Community richness and diversity indices were calculated using Qimme software 
(see Annex Chapter 1). Alpha diversity was measured by counting the number of observed 
OTUs richness and the Shannon diversity (Shannon - Wiener index) as described by Magurran 
(1989) which is defined as: 

 iv. Alpha diversity analysis 

Where;
 - S is the number of OTUs, pi is the proportion of the community represented by the   
   OTU i (estimated using ni (the abundance i)/N (total abundance))

 After the normalization step, community composition changes were studied using 
the Bray-Curtis dissimilarity matrix (Beals, 1984) to measure beta diversity. Community com-
position was performed using beta_diversity.py in Qiime software (see Annex Chapter 1).

 Beta Diversity 



55 Materials and methodsChapter 1  ·

Figure 1.19. Workflow scheme of metataxonomic data analysis with Qiime and Mothur 
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 Saline wetlands represent about 44% of the volume and 23 % of the area of all lakes 
on Earth (Messager et al. 2016). They are usually very productive ecosystems and can effecti-
vely sequester carbon and in endorheic basins this process occurred even at geological time 
scale (Chmura et al. 2003; Li et al. 2017). These wetlands also have high heterotrophic prokar-
yotic production and abundance (Eiler et al. 2003; López-Archilla et al. 2004; Ortega-Retuerta 
et al. 2007; Casamayor et al. 2013; Sorokin et al. 2014). Currently, most wetlands are salini-
zing as a consequence of climatic warming (Herbert et al. 2015). On the one hand, droughts 
are increasing mineral evapoconcentration and reducing lake surfaces in endorheic basins 
(Wurtsbaugh et al. 2017) and, in the other hand, the rise of sea level is introducing marine wa-
ters up into the estuaries and marshes areas salinizing coastal wetlands (Herbert et al. 2015; 
Schuerch et al. 2018). Saline wetlands are characterized by shallow waters with high content 
in nutrients and dissolved organic carbon due to mineral evapoconcentration in endorheic 
lakes (Batanero et al. 2017) and in coastal wetlands due to the high water turnover (Ferrarin 
et al. 2013). How salinity can affect prokaryotic heterotrophic production might help to make 
more accurate projections on potential changes in carbon storage in saline wetlands in futu-
re scenarios of salinization in coastal wetlands.
 Among the different aquatic ecosystems, wetlands also retain the highest propor-
tion of anthropogenic nitrogen inputs (Saunders & Kalff, 2001) and, along with riparian zo-
nes; they improve water quality via denitrification (Verhoeven et al. 2006). The anthropogenic 
production of nitrogen fertilizer has enabled humankind to greatly increase food production; 
nevertheless, it has drastically disrupted the nitrogen cycle and has led to environmental 
problems such as eutrophication (Gruber & Galloway 2008; Canfield et al. 2010). This anthro-
pogenic nitrogen production has doubled its inputs to the Earth´s surface changing the 
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nitrogen cycle at local, regional and global scale. This change likely exceeds all the other 
human interventions in the cycles of nature (Gruber & Galloway 2008; Schlesinger, 2009), 
but in comparison with the carbon cycle has received less attention (Battye et al. 2017). A 
substantial fraction of this nitrogen, mostly derived from agricultural lands, is transported to 
rivers and groundwater through runoff and lost through emissions of ammonia, and other 
nitrogen compounds mostly by anoxic denitrification and, in oxic waters, via nitrifier denitri-
fication (Schlesinger, 2009; Battye et al. 2017). Therefore, in many estuarine areas, before river 
discharges, natural or constructed wetlands modify the nitrogen loading into the coastal 
areas circumventing to some extent coastal eutrophication. These transitional waters include 
saline wetlands such as natural marshes and multi-pond solar salterns (Razinkovas-Baziukas 
& Povilanskas, 2012). In particular, multi-pond solar salterns are present all around the Me-
diterranean coasts and Portugal since the Phoenicians; who used ancient evaporation pro-
cedures (originally from the Emperor Huang era about 2,500 years Before Christ) to obtain 
salt (Baas-Becking 1931; García-Vargas & Martínez-Maganto 2006). In addition, coastal saline 
wetlands have also great importance for waterfowl conservation and sustainable aquacultu-
re beyond of salt extraction (Athearn et al. 2009; Walton et al. 2015). 

 Despite this global prevalence of saline wetlands and their biogeochemical signifi-
cance at global scale, most studies of microbial ecology in these systems have been focused 
on extremophile microorganisms in the hypersaline range to explore the bioenergetics and 
diversity constrains of microbial life associated with salinity (Antón et al. 2000; Pedrós-Alió et 
al. 2000a; Oren 2001; Casamayor et al. 2002; Gasol et al. 2004; Ghai et al. 2011). However, our 
understanding of moderately halophilic microorganisms in the range from oligo- to eusaline 
waters still remains very limited (Hahn, 2006; Herbert et al. 2015). The discovery that archaea 
are not exclusively extremophiles and they also appear in mesophilic conditions (DeLong 
1992; Fuhrman 1992; Karner et al. 2001) has promoted studies showing that archaeal species 
are abundant, ubiquitous and diverse with relevant functions in both carbon cycle and nitro-
gen cycle (Herndl et al. 2005; Justice et al. 2012; Offre et al. 2013). 
 Archaea have relevant roles in the mineralization of organic matter in oxic conditions 
at least in the ocean (Herndl et al. 2005; Ingalls et al. 2006). In fact, the organo-heterotrophic 
nature of some archaeal groups has been recently demonstrated for specific carbohydrates 
(Lazar et al. 2016) and for dissolved proteins (Orsi et al. 2016). Archaea are also relevant for 
ammonia oxidation during nitrifier denitrification in oxic conditions and for denitrification in 
anoxic or suboxic conditions (Francis et al. 2007; Offre et al. 2013) with potential implications 
for nitrogen removal in wetlands (You et al. 2009). However, archaeal heterotrophic produc-
tion patterns along gradients of dissolved organic carbon, nitrogen and salinity are still poor-
ly known.
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 Wetlands salinization, under the projected scenario of climatic warming, and the 
increase of nitrogen inputs might affect ecosystem services such as carbon storage (Weston 
et al. 2011; Luo et al. 2017) and nitrogen removal (Franklin et al. 2017). In fact, these two envi-
ronmental problems interact and eutrophication can boosts organic carbon mineralization, 
reducing carbon storage, in coastal marshes (Deegan et al. 2012) and salinization can affect 
microbial nitrogen removal (Franklin et al 2017). The main goal of this chapter is to describe 
the microbial patterns in abundance, and bacterial and archaeal heterotrophic production 
in a large set of semi-natural and constructed wetlands covering wide gradients of salinity, 
dissolved organic carbon and nitrogen along the Western Mediterranean coast. In addition, 
we identified the main drivers of those patterns and speculated on the potential changes in 
prokaryotic heterotrophic production in future scenarios of wetlands salinization and increa-
ses in nitrogen inputs.

2.2. MATERIALS AND METHODS

 We sampled a total of 112 saline ponds from nine sites during the summers of 2011, 
2012 and 2013 (Table 2.1).  The nine sites were: Odiel marshes (OdielM), Veta la Palma, (VPal-
ma), Cabo de Gata (CGata), Santa Pola (SPola), El Hondo (Hondo), Ebro Delta (EbroD), Giraud 
and Saintes-Maries-de-la-Mer (Camargue), Molentargius, Santa Guilla and Santa Catterine 
(Sardinia), and Sfax (Sfax) (Fig. 2.1a). Study ponds are located in semiarid or arid areas, under 
typical Mediterranean climatic conditions, covering a wide gradient of salinity from hypersa-
line (solar salterns) to oligo-mesohaline (brackish) waters (Fig. 2.1b) and microbial producti-
vity (Fig. 2.1c). 

 Study sites
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Figure 2.1. Locations of the coastal wetlands studied (a): Odiel marshes (OdielM), Veta la Palma, (VPalma), Cabo de Gata 
(CGata), Santa Pola (SPola), El Hondo (Hondo), Ebro Delta (EbroD), Giraud and Saintes-Maries-de-la-Mer (Camargue), Mo-
lentargius, Santa Guilla and Santa Catterine (Sardinia), and Sfax (Sfax); (b) Aerial photo of Odiel marshes, showing reservoir, 
evaporation and crystalizations ponds; and (c) G/F filters showing the pigment diversity of these ponds.

 Solar salterns are often built as connected multi-pond systems for commercial salt 
production, which create a strong salinity gradient from evaporation ponds to crystallizer 
ponds that can be considered as natural laboratories (Fig. 2.1b) with obvious changes in mi-
crobial communities (Fig. 2.1c). In each particular pond the salinity is kept roughly constant 
and therefore they can be considered a stable environment (Sánchez et al. 2006). The brac-
kish wetlands that we have studied are also important for sustainable aquaculture and wa-
terfowl conservation (Sánchez et al. 2006). Complete physical-chemical and microbiological 
details for each pond are provided in Annex Chapter 2 (Table S1).
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 We recorded salinity with a multi-parameter probe (HANNA HI 9828). Water samples 
with salinity higher than 70 ppt were diluted with Milli-Q water, until they were in the ope-
rating range of the probe. Total nutrient concentrations were measured in unfiltered water, 
while samples for dissolved nutrient analysis were filtered through pre-combusted 0.7μm 
pore-size Whatman GF/F glass-fiber filters. Total phosphorus (TP) and total dissolved phos-
phorus (TDP) concentrations were measured using the molybdenum blue method (Murphy & 
Riley, 1962) after persulfate digestion (30 min, 120ºC). Total nitrogen (TN) and total dissolved 
nitrogen (TDN) were analyzed by high–temperature catalytic oxidation (Álvarez-Salgado and 
Miller, 1998) using a total nitrogen analyzer (Shimazdu TNM-1). Standardization of the instru-
ment was done with potassium nitrate. Dissolved organic carbon (DOC) concentration was 
analyzed as non-purgeable organic carbon by high–temperature catalytic oxidation using a 
total organic carbon analyzer (Shimazdu TOC-V CSH). Dissolved organic carbon (DOC) sam-
ples were pre-filtered through pre-combusted 0.7μm Whatman GF/F filters (2 hours at 500ºC) 
and acidified with H3PO4 (final pH<2). The instrument was calibrated using a four-point stan-
dard curve of potassium hydrogen phthalate. Samples were purged with phosphoric acid for 
20 min and three to five injections were analyzed for each sample

 Chemical analyses 

 We determined chlorophyll-a concentration filtering through 0.7μm pore-size What-
man GF/F glass-fiber a variable water volume from 50 ml to 2017 ml. Chlorophyll-a (chl a) was 
extracted with 95% methanol during 24 h in the dark at 4 ºC (APHA, 1992), and was measured 
using a Perkin Elmer Lambda 40 spectrophotometer at 665 nm and 750 nm.  

 Samples for determining the abundances of prokaryotes (PA) and cyanobacteria 
(CyA) were taken in criovials, fixed in situ with 1% paraformaldehyde a + 0.05% glutaralde-
hyde in the dark (30 min at 4 ºC), frozen in liquid nitrogen, and stored at -80 ºC until analysis 
with flow cytometry (Gasol and del Giorgo, 2000). Once we defrosted the samples, to avoid 
the electronic coincidence of the prokaryotic cells, they were diluted (≥10-fold) with Milli-Q 
water. PA and CyA samples were analysed in a FACScalibur flow cytometer with a laser emi-
tting at 448nm, and a suspension of yellow-green ca. 1μm latex beads (Polysciences) was 
added per sample as an internal standard. PA samples were stained in the dark (10 min) with 
a 10 μM DMSO solution of Sybr Green I stain (Molecular Probes), run at low speed during 
2 minutes and were detected by their signature in bivariate plots as side scatter (SSC) vs. 
FL1 (Green fluorescence). CyA samples were run at high speed during 4 minutes and were 
detected by their signature in bivariate plots as Side scatter (SSC) vs. FL3 (Red fluorescence). 
Heterotrophic prokaryotic abundance (HPA) was estimated by subtracting cyanobacteria 
abundance (CyA) from prokaryotic abundance (PA). 

 Biological analyses 
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 Samples for determining the virus abundance (VA) were taken in different criovials, 
fixed in the dark with glutaraldehyde at a final concentration of 0.5 % (15 min at 4ºC), frozen 
in liquid nitrogen and stored at -80ºC until analysis with flow cytometry (Brussard et al., 
2010). Prior to analysis, samples were diluted ≥ 100-fold with TE-buffer pH 8.0 (10 mM Tri-
shydroxymethyl-aminomethane; 1 mM ethylenediaminetetraacetic acid) to avoid electronic 
coincidence in virus particle counts. VA samples were stained with a working solution (1:200) 
of SYBR Green I (10,000X concentrate in DMSO, Molecular Probes) for 10 min in the dark 
and then kept at -80º until counting. Fluorescent microspheres (FluoSpheres carboxylate mo-
dified yellow-green fluorescent microspheres; 1.0 μm diameter) were added as an internal 
standard. Data were acquired in log mode and were detected by their signature in bivariate 
plots as Side scatter (SSC) vs. FL1 (Green fluorescence). Flow cytometry data were analyzed 
using BD CellQuest Pro software. 
 We measured bacterial heterotrophic production (BP) and archaeal heterotrophic 
production (ArP) using the 3H-Leucine incorporation into proteins (Smith and Azam, 1992). 
To selectively inhibit bacterial heterotrophic production we used erythromycin (Yokokawa 
et al. 2012). Two sets of three replicates (1.5 ml) and 2 trichloroacetic acid (TCA, 50%)-killed 
blanks (final concentration10%) were incubated for each pond, with 54.6 nM or 58.4 nM leu-
cine  (1:2 hot: cold v/v) for 2 to 5 hours at in situ temperature. One of this set of 5 samples also 
contained 10 μg ml-1 of erythromycin (final concentration) to inhibit bacterial production 
and obtain exclusively the heterotrophic production associated with archaea. The addition 
of TCA at a final concentration of 10% ended the incubations. In the laboratory, the samples 
were centrifuged (14000 rpm for 10 min), rinsed with TCA (5%), vortexed, and centrifuged 
again. Finally, 1.5 ml of liquid scintillation cocktail (Ecoscint A) was added to each sample and 
was radio-assayed using an autocalibrated scintillation counter (Beckman LS 6000 TA). 
Due to equipment failures or logistic problems, some parameters could not be obtained for 
all the study ponds. The samples for DOC were not analyzed for the ponds at the Camargue 
site. The HA and CyA were not determined for Camargue, Sardinia and Tunisia, and VA was 
not determined for El Hondo.

 To determine the main drivers of the prokaryotic dynamics in the study wetlands 
we carried out four sets of generalized linear models (GLMs) to optimize the whole data set. 
In the first set of GLMs, the dependent variables considered were: prokaryotic heterotro-
phic abundance (PHA), cyanobacteria abundance (CyA), bacterial heterotrophic production 
(BP), and archaeal heterotrophic production (ArP). The predictor variables selected were: site 
(i.e. each wetland complex as a categorical variable), salinity, total dissolved nitrogen (TDN) 
and total dissolved phosphorus (TDP) (as continuous variables). We applied log and square 
root transformations to the dependent and predictor variables to improve the fit to a nor-

 Statistical analyses 
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mal distribution and to avoid heteroscedasticity when it was necessary. In the second set of 
GLMs, we also included the concentration of dissolved organic carbon (DOC) as a predictor 
variable, but the data from Camargue were excluded since this variable was not available for 
this site. In the third set of GLMs, we determined the best predictors of the virus abundance 
(dependent variable) in the six sites (Odiel M, VPalma, CGata, SPola, Hondo, EbroD) where this 
variable was available. In this third analysis nutrients were not included as predictors becau-
se viruses are mostly dependent on host (bacterial or archaeal) density. We considered the 
study site as a categorical variable and salinity, PA and CyA as continuous variables. Then, to 
determine the potential effect of viruses on the other microbial components we performed 
the fourth set of GLMs considering VA as a predictor variable and BP and ArP as dependent 
variables. The model with the smallest value of Akaike Information Criterion (AIC) was selec-
ted as the best model for each dependent variable considered. Details of alternative “best 
models” for which ∆AIC < 2.0 are provided in the Annex Chapter 2 (Tables S2-S6). All analyses 
were performed using Statistica 7.0.

2.3. RESULTS

 The study ponds represented a salinity gradient that ranged more than 4 orders of 
magnitude from 0.22 to 343 ppt (Table 2.1) from oligo- to hyperhaline conditions, with the 
highest median value observed in EbroD ponds and the lowest median value in the El Hondo 
ponds (Fig. 2.2a). DOC concentration ranged from 0.24 to 5.76 mmol-C l-1 (Table 2.1). Like for 
salinity, the highest median DOC concentration was observed in EbroD ponds but the lowest 
one was in the CGata ponds (Fig. 2.2b).  TDN concentration ranged from 0.02 to 0.62 mmol-N 
l-1 (Table 2.1). EbroD ponds also showed the highest median TDN concentration and SPola 
showed the lowest one (Fig. 2.2c). TDP concentration ranged from 0.50 to 40.09 μmol-P l-1 
(Table 2.1), with the highest median value at OdielM and the lowest at CGata (Fig. 2.2d). 

Alternation of bacterial and archaeal heterotrophic production along nitrogen 
and salinity gradients in coastal wetlands

Chapter 2  ·



69

  
Lo

ca
tio

n 
Si

te
s 

(a
cr

on
ym

s)
 

N
º 

Po
nd

s 
Te

m
pe

ra
tu

re
 

(º
C)

 
Sa

lin
ity

 
(p

pt
) 

TD
N

 
(m

m
ol

-N
 l-1

) 
TD

P 
(μ

m
ol

-P
 l-1

) 
D

O
C 

(m
m

ol
-N

 l-1
) 

Ch
la

 
(μ

g 
l -1

) 

VA
 

(x
10

9  
pa

rt
ic

le
s 

m
l-1

) 

Od
iel

 M
ar

sh
es

 (O
di

elM
) 

Hu
elv

a, 
Sp

ain
 

19
 

20
.1-

25
.4 

23
.1 

-1
97

.8 
0.0

2-
0.5

0 
3.1

2-
 4

8.0
6 

0.3
6-

3.7
8 

2.2
2 

- 1
08

.99
 

0.1
7 

- 3
.07

 

Ve
ta

 la
 P

alm
a, 

Do
ña

na
 (V

Pa
lm

a)
  

Se
vil

la,
 S

pa
in

 
10

 
27

-3
3.5

 
14

.4-
34

.3 
0.0

9-
0.2

7 
0.5

1-
12

.27
 

0.7
4-

3.1
1 

n.
d. 

0.2
 - 

1.1
4 

Ca
bo

 d
e 

Ga
ta

 (C
Ga

ta
)  

Al
m

er
ia,

 S
pa

in
 

6 
24

.9-
27

.6 
36

.1-
11

5.6
 

0.1
3-

0.3
1 

0.5
1-

2.2
8 

0.2
4-

0.8
7 

n.
d. 

0.0
4 
– 

0.1
2 

Sa
nt

a P
ol

a (
SP

ol
a)

 
Al

ica
nt

e, 
Sp

ain
 

14
 

22
-2

7.3
 

35
.1-

16
2.1

 
0.0

2-
0.3

2 
0.8

1-
11

.22
 

0.4
5-

2.9
1 

1.5
9 

- 2
01

.83
 

0.0
2 
– 

1.1
1 

El 
Ho

nd
o 

(H
on

do
)  

Al
ica

nt
e, 

Sp
ain

 
7 

24
.2-

30
.6 

4.3
-2

2.0
 

0.1
5-

0.2
9 

1.3
1-

8.9
6 

1.4
-3

.26
 

7.3
 - 

14
9.6

3 
0.3

5 
– 

1.1
0 

Eb
ro

 D
elt

a (
Eb

ro
D)

 
Ta

rra
go

na
, (S

pa
in

) 
13

 
23

.8-
32

.9 
40

.6-
34

3 
0.1

4-
0.6

2 
0.8

1-
5.3

5 
0.5

2-
5.7

6 
0.0

4-
 9

.7 
0.0

9 
– 

1.6
9 

Gi
ra

ud
, S

ain
te

s-
M

ar
ies

-d
e-

la-
M

er
 

(C
am

ar
gu

e)
, F

ra
nc

e 
14

 
19

.1-
30

.3 
0.2

-1
94

.7 
0.0

4-
0.3

5 
2.2

2-
6.8

9 
n.

d. 
2.0

8-
25

.69
 

n.
d.

 

M
ol

en
ta

rg
iu

s, 
Sa

nt
a G

ui
lla

 a
nd

 S
an

ta
 

Ca
tte

rin
e 

(S
ar

di
ni

a)
, It

aly
 

13
 

25
.4-

33
.4 

2.0
-2

38
.8 

0.0
5-

0.4
4 

0.8
1-

11
.35

 
0.3

4-
4.8

9 
6.0

9 
- 6

17
.41

 
n.

d.
 

Sf
ax

 (S
fa

x) 
Sf

ax
, (T

un
isi

a) 
12

 
24

.5-
29

.8 
40

.6-
22

0.2
 

0.0
5-

0.4
5 

2.6
7-

40
.94

 
0.4

1-
3.4

9 
1.8

9-
 9

4.5
8 

n.
d.

 

   

Ta
bl

e 
2.

1.
 R

an
ge

s o
f b

as
ic

 p
hy

sic
oc

he
m

ic
al

 va
ria

bl
es

, t
ot

al
 d

iss
ol

ve
d 

ni
tro

ge
n 

(T
D

N)
, t

ot
al

 d
iss

ol
ve

d 
ph

os
ph

or
us

 (T
D

P)
, d

iss
ol

ve
d 

or
ga

ni
c c

ar
bo

n 
(D

O
C)

, c
on

ce
nt

ra
tio

n 
of

 ch
lo

ro
ph

yl
l 

a 
(C

hl
 a

) a
nd

 v
iru

s a
bu

nd
an

ce
 (V

A)
 fo

r e
ac

h 
se

t o
f p

on
ds

 in
 th

e 
st

ud
y w

et
la

nd
s.

Alternation of bacterial and archaeal heterotrophic production along nitrogen 
and salinity gradients in coastal wetlands

Chapter 2  ·



70

Figure 2.2. Summary of raw data for physico-chemical parameters in saline wetlands studied in the western Mediterranean 
basin. Values of salinity (a), total dissolved organic carbon (b), total dissolved nitrogen (c) and total dissolved phosphorus (d) 
for each saline wetland studied. Lines = Median values. Boxes = 25% and 75% percentils and whiskers= non-outlier range, 
outliers (dots) and extreme points (asterisks). 

 Prokaryotic heterotrophic abundance (PHA) ranged almost three orders of magnitu-
de from 0.35 x106 to 252 x106 cells ml -1 (Table S1) with the highest median value in Sfax and 
the lowest one in CGata ponds (Fig. 2.3a), while cyanobacteria abundance ranged from 0.01 
to 38105 (x103) cells ml -1 (Table S1; Fig. 2.3b). Bacterial heterotrophic production ranged from 
18.96 pmoles of leucine l-1h-1 to 3006.80 pmoles of leucine l-1h-1 (Table S1; Fig. 2.3c), while 
archaeal heterotrophic production ranged from 55.72 pmoles of leucine l-1h-1 to 2289.87 
pmoles of leucine l-1h-1 (Table S1; Fig. 2.3d). Chlorophyll-a concentration ranged more than 5 
orders of magnitude from 0.04 to 617.41 μg l-1 (Table 2.1), with the highest median value at 
Sfax and the lowest one at DEbro (Fig. 2.3e).
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Figure 2.3. Summary of raw abundance and production of heterotrophic prokaryotes and cyanobacteria in saline wetlands 
studied in the western Mediterranean basin. Values of heterotrophic prokaryotic abundance (a), cyanobacteria abundance 
(b), bacterial production (c), archaea production (d) and chlorophyll concentration (e) for each saline wetland studied.  Lines 
= Median values. Boxes = 25% and 75% percentils and whiskers= non-outlier range, outliers and extreme points. 

 In the first set of GLMs performed (Table S2 in Annex Chapter 2), we obtained that 
the best GLM varied for each microbial variable. For heterotrophic prokaryotic abundance, 
the best model includes TDN concentration and sites (categorical) as predictors (Table 2.2). 
The residuals of prokaryotic heterotrophic abundance (once the site was controlled) were 
significant and positively related to TDN concentration (Fig. 2.4a). Alternative (less signifi-
cant) models also included salinity or TDP (Table S2 in Annex Chapter 2).
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 The best GLM for cyanobacteria abundance included sites as categorical variable 
and TDN and TDP as continuous variables (Table 2.2), with a significant positive relationship 
with TDN and negative relationship with TDP (Table 2.2). In the case of bacterial heterotro-
phic production, the best GLM included TDN concentration and sites as predictors (Table 
2.2). The residuals of bacterial heterotrophic production (once the site was controlled) were 
significant and negatively related to TDN concentration (Fig. 2.4b). Indeed, the higher TDN 
concentration, the lower the bacterial production is, irrespectively of the site considered. 
Alternative (less significant) models also included salinity or TDP (Table S2 in Annex Chapter 
2). For the archaeal heterotrophic production, the best GLM also included TDN concentration 
and sites as predictors (Table 2.2). In contrast to bacterial heterotrophic production, the re-
siduals of archaeal heterotrophic production (once the site was controlled) were significant 
and positively related to TDN concentration (Fig. 2.4c). Indeed, the higher TDN concentration, 
the higher the archaeal production is, irrespectively of the site considered. Alternative (less 
significant) models also included salinity or TDP (Table S2 in Annex Chapter 2).

Alternation of bacterial and archaeal heterotrophic production along nitrogen 
and salinity gradients in coastal wetlands

Chapter 2  ·



74

Figure 2.4. Linear regressions between heterotrophic abundance and prokaryotic production and TDN. Partial effects for 
relationships between (a) heterotrophic prokaryotic abundance, (b) bacterial production and (c) archaea production and 
TDN, based on the best models shown in Table 2. In each case the Y variable represents the residuals taken from the selected 
model after extraction of the X variable. 
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 In the second set of GLMs performed, we also included the concentration of dissol-
ved organic carbon (DOC) as a predictor variable, but Camarga site was excluded since these 
data were not available. This predictor variable only affected the results previously exposed 
for heterotrophic prokaryotic abundance and for heterotrophic bacterial production (Table 
S3 in Chapter 2 Appendix). In this second analysis, prokaryotic heterotrophic abundance was 
driven negatively by salinity and positively by DOC concentration. DOC concentration, de-
pending on sites, controlled bacterial heterotrophic production negatively. 

 In a third set of GLMs we determined the best GLM exclusively for the virus abundan-
ce excluding nutrients as predictors (Table 2.3). This model included salinity as a continuous 
predictor and site as categorical predictor.  We observed a positive relationship between the 
residuals of virus abundance (once site influence was considered) and the salinity (Figure 
2.5). Alternative (less significant) models also included heterotrophic prokaryotic and cyano-
bacteria abundances (Table S4 in Annex Chapter 2).

 
 
 

Dependent 
Variables 

Predictor 
Variables 

Estimate 
Standard 

Error 
Wald 
Stat. 

p-values 

Virus abundance Intercept 1.316355 0.053246 611.1956 0.000000 

 Salinity 0.204842 0.028806 50.5662 0.000000 

 Site --- --- 117.4885 0.000000 

 
 
 
 
 
 
 
 
 
 
 
 

Table 2.3. Summary of the best-generalized linear model (according to AIC) selected for the virus abundance in the sites: 
Odiel M, VPalma, CGata, SPola, Hondo, and EbroD. Columns show the estimates, the standard errors, the Wald statistics, 
and the p-values for the predictor variables. The complete set of alternative models with δAIC< 2.0 are shown in Chapter 2 
Appendix (Table S4).
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 Finally, we performed a four set of GLMs now including also the virus abundance as 
predictor of bacterial and archaeal heterotrophic production (Table S5 in Annex Chapter 2) 
but considering only the sites: Odiel M, VPalma, CGata, SPola, Hondo, and EbroD. The best 
GLM for bacterial heterotrophic production included salinity and virus abundance as predic-
tors (Table 2.4). Once the site effect was considered, we observed a negative and significant 
relationship between the bacterial heterotrophic production and the salinity (Figure 2.6a) 
and the virus abundance (Figure 2.6b). 

Table 2.4. Summary of the best-generalized linear model (GLM)  (according to AIC) selected for bacterial production. Colum-
ns show the estimates, standard errors, Wald statistics, and p-values for the selected predictor variables. The complete set of 
models with δAIC< 2.0 are shown in Table S4.

Figure 2.5. Partial effect for relationship between virus abundance and salinity based on the best models shown in Table 2.3.  

 
 
 
 

Dependent 
Variables 

Predictor 
Variables 

Estimate 
Standard 

Error 
Wald 
Stat. 

p-values 

Bacterial heterotrophic 
production Intercept 5.249544 0.334563 246.2003 0.000000 

 Site --- --- 36.5871 0.000001 

 Salinity -0.436568 0.120411 13.1453 0.000288 

 VA -0.187402 0.066857 7.8570 0.005062 

 

Alternation of bacterial and archaeal heterotrophic production along nitrogen 
and salinity gradients in coastal wetlands

Chapter 2  ·



77

Figure 2.6. Linear regressions between bacterial production and their biological and physico-chemical predictors. Partial 
effects for relationships between (a) salinity (b) virus abundance, based on the best models shown in Table 2.4. In each case 
the Y variable represents the residuals taken from the selected model after extraction of the X variable.

 On the other hand, the best GLM for archaeal heterotrophic production was cohe-
rent with the first set of GLMs performed, which included all the saline wetlands, and the 
best GLM for archaeal heterotrophic production included TDN and site as predictors (Annex 
Chapter 2, Table S5). 
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2.4. DISCUSSION

The best GLMs including all the study sites indicate that total dissolved nitrogen (TDN) is the 
main driver of the abundance of heterotrophic prokaryotes, bacterial heterotrophic produc-
tion, and archaeal heterotrophic production. Total dissolved nitrogen consistently promoted 
archaeal heterotrophic production even considering the alternative GLMs that included dis-
solved organic carbon (DOC) and virus abundance (VA) as predictor variables. In contrast, 
bacterial heterotrophic production was negatively to TDN. This result changed when DOC 
and VA were also considered. The negative relationship between TDN and bacterial hete-
rotrophic production appear to be mediated by salinity and virus abundance. Bacterial he-
terotrophic production declines as salinity and viruses increase. There is an alternation of 
the bacterial heterotrophic production (BP) by archaeal heterotrophic production (ArP) as 
salinity and virus abundance increase. 
 
 Archaeal species were considered, until the last decades, extremophiles usually 
associated to inhospitable environments such as salterns ponds where salt concentration 
is close to saturation (Oren, 1994, 2011; Antón et al. 1999). However, in this study, salinity 
does not seem to affect significantly ArP, whereas TDN resulted the most consistent predic-
tor variable. Coastal wetlands provide the optimal conditions for denitrification such as a 
low oxygen concentration, high organic matter concentration and nitrate supply (Seitzinger, 
1988; Seitzinger et al. 2006), being also the main process removing nitrogen excesses in these 
ecosystems (Saunders & Kalff 2001). Recent studies have also detected ammonia-oxidizing 
archaea in a wide range of environments (Wuchter et al. 2006; Sims et al. 2012), being even 
more dominant than ammonia-oxidizing bacteria in some ecosystems as the ocean (Lam et 
al. 2007) or lakes (Jiang et al. 2009). In addition, Orsi et al. (2016) have recently demonstrated 
the organo-heterotrophic nature of some archaeal groups up taking dissolved proteins that 
have high nitrogen content. Therefore, our results emphasize that archaeal species appear to 
play a key role in nitrogen dynamics in coastal wetlands, not just via denitrification.
 
 On the other hand, bacterial production (BP) appears to be controlled by virus abun-
dance (VA) providing a potential explanation for the negative correlation between TDN and 
BP. The results show that, regardless of the study site, VA increased significantly with salinity 
(Table 2.3, Fig. 2.5) and they affected negatively to BP (Table 2.4, Fig. 2.4), whereas VA did not 
have effect on ArP (Annex Chapter 2, Table S5).  Based on these findings it seems that the ma-
jority of viruses could be bacteriophages, being an important cause of bacterial mortality in 
these saline wetlands. Thus, external factors such as evaporation would trigger an increase in 
VA concentration, which would in turn increase bacterial mortality, while archaea communi-
ties would be more resilient to such changes. Another complementary explanation is that sa-
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linity increases are coupled to reduction in oxygen solubility promoting suboxic conditions 
perhaps more energetically favourable for some halophilic archaeal groups (Oren, 2001).

 Traditionally, earlier works  (Cole et al. (1999)) focused on the importance of organic 
carbon availability as regulators of bacterial production in different types of aquatic ecosys-
tems. However, there was no difference between the best GLM in archaea production with 
and without the inclusion of dissolved organic carbon (DOC) data, indicating that DOC did 
not appear to be a relevant predictive variable for archaeal production. This is likely to be 
related to the high DOC concentrations in these saline wetlands due to both evapoconcen-
tration in hypersaline waters (Pedrós-Alió et al.2000a, 2000b; Gasol et al. 2004; Clementino 
et al.2008) and mixing processes when river water with fresh organic matter concentration 
flows into the oligo-eusaline wetlands (Walton, et al. 2015), ensuring the unlimited DOC for 
the microbial metabolism. On the other hand, previous studies also considered the phos-
phorous concentration as limiting factor for prokaryotic activity in freshwaters (Smith and 
Prairie 2004) and oceanic waters (Hoppe et al. 2002; Zaccone et al, 2003). However, our results 
showed that TDP was not included as predictor variable in the best GLMs for the different 
microbial variables, except for the abundance of cyanobacteria (CyA). This result suggests 
that the study coastal wetlands were not limited by phosphorous. Cotner et al. (2010) de-
monstrated that bacteria exhibit high flexibility in their P content and stoichiometry. Neither 
phosphorus nor dissolved organic carbon affected prokaryotic activity in the wide range of 
saline wetlands studied.
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 Since Hutchinson´s seminal work in 1950 on the importance of guano on marine 
productivity, many studies have analyzed the inputs of nutrients associated with waterbird 
feces in inland waters (Manny et al., 1994, Kitchell et al., 1999, Hahn et al., 2007; 2008, Dess-
born. et al., 2016). This process is termed guanotrophication (Leentevaar, 1967) and appears 
to be particularly important in arid regions  (Post et al., 1998), systems with long water re-
sidence times (Huang and Isobe, 2012), and inland waters used as roosts by non-breeding 
birds or as breeding sites by colonial waterbirds, where birds import nutrients from foraging 
areas (Hahn et al., 2007 and 2008, Baxter and Fairweather, 1994, Kameda et al., 2006, Signa 
et al., 2012). Guanotrophication affects wetland quality and primary productivity, as shown 
in studies by Kitchell et al., 1999, in which chlorophyll increased with the density of geese, 
and in experiments with phytoplankton (Van Geest et al., 2007). On the other hand, large wa-
terbirds cause sediment bioturbation with consequences for nutrient release and methane 
fluxes (Rodríguez- Pérez and Green, 2006; Bodelier et al., 2006). Although bacterial produc-
tion and diversity are known to change under pulses of nutrients (Smith et al., 2004; Simek et 
al., 2006; Reche et al., 2009), no studies have directly addressed changes in aquatic microbial 
communities associated with guanotrophication and sediment bioturbation by waterbirds, 
despite the key role of microbial processes in biogeochemical cycles and greenhouse gas 
fluxes in wetlands and lakes. 

3.1. INTRODUCTION
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 Insights into the effects of waterbirds on microbial communities are crucial to enable 
integrative wetland management and the measures required to support waterbird diversity 
and their effects on guanotrophication, nutrient recycling, microbial-derived processes and 
water quality in general (Huang and Isobe, 2012; Verhoeven et al., 2006). This is even more 
important given the consequences of climate change that is affecting hydrological regimes 
in contrasting ways in different biomes (Erwin, 2009). Projected changes suggest an increase 
in wetland areas in tropical or polar latitudes; whereas temperate and Mediterranean wet-
lands and lakes may reduce their hydroperiod or dry out completely (Tranvik et al., 2009; 
Nielsen et al., 2009), with major implications for species diversity (McMenamin et al., 2008). In 
the Mediterranean biome, extended droughts could reduce runoff and increase evaporation, 
causing salinization of many wetlands and lakes (Nielsen et al., 2009; Moss et al., 2009; Je-
ppesen et al., 2015). This reduction in wetland surface or in hydroperiod length may promo-
te the overcrowding of waterbirds in arid or semiarid regions during breeding or wintering 
periods (Post et al., 1998; Huang and Isobe, 2012), which may reduce water quality through 
guano inputs and sediment bioturbation (Manny et al., 1994). Similar effects may be caused 
by other kinds of global change such as increasing water extraction or the increase in bird 
populations resulting from exploitation of anthropogenic habitats (e.g. agricultural fields or 
fish farms) or protection from disturbance and hunting. For example, numbers of flamingos 
and other wading birds have increased markedly in southern Spain in recent decades due to 
increased protection and exploitation of artificial habitats, such as ricefields and fish ponds 
(Rendón et al., 2008; Ramo et al., 2013). 

 Flamingos represent a major fraction of the waterbird biomass in saline lakes in Afri-
ca (Vareschi, 1978; Tuite, 2000), and have profound effects on the limnology of Andean salt 
lakes (Hurlbert and Chang, 1983). In the Western Mediterranean region, their abundance and 
movements are particularly well monitored (Rendón–Martos et al., 2000;Amat et al., 2005; 
Balkiz et al., 2009; Geraci et al., 2012; Sanz-Aguilar et al., 2012). Here, we studied the influence 
of flamingos on nitrogen, phosphorus, and microbial dynamics in a saline lake that holds 
the largest flamingo colony in the Western Mediterranean. Flamingos can increase N and P 
concentrations by guano inputs from mass aggregations during breeding periods, and by 
sediment bioturbation during feeding and trampling in the lake. We hypothesized that in this 
lake (i) dissolved nitrogen and phosphorus concentrations would be related with flamingo 
abundance due to guanotrophication and sediment bioturbation and used correlation and 
regression analysis to test it; (ii) dissolved nutrients from guano would boost heterotrophic 
prokaryotic production affecting microbial dynamics and performed two experiments and 
cross-correlations to test it; (iii) drought would concentrate nutrients and microbial cells by 
evaporation, and therefore intensify the effects of flamingos and we compared the nutrient 
and microbial dynamics in two well-contrasted (wet and dry) hydrological years to test it.  
Finally, we discuss the implications of our findings given ongoing climate change and the 
effects of conservation policies on waterbird densities.
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 This study was performed in Fuente de Piedra, an athalassohaline lake located in 
an endorheic basin of karstic origin in the south of Spain (37º 6’ N, 4º 44’ W) (Figure 3.1a). Its 
hydrology is mainly linked to inputs from rainfall, two intermittent streams (Santillán and 
Humilladero) and ground water, and outputs mainly by evaporation (Rodriguez-Rodriguez 
et al., 2006; Kohfahl et al., 2008). This large saline lake covers a maximum area of 1350 ha and 
supports one of the most important breeding colonies of the greater flamingo (Phoenicop-
terus roseus) in the Western Mediterranean (Geraci et al., 2012; Rendón et al., 2001). Breeding 
adults fly within a radius of 350 km to feed in other wetlands, returning to feed their chicks at 
Fuente de Piedra (Rendón–Martos et al., 2000; Amat et al., 2005; Rendón et al., 2014). 

Figure 3.1. Images of the saline lake studied (Fuente de Piedra, Málaga, Spain).  (a) Orthophoto (http://ws041.juntadeandalu-
cia.es/medioambiente/dlidar/index.action) showing the flamingo nesting area, and (b) frequency of inundation area of the 
lake obtained from Landsat imagery (https://earthexplorer.usgs.gov/) for the wet and the dry hydrological years. Images of 
similar dates were used to calculate the inundation frequency for each pixel, which ranged from 0 (i.e. lake surface dry in all 9 
images) to 9 (i.e. inundated in all 9 images). The location of the two sampling stations is shown by in red dots.

3.2. MATERIAL AND METHODS

 Study site, water level and flamingo abundance
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 Salinity, pH and temperature were measured using a multi-parameter probe (HANNA 
HI 9828). Total nutrient concentrations were measured in unfiltered water, while samples for 
dissolved nutrient analysis were filtered through 0.7μm pore-size Whatman GF/F glass-fiber 
filters. Soluble reactive phosphorus (SRP), total phosphorus (TP) and total dissolved phos-
phorus (TDP) concentrations were measured using the molybdenum blue method (Murphy 

 We sampled this lake during more than two hydrological years. The first hydrological 
year between September 2010 and August 2011 was considered to be wet as the lake was 
inundated for most time of the year (Figure 3.1b); it was similar to the previous hydrologi-
cal year that was only partially sampled. In contrast, the second hydrological year (i.e. from 
September 2011 to August 2012) was relatively dry because the lake dried out during the 
summer (Figure 3.1b). Each hydrological year had two phases. The first phase comprises wa-
ter filling during fall and winter (September-March); whereas, the second phase consists of 
water evaporation during spring and summer (April-August). 
 The different hydrological conditions cause intense changes in the water level of the 
lake (García and Niell, 1993; García et al., 1997). The water level in Fuente de Piedra was mea-
sured daily using a limnigraph that registers water level variations on a paper graph through 
movements of a floating sensor that is located in an open shallow well in the lagoon. Chan-
ges in the inundation area were obtained with multi-temporal Landsat imagery. We collected 
for each hydrological year nine images with similar dates from the USGS EarthExplorer (ht-
tps://earthexplorer.usgs.gov/). The nine images (for each hydrological year) were classified as 
water and non-water (Li et al., 2015) and then added up to calculate the inundation frequen-
cy for each pixel using ArcGIS 10.4 software. The resulting inundation frequency was ranged 
from 0 (i.e. the lake was dry in all 9 images) to a maximum of 9 (i.e. the lake was inundated in 
all 9 images). 
 Samples were taken from the water column (ca. 10 cm below the surface) at two 
stations (red dots in Figure 1b). Station 1 is less affected by wind and turbidity and is a fla-
mingo foraging area, whereas Station 2 is located nearer the nesting area and is more expo-
sed to wind, evaporation and turbidity. Samples were collected biweekly from July 2010 to 
November 2012, except when the lake was dry from June to October of 2012. Flamingos on 
the lake were counted one to seven times per week during the breeding period and monthly 
the rest of the year, using binoculars (8 x 30) and a spotting scope (20 - 60 x 60). Birds were 
counted one by one for small groups, or in groups of five individuals for big aggregations. 
The abundance of chicks during breeding was obtained from aerial pictures. Rainfall, water 
level and flamingo data were provided by the “Consejería de Medio Ambiente y Ordenación 
del Territorio” of Junta de Andalucía, Spain.

 Physico-Chemical analyses
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and Riley, 1962), the latter as SRP, after digestion with a mixture of potassium persulphate 
and boric acid at 120º C for 30 min (APHA, 1992). Total nitrogen (TN) and total dissolved 
nitrogen (TDN) were analysed by high–temperature catalytic oxidation (Álvarez-Salgado 
and Miller, 1998) using a total nitrogen analyzer (TNM-1, Shimazdu TOC-V CSH). Samples for 
dissolved organic carbon (DOC) were collected from surface waters in a combusted (> 2 h 
at 500 ºC) flask, filtered through pre combusted GF/F filters, acidified with phosphoric acid 
(final pH < 2) and stored at 4ºC in the dark until analysis. DOC concentration was measured 
by high-temperature catalytic oxidation in a Shimadzu total organic carbon (TOC) analyzer 
(Model TOC-V CSH). The instrument was calibrated using a four-point standard curve of po-
tassium hydrogen phthalate. Samples were purged with phosphoric acid for 20 min to elimi-
nate any dissolved inorganic carbon. Three to five injections were analysed for each sample. . 

 Fresh flamingo chick feces were collected during banding operations in the Fuente 
de Piedra colony, immediately frozen in liquid nitrogen and stored at -80 ºC until analysis. 
Feces were thawed and classified as either pink or brown, reflecting differences in diet. Prior 
to analysis, feces were dried at 60 ºC for at least 24h to obtain dry weight. They were then di-
luted in a known volume of Milli-Q water, and TN, TDN, TP, TDP, TOC and DOC concentrations 
were determined as explained above. 
 Per capita N and P loads associated with flamingo guano were estimated as func-
tions of body mass and the N and P contents per g of dry feces (Eq. 4 in Hahn et al., 2008).  
The average body mass of an adult flamingo male is 3579 g and of an adult female is 2525 g 
(Cramp and Simmons, 1977), so we took 3052 g as average body mass for adults and assu-
med all feces produced were deposited in the lake. Daily N and P inputs were obtained by 
multiplying per capita excretion by flamingo abundance, and annual loadings by summing 
all daily values over the year. Lake volume was calculated by integrating the area beneath the 
hypsographic curve (i.e. surface area vs. water level; Rodriguez-Rodriguez et al., 2016). 

 Chlorophyll a concentrations were determined by collecting the particulate material 
from 100 to 700 ml of water by filtering through 0.7μm pore-size Whatman GF/F glass-fiber 
filters, then extracting the filters with 95% methanol in the dark at 4 ºC for 24 h (APHA, 1992) 
. Pigment absorption was measured using a Perkin Elmer UV-Lambda 40 spectrophotometer 
at wavelengths of 665 nm and 750 nm.
 The abundances of prokaryotes (PA) and viruses (VA) were determined in triplica-
te samples using flow cytometry in a FACScalibur flow cytometer (excitation 448nm), and 

 C, N and P content in chick flamingo guano

 Biological analyses 
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analysed in bivariate plots of Side scatter (SSC) vs. FL1 (Green fluorescence; Gasol and Gior-
go. 2000; Brussaard et al., 2010). For PA, samples were collected and fixed with a mixture 
of 1% paraformaldehyde and 0.05% glutaraldehyde for 30 min in the dark at 4 ºC, frozen 
in liquid nitrogen, and stored at -80 ºC until analysis. In the laboratory, the samples were 
thawed and diluted ≥10-fold with Milli-Q water to avoid coincidence of cell counts. Sam-
ples were stained with a 10 μM DMSO solution of SYBR Green I (Molecular Probes) for 10 
min in the dark. Yellow-green 0.92 μm latex beads (Poysciences) were used as an internal 
standard. For VA, samples were fixed with glutaraldehyde 0.5 % for 15-30 min at 4 ºC in the 
dark, flash frozen in liquid nitrogen and stored at -80ºC until analysis (Brussaard et al., 2010). 
Prior to analysis, samples were diluted ≥ 100-fold with TE-buffer pH 8.0 (10 mM Trishydroxy-
methyl-aminomethane; 1 mM ethylenediaminetetraacetic acid) to avoid the coincidence in 
virus particle counts. VA samples were stained with a working solution (1:200) of SYBR Green I 
(10,000X concentrate in DMSO, Molecular Probes) for 10 min in the dark and then kept at -80º 
until counting. Fluorescent microspheres (FluoSpheres carboxylate modified yellow-green 
fluorescent microspheres; 1.0 μm diameter) were added as an internal standard. Data were 
analyzed using BD CellQuest Pro software. 
 Prokaryotic heterotrophic production (PHP) was estimated from 3H-Leucine- incor-
poration following the microcentrifugation technique (Smith and Azam., 1992). Three 1.5 ml 
replicates and two trichloroacetic acid (TCA)-killed blanks were prepared for each sampling 
station and day. In each sample, 5 μl of (4,5-3H)-L-Leucine was added to a final concentration 
of 54.6 nM and then incubated for 2-5 h at in situ temperature. Adding TCA at a final concen-
tration of 10% terminated the incubations. In the laboratory, the samples were centrifuged 
(10 min at 14000 rpm), rinsed with 5% TCA, vortexed, and centrifuged again. For each sample, 
1.5 ml of liquid scintillation cocktail (Ecoscint A) was added, and the radioactivity determined 
using an autocalibrated scintillation counter (Beckman LS 6000 TA). 

 To determine the effects of guano on prokaryote growth, we carried out two experi-
ments in the laboratory using previously frozen feces from flamingo chicks collected during 
the ringing operations in August 2010. Chicks are fed with a secretion produced by their 
parents that fly to forage in other wetlands (Rendón et al., 2014; 2012) and represent most of 
the individuals present constantly in the lake during breeding periods. The first experiment 
(Exp.1) was carried out using lake water on October 10th 2010 when there were approxima-
tely 34000 flamingos in the lake and a water level of 79 cm, and the second experiment (Exp. 
2) was performed using lake water on May 5th (2011 year) when there were approximately 
23000 flamingos in the lake and a water level of 130 cm (Figure 3.2).

 Experiments with guano 
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 Each experiment consisted of two treatments and each treatment had three repli-
cates. Controls consisted of 800 ml of 0.2-μm-filtered lake water, plus 200 ml of water filtered 
through a 0.8 μm pore-size Whatman GF/F filter that allowed most bacteria to pass through, 
but removed bactivorous flagellates. The +Guano treatment was the same as the control, 
with the addition of sterilized chick feces (Figure 3.3). All the experimental (1 litre Pyrex) bo-
ttles were incubated in the dark at in situ temperature using a culture chamber. From each 
treatment, triplicate subsamples were collected and prokaryotic abundance and production 
were quantified every 12 h to during the 84 h incubation period, and samples for dissolved 
nutrients were taken at the initial (t0) and final (tf) sampling time. We determined prokaryo-
tic abundance and production, and the concentration of dissolved nutrients, as described 
above for lake samples. Changes in prokaryotic abundance and production throughout the 
incubations were fitted to exponential or logistic functions. The fits and growth parameters 
(specific growth rates and carrying capacities) were obtained using nonlinear estimations. 
More details on the estimation procedure can be found in Pulido-Villena and Reche et al., 
2003.

Flamingos and drought as drivers of nutrients and microbial dynamics in a saline lakeChapter 3  ·

Figure 3.2. Changes in salinity and abundance of flamingos. 
Flamingo abundance is shown by the purple line and salinity by the blue-green line. The wet hydrological year is shaded in 
blue and the dry hydrological year in cream. The lake dried out completely during the period shaded in brown. The periods 
of flamingo breeding are marked on the x-axis.
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 We performed multiple regression analysis to assess the main drivers of SRP and 
TDN including flamingo abundance (proxy for guano inputs) and water level (proxy for sedi-
ment bioturbation and evaporation) and correlation analyses were performed to assess the 
relationships between major nutrients and microbial variables with flamingos and salinity. 
Finally, we used a two-way cross-correlation to analyse the sequential effects of flamingos on 
microbial and nutrient components in more detail. The cross-correlation coefficient (k) repre-
sents the correlation between two time series (i.e., microbial and nutrient parameters [X] vs. 
flamingo abundance [Y]), where X is lagged forward or backward by (k, 10) observations. For 
this analysis we sampled every two weeks between August 2011 and May 2012 at station 1. 
All statistical analyses were performed using Statistica (v.7.0).

 Statistical Analysis
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Figure 3.3. Experimental design consisted of two treatments using water from the Fuente de Piedra lake and sterilized 
samples of flamingo feces: Control (with no feces addition) and + Guano (with feces addition). 
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3.3. RESULTS

 The first hydrological year was wet with an annual rainfall of 563.3 mm, a salinity of 
~30 ppt, water levels ranging from 44 cm to 130 cm, and an average lake surface area of 992 
ha with more than 50000 flamingos during the breeding period (blue period in Figure 3.2); 
it was similar to the previous hydrological year that was only partially sampled. In contrast, 
the second hydrological year was dry with an annual rainfall of 345.1 mm, a salinity that was 
always above 70 ppt, a water level that ranged from 52 cm to 0 cm when the lake dried up, 
an average surface area of 522 ha, and a maximum of only 12000 flamingos with no breeding 
(brown period in Figure 3.2) (Table 3.1).
 Nutrient concentrations varied dramatically over the course of the study.  DOC con-
centration ranged more than an order of magnitude from 1.00 mmol-C l-1 to 13.59 mmol-C 
l-1, with the highest values during the dry year (Table 3.1). Changes in DOC concentration 
and salinity were tightly correlated (n=73, r=0.97, p<0.0001) and coupled with the filling (au-
tumn/winter) and evaporation (spring/summer) phases (Figure 3.4a). The TP concentration 
varied almost 30-fold from 1.38 μmol-P l-1 to 38.60 μmol-P l-1 (Table 3.1), reached the maxi-
mum during the evaporation phase of the dry year, and consequently, was strongly correla-
ted with salinity (n=75, r=0.79, p<0.0001) (Figure 3.4b). TN concentration varied 20-fold from 
0.06 to 1.17 mmol-N l-1 (3. 1), reaching maximum values during the dry year. TN also showed 
a tight correlation with salinity (n=65, r=0.90, p<0.0001) (Figure 3.4c). TDP concentration va-
ried from 0.73 to 22.23 μmol-P l-1, and reached its maximum during the dry year, coupled 
with salinity (Figure 3.4d). As well as evapoconcentration, there was evidence that sediment 
interactions influenced TDP concentration, as TDP increased linearly as the water level (WL) 
decreased below 80 cm (TDP = 15.7-0.18 WL, r2=0.38, p<0.001, Figure 3.5). In contrast, SRP 
varied from 0.18 to 1.63 μmol-P l-1 (3. 1), was not significantly correlated with salinity, and 
showed a first peak during the wet year, concomitant with a major increase in the abundance 
of flamingos (3.4e). TDN concentrations also ranged more than ten-fold from 0.06 mmol-N 
l-1 to 0.80 mmol-N l-1 (3. 1), showed dynamics time-lagged with the abundance of flamingos, 
and was not influenced by salinity during the dry year (n= 30, r=0.013, p =0.944) (Figure 
3.4f ). To explore in more detail the relevance of water level (indicative of sediment influence 
and evaporation) and guanotrophication by flamingos on SRP and TDN concentrations in 
the water, we performed multiple regression analysis (Table 3.2). Both variables significantly 
affected SRP concentrations, although the contribution of water level was stronger (higher 
partial correlation coefficient) than that of flamingo abundance. TDN concentration was also 
significantly affected by the water level, and not directly by the flamingo abundance.

 Nutrient dynamics in the lake
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Figure 3.4. Nutrient dynamics during two hydrological years. Changes in the concentration of (a) dissolved organic carbon, 
(b) total phosphorus, (c) total nitrogen, (d) total dissolved phosphorus, (e) soluble reactive phosphorus and (f) total dissol-
ved nitrogen at station 1 (black dots) and station 2 (grey dots). Salinity (blue-green line) or flamingo abundance (purple 
line) are shown for reference.
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Figure 3.5. Linear negative relationship between the total dissolved phosphorus and the water level for depths lower than 
80cm.

Table 3.2. Results of multiple regression analyses to assess the influence of flamingo abundance and  water level on the 
concentrations of soluble reactive phosphorus and total dissolved nitrogen.  The r values are partial correlation coefficients, 
b is the non-standardized regression coefficients. 

 

Independent 
Variables 

Soluble Reactive Phosphorus 
(μmol-P l-1) 

Total Dissolved Nitrogen 
(mmol-N l-1) 

 r b p-level r b p-level 
Flamingos  0.368787 0.000007 0.002964 --- --- --- 

Water level (cm) -0.422263 -0.004579 0.000746 -0.422129 -0.002525 0.000868 

Intercept  0.681651 0.000000  0.390625 0.000000 
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Table 3.3. Results of multiple regression analyses to assess the influence of flamingo abundance and salinity on the con-
centration of viruses in Fuente de Piedra lake. The r-values are partial correlation coefficients, b is the non-standardized 
regression coefficients. 

 Chlorophyll-a ranged over two orders of magnitude from 2 μg l-1 to 256 μg l-1. During 
the wet year at Station 1 (black dots), chlorophyll-a showed maximum values concurrent 
with two peaks in flamingo abundance (Figure 3.6a). Indeed, in this station we observed a 
significant and positive correlation between the abundance of flamingos and chlorophyll-a 
concentration (n=38, r=0.34, p< 0.05). In contrast, during the dry year, when flamingos were 
less abundant, the highest values of chlorophyll-a were observed during the filling phase 
(lower salinity) in winter (Figure 3.6a). Prokaryotic heterotrophic production (PHP) ranged 
40 fold from 0.05 nmoles of leucine l-1h-1 to 2.25 nmoles of leucine l-1h-1 with maximum va-
lues synchronous and correlated with the peaks in flamingo abundance (Figure 3.6b) at both 
Station 1 (black dots, n=37, r=0.48, p<0.05) and Station 2 (grey dots, n=36, r=0.36, p<0.05). 
Prokaryote abundance ranged over three orders of magnitude from 3 to 296 (x 106) cells ml-1 

(Figure 3.6c), while virus abundance ranged from 0.3 to 1.5 (x109) particles ml-1 (Figure 3.6d). 
The peak in the prokaryote abundance also coincided with the highest abundance of flamin-
gos, while viral abundance (VA) was similar in both years. VA dynamics appeared time lagged 
with respect to the abundance of flamingos in the wet year. In contrast, in the dry year the 
maximum VA coincided with the highest salinity, during the evaporation phase (Figure 3.6d). 
To explore in more detail the influence of flamingos and salinity on the abundance of viruses 
in the water column, we performed a multiple regression analysis (Table 3.3). Both variables 
significantly affected viral abundance, although the contribution of flamingos was slightly 
greater.

 Microbial dynamics

Independent Variables Virus abundance 
(ml-1) 

 r b p-level 

Flamingos  0.548973 12.7 0.002028 

Salinity (ppt) 0.506379 4634.3 0.004089 

Intercept  243837.9 0.180274 

Flamingos and drought as drivers of nutrients and microbial dynamics in a saline lakeChapter 3  ·
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Figure 3.6. Microbial dynamics during two hydrological years. Changes in (a) chlorophyll a concentration, (b) prokaryotic 
heterotrophic production, (c) prokaryotic abundance, and (d) virus abundance at station 1 (black dots) and station 2 (grey 
dots). Flamingo abundance (purple line) is shown for reference.
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 Prokaryotic heterotrophic production and abundance appeared to be synchronized 
with the abundance of flamingos (Figure 3.6b and Figure 3.6c), whereas the abundances of 
viruses (Figure 4d) and total dissolved nitrogen concentration (Figure 3.4f ) showed different 
time lags. To explore the existence of potential links among these synchronous or time-lag-
ged variables associated with flamingo abundance, we performed cross-correlation analy-
ses. Flamingo abundance (y) was significantly cross-correlated with prokaryote activity (x) at 
lag=0 (rxy =0.70) and lag=-1 (rxy =0.66) (Figure 3.7a), with prokaryote abundance (x) at lag 
=0 (rxy =0.46), lag =-1 (rxy =0.65) and lag=-2 (rxy =0.70) (Figure 3.7b), and with total dissol-
ved nitrogen (x) at lag =-4 (rxy =0.56) and lag=-5 (rxy =0.67) (Figure 3.7d). Cross-correlations 
with virus abundance (x) were not significant, but the coefficient was highest at lag =-4 (Fi-
gure 3.7c).

 The nutrient content of flamingo chick feces ranged from 28.7 to 45.1 mg N g-1 dry 
weight, and from 2.1 to 3.4 mg P g-1 dry weight depending on food sources (Table 3.4). Al-
most all the nitrogen in flamingo chick feces was soluble, with TDN averaging 74 % of TN. In 
contrast, TDP only averaged 19 % of TP (Table 3.3). The molar TN:TP ratio in flamingo chick 
feces was 29, above the Redfield ratio and higher than found in the feces of other waterbirds 

 Cascading effects of flamingos

 Nutrients delivered by flamingo guano 

Figure 3.7. Cross-correlations of flamingos and the microbial and total dissolved nitrogen dynamics. The zero line repre-
sents a synchronous effect and the negative numbers represent time-lag effects at different intervals. The analyses were 
performed for (a) prokaryotic heterotrophic production, (b) prokaryotic heterotrophic abundance, (c) virus abundance and 
(d) total dissolved nitrogen. Significant positive effects are represented by black bars that exceed the 0.5 level on the x axis. 
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(Table 3.3). Assuming the average values of N and P content in flamingo droppings (i.e. TN 
= 36.9 mg N g-1 and TP =2.75 mg P g-1 dry weight), we estimated that the average per capita 
delivery in the lake per day was 1.978 g N (141.2 mmol of N) and 0.147g P (4746.52 μmol of 
P). Given the abundance of flamingos, the total delivery of N to the lake was of 16.54 tonnes 
during the wet year (i.e. 16.7 Kg N ha-1y-1) and 1.67 tonnes during the dry year (i.e. 3.2 Kg N 
ha-1 y-1). Taking into account the water volume, the annual N input during the wet year was 
3.372 mg N l-1y-1, and during the dry year was 1.342 mg N l-1y-1. The total delivery of P to the 
lake was of 1.23 tonnes (i.e. 1.24 Kg P ha-1 y-1) during the wet year and 0.12 tonnes (i.e. 0.23 
Kg P ha-1 y-1) during the dry year. The annual P input was 0.251 mg P l-1y-1 during the wet year, 
and 0.100 mg P l-1y-1 during the dry year.

Flamingos and drought as drivers of nutrients and microbial dynamics in a saline lakeChapter 3  ·
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 We tested if nutrients delivered by guano directly promote microbial growth in two 
laboratory experiments (Figure 3.8). In experiment 1 (Figure 3.8a), prokaryote abundance in 
re-growth cultures fitted exponential growth. The specific growth rate (μ) in the treatment 
with guano was almost twice as high (μ = 0.46 ± 0.16 d-1; r2=0.39) as in the control treatment 
(μ = 0.27 ± 0.01 d-1, r2 = 0.35), a significant difference. Prokaryote heterotrophic production 
did not fit exponential or logistic growth curves. In experiment 2 (Figure 3.8b), only the con-
trol treatment fitted exponential growth (μ = 0.21 ± 0.07 d-1, r2=0.30) and the specific growth 
rate (μ) was similar to the control in the previous experiment. Prokaryote heterotrophic pro-
duction, however, fitted logistic growth curves in both treatments. Both the carrying capacity 
(K) and the specific growth rates for protein synthesis (b) were higher in the treatment with 
guano (K = 0.797 nmoles l-1h-1, b = 295 d-1, r2 = 0.72) than in the control treatment (K = 0.366 
nmoles l-1h-1, b = 11 d-1, r2 = 0.71). At the beginning and end of the experiments, we also moni-
tored the changes in dissolved nutrients. DOC and TDN did not change significantly over the 
incubation period in any of the experimental treatments (Table 3.5). However, SRP decreased 
significantly in all treatments at the end of the incubation time (Figure 3.8a and 3.8b), likely 
due to its assimilation by heterotrophic prokaryotes during their growth, indicating a high 
P-demand by these microorganisms.

 Experiments with flamingo guano 

Table 3.5. Conditions of the water level and abundance of flamingos in the lake when the experiments with guano addition 
were performed. Results of the concentrations of dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) at the 
beginning (t0) and the end (tf) of the two experiments.

 

Water 
level 
(cm) 

Flamingo 
Abund. Treatment DOC (mmol-C l-1) TDN (mmol-N l-1) 

79 33849 

Exp. 1 t0 tf t0 tf 

Control 2.00± 0.02 2.21 ± 0.12 0.20 ± 0.00 0.18 ± 0.00 

High 1.94 ± 0.05 2.09 ± 0.15 0.27 ± 0.00 0.24 ± 0.00 

130 22490 

Exp.  2 t0 tf t0 tf 

Control 1.17 ± 0.09 1.12 ± 0.03 0.07 ± 0.00 0.07 ± 0.01 

High 1.26 ± 0.02 1.19 ± 0.10 0.09 ± 0.01 0.09 ± 0.01 

Flamingos and drought as drivers of nutrients and microbial dynamics in a saline lakeChapter 3  ·
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Figure 3.8. Experiments on the growth of heterotrophic prokaryotes with addition of flamingo guano. Changes in hetero-
trophic abundance and production during the period of incubation, and the concentration of soluble reactive phosphorus 
at the beginning (t0) and end (tf) of  (a) experiment 1 and (b) experiment 2. Blue represents the treatment with the control 
conditions and red the treatment with addition of fresh guano from flamingo chicks.
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 We observed a robust, direct and synchronous influence of flamingos on hetero-
trophic prokaryotic production and abundance, that appears to be mediated by an increa-
se in P availability associated with inputs from guano and sediment bioturbation, instead 
of by organic substrates derived from primary producers. This direct influence of flamingos 
on heterotrophic prokaryotic activity appears to trigger cascading effects on heterotrophic 
prokaryotes, virus abundance and total dissolved nitrogen. The addition of feces and sedi-
ment bioturbation when the water level was low affected the availability of dissolved phos-
phorus and nitrogen, whereas DOC, total nitrogen and total phosphorus were mainly driven 
by the hydrological phases (evaporation vs. precipitation). 
 In Fuente de Piedra Lake, heterotrophic prokaryotic production and primary pro-
duction (with chlorophyll-a as a proxy) were both affected by the abundance of flamingos. 
Similar results on primary production were reported by Kitchell et al., 1999, who showed a 
positive correlation between geese density and chlorophyll-a concentrations, which increa-
sed eight-fold in ponds with high bird densities. Chlorophyll-a increases have been linked to 
N and P inputs from waterbird feces (Manny et al., 1994; Dessborn et al., 2016), and also expe-
rimentally demonstrated (Van Geest et al., 2007). In our study, this effect was even more dra-
matic at Station 1, where chlorophyll-a increased by up to 25 times during the flamingo-bre-
eding season. On the other hand, prokaryotic heterotrophic production was synchronously 
correlated to flamingo abundance at both sampling stations (Figure 3.6b) and to total dissol-
ved phosphorus (Figure 3.9). Different mechanisms could explain these synchronous dyna-
mics between heterotrophic prokaryotes and flamingo abundance (Figure 3.6b and Figure 
3.6c). On the one hand, heterotrophic prokaryotes could have been indirectly stimulated via 
phytoplankton exudation of organic carbon, which responded to the nutrients delivered by 
flamingos. On the other hand, flamingos may have a direct effect on prokaryotes through the 
inputs of limiting nutrients via guano deposition and sediment bioturbation as they move. 
The first possibility seems unlikely in this study since the relationship between flamingo 
abundance and chlorophyll-a was only significant in one of the stations and was weaker than 
the relationship between flamingo abundance and the PHP and prokaryote abundance. In 
fact, we found a positive and significant correlation between prokaryotic heterotrophic pro-
duction and TDP during the wet year when flamingos reached maximum abundance (n=39, 
r=0.39, p<0.01, Figure 3.9), suggesting P-limitation of the heterotrophic prokaryotes during 
this period.

 3.4. DISCUSSION
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Figure 3.9. Relationship between total dissolved phosphorus and prokariotic heterotrophic production during the wet cycle. 
Black dots represent sent datat for station 1 and grey dots for station 2.

 The experiments with guano addition clearly confirmed a stimulus of prokaryote 
growth coupled with a significant consumption of soluble phosphorus and not other nu-
trients during the incubation (Figure 3.8, Table 3.5). This confirms that the interaction be-
tween flamingos and prokaryotes was mediated by soluble phosphorus. Usually bacteria 
outcompete primary producers for inorganic nutrients, especially in P-limited systems (Jans-
son, 1993; Waiser and Robarts et al., 1995; Reche et al., 1997). Mindl et al., 2007 observed a 
similar response in wetlands in the Arctic, where bacterial production and diversity increased 
when geese were present.
 The nutrient inputs associated with the flamingo colony can be either from fecal 
inputs during breeding (Hahn et al., 2007,2008, Dessborn. et al., 2016; Sebastian-González et 
al., 2012) or from sediment bioturbation due to wading and foraging activity (Glassom and 
Branch, 1997; Comín et al., 1997). Sediment bioturbation by waterbirds, particularly flamin-
gos, plays a crucial role in the functioning of these wetlands (Rodriguez- Perez et al., 2006). In 
fact, there was a linear increase of TDP as water level dropped below 80 cm (Figure 3.5). This 
is the maximum depth at which flamingos wade (Rendón-Mártos, 1996). Previous studies 
(Conde- Álvarez et al., 2012) have reported high SRP concentration in the interstitial water 
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of sediments from Fuente de Piedra lake. In fact, SRP concentration was more affected by 
water level than by the flamingo abundance itself (Table 3.2), suggesting a major influence 
of sediments on SRP concentration in the water column of Fuente de Piedra. SRP dynamics in 
this system is complex and also affected by wave action and by physicochemical processes in 
sediments, such as adsorption/absorption, precipitation, solubilisation and redox reactions. 
Clavero et al., 1990 performed several experiments in this lake showing that phosphate relea-
se from sediments was stimulated at salinities above 70 ppt. Therefore, the dissolved phos-
phorus in the system results from a combination of flamingo aggregations with fecal inputs 
and sediment bioturbation, along with an increase in the influence of sediments during the 
evaporation phase. 
 On the other hand, the fecal inputs from flamingo chicks contained comparatively 
more nitrogen than phosphorus with N:P molar ratios above the Redfield ratio (Table 3.3). 
These high ratios have several potential explanations which are not mutually exclusive: the 
feeding of chicks with N-rich food, efficient P retention by the chicks, the a wide-range of N:P 
ratios among waterbird feces, and the use of fresh, not dried, feces in this study. Flamingo 
adults make regular movements during breeding from the Fuente de Piedra colony to nitro-
gen-enriched feeding sites such as rice fields and fishponds in the Doñana wetland complex 
(Rendón-Martos et al., 2000; Amat et al., 2005).  Our data for flamingo feces were similar to 
those of Hutchinson, 1950 for the Peruvian pelican that has a fish diet rich in proteins. We 
collected the chick feces during ringing operations and they were immediately frozen, pre-
venting significant N losses related to ammonium volatilization, a common process in nature 
where feces are deposited and exposed to the atmosphere for days (Mizutani et al., 1985; 
Gross et al., 1999). Finally, we were only able to sample feces from growing chicks, and it 
is possible that adult flamingos have feces with a lower N:P ratio, since cloacal microbiota 
appears to differ with age (Van Dongen et al., 2013) and chick retain P(Bougouin et al., 2014) 
which could modify the N:P ratio in feces. However, the evidence from this study suggests fla-
mingo fecal inputs influence also the dissolved nitrogen in the study lake (Figure 3.4f, Figure 
3.7d). 
 Previous studies have emphasized the importance of waterbirds as nutrient vectors 
in aquatic ecosystems with high water retention times in arid and semiarid regions (Post et 
al., 1998; Huang and Isobe, 2012). However, in Fuente de Piedra Lake, total N and P inputs 
were more than 5-fold higher during the wet year than in the dry year. During the wet year, 
the flamingo population size was substantially larger than in the dry year, as were their co-
rresponding N and P inputs (16.7 Kg N ha-1 y-1 and 1.24 Kg P ha-1y-1). These values were higher 
than those reported for herbivorous (1.07 kg N ha-1 y-1 and 0.10 kg P ha-1 y-1) or carnivorous 
(0.26-0.65 kg N ha-1 y-1 and 0.12-0.16 Kg P ha-1 y-1) waterbirds in the Netherlands (Hahn et al., 
2007; 2008), or in Lake Mattamuskeet (0.2 kg N ha-1 y-1) in North Carolina (Winton et al., 2016) 
.  On the other hand, these allochthonous inputs of N and P from flamingo guano were higher 
than the atmospheric inputs of 5.89 Kg N ha-1 y-1 and 0.18 Kg P ha-1 y-1 reported for the study 
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region (Morales-Baquero et al., 2013).  These results underline the importance of waterbirds 
as nutrient vectors and how extreme conditions, such as the drying of the lake and the resul-
ting crash in the numbers of flamingos, can reduce them. 
 The links between dissolved nutrients and flamingo abundance, however, do not 
appear to be simple. TDN was time lagged with flamingo abundance (Figure 3.4f, Figure 3.7d) 
and was also affected by water level (Table 3.2). This time lagged correlation between TDN 
and flamingo abundance could be partially related to a cascading effect of flamingos on the 
microbial community (Figure 3.7). The high flamingo abundance during the breeding season 
stimulates heterotrophic prokaryotic activity, which leads to an increase in the heterotrophic 
prokaryotic abundance with a subtle time lag (Figure 3.7 a, b). Higher bacterial abundance 
facilitates contact between viruses and prokaryotes and may enhance bacterial lysis, leading 
to more viruses (Figure 3.7c) and the release of nutrients (Figure 3.7d). There is evidence 
that viruses affect heterotrophic prokaryote mortality in saline systems (Guixa- Boixereu et 
al., 1996), and that viral lysis releases soluble nitrogen and phosphorus (Wilhem and Suttle. 
1999; Shelford et al., 2012). Then, TDN concentration, with a time lag relative to the peak of vi-
rus abundance (Figure 3.7d), may partially be a by-product of viral lysis. Unlike the dissolved 
P that is quickly incorporated by prokaryotes, the non-limiting nutrients, such as dissolved 
nitrogen, might be retained longer in the water column and be detected at higher concen-
trations. However, despite the absence of N-limitation in the studied system, TDN concen-
tration decreased during the evaporation phase of the dry year (Figure 3.4f ), presumably as 
the result of other microbial processes such as denitrification, N2O production or ammonium 
volatilization. These processes seem to be promoted in sites with important inputs of N from 
wastewater, agricultural lands or atmospheric deposition (Poach et al., 2003, Beaulieu et al., 
2011; McCrackin and Elser, 2010). Since wetlands are considered efficient ecosystems for re-
moving nitrogen and improving water quality (Verhoeven et al., 2006), the influence of wa-
terbirds on these processes of N loss should also be included in future studies. In fact, Winton 
and Richardson, 2017) recently found that overgrazing by waterfowl had consequences for 
methane and nitrous oxide emissions. Waterfowl herbivory led to increases in methane emis-
sions but prevented nitrification.
 In this study, we demonstrated that flamingos stimulated the production of hete-
rotrophic prokaryotes and produced a series of cascading effects on virus abundance and 
dissolved nitrogen. This stimulus was related to the inputs of dissolved nutrients from feces 
and sediments. Soluble phosphorus from feces was quickly incorporated into prokaryote 
biomass in experiments, and sediments appear to release soluble P at high salinity when 
water levels are low, allowing flamingo wading. The comparatively high inputs of N delivered 
by flamingos appeared to be time-lagged, but the processes involved in this lag, and particu-
larly in its subsequent loss, are complex; other microbial processes such as ammonium volati-
lization, denitrification and nitrous oxide emissions should be considered in future research. 
N and P inputs by flamingos were higher during the wet hydrological year than during the 
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dry hydrological year, suggesting that extreme conditions such as drought control the abun-
dance of flamingos in this system and consequently their effects on dissolved nutrients and 
microbial production. 
 Overall, the study lake appears to have two levels of control of nutrients and micro-
bial dynamics. At the ecosystem level, the climatic conditions (rainfall and environmental 
temperature) determine the hydrological budget, affecting the evapo-concentration of to-
tal nutrients (TN and TP), dissolved organic carbon, the water level and the abundance and 
breeding of flamingos. At a second level, there is a flamingo top-down control on dissolved 
nutrients (SRP and TDP) by inputs of guano and sediment bioturbation. These dissolved nu-
trients affect primary and heterotrophic production. Flamingos provide a major ecosystem 
service to humans through their cultural value and here we show that they also provide an 
ecosystem service by providing bioavailable nutrients that boost microbial production di-
rectly. Microbial activity facilitates the processing of organic carbon, and probably organic 
nitrogen, improving water quality in wetlands (Verhoeven et al., 2006). Nevertheless, further 
work should explore shifts in the composition of the microbial communities and functional 
groups to unravel the impact of flamingos and weather patterns and to obtain more precise 
information with predictive value on functional potential of wetlands. 
 Future scenarios of intense droughts in the Mediterranean biome could lead to in-
creases in total nutrients in wetlands by evapo-concentration, but the biological (autotrophic 
and heterotrophic) activity might be constrained by the availability of dissolved phosphorus 
and nitrogen, which is more dependent on the water level and presence of waterbirds. Here, 
we show that flamingo abundance decreased during the dry hydrological year, as did the pri-
mary and the microbial production. These facts suggest, unlike our initial hypothesis, a more 
active ecosystem during the wet periods than during the dry ones. Droughts can reduce bio-
logical activity in this type of Mediterranean wetland, although in less extreme systems wa-
terbird overcrowding could occur leading to acute guanotrophication. The consequences of 
waterbird overgrazing on biogeochemical cycles and other key processes in wetlands, such 
as greenhouse gas emissions, are still controversial (Winton & Richardson, 2017; Bodelier et 
al., 2006; Dingemans et al., 2011), and more field and experimental studies are needed to de-
termine the lake-specific conditions that minimize the emissions of greenhouse gases while 
maintaining waterbird populations. Therefore, an integrated approach to wetlands manage-
ment should determine the carrying capacity for each system, so that it houses waterbirds 
that promote denitrification to N2, but avoids the negative effects on water quality by guano-
trophication, and potential increases in methane and nitrous oxide emissions. that promote 
denitrification to N2, but avoids the negative effects on water quality by guanotrophication, 
and potential increases in methane and nitrous oxide emissions. 
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Drought-reduction of lake area declines bacterial 
richness and increases temporal β diversity

4
 Large saline lakes constitute about 44% of Earth’s water volume and 23% of lake 
surface (Messager et al. 2016). Most of these lakes are located in endorheic basins in arid and 
semiarid regions (Meybeck, 1995; Wurtsbaugh et al. 2017) and play a significant role in the 
global carbon cycle as a large sink of dissolved inorganic carbon (Li et al. 2017). In addition, 
saline wetlands have an added value providing refuge, foraging and breeding sites for di-
verse migratory waterbirds (Green and Elmberg, 2014). Their environmental relevance is of 
particular interest due to future predictions of intense droughts as consequence of climate 
change and the consequent shrinking of saline lakes at global scale (Messager et al. 2016; 
Wurtsbaugh et al. 2017; Wang et al. 2018).  Projected changes suggest greater temperatures 
and evaporation rates and lower rainfall with a tendency to shorter hydroperiods with the 
subsequent severe salinization of them (Herbert et al. 2015; Jeppesen et al. 2015) or even 
near complete desiccation (Nielsen and Rock, 2009, Gross 2017). Concurrently with the salini-
zation process, a reduction in waterbirds habitat is expected, causing overcrowding of water-
birds relative to lake area, particularly during breeding period (Signa et al. 2012; Batanero et 
al. 2017). This scenario could lead to acute guanotrophication process with negative effects 
on wetlands quality (Manny, et al. 1994) that appears to be especially accentuated in systems 
with long water residence times in arid and semiarid regions (Huang and Isobe 2012; Post et 
al. 1998).

 Since the pioneer work of MacArthur and Wilson (1967), many studies have demons-
trated the importance of ecosystem area as a controlling factor in diversity patterns (Reche 
et al. 2005; Prosser et al. 2007; Barreto et al. 2014). In fact, one of the most consistent genera-
lizations in ecology is the taxa-area relationship (TAR) as a power law. TAR states that species 
richness increases with the area (MacArthur and Wilson 1967; Rosenzweig 1995). This rela-

4.1. INTRODUCTION
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tionship has been found also at the microbial level (Bell et al. 2005; Reche et al. 2005; Martiny 
et al. 2006) both in terrestrial and aquatic environments (Drakare et al. 2006; Soininen et al. 
2007; Kallimanis et al 2008). Several studies, using molecular approaches, have reported po-
sitive TAR in microbial communities both in contiguous (Horner-Devine et al. 2004; Noguez 
et al. 2005; Zinger et al. 2014,) and in island-like habitats (Bell et al. 2005, Reche et al. 2005; 
Van de Gast et al. 2005. In general, a low TAR slope is consistent with (1) high dispersal rates 
and low local extinctions due to vast abundance (Connor and McCoy 1979) and (2) conti-
guous habitats, due to adjacent sites with similar species composition (Prosser et al. 2007). 
Consequently, in endorheic lakes bacterial TAR could be affected by the changes in the area 
over time as consequence of drought stress. Simultaneously, not only the richness, but also 
bacterial composition can be influenced by temporal changes of lake surface. Most studies 
on microbial biogeography have focused on cross-lake comparisons, measuring bacterial 
beta diversity in spatial contexts. However, the growing concern for preserving biodiversity 
underlines the need to quantify temporal change (i.e. temporal beta diversity) (Dornelas et al. 
2013; Shimadzu et al. 2015). Quantification temporal beta diversity allows the determination 
of unidirectional changes (Dornelas et al. 2013) and thus, the evaluation of the consequences 
of severe droughts on microbial community structure and their succession patterns. 

 Concomitant with the lake area reduction by droughts there is an increase in salini-
ty and major nutrients (Batanero et al. 2017). Salinity has been often reported as a contro-
lling factor of the microbial community (Casamayor et al., 2002; Benlloch et al 2002; Oren et 
al. 2002, Henriques et al., 2006; Zhang et al., 2006). Salinization induces osmotic stress and 
can also affect microbial functions that drive elemental biogeochemical cycles (Herbert et 
al. 2015). Aditionally, a massive increase of waterbirds populations can also affect microbial 
community structure. For instance, diversity and composition in soils enriched in seabird de-
positions stimulated specific groups of bacteria affecting community structure (Ramírez-Fer-
nández et al. 2019).. In a recent work, Batanero et al. (2017) showed that the prokaryotic 
heterotrophic production and abundance were stimulated in the endorheic lake of Fuente 
de Piedra (Spain) during the periods with high abundance of flamingos.

 Here, we explored the effects of changes in lake surface induced by drought on rich-
ness, diversity and composition of both free-living and particle attached bacterial assembla-
ges in the endorheic lake of Fuente de Piedra (Spain). In addition, we monitored salinity and 
flamingo population to test concurrent effects. We selected Fuente de Piedra lake because 
is located in semiarid biome submitted to big changes in the water inundation surface and 
simultaneously in salinity. This lake houses during the spring-summer one of the most impor-
tant colonies of breeding greater flamingos (Phoenicopterus roseus) in the Western Mediterra-
nean (Rendoń et al. 2001; Geraci et al. 2012). 
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 We hypothesized that in this lake (i) significant differences of richness and diver-
sity both in free-living and particle-attached bacterial assemblages will be found between 
two well-contrasted (wet and dry) hydrological years; (ii) bacterial community richness and 
diversity will be related with lake area, salinity and flamingo abundance; (iii) bacterial TAR 
slope will remain within the range of those reported for microorganisms with high dispersal 
potential and contiguous habitats; (iiii) droughts will reduce the lake area, increase salinity 
and water eutrophication by guano from flamingo and therefore induce changes in bacterial 
community composition over time. Finally, we discuss the implications of our findings given 
the threat of climate change and climate-linked impacts on the microbial community in sali-
ne lakes, which are key in biogeochemical cycles and wetlands functions.

Drought-reduction in lake area declines bacterial richness and changes community compositionChapter 4  ·

 The study site is Fuente de Piedra, an athalassohaline lake located in an endorheic 
basin of karstic origin in southern Spain (37° 6’ N, 4° 44’ W). Its hydrology presents strong 
changes associated with its annual hydrological budget with inputs from rainfall, two inter-
mittent streams (Santillán and Humilladero) and ground water, and outputs are mainly by 
evaporation (Rodríguez- Rodríguez et al. 2006; Kohfahl et al. 2008). This large saline lake co-
vers a maximum area of 1,350 ha and houses during the summer one of the most important 
colonies of breeding greater flamingos (Phoenicopterus roseus) in the Western Mediterranean 
(Geraci et al. 2012, Rendoń et al. 2001). Breeding adults fly within a radius of 350 km to feed in 
other wetlands, returning to feed their chicks at Fuente de Piedra (Rendón-Martos et al. 2000, 
Amat et al. 2005, Rendón et al. 2014).  
  
 Sampling period included more than two hydrological years. By using Landsat ima-
ges and the Google Earth Engine platform, we mapped the extent of inundation area of 
Fuente de Piedra Lake during the study period (Figure 4.1). The first hydrological period be-
tween September 2010 and August 2011 is considered wet because the lake showed a more 
extense inundation area, for most time of the period reaching between 75 to 100 % of lake 
surface (Figure 4.1) with an annual rainfall of 563 mm; the previous hydrological year, which 
was only partially sampled, showed also similar inundation conditions. In contrast, the se-
cond hydrological period (i.e. from September 2011 to August 2012) was comparatively drier 
with smaller inundation areas reaching between 1 to 25 % of lake surface during the summer 
(Figure 4.1). Each hydrological period comprises a filling phase during fall and winter (Sep-
tember-March) and a water evaporation phase during spring and summer (April-August).

4.2. MATERIAL AND METHODS

 Study site, area lake and flamingo abundance
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 Water level was daily recorded using a limnigraph and flamingo abundance data 
were provided by the “Consejería de Medio Ambiente y Ordenación del Territorio” of Junta 
de Andalucía, Spain. To get biweekly values of flamingo abundance we performed a linear 
interpolation of monthly data. Lake area values were computed using the hypsographic (i.e. 
depth – area) curve provided by Rodríguez-Rodríguez et al. (2016) and the water level data 
recorded during the study period. More details on the study site can be found in Batanero 
et al. (2017) and chapter 1. Briefly, during the wet hydrological period salinities ranged from 
19.7 ppt to 90.0 ppt and the lake area ranged from 714.7 ha to 1104.9 ha with more than 
50,000 flamingos during the breeding period. The previous hydrological period that was only 
partially sampled showed similar conditions (Table 4.1). In contrast, the second hydrological 
period was dry with salinities ranging from 69.0 ppt to 193.5 ppt and lake area ranging from 
738.4 ha to 0 ha when the lake was completely dried up and flamingo abundance was always 
below 12,000 individuals (Table 4.1). Nutrient concentrations varied considerably along of 
the study period increasing up to 3 times during the dry hydrological period (Table 4.1). 

 Samples were collected biweekly from surface of the water column (ca. 10 cm) at 
two stations (more details on sampling and monitoring procedures can be found in Batanero 
et al. 2017). In particular, for this study, following selection of monitoring data, an aggregated 
mean value was calculated for the two sampling stations.

Figure 4.1. Differences in the extension of water inundation area between the wet and dry hydrological periods and 
between the filling and evaporation phases within each period in Fuente de Piedra lake (Spain). Frequency of inun-
dation indicates the percentage of months that each 30 x 30 m pixel was covered by water in each period. It was computed 
in Google Earth Engine using the monthly history dataset of Global Surface Water produced by the Joint Research Centre 
(product JRC/GSW1_0/MonthlyHistory; Pekel et al. 2016). This product contains global maps of surface water extent based 
on a time-series of NASA’s Landsat satellite images from 1984 to 2015.
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 Chlorophyll a concentration was determined by filtering determined from 100 to 
700 ml of water through 0.7 μm pore-size Whatman GF/F glass-fiber filters, then extracting 
the pigment retained in the filters with 95% methanol in the dark at 4 °C for 24 h (APHA 1992). 
The absorbance of pigment was measured using a Perkin Elmer UV-Lambda 40 spectropho-
tometer at wavelengths of 665 nm and 750 nm.

 Salinity was measured in situ using a multi-parameter probe (HANNA HI 9828). Total 
nutrient concentrations were measured in unfiltered water, while samples for dissolved nu-
trient analysis were filtered through 0.7 μm pore-size Whatman GF/F glass-fiber filters. Total 
phosphorus (TP) and total dissolved phosphorus (TDP) concentrations were analyzed using 
the molybdenum blue method (Murphy & Riley, 1962) as soluble reactive phosphorus (SRP), 
after digestion with a mixture of potassium persulphate and boric acid at 120 °C for 30 min. 
Total nitrogen (TN) and total dissolved nitrogen (TDN) were analyzed by high–temperature 
catalytic oxidation (Álvarez-Salgado and Miller 1998) using a total nitrogen analyzer (TNM-1, 
Shimazdu TOC-V CSH). Samples for dissolved organic carbon (DOC) were filtered through 
precombusted GF/F filters, transferred in a combusted (>2 h at 500 °C) flask, acidified with 
phosphoric acid (final pH < 2) and stored in the dark at 4 °C until analysis. DOC concentration 
was measured by high-temperature catalytic oxidation in a Shimadzu total organic carbon 
(TOC) analyzer (Model TOC-V CSH). Samples were purged with phosphoric acid for 20 min to 
eliminate any dissolved inorganic carbon. The TOC-V CSH instrument was calibrated using 
a four-point standard curve of potassium nitrate and potassium hydrogen phthalate for TN 
and DOC concentration, respectively. Three to five injections were analyzed for each sample. 

 Biological and Physico-Chemical analyses

 For DNA characterization in Fuente de Piedra lake, DNA samples collected in two 
sampling stations were combined in one single sample. In consequence, DNA was extracted 
from a total of 67 samples across the study period. In the laboratory, the samples for analysis 
of the bacterial community were sequentially filtered through 3 μm and 0.2 μm filters. The 
fraction 0.2-3 μm was named free-living and the fraction > 3 μm was named particle-atta-
ched bacterial assemblages (i.e., discriminating between two lifestyle). Filters were covered 
with TES lysis buffer (40mM EDTA; 50mM Tris pH 8.3; 0.75M sucrose) and kept frozen at −80°C 
until ready for analysis.

 Bacterial taxonomic characterization 

 Collection of particle-attached and free-living bacterial assemblages 
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 For DNA extraction, cells were resuspended from thawed filter in a TES lysis buffer 
and then, centrifuged (5 min at 13000 rpm).  DNA were extracted from the pellets using Fa-
vorPrep TM Genomic DNA Mini Kit, following the manufacturer’s instructions. The extracted 
DNA was separated by 0.7 % agarose gel electrophoresis with in 5X TBE (45mM Tris; 44 mM 
boric acid; 1mM EDTA) buffer stained with ethidium bromide at final concentration of 0.5 μg 
ml-1. The absorbance ratio 260/280 nm was used to confirm the quality of the extracted DNA 
using a Nanodrop 2000 Spectrophotometer (Thermo scientific).

 Extraction of DNA 

 Paired-end 16S Illumina sequencing libraries were constructed using a two-steps 
PCR amplicon approach. A first PCR was carried out using universal primers 515F and 786R 
with overhang partial Illumina adapters targeting the hypervariable V4 region of 16S rRNA 
gen. The PCR amplification were prepared using 20 μl of reagent mix containing 3 pmol of 
each primer (Sigma), 10 μl of Phusion flash polymerase high-fidelity PCR Master mix (Thermo 
Scientific), 10 ng extrated DNA and 3 μl grade water. The PCR conditions were as follows: an 
initial 98 °C denaturation step for 60 s, followed by 25 cycles of 98 °C for 1 s, 53 °C for 5 s, and 
72 °C for 5 s and a final elongation step at 72 °C for 60 s.  Then, PCR products were purifica-
tion by GenElute TMPCR Clean-Up (Sigma) commercial Kit, according to the manufactures’ 
recommendation. PCR amplicons were used to confirm successful amplification using (0.7 
% w/v) agarose gel electrophoresis in 5x TBE (45mM Tris; 44 mM borate acid; 1mM EDTA) 
containing 0.5 μg ml-1 ethidium bromide. Next, second PCR was carried out with barcoded 
primers by Nextera XT DNA Library Preparation Kit (Illumina), with a unique combination of 
barcoded primer for each sample. PCR was performed with addition of 14 ng purified DNA, 
2 µl of each of barcode primers, 10 µl of phusion flash polymerase PCR Master mix and 3.2 μl 
grade water. This second PCR followed the same conditions as the previous 16S rRNA PCR, 
but carried out only in 9 cycles. After, a new purification step using a commercial kit was re-
peated. DNA quantification was performed employing a NanoDrop 2000 Spectrophotometer 
(Thermo Scientific) to achieve the normalization library concentrations. Then the 67 samples 
were standardized at the same final DNA concentration, pooled and multiplexed in a single 
tube. Finally, this pool mixture was diluted with grade water at adequate final concentration 
(30 µg µl-1) for sequencing using the MiSeq Illumina platform. Sequencing was carried out 
at UGR facilities (Granada, Spain) using MiSeq Reagent Kit Preparation Guide (Caporaso et al 
2012) with a paired-end read of 2x250 cycles. The insert size if the library was 252 bp with a 
full-length sequence amplicon of approx. 407 bases paired. 

 Construction of 16S libraries and Illumina MiSeq sequencing 
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 All steps involved in this workflow were performed separately for free-living and 
particle-attached bacterial assemblages to achieve a greater resolution of the bacterial com-
munity composition (Rösel et al. 2012). Prior data analysis, the quality of the demultiplexed 
sequences was assessed using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/), and later processed using QIIME 1.9.0 (Caporaso et al. 2010) and MOTHUR 1.34.3 
(Schloss et al., 2009) software. Briefly, paired-end reads were joined using default parameters 
of join_paired_ends.py script in QIIME. Then, we performed a quality filtering of sequences 
using multiple_split_libraries.py, with the following parameters: minimal high-quality read 
length = 75%, phred quality threshold = 19, maximum of consecutive low-quality calls = 3, 
maximum of ambiguous calls allowed= 0. PCR primer sequences were trimmed using the 
trim.seqs script within the Mothur package. 

 Once the sequences were quality filtered and primers trimmed, the sequences were 
clustered into Operational Taxonomic Units (OTU) based on the de novo OTU picking al-
gorithm. It was performed by pick_de_novo.py workflow script with UCLUST (Edgar, 2010) 
at 99% sequence similarity. The most abundant sequence for each OTU was chosen as the 
OTU representative sequence using pick_rep_set.py script, and classified taxonomically by 
assign_taxonomy.py script, using UCLUST classifier within QIIME package, on based on  the 
Greengenes 16S rRNA gene database (13_8 version; http://greengenes.secondgenome.com). 
Next, from the resulting OTU table, non-specific sequences (i.e. Archaea, Chloroplast and Mi-
tochondria) were filtered out, using filter_taxa_from_otu_table.py QIIME script. To control 
for the sampling effort, datasets were standardized through rarefaction analyses at different 
sequencing depth (to be precise at 200, 500 and then, from 1,000 to 10,000 sequences per 
sample at intervals of 1,000) and 100 number of iterations. This step was carried out in QIIME 
for each OTU table using the script multiple_rarefy.py. After the normalization step, a filtering 
step from OTU table, was carried out to discarded all singletons (reads detected only once, 
which might be sequencing artifacts), using filter_otus_from_otu_table.py QIIME script.

 Bacterial alpha diversity was determined within the QIIME pipeline at above-men-
tioned sequencing depths by means of the alpha_diversity.py script, including as metrics the 
number of observed OTUs richness and the Shannon diversity (Shannon - Wiener index). We 
found that at 2,000 sequences per sample, Shannon diversity for both free-living and parti-
cle-attached bacterial assemblages started to plateau suggesting that saturation in sequen-
cing was achieved (Figure 4.2 b and c).

 Processing and analysis of Illumina sequencing data
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  Finally, to check the differences in community composition over time we used the 
Bray-Curtis dissimilarity matrix (Beals, 1984) at 2,000 sequencing depth and the script  beta_
diversity.py for temporal beta diversity (Shimadzu et al. 2015). Simultaneously, we applied 
to data a second analysis at 5,000 sequences per sample, to check for effects of rarefaction 
depth.

Figure 4.2. Effect of sequencing depth on observed OTUs richness (a) and the Shannon diversity index (b) trend for free-li-
ving (green circles) and particle-attached bacterial (black circles) assemblages in Fuente de Piedra Lake. The circles corres-
pond to observed OTUs richness and Shannon diversity index average and their standard errors, respectively.
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 Before fitting statistical models, we checked any collinearity for predictor variables 
using “vifstep” function provided by usdm-package (Naimi and Araújo 2016) in R ( http://
www.R-project.org). This procedure excludes the strongly correlated variables through a 
stepwise procedure. In our case, salinity was the only variable that had collinearity problem, 
resulting in its exclusion for multivariate analysis. In addition, the data were log-transformed 
to improve the fit to a normal distribution and to avoid heteroscedasticity. 

 Differences in the alpha diversity indices, including OTUs richness and Shannon 
diversity, between free-living and particle-attached bacterial assemblages, were analyzed 
using one-way ANOVA analysis of variance and statistical significance was assumed at < 0.05. 
One-way ANOVA for unequal data sets was used to assess the differences in the OTUs and SW 
index for two size bacterial fractions between wet and dry hydrological period. 

 To identify the main environmental controlling factors of alpha bacterial diversity 
in this study lake, we performed simple regression analysis was carried out to assess the 
relationships between the OTUs richness and Shannon diversity as dependent variables and 
salinity, flamingo abundance and area lake as predictors variables. To explore in more de-
tail controlling factors of bacterial community, we performed a multiple regression analysis 
to assess the interaction of predictors variables. OTUs richness and Shannon diversity index 
were treated as dependent variables and area lake, flamingo abundance as predictors varia-
bles, excluding salinity to avoid effects of collinearity. 

 Differences in the temporal beta diversity between free-living and particle-attached 
bacterial assemblages, were analyzed using one-way ANOVA analysis of variance was per-
formed with statistical significance assumed at p < 0.05. In particular, we used as dataset in 
this analysis, the beta diversity measures previously calculated against the first-time point, 
taken directly from Bray-Curtis dissimilarity matrix. One-way ANOVA for unequal data sets 
was used to assess the differences in the temporal beta diversity for two size bacterial frac-
tions between wet and dry hydrological periods. These statistical analyses were carried out 
using Statistica (v.7.0) software.

 Finally, PERMANOVA was used to determine the correlation between the environ-
mental controlling factors (such as salinity, area lake and flamingo abundance) and bacterial 
community composition over study period, using “Adonis” and “Adonis2” functions, include 
in the “Vegan” package (Oksanen et al. 2016) in R. Permutational multivariate analysis of va-
riance were based on Bray-Curtis dissimilarity matrix. In this analysis, we used full dataset of 
Bray-Curtis dissimilarity matrix (as measured of temporal beta diversity (Shimadzu et al. 2015) 

 Statistical analysis 
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as response and covariates (salinity, lake area and flamingo abundance) as linear predictors. 
Contribution of each predictor variables evaluated individually using Adonis function. To 
explore in more detail the influence predictor variables on bacterial community composi-
tion, we assess the interaction of lake area and flamingo abundance using Adonis2 function, 
setting by = “margin” argument for independent variables included in the statistical model 
(Oksanen et al. 2016), excluding salinity to avoid effects of collinearity. Permutation test was 
based on subsets of 999 permutations for estimating statistical significance (p-values). 
 To assess sampling effort, all the statistical analyses were simultaneously performed 
using normalized dataset at 2,000 and 5,000 rarefaction depths.

 Based on metataxonomic analysis of bacterial community, we identified the OTUs 
present in free-living and particle-attached bacterial assemblages in each sample. Pre-pro-
cessing of data sequences resulted in a total of 4,598,032 and 2,984,969 high quality sequen-
ces for 33 free-living bacteria samples and 34 particle-attached bacteria samples, respec-
tively (Table 4.2 a and b). Total number of sequences per sample varied noticeably in both 
free-living and particle-attached bacteria fraction (Table 4.2 a and b), which were normalized 
at 2,000 sequencing depth. This sequencing depth was sufficient to describe the true species 
richness in the study lake, getting a balance between costs (i.e. sample losts) and required 
sequencing depth to generate valid results. Consequently, one sample from particle-atta-
ched bacteria dataset was excluded because the total number of sequences was below the 
threshold (i.e. minimum of 2000 sequences per sample; Table 4.2 b). In total, 66 samples were 
analyzed to calculate alpha and temporal beta diversity.

4.3. RESULTS

 Diversity of free-living and particle-attached bacteria
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Table 4.2. Total number of sequences (not normalized). Observed OTUs richness and Shannon diversity index and temporal 
beta diversity (calculated against the first-time point) at 2000 sequencing depth and 99% sequence similarity for (a) free-li-
ving and (b) particle-attached bacterial assemblages for each sample in the Fuente de Piedra lake.
The wet hydrological years shaded in blue and the dry hydrological year in cream.
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 After resampling the initial data and once the singletons were discarded, OTUs ri-
chness and Shannon-Wiener diversity index were calculated for each sample of free-living 
and particle-attached bacterial assemblages (Table 4.2 a and b). OTUs richness detected per 
sample ranged from 115 to 267 for free-living bacterial assemblage and from 70 to 349 for 
particle-attached bacterial assemblage (Figure 4.3 and Table 4.2 a and b). The Shannon di-
versity ranged from 2.29 to 6.18 for free-living bacteria and from 2.49 to 7.15 for particle 
attached-bacteria (Figure 4.4 and Table 4.2 a and b). One-way ANOVA test showed significant 
differences between the two size fractions for both OTUs richness (F = 12.5, p < 0.001) and 
Shannon diversity (F = 5.7, p < 0.05). Particle-attached bacteria showed a higher alpha diver-
sity (in terms of OTUs richness and Shannon diversity) than the free-living fraction (Figure 4.3 
and 4.4; Table 4.2 a and b).



138

Figure 4.3. Dynamics of the bacterial operational taxonomic units during the two hydrological periods. Changes in obser-
ved OTUs richness in living-free bacteria (a, c and e; green dots) and in particle-attached bacteria (b, d and f; black dots) 
and the changes in salinity, abundance of flamingos and lake area. Flamingo abundance is shown by the purple line, sali-
nity by the blue-green line and lake area by the red line. The wet period is shaded in blue and the dry period in pale brown. 
The lake dried out completely during the period shaded in brown. 
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Figure 4.4. Dynamics of bacterial alpha diversity during the two hydrological periods. Changes in Shannon diversity index 
of living-free bacteria (a, c and e; green dots) and of particle-attached bacteria (b, d and f; black dots) and changes in 
salinity, abundance of flamingos and lake area. Flamingo abundance is shown by the purple line, salinity by the blue-green 
line and lake area by the red line.  The wet period is shaded in blue and the dry period in pale brown. The lake dried out 
completely during the period shaded in brown. 
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 Bacterial alpha diversity indices significantly differed between the wet and the dry 
periods (one-way ANOVA), both for free-living bacteria (OTUs richness, F = 7.9, p < 0.0; Sha-
nnon diversity, F = 8.6, p < 0.01) and for particle-attached bacteria (OTUs richness, F = 11.2 p 
< 0.001; Shannon diversity, F = 19.6, p < 0.001). Bacterial community changes were concomi-
tant with hydrological differences for each period, with higher OTUs richness and Shannon 
diversity values during the wet period than during the dry period (Figure 4.3 and Figure 4.4, 
respectively). 

 We explored the controlling factors of alpha diversity dynamics of free-living and 
particle-attached bacteria for the wet and dry hydrological periods. Figure 4.3 and 4.4 showed 
the changes of OTUs richness and Shannon diversity together with salinity dynamics, flamin-
go abundance and lake specific area for wet and dry years. The OTUs richness and Shannon 
diversity for the two bacterial fraction sizes showed synchronous dynamics with lake area 
during the two hydrological periods (Figure 4.3 a and b; Figure 4.4 a and b). Indeed, changes 
in OTUs richness and Shannon diversity were positive and significantly correlated with lake 
area (Figure 4.5 a and b; Table 4.3), except for particle-attached bacterial, where no significant 
results were obtained for OTUs richness (Figure 4.5 a; Table 4.3). Both OTUs richness and Sha-
nnon diversity of free-living bacteria and particle-attached bacteria were inversely related to 
salinity (Figure 4.5 c and d; Table 4.3).

 Alpha diversity dynamics and environmental controlling factors
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Figure 4.5. Relationships between bacterial OTUs richness and Shannon diversity index and lake area (a, b) and salinity (c, 
d). Free-living bacteria (green dots, continuous line) and particular-attached bacteria (black dots, discontinuous line). 
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Alpha diversity 

Bacterial 
lifestyle Dep Var Indep Var Fit r2 p-level slope 

Free-living 
bacteria 
(0.2 µm) 

Log OTUS Log Lake area Linear 0.26 p < 0.01 0.493 

Observed 
OTUs 

richness 

Salinity Exp 0.26 p < 0.01 -0.002 

Log Flamingos Linear 0.19 p < 0.05 25.875 

Shannon 
diveristy 

Lake area Linear 0.22 p < 0.01 0.002 

Salinity Exp 0.22 p < 0.01 -0.002 

Log Flamingos - - - - 

Particle 
attached 
bacteria    
(3 µm) 

Log OTUS Log Lake area - - - - 

Observed 
OTUs 

richness 

Salinity - - - - 

Log Flamingos - - - - 

Shannon 
diveristy 

Lake area Linear 0.17 p < 0.05 0.002 

Salinity Exp 0.16 p < 0.001 -0.001 

Log Flamingos - - - - 

 

Table 4.3. Results of the simple regression analyses performed to assess the influence of lake area, salinity and flamingo 
abundance on observed OTUs richness and Shannon diversity at 2000 rarefaction depth both free-living and attached 
bacteria community during study period in the Fuente de Piedra lake. Note: observed OTUs richness vs. Lake area (m2) were 
log transformation.

 In the case of particle-attached bacteria, the Shannon diversity decreased signifi-
cantly with salinity (Table 4.3).  In contrast, the observed OTUs richness and Shannon diver-
sity dynamics for both free-living bacteria and particle-attached bacteria showed no clear 
synchrony with flamingo abundance (Figure 4.3 e and f; Figure 4.4 e and f ) with a signifi-
cant and positive relationship between OTUs richness and flamingo abundance, but only 
for free-living bacterial assemblages (Table 4.3). Similar results were obtained for alpha di-
versity analysis using the normalized database at 5,000 sequencing depth (Table 1 in Annex 
Chapter 4). To further explore the controlling factors of bacterial community, we performed 
a multiple regression analysis to assess the influence of lake area and flamingo abundance 
as predictor variables, excluding salinity due to collinearity with lake area (Table 4.4). The 
results showed that lake area was the only variable that significantly affected bacterial OTUs 
richness and diversity index. However, OTUs richness of particle-attached bacteria was not 
directly affected either by the flamingo abundance or the lake area (Table 4.3 and Table 4.4). 
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Alpha diversity 

Bacterial 
lifestyle Dep Var Indep Var r b p-level 

Free-living 
bacteria       
(0.2 µm) 

Log OTUS 
richness 

Log Lake area 0.51 0.49 0.002 

Log Flamingos - - - 

Intercept  -1.17 0.268 

Shannon 
diveristy 

Lake area 0.47 0.002 0.005 

Log Flamingos - - - 

Intercept  2.531 0.003 

Particle 
attached 
bacteria         
(3 µm) 

Log OTUS 
richness 

Log Lake area - - - 

 - - - 

Intercept  - - 

Shannon 
diveristy 

Lake area 0.42 0.002 0.015 

Log Flamingos - - - 

Intercept  3.597 0.00003 
 
Notaion: r, partial correlation coefficient; b, nonstandardized regression coefficient. Free-living 
bacteria (OTUs richness, n = 33; r2 = 0.23; p < 0.01; Shannon div, n = 33; r2 = 0.22; p < 0.01) and 
Attached bacteria (Shannon div, n = 33; r2 = 0.17; p < 0.05). 
 

Table 4.4. Results of the multiple regression analyses performed to assess the influence of flamingo abundance and lake 
area on observed otus richness and Shannon diversity both free-living and attached bacteria community during study 
period in the Fuente de Piedra lake.

 A total of 21 and 22 orders were identified from top ten OTUs selected with a relati-
ve abundance (normalized) above 2 % for free-living bacteria and particle-attached bacte-
ria, respectively (Figure 4.6 a and b). The four most representative orders were the same for 
free-living and particle-attached bacterial assemblages: Flavobacteriales, Puniceiccocales, 
Rhodobacteriales and Bacterioidales; which represented more than 50 % total bacterial com-
munity in all samples (Figure 4.6 a and b). However, the proportions of other main orders va-
ried appreciably between free-living and particle-attached bacterial assemblages (Figure 4.6 
a and b). Interestingly, we observed a clear difference in the free-living bacterial composition 
between the wet and the dry periods (Figure 4.6 a), whereas the changes in the composition 
of the particle-attached bacteria between these two periods was less apparent (Figure 4.6 b).  
Most sequences were linked to Flavobacteriales order, which showed a strongest preference 

 Temporal taxon-specific patterns 
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for free-living life styles during wet period. However, during the dry period, this order was 
mostly present in the particle-attached fraction (Figure 4.6 a and b). Puniceiccocales order 
was the second one in relative abundance and it was more abundant during dry period, 
particularly as attached to particles (Figure 4.6 b). In addition to the abovementioned orders, 
Rhodobacteriales followed by Bacterioidales were the next most abundant in study lake with 
similar dynamic for both free-living and particle-attached life styles, which were strongly 
reduced on dry period (Figure 4.6 a and b). In the free-living fraction, Burkhoderiales was 
the next most abundant order during dry period (Figure 4.6 a), while for particle-attached 
fraction it was Synnechococcales order during wet period and the Thiotrichales during dry 
period (Figure 4.6 b).

Figure 4.6.  Temporal relative contribution of the top ten more abundant OTUs of bacterial community in the Fuente de Pie-
dra lake and changes in temporal beta diversity. The relative abundances of the first ten most abundant OTUs at order level 
of (a) free-living bacteria and (b) particle-attached bacteria. Note “other OTUs” contribution includes different taxa for each 
specific sample. Temporal changes in beta diversity for (c) living-free bacteria (green dots) and for (d) particle-attached 
bacteria (black dots) during the two hydrological periods. The wet period is shaded in blue and the dry year in pale brown. 
The lake dried out completely during the period shaded in brown. 
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 Temporal beta diversity values (calculated against the first-time point) ranged from 
0.36 to 0.93 for free-living bacteria (Figure 4.6 c; Table 4.2 a) and from 0.78 to 0.95 for par-
ticle-attached bacteria (Figure 4.6 d; Table 4.2 b). One-way ANOVA test showed significant 
differences between the two size fractions for temporal beta diversity (F = 34.98, p < 0.001). 
Temporal beta diversity also differed significantly between the wet and the dry periods (one-
way ANOVA) for free-living bacteria (F = 4.9, p < 0.05). In contrast, no significant differences 
were found between the two periods for particle-attached bacteria (F= 0.06, p = 0.81). In ge-
neral, the temporal heterogeneity in particle- attached bacteria showed high beta diversity 
(usually above 0.8) values constantly along the two periods (Figure 4.6 b and d). 

 To determine the effects of the major controlling factors (such as salinity, flamin-
go abundance and lake area) on the changes of the bacterial community composition, we 
used PERMANOVA analysis. This analysis allowed determine which variables and interaction 
affect significantly community dissimilarities. Contribution of individual predictor variable 
was analyzed with Adonis function, whose results revealed that all predictor variables had a 
significant effect on bacterial community composition, but the best factor predicting com-
munity composition was the lake area both free-living and particle-attached bacterial  
(Table 4.5).

 Temporal-beta diversity controlling factors

Table 5. Results of permutional multivariate analysis of variance (ADONIS2) of 

salinity and bacterial composition (Bray – Curtis distance metric) at 2000 

rarefaction depth during study period in Fuente de Piedra lake. 

 
 

Temporal beta diversity 

Bacterial lifestyle Indep Var Df R2 
(Adonis) F.Model Pr(<F)a.b. 

Free-living 
bacteria  
(0.2 µm) 

Log Lake area 1 0.20 8.20 p < 0.01 

Salinity 1 0.18 6.69 p < 0.01 

Log Flamingos 1 0.11 3.97 p < 0.01 

Particle attached 
bacteria  
(3 µm) 

Log Lake area 1 0.14 5.20 p < 0.01 

Salinity 1 0.13 4.55 p < 0.01 

Log Flamingos 1 0.11 3.85 p < 0.01 

 
 

Table 4.5. Results of permutional multivariate analysis of variance (ADONIS2) of salinity and bacterial composition (Bray – 
Curtis distance metric) at 2000 rarefaction depth during study period in Fuente de Piedra lake.
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 Due to collinearity, contribution of salinity was excluded from analysis and the in-
teraction of lake area and flamingo abundance was analyzed with Adonis 2 function, whose 
results showed that only lake area had a significant effect with an elevated contribution on 
both free-living bacteria and particle-attached bacteria (Table 4.6). The results obtained for 
temporal beta diversity analysis using normalized dataset at 5,000 sequencing depth were 
similar to those obtained at 2,000 sequencing depth (Table 2 in Annex Chapter 4).

Table 4.6. Results of permutional multivariate analysis of variance (ADONIS2 fuction) of association between flamingo 
abundance and area lake and bacterial composition (Bray – Curtis distance metric) at 2000 rarefaction depth during study 
period in Fuente de Piedra lake.

Table 6. Results of permutional multivariate analysis of variance (ADONIS2 

fuction) of association between flamingo abundance and area lake and 

bacterial composition (Bray – Curtis distance metric) at 2000 rarefaction depth 

during study period in Fuente de Piedra lake. 

 
 

Temporal beta diversity 

Bacterial lifestyle Indep Var Df R2 
(Adonis2) F.Model Pr(<F)a.b. 

Free-living 
bacteria  
(0.2 µm) 

Log Lake area 1 0.14 5.64 p < 0.01 

Log Flamingos - - - - 

Particle attached 
bacteria  
(3 µm) 

Log Lake area 
Salinity 1 0.06 2.22 p < 0.05 

Log Flamingos - - - - 

 
 

 Lake area reduction by drought led to a significant decrease in richness and diver-
sity of both free-living bacteria and particle-attached bacteria including with a change in 
community composition. The negative hydrological budget increased salinity and to a lesser 
extent of flamingo abundance. Particle-attached bacteria had higher values of OTUs richness 
and Shannon diversity that the free-living counterpart. These findings point out the relevant 
contribution of particle-attached bacteria to ecosystem alpha diversity. This result is accor-
dance with previous studies in marine bacteria (Zhang et al. 2007), the Baltic Sea (Rieck et al. 
2015), the Southern Ocean (Milici et al. 2017), the Mediterranean Sea (Crespo et al. 2013), but 
in contrast with results in deep lakes (Rösel and Grossart 2012). 

 We also found significant differences between the wet and the dry hydrological pe-
riods with respect to bacterial alpha diversity indices in both bacterial fractions in Fuente de 
Piedra lake. We observed lower  OTUs richness and Shannon diversity during the dry period 

 4.4. DISCUSSION

Drought-reduction in lake area declines bacterial richness and changes community compositionChapter 4  ·



147 Drought-reduction in lake area declines bacterial richness and changes community compositionChapter 4  ·

than during the wet period (Figure 4.3 and Figure 4.4)., Different mechanisms could explain 
these community changes depending on the hydrological (wet vs. dry) periods. The lake area 
decreased considerably during the dry period, with a concomitant  increase in salinity by 
evapoconcentration. Surprisingly, our results showed that lake area was the main factor in-
volved in the control of the bacterial community structure with a negative effect on OTUs ri-
chness and diversity by shrinking lake area (Figure 4.5 a and b; Table 4.3). However, according 
to the literature, salinity usually is a major factor controlling microbial community structure 
decreasing richness as salinity increases (Casamayor et al. 2002; Benlloch et al. 2002; Oren 
et al. 2002, Zhang et al., 2006). Our results support a decline of OTUs richness and Shannon 
diversity of bacterial community with the increase of salinity (Figure 4.5 c and d; Table 4.3), 
but secondary as a consequence of evaporation and water level reduction. 

 This  positive and significant relationship between OTUs richness and lake area for 
free-living bacteria (Figure 4.5. and Table 4.3) is  consistent with the universal taxa-area rela-
tionship (TAR) established in ecology (MacArthur and Wilson, 1967). In most occasions, TAR 
has been governed by a power law (S= CAz; Arrehenius, 1921), where A is the lake area (in 
square meters), S is the number of species (OTUs richness), C is a constant dependent on the 
taxon, biogeographical region, and population density (the intercept in the log-transformed 
function), and z is the rate at which new OTUs are included as the area is increasing (i.e. the 
slope of the log-transformed function). By performing log-transformed linear regression, we 
obtained a taxa-area slope coefficient of 0.49 for free-living bacteria (Table 4.3). Remarkably, 
this TAR slope was much higher than expected (Figure 4.7; Table 4.7;) for a contiguous habitat 
(Rosenzweig 1995) mostly considering the high dispersal capacity of bacteria (Finlay 2002, 
Bell 2001, Prosser et al. 2007) and it was within the range of those reported for macroorganis-
ms (from ~0.1 to ~0.7) Drakare et al. 2006, Storch et al. 2012).
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Figure 4.7. Taxa-area relationships (TAR) for free-living bacteria in several aquatic ecosystems.  Comparison of the relations-
hip between log-transformed data of bacterial richness against ecosystem size (measured in squared meters) in Fuente 
de Piedra Lake, freshwater lakes (Reche et al. 2005) and seawater (Zinger et al. 2014). Note that the numbers on the lines 
indicate the slope values. 

 In this study, TAR slope was higher than those ones found in previous work for mi-
croorganisms in islands habitats (Figure 4.7; Table 4.7), such as lake bacteria (Reche et al. 
2005), water-filled tree holes bacteria (Bell et al. 2005) or metal-cutting fluid sump bacteria 
(Van de Gast et al. 2005) and similar to the slopes found for contiguous habitats in marine 
environments (Zinger et al. 2014) and soil tropical forest (Noguez et al. 2005). 
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Table 7. Slope-values of bacterial taxa- area relationship previously describe for 

different ecosystems types (Island vs. contiguous), using different molecular 

approach for characterize bacterial diversity (DNA fingerprint and 

metabarcoding). 

 

 

Model type 
Taxa-area 

relationship (slope-
value) 

Taxa-area relationship 
(distance-decay vs. 

power-law)  

Molecular 
approach Reference 

Island 0.16 Power-law Fingerprint (DGGE) Reche et al. 2005 

Island 0.26 Power-law Fingerprint (DGGE) Bell et al. 2005 

Island 0.24-0.29 Power-law Fingerprint (DGGE) Van Gast  et al. 2005 

Contiguous 0.04 Distance-decay Sequencing (0.99% 
OTU) Horner et al. 2004 

Contiguous 0.009 Distance-decay Fingerprint 
(T_RFLP) Barreto et al. 2014 

Contiguous 0.42 and 0.47 Power-law Fingerprint 
(T_RFLP) Noguez et al. 2005 

Contiguous ca. 0.45 Power-law Sequencing (454) Zinger et al. 2014 

Contiguous 0.49 Power-law Sequencing Miseg 
(0.99% OTU) This study 

 
 

Table 4.7. Slope-values of bacterial taxa- area relationship previously describe for different ecosystems types (Island vs. 
contiguous), using different molecular approach for characterize bacterial diversity (DNA fingerprint and metabarcoding).
Note: Slope value was estimated with distance-decay and power law equations according to the particular study.

 This finding contradicts previous studies reporting higher TAR slope values in is-
land-like habitats compared with contiguous ones (Rosenzweig, 1995; Prosser et al. 2007), 
which could be partly explained by methodological aspects. Different molecular techniques 
can have different resolution to determine bacterial community diversity. Although high, 
the TAR slope value that we found was within the expected range for meta-barcoding tech-
niques and not for a limited resolution such as fingerprinting techniques (Angel et al. 2010; 
Ranjard et al. 2013). In fact, previous studies have revealed that both molecular techniques 
verified a significant soil bacterial TAR, but meta-barcoding method provided a higher and 
accurate estimation of TAR slope value, improving bacterial taxa-area relationship (Terrat et 
al. 2015). Another aspect to consider is the use TAR slope derived from distance-decay re-
lationship, as formalized by Harte et al. (1999), but the validity of this approach has been 
highly questioned (Woodcock et al. 2006; Morlon et al. 2008; Jobe 2008; McGlinn and Hurl-
bert 2012), which could be underestimate TAR slope values (Prosser et al. 2007, Zinger et al. 
2014). Our study supports the classic power law method for estimating TAR slope, which is 
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considered to be the best fit (Connor & McCoy 1979; Dengler 2009) and therefore is com-
monly used (Rosenzweig 1995; Dengler 2009), especially in microbial ecology (Prosser et al. 
2007). In addition, the sequencing depth can have an effect on TAR slope values, which is a 
methodological issue that needed to be considered. We demonstrated here that bacterial 
TAR slope was weakly affected by the sequencing depth used (Figure 4.8) and we suggested 
that it was, after a threshold, independent of the number of sequences considered, as it was 
also described by Zinger et al. (2014). Thus, our data indicated that the integration of massive 
sequencing technologies reduces substantially the limitations in sequencing depth in agree-
ment with previous studies (Zinger et al., 2014; Terrat et al. 2015). 

Figure 4.8. Effect of sequencing depth on taxa-area slope for free-living bacterial assemblages in Fuente de Piedra Lake. 

 Overall, the decline in OTUs richness and Shannon diversity as a consequence of the 
reduction in lake area due to drought was very consistent, emphasizing the importance of 
ecosystem size in endorheic, terminal lakes. Droughts reduce lake area in endorheic basins 
promoting their reduction in size (Messager et al. 2016; Wurtsbaugh et al. 2017; Wang et al. 
2018) and subsequent salinization (Herbert et al. 2015). Then, we have explored if concomi-
tant effects of extreme droughts, such as high salt contents and low dissolved oxygen levels 
can affect bacterial community composition and life (free vs. particle-attached) style. 

 Our methodological procedure allowed us to distinguish between bacterial lifes-
tyles and to achieve a greater resolution of the bacterial community composition (Rösel et 
al. 2012). However, it is important to consider that free-living and particle-associated bacte-
rial assemblages should not be observed as unconnected entities, but rather as networking 
assemblages (Riemann-Winding, 2001). Previous works found general differences in com-
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munity composition between two bacterial fractions linked to a high exchange between 
free-living and particle-attached bacteria assemblages (Hollibaugh et al. 2000; Ghiglione et 
al. 2007), presumably in response to environmental stress (Milici et al. 2017, Poli, et al. 2010). 

 We found that Flavobacteriales order, belonging to Bacteroidetes phylum, was sha-
rply over-represented on particles during the dry period  (Figure 4.6 a and b); This could be 
partly explained by the fact that they shifted from free-living to particle attached lifestyles 
to endure in an intensely reduced lake area with high salt concentrations that can eventua-
lly reach up saturation. It was not the case of Bacteroidales order, also within Bacteroidetes 
phylum, which was present in a higher proportion of OTUs in the wet period regardless of life 
style (Figure 6 a and b), suggesting a low capacity to cope droughts. Bacteroidetes phylum 
was the dominant in the study lake, which is consistent with previous observations in saline 
systems, such as solar salterns (Antón et al., 2000, 2002), soda lakes (Vavourakis et al. 2007) 
or athalassohaline lakes (Mesbah et al. 2007, Jjiang et al. 2006; 2007). This can be explained 
through the adaptations of halotolerant and aerobic heterotrophs to light conditions and 
low dissolved oxygen level at high salts concentration (Vavourakis et al. 2007, Mesbah et al. 
2007).

 In the case of Puniceiccocales order, belonging to Verrumicrobia phylum, both bac-
terial fractions were significantly higher during the dry period than the wet period (Figure 6 
a and b), indicating an extreme tolerance to droughts suggesting that they could be favored 
by high salinity (Choo et al., 2007). The opposite trend was found for Rhodobacteriales order, 
within Alphaproteobacteria class, predominant bacteria in saline environments (Bouvier and 
Del Giorgio 2002; Cottrell and Kirchman 2005). This order was over-represented in wet period 
in both size fractions (Figure 6 a and b), suggesting that there was no exchange between both 
free-living and particle-attached life stages. Hence, moderate drought and wet conditions 
with higher availability of oxygen at low salt concentrations seem to be of great importance 
for this order, likely linked to genus that contains strictly aerobic, heterotrophic and mode-
rately halotolerant bacteria (Pujalte et al. 2014). Even so, bacteria often dominant in fres-
hwater environments were also found in the study lake, in particular Burkholderiales order, 
belonging to the class Betaproteobacteria (Newton et al. 2011; Staley et al. 2015). Generally, 
Betaproteobacteria decrease with increasing salinity (Demergasso et al. 2004, Herlemann et 
al. 2011), a finding also observed in marine habitats for Burkholderiales order (Aguirre et al. 
2017). In contrast, our data showed that free-living Burkholderiales was  well represented in 
the dry period  (Figure 4.6 a and b), suggesting that some groups from this taxon, particularly 
those with free-living life style, might have a high tolerance to salinity . This is in agreement 
with the findings of other authors (Pumirat et al. 2010). In addition, many representatives are 
subject to microaerophilic lifestyle, growing well on low oxygen concentration (Garrity et al. 
2005, Rosenberg et al. 2014).
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 In the Cyanobacteria phylum, we found a high proportion of OTUs belonging to Sy-
nnechococcales order, which are well known as halotolerant bacteria (Rosales et al. 2005). As 
general trend, Cyanobacteria are able to adapt to a wide salinity range from freshwater up 
to salinity levels around 100 ppt, decreasing beyond this concentration (Pedrós-Alió et al. 
2000a). In agreement with this, our data showed that Synnechococcales was well represented 
during the wet year period (Figure 6 a and b), when salinity was below 100 ppt and was enri-
ched with taxa of particle-attached life style. It is possible the stimulation of polysaccharides 
synthesis by Cyanobacteria as physical barrier against high-salinity stress (Brüll et al., 2000) or 
under high ultraviolet light conditions (Callieri et al. 2011). 

 Other dominant order in the particle fraction was Thiotrichales that, unlike Synne-
chococcales, was present in a higher proportion under dry period (Figure 6 a and b). Many 
representatives are well known as large sulfur bacteria (Schulz et al. 1999) and though many 
of them show a phobic reaction even at low oxygen concentrations (Huettel et al. 1996), re-
cent research has specified that they can survive under microaerophilic conditions (Schulz et 
al. 2002). Another distinctive feature of this order is its ability to hold together in aggregates 
covered by mucus (Salman et al. 2011). Our data were consistent with these observations in 
Thiotrichales order indicating that it can survive under oxygen limiting conditions during dry 
period grouped by a common mucus protective layer. Interestingly, there was a high pro-
portion of OTUs belonging to Enterobacteriaceae order in several water samples collected, 
particularly in the summer of the wet period (Figure 4.6 a), coinciding with a peak of flamingo 
population due to massive aggregation and the establishment of an important breeding 
colony (>50,000 flamingos). This order is dominant in animal digestive tracts and their ma-
nifestation in natural waters could be related to fecal inputs (Benton et al. 1983; Green et al. 
2011). However, our analyses indicated that the flamingo abundance played a secondary role 
determining diversity and composition of bacterial community in the study lake (Table 4.4). 

 Bacterial community was extremely responsive to environmental fluctuations, chan-
ging its composition over time (Figure 6 a and b). This fact was reflected in the temporal beta 
diversity dynamics; which was different in free-living and particle-attached bacteria (Figure 
4.6 c and d). Turnover rate in particle-attached bacterial composition was very high regard-
less of the wet or dry periods (Figure 4.6 c and d). In contrast, the turnover rate in free-living 
bacteria showed substantial differences between both hydrological periods with the lowest 
turnover rates in wet period. This indicated that changes in free-living bacterial composition 
seemed to be shaped to a lager extend by factors related to the hydrological budget, while 
the dynamics of particle-attached bacteria could be more linked to key features of biofilms, 
with a higher level of organization and metabolic activity to cope drought stress (Flemming 
et al. 2019). This asseveration was also apparent for OTUs richness of particle-attached bacte-
ria, whose data did not show any statistically significant relationship with salinity or lake area 
(Table 4.3).
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 Moreover, the results of Adonis analyses provided statistical evidence that tempo-
ral variations in bacterial community composition were mainly controlled by lake area and 
to a lesser extent by salinity (Table 4.5). Their impact was in any case distinct at the level of 
free-living and particle-attached bacterial assemblages, highlighting again a greater effect of 
the extreme environmental conditions on the free-living bacterial fraction. Although salinity 
must be an ultimate cause of shifts in bacterial community composition and may be impor-
tant in saline and hypersaline systems (Oren, 2002a; Jiang et al., 2006, Zhang et al., 2012) our 
results showed that salinity had a limited role in controlling bacterial community (Table 4.5). 
This suggests that ecosystem area should be the first factor to be considered, particularly un-
der conditions of drought stress, indicating a potential influence of the drought on bacterial 
succession patterns in endorheic lakes. In addition, endorheic lakes are in general systems 
with high hydrological retention times, which could be further accentuated by drought con-
ditions (Mosley et al. 2014).

 Overall, we showed that richness, diversity and time temporal beta diversity were 
controlled mainly by lake area. We supported the explanatory idea that ecosystem size itself 
limits community structure. In fact, Post et al. 2000 observed that more complex (longer) 
food-webs increases with lake area. Therefore, droughts can reduce richness and diversity 
of bacterial community and increase time temporal beta diversity, mostly of the free-living 
bacteria, in this type of endorheic wetlands as a result of shrinking ecosystem size. This result 
may not be an anecdotic event and could be attributable to climate change effects at regio-
nal and global levels. In fact, future predictions of intense droughts in the Mediterranean 
biome are expected as a result of the ongoing global warming (Giorgi and Lionello 2008; Gar-
cia-Ruíz et al. 2011). These facts suggest that drier and warmer conditions related to climate 
change can have an influence in bacterial community structure in Mediterranean wetlands. 
These changes in bacterial community structure could have also a high impact on biogeo-
chemical cycles and key processes and services of wetlands such as greenhouse gas fluxes. 
We suggest that further works to explore the linkages between structural and functional 
changes will allow to unravel the global impact of lake size changes linked to droughts and 
obtain complete information with predictive significance.
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165 Discussion

 The saline wetlands studied in this dissertation cover a wide range in salinity, nu-

trients, dissolved organic matter and show high variability in the values of prokaryotic 

heterotrophic production (Figure 1, Table 1). The highest values appear in the coastal la-

goons and marshes and are related to water mixing processes with river or estuarine wa-

ters and the lowest values appear in the endorheic system during the evaporation phase 

and the drier period (dark pink dots).
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Figure 1. Prokaryotic heterotrophic production and cyanobacteria abundance in the saline. Wetlands studied in this PhD 
dissertation along gradients of salinity (a, b), dissolved organic carbon (c), total dissolved nitrogen(d), chlorophyll-a (e) 
and total dissolved phosphorus (f ). The study coastal wetlands are represented in green dots and the seasonal data in 
the endorheic lake of Fuente de Piedra are represented in pale pink dots during the wet hydrological year and in dark 
pink during the dry hydrological year.
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 In previous studies in nearby hypertrophic and eutrophic coastal lagoons, the maxi-
mum TP concentrations, reached up to 15.21 and 5.01 μmol-P l-1 in the lakes Honda and 
Nueva (Vicente et al. 2006, Cruz-Pizarro et al. 2003). The values obtained in this dissertation 
were larger in both the coastal wetlands and the endorheic lake of Fuente de Piedra during 
the two hydroperiods (Table 1). However, the maximum chlorophyll-a concentration found 
in Fuente de Piedra lake was smaller than the values found in the Honda lake (maximum: 292 
μg l -1) by de Vicente et al. (2006), while for coastal lagoons and marshes, chlorophyll-a values 
were almost 2-fold higher (Table 1). 

 Coastal wetlands appear to be more productive than Fuente de Piedra lake, reaching 
extremely high prokaryotic heterotrophic production and cyanobacteria abundance values 
particularly in the range of eusaline waters with intermediate concentrations of DOC, TDN 
and chl a (Figure 1, Table 1). In coastal wetlands, there is a high nitrogen demand linked to 
heterotrophic prokaryotes with opposing effect for archaeal and bacterial production. In our 
study, TDN was the main predictor variable, with a positive effect, on archaeal production 
(Table 2 in Chapter 2). This robust result indicates that archaea play a key role in nitrogen 
dynamics in these wetlands. However, the negative correlation between the bacterial pro-
duction residuals and TDN could be explained by the fact that the majority of viruses are 
likely bacteriophages controlling bacterial production, since there was not any correlation 
between archaeal production and virus abundance (Table 4 in Chapter 2). 

 The fact that the endorheic lake of Fuente de Piedra exhibited lower prokaryotic he-
terotrophic production values compared with coastal wetlands could be due to fact the the 
heterotrophic prokaryotes in Fuente de Piedra likely are growing under P-limiting conditions 
(Figure 2 and Table 1). 



169 Discussion

Figure 2. Prokaryotic heterotrophic abundance (a, b) and production (c, d) along gradients of the molar N: P and C: P ratios 
in the study saline wetlands.  The molar N: P ratio of 6.7: 1 stands for P-sufficient and the molar ratio 148: 1 stands for P-li-
mitation. The solid black lines are the two thresholds proposed by Cotner et al. (2010). The dashed line shows the Redfield 
N: P ratio of 16:1. The molar C: P ratio of 28: 1 is considered as P-sufficient and the molar ratio of 1279: 1 as P-limitation after 
Cotner et al. (2010). The dashed line shows the Redfield N: P ratio of 106:1. The study coastal wetlands are represented in 
green dots and the seasonal data in the endorheic lake of Fuente de Piedra are represented in pale pink dots during the wet 
hydrological year and in dark pink during the dry hydrological year.

 In Fuente de Piedra lake, all the data of heterotrophic abundance (Fig.2 a) and pro-
duction (Fig. 2c) were above the Redfield ratio of N: P (16:1) suggesting a potential P limita-
tion. Considering all the saline wetlands, most of values of heterotrophic abundance (Fig.2 
a) and production (Fig. 2c) were included inside the two thresholds (6.7-148) proposed by 
Cotner et al. (2010) given the high flexibility of the bacterial stoichiometry. In the case of the 
molar C: P ratio, all values of the heterotrophic abundance (Fig.2 b) and production (Fig. 2d) 
in Fuente de Piedra lake were clearly above the ratios of C: P established by Redfield (106: 
1) and by Cortner et al. (2010) (1279:1) for the P-limitation of the heterotrophic prokaryo-
tes. There is a clear segregation of prokaryotic heterotrophic abundance and production in 
Fuente Piedra lake (pink dots) during the two hydroperiods (wet and dry) with respect to the 
values in the coastal wetlands, where P content appear no be not limiting (Figure 2 b and d). 
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 Prokaryotes were more active in the endorheic lake of Fuente de Piedra during the 
wet period (pale pink dots in Figure 2) than during the dry one. The maximum of prokaryotic 
heterotrophic production and abundance was observed in eusaline waters during the wet 
period (dark pink dots in Figure 2) coupled temporally to flamingo dynamics (Figure 3.6 b in 
Chapter 3). These synchronous dynamics took place because flamingos had a direct effect on 
prokaryotes through the inputs of limiting nutrients by sediment bioturbation. In fact, the 
positive and significant correlation between prokaryotic heterotrophic production and total 
dissolved phosphorus during the wet year when flamingos reached maximum abundance 
(Figure 3.9 in Chapter 3). This P-limitation was confirmed with two experiments using guano 
from flamingos. In both experiments, prokaryote growth was stimulated almost twice after 
guano addition in comparison to the control treatments. There was a significant consump-
tion of soluble reactive phosphorus, but not of other nutrients such as dissolved organic car-
bon (DOC) and total dissolved nitrogen (TDN) in the treatment with guano (Figure 3 a and b). 
This result confirms that the interaction between flamingos and prokaryotes was mediated 
by soluble phosphorus.

Figure 3. Experiments on the growth of heterotrophic prokaryotes with addition of flamingo guano. Changes in concen-
tration of dissolved organic carbon (DOC), total dissolved nitrogen (TDN) and soluble reactive phosphorus (SRP) at the 
beginning (t0) and the final time (tf) of (a) experiment 1 in 2010 and (b) experiment 2 in 2011. Blue represents the treatment 
with the control conditions and grey (DOC), yellow (TDN) and red (SRP) the treatment with addition of fresh guano from 
flamingo chicks. For more details see Chapter 3.
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 At the ecosystem level, nutrients and microbial dynamics in Fuente de Piedra lake 
appeared to be controlled by the hydrological budget (evaporation vs. precipitation) that de-
termines the water level and, ultimately, the inundation area. Therefore, changes in the inunda-
tion area during droughts in this type of endorheic lake have major implications for species di-
versity. In fact, we found a clear decrease in richness and diversity of bacterial community and a 
change in composition as result of the lake area shrinking during the dry period (Figure 4 a and 
b in Chapter 4). These effects were consistent for both free-living and particle-attached bacte-
rial assemblages, indicating that lake area is a main driver of the bacterial community structure 
(Table 3 in Chapter 4), with a negative effect on OTUs richness and Shannon diversity. Moreo-
ver, there was also evidence that temporal variations in bacterial community composition (i.e. 
temporal beta diversity) were mainly driven by lake area, although the effect was higher on the 
free-living bacteria than on the particle-attached bacterial assemblages (Table 5 in Chapter 4). 
Probably, free-living bacterial assemblages are more affected by these external environmen-
tal factors such as drought, whereas the dynamics of particle-attached bacterial assemblages 
could be also linked to self-organization inside the biofilms (suspended particles). In fact, alpha 
diversity indices (i.e., OTUs richness and Shannon diversity) for particle-attached bacteria were 
higher than those for their free-living bacterial counterpart (Figure 4 in Chapter 4). Interestin-
gly, turnover rate in particle-attached bacterial composition was very high regardless of wet 
and dry year (Figure 6 c in Chapter 4). In conclusion, the inundation area plays a key role on 
bacterial community structure and composition in this endorheic lake over time. This finding is 
even more relevant given the future predictions of severe droughts as consequence of climate 
change that are shrinking saline lakes inundation areas at global scale (Messager, et al. 2016; 
Wurtsbaugh et al. 2017; Wang et al. 2018). This intense evaporation has also consequences for 
salinization (Herbert et al. 2015; Jeppesen et al. 2015). It could have a high global impact on 
microbial community in saline lakes that are key in global biogeochemical cycles and wetlands 
functioning, reducing their capacity to sequester carbon and remove nitrogen, and, ultimately, 
provoking a positive feedback to global climate change effects (Herbert et al. 2015). However, 
more studies are needed to test the effect of the changes of bacterial structure during drou-
ghts on the ecosystem functions.

 The description of the microbial dynamics of saline wetlands in the Mediterranean 
basin will allow the scientific community to have a better knowledge of the main drivers of 
the microbial component depending on the saline wetland type and thus, to achieve a better 
understanding of climate change impact on the microbial structure in wetlands. However, con-
tinuous advances in knowledge on the microbial ecology in saline wetlands through new mas-
sive sequencing technologies suggests there is still much to be learnt. We suggest that further 
work should explore shifts in the functional groups of the microbial communities to unravel 
lake-specific conditions that minimize negative consequences linked to drought conditions on 
wetlands functioning and to obtain information with predictive value.
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 1. Saline wetlands are submitted to a high variability in salinity, nutrients and or-

ganic matter concentration with extremely variable and abundant microbial communities 

due to mixing processes with river or estuarine waters in the coastal wetlands and to eva-

poconcentration in the endorheic system, being the latter more vulnerable to drought 

conditions. 

 2.  The highest prokaryotic heterotrophic production and cyanobacteria abun-

dance in the study coastal wetlands across the Mediterranean region and in the endorheic 

lake Fuente de Piedra lake over time were reached particularly in eusaline waters with 

intermediate concentrations of dissolved organic carbon, total dissolved nitrogen and clo-

rophyll-a concentration. 

 3. In coastal wetlands heterotrophic prokaryotes had a high nitrogen demand. 

Total dissolved nitrogen was the only predictor variable on archaeal heterotrophic pro-

duction with a positive effect indicating that archaea plays a key role in nitrogen cycling 

in these systems. In contrast, the decline in bacterial heterotrophic production with the 

increase of total dissolved nitrogen can be explained indirectly by the fact that viruses 

increased with salinity and they affected negatively to bacterial heterotrophic production.
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4. Fuente de Piedra appears to be P-limited with a maximum of prokaryotic production 

and abundance in eusaline waters during the wet period and tightly coupled with fla-

mingo dynamics. The synchronous influence of flamingos on heterotrophic prokaryotic 

production and abundance appears to be mediated by an increase in the P availability 

derived from guano inputs and mostly from sediment bioturbation.

 

 5. Experiments with addition of flamingo guano confirmed that the growth of he-

terotrophic prokaryotes and that the growth was mediated by the consumption of reacti-

ve soluble phosphorus and not dissolved nitrogen or carbon. 

 6. Drought conditions reduced hydrological budget and, ultimately, the inunda-

tion area in the endorheic system of Fuente de Piedra lake with major implications for bac-

terial community structure. Lake area reduction involved a decline in the OTUs richness 

and diversity and an increase in temporal beta diversity. 

 7. The inundation area of Fuente de Piedra lake was a major controlling factor of 

both free-living bacteria and particle-attached bacteria, but the magnitude of this effect 

was higher on the free-living bacteria than on the particle-attached bacteria. Probably, 

free- living bacteria are more affected by environmental factors, whereas the particle-at-

tached bacteria could be more protected due to self-organization inside the biofilm parti-

cles.

 8. Coastal wetland systems were more productive than Fuente de Piedra lake. The 

fact that the endorheic lake of Fuente de Piedra exhibited lower prokaryotic heterotrophic 

production values compared with coastal wetlands could be due to heterotrophic prokar-

yotes growing under extreme P-limiting conditions. 

 9. Endorheic systems as Fuente de Piedra lake seem to be more vulnerable to 

changing climate conditions than coastal wetlands, especially under severe drought con-

ditions and subsequent salinization processes that are already happening as consequen-

ces of climate change.
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 1. Los humedales salinos están sometidos a una alta variabilidad en su concen-

tración de salinidad, nutrientes y materia orgánica con comunidades microbianas extre-

madamente variables y abundantes debido a los procesos de mezcla con el agua fluvial 

o del estuario en los humedales costeros y debido a la evapoconcentración en el sistema 

endorreico estudiado, siendo este último más vulnerable a las condiciones de sequía. 

 2.  La mayor producción heterotrófica de procariotas y la abundancia de ciano-

bacterias en los humedales costeros de la región mediterránea estudiados y en el lago 

endorreico Fuente de Piedra a lo largo del tiempo se alcanzaron particularmente en aguas 

eusalinas con concentraciones intermedias de carbono orgánico disuelto, nitrógeno di-

suelto total y clorofila-a. 

 3. En los humedales costeros, los procariotas heterótrofos tuvieron una alta de-

manda de nitrógeno. El nitrógeno disuelto total fue la única variable predictiva de la pro-

ducción hetertrófica de las arqueas, con un efecto positivo lo que indica que las arqueas 

juegan un papel clave en el ciclo del nitrógeno en estos ecosistemas. Por el contrario, la 

disminución de la producción heterotrófica de las bacterias con el incremento en la con-

centración del nitrógeno disuelto total puede explicarse indirectamente por el hecho de 

que los virus aumentaron con la salinidad y éstos afectaron negativamente a la produc-

ción heterotrófica bacteriana.

 

 4. Fuente de Piedra parece estar limitada por el P, con un máximo de producción 

heterotrófica de procariotas y abundancia de los mismos en aguas eusalinas durante el 
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período húmedo y éste máximo estuvo estrechamente ligado a la dinámica de los fla-

mencos. La influencia sincrónica de los flamencos sobre la producción y abundancia de 

procariotas heterotróficos parece que estuvo mediada por un aumento en la disponibili-

dad de P derivado de las entradas de guano y, principalmente, desde los sedimentos por 

bioturbación.

 5. Experimentos con adición de guano de flamenco confirmaron que el crecimien-

to de los procariotas heterotróficos fue mediado por el consumo de fósforo soluble reacti-

vo y no de compuestos de nitrógeno o carbono disuelto. 

 6. Las condiciones de sequía redujeron el presupuesto hidrológico y, en última 

instancia, el área de inundación en el sistema endorreico de la laguna de Fuente de Piedra, 

con importantes implicaciones para la estructura de la comunidad bacteriana. La reduc-

ción de la superficie de la laguna implicó una disminución en la riqueza y diversidad de las 

OTUs y un aumento de la beta diversidad temporal. 

 7. El área de inundación de la laguna de Fuente de Piedra fue un importante factor 

de control tanto para las bacterias de vida libre como para las bacterias adheridas a las 

partículas, pero la magnitud de este efecto fue mayor sobre las bacterias de vida libre que 

en las bacterias adheridas a las partículas. Probablemente, las bacterias de vida libre se 

ven más afectadas por factores ambientales, mientras que las bacterias adheridas a partí-

culas podrían estar más protegidas debido a la autoorganización dentro de las partículas 

de biopelículas.

 8. Los humedales costeros fueron más productivos que la laguna de Fuente de 

Piedra. El hecho de que el lago endorreico de Fuente de Piedra exhibiera valores más bajos 

de producción heterotrófica de procariotas en comparación con los humedales costeros 

puede deberse a que los procariotas heterótrofos crecen en condiciones extremas de limi-

tación de P en la misma. 

 9. Los sistemas endorreicos como el lago Fuente de Piedra parecen ser más vulne-

rables a las condiciones climáticas cambiantes que los humedales costeros, especialmente 

en condiciones de sequía severa y los procesos de salinización subsiguientes que ya están 

ocurriendo como consecuencia del cambio climático.





ABBREVIATION   INDEX

ArP: Archaea production 

BP: Bacterial production

chl a: Chlorophyll a

CyA: Cyanobacteria abundance

DOC: Dissolved organic carbon

HA: Prokaryotic heterotrophic abundance

OTU: Operational Taxonomic Units

PA: Prokaryotic abundance 

PHP: Prokaryotic heterotrophic production

SRP: Soluble reactive abundance

TAR: universal taxa-area relationship (Rosenzweig, 1995)

TDN: Total dissolved nitrogen

TDP: Total dissolved phosphorus

TN: Total nitrogen

TP: Total phosphorus

VA: Virus abundance
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Annex Chapter 1

Analysis of Metagenomic Data 
The analysis of the sequence data was processed using the open software, Quantitative Insi-
ghts into Microbial Ecology (QIIME) version 1.9.0 by Caporaso et al. (2010) and MOTHUR sof-
tware (version1.34.3). Here, we explain all steps of this workflow, including sequence pre-pro-
cessing, sequence processing, and data analysis (alpha and beta diversity calculation). We 
used default parameters for each Qiime and Mothur scripts, unless otherwise specified.

 First, the quality of the pair-end Illumina reads (MiSeq) was assessed using FastQC sof-
tware (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Pre-processing consisted 
basically in joining and filtering paired-end reads and the removal of primer sequences: 

1. PRE-PROCESSING OF SEQUENCES:

 This step in Qiime allowed us to combine paired end reads (R1-forward and R2-re-
verse) into single sequences per sample using the following script:

 1.1. Multiple joining of paired ends

multiple_join_paired_ends.py  

-i Sequences_FP (name of input directory of the paired-end reads)  

-o Joined_R1_R2_FP (name of the directory to place output files) 
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 The output directory (Joined_R1_R2_FP) includes a directory per sample. Each di-
rectory contains three fastq files, a joined file and two unjoined files (for R1-forward and one 
other for R2-reverse).

 This step consists of a quality filtering of ouput.fastq files from the previous step. This 
Qiime script merges all the sequences into a single FASTA file named seqs.fna.

 By default, this script uses Qiime settings for quality filtering, which are described by 
Bokulich et al. (2013). These parameters are: minimal high-quality read length = 75%, Phred 
score = 19, maximum of consecutive low-quality calls = 3, maximum of ambiguous calls 
allowed= 0.

 1.2. Multiple Split Libraries 

multiple_split_libraries_fastq.py 

  

-i Joined_R1_R2_ (name of input directory of fastq files)  

-o Split_FP (name of the directory to place output files) 

-p qiime_parameters.txt  

--read_indicator .join. (This option indicated that only joined reads 

must be processed 

--include_input_dir_path (Incorporate the input directory name in the 

output sample name)    

Annex Chapter 1

# Parameters file 

# script_name:parameter_name value 

split_libraries_fastq.py:phred_quality_threshold 19 

split_libraries_fastq.py:barcode_type 'not-barcoded' 

split_libraries_fastq.py:max_bad_run_length 3 

split_libraries_fastq.py:min_per_read_length_fraction 0.75 

split_libraries_fastq.py:sequence_max_n 0 
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 This command creates two FASTA files: seqs.trim.fasta that contains the sequences 
without primers and seqs.scrap.fasta that contains the original untrimmed sequences. 

Annex Chapter 1

 This step trims off the primer sequences from full length sequences using the fo-
llowing command in Mothur:

 1.3. Trimming primers  

 

 
 
 
 
 
 

mothur > trim.seqs(fasta=seq.fna, oligos=oligos.txt) 
 
fasta=seq.fna (ouput FASTA file from Split_library.py) 

oligos=oligos.txt (contain sequences of trim forward and reverse primers) 

 

 #oligos.txt      
       forward GTGCCAGCMGCCGCGGTAA 
       reverse GGACTACHVGGGTWTCTAAT 

 All of the sequences from each sample were clustered into operational taxonomic 
units (OTUs) and assigned to bacterial taxa. We used the pick_de_novo_otus.py workflow. In 
this process, the sequences were aligned one against another without any external reference 
database. In addition to clustering, this script also includes taxonomy assignment, sequence 
alignment, and tree-building steps.  

2. PROCESSING SEQUENCES INTO AN OTU TABLE

 2.1. Clustering the sequences in OTUs 

pick_de_novo_otus.py  

 

-i seqs.trim.fasta (fasta file that was created by multiple split 

libraries, without primer seqs.) 

-o pick_otus_99 (name of the directory to place output files) 

–p parameter0.99.txt (This option indicated that sequences that are 99% 

similar should be considered the same OTU) 
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 The most important file created during the novo otu picking was “Otu table” in biom 
format; which provides the number of sequences of each OTU and their taxonomic affilia-
tions for each sample. The steps were as follows:

1. pick_otus.py – This step joins similar sequences in OTUs: the sequences were 
clustered into Operational Taxonomic Units (OTUs) using Uclust (Edgar, 2010) following the 
default method implemented in QIIME with a sequence similarity threshold of 99%. 

2. pick_rep_set.py – This step selects a representative sequence set, the most 
abundant sequence per OTU.  This OTU representative sequence is used for taxonomic iden-
tification. The relevant file (seqs.trim_rep_set.fasta) is found in the “otus_0.99/rep_set/ direc-
tory”.

3. assign_taxonomy.py – This step assigns taxonomies to the representative se-
quences set comparing them with the reference database Greengenes (http://greengenes.
secondgenome.com). The default classification system in QIIME was uclust. The relevant file 
(seqs.trim_rep_set_tax_assignments.txt) is found in the “ otus_0.99/uclust_assigned_taxo-
nomy/ directory”

4. make_otu_table.py This step creates a matrix of OTU abundance for each sam-
ple (Step 1) and adds the OTU taxonomy (the taxonomy file is obtained in the Step 3). The 
relevant file (otu_table.biom) is found in the “otus_0.99 directory”.

 Once we have generated the OTU table, the next step was to perform a negative 
filtering of taxa, removing taxonomic levels of Archaea, Chloroplast and Mitochondria. This 
can be done using the following script: 

 2.2. Curating the OTU table at the taxa-Level:

 

filter_taxa_from_otu_table.py  

-i otu_table.biom  

-o otu_table_non_arch_Chlo_Mit.biom  

-n k_Archaea,c__Chloroplast,f__Mitochondria  



189 Annex Chapter 1

 After this step, we can open in an excel file and divide the database into two subsets 
and we generate an OTU table file in .biom format for each subset:
 otu_table_non_arch_Chlo_Mit_0.2micras.txt

 otu_table_non_arch_Chlo_Mit_3micras.txt

All the subsequent steps were performed for the two OTU tables in .biom format separately
to convert tab-delimited format to biom table format:

 Filtered OTU table contains both the 0.2 µm-free-living and the 3 µm-particle-atta-
ched bacteria (i.e. the complete database). For this reason, two OTU table files (one for 0.2 
µm and one for 3 µm) in .biom format were generated from the filtered OTU table (otu_ta-
ble_non_arch_Chlo_Mit.biom). First, it is necessary to convert the biom OTU table into a text 
table, allowing the manipulation of database, and its later conversion to .biom format again. 
This step uses the following scripts:

To convert biom format to tab-delimited table format:

 2.3. Division of the database in two subsets

 

biom convert  

-i otu_table_non_arch_Chlo_Mit.biom  

-o otu_table_non_arch_Chlo_Mit.txt  

--to-tsv  

--header-key taxonomy  

 

biom convert  

-i otu_table_non_arch_Chlo_Mit.biom  

-o otu_table_non_arch_Chlo_Mit.txt  

--to-tsv  

--header-key taxonomy  
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 To control for the sampling effort, the datasets were standardized by rarefaction 
analyses at different sequencing depth at 200, 500 and then at 1000 intervals of from 1000 
to 10000 sequences and 100 iterations. In Qiime, this step was carried out using filtered OTU 
tables (Step 2.3) as input using the following script:

 These new rarefied tables in .biom format (100 otu tables from each rarefaction dep-
th) were saved in a directory called “rarefied_otu_tables” .

 2.4. Rarefaction analysis

multiple_rarefactions_even_depth.py  

 

-i otu_table_non_arch_Chlo_Mit_0.2micras  

-o rarefied_otu_tables (directory to place rarefied output tables files) 
-d 200, 500, from 1000 to 10000 at intervals of 1000 (seqs/samples to 

subsampled) 

-n 100 (num. interations to perform at each depth)  

 

 After the normalization step, a filtering step from OTU table, was carried out to dis-
card all singletons (sequences  detected only once to reduce the noise due to a potential 
high ratio of artifacts/real OTUs using following QIIME script:

 These new tables without singletons in.biom format were saved in a directory na-
med “otu_tables_no_singletons”, which later was utilized as input for both the alpha and the 
beta diversity calculations.

 2.5. Singleton filtering from the OTU table

filter_otus_from_otu_table.py 

-i rarefied_otu_tables (directory to place rarefied tables files) 

-o otu_tables_no_sigletons (directory to place output tables without singletons 

files) 
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 Within a new output directory named “alpha_div_collated” two files are generated 
(observed_otus.txt and Shannon.txt), which contain the diversity values for each sample and 
rarefaction depth. We found that at a depth of 2000 sequences per sample the Shannon 
diversity index started the saturation plateau in free-living and particle-attached bacterial 
assemblages.

 The Qiime script that allows  calculate alpha diversity is named alpha_diversi-
ty.py. Among all the available options of alpha diversity metrics, the number of observed 
OTUs and the Shannon-Wiener diversity index were selected. Alpha diversity analysis was 
executed for OTU_table at each corresponding sequencing depth.

 To concatenate all the generated files into a single file for further analysis we used 
the collate_alpha.py script.

 2.6. Alpha diversity

alpha_diversity.py 
 
 -i otu_tables_no_sigletons  
 -m observed_otus,shannon  
 -o alpha_div 

collate_alpha.py 
 -i alpha_div  
 -o alpha_div_collated  
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 A beta diversity metric calculates a dissimilarity value between a pair of samples. 
From all the available options in Qiime, we selected the Bray-Curtis dissimilarity matrix using 
the beta_diversity.py script. The output for this script was two .txt files, each file contains a 
matrix at two different rarefaction depths containing the distance values for each pairwise 
comparison. The input directory was the multiple rarefied OTU tables (step 2.4). Beta diversi-
ty analysis was executed for OTU_table of 0.2 and 3 µm-attached at 2000 sequencing depth.

 2.7. Beta diversity

beta_diversity.py 
-i otu_tables_no_sigletons_2000_sequencing_depth 
-o beta_div_2000_sequencing_depth 
-m bray_curtis_2000_sequencing_depth 
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Table 1. Results of the simple regression analyses performed to assess the influence of area lake, salinity and flamingos on 
observed otus richness and Shannon diversity at 5000 rarefaction depths both free-living and attached bacteria communi-
ty during study period in the Fuente de Piedra lake. Note: observed OTUs richness vs. Lake area were log transformation.
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Table 2. Results of permutional multivariate analysis of variance (ADONIS2) of salinityand bacterial composition (Bray – 
Curtis distance metric) at 5000 rarefaction depthduring study period in Fuente de Piedra lake.
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Table 3. Results of permutional multivariate analysis of variance (ADONIS) of salinity andbacterial composition (Bray – 
Curtis distance metric) at 5000 rarefaction depth during studyperiod in Fuente de Piedra lake.
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Annex photos Cerdeña
Credit F. Perfectti
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Annex photos Camarga
Credit F. Perfectti & H. Hote
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