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               The GLOBAQUA 
toolbox: a comprehensive compilation of methods to measure 

river ecosystem functioning 
Abstract  

River ecosystems are subject to multiple stressors that affect their structure and functioning. River ecosystem 

structure refers to characteristics such as channel form, water quality or the composition of biological 

communities, whereas ecosystem functioning refers to processes such as nutrient cycling, organic matter 

decomposition or secondary production. Nowadays there is much more information on structural than on 

functional characteristics, and despite the many methods available to measure river functional properties, only 

structural ones are routinely used by river managers. The GLOBAQUA toolbox, produced within the frame of 

the EU-project with the same name, consists on a compilation of methods to measure key river ecosystem 

processes at different spatial and temporal scales, tailored for scientist as well as for routine monitoring by 

water agencies. Here, we present the toolbox, which includes a description of the main characteristics of each 

method, the aspects of the ecosystem they address, the environmental stressors they are sensitive to, possible 

difficulties in their implementation, as well as their general advantages and disadvantages. We also discuss the 

current limitations, potential improvements and future steps in the development of the toolbox. Our ultimate 

purpose is to contribute to a more functional perspective in river research and management. 
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1. Background and objective  

Ecosystem functioning is the set of processes that regulate the fluxes of energy and matter in 

ecosystems (Reiss et al. 2009) as a consequence of the joint activity of many organisms, including 

microbes, plants and animals (Tilman et al. 2014). Ecosystem structure and functioning can be 

viewed as the two sides of a coin; in the case of rivers structure encompasses variables such as 

channel form, water characteristics or composition of the biological communities, whereas 

functioning refers among others to processes such as metabolism, nutrient cycling and fish 

production. Although structure and functioning influence each other, their relationship is not 

straightforward and often one cannot be automatically inferred from the other (Gessner and Chauvet 

2002; Cardinale et al. 2012). Furthermore, environmental stressors can affect structure and 

functioning in contrasting ways (Fig. 1) (Bunn and Davies 2000; Young et al. 2008).  

The concept of ecosystem functioning is gaining popularity among environmental scientists and 

managers alike (Jax 2005; Jax 2010). This interest is based on a number of reasons, among which 

two stand out. On the one hand, we can be directly interested in ecosystem functioning, as it 

produces direct benefits, or to use a modern term, ecosystem services (Millennium Ecosystem 

Assessment 2005), which can at times be translated into economic benefits (Quintessence-

Consortium 2016). The capacity of rivers to retain nutrients contributes to water purification, a 

relevant regulating service (Loomis et al. 2000), whereas fish production can be a key provisioning 

service for the local communities (Dugan et al. 2010), as well as a source of income derived from 

recreational angling (Hernández-Morcillo et al. 2013). On the other hand, ecosystem functioning can 

be viewed as an integral component of ecological status or ecosystem health. This is, for instance, the 

case of the EU Water Framework Directive (EC 2000), which defines ecological status as "an 

expression of the quality of the structure and functioning of aquatic ecosystems associated with 

surface waters". Traditionally, many methods have been developed to characterize ecosystem 

structure, and incorporated into environmental assessment protocols. Despite the growing demand, 

however, much less progress has been made to develop and standardize methods to measure 

ecosystem functioning, or to incorporate them into the assessment of river ecosystem status (Young 

et al. 2008; Palmer and Febria 2012).  

River ecosystem functioning has some similarities as well as some differences with respect to other 

ecosystems (Young and Collier 2009; Yvon-Durocher et al. 2012). The list of processes that can be 

measured in rivers is very long and ranges from purely physical processes such as meander migration 

or riparian shading, to others more biologically-mediated, such as nutrient uptake or primary 

production (Wilson and Carpenter 1999; Palmer and Febria 2012). There are excellent books 

compiling the methods used to measure both structural and functional variables in rivers (Hauer and 

Lamberti, 2006; Wetzel and Likens, 2000; Graça et al., 2005; Elosegi & Sabater, 2009), but 

structural methods are much more often used than functional ones, especially for management 

(Chauvet et al., submitted). While researchers and practitioners recognize the importance of directly 
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measuring ecosystem functioning, environmental agencies remain in general reluctant to use 

functional measurements because they consider these to be too expensive, difficult to perform or 

interpret, or simply, yielding results not directly applicable to management. We do not share these 

views. Although some functional methods are complex or require very specific equipment, others are 

not, and agencies could either measure them directly or by means of consultancies that could perform 

the job for them, as it is already usual for many other structural variables. 

The main objective of this paper is to present a critical and synthetic compilation of methods to 

measure ecosystem functioning in rivers, which can be adapted to different objectives, situations, 

budgets and levels of expertise. The GLOBAQUA toolbox, developed in the frame of the EU-project 

GLOBAQUA (Navarro-Ortega et al. 2015) is openly available on the internet (http://www.globaqua-

project.eu/en/content/Toolbox.50) and will be updated continuously through our own inputs and 

suggestions as well as new ideas and corrections from other contributors. 

 

Figure 1. Differential response of structural and functional metrics to an environmental stressor in 8 paired 
streams located in the northern Iberian Peninsula. Half of them were surrounded by native deciduous 
vegetation, the other half by Eucalyptus plantations. The small differences in IBMWP (left panel), an 

invertebrate-based biotic index, between deciduous and Eucalyptus streams, contrast with strong differences 
in decomposition rate of alder leaves measured in coarse mesh bags (right panel) (Elosegi et al., unpublished 

data).. 
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2. Structure of the GLOBAQUA toolbox  

The toolbox we present here is envisaged for application in all running waters, from small streams to 

large rivers, and focuses exclusively on processes occurring within the stream channel that are driven 

by biotic (i.e., metabolic) factors. Therefore, it does not consider riparian or terrestrial processes, or 

abiotic processes such as hydraulic retention of organic matter, which can influence fluxes of energy 

and matter but have no biotic contribution. The addressed users include river scientists and managers 

as well as consultancies and educators; thus, potential applications include science, monitoring, 

restoration, mitigation and education. 

The processes described in the toolbox have been classified into five categories that cover different 

aspects of ecosystem functioning: i) organic matter decomposition, ii) nutrient cycling, iii) 

metabolism, iv) pollutant dynamics, and v) community dynamics (Table 1). Each of these categories 

comprises several processes; for instance, the category “Metabolism” includes three processes, 

namely, whole-ecosystem metabolism, compartment-specific metabolism and biomass accrual. 

Therefore, nineteen processes are included in the five categories of the present version of the 

toolbox, and this number will most likely increase during the implementation of the GLOBAQUA 

project, as inputs from other researchers and scientists are received, more knowledge is generated 

and new methods are designed to measure specific processes. 

Each process in the toolbox has been classified according to several criteria of use, which include 

relevance, spatial and temporal scales, complexity, cost, the possibility to generate automatic 

measurements and the possibility to use historic data (Table 2). Relevance relates to the significance 

of the process in the different types of running waters that can be found along the river network. For 

example, the relevance of coarse particulate organic matter (CPOM) decomposition to ecosystem 

functioning decreases from small streams to large rivers, whereas whole-ecosystem metabolism is 

relevant (but not equally measurable) in all types of running waters. Spatial and temporal scales 

describe both the space (from patch to river section) and the time frame (from hours to years) that the 

measured process integrates. For instance, CPOM decomposition integrates a small spatial scale 

(patch/habitat) and a relatively long time frame (weeks to months), whereas whole-ecosystem 

metabolism integrates at a larger spatial scale (reach or section) and can be measured in a wider time 

frame, from hours to years. This classification also includes the level of expertise required and the 

economic costs involved (personnel, equipment and other costs) to measure each particular process. 

For instance, some processes (e.g. CPOM decomposition, biomass accrual) are easy and cheap to 

measure, whereas others (e.g. those related to pollutant dynamics) require advanced expertise and 

analytical skills, which can also involve significant economic costs. Finally, the measurement of 

some processes (e.g. whole-ecosystem metabolism) may be conducted by using automatic devices 

and/or historic data, which opens interesting research and management opportunities.  

Each process in the toolbox has also been classified according to its sensitivity to various 

environmental stressors based on evidence from the scientific literature (Table 3). The effect of a 
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stressor on a particular process is indicated by including in the proper cell references of studies 

where the effect has been demonstrated. Conversely, lack of evidence for this type of effect is 

indicated by an empty cell. For some processes, such as CPOM decomposition or whole-ecosystem 

metabolism, there is ample evidence for the effect of most stressors. For other processes, in contrast, 

such as fine particulate organic matter (FPOM) decomposition or whole-ecosystem attenuation of 

dissolved pollutants, we found no evidence of stressor effects in the literature, either because they are 

not sensitive to the stressors examined or because more studies are still required. Therefore, the 

interest of this classification is double; on the one hand, it allows selecting the most appropriate 

processes to measure according to the stressors present in the area of study; on the other hand, it 

illustrates the processes where more research is needed.    

The current list of stressors is not exhaustive; we have rather built an evidence-based table that 

includes relevant stressors that have universal effects on ecosystem functioning. Some stressors, such 

as invasive species, have been excluded because their effects are very difficult to generalize and 

highly dependent on the location and the biology of each particular species. The selected stressors 

reflect proximate factors that can directly affect ecosystem processes and are strongly related to 

human activities. Thus, we have finally included pollution, eutrophication, channelization, 

regulation, altered sediment dynamics, altered light regime, drought, altered thermal regime, 

salinization, acidification and altered particulate organic resources.  

Pollution is here defined as the presence of potentially harmful or poisonous organic or inorganic 

substances (e.g. pesticides, heavy metals), which often reduces the rate of ecosystem processes (Rand 

1995). Eutrophication refers to the set of changes triggered in aquatic ecosystems by increased 

nutrient concentrations, which tend to enhance the rate of many ecosystem processes at low to 

medium nutrient levels, although they can reduce them at very high concentrations (Smith 2003). 

Channelization stands for the straightening and deepening of rivers through human intervention, 

which can affect many ecosystem processes that depend on hydraulics, such as nutrient retention 

(Brookes 1988). Regulation, or the modification of the natural flow regime, exerts strong pressure on 

river biological communities, thus affecting ecosystem processes as well (Poff and Zimmerman 

2010). Altered sediment dynamics can result, for instance, in siltation, i.e., in the river bed being 

covered by silt, which can greatly reduce the interaction between the water column and the benthic 

organisms (Bilotta and Brazier, 2008). Altered light regime is often a consequence of changes in 

riparian canopy cover, although it can include other aspects, such as light pollution (Perkin et al. 

2011). Typically, it affects photosynthetic organisms, but its effects can extend to other processes 

such as insect emergence ( Meyer and Sullivan, 2013). Drought, on the other hand, can be natural or 

artificial, and reduces water flow, often restricting surface water to isolated pools or complete 

dryness (Lake 2011) It is a strong stressor for most aquatic organisms, as it affects their activities and 

associated processes. Altered thermal regime can be caused by many human activities, such as large 

reservoirs, nuclear power plants or climate change (Caissie 2006). Being temperature a universal 
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driver of biological activity, altered temperature affects all metabolic processes (Yvon-Durocher et 

al. 2012), and can also disrupt the environmental clues used by many organisms to synchronize their 

life cycles. Salinization consists in increases in the concentration of dissolved salts in freshwaters, 

and can be caused by many factors, such as changes in water balance or spills from some types of 

industry (Cañedo-Argüelles et al. 2013). It affects the osmotic balance between organisms and their 

environment and can, thus, affect many ecological processes. Acidification, or the reduction in water 

pH, can be caused by many industrial effluents, as well as by acid rain (Driscoll et al. 2001). In 

addition to its direct effects on organism performance, it promotes the solubility of metals, and thus, 

can enhance their toxicity to the point that it severely affects some ecosystem processes. Altered 

particulate organic resources refers to the changes in the quantity and quality of leaves, wood and 

other CPOM inputs to the river, primarily as a result of modifications in riparian or catchment land 

use (Kominoski et al. 2012). 

In the toolbox we have added a detailed sheet for each process, which contains a brief description of 

the process, its significance for ecosystem functioning, evidence of its sensitivity to environmental 

stressors, the systems where it can be measured and the temporal scale that it integrates. In addition, 

the main methodological approaches for measuring the process, with their pros and cons, are 

described briefly together with the requirements in data, materials and personnel, as well as the level 

of the method complexity. To facilitate the understanding by the user, relevant additional references 

as well as explanatory figures are also included. Additionally, here we provide some examples to 

show how the information in the toolbox can be used to select the most appropriate functional 

method in specific cases (Box 1). 

 

Box 1. Some examples showing how to use the toolbox to select the most appropriate functional 

method in specific cases 

Case 1 

The director of a Nature Reserve is worried because water acidification might alter the structure and 

functioning of the streams in the reserve. She sets a monitoring program to monthly measure water 

pH and to collect invertebrate samples every six months. The samples will be analyzed by a 

consultancy to detect shifts in community composition that might indicate an impact of acidic waters. 

For ecosystem functioning, she finds in Table 3 that acidification is known to alter OM 

decomposition, exoenzymatic activities, nutrient uptake by some compartments, river metabolism, as 

well as invertebrate drift and emergence. She discards exoenzymatic activities because they are too 

complex to measure, nutrient uptake because fieldwork is too time-consuming, and metabolism 

because she has no access to good oxygen data. She eventually hires a consultancy to measure 

CPOM decomposition every six months by the cotton strip method, with the participation of park 

rangers to deploy and recover strips. 
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Case 2 

The regional government asked to a manager of a water agency whether climate change is affecting 

river ecosystem functioning. Such a question requires a medium- to long-term monitoring, but the 

government needs some preliminary answers now. The manager learns from Table 3 that altered 

thermal regime can affect most functional variables in river ecosystems. From Table 2, he checks 

that there are only a few tools that can be automatized and that can be used based on historical data. 

The water agency is measuring water quality continuously at 12 sites, 2 of them draining basins with 

minimal human disturbance. He learns in the detailed sheets that metabolism can be calculated from 

data on discharge, temperature and oxygen. He hires a consultancy to calculate whole-ecosystem 

metabolism at these 2 reaches by the open-channel, single station method.  
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Table 1. Processes included in the toolbox with their definition and relevant methodological references. 

Process Definition 
Relevant methodological 
references 

Organic matter decomposition     

Coarse particulate organic matter decomposition 
Decomposition of coarse (>1mm) organic matter particles (e.g. 
leaves, wood, fruits) driven by microbial decomposers and 
animal detritivores 

(Graça et al. 2005; Hauer and 
Lamberti 2006)  

Fine particulate organic matter decomposition 
Decomposition of fine (<1mm) particles (e.g. leaf pieces, feces) 
driven by microbial decomposers and animal detritivores 

 (Mattingly 1986; Yoshimura et 
al. 2008) 

Dissolved organic matter uptake and degradation 
Uptake and degradation of dissolved (<0.45um) organic matter 
(e.g. humic substances, proteins, sugars) driven by microbial 
heterotrophs 

(Servais et al. 1987; Kaplan and 
Newbold 1995)  

Exoenzyme activities 
Expression of microbial enzymes related to the acquisition of 
carbon and nutrients from organic matter 

 (Kemp et al. 1993; Romaní et 
al. 2009) 

Nutrient cycling     

Whole-ecosystem nutrient uptake 
Uptake of nutrients, primarily by microbes and plants, at the 
reach-section scale 

(Webster and Valett 2006; 
Mulholland and Webster 2010)  

Compartment-specific nutrient uptake 
Uptake of nutrients, primarily by microbes and plants, at the 
organism or community scale 

 (Hoellein et al. 2009; Reisinger 
et al. 2015) 

Individual nutrient cycling processes 
Individual processes within the cycle of a particular nutrient 
(e.g. nitrification, denitrification, N fixation) 

 (Kemp and Dodds 2001; 
Groffman et al. 2006) 

Metabolism     

Whole-ecosystem metabolism 
The balance of energy created (primary production) and used 
(respiration) within a river reach 

 (Bott 1996a; Demars et al. 
2015) 

Compartment-specific metabolism 
The balance of energy at the organism or community scale  (Bott et al. 1978; Bott et al. 

1997) 
Biomass accrual The gain in biomass of primary producers over time  (Biggs and Close 1989) 
Pollutant dynamics     

Whole-ecosystem dissolved pollutant attenuation 
The capacity of the river to attenuate dissolved pollutants (e.g. 
pharmaceuticals, metals) in transport 

 (Writer et al. 2011a) 

Compartment-specific dissolved pollutant uptake 
The capacity of an organism or community to take up and 
bioaccumulate dissolved pollutants 

 (Arnot and Gobas 2006; Van 
Geest et al. 2010) 

Solid and adsorbed pollutant degradation 
Degradation of solid pollutants (e.g. microplastics) and 
pollutants adsorbed to solids (e.g. POPs adsorbed to sediments) 

 (Gross and Kalra 2002) 

Community dynamics     

Invertebrate drift 
Voluntary or accidental movement of invertebrates downstream 
with the current 

 (Townsend and Hildrew 1976; 
Brittain and Eikeland 1988) 

Secondary production Increase of invertebrate biomass through time  (Benke and Huryn 2006) 

Fish migration 
Movement of fish from one part of a water body to another on a 
regular basis, usually to feed or reproduce 

(Lucas et al. 2001)  

Recolonization 
Reestablishment of a macroinvertebrate or fish community in an 
area that was previously perturbed 

 (Detenbeck et al. 1992; Smock 
2006a) 

Insect emergence 
Life cycle process by which flying insects leave the aquatic 
environment to search for a mate in the terrestrial environment   

 (Smock 2006a) 

Consumption and related physiological processes 
The ingestion of food by an animal in a given time, and other 
related processes such as egestion, excretion, respiration and 
growth. 

(Canhoto et al. 2005; Peckarsky 
2006) 
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Table 2. Classification of the processes included in the toolbox according to their relevance for the ecosystem, 
the spatial and temporal scale that they integrate and other relevant characteristics. Larger circle diameter 

indicates higher importance. No circle indicates that it does not apply.  

Process 

Relevance  Spatial scale  Temporal scale  Other 

S
tr

ea
m

 

S
m

al
l r

iv
e r

 

L
ar

ge
 r

iv
e r

 

  P
at

ch
/h

ab
it

at
 

R
ea

ch
 

S
ec

ti
on

 

  H
ou

rs
 

D
ay

s 

W
ee

ks
 

M
on

th
s/

ye
ar

s 

  E
as

y?
 

C
he

ap
? 

A
ut

om
at

iz
ab

le
? H

is
to

ri
c 

da
ta

? 

Organic matter decomposition                                   

Coarse particulate organic matter 
decomposition ● ● ●  ●      ● ●  ● ●   

Fine particulate organic matter 
decomposition ● ● ●  ●     ● ●   ● ●   

Dissolved organic matter uptake and 
degradation ● ● ●  ● ●    ● ●   ● ●   

Exoenzyme activities ● ● ●  ●    ●     ● ●   

Nutrient cycling                  

Whole-ecosystem nutrient uptake ● ● ●   ● ●  ● ●    ● ● ● ● 

Compartment-specific nutrient uptake ● ● ●  ●    ● ●    ● ●   

Individual nutrient cycling processes ● ● ●  ●    ● ●    ● ●   

Metabolism                  

Whole-ecosystem metabolism ● ● ●   ● ●  ● ● ●●  ● ● ●●
Compartment-specific metabolism ● ● ●  ●    ● ●    ● ●   

Biomass accrual ● ● ●  ●    ● ● ● ●  ● ●   

Pollutantdynamics                  

Whole-ecosystem dissolved pollutant 
attenuation ● ● ●   ● ●  ● ●    ● ●  ● 

Compartment-specific dissolved pollutant 
uptake ● ● ●  ●    ● ● ●   ● ●   

Solid and adsorbed pollutant degradation ● ● ●  ●      ● ●  ● ●   

Communitydynamics                  

Invertebrate drift ● ● ●  ● ●   ● ●    ● ●   
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Process 

Relevance  Spatial scale  Temporal scale  Other 
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Secondary production ● ● ●   ●     ● ●  ● ●   

Fish migration ● ● ●    ●    ● ●  ● ● ● ● 

Recolonization ● ● ●  ● ●     ● ●  ● ●   

Insect emergence ● ● ●  ● ●   ● ● ●   ● ●   

Consumption and related physiological 
processes ● ● ●  ● ●   ● ● ●   ● ●   
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Table 3. Evidence-based classification of the processes included in the toolbox according to their sensitivity to environmental stressors. We provide a maximum of 
three references for each process-stressor interaction for which there is evidence based on the literature. Empty cells indicate no available evidence. 

Process 

Sensitive to 
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Organic matter 
decomposition 

                     

Coarse particulate 
organic matter 
decomposition 

(Rasmussen et 
al. 2012; 

Schäfer et al. 
2012b; Peters 
et al. 2013) 

(Ferreira et al., 
2015; 

Greenwood et 
al., 2007; 

Woodward et 
al., 2012) 

(Lepori et al. 
2005; Elosegi 
and Sabater 

2013) 

(Mendoza--
Lera et al. 

2012; González 
et al. 2012; 

Arroita et al. 
2015) 

(Niyogi et al. 
2003; Rabení et 

al. 2005; 
Piggott et al. 

2012) 

(Albariño et al. 
2008; Lagrue et 

al. 2011) 

(Langhans and 
Tockner 2006; 

Datry et al. 
2011; Martínez 

et al. 2015) 

(Ferreira and 
Chauvet 2011a; 

Boyero et al. 
2011; Martínez 

et al. 2014) 

(Schäfer et al. 
2012a; Cañedo-
Argüelles et al. 
2013; Gómez 
et al. 2016a) 

(Dangles et al. 
2004; Petrin et 

al. 2008; 
Cornut et al. 

2012) 

(Ferreira et al., 
2015; 

Kominoski et 
al., 2011; 

Martínez et al., 
2013) 

Fine particulate 
organic matter 
decomposition 

           

Dissolved organic 
matter uptake and 
degradation 

(Knapik et al. 
2015) 

 

(Ziegler and 
Lyon 2010; 
Lane et al. 

2013; Mineau 
et al. 2013) 

 

   

(Romani et al. 
2004; 

Sulzberger and 
Durisch-Kaiser 
2009; Wagner 

et al. 2015) 

(Ylla et al. 
2011; Casas-

Ruiz et al. 
2016) 

(Ylla et al. 
2012; Ylla et 

al. 2014) 
 

(Schindler et al. 
1997) 

 

Exoenzyme 
activities 

(Montuelle and 
Volat 1998; 
Perujo et al. 

2016) 

(Jones and 
Lock 1993; 

Sinsabaugh and 
Follstad Shah 

2012) 

(Beaulieu et al. 
2014) 

(Ponsatí et al. 
2015) 

 

(Romani et al. 
2004; Rier et 

al. 2007a; 
Wagner et al. 

2015) 

(Ylla et al. 
2010; Timoner 

et al. 2012; 
Pohlon et al. 

2013) 

(Ylla et al. 
2014; Canhoto 

et al. 2016) 

(Roache et al. 
2006) 

(Simon et al. 
2009; Clivot et 

al. 2013a)  

Nutrient cycling 
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Whole-ecosystem 
nutrient uptake 

(Marti et al. 
2004; 

Merseburger et 
al. 2005; 

Gücker and 
Pusch 2006) 

(Bernot et al. 
2006; Newbold 
et al. 2006; von 
Schiller et al. 

2008) 

(Grimm et al. 
2005; Craig et 
al. 2008; Hope 

et al. 2014) 

(von Schiller et 
al. 2016) 

(Ryan et al. 
2007) 

(Martí et al. 
1994; Sabater 

et al. 2000; 
Mulholland et 

al. 2006) 

(Marti et al. 
1997) 

(Butturini and 
Sabater 1998) 

(Arce et al. 
2014) 

 

(Haggard and 
Storm 2003; 

Argerich et al. 
2008; Gibson 
and O’Reilly 

2012) 

Compartment-
specific nutrient 
uptake 

(Proia 2012; 
Castro et al. 

2015) 

(Kemp and 
Dodds 2002a; 
O’Brien et al. 
2007; O’Brien 

and Dodds 
2008) 

   
(Teissier et al. 

2007) 
(Bruesewitz et 

al. 2015) 
(Williamson et 

al. 2016) 
(Bruesewitz et 

al. 2015) 
(Ely et al. 

2010) 
(Dodds et al. 

2004) 

Individual nutrient 
cycling processes 

(Juliastuti et al. 
2003; Reising 

et al. 2013; 
Rahm et al. 

2016) 

(Mulholland et 
al. 2008; 

Lyautey et al. 
2013) 

(Kemp and 
Dodds 2002b; 
Kaushal et al. 

2008) 

(Pinay et al. 
2002) 

(Lefebvre et al. 
2005; Craig et 

al. 2008) 

(Risgaard-
Petersen et al. 

1994) 

(Austin and 
Strauss 2011; 
Gómez et al. 

2012; Manis et 
al. 2014) 

(Strauss et al. 
2004; Welter et 

al. 2015) 

(Magalhães et 
al. 2005; Arce 

et al. 2013; 
Duan and 

Kaushal 2015) 

(Xue et al. 
2015) 

(Newcomer et 
al. 2012) 

Metabolism            

Whole-ecosystem 
metabolism 

(Izagirre et al. 
2008; Aristi et 

al. 2015) 

(Gücker et al. 
2006; 

McTammany et 
al. 2007; 

Griffiths et al. 
2013) 

(Roley et al. 
2012; Griffiths 

et al. 2013; 
Hope et al. 

2014) 

(Aristi et al. 
2014; Hall et 

al. 2015) 

(Young et al. 
2008) 

(McTammany 
et al. 2007; 
Bernot et al. 

2010; Griffiths 
et al. 2013) 

(Acuña et al. 
2005) 

(Acuña et al. 
2008) 

(Gutiérrez-
Cánovas et al. 

2009) 

(Traister et al. 
2013) 

(Young and 
Huryn 1999) 

Compartment-
specific metabolism 

(Hill et al. 
1997; Rosi-

Marshall et al. 
2013; Corcoll 

et al. 2015) 

(Guasch et al. 
1995; Gulis 

and Suberkropp 
2003; Ferreira 
and Chauvet 

2011a) 

(Cardinale et 
al. 2002) 

(Uehlinger et 
al. 2003; Ryder 
2004; Ponsatí 
et al. 2015) 

(Izagirre et al. 
2009; Hartwig 
and Borchardt 

2015) 

(Bott et al. 
1985; Hölker et 

al. 2015) 

(Freeman et al. 
1994; Timoner 

et al. 2012; 
Magoulick 

2014) 

(Hoellein et al. 
2009; Ferreira 
and Chauvet 

2011a; 
Martínez et al. 

2014) 

(Gutiérrez-
Cánovas et al. 

2009) 

(Mulholland et 
al. 1986; Ely et 

al. 2010) 

(Ylla et al. 
2012; 

Gonçalves et 
al. 2013; 

Berggren and 
Giorgio 2015) 



 
Managing the effects of multiple stressors on aquatic ecosystems under water scarcity  
(FP7-ENV.2013.6.2-1– Grant Agreement no 60362) 
 

 
 

17 

Process 

Sensitive to 

P
ol

lu
ti

on
 

E
ut

ro
ph

ic
at

io
n 

C
ha

nn
el

iz
at

io
n 

R
eg

ul
at

io
n 

S
il

ta
ti

on
 

A
lt

er
ed

 li
gh

t r
eg

im
e 

D
ro

ug
ht

 

A
lt

er
ed

 th
er

m
al

 
re

gi
m

e 

S
al

in
iz

at
io

n 

A
ci

di
fi

ca
ti

on
 

A
lt

er
ed

 p
ar

ti
cu

la
te

 
or

ga
ni

c 
re

so
ur

ce
s 

Biomass accrual 

(Merbt et al. 
2011; Corcoll 

et al. 2014; 
Aristi et al. 

2016) 

(Biggs and 
Close 1989; 
Gücker et al. 

2006; Merbt et 
al. 2011) 

(Brookes 1986; 
Cardinale et al. 

2002) 

(Biggs and 
Close 1989; 
Ponsatí et al. 

2015) 

(Brookes 1986; 
Madsen et al. 

2001; Matthaei 
et al. 2010) 

(Sand-Jlnsen et 
al. 1989; Merbt 

et al. 2011) 

(Acuña et al. 
2005; Arthaud 

et al. 2011) 
 

(Blinn and 
Bailey 2001) 

(Mulholland et 
al. 1986) 

 

Pollutant dynamics 
          

 

Whole-ecosystem 
dissolved pollutant 
attenuation 

    
(Westrich and 
Förstner 2007) 

(Packer et al. 
2003; Bartels 

and von 
Tümpling 

2007; Kunkel 
and Radke 

2012) 

     

Compartment-
specific dissolved 
pollutant uptake 

(Yuan et al. 
2004) 

(Koumaki et al. 
2015) 

  
(Westrich and 
Förstner 2007) 

(Lam et al. 
2004; Koumaki 

et al. 2015) 

(Zoppini et al. 
2014; Zoppini 

et al. 2016) 

(Manzano et al. 
1999; Jürgens 

et al. 2002; 
Yuan et al. 

2004) 

(Yuan et al. 
2004; Adamek 

et al. 2016) 

(Koumaki et al. 
2015) 

 

Solid and adsorbed 
pollutant 
degradation 

           

Community 
dynamics 
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Invertebrate drift 

(Lauridsen and 
Friberg 2005; 
Beketov and 
Liess 2008; 

Magbanua et 
al. 2016) 

(Piggott et al. 
2015) 

(Zimmer and 
Bachmann 

1978; Edwards 
et al. 1984; 
Keefer and 

Maughan 1985)

(Brittain and 
Eikeland 1988; 

Tonkin et al. 
2009) 

(Larsen and 
Ormerod 2010; 

Piggott et al. 
2015; 

Magbanua et 
al. 2016) 

(Waters 1972; 
Brittain and 

Eikeland 1988) 

(Waters 1972; 
Brittain and 

Eikeland 1988) 
 

(Brittain and 
Eikeland 1988; 

Hay et al. 
2008; Piggott 
et al. 2015) 

 

(Hall et al. 
1980; Ormerod 

et al. 1987; 
Ormerod et al. 

2004) 

 

Secondary 
production 

(Carlisle and 
Clements 2005; 

Runck 2007; 
Johnson et al. 

2013) 

(Shieh et al. 
2002; Johnson 

et al. 2013; 
Mehler et al. 

2014) 

 
(Cross et al. 

2011) 
  

(Benbow et al. 
2005; 

Chadwick and 
Huryn 2007; 
Ledger et al. 

2011) 

(Huryn and 
Wallace 2000; 
Franken et al. 
2007; Kwong 
et al. 2010) 

(Chadwick and 
Feminella 

2001; Hassell 
et al. 2006) 

(Pretty et al. 
2005) 

(Baer et al. 
2001; Entrekin 

et al. 2001; 
Franken et al. 

2007)  

Fish migration 
(Lucas et al. 

2001; Binder et 
al. 2011)  

(Lucas et al. 
2001) 

(Lucas et al. 
2001; Binder et 

al. 2011) 

(Lucas et al. 
2001; Binder et 

al. 2011) 
 

(Lucas et al. 
2001; Binder et 

al. 2011) 

(Lucas et al. 
2001; Binder et 

al. 2011) 

(Lucas et al. 
2001; Binder et 

al. 2011) 
   

Recolonization 

(Detenbeck et 
al. 1992; Eklöv 

et al. 1998; 
Hauer and 
Resh 2006)  

(Termaat et al. 
2015) 

(Detenbeck et 
al., 1992; 

Griswold et al., 
1982; Negishi 
et al., 2002) 

(Griswold et al. 
1982; Chester 

et al. 2014)  

(Peckarsky 
1985; Richards 

and Bacon 
1994) 

 

(Griswold et al. 
1982; Stanley 

et al. 1994; 
Davey and 

Kelly 2007) 

(Mackay 1992; 
Dunham et al. 

2003) 
 

(Baker et al. 
1996; Pye et al. 
2012; Johnston 

et al. 2015) 
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Insect emergence 
(Schmidt et al. 
2013; Kraus et 

al. 2014) 

(Perrings et al. 
2010) 

(Heinrich et al. 
2014) 

(Céréghino and 
Lavandier 

1997; Brown et 
al. 2012; 

Jonsson et al. 
2013a) 

 
(Meyer and 

Sullivan, 2013) 

(Greig and 
Wissinger 

2010; 
Drummond et 

al. 2015) 

(Richter et al. 
2008; Everall 
et al. 2015; 

Mas-Martí et 
al. 2015a) 

(Hassell et al. 
2006) 

(Bell 1971) 

(Richardson 
1991a; 

Spanhoff et al. 
2005; 

Kominoski et 
al. 2012) 

Consumption and 
related 
physiological 
processes 

(Blockwell et 
al. 1998; 

Correia et al. 
2013) 

(Strayer 2014)     
(Mas-Martí et 

al. 2015b) 

(Gresens 2001; 
Romito et al. 

2010; Rumbos 
et al. 2010) 

  

(Carvalho and 
Graca, 2007; Li 
and Dudgeon, 

2008; Mas-
Martí et al., 

2015b) 
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3. Tools in the box  

3.1. Organic matter decomposition  

3.1.1. Coarse particulate organic matter decomposition 

SIGNIFICANCE: Coarse particulate organic matter (CPOM, or dead organic particles larger than 1 mm) is a 

key source of nutrients and energy to stream food webs. CPOM is mainly composed of leaves, woody debris 

and to a lesser extent of other plant and animal parts (e.g. stems, flowers, seeds, fruits; carcasses) (Pozo et al. 

1997; Allan and Castillo 2007a). CPOM decomposition constitutes a pivotal ecosystem-level process since it 

is part of a major pathway of energy transfer and nutrient recycling in stream ecosystems. This complex 

process involves leaching of soluble compounds, "microbial conditioning" or modifications caused by fungi 

and bacteria, and fragmentation by invertebrate consumers or by physical abrasion; it leads to mineralization, 

conversion of CPOM into smaller particles and incorporation of organic carbon into secondary production 

(Tank et al. 2010). Therefore, it is an  integrative ecosystem process (Gessner and Chauvet 2002; Young et al. 

2008). 

SENSITIVITY: CPOM decomposition is highly sensitive to several environmental factors that vary as result 

of natural and anthropogenic causes (see reviews by Young et al. 2008; Tank et al. 2010). Decomposition 

tends to accelerate with warming (Ferreira and Chauvet 2011b) and to peak at intermediate levels of 

eutrophication (Woodward et al. 2012; Ferreira et al. 2015a). It is strongly affected by the abundance of 

microorganisms and macroinvertebrates (Abelho 2001; Graça 2001; Hieber and Gessner 2002), and thus, also 

by other environmental variables such as stream chemistry, hydrology or surrounding vegetation, that affect 

biological activity (Young et al. 2008; Tank et al. 2010). CPOM decomposition has been shown to respond to 

acidification (Dangles et al. 2004), drought (Datry et al. 2011), salinization (Gómez et al. 2016b), flow 

regulation (Mendoza–Lera et al. 2012), pollution (Rasmussen et al. 2012), channelization (Lepori et al. 2005), 

and changes in light regime (Lagrue et al. 2011).   

APPLICABILITY: CPOM decomposition can be measured in watercourses of any size, from small streams to 

large rivers, even in isolated pools, dry riverbeds and hyporheic zones. Nonetheless, small streams present 

fewer practical problems than do large ones. Stream size, type of substrate, experiment site location (e.g. pool 

vs. riffle) or even time of year should be taken into account to standardize the approaches (Graça et al. 2005; 

Hauer and Lamberti 2006). Areas with excessive erosion or deposition should be avoided as they can lead to 

the loss or burial of the experimental material. 

TEMPORAL SCALE: From weeks to months, depending on approach used. 

APPROACH: Although decomposition of large wood can also be an important ecosystem process (Webster et 

al. 1999; Elosegi et al. 2007),  here we focus on several approaches for quantifying decomposition of CPOM 

of small size (e.g. leaf litter, wood sticks) (Figure 2 and 3). CPOM decomposition measurements generally 

involve placing pre-weighted organic substrates in the stream and estimating the mass loss over time (Hauer 

and Lamberti 2006; Tank et al. 2010). The substrates are retrieved regularly over the course of the study, 

although a single retrieval can also be suitable. In the latter case, it is recommended that removal date is close 

to 50% of initial mass loss. The rate of mass loss is usually expressed as percent of the initial mass lost per 

day or per accumulated degree-day to compensate for temperature effects. In some cases the mineral deposits 

can distort the estimate, so it is necessary to convert dry mass to ash-free dry mass (AFDM). Generally, 
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decomposition rates are determined by fitting mass-loss data to an exponential model. The multiple 

approaches used to assess CPOM decomposition differ mainly in the kind of substrate used.  

The “Litter bag technique”, the most classic approach that uses leaf litter as substrate, allows measuring the 

natural decomposition process and estimating the contribution of microorganism vs invertebrates by 

combining bags of different mesh sizes (Tank et al. 2010). Briefly, a known mass of leaf litter is enclosed in 

mesh bags, incubated in the stream, retrieved after a defined period of time, dried to constant mass, and 

weighed (Graça et al. 2005). As CPOM decomposition is sensitive to leaf quality (Hladyz et al. 2009), the 

intra- and inter-specific variability in chemical composition of leaf litter is a factor to take into account (Lecerf 

and Chauvet 2008).  

Approaches with artificial substrates (Young et al. 2008; Imberger et al. 2010), such as wooden sticks (Arroita 

et al. 2012), cotton strips (Tiegs et al. 2013) or DECOTAB (Kampfraath et al. 2012), allow minimizing the 

possible confounding effects of the variability in the chemical composition of leaves. In addition, they are less 

susceptible to artificial fragmentation and generally easier to transport for routine monitoring. Nevertheless, 

the degradation of some of these materials cannot be easily translated into the natural functioning of rivers. 

The “Wooden stick technique” uses wood (e.g. tongue depressors, ice-cream sticks) as substrate (Arroita et al. 

2012). Its decomposition is mainly driven by microbial activity, so this technique is appropriate to estimate the 

microbial decomposition rate. The methodology is similar to the litter bag technique; however, using wooden 

sticks usually requires longer incubation times than for other substrata due to their recalcitrant nature. The 

“Standard cotton strip technique” (Tiegs et al. 2013) also measures microbial decomposition. It is based on the 

use of the strips of cotton -artists’ fabric-, a standard substrate that consists almost entirely of cellulose. The 

methodology is similar to the other techniques, but the loss in tensile strength is measured instead of mass 

loss. This technique may be especially useful to test the effect of dissolved nutrients (e.g. nitrogen and 

phosphorus) on decomposition since it is a nutrient-free substrate. Nonetheless, the simple chemical 

composition (cellulose content ~ 95%) may strongly influence decomposer activities and it can be highly 

sensitive to flow velocity and fine sediment abrasion. In addition, its decomposition may be strongly 

determined by the characteristics of its construction (e.g. yarn strength, twist and count). DECOTAB 

(Kampfraath et al. 2012) is a novel artificial substrate that can be a useful alternative tool for routine river 

monitoring since it reduces some shortcomings of the other substrata. DECOTAB is a substrate consisting of 

cellulose powder embedded in an agar matrix which allows estimating microbial and invertebrate 

contributions to decomposition in micro/mesocosm conditions from changes in dry mass. It is a versatile 

standardized substrate whose composition can be easily adjusted for different experimental purposes (e.g. 

toxic compounds inhibiting microbe or detritivore activity). 

DATA REQUIREMENTS: Initial and final substrate mass or tensile strength. Stream water temperature 

records allow normalizing CPOM decomposition for temperature effects (i.e. degree days).              

MATERIAL AND PERSONNEL REQUIREMENTS: i) Equipment: Drying oven, muffle furnace and 

precision balance for mass loss determination. For the “Cotton strip technique” it is necessary to use a 

tensiometer and a climate-controlled room. If DECOTAB substrate is the chosen method, a more specialized 

equipment is required (see details in Kampfraath et al. 2012). Temperature data loggers are necessary for 

normalizing CPOM decomposition for temperature. ii) Personnel: One or two persons for data collection 

(preparation and field sampling). The time required for substrate preparation and field sampling depends on 
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approach used; leaf bags are time consuming (especially for picking leaves, assembling and processing leaf 

bags), whereas the other techniques are usually less so.  

COMPLEXITY: Low. No major skills necessary for measurements. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. A) Coarse (500 mm) and fine (0.5 mm) litter mesh bags. B) Wooden sticks. C) Leaf litter 

mesh bags deployed on a streambed. Note the cobbles put to prevent the bags from flipping. 
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Figure 3. Mass loss (% ash-free dry mass remaining) of leaves against time (left) and degree-days 

(right) in a headwater stream in autumn and spring. Although leaves decay faster in spring, the 
difference is caused by the higher accumulated temperature, and the dynamics are almost identical in 

terms of degree-days. 
 
 
 

3.1.2. Fine particulate organic matter decomposition 
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SIGNIFICANCE: Fine particulate organic matter (FPOM, or organic particle in the size range of 0.45 µm – 1 

mm) in running waters consists of a mixture of faecal particles and other organic fragments generated both in 

streams and in adjacent soils (Bundschuh and McKie 2015). FPOM may derive from coarse particulate 

organic matter (CPOM), or result from aggregate formation (Wotton 2007). FPOM contributes substantially to 

the total pool of particulate organic matter in running waters, and it is an important carrier of nutrients, metals 

and other chemicals (Yoshimura et al. 2008). Moreover, FPOM is a key food source for heterotrophic 

microbes and invertebrate collectors (Tank et al. 2010). However, despite the recognition of its importance in 

stream ecosystems, the dynamics of FPOM in running waters have been investigated less frequently than the 

dynamics of CPOM (Bundschuh and McKie 2015). 

SENSITIVITY: A number of studies show how the quantity and quality of FPOM can be altered by 

environmental stressors and we may expect similar effects of environmental stressors as for CPOM 

decomposition (Bundschuh and McKie 2015). However, there is little evidence about the direct effects of 

diverse environmental stressors on FPOM decomposition. To our knowledge, studies on FPOM 

decomposition have not directly addressed the effects of environmental stressors (Yoshimura et al. 2008; 

Callisto and Graça 2013). 

APPLICABILITY: All running waters. For large rivers, measurements may be restricted to the laboratory. 

TEMPORAL SCALE: From days to weeks. 

APPROACH: FPOM decomposition is usually estimated from changes in FPOM mass through time following 

the exposure to organisms (Figure 4). A known quantity of material is enclosed in very fine mesh bags 

(usually < 0.06 mm), which are incubated in the field (Mattingly 1986; Yoshimura et al. 2008). However, this 

technique is only appropriate to estimate decomposition mediated by microorganisms. Furthermore, fine mesh 

restricts water exchange between the bag and the surrounding environment, thus FPOM decomposition rates 

may be underestimated. An alternative technique consists of offering a known quantity of FPOM to 

invertebrate communities in laboratory mesocosms. This approach allows examining the role of invertebrates; 

however, the stream community and environmental factors will not be representative of natural conditions. 

Microbial FPOM decomposition may also be indirectly estimated by measuring microbial respiration (Bonin 

et al. 2000; Yoshimura et al. 2008). A quantity of FPOM slurry is collected in the field and the respiration rate 

of microbes on the FPOM is measured as the dissolved oxygen (DO) decline over time. After incubations, 

samples are filtered and AFDM is estimated. Respiration rates are calculated and expressed on an AFDM 

basis. 

DATA REQUIREMENTS: For the mass loss approach, FPOM mass at initial and final stages. For the 

respiration approach, DO declines over time, volume of sample and quantity of FPOM. 

MATERIAL AND PERSONNEL REQUIREMENTS: i) Equipment: For the mass loss approach, very fine 

mesh bags, an oven, a muffle furnace and a precision balance. If the experiment is carried out in the lab it is 

recommendable to incubate the mesocosms at constant temperature and controlling other environmental 

variables (e.g. light). For the respiration approach, it is necessary to use a filtration equipment to sort out the 

biological component from water samples, a respirometer, an oven, a muffle furnace and a precision balance 

(0.01 mg). ii) Personnel: Two persons for field work and one person for lab work. 
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COMPLEXITY: High. It is difficult to work with small particles. The losses may be large and may lead to 

overestimation of decomposition rates. 

 

ba c

 
 

Figure 4 a) Very fine mesh bag, b) respirometer, c) lab incubation experiment. 
 
 
 
3.1.3. Dissolved organic matter uptake and degradation 

SIGNIFICANCE: Dissolved organic matter (DOM) is a complex mixture of organic compounds, which 

represents the largest pool of transported organic matter in running waters and plays an essential role in river 

ecosystem functioning (Findlay and Sinsabaugh 2003; Prairie 2008). Among several key functions, DOM 

supplies carbon and nitrogen for heterotrophic production, thereby affecting the transfer of energy to higher 

trophic levels. Measures of DOM uptake and degradation inform thus about the potentiality of DOM to be 

degraded or to be passively transported downstream.  

SENSITIVITY: DOM uptake and degradation may be altered by shifts in the metabolism of microorganisms 

which is affected by environmental stressors such as pollution (Knapik et al. 2015), eutrophication (Lane et al. 

2013), warming (Ylla et al. 2014), changes in light regime (Wagner et al. 2015), acidification (Rier et al. 

2007b), as well as hydrologic regulation and drought (Casas-Ruiz et al. 2016). 

APPLICABILITY: In all types of running waters, on planktonic and benthic communities. 

TEMPORAL SCALE: From days to weeks. 

APPROACH: The study of DOM uptake and degradation has been traditionally focused on the factors 

affecting the degradability of different quality materials. However, as coarse or fine particulate organic matter 

decomposition, DOM decomposition may be used as a tool to compare the carbon degradation capacity 

among communities and ecosystems.  

DOM uptake and degradation is commonly estimated from changes in dissolved organic carbon (DOC) 

concentration following the exposure of water samples to microorganisms (Figure 5). The most common 

approach is to use bioassays, where DOM is offered to a microbial innoculum  (Servais et al. 1987; Kaplan 

and Newbold 1995). Thereby, DOC uptake and degradation is estimated from the difference between DOC 

concentration before and after incubation. DOC concentration is commonly determined on a Total Organic 

Carbon (TOC) analyzer (Figure 5) after filtration. Oxygen consumption (i.e. respiration) during incubations 
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can be determined on a respirometer (Figure 5). The uptake and degradation rates are calculated from the 

DOC concentration loss trough time (Figure 5). Samples can be taken in just two times (i.e. start and end of 

incubation) or at several times. To avoid photodegradation, incubations are commonly carried out in dark 

conditions. In addition to DOC concentrations, changes in other properties of DOM during the incubations 

may be analyzed, such as molecular size fractions (Fischer et al. 2002), optical properties (Catalán et al. 2013) 

and stable isotopes (Geeraert et al. 2016). Some researchers also follow changes in microbial biomass and 

composition during the incubations. 

Although less commonly done, DOM uptake and degradation may be also measured with whole-ecosystem 

approaches by using DOM additions similar to those carried out to determine whole-ecosystem nutrient 

uptake with the nutrient spiraling framework (see section 3.2.1). These additions may consist of elevating 

DOM concentrations (monomers or leachates) over background values using slug or constant rate additions 

(Bernhardt and McDowell 2008; Fellman et al. 2009) or by using additions of 13C-labeled DOM (Kaplan et al. 

2008). Some studies have also determined DOM uptake and degradation at the reach or section scale through 

mass balance and modeling approaches (Palmer et al. 2015; Wollheim et al. 2015). 

DATA REQUIREMENTS: DOC concentration over time (incubations) or space (whole-ecosystem 

approaches). Changes in DOM properties (i.e. size, spectroscopy) if interested in more than just bulk DOM 

decomposition.  

MATERIAL AND PERSONNEL REQUIREMENTS: i) Equipment: TOC analyzer for DOC determination, 

filtration equipment, bath or chambers with controlled temperature for incubations in controlled conditions., 

other equipment if interested in measuring respiration or DOM properties (i.e. size, spectroscopy). ii) 

Personnel: Two persons for field work and one person for lab work. 

COMPLEXITY: Intermediate for bulk DOM measurements. More complex if also DOM properties, 

especially size exclusion chromatrography, are analyzed. 
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Figure 5. a) TOC analyzer. b) Respirometer. c) Uptake and degradation of DOC by two different 
microbial communities trough time. 

 
 
 
3.1.3. Exoenzyme activities 

SIGNIFICANCE: Exoenzymes are catalyst substances secreted cells that play a crucial role in many 

biological processes (Chrost 1991; Shukla and Varma 2010). Most exoenzymes are involved in the breakdown 

of larger macromolecules into soluble monomers that can be taken up by organisms to be metabolized 

(Arnosti et al. 2014). Exoenzymes are produced by prokaryotic and eukaryotic cells living in biofilms, 

including bacteria and fungi but also algae and protozoa (Sinsabaugh and Follstad Shah 2012; Arnosti et al. 

2014). In running waters, exoenzyme activities are involved in a myriad of processes, including 

decomposition of allochthonous organic matter, the main source of energy and nutrients for heterotrophs 

(Tank et al. 2010).  

SENSITIVITY: Exoenzyme activities depend on both microbial metabolism and resource availability 

(Sinsabaugh and Shah 2011). Therefore, many environmental stressors are likely to affect exoenzyme 

activities. For rivers, there is clear evidence about the effect of pollution (Montuelle and Volat 1998; Perujo et 

al. 2016), eutrophication (Jones and Lock 1989), hydrologic regulation (Ponsatí et al. 2014), changes in light 

regime (Rier et al. 2014; Wagner et al. 2015), warming (Canhoto et al. 2016), acidification (Clivot et al. 

2013b) and drought (Timoner et al. 2012). To our knowledge, not such clear evidences have been found for 

salinity (Herbert et al. 2015; Gómez et al. 2016b), siltation or channelization. 

APPLICABILITY: In all types of running waters, mostly on benthic biofilms.                                                                            
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TEMPORAL SCALE: Hours or less. 

APPROACH: Many exoenzymes can be measured in river biofilms (Kemp et al. 1993; Romaní et al. 2009). 

Some of the most frequently measured include the enzymes lipase, leukine-aminopeptidase, ß-glucosidase, ß-

xylosidase and alkaline phosphatase, all related to the acquisition of carbon and nutrients through the 

breakdown of organic molecules. Most exoenzymes can be determined spectrofluorometrically by using 

fluorescence-linked artificial substrates. For sampling, artificial colonizing surfaces are commonly preferred 

over natural surfaces (Figure 6). In any case, it is important to measure the area of the sampled surface and/or 

add measures of microbial biomass in order to standardize exoenzyme activity values and make them more 

comparable across sites and sampling times. 

DATA REQUIREMENTS: Spectrofluorometric data, sampled area and biomass (optional). 

MATERIAL AND PERSONNEL REQUIREMENTS: i) Equipment: artificial colonizing surface, 

spectrofluorimeter, centrifuge, micro-pipette, and consumables (well microplates, tubes, reagents, etc.). ii) 

Personnel: 1 person for sampling and lab analyses. 

COMPLEXITY: Intermediate. Easy sampling and data processing, medium to complex laboratory analysis. 

Complex interpretation of the results, as there is no agreement about how do exoenzyme activities change in 

response to different environmental factors.  

 

 

Figure 6. Sampling biofilm for exoenzyme activity measurements from artificial (left panel) and natural 
surfaces (right panel). 
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3.2. Nutrient cycling  

3.2.1. Whole-ecosystem nutrient uptake 

SIGNIFICANCE: Whole-ecosystem nutrient uptake describes the reach-scale process by which dissolved 

nutrients, principally the limiting nutrients nitrogen (N) and phosphorus (P), are removed from the water 

column and immobilized in particulate form or transformed into gaseous forms that leave the system 

permanently (Newbold 1996). It is strongly related to the self-purification capacity of running waters and 

constitutes an ecosystem service by reducing nutrient loads downstream (Mulholland et al. 2008). The 

mechanisms for nutrient uptake can be physical (i.e. hydraulic retention), chemical (i.e. sorption) and 

biological (i.e. microbial immobilization, uptake by primary producers) (Mulholland and Webster 2010).  

SENSITIVITY: Nutrient uptake is mainly controlled by the biomass and activity of primary producers and 

microbes. Therefore, nutrient uptake tends to increase with increasing temperature (Butturini and Sabater 

1998) and light (Sabater et al. 2000). Conversely, nutrient uptake tends to decrease with increasing nutrient 

concentrations (Newbold et al. 2006), the presence of toxic substances (Marti et al. 2004). Effects of 

hydrologic regulation (von Schiller et al. 2016), channelization (Grimm et al. 2005) and salinization (Arce et 

al. 2014) have also been described. 

APPLICABILITY: Running water reaches of all sizes, although measurements in large river reaches may be 

unfeasible due to high costs and technical complexity. Stream reaches with unstable discharge and chemical 

properties as well as large lateral or groundwater inflows should be avoided. 

TEMPORAL SCALE: From hours to days. However, the introduction of automatic nutrient sensors may 

allow integrating wider time frames (Heffernan and Cohen 2010).  

APPROACH: Whole-ecosystem nutrient uptake is commonly measured using nutrient enrichments. This 

approach basically consists in increasing the concentration of nutrients in the water column and measuring to 

what extent these nutrients are taken up along the study reach. This approach thus measures the gross uptake 

of nutrients (not accounting for nutrient release). The nutrients can be injected using two different methods: a) 

Constant rate addition or b) Pulse addition.  

The constant rate addition is performed using a peristaltic pump or a Mariotte bottle to release an enriched 

solution of nutrients and conservative tracer (usually chloride or bromide) into the study reach at a constant 

flux (Webster and Valett 2006) (Figure 7). The release is maintained until the solution is completely mixed 

along the study reach. Water samples for the analysis of nutrient and conservative tracer concentrations are 

taken at several locations along the reach before the release (background concentrations) and at complete 

mixing (plateau concentrations). A conductivity or bromide sensor can be used to measure the concentration 

of chloride or bromide, respectively. The nutrient uptake length (Sw), the average distance travelled by a 

nutrient molecule before being removed from the water column (Newbold et al. 1981) is then calculated as the 

negative inverse of the slope of the regression of the log-transformed and background corrected nutrient: 

conservative tracer ratio versus distance downstream. This metric can be converted to two other useful uptake 

metrics, the uptake velocity (Vf) and the areal uptake rate (U), using stream specific discharge and the average 

ambient nutrient concentrations (Webster and Valett 2006). High nutrient concentrations at plateau resulting 

from the addition experiments may overestimate Sw at ambient nutrient levels (Mulholland et al. 2002). This 

can be avoided by using multiple enrichments (Payn et al. 2005).  
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The pulse addition is performed by releasing all at once a nutrient and conservative tracer solution of known 

concentration at one point and following the changes in concentration over time at one or more downstream 

points. The breakthrough curves of the nutrients and the conservative tracer are compared to estimate the 

uptake rate per unit time, which can then be transformed to Sw, Vf and U using hydraulic variables and the 

average nutrient concentrations. In contrast to the constant rate addition, the pulse addition does not create 

homogenous conditions along the reach and the contact time between nutrients and sediments is shorter, 

which may cause lower uptake rates. However, the pulse addition method is easier to implement, because it 

requires less equipment and sampling only at one downstream site. In addition, the pulse addition method can 

be used in larger streams where the constant rate additions are impracticable (Tank et al. 2008). Some 

methodological advances have occurred recently. Runkel (2007) suggested a transport-based approach for the 

analysis of time-series and steady-state data during tracer addition experiments that involves fitting a transient 

storage model that includes uptake terms to identify uptake rate coefficients for both the main channel and 

storage zones. On the other hand, Covino et al. (2010) proposed a novel approach to quantify nutrient uptake 

kinetics from ambient to saturation. It is worth noting that the development of automatic nutrient sensors is 

facilitating these measurements and reducing the associated costs. 

Whole-ecosystem gross nutrient uptake can also be measured using stable isotope injections (Mulholland et al. 

2004; Mulholland et al. 2008). This approach basically consists in enriching the stream with a stable isotope 

without altering significantly the background nutrient concentration. The approach is restricted to N because P 

has no stable isotope. Usually 15N is used and it is injected together with a conservative tracer in a constant 

rate injection. The different DIN species can be used in these additions (15N-NH4, 
15N-NO3). Because the 

background concentration is not altered, this approach allows measuring uptake rates at ambient conditions. 

Another great advantage is that it allows disentangling the contribution of the different assimilatory (e.g. algal 

and microbial uptake) and dissimilatory (e.g. nitrification, denitrification) uptake pathways to N uptake, as 

well as describing how N is incorporated into the stream food web and mineralized back to the water column. 

The main disadvantage of this approach relies on its economic cost, especially of the stable isotope analyses.  

Some researchers advocate for measuring whole-ecosystem net nutrient uptake instead or additionally to gross 

uptake (von Schiller et al. 2011; Bernal et al. 2012). Net uptake represents the balance between gross uptake 

and release processes, and may thus be more representative of nutrient balances in river networks. This 

approach is based on performing a mass balance of background nutrient concentrations along a reach or 

section. By comparing net uptake and gross uptake measures it is possible to estimate release rates (von 

Schiller et al. 2015). Whole-ecosystem net uptake can also be approach using large-scale models validated 

with nutrient data (Behrendt and Opitz 1999; Mineau et al. 2015). 

DATA REQUIREMENTS: For the enrichment approach: nutrient and conservative tracer concentrations (i.e. 

longitudinal profiles in constant rate additions or breakthrough curves in pulse additions), length and mean 

width of experimental reach, mean discharge and velocity (can be estimated from addition). For the stable 

isotope addition approach: nutrient and conservative tracer concentrations, stable isotope ratios in water and 

benthic samples, length and mean width of experimental reach, mean discharge and velocity (can be estimated 

from addition). For the net uptake approach: nutrient and conservative tracer concentrations, length and mean 

width of experimental reach, mean discharge. 
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MATERIAL AND PERSONNEL REQUIREMENTS: i) Equipment: Peristaltic pump or Mariotte bottle (only 

for constant rate addition), conductivity or bromide sensor, equipment for nutrient analysis, mass-spectrometer 

(if stable isotope approach is used). ii) Personnel: 2 persons at least for field work, 1 person in the lab. 

COMPLEXITY: Intermediate. The difficulty of the measurement increases with the size of the system. 

Medium complexity to obtain and process data. Complexity becomes high if the stable isotope approach is 

used. 
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Figure 7 Set up and typical and expected results from a constant rate nutrient addition to estimate whole-
ecosystem gross nutrient uptake. 

 

 

 

3.2.2. Compartment-specific nutrient uptake 

SIGNIFICANCE: Describes the uptake of nutrients, principally N and P by in a particular compartment of the 

ecosystem (e.g. biofilms on rocks, biofilms on leaf litter, macrophytes). If measured in several compartments 

it may allow disentangling the specific contribution of a particular compartment to whole-ecosystem nutrient 

uptake (Hoellein et al. 2009; Mulholland and Webster 2010). Although the focus is on assimilatory uptake, 

other dissimilatory uptake processes (e.g. nitrification, denitrification) or abiotic uptake processes (e.g. 

sorption) can be integrated in the measurements. 

SENSITIVITY: The sensitivity is highly dependent on the studied compartment (e.g. photoautotrophs vs. 

heterotrophs). There are fewer studies on the effect of environmental stressors on compartment-specific than 

on whole-ecosystem nutrient uptake. Compartment-specific nutrient uptake can be affected by pollution 
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(Castro et al. 2015), eutrophication (O’Brien et al. 2007) and acidification (Ely et al. 2010). We have not been 

able to find evidences for the effect of the other environmental stressors. 

APPLICABILITY: Benthic and planktonic compartments of running waters of all types.  

TEMPORAL SCALE: From hours to days. 

APPROACH: Compartment-specific nutrient uptake is commonly measured with microcosm incubations of 

benthic (Hoellein et al. 2009) or planktonic (Reisinger et al. 2015) compartments. This approach consists in 

enclosing the compartment in chambers or bottles, and measuring nutrient concentration at the beginning and 

end of the incubation. These incubations are commonly used to determine the uptake of different forms of 

nitrogen (ammonium, nitrate) or phosphorus (phosphate). A control treatment (e.g. water without benthic 

compartment) may also be used. The incubations can be performed in-situ (in the river) or in the laboratory. 

Chamber characteristics (size, shape, material) depend on the compartment to be studied. It is recommended 

to keep constant/controlled temperature and water circulation, with aquarium pumps when chambers are big, 

or with magnetic stir bars when they are smaller. Either natural or artificial substrata may be used for the 

incubations, depending on the objectives. An interesting approach for comparing nutrient uptake capacity 

across systems is to measure the nutrient uptake capacity of standard substrata that are left to incubate in the 

study streams for a certain period of time. Incubations of collected substrata are then performed in the 

laboratory with artificial water at standardized conditions of temperature and light. This approach is currently 

being investigated for biofilm uptake in the frame of the GLOBAQUA project (Figure 8). Nutrient uptake 

measurements may be coupled to metabolic measurements if dissolved oxygen dynamics are followed in 

parallel (see chapter “Compartment-specific metabolism”) (Hoellein et al. 2009). An alternative but more 

costly way to determine compartment-specific nutrient uptake measures is by determining the isotopic content 

of particular compartments during stable isotope additions (15N; von Schiller et al. 2009) 

DATA REQUIREMENTS: Nutrient concentration at the beginning and at the end of incubations, the 

time elapsed between both measurements, water volume and surface or biomass of the compartment 

enclosed in chambers to express metabolic rates in the appropriate units. 

MATERIAL AND PERSONNEL REQUIREMENTS: i) Equipment: chambers or bottles suitable for 

the compartment to be studied, aquarium pumps or magnetic stir bars if water must recirculate, 

consumables, equipment to analyze nutrient concentration. ii) Personnel: Two persons for sampling 

and one for laboratory work. 

COMPLEXITY: Intermediate. 
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Figure 8. Biocube used for biofilm colonization (lelf photograph) and laboratory incubation at standardized 
conditions to determine biofilm phosphorus uptake capacity (right photograph). 

 

 

 

3.2.3. Individual nutrient cycling processes 

SIGNIFICANCE: Nutrient cycling at the whole-ecosystem scale comprises a wide range of processes 

(Newbold 1996; Mulholland and Webster 2010). Within the term individual nutrient cycling processes we 

include here nutrient cycling processes other than assimilatory uptake, which is the focus of the previous 

chapter (“Compartment-specific nutrient uptake”). Specifically, we include dissimilatory uptake processes 

related to N cycling (i.e. nitrification, denitrification) and N fixation.    

SENSITIVITY: Nitrogen cycling is affected by all environmental stressors considered here: pollution 

(Juliastuti et al. 2003), light changes (Risgaard-Petersen et al. 1994), drought (Austin and Strauss 2011), 

salinization (Magalhães et al. 2005), temperature changes (Strauss et al. 2004), channelization (Kemp and 

Dodds 2002b), eutrophication (Mulholland et al. 2008), acidification (Xue et al. 2015), siltation (Craig et al. 

2008) and changes in flow regime (Pinay et al. 2002). 

APPLICABILITY: Benthic and planktonic compartments of running waters of all types.  

TEMPORAL SCALE: From hours to days. 

APPROACH: Individual nutrient cycling processes are commonly measured with microcosm incubations of 

benthic or planktonic compartments. This approach typically consists in enclosing the compartment (usually 

stream sediments) in chambers or bottles and following nutrient transformations over time. Some alternative 

methods (e.g. using stable isotopes; Groffman et al. 2006) can also be applied, but here we focus on more 

simple and standardized methods. 

Nitrification (i.e. the transformation of ammonium to nitrate performed by some bacteria and archaea) is 

typically measured in the laboratory with the nitrapyrin-inhibition method (Hall 1984; Kemp and Dodds 

2001). Briefly, a certain amount of sample is placed in “inhibited” and “reference” bottles along with stream 

water. In the inhibited bottle, nitrapyrin is added to block the conversion of ammonium to nitrate, thereby 

inhibiting nitrification. In the reference bottle nitrification is allowed to occur.  The bottles are then incubated 

for one or two days on a rotary shaker. After incubation, the slurry is sampled and extracted ammonium 

concentration is analyzed. To determine the nitrification rate, the difference in ammonium concentration 

between the inhibited and reference bottles is calculated and scaled by assay duration and expressed the rates 
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per unit sample area and/or per unit organic matter content. The incubation samples may be amended with 

additional ammonium if the aim is to quantify maximum potential rates (Arango and Tank 2008). 

Denitrification (i.e. the transformation of nitrate to gaseous N2 by some bacteria) is typically measured in the 

laboratory with denitrification enzyme activity (DEA) assays (Figure 9) (Smith and Tiedje 1979; Richardson 

et al. 2004). In performing a DEA assay, all factors that may limit denitrification are removed so the 

functioning enzymes can be fully expressed. Stream sediments and oxygen-free stream water are incubated 

under anaerobic conditions with pure acetylene to prevent the reduction of N2O to N2. Non-limiting quantities 

of nitrate and available C are added and the slurry is continuously shaken to eliminate diffusion constraints. 

Finally, chloramphenicol is added to inhibit the synthesis of new enzymes, ensuring the observed N2O 

production is exclusively a result of pre-existing enzymes (Smith and Tiedje 1979). Chloramphenicol can also 

inhibit the expression of existing enzymes, especially when sampling occurs over several hours (Smith and 

Tiedje 1979). For this reason, the assay is limited to a maximum of 1-2 hours, during which at least two gas 

samples (initial and final) should be analyzed. 

Nitrogen fixation (i.e. the conversion of atmospheric N2 into ammonia performed by N-fixing bacteria) can be 

measured by use of an acetylene-reduction assay (Flett et al. 1976; Marcarelli and Wurtsbaugh 2006). 

Samples (usually biofilm slurries in situ) are placed into sealed bottles, injected with acetylene gas to achieve 

a headspace, and shaken. Standards that contain known concentration of ethylene and blanks to control for 

non-biological production of ethylene are also run. After 1-2 h, gas samples are collected in serum vials, 

ethylene and acetylene are measured on a gas chromatograph. Concentrations of ethylene in the samples are 

compared with the concentrations in the standards and the amount of N2 fixed calculated by using the 3:1 

ethylene:N2 conversion ratio (Marcarelli and Wurtsbaugh 2006). 

DATA REQUIREMENTS: Nutrient or gas concentration from incubations, time elapsed between 

measurements, water volume and surface or biomass of the compartment enclosed in chambers to express 

metabolic rates in the appropriate units. 

MATERIAL AND PERSONNEL REQUIREMENTS: i) Equipment: chambers or bottles suitable for the 

compartment to be studied, aquarium pumps or magnetic stir bars if water must recirculate, consumables, 

equipment to analyze nutrient or gas concentration. ii) Personnel: Two persons for collecting substrates, one 

person in the lab. 

COMPLEXITY: Intermediate. 
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Figure 9.Denitrification enzyme activity (DEA) assay.  
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3.3. Metabolism  

3.3.1. Whole-ecosystem metabolism 

SIGNIFICANCE: Whole-ecosystem metabolism describes the balance of carbon within an ecosystem, but is 

commonly approximated with the oxygen balance. It summarizes the energy fluxes of the ecosystem, provides 

a direct measurement of its food base and helps to determine its life-supporting capacity (Allan and Castillo 

2007b; Tank et al. 2010). It includes primary production, i.e. the synthesis of new organic matter from 

inorganic nutrients, and respiration, i.e. the oxidation of this organic matter to use its energy. Stream 

metabolism indicates total biotic activity and interacts with water quality via changes in dissolved oxygen 

(DO) concentration and basic ecosystem properties such as nutrient cycling. 

SENSITIVITY: Primary production increases with nutrient and light availability, thus being highly sensitive 

to eutrophication and changes in light regime (Hill et al. 2001; Mulholland et al. 2001; Griffiths et al. 2013). 

Droughts also affect ecosystem metabolism, enhancing ecosystem respiration (Acuña et al. 2005). Both 

primary production and ecosystem respiration increase with temperature (Acuña et al. 2008) and are 

influenced by the hydrologic regime (Acuña et al. 2004; Roberts et al. 2007), thus being sensitive to warming 

(Acuña et al. 2008), regulation (Aristi et al. 2014; Hall et al. 2015) and channelization (Roley et al. 2012; 

Griffiths et al. 2013). Both are sensitive to the presence of toxic substances and, thus, tend to decrease with 

pollution (Aristi et al. 2015). Siltation affects the structure and activity of stream communities by decreasing 

light availability and clogging top sediment layers, overall reducing whole ecosystem metabolism (Young et 

al. 2008). Less is known about the effects of acidification (Traister et al. 2013) and salinization (Gutiérrez-

Cánovas et al. 2009). 

APPLICABILITY: Running waters of all sizes with homogeneous conditions along the reach. Metabolism of 

stream reaches with significant lateral or groundwater inflows can only be estimated if the discharge and DO 

concentrations of inflows are known (Hall and Tank 2005; McCutchan and Lewis 2006). Streams with high 

turbulence, low diel variability in DO concentration or strongly anoxic conditions should be avoided as well 

as rainy periods that may alter the gas exchange between the river and the atmosphere. 

TEMPORAL SCALE: From hours to years. 

APPROACH: Although there are diverse pathways to synthesize and oxidize organic matter, photosynthesis 

and aerobic respiration prevail in most running waters. Because both processes affect DO concentration that is 

relatively easy to measure, most techniques to estimate stream metabolism are based on DO changes, from 

which gross primary production (GPP) and ecosystem respiration (ER) are estimated (Bott 1996b; Demars et 

al. 2015) (Figure 10). However, reaeration, i.e. the exchange of oxygen with the atmosphere, affects DO 

concentration too, pushing it towards saturation. Therefore, it is necessary to discern this physical force in 

order to estimate metabolism. Reaeration increases with the level of departure from DO saturation and with 

the permeability of the ecosystem, linked to its contact surface with the atmosphere and to turbulence. The 

permeability is defined by the gas exchange coefficient (k) and can be directly measured with additions of a 

gas (e.g. propane, SF6) together with a conservative tracer (e.g. Cl-, Br-) (Hibbs et al. 1998; Jin et al. 2012), 

indirectly calculated by the night-time regression method (Hornberger and Kelly 1975), or estimated using 

empirical formulae (Raymond et al. 2012). Alternatively, k can be estimated by modelling DO curves (see 

below). 
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Whole-ecosystem metabolism can be estimated following either the one station or the two station method. The 

former requires a homogeneous river reach upstream from the measurement site over a distance of at least 

3v/k (where v is flow velocity), and enables to estimate metabolism with data collected by water quality 

monitoring stations. The latter requires a homogeneous river reach over a shorter distance (at least v/k), and 

allows estimating metabolism of a delimited stream reach. However, the two station method also requires 

measuring the variables at two sites (i.e. the beginning and the end of the reach) and the water travel time 

between the two sites. Using either method, gross primary production and ecosystem respiration can be 

directly calculated following the mass balance approach, for which several spreadsheets are available (e.g. 

RIVERMET; Izagirre et al. 2007), or can be estimated modelling DO curves. Models are diverse, ranging 

from simple models that include only two (GPP and ER) or three (GPP, ER and k) parameters and a few input 

variables (e.g. van de Bogert et al. 2007), to complex models that include more parameters and require more 

input variables (e.g. Griffiths et al. 2013). One must be aware of over parameterisation, which can lead to 

equifinality problems (i.e. the same fitting can be reached by many potential parameter combinations). Once 

the model is defined, there are different approaches to solve for the parameters, including optimisation (e.g. 

minimisation of the sum of squares) and Bayesian approaches. Although computationally less time-effective, 

Bayesian approaches allow the use of prior information and return the uncertainty of the results, i.e. parameter 

errors (McCutchan et al. 1998). Two examples of Bayesian approaches available freely available online are 

the Bayesian Metabolic Model (BaMM; Holtgrieve et al. 2010) and the BAyesian Single-station Estimation 

(BASE; Grace et al. 2015). Aquatic metabolism models may also include the possibility to include oxygen 

stable isotope ratios (Tobias et al. 2007). 

DATA REQUIREMENTS: Continuous measurements of DO concentration and water temperature (10-15 min 

intervals), and mean depth of the water column in the study reach are essential. If k is calculated from the 

night-time regression or metabolic parameters are calculated following the mass balance approach, sunrise and 

sunset times are also required. If k is estimated with empirical formulae, they may require stream velocity, 

slope, depth and/or discharge values. Although DO concentration at saturation can be calculated only with 

temperature, it is recommended to include barometric pressure in the calculations, which can be easily 

obtained from nearby meteorological stations. Most DO models also require light data, which can be directly 

measured, obtained from a nearby meteorological station or modeled according to site location. Additionally, 

light can be corrected by the canopy cover.  

MATERIAL AND PERSONNEL REQUIREMENTS: i) Equipment: DO loggers (DO concentration and 

water temperature) are required, one for the one station method, two for the two station method. An interesting 

alternative is to use data gathered by the water agencies, which opens the possibility to analyse historical 

trends in metabolism. Light can be measured with portable light sensors (e.g. HOBO, Licor) or by analyzing 

zenithal photographs (fisheye-lens) with specialized software (e.g. Hemiview). Light data from monitoring 

stations may also be used. Mean reach depth can be estimated with tape measure and ruler (transects) or by 

conducting conservative tracer additions. ii) Personnel: Two people for data collection; the time required may 

vary from 1-2 hours to a whole day, depending on the amount of variables measured, whether conservative 

tracer additions are performed or not, water travel time (in case additions are carried out), the reach length and 

the accessibility to the stations. 
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COMPLEXITY: Intermediate. Although it is relatively easy to obtain oxygen, temperature and depth data, 

performing gas additions to measure k require qualified people. Parameter estimation can also range from 

simple (mass balance) to computationally complex (Bayesian). 

 

 
Figure 10. a) DO sensor installed on the streambed. b)  River monitoring station. c) Diel curves of DO (left 
panel) and daily rates of stream gross primary production (GPP) and ecosystem respiration (ER) during an 

annual cycle (right panel) in a headwater stream dominated by heterotrophy (GPP>ER). Note the larger diel 
change in DO and subsequent higher daily metabolic rates measured in June compared to March. 

 

 

 

3.3.2. Compartment-specific metabolism 

SIGNIFICANCE: Describes the balance of carbon of a particular compartment of the ecosystem (e.g. biofilm 

on rocks, fine sediment, etc.). If measured in several compartments it may allow disentangling the specific 

contribution of a particular compartment to the whole-ecosystem metabolism (Hoellein et al. 2009). 

SENSITIVITY: Depends highly on the compartment studied. Compartment-specific metabolism can be 

affected by all environmental stressors considered here: pollution (Hill et al. 1997), eutrophication (Guasch et 

al. 1995), channelization (Cardinale et al. 2002), flow regulation (Uehlinger et al. 2003), light changes (Bott et 

al. 1985), changes in temperature (Hoellein et al. 2009), salinization (Gutiérrez-Cánovas et al. 2009), 
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acidification (Mulholland et al. 1986; Ely et al. 2010), drought (Timoner et al. 2012) and siltation (Izagirre et 

al. 2009). 

APPLICABILITY: Benthic and planktonic compartments of running waters of all types.  

TEMPORAL SCALE: From hours to days. 

APPROACH: Similar to whole-ecosystem metabolism, compartment-specific metabolism is commonly 

measured based on changes in dissolved oxygen (DO) concentration over time but using closed chambers 

(Bott et al. 1978; Bott et al. 1997) (Figure 11). This approach consists in enclosing the compartment in 

chambers (or bottles), completely filling the chambers with water and closing them hermetically making sure 

there are no bubbles, and measuring DO concentration at the beginning and at the end of the incubation (or 

constantly over incubation time). Chamber characteristics (i.e. size, shape, material) depend on the 

compartment to be studied. It is recommended to keep controlled temperature and water re-circulating, with 

aquarium pumps when chambers are big (e.g. 20 x 30 x 15 cm), or with magnetic stir bars when they are 

smaller (e.g. 2 x 2 x 5 cm). Chambers only with water can be used as controls, to correct the results with 

oxygen depletion caused by other mechanisms and accurately calculate compartment-specific metabolism. If 

compartments only include heterotrophs, DO concentration decreases during the incubation, which directly 

represents respiration. In contrast, if compartments include both primary producers and heterotrophs, DO 

concentration can either decrease or increase, changes in DO concentration representing net compartment 

metabolism. Gross primary production and compartment respiration can be disentangled by combining 

incubations in light with incubations in dark: net compartment metabolism is obtained from incubations in 

light, compartment respiration from incubations in dark, and gross primary production from the difference 

between both (Aristegi et al. 2010). Hyporheic metabolism can be measured enclosing hyporheic sediments in 

chambers and following the method described for benthic metabolism, or, when whole-ecosystem and benthic 

metabolism are known, hyporheic metabolism can be assumed to be the difference between both (Naegeli and 

Uehlinger 1997; Fellows et al. 2001). 

Another interesting approach for obtaining measures of compartment-specific metabolism is the use of 

saturation pulse quenching analysis (Schreiber 2004). This technique is based on the principle that light 

energy is absorbed by photosynthetic pigments, and we can measure it by pulse amplitude modulated (PAM) 

fluorometers. This energy can be driven to the photochemical energy conversion at photosynthetic reaction 

centers, be emitted in the form of chlorophyll-a fluorescence, or be dissipated into heat. PAM instruments 

assess the photosynthetic performance in biofilms by measuring the fluorescence at one wavelength (665 nm, 

excitation maximum of the chlorophyll-a molecule), and do it for several wavelengths (e.g. Phyto-PAM; 

www.walz.com), exciting pigments with different absorption spectra, which are characteristic for defined 

algal classes. Additionally, as these three pathways of energy conversion are complementary, the fluorescence 

yield may serve as a convenient indicator of time- and state-dependent changes in the relative rates of 

photosynthesis and heat dissipation. Besides, we can get two different types of measures: biomass-related ones 

(based on basal fluorescence emission) and functional ones (based on changes in fluorescence emission 

caused by strong saturation pulses) (Proia et al. 2012).  

Community-level physiological profiles (CLPPs), usually assessed by carbon substrate utilization, are good 

tools to evaluate the microbial functional diversity (their catabolic fingerprint), and have been widely 

implemented with the Biolog™ method (http://www.biolog.com) mostly in soils (Calbrix et al. 2005). 
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Alternative microplate methods derived from Biolog™ were devised for fungi (Buyer et al. 2001). However, 

these techniques are limited to assess the extractable and cultivable fraction of soil microbial communities, 

and need long incubation times to induce microbial selection and growth. A respirometric technique based on 

the analysis of the substrate-induced respiration (SIR) response of whole-soil samples was investigated with a 

multiple carbon-source substrate for CLPP by Degens and Harris (1997). However, this method is still 

tedious, especially when assaying many microbial samples simultaneously in a multitude of bottles that have 

to be processed separately to measure the amount of CO2 released (Campbell et al. 2003). Chapman et al. 

(2007) developed the MicroResp™ technique (www.microresp.com), an alternative method that combines the 

advantages of the Biolog™ technique, using the microplate system, and those of the SIR approach with ability 

to measure CO2 production during short-term incubation from a whole soil microbial community. The method 

produces both a measure of basal respiration (water only control) and the measures of responses to different 

carbon sources of differing chemical complexity (substrate induced respiration). Even if the method was 

initially designed for soils, it has also been used in river biofilms (Tlili et al. 2011).  

DATA REQUIREMENTS: For closed chamber approach: DO concentration at the beginning and at the end 

of incubations, time elapsed between both measurements, water volume and surface or biomass of the 

compartment enclosed in chambers to express metabolic rates in the appropriate units. For the rest of 

approaches: data obtained from commercial sets used (i.e. Phyto-PAM, Biolog, Microresp). 

MATERIAL AND PERSONNEL REQUIREMENTS: i) Equipment: chambers suitable for the compartment 

to be studied and an oxymeter, aquarium pumps or magnetic stir bars if water must recirculate. Specific 

material might be required to collect the compartment. Commercial sets (i.e. Phyto-PAM, Biolog, Microresp). 

ii) Personnel: One person is usually enough.  

COMPLEXITY: Intermediate, but depends on the approach used. 

 

 
 

Figure 11. A) Measurement of dissolved oxygen concentration in a 20 x 30 x 15 cm perspex chamber. B) Light 
and dark incubations of cobbles in perspex chambers to measure biofilm production and respiration. C) A 

closed six-channel dissolved oxygen measuring system where respiration of the microbial community 
colonizing leaf disks is being measured (Strathkelvin 928 System). 

 

 

 

3.3.3. Biomass accrual 
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SIGNIFICANCE: The amount of CO2 fixed by primary production in plant communities is firstly 

accumulated as primary producers’ biomass and then follows diverse trophic routes (Allan and Castillo 2007b; 

Tank et al. 2010). Therefore, by measuring the biomass accrual of primary producers, we are assessing the 

base that sustains aquatic food webs. Biomass accrual is often related to metabolism measures (Figure 12). 

SENSITIVITY: Biomass accrual has been shown to respond to pollution (Leland and Carter 1985), siltation 

(Jowett and Biggs 1997), acidification (Mulholland et al. 1986), eutrophication (Snyder et al. 2002), flow 

alterations including drought (Bondar-Kunze et al. 2015), modification of the light regime (von Schiller et al. 

2007), temperature (Bothwell 1988) and salinization (Cañedo-Argüelles et al. 2014). 

APPLICABILITY: All types of running water types. Planktonic and benthic compartments. 

TEMPORAL SCALE: For benthic and planktonic compartments, from days/weeks, and for cell cultures just a 

few hours. It is important to capture the linear part of growth before the saturation point.  

APPROACH: Biomass accrual can be measured in benthic and planktonic compartments, from micro to 

macro scale, and at individual or community level. Firstly, the temporal changes have to be taken into account 

(initial vs. final biomass). Secondly, biomass has to be measured at known surfaces (for benthic communities) 

and volumes (for planktonic communities). Benthic communities could be divided into two groups depending 

on the scale; biofilm or macrophytes. Biofilm can be measured by scrapping cobbles (e.g. Biggs and Close 

1989), by deploying artificial inorganic substrata (e.g. Corcoll et al. 2014), or by taking a core sample form 

the sediment  that will later be processed. For macrophytes, firstly, areal coverage of the plants has to be 

estimated for a given reach, and then, samples have to be harvested for posterior processing (Gücker et al. 

2006). Finally, biomass is estimated by measuring chlorophyll-a, when the autotrophic compartment cannot 

be separated from the heterotrophic one, or ash free dry mass (AFDM), when the autotrophic compartment 

can be easily separated from the heterotrophic one by standard methods (Biggs 1987). Additionally, 

quantification of genes can also be a good proxy of the biomass of producers. Archaea, bacteria or 

microscopic algae specific gene copy numbers can be estimated by quantitative real-time polymerase chain 

reaction (qPCR) amplification (Pearson and Neilan 2008; Merbt et al. 2011). Nevertheless, these techniques 

require expertise well beyond that available at most water agencies. 

DATA REQUIREMENTS: Initial and final biomass indicator. For DNA quantification, species-specific gene 

sequences need to be obtained from a database [National Centre for Biotechnology Information (NCBI, 

http://www.ncbi.nlm.nih.gov/) or bold system (http://www.boldsystems.org/)]. 

MATERIAL AND PERSONNEL REQUIREMENTS: i) Equipment: Material for collection (scrapping 

material, colonizing substrate, Surber net, bottles, etc.), laboratory material (spectrophotometer, drying oven, 

muffle furnace, etc.). ii) Personnel: Two persons in the field, one in the lab. 

COMPLEXITY: Easy, except if molecular analyses are performed. 
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Figure 12. Left panel: dynamics of biofilm biomass on rocks at 5 sites along the Agüera River (northern 
Spain). Right panel: Biomass accrual (g m-2 d-1) calculated for different periods from these data. In 

parentheses, gross primary production calculated from diel changes in oxygen concentration. From Elósegui 
and Pozo (1998).  
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3.4. Pollutant dynamics  

3.4.2. Whole-ecosystem dissolved pollutant attenuation  

SIGNIFICANCE: The in-stream attenuation of dissolved pollutants is the consequence of multiple processes 

(i.e., biotransformation, photolysis, sorption, and volatilization) and controls the impact of trace pollutants in 

aquatic environments (Acuña et al. 2015). Pollutant attenuation is related to the self-purification capacity of 

running waters and constitutes an ecosystem service itself by reducing pollutant loads to downstream 

ecosystems. 

SENSITIVITY: There is little empirical evidence on the effect of environmental stressors on whole-ecosystem 

pollutant attenuation. Nonetheless, it is known that the processes that drive in-stream attenuation (i.e., 

biotransformation, photolysis, sorption, volatilization) depend on characteristics such as river flow, 

temperature, dissolved oxygen, pH, the hydrological exchange between surface and subsurface compartments, 

turbidity, and biofilm biomass (Gurr and Reinhard 2006; Kunkel and Radke 2008). Generally, higher 

temperature and nutrient availability will lead to more efficient biotransformation, photolysis will increase 

with light, while higher biofilm biomass will increase biotransformation and biosorption.  

APPLICABILITY: Running waters of all types with homogenous conditions along the reach provided the 

reach is sufficiently long (generally with travel times in the same order of magnitude as pollutant half life). 

Large rivers with non-homogenous flow or high currents are challenging for sampling and determination of 

travel time. Stream reaches with unstable discharge as well as large lateral or groundwater inflows should be 

avoided.  

TEMPORAL SCALE: From hours to days. 

APPROACH: Although many of the processes that drive in-stream attenuation are well known, most of the 

published studies have little environmental relevance because they have been performed in a small lab-scale 

set-ups (e.g. Liu and Liu 2004; Kwon and Armbrust 2006) and usually studying one process (only photolysis, 

or only biodegradation). Only a limited number of studies quantified whole-ecosystem natural attenuation of 

trace pollutants (Kunkel and Radke 2008; Writer et al. 2011b; Acuña et al. 2015). Methods used for 

quantitative evaluation of dissolved pollutant attenuation in rivers generally combine conservative tracers or 

apply Lagrangian sampling (Writer et al. 2011a). 

Some authors (e.g., Barber et al. 2006) use conservative substances commonly found in wastewates, such as 

boron, gadolinium, carbamazepine or venlafaxine as tracers of wastewater influence. A decrease in the 

concentration of trace pollutants relative to that of conservative tracers provides an indication of in-stream 

attenuation. The method has limitations for comparisons between different environmental systems. 

Alternatively, dyes can be added to the effluent to trace its fate (Runkel 2002), best by combining with other 

tracers such as Ca or sulphate to account for potential fluctuations in hydrology.  

The Lagrangian sampling (Figure 13), in which a specific parcel of water is sampled as it moves downstream, 

is the most rigorous method for linking hydrology and biogeochemical processes (Schwientek et al. 2016). A 

preliminary dye tracer study is used to establish travel time between sampling locations, followed by 

introduction of a pulse of the conservative and trace organic compounds. Depth and width integrated samples 

are collected at each sampling location over a pre-determined interval (based on the preliminary dye study) 

that represents the time necessary for 10–90% of the introduced tracer mixture to pass each sampling location. 
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An average concentration determined from the depth and width integrated composite sample is converted to a 

mass using the measured stream discharge, and in-stream attenuation rate is determined for each compound by 

assuming first-order processes. 

DATA REQUIREMENTS: Pollutant concentration from samples taken using one of the approaches 

previously described. In addition, it is usually necessary to have data on the homogeneity of reaches in terms 

of geomorphology and hydraulics (river width and depth, diversions or tributaries, segment travel time, river 

discharge, mean velocity) and physicochemistry (other effluents within the segment, temperature, pH, total 

suspended solids, dissolved oxygen, electrical conductivity, concentration of nutrients and DOC).  

MATERIAL AND PERSONNEL REQUIREMENTS: i) Equipment: Equipment for sample preconcentration 

(off line or on line SPE), liquid chromatography-mass spectrometer (LC-MS/MS) for the analysis of trace 

pollutants, handheld probes for in-situ measurements of physicochemical variables. ii) Personnel: 2 persons at 

least for field work, 1 skilled person for the analysis of organic pollutants.  

COMPLEXITY: High. Main difficulties are availability of long homogenous reaches and intense laboratory 

work (trace analysis of dissolved pollutants). The difficulty of the field measurement increases with the size of 

the river.  It is relatively easy to collect water samples and obtain field data (temperature, pH, oxygen etc), but 

the performance of analytical measurement depends on the compounds selected, their number and complexity 

of analysis using advanced instrumental methods (typically liquid chromatography-mass spectrometry). 

 

 
Figure 13. Set up and typical results from a Lagrangian approach to estimate whole-system attenuation of 

pharmaceuticals. From Acuña et al. (2015). 

 

 

 

3.4.2. Compartment-specific dissolved pollutant uptake 

SIGNIFICANCE: Describes the uptake (abiotic sorption and biotic sorption and bioaccumulation) of 

pollutants in a particular compartment of the ecosystem (e.g. sediment, biofilm on rocks, macroinvertebrates, 

fish). In situ bioaccumulation tests are used to assess if sediment-borne contaminants are potentially 

bioavailable to aquatic biota under the field conditions. If measured in separate compartments (water column, 

sediment, aquatic organisms) it may allow disentangling the specific contribution of a particular compartment 

to whole-system pollutant dynamics. 
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SENSITIVITY: There is little evidence on the effect of environmental stressors on compartment-specific 

dissolved pollutant uptake. It also depends on the compartment (sediment or organisms) to be studied. 

Sorption to sediments is influenced by temperature and sediment characteristics. In the case of aquatic 

organisms, uptake levels depend on factors such as their lipid content (more attractive for hydrophobic 

compounds), individual size (and therefore, different metabolism) or life stage (exposure time) (Bertelsen et 

al. 1998; Arnot and Gobas 2006). The octanol-water partitioning coefficient (Kow), a measure of 

hydrophobicity, is often used to explain bioaccumulation and sorption to sediments of a compound, as 

hydrophobic compounds are more likely to bioaccumulate (Mackay and Fraser 2000).  

APPLICABILITY: Benthic and planktonic compartments of running waters of all types.  

TEMPORAL SCALE: From hours to months.  

APPROACH: Pollutant uptake by biofilm, macroinvertebrate or fish (Figure 14) typically is measured by in 

enclosing the organisms in chambers or bottles, and comparing their pollutant concentration at the beginning 

and at the end of the incubation. The incubations can be performed in the river or in the laboratory  under 

constant or varying pollutant concentrations (Van Geest et al. 2010). Chamber characteristics such as size, 

shape and material depend on the species to be studied. In the laboratory, temperature and water circulation 

are kept controlled.  

DATA REQUIREMENTS: General physicochemical parameters during the incubation period (temperature, 

pH, nutrients and pollutant concentration). The time elapsed between both measurements, water volume and 

surface or biomass of the compartment enclosed in chambers to express bioacumulation rates in the 

appropriate units. 

MATERIAL AND PERSONNEL REQUIREMENTS:  i) Equipment: chambers suitable for the compartment 

to be studied, equipment to extract and analyze pollutants in biological samples and water (LC-MS/MS). ii) 

Personnel: Two persons for field work. One skilled person for LC-MS/MS analysis.  

COMPLEXITY: High, mainly due to high complexity of chemical analyses of sediment/biota samples. 
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Figure 14. Bioaccumulation of pharmaceuticals in aquatic organisms (Results from SCARCE project).  

 

 

 

3.4.3. Solid and adsorbed pollutant degradation 

SIGNIFICANCE: Many pollutants are found in running waters in solid or adsorbed form (Gross and Kalra 

2002), and their degradation is an important ecosystem function. This process encompasses a variety of biotic 

and abiotic processes giving rise to heterogeneous patterns across the surface of the material, which cannot be 

investigated using conventional analytic methods that only render an “average” picture of the changes 

occurred in the sample form (Eubeler et al. 2009; Crecelius et al. 2014) (Figure 15). This is particularly the 

case when biotic processes are involved.  In that context, MALDI-TOF MS Imaging provides a rapid and 

efficient tool to study 2D spatial variations (Fröhlich et al. 2014). It consists on the use of matrix-assisted laser 

desorption ionization as a mass spectrometry imaging technique. The sample is scanned in two dimensions at 

a preselected spatial resolution while the mass spectrum is recorded. Thus, the spatial distribution of a large 

amount of analytes is analysed simultaneously without destroying the sample. It allows obtaining images 

based on single mass/charge ions or treating the whole spectral information using appropriate image 

processing tools (PCA, hierarchical cluster analysis etc.).  
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SENSITIVITY: There is almost no empirical evidence yet on the response of the method presented here to 

environmental stressors. Nonetheless, we expect that, as in any kinetic process, the extent of the changes 

produced in the polymer will strongly depend on many factors such as the type of polymer used or the 

experimental conditions (type of water, temperature, time of exposure etc.). Therefore, considering that the 

technique is presently under development, it is recommended to do some preliminary trials in order to adjust 

the experimental conditions (particularly, time exposure) to every case.  

APPLICABILITY: Running waters of all types. 

TEMPORAL SCALE: From weeks to months, depending on the ambient conditions. 

APPROACH: Polycaprolactonediol, an aliphatic polyester, has been selected as a suitable polymer candidate 

owing to its physical-chemical properties and commercial affordability. Trans-2-[3-(4-tert-Butylphenyl)-2-

methyl-2-propenylidene]malononitrile (DCTB) is used as MALDI TOF matrix. Exposure experiments are 

carried placing capsules filled with polymer in different water conditions for 1 to several weeks. Polymer 

samples are separated from the capsules and dried. Slices are cut in a microtome and placed on an ITO 

imaging device. The matrix is coated using a sublimation device using 30 mg of Trans-2-[3-(4-tert-

Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB). MALDI-TOF/TOF spectra are acquired using 

an AutoFlex III MALDI-TOF/TOF instrument equipped with a Smartbeam laser at 200 Hz laser. Raw spectra 

are analyzed with FlexImaging 4.0 software after baseline substraction and Root Mean Square normalization. 

Ion density maps are created for ions observed from the skyline projection spectrum. Masses are manually 

selected and regions of interest are manually defined by using both the polymer image and MSI data. Image 

processing using different multivariate statistical treatments such as Correlation of Peaks or Hierarchical 

Cluster Analysis enables identification and quantification of the altered areas. 

DATA REQUIREMENTS: The technique is currently under development, and thus, any available field 

information will contribute to a better understanding of the results. Especially interesting are time of probe 

exposure, temperature, pH, dissolved oxygen, redox potential, DOM, nutrients, and microbiological data.  

MATERIAL AND PERSONNEL REQUIREMENTS: i) Equipment: Polymer probes, capsules, reagents 

(MALDI matrices), microtome, special plates for imaging acquisition, sublimation equipment, MALDI-TOF 

MSI equipment and image-processing software and hardware. ii) Personnel: 2 persons for field 

deployment/retrieval of polymer probes; 1 trained personnel for sample preparation in the laboratory, 

MALDI-TOF MSI measurement, MS spectra interpretation and image processing.  

COMPLEXITY: High. Easy deployment and retrieval of field samples. Need of trained personnel for 

laboratory preparation of samples, MALDI-TOF MSI operation and use of image processing software. 
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Figure 15. Top plate: plastic capsules with the homopolymer, protected by a filter for biodegradation 
assay. Bottom plate: a typical MALDI-TOF result showing the frequency distribution of polymer 
chains of different length. The pattern is characteristic of a given set of environmental conditions. 
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3.5. Community dynamics  

3.4.2. Invertebrate drift 

SIGNIFICANCE: Drift is the downstream transport of invertebrates with the water flow (Brittain and 

Eikeland 1988). As invertebrates affect nutrient cycling and energy flow in stream communities, drift can 

have important consequences for ecosystem functioning. 

SENSITIVITY: Invertebrates can drift both passively (when high flow events shear them from the substrate, 

or due to dislodgement when moving around) and actively (in search for food or different substrate, or to 

escape predators) (Brittain and Eikeland 1988). Drift depends mostly on the flow regime, and is thus affected 

by stream damming (which interrupts drift) and drought  (Brittain and Eikeland 1988). Many invertebrates 

drift mostly during the night to avoid fish predation  (Brittain and Eikeland 1988). Other factors affecting drift 

are the addition of fine sediments and toxicants such as pesticides, which increase drift propensities (Ormerod 

et al. 2010; Magbanua et al. 2016). Acidification can provoke a short-term increase in drift densities, but the 

effect is not maintained over time (Hall et al. 1980). Drift densities have also been shown to be lower in 

channelized than in unaltered streams (Zimmer and Bachmann 1978). 

APPLICABILITY: Running waters of all sizes, but more difficult as the size of the river increases. 

TEMPORAL SCALE: From hours to days. 

APPROACH: Drift is easily sampled in most streams by using drift nets (Needham 1928) set in the water for 

specified periods of time (e.g. 10-30 min, but can be adjusted depending on the amount of debris to avoid net 

clogging) (Figure 16). Drift samples are commonly taken every 3 h over a 24-h period, as drift often shows 

diel variation (Pringle and Ramírez 1998). A typical mesh size is 200-300 µm. Data are often quantified as 

drift density (i.e. the number of invertebrates drifting per 100 m3 of water) or drift rate (i.e. the number of 

invertebrates passing a sampling point in unit time) (Elliott 1970; Smock 2006b). 

DATA REQUIREMENTS: Sampling time, surface area sampled, water velocity. 

MATERIAL AND PERSONNEL REQUIREMENTS: i) Equipment: drift nets, current meter, tape measure, 

chronometer and consumables.  ii) Personnel: 2 persons to deploy and collect nets; 1 person to process 

samples in the laboratory and data analysis for 1 h to 1 d per sample, depending on invertebrate abundance. 

COMPLEXITY: Intermediate. Data are easy to obtain and analyse. Sample processing requires taxonomic 

expertise only if species richness and/or composition are of interest, but not to determine total drift density. 
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Figure 16.  A drift trap located in a stream. Note the two metal bars anchored to the streambed to fix the trap 

in place. 

 
 
 

3.4.3. Secondary production 

SIGNIFICANCE: Secondary production is the generation of heterotrophic biomass through time (Benke and 

Huryn 2006). This measure integrates density, biomass, individual growth rate, reproduction, survivorship and 

development time of individuals in a population (Benke 1993). Secondary production is an ecologically 

significant variable as it estimates the role of a species in the transference of nutrients and energy across the 

food web (Edmondson and Vinberg 1971; Dolbeth et al. 2012). Here we focus on the secondary production of 

macroinvertebrates, which typically represent the main prey for fish and other vertebrates in running waters.  

SENSITIVITY: Macroinvertebrate secondary production is sensitive to a range of natural and anthropogenic 

stressors, such as temperature changes (Franken et al. 2007; Mehler et al. 2015), alterations of the 

hydrological regime (floods and droughts; Elliott 2006; Ledger et al. 2011), quantity and quality of resources 

(Huryn and Wallace 2000; Franken et al. 2007), biotic interactions (Shieh et al. 2002), eutrophication (Mehler 

et al. 2015), pollution (Carlisle and Clements 2005; Johnson et al. 2013) and acidification (Stead et al. 2005). 

APPLICABILITY: All types and sizes of running waters. 

TEMPORAL SCALE: It is usually estimated on an annual scale and requires repeated sampling of density, 

usually every month, over the entire developmental cycle of a population. If the species of interest has a short 

life cycle more frequent samplings are required. 

APPROACH: There are two main approaches to estimate secondary production: a) the instantaneous growth 

method (Ricker 1946; Allen 1949) and b) the size-frequency method (Hynes and Coleman 1968, modified by 

Hamilton 1969 and Benke 1979). 

The instantaneous growth method calculates the secondary production from estimates of biomass (B) and 

individual instantaneous growth rates (G). Previously it is necessary to identify the life cycle of the 
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population. The application of this method requires that cohorts are differentiated (i.e. synchronic life cycles). 

For each sampling time, size-frequency plots are constructed (Figure 17), and body mass is estimated by 

weighing dry individuals or by using previously built size-mass equations (Meyer 1989; Benke et al. 1999; 

González et al. 2002). From these size-frequency plots, cohorts are separated and average individual body 

mass and total biomass of each cohort is calculated. Instantaneous growth rate (G) is estimated from the 

average body mass values in consecutive samplings, assuming an exponential growth rate. Production 

between consecutive sampling dates (p) is calculated as the product between average biomass (B) and 

instantaneous growth rate (G). Annual secondary production (P) is the sum of monthly production values 

(Table 4). More details are shown in Benke and Huryn (2006). 

The size-frequency method does not require differentiating cohorts and, thus, can be used to estimate 

secondary production of species with asynchronic life cycles. It requires a repeated sampling program 

covering an entire year and estimates the secondary production (P) from the distribution of body-size classes 

for that year. As in the previous method, individual body mass values are obtained by weighing or by using 

length-mass equations. Body-size classes are established following development stages or categories of 

arbitrary size and regular range. Using body-mass distribution plots the average survival curve for a 

hypothetic cohort is calculated. Then, average annual production is estimated as the production of the 

hypothetic cohort as the sum of biomass lost between consecutive body size classes (Pc) multiplied by the 

number of body mass categories considered and divided by the life cycle length (CPI, cohort production 

interval) ( Table 5; Benke 1979). More details are shown in Benke and Huryn (2006). 

DATA REQUIREMENTS:  Both approaches require species-level identification. Repeated samplings with at 

least a monthly frequency with enough replication to obtain good size-frequency plots (4-6 samples have 

typically been used, Benke and Huryn 2006, but more replicates might be needed if we are interested in rare 

species). The instantaneous growth method additionally requires identificating the cohorts, estimating 

individual body size and mass, average individual body mass and cohort biomass at each sampling date, and 

instantaneous growth rate between consecutive samplings. The size-frequency method requires knowing the 

length of the life cycle (cohort production interval, CPI), estimating individual body mass, mean annual 

density and mean individual mass of the individuals in each body-size category.  

MATERIAL AND PERSONNEL REQUIREMENTS: i) Equipment: Sampler for quantitative sampling (200-

250 µm Surber net/Hess sampler for shallow riffle habitats or Ponar/Ekman grab/corer for deep waters and 

fine sediments), binocular microscope with an ocular micrometer or image analyzing system, analytical 

balance and drying oven (if organisms are weighed), and consumables (e.g. plastic bottles for samples storage, 

ethanol, dissecting forceps, Petri dishes). ii) Personnel: Approximate time to estimate secondary production 

for 1 species (1 species x 12 samplings x 4-6 replicates): field sampling (2 people x 12 d/y) and laboratory 

work and data analysis (1 person x 1 month). 

COMPLEXITY: Intermediate. Samples are easy to obtain, but some species are difficult to identify and 

secondary production can be tricky to determine. It requires a long sampling time. Identifying 

macroinvertebrates at the species level requires expertise. Complexity increases with river size. 
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Figure 17. Size-frequency distribution of larvae of the caddisfly Lepidostoma hirtum in a small river of 

the north Spain (modified from González 1999). 

 

 

Table 4. Annual production of Lepidostoma hirtum in a small river of the north Spain calculated by the 

instantaneous growth method (modified from González 1999). 

Date
Biomass
(mg/m2)

Individual 
mass
(mg)

Instantaneous
 growth 
rate (G)

Mean 
biomass

 (B, mg/m2)

Production 
between two 
consecutive 

dates 
(p, mg/m2)

13 jan 7.269 1.090 0 3.721 0

17 feb 0.172 0.078 0 0.776 0

16 mar 1.379 0.078 1.124 1.490 1.674

20 apr 1.600 0.240 1.124 1.110 1,247

25 may 0.619 0.139

24 jun 11.524 0.051 0 7.777 0

20 jul 4.030 0.031 0.478 25.571 12.224

18 aug 47.112 0.050 0 31.492 0

22 sept 15.871 0.043 0.228 10.651 2.426

29 oct 5.431 0.054 0.575 10.485 6.032

24 nov 15.538 0.096 0.099 20.585 2.040

20 dec 25.631 0.106 2.330 16.450 38.337

Annual production (P, mg/m2 year): 63.980

*Negative instantaneous growth rates were recorded as zero during the recruitment. In italics, 
data inferred from the last positive daily growth rate.  

 

Table 5. Annual production of Lepidostoma hirtum in a small river of the north Spain calculated by the 

size-frequency method (modified from González 1999). 
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Size
class

Cephalic 
widht
(µm)

Mean 
density
(ind/m2)

Individual
 mass
(mg)

Density lost
(ind/m2)

Mass at loss
(mg)

Biomass
lost

(mg/m2)

1 100-150 73.333 0.025 1.111 0.0310 0.034

2 200-250 72.222 0.037 45.556 0.0560 2.551

3 300-350 26.667 0.075 25.185 0.0880 2.216

4 400-450 1.481 0.101 -3.889 0.1505 -0.585

5 500-550 5.370 0.200 2.778 0.2475 0.688

6 600-650 2.593 0.295 2.593 0.4180 1.084

7 700-750 0.000 0.541 -0.370 0.7870 -0.291

8 800-850 0.370 1.033 -0.741 1.2185 -0.903

9 900-950 1.111 1.404 0.741 1.9910 1.475

10 1000-1050 0.370 2.578 0.370 2.5780 0.954

Production of the hipothetical average cohort (Pc, mg/m2): 7.223

Annual production  (P, mg/m2 year): 72.23

*A CPI of 12 months was assumed 

 

 
 
 

3.4.4. Fish migration 

SIGNIFICANCE: Many fish species undertake more or less extended migrations as part of their life cycle. 

Fish migration is defined as the regular, synchronized, repeated movement of animals from one place to 

another to feed, to reproduce, to avoid predators, to reach specific habitats for overwintering or to avoid 

weather (hydrological) extremes. Based on that, three principal functional categories of fish migration can 

be recognized (Lucas et al. 2001): a) Reproductive (spawning) migration, b) Feeding migration, and c) 

Refuge migration. Fish migrations are highly variable in space and time, depending on the type of 

migration. Thus, we can differentiate between large-scale migrations (previously described general 

migration types) and small-scale migrations from one part of the water body to another (Lucas et al. 

2001). Migration is undertaken by a wide range of taxa, although the most conspicuous migrations are 

principally associated with species alterning marine and freshwater habitats.  

Migration forms a part of the regular behaviour of many fish species. Regular migration is crucial for the 

survival of fish populations. Undisturbed migration is essential for feeding, energy balance and spawning. 

Thus, undisturbed migration is a prerequisite for healthy fish populations and communities. Moreover, as 

migration is common in a wide range of aquatic organisms, assessment of fish migration indirectly indicates 

can yield information on these other organisms too.  

SENSITIVITY: Fish migration is affected by many environmental stressors, especially the disruption of 

longitudinal connectivity, alteration of natural flow regime, as well as general hydromorphological 

degradation (bank and river bottom modification, change in river sinuosity, altered sediment transport, etc.). 

Thus, fish migration responds to flow regulation (Cooney and Kwak 2013), channelization (Hortle and Lake 

1983), drought (Magoulick and Kobza 2003), or altered thermal regime (Caissie 2006). 

APPLICABILITY: From small streams to large rivers. 
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TEMPORAL SCALE: From weeks to years. 

APPROACH: In general, two kinds of approaches can be applied to assess whether fish migration is altered: 

a) Direct monitoring and b) Indirect assessment. Direct monitoring involves the use of different methods to 

directly study fish movements, and it generally comprises the use of capture-dependent methods such as 

electrofishing (using standard EN 14011 from 2003) (Ferreira et al. 2007), fish traps and nets, or the blocking 

method (Figure 18). Capture-independent methods (visual observation, video recording, automatic fish 

counters, telemetry and hydro-acoustic sonar) are also applicable on specific occasions. Indirect assessment of 

deviation from normal fish migration could be done based on the overview of quantity, type and position of 

fish migration barriers, using technical specifications, maps, satellite and aero-photo images and other 

available data sources. 

DATA REQUIREMENTS: Good knowledge on native fish fauna (taxonomy, ecological requirements, 

migration behaviour) is a prerequisite to assess migration by either the direct or the indirect approach. In 

addition, a detailed hydromorphological assessment of the study area is required, including an identification of 

possible migration barriers, as well as the existence and effectiveness of fish passes. For the 

hydromorphological assessment, different protocols are currently available, mostly based on EN 14614 (2004) 

and EN 15843 (2010) (Boon et al. 2010). The resolution of hydromorphological data needed depends on the 

spatial scale of the study area and on the fish species. If using a direct approach, data on the number of 

individuals of the target species, size class data, or even sex-ratio data could be collected during a specific 

time period (the period of the expected fish migration) as an  indicator of the level of disturbance during fish 

migration. High quality thematic maps, aero-photo and satellite images are required in the case of indirect 

assessment. 

MATERIAL AND PERSONNEL REQUIREMENTS: i) Equipment: Direct monitoring requires electrofishing 

gear, fish nets or fish traps. Depending on availability of structures that enable studying of fish migration (e.g. 

fish passes equipped for monitoring fish migration), they also can be used.  ii) Personnel: Three to five 

persons for field work, depending on river size and method selected. The time needed for monitoring depends 

on river size and specific study design. One person for data processing from one to five days per assessment 

area. For indirect assessment, one person is needed for 2-4 days, depending on size and complexity of the 

study area.  

COMPLEXITY: High. Direct monitoring is a complex procedure that requires specific skills on field work 

and knowledge on taxonomy. In comparison to the indirect approach, direct monitoring provides more reliable 

data. The indirect approach is mostly based on existing data and a review of thematic maps, satellite- and 

aero-photo documentation, thus it is more cost effective. This, however, is a less reliable method and, thus, 

could be used to provide merely an indication of fish migration interruptions, in the case that field data from 

direct monitoring is lacking. 
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Figure 18. Electrofishing in different river types of the Sava River Case study performed for the 

GLOBAQUA project during years 2014 and 2015. 

 

 

 

3.4.5. Recolonization 

SIGNIFICANCE: Recolonization is the process whereby organisms become re-established in disturbed 

habitats from which they had previously disappeared, for any reason such as floods, droughts or toxic spills 

(Detenbeck et al. 1992; Smock 2006b). Here we focus on invertebrates and fish, although recolonization can  

be also measured for other types of organisms, including microbes and plants (Kiffney et al. 2009). In the case 

of invertebrates, recolonization mainly depends on drift from upstream sites, on animals moving short 

distances by crawling or swimming, and on hyporheic and aerial sources (Townsend and Hildrew 1976; 

Williams and Hynes 1976). In the case of fish, recolonization mainly depends on hydrologic barriers 

(Detenbeck et al. 1992). Recolonization is important because it will strongly affect the communities and the 

associated processes. 

SENSITIVITY: The rate of recolonization depends on the magnitude of the impact, on the distance of colonist 

sources, on the barriers to organism dispersal well as  the  species-specific dispersal abilities (Smock 2006b) 

(Detenbeck et al. 1992; Davey and Kelly 2007). For example, channelized streams retard recolonization 

(Negishi et al. 2002), whereas acidic streams, although show lower diversity of macroinvertebrates, seem not 

to affect recolonization rates (Ledger and Hildrew 2001).  
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APPLICABILITY: From small streams to large rivers. Complexity of measurement increases with river size. 

TEMPORAL SCALE: Weeks to years. 

APPROACH: Invertebrate recolonization is commonly measured with trays or baskets, with individual stones, 

or from benthic samples. 

Trays (typically 30×30×10 cm) usually have multiple holes so colonization from the bottom and sides, rather 

than only from the top, is allowed (Figure 19). They are filled with substratum, placed into a stream at regular 

time intervals, collected at the end of the experiment, and number of organisms and species composition over 

time are determined (Smock 2006b). If the direction of colonization is of interest, upstream and downstream 

traps can be used, which have only one opening (Williams and Hynes 1976). In larger streams, baskets can be 

used instead of trays, which are placed on the substrate and later collected using a dredge (Anderson and 

Mason 1968). Data are commonly quantified as invertebrate densities, i.e. number of invertebrates per unit 

area (or volume for baskets in large rivers).  

The individual stone approach consists in sampling natural stones found onsite. Individual stones are easier to 

manipulate than substrate trays, although they may not be representative of the whole invertebrate community. 

Stones are removed from the stream and their surfaces are brushed with a scrubbing brush to remove all 

invertebrates and biofilm. Stones are left to dry, then their surface area is estimated (Doeg and Lake 1981), 

they are marked with paint and returned to the stream. Randomly selected stones (e.g. 10) are sampled on each 

of several sampling occasions; sampling can be done by placing a D-framed net immediately downstream 

from the stone. Alternatively, a specific sampling device like that described by Lake and Doeg (1985) can be 

used.  

The benthic sample approach involves taking samples regularly (e.g. daily, weekly or monthly) using a 

standard Surber sampler or a smaller one (e.g. 0.04 m2, Matthaei et al. 1996), depending on the specific 

requirements. Surber samples are quantitative, so they allow estimating invertebrate densities (individuals/m2). 

Increasing the number of replicates will improve the estimate; 5-10 replicates should be appropriate for a 

stream reach of small-medium size.  

Fish recolonization can be quantified using fish monitoring methods such as electrofishing (Detenbeck et al. 

1992; Davey and Kelly 2007) (Figure 19).  

DATA REQUIREMENTS: Invertebrate or fish densities, species data, size class data (for fishes), time frame 

of deployment, tray/basket/stone surface area/volume. 

MATERIAL AND PERSONNEL REQUIREMENTS: i) Equipment for invertebrate recolonization: 

traps/trays, Surber net (if benthic samples are taken), vials to store samples, alcohol, microscopic equipment 

for identification. Equipment for fish recolonization: portable electrofishing device, boat for larger rivers ii) 

Personnel for invertebrate recolonization: 2 people for deployment and collection of traps/trays/stones; 1 

person for sample processing in the laboratory and data analysis for half day to 1 day per sample depending on 

the abundance of invertebrates. Personnel for fish recolonization: Four persons for the field work, a number 

that may increase depending on river size and method selected. One person for field data processing for half a 

day per river area assessed. 
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COMPLEXITY: Intermediate. Fish: Medium to high, as it involves monitoring by skilled fishers with 

adequate knowledge of fish fauna. 

 

-  

Figure 19. Left picture: Recolonization trays made of plastic with multiple holes so colonization from the 

bottom and sides is allowed. Right picture: Electrofishing from boat. 

 
 
 

3.4.6. Insect emergence 

SIGNIFICANCE: Emergence is the process by which flying insects leave the water to search for a mate in 

land. Because predators in terrestrial environments adjacent to freshwater systems such as birds, lizards, 

spiders and beetles can be subsidized with insects emerged from freshwater systems (Gratton et al. 2008), 

emergence rates can drive the fitness of those consumers and the overall transfer of energy to terrestrial 

ecosystems. 

SENSITIVITY: Adult emergence is the outcome of the energetic balance of insects throughout their larval life 

and thus, any impact that can affect the larvae can affect the rate of emergence. There are studies relating 

emergence to water acidity (Bell 1971), salinity (Hassell et al. 2006), pollution (Schmidt et al. 2013; Kraus et 

al. 2014), temperature (Dobrin and Giberson 2003), riparian forest composition (Kominoski et al. 2012), 

droughts (Drummond et al. 2015), nutrient concentration (Perrin and Richardson 1997), food availability 

(Richardson 1991b), water regulation (Jonsson et al. 2013b), or light pollution (Meyer and Sullivan 2013a), 

among others. 

APPLICABILITY: Running waters of all sizes, although high currents are challenging for efficiently setting 

the traps. 

TEMPORAL SCALE: From hours to weeks. 

APPROACH: Emergence traps consist of pyramidal mesh tents enclosing an area that can vary from a few 

cm2 to 1 m2 (Figure 20; Smock 2006b). The mesh can vary depending on the interest of the study, but it is 
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usually of 0.5 mm. A bottle partly filled with alcohol is attached to the apex of the trap. Emergence traps can 

be anchored to the streambed, for which sturdy structures are required, or placed floating in the water and 

fixed with metal bars driven into the sediments. The amount of time the traps are set in place depends on the 

objective of the study: only night emergence (to compare with bat activity, for instance), several days (when 

we expect rapid changes in environmental conditions or we are interested in describing peak emergence rates), 

or weeks (when the emergence rates are small and we are not interested in the description of life cycles but in 

the total emergence rate for a certain period). 

DATA REQUIREMENTS: Time period the traps have been in the field. Temperature records are very 

interesting to understand the timing of the emergence. 

MATERIAL AND PERSONNEL REQUIREMENTS: i) Equipment: Emergence traps, vials to store samples, 

ethanol, microscopic equipment for identification. ii) Personnel: 2 persons for deployment of traps and 

collection of samples; 1 person for sample processing in the laboratory and data analysis for 1 h to 1 d per 

sample, depending on the abundance of invertebrates.  

COMPLEXITY: Intermediate. Samples are easy to obtain, identifying the invertebrates involves medium/high 

difficulty. Easy data processing. 

 

 

Figure 20. Emergence trap positioned in a stream. 
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3.4.7. Consumption and related physiological processes  

SIGNIFICANCE: Consumption (=ingestion) rate is the quantity of food an animal eats per time unit. It can 

affect growth, production and survival of individuals. Part of the amount of food consumed (C) is digested and 

assimilated (A) and part is egested as feces (F). The assimilated food (A = C – F), in turn, is either excreted 

(U), respired for metabolism (R), or invested in growth (g) and reproduction (r). Thus, animal production (P) 

= A – U – R, and is derived either to growth or respired (Benke and Huryn 2006; Figure 21). Consumption 

rates can be used to estimate the amount of matter and energy a consumer takes from a particular trophic 

level; when information about the bioenergetics of the consumer is available, this can be used to estimate how 

much energy it is able to transfer to higher trophic levels. Here, we focus on macroinvertebrates, which cover 

a wide range of feeding strategies (i.e. shredders, collectors, collector-filterers, grazers, predators; Cummins 

1973).  

SENSITIVITY: Invertebrate feeding rates and related physiological processes are controlled by a wide range 

of environmental factors. Warming increases the consumption and respiration rates (Gresens 2001; Romito et 

al. 2010). Consumption can be also affected by chemical stressors such as acidification, salinization and 

pollution (Blockwell et al. 1998; Hassell et al. 2006; Larrañaga et al. 2010; Correia et al. 2013). Also 

important are the quantity and quality of food resources (Friberg and Jacobsen 1999; Li and Dudgeon 2008),  

and biotic interactions such as competition and predation (Gutierrez and Negro 2014). 

APPLICABILITY: From small streams to large rivers.  

TEMPORAL SCALE: In general, daily consumption and growth rates are used, but field and laboratory 

experiments can be extended in time (no more than 2-3 months generally). Egestion, excretion and respiration 

processes are usually measured in minutes, hours or days. 

APPROACH: Macroinvertebrate consumption rates can be estimated either in the field or in the laboratory. 

Field trials can offer more realistic estimates but are prone to failure because of unpredictable events such as 

floods or vandalism (Lamberti et al. 2006). Consumption rates can be estimated at the species level, but also 

for a functional feeding group. Other processes such as assimilation, egestion, excretion, respiration, growth 

or reproduction require controlled experiments in the laboratory. The general approach consists on isolating 

individuals (in some species it is important to keep individuals separate to avoid cannibalism) in small 

enclosures (cages, cups), and adding pre-weighed amounts of food. Extra sets of enclosures without the 

consumer but with food are used as controls to measure changes in the amount of food due to other causes. 

Consumption is then calculated as the difference of food mass (dry mass or ash-free dry mass) between the 

beginning (Mi) and the end (Mf) of the experiment, to which the change in control enclosures is subtracted. 

The consumption rate (C) can be expressed as mg dry mass (or ash free dry mass) consumed per individual or 

per invertebrate mass overtime (Canhoto et al. 2005). Cages/containers (with mesh sides on the upstream and 

downstream ends to allow water circulation) can be set both in the field and in the laboratory (Lamberti and 

Steinman 1993; Lamberti et al. 2006; Peckarsky 2006).  

Laboratory controlled experiments in closed cages or microcosms can also be used to measure other 

physiological processes (Naylor et al. 1989): egestion rate (F, collecting feces from the enclosures); excretion 

rate (U, by measuring the increase of nitrogen, phosphorous or ammonium in water microcosms); respiration 

rate (R, by means of respirometry); and growth rate (g, by estimating the increase of body mass during the 
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experiment). Macroinvertebrate growth rate estimates require to measure body length or head width of all 

individuals at the beginning and the end of the experiment. The mass is then inferred from size-mass equations 

that are previously constructed or taken from literature. Daily instantaneous growth rates (g) may be 

calculated as in Hauer and Resh (2006). 

DATA REQUIREMENTS: For consumption rate: initial and final mass of food in the enclosures with and 

without consumers, duration of the experiment, and consumer numbers or mass. For growth rate:  initial and 

final mass of consumer and duration of the experiment. For egestion rate: amount of feces and time. For 

excretion rate: changes in the N, P, NH4
+ concentration in the enclosures and time. Respiration rate: initial and 

final oxygen concentrations and time. Egestion, excretion and respiration rates are usually expressed per mass 

of consumer.  

MATERIAL AND PERSONNEL REQUIREMENTS: i) Equipment: Binocular microscope, analytical 

balance (accuracy = 0.01 mg), drying and muffle furnace, consumables (mesh bags, cages, containers, 

dissecting forceps, ethanol, etc). Laboratory experiments require a system to control temperature (refrigeration 

unit or cool chambers) and water recirculation and aeration systems. A respirometer is required to measure 

oxygen consumption rates. ii) Personnel: For estimating only the consumption rates of one consumer: two 

people for fieldwork and 1 person for laboratory experiments. Duration: variable, but usually does not extend 

more than 2-3 months. 

COMPLEXITY: Intermediate. Consumption rate and others physiological processes require abundant 

replication and rigorous control. The little information published about assimilation, egestion, excretion and 

respiration of aquatic macroinvertebrates are a handicap for these approaches. 

 

 

Figure 21. Left panel: Energy budget of animals. Right panel: microcosms with leaf litter discs and 

macroinvertebrates to estimate the consumption rate of shredders. 
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5. Limitations, potential improvements and future steps  

The toolbox presented here is in line with other methodological reviews developed during the last 

years for the measurement of structural and functional variables in rivers (Hauer and Lamberti 2006; 

Birk et al. 2012; Prat et al. 2014). The major novel contribution of the present toolbox is that it 

focuses on functional measurements, through the compilation and classification of tools to measure 

key river ecosystem processes in a way that intends to be useful to both river scientists and 

managers. Thereby, it should help filling an important knowledge gap and facilitate a more 

comprehensive assessment and understanding of the ecology of river ecosystems. Nonetheless, we 

are also aware that as any other collection of methods, the toolbox is incomplete and shows several 

limitations. 

One of the main limitations of the present toolbox is that it does not include all possible processes 

and environmental stressors. On the one hand, we have focused on processes that are relevant to the 

ecosystem, representative of different categories (i.e. from auto-ecology to biogeochemistry) and 

measurable by most scientists and managers. On the other hand, we have chosen stressors that are 

highly representative of human pressures and show general effects on river ecosystem functioning. 

Nonetheless, the classification is not definitive and is open to modifications and add-ons from our 

own research and from others. As already stated, we have made the toolbox accessible to all 

interested users, and we will make a special effort to incorporate in due time the users’ comments 

and ideas in order to make the toolbox stronger and more useful.    

We have tried to produce a toolbox that is interesting for scientists and managers alike; however, the 

balance between complexity and simplicity is not easy to attain (O’Riordan 2014). Some parts of the 

toolbox may be too simple for experienced researchers, whereas other parts likely contain too much 

information for those just interested in routine monitoring of ecosystem functioning. Nonetheless, the 

sheets for each process include additional references to cover the necessities of the more experienced 

researchers.  

The toolbox does not evaluate the degree of response of each process to a given environmental 

stressor; it rather shows whether there is evidence of response or not. We think that it would be more 

informative to quantify the relative importance for each stressor-process interaction. However, there 

is lack of information for many stressor-process interactions (e.g., factors governing pollutant 

attenuation). Similarly, the effect of some stressors (e.g. eutrophication) has been more widely 

documented than others (e.g. salinization). This bias emphasizes the need of more studies on the 

response of ecosystem functioning, especially of certain understudied processes, to multiple 

environmental stressors both in individual and in combined forms. Furthermore, since quantifying 

the degree of response of the processes to the environmental stressors may be too presumptuous, we 

decided to avoid the subjectivity inherent in this quantification. Future studies will likely attempt to 

quantify stressor effects on river ecosystem functioning through meta-analysis or similar approaches 

(Koricheva et al. 2013).    
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Although it is not the aim of the toolbox to develop indicators of ecosystem health or thresholds for 

good/poor ecological status, we hope the toolbox will advance their development and 

implementation by fostering the use of functional measures in scientific studies and river monitoring. 

Similarly, translating processes into ecosystem services that economically quantity their value, 

should additionally encourage the incorporation of functional measures in river monitoring, 

conservation, restoration and mitigation programs (Acuña et al. 2013; Vermaat et al. 2015).  

To sum up, despite being a cornerstone for management and conservation, ecosystem functioning is 

seldom measured except for some purely scientific purposes. The toolbox presented here provides 

both scientist and managers with a compilation of tools to measure a wide array of ecosystem 

processes in running waters that cover different scales and environmental stressors. The toolbox will 

facilitate measuring different ecosystem processes in many locations, thereby promoting the 

knowledge on the response of ecosystem functioning to environmental stressors. This is an essential 

step towards the improvement of future river management as well as to the design of programs of 

measures that consider ecosystem functioning more explicitly. 
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